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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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About half of the world's population relies on 
rice to achieve their daily caloric requirements 
(Wennberg, 2014). According to severity and 
incidence, 32 rice diseases have been identified 
in Bangladesh to far, blast (Nihad et al., 2022), 
bacterial blight (Latif et al., 2024a; Nihad et al., 
2021), sheath blight (Latif et al., 2022), tungro 
(Nihad et al., 2021) and false smut (Nessa et al., 

2015) considered as catastrophic disease 
throughout the nation. Rice blast caused by the 
fungal pathogen Pyricularia oryzae (telemorph: 
Magnaporthe grisea (Hebert) Barr.) is one of the 
most important diseases of rice in worldwide 
(Latif et al., 2024b; Nihad et al., 2022; Zeigler et 
al., 1994). The use of resistant varieties is the 
most practical and economical method to control 
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ABSTRACT

A study was undertaken to determine the pathogenic and the genetic diversity of Pyricularia oryzae 
isolates causing blast disease of rice in Bangladesh. To find out pathogenic diversity of P.  oryzae, 
100 blast pathogen isolates were collected from five agro ecological zones (AEZ) abbreviated as 
AEZ23, AEZ19, AEZ13, AEZ28 and AEZ2 of Bangladesh. They were tested for their pathogenicity 
against 26 rice (Oryza sativa L.) differential varieties (DVs) having 23 resistance genes designated 
as Pish, Pib, Pit, Pia, Pii, Pi3, Pi5(t), Pik-s, Pik-m, Pi1, Pik-h, Pik, Pik-p, Pi7(t), Pi9, Piz, Piz-5, 
Piz-t, Pita-2, Pita, Pi12(t), Pi19, and Pi20(t). The virulence analysis showed that four genes, Pish, 
Pi9, Piz and Pita-2 revealed a wide spectrum of moderate resistance to those isolates. The isolates 
were categorized into 94 races on the basis of the reaction patterns against rice differential varieties 
harboring twenty-three resistance genes and one susceptible variety, Lijiangxintuanheigu (LTH) by 
latest designation system. The findings demonstrate the existence of a wide variation in blast 
pathogens in Bangladesh. The average virulence of isolates from individual AEZ reveals that the 
maximum virulent isolates occur in AEZ2 (67%) followed by AEZ19 (63%) and AEZ28 (55%). 
Moreover, 100 Pyricularia oryzae isolates were grouped into five clusters viz. I, II, III, IV and V 
based on the results of the pathogenicity on 26 differential varieties including LTH on the basis of 
principal component analysis. Cluster I comprised of 18 isolates, Cluster II contained maximum of 
31 isolates and cluster III contained 16 isolates. Twenty three isolates were placed in cluster IV and 
12 isolates belonged to cluster V. The average virulence frequency of five Cluster I, II, III, IV and V 
showed 50%, 63%, 57%, 59% and 56% respectively. The findings of the present study reveal that 
the monogenic lines selected as differential varieties and the representative 25 blast pathogen 
isolates may be used to characterize the resistance of rice varieties.
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blast disease. But availability of effective blast 
resistant variety is limited due to breakdown of 
resistance by blast pathogen races virulent 
against the resistance (Koizumi, 2007). The 
dynamic interaction between host resistance and 
fungus virulence in the rice blast pathosystem 
can be explained by the gene-for-gene theory 
that every resistance gene in the host is 
corresponding with avirulence gene in the 
pathogen (Flor, 1971, Silue et al., 1992). With 
the basis of the gene-for-gene theory, differential 
varieties and lines with various resistance genes 
against rice blast fungus have been developed to 
monitor the blast pathogen population structure 
and predict the emergence of new races P. 
oryzae.
The diversity of pathogenicity of blast pathogen 
isolates has been examined in many countries 
including Bangladesh, Indonesia, and China 
using differential varieties and lines. Over 100 
blast resistance genes have been identified 
globally (Shahriar et al., 2020; Yadav et al., 
2019), with Pi9 and Pb1 being the most 
prevalent. The Pb1 gene, effective against a 
broad range of blast pathogen races, has 
demonstrated sustained resistance against 
panicle blast for over 35 years in Korea (Inoue et 
al., 2017; Lee et al., 2015b). Notably, Pi9 and 
Pb1 have also been shown to be effective against 
blast pathogen races in Bangladesh (Khan et al., 
2016; Nihad et al., 2022). Noda et al. (1999) 
identified 12 blast pathogen races among 129 
isolates collected from the Mekong River Delta 
area in Vietnam using 12 Japanese differential 
varieties carrying one of the resistance genes 
against blast pathogen (Yamada et al., 1976; 
Kiyosawa, 1981; Kiyosawa et al., 1984). 
Mekwatanakarn et al., (2000) classified 527 
blast pathogen isolates from Thailand into 175 
races using differential near-isogeneic lines 
(NILs) developed from cultivars CO 39 and 
Lijiangxintuanheigu (LTH). Thinlay et al., 

(2000) collected 110 isolates in Bhutan, and 
classified them into 53 races on the basis of the 
reactions of CO 39-based differential NILs. 
Chen et al., (2001) collected 792 isolates in 
China, and classified them into 344 races using 
differential NILs derived from CO 39 and LTH. 
The pathogenicity of 119 blast pathogen isolates 
collected from the Philippines were categorized 
into 70 races (Telebanco-Yanoria et al., 2008) 
using 18 Japanese differential varieties (Yamada 
et al., 1976; Kiyosawa 1981, Kiyosawa et al., 
1984). These studies indicated that the 
variations in pathogenicity of blast fungus can 
be manifested by examining the reactions of 
differential varieties and lines to the pathogens. 
In Bangladesh, blast disease severely affects rice 
production, especially that in rainfed lowland 
(July to December) and irrigated land 
(November to May) ecosystems (Nihad et al., 
2022; Islam et al., 2001). In this study we 
examined the reactions of 25 monogenic lines 
carrying different resistance genes to P. oryzae 
isolates occurring in Bangladesh to find out 
variation in pathogenicity of the P. oryzae 
isolates, and to identify dominant races and 
resistance genes potentially effective to blast 
disease in Bangladesh. 

MATERIALS AND METHODS
Differential lines for blast fungus isolates. The 
25 differential monogenenic lines derived from 
LTH were used to evaluate the pathogenicity of 
blast fungus isolates (Tsunematsu et al., 2000). 
Each of the 25 monogenic lines contains one of 
the 23 resistance genes, Pish, Pib, Pit, Pia, Pii, 
Pi3, Pi5(t), Pik-s, Pik-m, Pi1, Pik-h, Pik, Pik-p, 
Pi7(t), Pi9, Piz, Piz-5, Piz-t, Pita-2, Pita, 
Pi12(t), Pi19, or Pi20(t) (Table 1). LTH and a 
local variety, Nizersail of our native 
environmental check, were also included as 
susceptible controls in the evaluation.
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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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About half of the world's population relies on 
rice to achieve their daily caloric requirements 
(Wennberg, 2014). According to severity and 
incidence, 32 rice diseases have been identified 
in Bangladesh to far, blast (Nihad et al., 2022), 
bacterial blight (Latif et al., 2024a; Nihad et al., 
2021), sheath blight (Latif et al., 2022), tungro 
(Nihad et al., 2021) and false smut (Nessa et al., 

2015) considered as catastrophic disease 
throughout the nation. Rice blast caused by the 
fungal pathogen Pyricularia oryzae (telemorph: 
Magnaporthe grisea (Hebert) Barr.) is one of the 
most important diseases of rice in worldwide 
(Latif et al., 2024b; Nihad et al., 2022; Zeigler et 
al., 1994). The use of resistant varieties is the 
most practical and economical method to control 

blast disease. But availability of effective blast 
resistant variety is limited due to breakdown of 
resistance by blast pathogen races virulent 
against the resistance (Koizumi, 2007). The 
dynamic interaction between host resistance and 
fungus virulence in the rice blast pathosystem 
can be explained by the gene-for-gene theory 
that every resistance gene in the host is 
corresponding with avirulence gene in the 
pathogen (Flor, 1971, Silue et al., 1992). With 
the basis of the gene-for-gene theory, differential 
varieties and lines with various resistance genes 
against rice blast fungus have been developed to 
monitor the blast pathogen population structure 
and predict the emergence of new races P. 
oryzae.
The diversity of pathogenicity of blast pathogen 
isolates has been examined in many countries 
including Bangladesh, Indonesia, and China 
using differential varieties and lines. Over 100 
blast resistance genes have been identified 
globally (Shahriar et al., 2020; Yadav et al., 
2019), with Pi9 and Pb1 being the most 
prevalent. The Pb1 gene, effective against a 
broad range of blast pathogen races, has 
demonstrated sustained resistance against 
panicle blast for over 35 years in Korea (Inoue et 
al., 2017; Lee et al., 2015b). Notably, Pi9 and 
Pb1 have also been shown to be effective against 
blast pathogen races in Bangladesh (Khan et al., 
2016; Nihad et al., 2022). Noda et al. (1999) 
identified 12 blast pathogen races among 129 
isolates collected from the Mekong River Delta 
area in Vietnam using 12 Japanese differential 
varieties carrying one of the resistance genes 
against blast pathogen (Yamada et al., 1976; 
Kiyosawa, 1981; Kiyosawa et al., 1984). 
Mekwatanakarn et al., (2000) classified 527 
blast pathogen isolates from Thailand into 175 
races using differential near-isogeneic lines 
(NILs) developed from cultivars CO 39 and 
Lijiangxintuanheigu (LTH). Thinlay et al., 

(2000) collected 110 isolates in Bhutan, and 
classified them into 53 races on the basis of the 
reactions of CO 39-based differential NILs. 
Chen et al., (2001) collected 792 isolates in 
China, and classified them into 344 races using 
differential NILs derived from CO 39 and LTH. 
The pathogenicity of 119 blast pathogen isolates 
collected from the Philippines were categorized 
into 70 races (Telebanco-Yanoria et al., 2008) 
using 18 Japanese differential varieties (Yamada 
et al., 1976; Kiyosawa 1981, Kiyosawa et al., 
1984). These studies indicated that the 
variations in pathogenicity of blast fungus can 
be manifested by examining the reactions of 
differential varieties and lines to the pathogens. 
In Bangladesh, blast disease severely affects rice 
production, especially that in rainfed lowland 
(July to December) and irrigated land 
(November to May) ecosystems (Nihad et al., 
2022; Islam et al., 2001). In this study we 
examined the reactions of 25 monogenic lines 
carrying different resistance genes to P. oryzae 
isolates occurring in Bangladesh to find out 
variation in pathogenicity of the P. oryzae 
isolates, and to identify dominant races and 
resistance genes potentially effective to blast 
disease in Bangladesh. 

MATERIALS AND METHODS
Differential lines for blast fungus isolates. The 
25 differential monogenenic lines derived from 
LTH were used to evaluate the pathogenicity of 
blast fungus isolates (Tsunematsu et al., 2000). 
Each of the 25 monogenic lines contains one of 
the 23 resistance genes, Pish, Pib, Pit, Pia, Pii, 
Pi3, Pi5(t), Pik-s, Pik-m, Pi1, Pik-h, Pik, Pik-p, 
Pi7(t), Pi9, Piz, Piz-5, Piz-t, Pita-2, Pita, 
Pi12(t), Pi19, or Pi20(t) (Table 1). LTH and a 
local variety, Nizersail of our native 
environmental check, were also included as 
susceptible controls in the evaluation.
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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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Collection and isolation of blast pathogen 
isolates. Rice leaves, nodes and panicles 
infected with blast fungus were collected from 5 
agro ecological zones (AEZs) of Northern 
(AEZ2), Barisal (AEZ13), Comilla (AEZ19), 
Chittagong (AEZ23) and Gazipur regions 
(AEZ28) of Bangladesh during Aman (80 
isolates) and Boro (20 isolates) 2010 to 2012. 
The samples were cut into small pieces, and 
surface was sterilized in 0.001% HgCl2. The 
sterilized samples were placed on moist filter 
paper in Petri dishes, and incubated for two days 
under near UV light (12 hrs. under light and 12 
hrs. in dark) for sporulation. Conidia developed 
on the colony were transferred into Petri dishes 
containing 0.03% water agar medium containing 
streptomycin sulfate (40 mg/l). After 3 days of 
incubation, the individual colony was 
transferred to prune agar medium, and allowed 
to grow for 3-4 days at 28°C. Sterilized rice 
straw was put on the culture to allow the 
mycelium to grow on the straw. The straws were 
colonized with mycelium of P. oryzae were put 
under near UV light for sporulation as before. 
Conidia developed on the straw pieces were 
suspended in 5 ml sterilized distilled water, and 
poured into Petri dishes containing 20 ml liquid 
water agar medium. After two days of 
incubation, germinated conidium along with 
growing hyphae were transferred individually to 
prune agar medium in test tube slants and 
allowed to grow.  Each of the single spore pure 
culture was noted as an isolate.

Preservation of blast isolates: Sterilized filter 
paper disks colonized with pure culture of blast 
isolates were made air dry for seven to ten days. 
Then colonized filter papers were preserved in 
-20°C under dry condition with silica gel at Seed 
Pathology and Molecular Lab.

Preparation of blast fungus inoculum. Filter 
paper disks colonized with isolates were transfer 
to prune agar plates and allowed to grow at 
about 25°C for 5 days. The blocks of mycelium 
(4 mm diameter) were transferred to oat meal 
agar plates. The oat meal culture was allowed to 
grow on the surface of the medium for 7 days at 

25°C for sporulation. The crushing of mycelia 
was done with tooth brush, conidia produced 
were scraped from the surface of the culture, and 
suspended in sterilized distilled water. The spore 
concentration was measured and adjusted to 1 × 
105 spores/ml. Exactly 50 ml of spore 
suspension of each isolate was used for 
inoculation of rice seedlings.

Evaluation for reactions of rice to blast 
fungus. Ten to twelve sprouted seeds/lines of 
the 25 monogenic lines, LTH, and Nizersail 
were sown in continuous lines in plastic trays 
(60 cm × 30 cm) filled with sandy loam soil. 
Inoculation of blast pathogen was done as 
described in Bonman et al., (1986) and Hayashi 
et al., (2009). About 21-25 days old seedlings 
were inoculated by spraying with 50 ml spore 
suspension of individual isolate using a hand 
sprayer in the afternoon at 5- 6 pm. All 
inoculated seedlings were incubated for 24 
hours immediate after inoculation by covering 
polythene. The relative humidity and 
temperature of the net house were maintained to 
70 to 80% and 25±1ºC, respectively for disease 
development. Severity of blast disease 
developed on inoculated rice plants was 
evaluated as described in Mackill and Bonman 
(1992) and Hayashi et al., (2009) at 7 to 8 days 
after inoculation. 

Races of blast fungus. The pathogenic races of 
blast isolates were classified following the 
international designation system as detailed in 
Hayashi and Fukuta (2009) and Gilmorour 
(1973). The 25 differential monogenic lines and 
LTH were divided into five groups of U (4 lines 
and LTH), i (3 lines), k (7 lines), z (4 lines) and 
ta (7 lines) depending on the loci of resistance 
genes present in the respective lines (Hayashi 
and Fukuta, 2009). The monogenic lines and 
LTH within a group were further divided into 
subgroups of one to three lines. A number code 
of 1, 2, or 4 was assigned to each line within a 
subgroup. The codes (1, 2, or 4) assigned to the 
individual lines within a subgroup were added 
up if the lines were susceptible to a blast isolate 
to define the race number of the isolates. For 

example, the race number of a blast fungus 
isolate causing a susceptible reaction in all the 
monogenic lines and LTH is 
U73-i7-k177-z17-ta773, while that of an isolate 
causing a resistance reaction in all the lines and 
LTH is U00-i0-k000-z00-ta000.  

Data Analysis. A hierarchical clustering 
analysis for blast fungus isolates was done by 
the method by Ward (1963) using JMP 7.0.2 
software (SAS Institute, Inc., Cary, NC, USA) 
based on the degree of infection also referred to 
the severity of infection of blast pathogen 
isolates to the 25 monogenic lines and LTH. 
Diversity of blast isolates within an AEZ was 
calculated based on their reactions to the groups 
of monogenic lines and LTH by the method of 
Simpson (1949). The diversity index varies from 
0 to 1, where 0 represents no diversity and 1 for 
maximum diversity. Non-hierarchical clustering 
of blast fungus isolates based on their reactions 
to the monogenic lines was carried out by the 
GENSTAT 5.5 program (Rahman et al., 2010). 
Distances (Mahalanobis distance) among the 
clusters of blast fungus isolates were obtained as 
a result of a canonical variate analysis using of 
the GENSTAT 5.5 program (Rahman et al., 
2010). 

RESULTS AND DISCUSSION
Virulence spectrum of blast fungus isolates 
from Bangladesh
Frequencies of virulence of blast fungus isolates 
collected from different AEZs to the 25 
differential monogenic lines was evaluated by 
inoculating the isolates to the lines and 
susceptible control plants. A large proportion (≥ 
60%) of the isolates collected from AEZ23 were 
able to induce a susceptible (compatible) 
reaction in 14 monogenic lines carrying one of 
the resistance genes Pib, Piz-5(Pi2(t)), Pit, Pia, 
Pik-s, Pik-m, Pik-h, Pik, Pik-p, Pi7(t), Piz-t, 
Pi12(t), Pita, or Pi20(t) (Fig. 1A). In contrast, 
the proportions of isolates from AEZ23 showing 
a resistance (incompatible) reaction were only 
20% or less in four lines for Pita-2, Pish, Pi9 
and Piz (Fig. 1A). 
The proportions of the isolates from AEZ19 that 

caused a susceptible reaction were 60% or 
higher in 17 lines carrying one of the resistance 
genes Pik-m, Piz-5(Pi2 (t)), Pi1, Pit, Pi5(t), 
Pi19, Pii, Piz-t, Pia, Pik-h, Pib, Pi7(t), Pi12(t), 
Pi20, Pik, Pik-p, or Pik-s (Fig. 1B). Especially, 
all the isolates collected from AEZ19 showed a 
susceptible reaction in the line with Pik-s. The 
proportions of the isolates from AEZ19 caused a 
resistance reaction in three lines carrying Piz or 
Pita-2 (Fig. 1B) were less than 20%.
The proportions of the isolates from AEZ13 
showing a susceptible reaction were 60% or 
higher in ten lines carrying one of the resistance 
genes Pi5(t), Pik, Piz-5(Pi2 (t)), Piz-t, Pi20, 
Pi12(t), Pit, Pib, Pia, or Pik-s (Fig. 1C). The 
proportions of the isolates from AEZ13 causing 
a susceptible reaction in three lines carrying one 
of the resistance genes Pita-2, Pi9 or Pish were 
less than 20% (Fig. 1C). 
The proportions of the isolates from AEZ28 
causing a susceptible reaction were 50% or less 
in 8 lines carrying one of the resistance genes 
Piz, Pita-2, Pish, Pi9, Pit-2, Pita=Pi4(t), Pii, or 
Pi3(t) (Fig. 1D). Especially 20% or less of the 
isolates from AEZ28 were able to cause a 
susceptible reaction in three lines for Piz, Pita-2 
and Pish.
The proportions of the isolates from AEZ2 
causing a susceptible reaction were less than 
40% in only five lines carrying one of the 
resistance genes Pish, Piz, Pita-2, or Pi9 (Fig. 
1E). The rest of the lines were found to show a 
susceptible reaction with more than 60% of the 
isolates from AEZ2 (Fig. 1E). These results 
indicate that the isolates from AEZ2 are more 
virulent than those from other AEZs.
When the virulence frequencies of the blast 
fungus isolates from the individual AEZs are 
combined, the proportions of the blast fungus 
isolates from five AEZs causing a susceptible 
reaction were less than 20% in the lines carrying 
Pish, Pita-2 and Piz, and the proportions were 
between 20% and 60% in the lines carrying Pi9, 
Pita-2, Pita=Pi4(t), Pi3(t) and Pi1 (Fig. 1F). 
The results suggested that rice cultivars carrying 
resistance genes such as Pish, Pita-2, Pi9, and 
Piz may serve as promising sources of resistance 
to blast in Bangladesh. Effectiveness of Pish, 
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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

Collection and isolation of blast pathogen 
isolates. Rice leaves, nodes and panicles 
infected with blast fungus were collected from 5 
agro ecological zones (AEZs) of Northern 
(AEZ2), Barisal (AEZ13), Comilla (AEZ19), 
Chittagong (AEZ23) and Gazipur regions 
(AEZ28) of Bangladesh during Aman (80 
isolates) and Boro (20 isolates) 2010 to 2012. 
The samples were cut into small pieces, and 
surface was sterilized in 0.001% HgCl2. The 
sterilized samples were placed on moist filter 
paper in Petri dishes, and incubated for two days 
under near UV light (12 hrs. under light and 12 
hrs. in dark) for sporulation. Conidia developed 
on the colony were transferred into Petri dishes 
containing 0.03% water agar medium containing 
streptomycin sulfate (40 mg/l). After 3 days of 
incubation, the individual colony was 
transferred to prune agar medium, and allowed 
to grow for 3-4 days at 28°C. Sterilized rice 
straw was put on the culture to allow the 
mycelium to grow on the straw. The straws were 
colonized with mycelium of P. oryzae were put 
under near UV light for sporulation as before. 
Conidia developed on the straw pieces were 
suspended in 5 ml sterilized distilled water, and 
poured into Petri dishes containing 20 ml liquid 
water agar medium. After two days of 
incubation, germinated conidium along with 
growing hyphae were transferred individually to 
prune agar medium in test tube slants and 
allowed to grow.  Each of the single spore pure 
culture was noted as an isolate.

Preservation of blast isolates: Sterilized filter 
paper disks colonized with pure culture of blast 
isolates were made air dry for seven to ten days. 
Then colonized filter papers were preserved in 
-20°C under dry condition with silica gel at Seed 
Pathology and Molecular Lab.

Preparation of blast fungus inoculum. Filter 
paper disks colonized with isolates were transfer 
to prune agar plates and allowed to grow at 
about 25°C for 5 days. The blocks of mycelium 
(4 mm diameter) were transferred to oat meal 
agar plates. The oat meal culture was allowed to 
grow on the surface of the medium for 7 days at 

25°C for sporulation. The crushing of mycelia 
was done with tooth brush, conidia produced 
were scraped from the surface of the culture, and 
suspended in sterilized distilled water. The spore 
concentration was measured and adjusted to 1 × 
105 spores/ml. Exactly 50 ml of spore 
suspension of each isolate was used for 
inoculation of rice seedlings.

Evaluation for reactions of rice to blast 
fungus. Ten to twelve sprouted seeds/lines of 
the 25 monogenic lines, LTH, and Nizersail 
were sown in continuous lines in plastic trays 
(60 cm × 30 cm) filled with sandy loam soil. 
Inoculation of blast pathogen was done as 
described in Bonman et al., (1986) and Hayashi 
et al., (2009). About 21-25 days old seedlings 
were inoculated by spraying with 50 ml spore 
suspension of individual isolate using a hand 
sprayer in the afternoon at 5- 6 pm. All 
inoculated seedlings were incubated for 24 
hours immediate after inoculation by covering 
polythene. The relative humidity and 
temperature of the net house were maintained to 
70 to 80% and 25±1ºC, respectively for disease 
development. Severity of blast disease 
developed on inoculated rice plants was 
evaluated as described in Mackill and Bonman 
(1992) and Hayashi et al., (2009) at 7 to 8 days 
after inoculation. 

Races of blast fungus. The pathogenic races of 
blast isolates were classified following the 
international designation system as detailed in 
Hayashi and Fukuta (2009) and Gilmorour 
(1973). The 25 differential monogenic lines and 
LTH were divided into five groups of U (4 lines 
and LTH), i (3 lines), k (7 lines), z (4 lines) and 
ta (7 lines) depending on the loci of resistance 
genes present in the respective lines (Hayashi 
and Fukuta, 2009). The monogenic lines and 
LTH within a group were further divided into 
subgroups of one to three lines. A number code 
of 1, 2, or 4 was assigned to each line within a 
subgroup. The codes (1, 2, or 4) assigned to the 
individual lines within a subgroup were added 
up if the lines were susceptible to a blast isolate 
to define the race number of the isolates. For 

example, the race number of a blast fungus 
isolate causing a susceptible reaction in all the 
monogenic lines and LTH is 
U73-i7-k177-z17-ta773, while that of an isolate 
causing a resistance reaction in all the lines and 
LTH is U00-i0-k000-z00-ta000.  

Data Analysis. A hierarchical clustering 
analysis for blast fungus isolates was done by 
the method by Ward (1963) using JMP 7.0.2 
software (SAS Institute, Inc., Cary, NC, USA) 
based on the degree of infection also referred to 
the severity of infection of blast pathogen 
isolates to the 25 monogenic lines and LTH. 
Diversity of blast isolates within an AEZ was 
calculated based on their reactions to the groups 
of monogenic lines and LTH by the method of 
Simpson (1949). The diversity index varies from 
0 to 1, where 0 represents no diversity and 1 for 
maximum diversity. Non-hierarchical clustering 
of blast fungus isolates based on their reactions 
to the monogenic lines was carried out by the 
GENSTAT 5.5 program (Rahman et al., 2010). 
Distances (Mahalanobis distance) among the 
clusters of blast fungus isolates were obtained as 
a result of a canonical variate analysis using of 
the GENSTAT 5.5 program (Rahman et al., 
2010). 

RESULTS AND DISCUSSION
Virulence spectrum of blast fungus isolates 
from Bangladesh
Frequencies of virulence of blast fungus isolates 
collected from different AEZs to the 25 
differential monogenic lines was evaluated by 
inoculating the isolates to the lines and 
susceptible control plants. A large proportion (≥ 
60%) of the isolates collected from AEZ23 were 
able to induce a susceptible (compatible) 
reaction in 14 monogenic lines carrying one of 
the resistance genes Pib, Piz-5(Pi2(t)), Pit, Pia, 
Pik-s, Pik-m, Pik-h, Pik, Pik-p, Pi7(t), Piz-t, 
Pi12(t), Pita, or Pi20(t) (Fig. 1A). In contrast, 
the proportions of isolates from AEZ23 showing 
a resistance (incompatible) reaction were only 
20% or less in four lines for Pita-2, Pish, Pi9 
and Piz (Fig. 1A). 
The proportions of the isolates from AEZ19 that 

caused a susceptible reaction were 60% or 
higher in 17 lines carrying one of the resistance 
genes Pik-m, Piz-5(Pi2 (t)), Pi1, Pit, Pi5(t), 
Pi19, Pii, Piz-t, Pia, Pik-h, Pib, Pi7(t), Pi12(t), 
Pi20, Pik, Pik-p, or Pik-s (Fig. 1B). Especially, 
all the isolates collected from AEZ19 showed a 
susceptible reaction in the line with Pik-s. The 
proportions of the isolates from AEZ19 caused a 
resistance reaction in three lines carrying Piz or 
Pita-2 (Fig. 1B) were less than 20%.
The proportions of the isolates from AEZ13 
showing a susceptible reaction were 60% or 
higher in ten lines carrying one of the resistance 
genes Pi5(t), Pik, Piz-5(Pi2 (t)), Piz-t, Pi20, 
Pi12(t), Pit, Pib, Pia, or Pik-s (Fig. 1C). The 
proportions of the isolates from AEZ13 causing 
a susceptible reaction in three lines carrying one 
of the resistance genes Pita-2, Pi9 or Pish were 
less than 20% (Fig. 1C). 
The proportions of the isolates from AEZ28 
causing a susceptible reaction were 50% or less 
in 8 lines carrying one of the resistance genes 
Piz, Pita-2, Pish, Pi9, Pit-2, Pita=Pi4(t), Pii, or 
Pi3(t) (Fig. 1D). Especially 20% or less of the 
isolates from AEZ28 were able to cause a 
susceptible reaction in three lines for Piz, Pita-2 
and Pish.
The proportions of the isolates from AEZ2 
causing a susceptible reaction were less than 
40% in only five lines carrying one of the 
resistance genes Pish, Piz, Pita-2, or Pi9 (Fig. 
1E). The rest of the lines were found to show a 
susceptible reaction with more than 60% of the 
isolates from AEZ2 (Fig. 1E). These results 
indicate that the isolates from AEZ2 are more 
virulent than those from other AEZs.
When the virulence frequencies of the blast 
fungus isolates from the individual AEZs are 
combined, the proportions of the blast fungus 
isolates from five AEZs causing a susceptible 
reaction were less than 20% in the lines carrying 
Pish, Pita-2 and Piz, and the proportions were 
between 20% and 60% in the lines carrying Pi9, 
Pita-2, Pita=Pi4(t), Pi3(t) and Pi1 (Fig. 1F). 
The results suggested that rice cultivars carrying 
resistance genes such as Pish, Pita-2, Pi9, and 
Piz may serve as promising sources of resistance 
to blast in Bangladesh. Effectiveness of Pish, 
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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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Fig. 1: Virulence frequencies of blast fungus isolates collected (Aman and Boro season) from A) AEZ23, B) 
AEZ19, C) AEZ13, D) AEZ28, and E) AEZ2, and F) all five AEZs combined against differential 
monogenic lines and susceptible checks.

Pita-2, Pi9 and Piz as a resistance gene against 
blast fungus were also documented in studies 
using blast fungus isolates in other countries. 
Mithrasena et al., (2012) reported that rice 
plants carrying Pish or Pi9 were resistant to a 
majority of blast pathogen isolates collected in 
Sri Lanka. Telebanco-Yanoria et al., (2008) 
showed that the resistance genes Pish, Piz-5, and 
Piz showed a wide spectrum of moderate 
resistance to blast fungus isolates in Philippines. 
Koide et al., (2011) also reported that a 
monogenic line carrying Pi9 was resistant to all 
standard differential blast isolates in Philippines. 
Du et al., (2007) reported that a rice plant 
carrying Piz showed effective resistance to 179 
blast isolates in Vietnam. Sathya et al. (2013) 

reported that rice plants carrying four resistant 
genes Pish, Piz, Pi9 and Pita-2 showed broad 
spectra of resistance to Cambodian blast fungus 
isolates.  

Races of blast isolates from Bangladesh
Based on the reactions of LTH and the four U 
group monogenic lines carrying Pish, Pia, Pib, 
or Pit, the 100 blast isolates were classified into 
ten pathotypes. The U63 type that can cause 
susceptible reactions in LTH and lines carrying 
Pia, Pib, or Pit was most predominant. The U63 
type represented 41% of the total population  
and found in all the five zones (Supplementary 
Table 1).
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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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The diversity indexes of the pathotypes determined by the U group lines in the respective AEZs were 
between 0.71 and 0.81.

Table 1.  Characteristics of international standard differential monogenic lines derived from 
Lijiangxintuanheigu by Hayashi et al., (2009).

Differential monogenic line Resistance gene in monogenic lines 
Gene name Chromosome Locus/group 

IRBLsh-B Pish 1 Pish/U 
IRBLb-B Pib 2 Pib/U 
IRBLt-K59 Pit 1 Pit/U 
IRBLa-A Pia 11 Pia/U 
IRBLi-F5 Pii 9 Pii / i 
IRBL3-CP4 Pi3 9 Pii / i 
IRBL5-M Pi5(t) 9 Pii / i 
IRBLks-F5 Pik-s 11 Pik / k 
IRBLkm-Ts Pik-m 11 Pik / k 
IRBL1-CL Pi1 11 Pik / k 
IRBLkh-K3[LT] Pik-h 11 Pik / k 
IRBLk-Ka[LT] Pik 11 Pik / k 
IRBLkp-K60 Pik-p 11 Pik / k 
IRBL7-M Pi7(t) 11 Piz / z 
IRBL9-W Pi9 6 Piz / z 
IRBLz-Fu Piz 6 Piz / z 
IRBLz5-CA Piz-5=Pi2(t) 6 Piz / z 
IRBLzt-T Piz-t 6 Piz / z 
IRBLta2-Pi Pita-2 12 Pita / ta 
IRBLta2-Re Pita-2 12 Pita / ta 
IRBL12-M Pi12(t) 12 Pita / ta 
IRBLta-K1 Pita=Pi4(t) 12 Pita / ta 
IRBLta-CP1 Pita=Pi4(t) 12 Pita / ta 
IRBL19-A Pi19 12 Pita / ta 
IRBL20-IR24 Pi20(t) 12 Pita / ta 
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Based on the reactions to the three i group 
monogenic lines carrying Pii, Pi3, or Pi5(t), the 
100 isolates were classified into seven 
pathotypes (Supplementary Table 2). The i7 type 
that can cause susceptible reactions to all I group 
lines was most dominant, and represented 36 
isolates. Especially 13 isolates among 21 from 
AEZ2 were the i7 type, and thus the diversity 
index among the isolates from AEZ21 (0.57) 
were notably lower than the indexes of isolates 
from other AEZs (0.71 to 0.81) (Supplementary 

Table 2). The i0 type that can cause resistance 
reactions in all the i group lines was not found 
among the isolates from AEZ19, suggesting that 
rice plants carrying the i locus resistance genes 
are vulnerable to the isolates from AEZ19.
Based on the reaction to the seven k group 
monogenic lines for Pik-s, Pik-m, Pi1, Pik-h, 
Pik, Pik-p, or Pi7(t), the 100 isolates were 
classified into 31 pathotypes (Supplementary 
Table 3).

Table 2.  Pathogenic races of 100 blast fungus isolates collected in Bangladesh.

Clusters Number of 
members 

Races 

I 18 U21-i7-k174-z07-ta623, U61-i1-k122-z06-ta400, U43-i1-k117-z00-ta423 
U43-i1-k157-z14-ta021, U41-i0-k135-z02-ta022, U21-i4-k073-z06-ta622 
U63-i7-k157-z06-ta423, U73-i7-k157-z14-ta733, U61-i0-k141-z07-ta403 
U63-i7-k157-z06-ta423 , U63-i5-k122-z06-ta403, U63-i7-k177-z07-ta632 
U63-i7-k135-z17-ta411, U63-i4-k176-z12-ta431, U63-i3-k167-z16-ta132 
U21-i6-k157-z04-ta423,U63-i7-k177-z16-ta721, U43-i7-k177-z06-ta333, 

II 31 U21-i0-k046-z04-ta032, U61-i6-k157-z06-ta403, U63-i7-k177-z06-ta603 
U63-i7-k167-z06-ta423, U63-i7-k167-z07-ta733, U03-i1-k100-z00-ta002 
U73-i5-k167-z16-ta433, U23-i1-k173-z06-ta003, U43-i7-k137-z14-ta433, 
U23-i4-k152-z04-ta003, U63-i4-k020-z02-ta622U63-i7-k166-z04-ta633,  
U23-i5-k122-z04-ta022, U41-i0-k040-z00-ta401,U73-i0-k177-z16-ta623, 
 U73-i7-k167-z16-ta533, U03-i7-k127-z12-ta403,U73-i7-k177-z06-ta633, 
 U01-i0-k042-z04-ta400, U61-i0-k040-z05-ta410 ,U63-i5-k175-z16-ta432, 
 U63-i7-k177-z00-ta723, U23-i7-k177-z06-ta021,U43-i5-k173-z07-ta002, 
 U43-i7-k137-z10-ta732, U63-i7-k167-z17-ta403,U73-i5-k177-z16-ta423, 
 U63-i7-k177-z15-ta633, U73-i7-k177-z17-ta433,U21-i4-k143-z06-ta433, 
 U43-i5-k053-z04-ta203,  

III 16 U43-i0-k146-z06-ta400, U73-i4-k147-z04-ta422, U41-i6-k167-z00-ta400 
U33-i5-k173-z00-ta623, U43-i0-k147-z00-ta422, U03-i3-k141-z02-ta421 
U01-i0-k104-z04-ta000, U63-i1-k101-z02-ta403, U63-i0-k104-z06-ta000 
U63-i6-k177-z04-ta423, U01-i0-k173-z06-ta203, U03-i0-k042-z00-ta021 
U41-i6-k100-z10-ta502, U73-i3-k173-z06-ta423, U63-i5-k177-z06-ta633 
U63-i5-k177-z06-ta633 

IV 23 U61-i0-k057-z05-ta033, U03-i0-k020-z06-ta402,U43-i7-k177-z00-ta402, 
U63-i7-k167-z00-ta422, U03-i0-k146-z04-ta400, U63-i7-k157-z16-ta033, 
U03-i7-k177-z06-ta433,U63-i5-k157-z04-ta433, U63-i1-k157-z16-ta422, 
U63-i3-k177-z14-ta423,U63-i6-k105-z07-ta421, U73-i1-k143-z11-ta423, 
U23-i4-k114-z06-ta403,U73-i7-k177-z04-ta733, U63-i0-k057-z00-ta022, 
U43-i2-k127-z07-ta421, U41-i5-k173-z07-ta422, U73-i7-k147-z06-ta713, 
U63-i7-k177-z04-ta033, U63-i7-k177-z06-ta433, U63-i7-k177-z06-ta433, 
U63-i7-k177-z06-ta433,  U63-i7-k177-z06-ta433 

V 12 U03-i7-k175-z07-ta623, U63-i7-k173-z06-ta413, U63-i0-k157-z06-ta211 
U63-i1-k177-z06-ta021, U61-i4-k127-z02-ta400, U63-i1-k157-z06-ta403 
U63-i4-k141-z06-ta002, U01-i6-k042-z00-ta000, U73-i7-k077-z02-ta020 
U63-i6-k157-z02-ta422, U63-i0-k114-z04-ta413, U73-i7-k077-z02-ta020 

Rice (Oryza sativa L.) serves as the primary 
staple food for a large portion of the global 
population, contributing nearly 20% of the 
world’s dietary energy supply. Over the past 
three decades, Bangladesh has achieved 
remarkable progress in rice production and is 

widely recognized as a nation of rice growers 
and consumers (Fukagawa & Ziska, 2019; 
Hashim et al., 2021; Mainuddin et al., 2021)
To meet the increasing food demand of its 
growing population, Bangladesh must enhance 
genotypic adaptability, adopt improved 

agricultural technologies, and strengthen water 
management practices (Rahman et al., 2023). 
The adaptability of rice genotypes to diverse and 
changing environments plays a pivotal role in 
ensuring yield stability across different locations 
and years. Moreover, the development and 
deployment of high-yielding genotypes are 
fundamental to sustaining the country’s food 
security through enhanced productivity and 
yield consistency (Penna et al., 2023).
Rice is cultivated in Bangladesh throughout the 
year under three distinct seasons Aus, Aman, 
and Boro. Among them, Boro rice is one of the 
major contributors to national rice production. 
Despite having a favorable subtropical climate 
for Boro cultivation, the average yield in 
Bangladesh remains relatively low compared to 
other Asian countries such as Indonesia and 
Malaysia. Variations in Boro rice yield are 
influenced by multiple factors, including 
genotypic differences, regional and seasonal 
conditions, inefficient nutrient management, 
pest and disease incidence, and various abiotic 
stresses such as drought, flooding, salinity, 
temperature extremes, and poor soil fertility. 
These factors collectively contribute to yield 
reduction and instability across environments in 
Bangladesh (Akter et al., 2023).
When a genotype is evaluated under different 
growing conditions, its performance often varies 
significantly, a phenomenon referred to as 
genotype × environment (G×E) interaction 
(Allard & Bradshaw, 1964; Kang, 2004). 
Genotype × environment (G×E) interaction 
analysis provides a framework to assess how 
genotypes respond to variations in 
environmental conditions. Among various 
statistical tools, the Additive Main Effects and 
Multiplicative Interaction (AMMI) model and 
the Genotype plus Genotype × Environment 
(GGE) biplot are widely applied to study G×E 
interactions. These two statistical analyses 
(AMMI and GGE) were adopted in 
multi-environment (MET) two-way data 
matrices (Zhang et al., 2016). In recent years, 
GE interaction has been only taken into account 
in AMMI analyze, but genotype effects were 
ignored while evaluating genotypes 

comprehensively. On the other hand, GGE 
biplot model has been considered as highly 
effective method to identify genotype difference 
and evaluation test environment (Ding et al., 
2007). Increasingly, crop breeders have used 
GGE biplot widely for evaluating mean 
performance, stability of cultivars (Kang et al., 
2006) and discrimination of test sites (Dimitrios 
et al., 2008).  By using both models, rice 
breeders can get robust and interpretable results 
for making decisions to select stable genotypes 
for rice breeding program or identifying a 
location-specific variety/genotype for rice 
production. The AMMI model combines 
analysis of variance for main effects with 
principal component analysis for interaction 
effects, while GGE biplot uses 
environment-centered principal components to 
graphically display genotype performance 
across environments. Despite methodological 
differences, both approaches provide 
comparable insights, allowing breeders to 
identify stable genotypes and environment 
groupings with minimal crossover interactions 
(Gouch & Zobel, 1996; Mohan et al., 2023). 
However, limited studies have jointly applied 
both AMMI and GGE models to Boro rice 
genotypes across Bangladesh’s major 
agrological zones, leaving uncertainty about 
adaptability under different stress conditions. 
Therefore, G×E analysis has become a standard 
component of plant breeding programs (Gupta et 
al., 2022). Many studies in rice have explored 
various concepts and applications of G×E 
interaction analysis. (Poli et al., 2018; Hashim et 
al., 2021; Panda et al., 2023; Anshori et al., 
2024; Ghazy et al., 2024). 
Grain yield is a complex quantitative trait 
influenced by both genetic and environmental 
factors. A desirable genotype should not only 
provide high yield but also perform consistently 
across diverse agroecological environments. 
Assessing genotype × environment (G×E) 
interaction is therefore critical in plant breeding 
to determine the adaptability and stability of 
improved lines before their commercial release 
(Dewi et al., 2014).
The present study applied both AMMI and GGE 

biplot analyses to evaluate the adaptability and 
stability of seven rice genotypes for grain yield 
across twelve locations in Bangladesh. The 
objectives were to identify high-yielding and 
stable genotypes, and determine potential 
mega-environments, and identify ideal 
genotypes and environments suitable for rice 
production areas in Bangladesh.

MATERIALS AND METHODS
Test Genotypes and Locations
The trial was conducted during the 2024–25 
Boro (dry) season across twelve locations in 
Bangladesh, representing distinct 
agroecological zones (Table 1). These included 
Barishal (tidal submergence area), Satkhira 
(salinity-affected area), Rangpur (cold-prone 
areas), and Habiganj (Haoar area) Gazipur, 
Kushtia, Rajshahi, Sonagazi, Cumilla, 
Gopalganj, Bhanga, and Sirajganj (favorable 
areas). In this study, five advanced rice 
genotypes from BRRI Regional Station, 
Barishal and two check varieties were evaluated 
(Table 1).

Experimental Design and Crop Management
The experiment was conducted across multiple 
environments following a randomized complete 
block design (RCBD) with three replications. 
Within each environment, seven genotypes were 
randomized independently. In addition to 
individual environment analyses, data from all 
environments were pooled across environments 
to perform a combined analysis of variance 
(ANOVA) for assessing genotype × 
environment interactions and stability 
performance. 
Forty-day-old seedlings were transplanted into 
10.8 m² plots, each consisting of 10 rows with 
27 hills per row, at a spacing of 20 × 20 cm with 
one seedling per hill. Fertilizers were applied at 
260:100:120:110:11 kg ha⁻¹ of urea, TSP, MP, 
gypsum, and ZnSO₄, respectively. Nitrogen was 

top-dressed in three splits: 15 days after 
transplanting (DAT), 30 DAT, and five days 
before panicle initiation, while the remaining 
fertilizers were applied during final land 
preparation. Standard agronomic and crop 
protection practices were followed according to 
BRRI guidelines (BRRI, 2010). Grain yield was 
determined from the harvest of the entire plot, as 
no border rows were excluded, and the yield was 
adjusted to 14% moisture content.
In addition to grain yield, ancillary agronomic 
traits such as days to 50% flowering, plant 
height, growth duration, number of effective 
tillers per hill, and panicle number per hill 
(pAcp) were also recorded during the trial. 
However, only grain yield data were used for the 
present genotype × environment (G×E) analysis.

Data Collection and Statistical Analysis
Grain yield data were subjected to combined 
analysis of variance (ANOVA) across 
environments to partition the effects of genotype 
(G), environment (E), and their interaction 
(G×E). AMMI and GGE biplot analyses were 
performed using R software (version 4.4.2) and 
PBTools (version 1.3, IRRI). In the model 
genotypes were treated as both fixed and 
random and environments were treated as fixed, 
and replications nested within environment as 
random effects. Data normality was not checked 
before analysis.
The Grain mean yield was analyzed using STAR 
2.0.1 version. In the AMMI approach, main 
effects were first analyzed using ANOVA, 
followed by principal component analysis 
(PCA) of the residuals to interpret G×E 
interaction patterns. In parallel, the GGE biplot 
method was employed to visualize both 
genotype main effects (G) and G×E interactions 
(GE) in a single framework, facilitating the 
identification of high-yielding and stable 
genotypes as well as the delineation of 
mega-environments (Hashim et al., 2021).
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The k177 type that can cause susceptible 
reactions to all the k group lines was most 
dominant, and represented 24% of the isolates. 
The proportion of the k177 type was especially 
high among the isolates from AEZ2, 
representing 52% of the isolates, and thus the 
diversity index of the isolates from AEZ2 (0.70) 
was notably lower than the indexes of the 
isolates from other AEZs (0.79 to 0.91) 
(Supplementary Table 2). 

Based on the reactions of the four z group lines 
for Pi9, Piz, Piz-5, or Piz-t, the 100 isolates were 
classified into13 pathotypes (Supplementary 
Table 4). The z06 type that shows incompatible 
(resistance) reactions in the lines for Pi9 and Piz 
was most dominant, representing 33% of the 
isolates. Especially, the z06 type represented 
45% of the isolates from AEZ19, which showed 
the lowest diversity index (Supplementary Table 
2) The isolates of the z00 type that can cause 

Table 3.  Pathogenic races selected for the standard differential blast fungus isolates in 
Bangladesh.
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susceptible reactions in all the z group lines 
represented 12% of the isolates, and found in all 
the five AEZs. 
Based on the reactions of the seven ta group 
lines for Pita-2, Pi12(t), Pita, Pi19(t), or Pi20(t), 
the 100 isolates were classified into 38 
pathotypes (Supplementary Table 5). The ta403 
type showing incompatible reactions in the lines 
for Pita-2 and Pita and ta423 types showing 
incompatible reactions in the lines for Pita-2 and 
one of the lines for Pita were the major types, 
each representing 9% of the isolates. 
When the reactions to all the 25 lines were 
considered together, the 100 blast isolates from 
the five AEZs were represented by 94 
pathogenic races that were classified into five 
clusters (Table 2 and Fig. 2). Four isolates were 
classified as the same race U63-i7-k177- 

z06-ta433 in cluster IV. Each of three races 
U63-i5-k177-z06-ta633 in cluster III, 
U63-i7-k157-z06-ta423 in cluster I, or 
U73-i7-k077-z02-ta020 in cluster V represented 
two different isolates. The rest of the races 
represented single isolates. Cluster II was the 
largest one comprised of 33 isolates followed by 
cluster IV comprised of 23 isolates. A canonical 
variate analysis showed that the inter-cluster 
distance was maximum between clusters I and 
V, and was minimum between clusters III and IV 
(Fig. 2). The highest average virulence 
frequency (63%) was observed in Cluster II and 
cluster I showed lowest virulence frequency 
(50%). The virulence frequency of   cluster III, 
IV and V showed 57%, 59% and 56% 
respectively.

Rice (Oryza sativa L.) serves as the primary 
staple food for a large portion of the global 
population, contributing nearly 20% of the 
world’s dietary energy supply. Over the past 
three decades, Bangladesh has achieved 
remarkable progress in rice production and is 

widely recognized as a nation of rice growers 
and consumers (Fukagawa & Ziska, 2019; 
Hashim et al., 2021; Mainuddin et al., 2021)
To meet the increasing food demand of its 
growing population, Bangladesh must enhance 
genotypic adaptability, adopt improved 

agricultural technologies, and strengthen water 
management practices (Rahman et al., 2023). 
The adaptability of rice genotypes to diverse and 
changing environments plays a pivotal role in 
ensuring yield stability across different locations 
and years. Moreover, the development and 
deployment of high-yielding genotypes are 
fundamental to sustaining the country’s food 
security through enhanced productivity and 
yield consistency (Penna et al., 2023).
Rice is cultivated in Bangladesh throughout the 
year under three distinct seasons Aus, Aman, 
and Boro. Among them, Boro rice is one of the 
major contributors to national rice production. 
Despite having a favorable subtropical climate 
for Boro cultivation, the average yield in 
Bangladesh remains relatively low compared to 
other Asian countries such as Indonesia and 
Malaysia. Variations in Boro rice yield are 
influenced by multiple factors, including 
genotypic differences, regional and seasonal 
conditions, inefficient nutrient management, 
pest and disease incidence, and various abiotic 
stresses such as drought, flooding, salinity, 
temperature extremes, and poor soil fertility. 
These factors collectively contribute to yield 
reduction and instability across environments in 
Bangladesh (Akter et al., 2023).
When a genotype is evaluated under different 
growing conditions, its performance often varies 
significantly, a phenomenon referred to as 
genotype × environment (G×E) interaction 
(Allard & Bradshaw, 1964; Kang, 2004). 
Genotype × environment (G×E) interaction 
analysis provides a framework to assess how 
genotypes respond to variations in 
environmental conditions. Among various 
statistical tools, the Additive Main Effects and 
Multiplicative Interaction (AMMI) model and 
the Genotype plus Genotype × Environment 
(GGE) biplot are widely applied to study G×E 
interactions. These two statistical analyses 
(AMMI and GGE) were adopted in 
multi-environment (MET) two-way data 
matrices (Zhang et al., 2016). In recent years, 
GE interaction has been only taken into account 
in AMMI analyze, but genotype effects were 
ignored while evaluating genotypes 

comprehensively. On the other hand, GGE 
biplot model has been considered as highly 
effective method to identify genotype difference 
and evaluation test environment (Ding et al., 
2007). Increasingly, crop breeders have used 
GGE biplot widely for evaluating mean 
performance, stability of cultivars (Kang et al., 
2006) and discrimination of test sites (Dimitrios 
et al., 2008).  By using both models, rice 
breeders can get robust and interpretable results 
for making decisions to select stable genotypes 
for rice breeding program or identifying a 
location-specific variety/genotype for rice 
production. The AMMI model combines 
analysis of variance for main effects with 
principal component analysis for interaction 
effects, while GGE biplot uses 
environment-centered principal components to 
graphically display genotype performance 
across environments. Despite methodological 
differences, both approaches provide 
comparable insights, allowing breeders to 
identify stable genotypes and environment 
groupings with minimal crossover interactions 
(Gouch & Zobel, 1996; Mohan et al., 2023). 
However, limited studies have jointly applied 
both AMMI and GGE models to Boro rice 
genotypes across Bangladesh’s major 
agrological zones, leaving uncertainty about 
adaptability under different stress conditions. 
Therefore, G×E analysis has become a standard 
component of plant breeding programs (Gupta et 
al., 2022). Many studies in rice have explored 
various concepts and applications of G×E 
interaction analysis. (Poli et al., 2018; Hashim et 
al., 2021; Panda et al., 2023; Anshori et al., 
2024; Ghazy et al., 2024). 
Grain yield is a complex quantitative trait 
influenced by both genetic and environmental 
factors. A desirable genotype should not only 
provide high yield but also perform consistently 
across diverse agroecological environments. 
Assessing genotype × environment (G×E) 
interaction is therefore critical in plant breeding 
to determine the adaptability and stability of 
improved lines before their commercial release 
(Dewi et al., 2014).
The present study applied both AMMI and GGE 

biplot analyses to evaluate the adaptability and 
stability of seven rice genotypes for grain yield 
across twelve locations in Bangladesh. The 
objectives were to identify high-yielding and 
stable genotypes, and determine potential 
mega-environments, and identify ideal 
genotypes and environments suitable for rice 
production areas in Bangladesh.

MATERIALS AND METHODS
Test Genotypes and Locations
The trial was conducted during the 2024–25 
Boro (dry) season across twelve locations in 
Bangladesh, representing distinct 
agroecological zones (Table 1). These included 
Barishal (tidal submergence area), Satkhira 
(salinity-affected area), Rangpur (cold-prone 
areas), and Habiganj (Haoar area) Gazipur, 
Kushtia, Rajshahi, Sonagazi, Cumilla, 
Gopalganj, Bhanga, and Sirajganj (favorable 
areas). In this study, five advanced rice 
genotypes from BRRI Regional Station, 
Barishal and two check varieties were evaluated 
(Table 1).

Experimental Design and Crop Management
The experiment was conducted across multiple 
environments following a randomized complete 
block design (RCBD) with three replications. 
Within each environment, seven genotypes were 
randomized independently. In addition to 
individual environment analyses, data from all 
environments were pooled across environments 
to perform a combined analysis of variance 
(ANOVA) for assessing genotype × 
environment interactions and stability 
performance. 
Forty-day-old seedlings were transplanted into 
10.8 m² plots, each consisting of 10 rows with 
27 hills per row, at a spacing of 20 × 20 cm with 
one seedling per hill. Fertilizers were applied at 
260:100:120:110:11 kg ha⁻¹ of urea, TSP, MP, 
gypsum, and ZnSO₄, respectively. Nitrogen was 

top-dressed in three splits: 15 days after 
transplanting (DAT), 30 DAT, and five days 
before panicle initiation, while the remaining 
fertilizers were applied during final land 
preparation. Standard agronomic and crop 
protection practices were followed according to 
BRRI guidelines (BRRI, 2010). Grain yield was 
determined from the harvest of the entire plot, as 
no border rows were excluded, and the yield was 
adjusted to 14% moisture content.
In addition to grain yield, ancillary agronomic 
traits such as days to 50% flowering, plant 
height, growth duration, number of effective 
tillers per hill, and panicle number per hill 
(pAcp) were also recorded during the trial. 
However, only grain yield data were used for the 
present genotype × environment (G×E) analysis.

Data Collection and Statistical Analysis
Grain yield data were subjected to combined 
analysis of variance (ANOVA) across 
environments to partition the effects of genotype 
(G), environment (E), and their interaction 
(G×E). AMMI and GGE biplot analyses were 
performed using R software (version 4.4.2) and 
PBTools (version 1.3, IRRI). In the model 
genotypes were treated as both fixed and 
random and environments were treated as fixed, 
and replications nested within environment as 
random effects. Data normality was not checked 
before analysis.
The Grain mean yield was analyzed using STAR 
2.0.1 version. In the AMMI approach, main 
effects were first analyzed using ANOVA, 
followed by principal component analysis 
(PCA) of the residuals to interpret G×E 
interaction patterns. In parallel, the GGE biplot 
method was employed to visualize both 
genotype main effects (G) and G×E interactions 
(GE) in a single framework, facilitating the 
identification of high-yielding and stable 
genotypes as well as the delineation of 
mega-environments (Hashim et al., 2021).
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The k177 type that can cause susceptible 
reactions to all the k group lines was most 
dominant, and represented 24% of the isolates. 
The proportion of the k177 type was especially 
high among the isolates from AEZ2, 
representing 52% of the isolates, and thus the 
diversity index of the isolates from AEZ2 (0.70) 
was notably lower than the indexes of the 
isolates from other AEZs (0.79 to 0.91) 
(Supplementary Table 2). 

Based on the reactions of the four z group lines 
for Pi9, Piz, Piz-5, or Piz-t, the 100 isolates were 
classified into13 pathotypes (Supplementary 
Table 4). The z06 type that shows incompatible 
(resistance) reactions in the lines for Pi9 and Piz 
was most dominant, representing 33% of the 
isolates. Especially, the z06 type represented 
45% of the isolates from AEZ19, which showed 
the lowest diversity index (Supplementary Table 
2) The isolates of the z00 type that can cause 

susceptible reactions in all the z group lines 
represented 12% of the isolates, and found in all 
the five AEZs. 
Based on the reactions of the seven ta group 
lines for Pita-2, Pi12(t), Pita, Pi19(t), or Pi20(t), 
the 100 isolates were classified into 38 
pathotypes (Supplementary Table 5). The ta403 
type showing incompatible reactions in the lines 
for Pita-2 and Pita and ta423 types showing 
incompatible reactions in the lines for Pita-2 and 
one of the lines for Pita were the major types, 
each representing 9% of the isolates. 
When the reactions to all the 25 lines were 
considered together, the 100 blast isolates from 
the five AEZs were represented by 94 
pathogenic races that were classified into five 
clusters (Table 2 and Fig. 2). Four isolates were 
classified as the same race U63-i7-k177- 

z06-ta433 in cluster IV. Each of three races 
U63-i5-k177-z06-ta633 in cluster III, 
U63-i7-k157-z06-ta423 in cluster I, or 
U73-i7-k077-z02-ta020 in cluster V represented 
two different isolates. The rest of the races 
represented single isolates. Cluster II was the 
largest one comprised of 33 isolates followed by 
cluster IV comprised of 23 isolates. A canonical 
variate analysis showed that the inter-cluster 
distance was maximum between clusters I and 
V, and was minimum between clusters III and IV 
(Fig. 2). The highest average virulence 
frequency (63%) was observed in Cluster II and 
cluster I showed lowest virulence frequency 
(50%). The virulence frequency of   cluster III, 
IV and V showed 57%, 59% and 56% 
respectively.

Standard differential blast isolates in 
Bangladesh
As the result of our evaluation of blast fungus 
isolates for the reactions to 25 differential 
monogenic lines, twenty-five isolates were 
selected as the standard differential blast fungus 
isolates in Bangladesh based on their virulence 
to differentiate 23 resistance genes in the 25 
monogenic lines, revive capacity and 
sporulation potentiality (Table 3). A standard set 

of differential blast fungus isolates has been 
used to characterize the resistance of rice 
breeding lines and varieties in Philippines 
(Telebanco-Yanoria et al., 2008; Koide et al., 
2011). We expect the standard differential blast 
fungus isolates can also be used to characterize 
the resistance spectra of new rice varieties, and 
to examine pathogenicity of blast causing 
fungus isolates from other AEZs of Bangladesh.

Fig. 2.  Dendrogram showing Pathogenic races of 100 blast fungus isolates collected in Bangladesh.

CONCLUSION
Based on the reaction patterns against 25 
LTH-derived differential monogenic lines 
carrying one of the 23 resistance genes, 100 
isolates from five AEZs in Bangladesh were 
classified into 94 pathogenic races. Races 
designated by pathotypes of U63, i0, i7, k157, 
k177, z00, z04, z06, ta403, ta423, and ta433 
were found as the dominant types, among which 
races designated by pathotypes of U63, i7, k177, 
z00, z04, z06 and ta423 were commonly found 
in all the five AEZs of Bangladesh. The results 
indicated that any rice varieties relying on Pib, 
Pit, Pia, Pii, Pi3, Pi5(t), Pik, Pik-h, Pik-m, Pi1, 
Pik-p, Pik-s, Pi7(t), Piz-t, Piz-5, Pi12(t), Pita(2), 
Pi19(t), and Pi20(t) might be at the risk of blast 
fungus infection in Bangladesh, especially in 
areas such as AEZ2 and AEZ19 where such 
races were found to present at a high frequency. 
In contrast, for a number of isolates 
incompatible to lines carrying Pish, Pi9, Piz, 
Pita-2, and Pita were also found among the 100 
isolates examined, suggesting these genes are 
promising as the sources of robust resistance in 
Bangladesh. These genes can be used in 
breeding program for development of blast 
resistant variety.  The standard set of 25 blast 
fungus isolates selected would be a useful tool in 
developing rice varieties, resistant to blast 
disease in Bangladesh. 
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Rice (Oryza sativa L.) serves as the primary 
staple food for a large portion of the global 
population, contributing nearly 20% of the 
world’s dietary energy supply. Over the past 
three decades, Bangladesh has achieved 
remarkable progress in rice production and is 

widely recognized as a nation of rice growers 
and consumers (Fukagawa & Ziska, 2019; 
Hashim et al., 2021; Mainuddin et al., 2021)
To meet the increasing food demand of its 
growing population, Bangladesh must enhance 
genotypic adaptability, adopt improved 

agricultural technologies, and strengthen water 
management practices (Rahman et al., 2023). 
The adaptability of rice genotypes to diverse and 
changing environments plays a pivotal role in 
ensuring yield stability across different locations 
and years. Moreover, the development and 
deployment of high-yielding genotypes are 
fundamental to sustaining the country’s food 
security through enhanced productivity and 
yield consistency (Penna et al., 2023).
Rice is cultivated in Bangladesh throughout the 
year under three distinct seasons Aus, Aman, 
and Boro. Among them, Boro rice is one of the 
major contributors to national rice production. 
Despite having a favorable subtropical climate 
for Boro cultivation, the average yield in 
Bangladesh remains relatively low compared to 
other Asian countries such as Indonesia and 
Malaysia. Variations in Boro rice yield are 
influenced by multiple factors, including 
genotypic differences, regional and seasonal 
conditions, inefficient nutrient management, 
pest and disease incidence, and various abiotic 
stresses such as drought, flooding, salinity, 
temperature extremes, and poor soil fertility. 
These factors collectively contribute to yield 
reduction and instability across environments in 
Bangladesh (Akter et al., 2023).
When a genotype is evaluated under different 
growing conditions, its performance often varies 
significantly, a phenomenon referred to as 
genotype × environment (G×E) interaction 
(Allard & Bradshaw, 1964; Kang, 2004). 
Genotype × environment (G×E) interaction 
analysis provides a framework to assess how 
genotypes respond to variations in 
environmental conditions. Among various 
statistical tools, the Additive Main Effects and 
Multiplicative Interaction (AMMI) model and 
the Genotype plus Genotype × Environment 
(GGE) biplot are widely applied to study G×E 
interactions. These two statistical analyses 
(AMMI and GGE) were adopted in 
multi-environment (MET) two-way data 
matrices (Zhang et al., 2016). In recent years, 
GE interaction has been only taken into account 
in AMMI analyze, but genotype effects were 
ignored while evaluating genotypes 

comprehensively. On the other hand, GGE 
biplot model has been considered as highly 
effective method to identify genotype difference 
and evaluation test environment (Ding et al., 
2007). Increasingly, crop breeders have used 
GGE biplot widely for evaluating mean 
performance, stability of cultivars (Kang et al., 
2006) and discrimination of test sites (Dimitrios 
et al., 2008).  By using both models, rice 
breeders can get robust and interpretable results 
for making decisions to select stable genotypes 
for rice breeding program or identifying a 
location-specific variety/genotype for rice 
production. The AMMI model combines 
analysis of variance for main effects with 
principal component analysis for interaction 
effects, while GGE biplot uses 
environment-centered principal components to 
graphically display genotype performance 
across environments. Despite methodological 
differences, both approaches provide 
comparable insights, allowing breeders to 
identify stable genotypes and environment 
groupings with minimal crossover interactions 
(Gouch & Zobel, 1996; Mohan et al., 2023). 
However, limited studies have jointly applied 
both AMMI and GGE models to Boro rice 
genotypes across Bangladesh’s major 
agrological zones, leaving uncertainty about 
adaptability under different stress conditions. 
Therefore, G×E analysis has become a standard 
component of plant breeding programs (Gupta et 
al., 2022). Many studies in rice have explored 
various concepts and applications of G×E 
interaction analysis. (Poli et al., 2018; Hashim et 
al., 2021; Panda et al., 2023; Anshori et al., 
2024; Ghazy et al., 2024). 
Grain yield is a complex quantitative trait 
influenced by both genetic and environmental 
factors. A desirable genotype should not only 
provide high yield but also perform consistently 
across diverse agroecological environments. 
Assessing genotype × environment (G×E) 
interaction is therefore critical in plant breeding 
to determine the adaptability and stability of 
improved lines before their commercial release 
(Dewi et al., 2014).
The present study applied both AMMI and GGE 

biplot analyses to evaluate the adaptability and 
stability of seven rice genotypes for grain yield 
across twelve locations in Bangladesh. The 
objectives were to identify high-yielding and 
stable genotypes, and determine potential 
mega-environments, and identify ideal 
genotypes and environments suitable for rice 
production areas in Bangladesh.

MATERIALS AND METHODS
Test Genotypes and Locations
The trial was conducted during the 2024–25 
Boro (dry) season across twelve locations in 
Bangladesh, representing distinct 
agroecological zones (Table 1). These included 
Barishal (tidal submergence area), Satkhira 
(salinity-affected area), Rangpur (cold-prone 
areas), and Habiganj (Haoar area) Gazipur, 
Kushtia, Rajshahi, Sonagazi, Cumilla, 
Gopalganj, Bhanga, and Sirajganj (favorable 
areas). In this study, five advanced rice 
genotypes from BRRI Regional Station, 
Barishal and two check varieties were evaluated 
(Table 1).

Experimental Design and Crop Management
The experiment was conducted across multiple 
environments following a randomized complete 
block design (RCBD) with three replications. 
Within each environment, seven genotypes were 
randomized independently. In addition to 
individual environment analyses, data from all 
environments were pooled across environments 
to perform a combined analysis of variance 
(ANOVA) for assessing genotype × 
environment interactions and stability 
performance. 
Forty-day-old seedlings were transplanted into 
10.8 m² plots, each consisting of 10 rows with 
27 hills per row, at a spacing of 20 × 20 cm with 
one seedling per hill. Fertilizers were applied at 
260:100:120:110:11 kg ha⁻¹ of urea, TSP, MP, 
gypsum, and ZnSO₄, respectively. Nitrogen was 

top-dressed in three splits: 15 days after 
transplanting (DAT), 30 DAT, and five days 
before panicle initiation, while the remaining 
fertilizers were applied during final land 
preparation. Standard agronomic and crop 
protection practices were followed according to 
BRRI guidelines (BRRI, 2010). Grain yield was 
determined from the harvest of the entire plot, as 
no border rows were excluded, and the yield was 
adjusted to 14% moisture content.
In addition to grain yield, ancillary agronomic 
traits such as days to 50% flowering, plant 
height, growth duration, number of effective 
tillers per hill, and panicle number per hill 
(pAcp) were also recorded during the trial. 
However, only grain yield data were used for the 
present genotype × environment (G×E) analysis.

Data Collection and Statistical Analysis
Grain yield data were subjected to combined 
analysis of variance (ANOVA) across 
environments to partition the effects of genotype 
(G), environment (E), and their interaction 
(G×E). AMMI and GGE biplot analyses were 
performed using R software (version 4.4.2) and 
PBTools (version 1.3, IRRI). In the model 
genotypes were treated as both fixed and 
random and environments were treated as fixed, 
and replications nested within environment as 
random effects. Data normality was not checked 
before analysis.
The Grain mean yield was analyzed using STAR 
2.0.1 version. In the AMMI approach, main 
effects were first analyzed using ANOVA, 
followed by principal component analysis 
(PCA) of the residuals to interpret G×E 
interaction patterns. In parallel, the GGE biplot 
method was employed to visualize both 
genotype main effects (G) and G×E interactions 
(GE) in a single framework, facilitating the 
identification of high-yielding and stable 
genotypes as well as the delineation of 
mega-environments (Hashim et al., 2021).
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Standard differential blast isolates in 
Bangladesh
As the result of our evaluation of blast fungus 
isolates for the reactions to 25 differential 
monogenic lines, twenty-five isolates were 
selected as the standard differential blast fungus 
isolates in Bangladesh based on their virulence 
to differentiate 23 resistance genes in the 25 
monogenic lines, revive capacity and 
sporulation potentiality (Table 3). A standard set 

of differential blast fungus isolates has been 
used to characterize the resistance of rice 
breeding lines and varieties in Philippines 
(Telebanco-Yanoria et al., 2008; Koide et al., 
2011). We expect the standard differential blast 
fungus isolates can also be used to characterize 
the resistance spectra of new rice varieties, and 
to examine pathogenicity of blast causing 
fungus isolates from other AEZs of Bangladesh.

CONCLUSION
Based on the reaction patterns against 25 
LTH-derived differential monogenic lines 
carrying one of the 23 resistance genes, 100 
isolates from five AEZs in Bangladesh were 
classified into 94 pathogenic races. Races 
designated by pathotypes of U63, i0, i7, k157, 
k177, z00, z04, z06, ta403, ta423, and ta433 
were found as the dominant types, among which 
races designated by pathotypes of U63, i7, k177, 
z00, z04, z06 and ta423 were commonly found 
in all the five AEZs of Bangladesh. The results 
indicated that any rice varieties relying on Pib, 
Pit, Pia, Pii, Pi3, Pi5(t), Pik, Pik-h, Pik-m, Pi1, 
Pik-p, Pik-s, Pi7(t), Piz-t, Piz-5, Pi12(t), Pita(2), 
Pi19(t), and Pi20(t) might be at the risk of blast 
fungus infection in Bangladesh, especially in 
areas such as AEZ2 and AEZ19 where such 
races were found to present at a high frequency. 
In contrast, for a number of isolates 
incompatible to lines carrying Pish, Pi9, Piz, 
Pita-2, and Pita were also found among the 100 
isolates examined, suggesting these genes are 
promising as the sources of robust resistance in 
Bangladesh. These genes can be used in 
breeding program for development of blast 
resistant variety.  The standard set of 25 blast 
fungus isolates selected would be a useful tool in 
developing rice varieties, resistant to blast 
disease in Bangladesh. 
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Rice (Oryza sativa L.) serves as the primary 
staple food for a large portion of the global 
population, contributing nearly 20% of the 
world’s dietary energy supply. Over the past 
three decades, Bangladesh has achieved 
remarkable progress in rice production and is 

widely recognized as a nation of rice growers 
and consumers (Fukagawa & Ziska, 2019; 
Hashim et al., 2021; Mainuddin et al., 2021)
To meet the increasing food demand of its 
growing population, Bangladesh must enhance 
genotypic adaptability, adopt improved 

agricultural technologies, and strengthen water 
management practices (Rahman et al., 2023). 
The adaptability of rice genotypes to diverse and 
changing environments plays a pivotal role in 
ensuring yield stability across different locations 
and years. Moreover, the development and 
deployment of high-yielding genotypes are 
fundamental to sustaining the country’s food 
security through enhanced productivity and 
yield consistency (Penna et al., 2023).
Rice is cultivated in Bangladesh throughout the 
year under three distinct seasons Aus, Aman, 
and Boro. Among them, Boro rice is one of the 
major contributors to national rice production. 
Despite having a favorable subtropical climate 
for Boro cultivation, the average yield in 
Bangladesh remains relatively low compared to 
other Asian countries such as Indonesia and 
Malaysia. Variations in Boro rice yield are 
influenced by multiple factors, including 
genotypic differences, regional and seasonal 
conditions, inefficient nutrient management, 
pest and disease incidence, and various abiotic 
stresses such as drought, flooding, salinity, 
temperature extremes, and poor soil fertility. 
These factors collectively contribute to yield 
reduction and instability across environments in 
Bangladesh (Akter et al., 2023).
When a genotype is evaluated under different 
growing conditions, its performance often varies 
significantly, a phenomenon referred to as 
genotype × environment (G×E) interaction 
(Allard & Bradshaw, 1964; Kang, 2004). 
Genotype × environment (G×E) interaction 
analysis provides a framework to assess how 
genotypes respond to variations in 
environmental conditions. Among various 
statistical tools, the Additive Main Effects and 
Multiplicative Interaction (AMMI) model and 
the Genotype plus Genotype × Environment 
(GGE) biplot are widely applied to study G×E 
interactions. These two statistical analyses 
(AMMI and GGE) were adopted in 
multi-environment (MET) two-way data 
matrices (Zhang et al., 2016). In recent years, 
GE interaction has been only taken into account 
in AMMI analyze, but genotype effects were 
ignored while evaluating genotypes 

comprehensively. On the other hand, GGE 
biplot model has been considered as highly 
effective method to identify genotype difference 
and evaluation test environment (Ding et al., 
2007). Increasingly, crop breeders have used 
GGE biplot widely for evaluating mean 
performance, stability of cultivars (Kang et al., 
2006) and discrimination of test sites (Dimitrios 
et al., 2008).  By using both models, rice 
breeders can get robust and interpretable results 
for making decisions to select stable genotypes 
for rice breeding program or identifying a 
location-specific variety/genotype for rice 
production. The AMMI model combines 
analysis of variance for main effects with 
principal component analysis for interaction 
effects, while GGE biplot uses 
environment-centered principal components to 
graphically display genotype performance 
across environments. Despite methodological 
differences, both approaches provide 
comparable insights, allowing breeders to 
identify stable genotypes and environment 
groupings with minimal crossover interactions 
(Gouch & Zobel, 1996; Mohan et al., 2023). 
However, limited studies have jointly applied 
both AMMI and GGE models to Boro rice 
genotypes across Bangladesh’s major 
agrological zones, leaving uncertainty about 
adaptability under different stress conditions. 
Therefore, G×E analysis has become a standard 
component of plant breeding programs (Gupta et 
al., 2022). Many studies in rice have explored 
various concepts and applications of G×E 
interaction analysis. (Poli et al., 2018; Hashim et 
al., 2021; Panda et al., 2023; Anshori et al., 
2024; Ghazy et al., 2024). 
Grain yield is a complex quantitative trait 
influenced by both genetic and environmental 
factors. A desirable genotype should not only 
provide high yield but also perform consistently 
across diverse agroecological environments. 
Assessing genotype × environment (G×E) 
interaction is therefore critical in plant breeding 
to determine the adaptability and stability of 
improved lines before their commercial release 
(Dewi et al., 2014).
The present study applied both AMMI and GGE 

biplot analyses to evaluate the adaptability and 
stability of seven rice genotypes for grain yield 
across twelve locations in Bangladesh. The 
objectives were to identify high-yielding and 
stable genotypes, and determine potential 
mega-environments, and identify ideal 
genotypes and environments suitable for rice 
production areas in Bangladesh.

MATERIALS AND METHODS
Test Genotypes and Locations
The trial was conducted during the 2024–25 
Boro (dry) season across twelve locations in 
Bangladesh, representing distinct 
agroecological zones (Table 1). These included 
Barishal (tidal submergence area), Satkhira 
(salinity-affected area), Rangpur (cold-prone 
areas), and Habiganj (Haoar area) Gazipur, 
Kushtia, Rajshahi, Sonagazi, Cumilla, 
Gopalganj, Bhanga, and Sirajganj (favorable 
areas). In this study, five advanced rice 
genotypes from BRRI Regional Station, 
Barishal and two check varieties were evaluated 
(Table 1).

Experimental Design and Crop Management
The experiment was conducted across multiple 
environments following a randomized complete 
block design (RCBD) with three replications. 
Within each environment, seven genotypes were 
randomized independently. In addition to 
individual environment analyses, data from all 
environments were pooled across environments 
to perform a combined analysis of variance 
(ANOVA) for assessing genotype × 
environment interactions and stability 
performance. 
Forty-day-old seedlings were transplanted into 
10.8 m² plots, each consisting of 10 rows with 
27 hills per row, at a spacing of 20 × 20 cm with 
one seedling per hill. Fertilizers were applied at 
260:100:120:110:11 kg ha⁻¹ of urea, TSP, MP, 
gypsum, and ZnSO₄, respectively. Nitrogen was 

top-dressed in three splits: 15 days after 
transplanting (DAT), 30 DAT, and five days 
before panicle initiation, while the remaining 
fertilizers were applied during final land 
preparation. Standard agronomic and crop 
protection practices were followed according to 
BRRI guidelines (BRRI, 2010). Grain yield was 
determined from the harvest of the entire plot, as 
no border rows were excluded, and the yield was 
adjusted to 14% moisture content.
In addition to grain yield, ancillary agronomic 
traits such as days to 50% flowering, plant 
height, growth duration, number of effective 
tillers per hill, and panicle number per hill 
(pAcp) were also recorded during the trial. 
However, only grain yield data were used for the 
present genotype × environment (G×E) analysis.

Data Collection and Statistical Analysis
Grain yield data were subjected to combined 
analysis of variance (ANOVA) across 
environments to partition the effects of genotype 
(G), environment (E), and their interaction 
(G×E). AMMI and GGE biplot analyses were 
performed using R software (version 4.4.2) and 
PBTools (version 1.3, IRRI). In the model 
genotypes were treated as both fixed and 
random and environments were treated as fixed, 
and replications nested within environment as 
random effects. Data normality was not checked 
before analysis.
The Grain mean yield was analyzed using STAR 
2.0.1 version. In the AMMI approach, main 
effects were first analyzed using ANOVA, 
followed by principal component analysis 
(PCA) of the residuals to interpret G×E 
interaction patterns. In parallel, the GGE biplot 
method was employed to visualize both 
genotype main effects (G) and G×E interactions 
(GE) in a single framework, facilitating the 
identification of high-yielding and stable 
genotypes as well as the delineation of 
mega-environments (Hashim et al., 2021).
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Standard differential blast isolates in 
Bangladesh
As the result of our evaluation of blast fungus 
isolates for the reactions to 25 differential 
monogenic lines, twenty-five isolates were 
selected as the standard differential blast fungus 
isolates in Bangladesh based on their virulence 
to differentiate 23 resistance genes in the 25 
monogenic lines, revive capacity and 
sporulation potentiality (Table 3). A standard set 

of differential blast fungus isolates has been 
used to characterize the resistance of rice 
breeding lines and varieties in Philippines 
(Telebanco-Yanoria et al., 2008; Koide et al., 
2011). We expect the standard differential blast 
fungus isolates can also be used to characterize 
the resistance spectra of new rice varieties, and 
to examine pathogenicity of blast causing 
fungus isolates from other AEZs of Bangladesh.

CONCLUSION
Based on the reaction patterns against 25 
LTH-derived differential monogenic lines 
carrying one of the 23 resistance genes, 100 
isolates from five AEZs in Bangladesh were 
classified into 94 pathogenic races. Races 
designated by pathotypes of U63, i0, i7, k157, 
k177, z00, z04, z06, ta403, ta423, and ta433 
were found as the dominant types, among which 
races designated by pathotypes of U63, i7, k177, 
z00, z04, z06 and ta423 were commonly found 
in all the five AEZs of Bangladesh. The results 
indicated that any rice varieties relying on Pib, 
Pit, Pia, Pii, Pi3, Pi5(t), Pik, Pik-h, Pik-m, Pi1, 
Pik-p, Pik-s, Pi7(t), Piz-t, Piz-5, Pi12(t), Pita(2), 
Pi19(t), and Pi20(t) might be at the risk of blast 
fungus infection in Bangladesh, especially in 
areas such as AEZ2 and AEZ19 where such 
races were found to present at a high frequency. 
In contrast, for a number of isolates 
incompatible to lines carrying Pish, Pi9, Piz, 
Pita-2, and Pita were also found among the 100 
isolates examined, suggesting these genes are 
promising as the sources of robust resistance in 
Bangladesh. These genes can be used in 
breeding program for development of blast 
resistant variety.  The standard set of 25 blast 
fungus isolates selected would be a useful tool in 
developing rice varieties, resistant to blast 
disease in Bangladesh. 
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Rice (Oryza sativa L.) serves as the primary 
staple food for a large portion of the global 
population, contributing nearly 20% of the 
world’s dietary energy supply. Over the past 
three decades, Bangladesh has achieved 
remarkable progress in rice production and is 

widely recognized as a nation of rice growers 
and consumers (Fukagawa & Ziska, 2019; 
Hashim et al., 2021; Mainuddin et al., 2021)
To meet the increasing food demand of its 
growing population, Bangladesh must enhance 
genotypic adaptability, adopt improved 

agricultural technologies, and strengthen water 
management practices (Rahman et al., 2023). 
The adaptability of rice genotypes to diverse and 
changing environments plays a pivotal role in 
ensuring yield stability across different locations 
and years. Moreover, the development and 
deployment of high-yielding genotypes are 
fundamental to sustaining the country’s food 
security through enhanced productivity and 
yield consistency (Penna et al., 2023).
Rice is cultivated in Bangladesh throughout the 
year under three distinct seasons Aus, Aman, 
and Boro. Among them, Boro rice is one of the 
major contributors to national rice production. 
Despite having a favorable subtropical climate 
for Boro cultivation, the average yield in 
Bangladesh remains relatively low compared to 
other Asian countries such as Indonesia and 
Malaysia. Variations in Boro rice yield are 
influenced by multiple factors, including 
genotypic differences, regional and seasonal 
conditions, inefficient nutrient management, 
pest and disease incidence, and various abiotic 
stresses such as drought, flooding, salinity, 
temperature extremes, and poor soil fertility. 
These factors collectively contribute to yield 
reduction and instability across environments in 
Bangladesh (Akter et al., 2023).
When a genotype is evaluated under different 
growing conditions, its performance often varies 
significantly, a phenomenon referred to as 
genotype × environment (G×E) interaction 
(Allard & Bradshaw, 1964; Kang, 2004). 
Genotype × environment (G×E) interaction 
analysis provides a framework to assess how 
genotypes respond to variations in 
environmental conditions. Among various 
statistical tools, the Additive Main Effects and 
Multiplicative Interaction (AMMI) model and 
the Genotype plus Genotype × Environment 
(GGE) biplot are widely applied to study G×E 
interactions. These two statistical analyses 
(AMMI and GGE) were adopted in 
multi-environment (MET) two-way data 
matrices (Zhang et al., 2016). In recent years, 
GE interaction has been only taken into account 
in AMMI analyze, but genotype effects were 
ignored while evaluating genotypes 

comprehensively. On the other hand, GGE 
biplot model has been considered as highly 
effective method to identify genotype difference 
and evaluation test environment (Ding et al., 
2007). Increasingly, crop breeders have used 
GGE biplot widely for evaluating mean 
performance, stability of cultivars (Kang et al., 
2006) and discrimination of test sites (Dimitrios 
et al., 2008).  By using both models, rice 
breeders can get robust and interpretable results 
for making decisions to select stable genotypes 
for rice breeding program or identifying a 
location-specific variety/genotype for rice 
production. The AMMI model combines 
analysis of variance for main effects with 
principal component analysis for interaction 
effects, while GGE biplot uses 
environment-centered principal components to 
graphically display genotype performance 
across environments. Despite methodological 
differences, both approaches provide 
comparable insights, allowing breeders to 
identify stable genotypes and environment 
groupings with minimal crossover interactions 
(Gouch & Zobel, 1996; Mohan et al., 2023). 
However, limited studies have jointly applied 
both AMMI and GGE models to Boro rice 
genotypes across Bangladesh’s major 
agrological zones, leaving uncertainty about 
adaptability under different stress conditions. 
Therefore, G×E analysis has become a standard 
component of plant breeding programs (Gupta et 
al., 2022). Many studies in rice have explored 
various concepts and applications of G×E 
interaction analysis. (Poli et al., 2018; Hashim et 
al., 2021; Panda et al., 2023; Anshori et al., 
2024; Ghazy et al., 2024). 
Grain yield is a complex quantitative trait 
influenced by both genetic and environmental 
factors. A desirable genotype should not only 
provide high yield but also perform consistently 
across diverse agroecological environments. 
Assessing genotype × environment (G×E) 
interaction is therefore critical in plant breeding 
to determine the adaptability and stability of 
improved lines before their commercial release 
(Dewi et al., 2014).
The present study applied both AMMI and GGE 

biplot analyses to evaluate the adaptability and 
stability of seven rice genotypes for grain yield 
across twelve locations in Bangladesh. The 
objectives were to identify high-yielding and 
stable genotypes, and determine potential 
mega-environments, and identify ideal 
genotypes and environments suitable for rice 
production areas in Bangladesh.

MATERIALS AND METHODS
Test Genotypes and Locations
The trial was conducted during the 2024–25 
Boro (dry) season across twelve locations in 
Bangladesh, representing distinct 
agroecological zones (Table 1). These included 
Barishal (tidal submergence area), Satkhira 
(salinity-affected area), Rangpur (cold-prone 
areas), and Habiganj (Haoar area) Gazipur, 
Kushtia, Rajshahi, Sonagazi, Cumilla, 
Gopalganj, Bhanga, and Sirajganj (favorable 
areas). In this study, five advanced rice 
genotypes from BRRI Regional Station, 
Barishal and two check varieties were evaluated 
(Table 1).

Experimental Design and Crop Management
The experiment was conducted across multiple 
environments following a randomized complete 
block design (RCBD) with three replications. 
Within each environment, seven genotypes were 
randomized independently. In addition to 
individual environment analyses, data from all 
environments were pooled across environments 
to perform a combined analysis of variance 
(ANOVA) for assessing genotype × 
environment interactions and stability 
performance. 
Forty-day-old seedlings were transplanted into 
10.8 m² plots, each consisting of 10 rows with 
27 hills per row, at a spacing of 20 × 20 cm with 
one seedling per hill. Fertilizers were applied at 
260:100:120:110:11 kg ha⁻¹ of urea, TSP, MP, 
gypsum, and ZnSO₄, respectively. Nitrogen was 

top-dressed in three splits: 15 days after 
transplanting (DAT), 30 DAT, and five days 
before panicle initiation, while the remaining 
fertilizers were applied during final land 
preparation. Standard agronomic and crop 
protection practices were followed according to 
BRRI guidelines (BRRI, 2010). Grain yield was 
determined from the harvest of the entire plot, as 
no border rows were excluded, and the yield was 
adjusted to 14% moisture content.
In addition to grain yield, ancillary agronomic 
traits such as days to 50% flowering, plant 
height, growth duration, number of effective 
tillers per hill, and panicle number per hill 
(pAcp) were also recorded during the trial. 
However, only grain yield data were used for the 
present genotype × environment (G×E) analysis.

Data Collection and Statistical Analysis
Grain yield data were subjected to combined 
analysis of variance (ANOVA) across 
environments to partition the effects of genotype 
(G), environment (E), and their interaction 
(G×E). AMMI and GGE biplot analyses were 
performed using R software (version 4.4.2) and 
PBTools (version 1.3, IRRI). In the model 
genotypes were treated as both fixed and 
random and environments were treated as fixed, 
and replications nested within environment as 
random effects. Data normality was not checked 
before analysis.
The Grain mean yield was analyzed using STAR 
2.0.1 version. In the AMMI approach, main 
effects were first analyzed using ANOVA, 
followed by principal component analysis 
(PCA) of the residuals to interpret G×E 
interaction patterns. In parallel, the GGE biplot 
method was employed to visualize both 
genotype main effects (G) and G×E interactions 
(GE) in a single framework, facilitating the 
identification of high-yielding and stable 
genotypes as well as the delineation of 
mega-environments (Hashim et al., 2021).
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Standard differential blast isolates in 
Bangladesh
As the result of our evaluation of blast fungus 
isolates for the reactions to 25 differential 
monogenic lines, twenty-five isolates were 
selected as the standard differential blast fungus 
isolates in Bangladesh based on their virulence 
to differentiate 23 resistance genes in the 25 
monogenic lines, revive capacity and 
sporulation potentiality (Table 3). A standard set 

of differential blast fungus isolates has been 
used to characterize the resistance of rice 
breeding lines and varieties in Philippines 
(Telebanco-Yanoria et al., 2008; Koide et al., 
2011). We expect the standard differential blast 
fungus isolates can also be used to characterize 
the resistance spectra of new rice varieties, and 
to examine pathogenicity of blast causing 
fungus isolates from other AEZs of Bangladesh.

CONCLUSION
Based on the reaction patterns against 25 
LTH-derived differential monogenic lines 
carrying one of the 23 resistance genes, 100 
isolates from five AEZs in Bangladesh were 
classified into 94 pathogenic races. Races 
designated by pathotypes of U63, i0, i7, k157, 
k177, z00, z04, z06, ta403, ta423, and ta433 
were found as the dominant types, among which 
races designated by pathotypes of U63, i7, k177, 
z00, z04, z06 and ta423 were commonly found 
in all the five AEZs of Bangladesh. The results 
indicated that any rice varieties relying on Pib, 
Pit, Pia, Pii, Pi3, Pi5(t), Pik, Pik-h, Pik-m, Pi1, 
Pik-p, Pik-s, Pi7(t), Piz-t, Piz-5, Pi12(t), Pita(2), 
Pi19(t), and Pi20(t) might be at the risk of blast 
fungus infection in Bangladesh, especially in 
areas such as AEZ2 and AEZ19 where such 
races were found to present at a high frequency. 
In contrast, for a number of isolates 
incompatible to lines carrying Pish, Pi9, Piz, 
Pita-2, and Pita were also found among the 100 
isolates examined, suggesting these genes are 
promising as the sources of robust resistance in 
Bangladesh. These genes can be used in 
breeding program for development of blast 
resistant variety.  The standard set of 25 blast 
fungus isolates selected would be a useful tool in 
developing rice varieties, resistant to blast 
disease in Bangladesh. 
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Rice (Oryza sativa L.) serves as the primary 
staple food for a large portion of the global 
population, contributing nearly 20% of the 
world’s dietary energy supply. Over the past 
three decades, Bangladesh has achieved 
remarkable progress in rice production and is 

widely recognized as a nation of rice growers 
and consumers (Fukagawa & Ziska, 2019; 
Hashim et al., 2021; Mainuddin et al., 2021)
To meet the increasing food demand of its 
growing population, Bangladesh must enhance 
genotypic adaptability, adopt improved 

agricultural technologies, and strengthen water 
management practices (Rahman et al., 2023). 
The adaptability of rice genotypes to diverse and 
changing environments plays a pivotal role in 
ensuring yield stability across different locations 
and years. Moreover, the development and 
deployment of high-yielding genotypes are 
fundamental to sustaining the country’s food 
security through enhanced productivity and 
yield consistency (Penna et al., 2023).
Rice is cultivated in Bangladesh throughout the 
year under three distinct seasons Aus, Aman, 
and Boro. Among them, Boro rice is one of the 
major contributors to national rice production. 
Despite having a favorable subtropical climate 
for Boro cultivation, the average yield in 
Bangladesh remains relatively low compared to 
other Asian countries such as Indonesia and 
Malaysia. Variations in Boro rice yield are 
influenced by multiple factors, including 
genotypic differences, regional and seasonal 
conditions, inefficient nutrient management, 
pest and disease incidence, and various abiotic 
stresses such as drought, flooding, salinity, 
temperature extremes, and poor soil fertility. 
These factors collectively contribute to yield 
reduction and instability across environments in 
Bangladesh (Akter et al., 2023).
When a genotype is evaluated under different 
growing conditions, its performance often varies 
significantly, a phenomenon referred to as 
genotype × environment (G×E) interaction 
(Allard & Bradshaw, 1964; Kang, 2004). 
Genotype × environment (G×E) interaction 
analysis provides a framework to assess how 
genotypes respond to variations in 
environmental conditions. Among various 
statistical tools, the Additive Main Effects and 
Multiplicative Interaction (AMMI) model and 
the Genotype plus Genotype × Environment 
(GGE) biplot are widely applied to study G×E 
interactions. These two statistical analyses 
(AMMI and GGE) were adopted in 
multi-environment (MET) two-way data 
matrices (Zhang et al., 2016). In recent years, 
GE interaction has been only taken into account 
in AMMI analyze, but genotype effects were 
ignored while evaluating genotypes 

comprehensively. On the other hand, GGE 
biplot model has been considered as highly 
effective method to identify genotype difference 
and evaluation test environment (Ding et al., 
2007). Increasingly, crop breeders have used 
GGE biplot widely for evaluating mean 
performance, stability of cultivars (Kang et al., 
2006) and discrimination of test sites (Dimitrios 
et al., 2008).  By using both models, rice 
breeders can get robust and interpretable results 
for making decisions to select stable genotypes 
for rice breeding program or identifying a 
location-specific variety/genotype for rice 
production. The AMMI model combines 
analysis of variance for main effects with 
principal component analysis for interaction 
effects, while GGE biplot uses 
environment-centered principal components to 
graphically display genotype performance 
across environments. Despite methodological 
differences, both approaches provide 
comparable insights, allowing breeders to 
identify stable genotypes and environment 
groupings with minimal crossover interactions 
(Gouch & Zobel, 1996; Mohan et al., 2023). 
However, limited studies have jointly applied 
both AMMI and GGE models to Boro rice 
genotypes across Bangladesh’s major 
agrological zones, leaving uncertainty about 
adaptability under different stress conditions. 
Therefore, G×E analysis has become a standard 
component of plant breeding programs (Gupta et 
al., 2022). Many studies in rice have explored 
various concepts and applications of G×E 
interaction analysis. (Poli et al., 2018; Hashim et 
al., 2021; Panda et al., 2023; Anshori et al., 
2024; Ghazy et al., 2024). 
Grain yield is a complex quantitative trait 
influenced by both genetic and environmental 
factors. A desirable genotype should not only 
provide high yield but also perform consistently 
across diverse agroecological environments. 
Assessing genotype × environment (G×E) 
interaction is therefore critical in plant breeding 
to determine the adaptability and stability of 
improved lines before their commercial release 
(Dewi et al., 2014).
The present study applied both AMMI and GGE 

biplot analyses to evaluate the adaptability and 
stability of seven rice genotypes for grain yield 
across twelve locations in Bangladesh. The 
objectives were to identify high-yielding and 
stable genotypes, and determine potential 
mega-environments, and identify ideal 
genotypes and environments suitable for rice 
production areas in Bangladesh.

MATERIALS AND METHODS
Test Genotypes and Locations
The trial was conducted during the 2024–25 
Boro (dry) season across twelve locations in 
Bangladesh, representing distinct 
agroecological zones (Table 1). These included 
Barishal (tidal submergence area), Satkhira 
(salinity-affected area), Rangpur (cold-prone 
areas), and Habiganj (Haoar area) Gazipur, 
Kushtia, Rajshahi, Sonagazi, Cumilla, 
Gopalganj, Bhanga, and Sirajganj (favorable 
areas). In this study, five advanced rice 
genotypes from BRRI Regional Station, 
Barishal and two check varieties were evaluated 
(Table 1).

Experimental Design and Crop Management
The experiment was conducted across multiple 
environments following a randomized complete 
block design (RCBD) with three replications. 
Within each environment, seven genotypes were 
randomized independently. In addition to 
individual environment analyses, data from all 
environments were pooled across environments 
to perform a combined analysis of variance 
(ANOVA) for assessing genotype × 
environment interactions and stability 
performance. 
Forty-day-old seedlings were transplanted into 
10.8 m² plots, each consisting of 10 rows with 
27 hills per row, at a spacing of 20 × 20 cm with 
one seedling per hill. Fertilizers were applied at 
260:100:120:110:11 kg ha⁻¹ of urea, TSP, MP, 
gypsum, and ZnSO₄, respectively. Nitrogen was 

top-dressed in three splits: 15 days after 
transplanting (DAT), 30 DAT, and five days 
before panicle initiation, while the remaining 
fertilizers were applied during final land 
preparation. Standard agronomic and crop 
protection practices were followed according to 
BRRI guidelines (BRRI, 2010). Grain yield was 
determined from the harvest of the entire plot, as 
no border rows were excluded, and the yield was 
adjusted to 14% moisture content.
In addition to grain yield, ancillary agronomic 
traits such as days to 50% flowering, plant 
height, growth duration, number of effective 
tillers per hill, and panicle number per hill 
(pAcp) were also recorded during the trial. 
However, only grain yield data were used for the 
present genotype × environment (G×E) analysis.

Data Collection and Statistical Analysis
Grain yield data were subjected to combined 
analysis of variance (ANOVA) across 
environments to partition the effects of genotype 
(G), environment (E), and their interaction 
(G×E). AMMI and GGE biplot analyses were 
performed using R software (version 4.4.2) and 
PBTools (version 1.3, IRRI). In the model 
genotypes were treated as both fixed and 
random and environments were treated as fixed, 
and replications nested within environment as 
random effects. Data normality was not checked 
before analysis.
The Grain mean yield was analyzed using STAR 
2.0.1 version. In the AMMI approach, main 
effects were first analyzed using ANOVA, 
followed by principal component analysis 
(PCA) of the residuals to interpret G×E 
interaction patterns. In parallel, the GGE biplot 
method was employed to visualize both 
genotype main effects (G) and G×E interactions 
(GE) in a single framework, facilitating the 
identification of high-yielding and stable 
genotypes as well as the delineation of 
mega-environments (Hashim et al., 2021).


