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ABSTRACT 

Cotton production in semi-arid regions like Pakistan is constrained by water scarcity 
and heat stress, resulting in yields significantly lower than global leaders like China. 
This study evaluated ten elite Bt cotton genotypes (BH-318, BH-348, BH-224, BH-
563, BH-405, BH-410, BH-606, BH-248, BH-184, CIM-600) for yield, fiber quality, 
and associated traits under semi-arid conditions at the Cotton Research Station, 
Bahawalpur, using a Randomized Complete Block Design with three replications. 
ANOVA confirmed significant genotypic variation (p ≤ 0.01) for plant height, nodes, 
sympodial branches, photosynthetic rate, fiber strength, and yield, with BH-348 and 
BH-224 achieving the maximum yields (2169.1 kg/ha in Cluster 1). Correlation 
analysis revealed positive associations between yield and nodes (r = 0.741**), plant 
height (r = 0.548), and sympodial branches (r = 0.416), while PCA showed PC1 
(29.4%) and PC2 (22.6%) explaining 52% of the variation, driven by yield and fiber 
quality traits, respectively. Cluster analysis grouped genotypes into two clusters, with 
Cluster-1 (BH-318, BH-348, BH-224, BH-606, BH-410, BH-248) excelling in yield 
and Cluster-2 (BH-563, BH-405, BH-184, CIM-600) in fiber quality (fiber length: 28.9 
mm, fiber strength: 35.4 g/tex). The findings from the present multivariate analyses 
highlight BH-348 and BH-224 as ideal for yield-focused breeding and BH-563 for 
quality improvement, offering strategies to enhance cotton productivity and quality in 
semi-arid environments. 

Keywords: Abiotic Stresses, Upland Cotton, Seed Cotton Yield, Fiber quality traits, 
Multivariate Analysis, Semi-arid conditions 

 
INTRODUCTION 

Cotton (Gossypium hirsutum L.) accounts for over 35% of global textile fiber production 

and is a key cash crop in semi-arid regions, particularly in South Asia. In areas like 

Bahawalpur and Multan, Pakistan, characterized by low rainfall (250–500 mm annually) 

and high temperatures (often above 40°C), cotton production is constrained by water 

scarcity and heat stress, which limit boll development and fiber quality.  
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This result in the reduction of wheat yields (500–1,200 kg ha-1) compared to 1,500–2,000 kg/ha in more favorable 

climates (Zhangjin et al., 2025). These semi-arid conditions reduce critical fiber quality traits, such as length (27–32 

mm), strength (28–32 g/tex), and fineness (3.8–4.5 µg/inch), due to impaired assimilate supply and physiological stress 

(Majeed et al., 2021). The need for elite cotton strains capable of thriving under such constraints is urgent to ensure 

sustainable production and meet industrial demands. Exploiting genotypic variation in traits like root depth, stomatal 

regulation, and photosynthetic efficiency offers a pathway to improving drought resilience and stabilizing yields under 

stress conditions (Sousa et al., 2025). Pakistan’s cotton production and per-acre yield lag behind top producers like 

China, India, and the United States, where China achieves 1,992 kg/ha through advanced irrigation and mechanized 

farming, India reaches 1,200–1,500 kg/ha with Bt cotton adoption, and the U.S. benefits from precision agriculture to 

enhance fiber quality, In contrast, Pakistan faces challenges such as waterlogging from flood irrigation, heavy bollworm 

infestations, poor soil health, and restricted access to certified, high-yielding seeds resulting in an average yield of just 

570.99 kg/ha (USDA, 2024; Javed et al., 2024).  

The genetic improvement of cotton, particularly for seed cotton yield, depends on a different agronomic, physiological, 

and fiber quality traits that collectively determine a genotype’s performance under varying conditions, especially in 

semi-arid environments. Plant height and the number of nodes per plant are foundational architectural traits influencing 

yield potential. Taller plants with more nodes provide greater opportunities for fruiting positions, directly contributing to 

higher boll numbers and seed cotton yield, as demonstrated in a study on drought-tolerant cotton genotypes (Li et al., 

2022). Sympodial branches, the primary fruiting structures, are critical for yield, with higher numbers strongly correlated 

with increased boll production and seed cotton yield, a finding supported by recent work in semi-arid regions of India 

(Lakshmanan et al., 2025). Conversely, monopodial branches, which are vegetative, often contribute less to yield, 

diverting resources away from reproductive growth, though they can enhance canopy structure under stress conditions 

(McGarry et al., 2016). Physiological traits like net photosynthetic rate play a pivotal role in cotton’s genetic 

improvement by driving assimilate production for boll and fiber development. Genotypes with higher photosynthetic 

rates under semi-arid conditions have shown a 15–20% increase in seed cotton yield, as they support greater biomass 

and boll weight, according to a field study in Australia (Bakhsh et al., 2019). Fiber quality traits—length, fineness, and 

strength—are equally critical for industrial applications and genetic selection (Ali et al., 2008). Fiber length and strength 

are positively associated with photosynthetic efficiency, ensuring better cellulose deposition, while fiber fineness often 

presents a trade-off with yield, as finer fibers may reduce ginning out-turn (GOT) (Raza et al., 2021). Ginning out turn, 

a key economic trait, ranges from 35–42% in elite strains, with higher values directly enhancing lint yield; a study in 

Pakistan reported that a 1% increase in GOT can boost seed cotton yield by 50 kg/ha (Shahzad et al., 2022). 

Boll weight and seed cotton yield per hectare are ultimate indicators of genetic potential, with boll weight showing a 

strong positive correlation with yield, as heavier bolls increase lint and seed production under water-limited conditions 

(Ali and Awan, 2009; Rehman et al., 2020). Recent research identified genotypes with boll weights above 6 g achieving 

yields of 2,200 kg/ha, even under semi-arid stress, by optimizing assimilate partitioning (Ali et al., 2016). Moreover, 

integrating these traits into breeding programs has led to the development of high-yielding cotton varieties, with seed 

cotton yields improving by 10–15% over the past decade through marker-assisted selection targeting sympodial 

branching and photosynthetic efficiency (Boopathi et al., 2015). These findings underscore the importance of a multi-

trait approach in cotton breeding, balancing yield components with fiber quality to meet both agronomic and industrial 

needs in challenging semi-arid environments. This study aims to evaluate the performance of elite Bt cotton genotypes 

under semi-arid conditions, focusing on yield, fiber quality, and associated agronomic and physiological traits to identify 

superior genotypes for breeding programs. For this purpose, multivariate analyses like analysis of variance, correlation 

analysis, cluster and principal component analysis were performed. 

 

MATRIALS AND METHODS 

The study was carried out at the Cotton Research Station in Bahawalpur, Pakistan, a semi-arid area with annual rainfall 

of 200–300 mm, temperatures of 25–45°C during the cotton season, and clay-loamy soils. A Randomized Complete 

Block Design (RCBD) with three replications was used to evaluate ten cotton genotypes: eight elite strains (BH-318, 

BH-348, BH-224, BH-563, BH-405, BH-410, BH-606, BH-248) and two checks varieties i.e., BH-184 and CIM-600. 

Experimental plots were laid out with a plant-to-plant spacing of 30 cm and a row-to-row spacing of 75 cm to maintain 

consistent plant density. Sowing was done in the 3rd week of April 2024. Uniform agronomic and pathological 

management practices were applied across all genotypes, including irrigation every 7 days via application of 200 kg/ha, 

100 kg/ha P₂O₅, and 98 kg/ha K₂O using urea, diammonium phosphate, and sulfate of potash, respectively. The soil 

and irrigation water properties are described in Table 1. 
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Table 1. Properties of Soil and Irrigation water used during the study 

Properties of Irrigation water used in the study 

Sr#  Parameter  Value 

1  Total Soluble Salts (TSS)  1167 ppm 

2  Sodium Adsorption Ratio (SAR  6.8 

3  Residual Sodium Bicarbonate (RSB)  1.45 

Properties of Soil on which the experiment was carried out 

1  Soil Texture  Clay Loamy 

2  pH  8.0 

3  EC  4.95 dSms 

4  Organic Matter  0.73 

5  Available P  7.5 ppm 

6  Available K  85 ppm 

7  Zinc  1.34 ppm 

 

Data Collection 

The data collected from ten fully guarded plants on a range of agronomic, physiological, and fiber quality traits to 

assess genotypic performance of ten cotton genotypes under semi-arid conditions. Agronomic traits, including plant 

height (PH; cm), number of nodes per plant (Nodes), number of sympodial (Sympodia) and monopodial branches 

(Monopodia) and boll weight (BW; g), were recorded at physiological maturity by randomly selecting ten plants per plot. 

Seed cotton yield (kg/ha) was determined by harvesting the entire plot and scaling the weight to a hectare basis after 

ginning to calculate ginning out-turn (GOT, %). Fiber quality parameters fiber length, strength, and fineness were 

measured post-harvest using a High-Volume Instrument (HVI-1000, Uster Technologies, Switzerland) on lint samples 

from each plot. Physiological traits, specifically net photosynthetic rate (µmol m⁻² s⁻¹) was measured during the boll-

filling stage on fully expanded leaves of five randomly selected plants per plot per replication using a portable 

photosynthesis system (CI-340, LI-COR Biosciences, USA) under ambient conditions. 

Statistical Analysis 

The collected data were subjected to a comprehensive multivariate analysis to evaluate genotypic performance and 

trait relationships among ten cotton genotypes. An analysis of Variance (ANOVA) was performed using the RCBD 

model in R software to test for significant genotypic differences in yield, fiber quality, and agronomic traits. Correlation 

analysis was conducted to examine the relationships between traits using Pearson’s correlation coefficient (Steel et 

al., 1997; Yousaf et al., 2024). Principal Component Analysis (PCA) was employed to identify the primary sources of 

variation among genotypes, with variable contributions to PC1 and PC2 assessed to prioritize traits for selection for 

cotton evaluation and improvement as applied by Afzal et al., 2024. Cluster analysis, using the hierarchical clustering 

method with Euclidean distance, was applied to group genotypes based on similarity in yield and fiber quality traits, 

facilitating the identification of distinct performance clusters for breeding purposes (Javed et al., 2024). 

 

RESULTS AND DISCUSSION 

Analysis of Variance (ANOVA) 

The ANOVA results revealed significant genotypic variation among the ten elite cotton genotypes for most traits evaluated 

under semi-arid conditions, confirming the presence of significant genetic diversity suitable for breeding programs (Table 2). 

Genotypes showed highly significant differences for plant height, number of nodes, monopodial branches, sympodial 

branches, photosynthetic rate, fiber strength, fiber fineness, and yield, indicating that these traits are strongly influenced by 

genetic factors and can be targeted for selection to improve performance in water-limited environments (Table 3) (Ayub et 

al., 2020). Fiber length and boll weight showed non-significant genotypic variation, suggesting limited genetic diversity for 

these traits among the tested genotypes, possibly due to environmental constraints in semi-arid conditions (Singh et al., 

2007). Ginning out-turn was significant at p ≤ 0.05, indicating moderate genetic influence on lint recovery. The means table 

showed that highest seed cotton yield was given by BH-184 (2747 kg ha-1), followed by BH-405 (2340 kg ha-1) and BH-563 

(2210 kg ha-1) (Table 3). Similar findings were also reported by the several researchers who found that genetic diversity 

present in the cultivated germplasm could be very helpful in improving the existing cultivars and development of new cotton 

varieties with superior traits (Bhatti et al., 2020a; Mehmood et al., 2024; Hussain et al., 2024a; Hussain et al., 2024b). 

Table 2. Mean Square (MS) of key seed cotton yield and quality related traits in cotton genotypes 
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Traits/Source of Variations Replications Genotypes Error 

df 2 9 18 

Plant Height 73.2 377.78** 73.68 

Number of Nodes per Plant 5.7 17.92** 7.62 

Number of Monopodial Branches 1.9 1.466** 0.4555 

Number of Sympodia Branches 3.7 58.43** 4.663 

Net Photosynthetic Rate 62.5 17.485** 5.13 

Fiber Length 0.35 0.682NS 0.804 

Fiber Strength 21.8261 9.6385* 3.4457 

Fiber Fineness 0.0253 0.2096** 0.093852 

Ginning Out Turn  0.829 2.4702NS 2.7679 

Boll Weight 0.18041 0.15173* 0.07007 

Seed Cotton Yield 843238 395591** 78590 

Note: ** = significant at 1%; * = Significant at 5%, ns = non-significant 

 

Table 3. Mean Performance of ten cotton genotypes based on key seed cotton yield and quality related traits 

Gen. BH-224 BH-248 BH-318 BH-348 BH-405 BH-410 BH-563 BH-606 BH-184 CIM-600 BH-224 

PH 96±2.1 123.3±3.3 144.3±9.6 133.3±6 126±4.9 144±7.0 121.3±1.8 131.6±1.8 117.7±5. 120±2.8 96.0±2.1 

Nodes 9.0±0.6 19.3±1.2 26.0±1.5 20.3±2. 17.3±0.8 23.0±2.3 18.3±0.3 25.3±1.4 14.7±2.0 15.3±1.7 9.0±0.6 

Symp 17.65±2.3 22.66±0.8 21.6±2.9 21.6±4. 18.2±0.5 20.6±.2 18±1.0 17±1.0 18±0.6 19.3±0.8 17.6±2.3 

Mono 1.33±0.3 1.0±0.5 1±0.5 1.6±0.8 1.6±0.3 0.7±0.3 1.3±0.3 1.3±0.3 1.7±0.3 1±0.5 1.33±0.3 

Pr 26±4 30±3.0 30.3±2.1 24.3±3 26.6±1.7 28±1.2 31.6±1.8 28.7±2.9 26±3.6 27.3±2.6 26±4 

FL 28.96±0.6 28.7±0.2 28.7±0.2 28.6±1 28.4±0.3 28.1±0.7 28.7±0.2 28.9±0.5 28.2±0.2 29.4±0.1 28.9±0.6 

FS 98.43±1.8 97.7±1.2 104.6±0.3 100.2±3 97.3±2.1 95±0.1 98.6±3.3 98.6±2.6 92.3±0.5 93.2±0.9 98.4±1.8 

FF 4.63±0.1 4.7±0.2 4.1±0.03 4.2±0.1 4.5±0.03 4.6±0.1 4.4±0.1 4.6±0.3 4.7±0.1 4.1±0.2 4.6±0.1 

GOT 37.6±0.3 40.2±1.4 38.1±1.0 40.9±1 39.5±0.6 40.2±0.1 39.9±0.5 37.3±0.9 40.2±0.4 39.3±0.5 37.6±0.3 

BW 2.01±0.1 2.2±0.1 2.2±0.1 1.8±0.1 1.9±0.1 1.9±0.2 2.14±0.2 2.14±0.2 
2.01±0.0

3 
2.2±0.2 2.01±0.1 

Yield 2173±320 1239±171 1267±133 
1702±2

01 
2340± 6 1655±40 2210±187 1785±109 

2747±25

4 

1137±13

9 
2173±320 

Where, Gen: Genotypes, PH: Plant height; Nodes: Number of nodes per plants; Mono: Number of Monopodial 
Branches; Symp: Number of Sympodial Branches; Pr: Net Photosynthetic rate: FL: Fiber length; FS: Siber strength; 
FF: Fiber fineness; GOT: Ginning out turn; BW: Boll weight; Yield: Seed cotton yield. 
 

Correlation Coefficient Analysis 

The correlation coefficient analysis unveiled the relationships among plant height, number of nodes, monopodial branches, 

sympodial branches, net photosynthetic rate, fiber length, fiber strength, fiber fineness, ginning out-turn, boll weight, and 

seed cotton yield for the elite cotton genotypes evaluated under semi-arid conditions, providing insights into trait 

interdependencies for genetic improvement (Figure 1). Cotton yield showed a strong positive correlation with number of 

nodes per plant (r = 0.741**, p ≤ 0.01), PH (r = 0.548), and number of sympodial branches per plant (r = 0.416), indicating 

that genotypes with more fruiting branches, tall plant stature, and higher fruiting points, such as BH-318 and BH-410, are 

likely to achieve greater seed cotton yields in water-limited environments. Conversely, cotton yield was negatively 

correlated with fiber strength (r = -0.703*) and fiber length (r = -0.316), suggesting that lengthier and finer fibers may 

divert resources from reproductive growth, a trade-off also noted by Ul-Allah et al. (2021).  
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Figure 1. Correlation coefficient between different plant traits in upland cotton genotypes. 

 

Table 4. Cotton genotypes clustering in different clusters. 

Sr. No Genotypes Cluster No. 

1 BH-318, BH-348, BH-224, BH-606, BH-410, BH-248 Cluster-1 

2 BH-563, BH-405, BH-184 ©, CIM-600 © Cluster-2 

 

Table 5. Class means obtained through cluster analysis of ten cotton genotypes. 

Cluster PH Nodes Monopods Sympods Pr FL FS FF GOT BW Yield 

Cluster 1 131.2 21.4 1.8 8.4 28.7 28.2 33.5 4.3 39.1 2.2 2169.1 

Cluster 2 136 17.9 1.3 13.3 26.8 28.9 35.4 4.5 39.2 1.9 2008.2 

Where, PH: Plant height; Nodes: Number of nodes per plants; Monopods: Number of Monopodial Branches; Sympods: 
Number of Sympodial Branches; Pr: Net Photosynthetic rate: FL: Fiber length; FS: Siber strength; FF: Fiber fineness; 
GOT: Ginning out turn; BW: Boll weight; Yield: Seed cotton yield. 
 

Net photosynthetic rate exhibited a strong positive correlation with boll weight (r = 0.899**) and strength (r = 0.594*), 

supporting the role of assimilate production in enhancing boll weight, while its negative correlation with PH (r = -0.692**), 

GOT (r = -0.692**) and FL (r = -0.692**) indicates a potential yield-quality trade-off under semi-arid stress (Koudahe et 

al., 2024). Additionally, plant height and number of nodes showed a positive correlation (r = 0.286), and both plant 

height and number of nodes were moderately associated with sympodial branches (r = 0.416 and 0.474, respectively), 

highlighting the structural contribution to boll-bearing capacity, which indirectly supports yield improvement (Mehmood 

et al., 2024b, Li et al., 2016). These correlations underscore the importance of balancing yield components with fiber 

quality traits in breeding programs to develop high-performing cotton genotypes for semi-arid regions. 

Cluster Analysis 

The cluster analysis categorized the ten cotton genotypes into two distinct clusters based on their performance across 

plant height, number of nodes, monopodial branches, sympodial branches, net photosynthetic rate, fiber length, fiber 



 

106 

Younas et al., 2025 

https://doi.org/10.55627/pbiotech.003.02.1289  

strength, fiber fineness, ginning out-turn, boll weight, and seed cotton yield under semi-arid conditions, as shown in 

the genotype clustering and cluster means tables (Table 4 & 5). The optimal number of clusters graph and dendrogram 

insights into the hierarchical clustering of the ten cotton genotypes based on their performance under semi-arid 

conditions (Figure 2). The dendrogram, using Euclidean distance, divided the genotypes into two clusters, with Cluster-

1 (BH-318, BH-348, BH-224, BH-606, BH-410, BH-248) forming a tight group indicative of similarity in high-yield traits, 

and Cluster 2 (BH-563, BH-405, BH-184, CIM-600) showing greater diversity, particularly in fiber quality traits, a 

grouping validated by the optimal number of clusters graph which identified two clusters as optimal (k = 2) (Figure 2) 

with the highest average silhouette width (0.15), ensuring robust cluster separation (Yousaf et al., 2023). Cluster-1 was 

characterized by higher yield (2169.1 kg/ha), greater number of nodes per plant (21.4), more net photosynthetic rate 

(28.7 µmol m⁻² s⁻¹), and higher boll weight (2.2 g), indicating that these genotypes are well-adapted for maximizing 

productivity in water-limited environments, a trait desirable for breeding programs targeting yield improvement (Hussain 

et al., 2023a). 

 
Figure 2. Cluster analysis of Bt cotton genotypes for different traits, A) Optimal number of clusters graph, B) 

Dendrogram. 
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Figure 3: Principal Component Analysis in ten cotton genotypes under study A) Scree Plot of PCA, B) Variable 

Contribution to PC-1 and PC-2, C) Individual Observation Plot.  
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In contrast, Cluster 2 exhibited a lower yield (2008.2 kg/ha) but excelled in fiber quality traits, with higher fiber length 

(28.9 mm), fiber strength (35.4 g/tex), and fiber fineness (4.5 µg/inch), suggesting a focus on quality over quantity, 

which aligns with the quality-yield trade-off often observed in semi-arid cotton studies (Noreen et al., 2020). Cluster-1 

also showed a higher net photosynthetic rate (28.7 µmol m⁻² s⁻¹) compared to Cluster 2 (26.8 µmol m⁻² s⁻¹), supporting 

its yield advantage through better assimilate production, while Cluster-2’s higher GOT (39.2%) indicates improved lint 

recovery despite lower yields (Li et al., 2016). The clustering pattern highlights the genetic diversity among the 

genotypes, with Cluster-1 genotypes like BH-348 and BH-224 being ideal for yield-focused breeding, and Cluster-2 

genotypes like BH-563 and BH-405 offering potential for improving fiber quality in semi-arid conditions, providing a 

strategic basis for selecting parents for hybridization to combine high yield and quality traits in future cotton varieties 

(Yousaf et al., 2022). This clustering approach highlights the genetic divergence between yield-focused and quality-

focused genotypes, aiding in the selection of diverse parents for breeding programs in semi-arid environments (Yousaf 

et al., 2022). 

 

 
Figure 4: Biplots on the basis of first 2 principal components, A) Correlation Circle of PC-1/PC-2 Biplot, B) Individual 

Variable Plot of PC-1/PC-2. 

 

Principal Component Analysis (PCA) 

The principal component analysis (PCA) provided a comprehensive understanding of the variation among the ten elite 

cotton genotypes under semi-arid conditions, as illustrated through the scree plot, correlation circle, variable 

contributions to PC-1 and PC-2, combined PCA biplot, individual variable and individual observations plot (Figures 3 

and 4). The scree plot (Figure 3A) indicated that PC-1 and PC-2 together explained a substantial portion of the variance, 

with PC1 accounting for 29.4% and PC2 for 22.6%, totalling 52% of the variation, suggesting that these components 

capture the primary sources of trait differentiation among the genotypes, a finding consistent with PCA applications in 

cotton studies (Hussain et al., 2024a).  

The correlation circle (Figure 4A) and individual variables plot (Figure 4B) showed that PC-1 was strongly influenced 

by yield, sympodial branches, number of nodes, and boll weight, all of which were positively aligned along the positive 

PC-1 axis, while fiber length and fiber fineness were negatively associated with PC-1, indicating a trade-off between 

yield and certain quality traits. PC-2 was driven by photosynthetic rate, fiber strength, ginning out-turn, Boll weight and 

fiber length, which were positively aligned, contrasting with plant height and monopodial branches on the negative PC2 

axis, highlighting the role of physiological traits in quality enhancement under semi-arid stress (Hussain et al., 2023b). 

The variable contributions to PC-1 and PC-2 (Figure 3B) confirmed that BW, FL, PH, and Nodes contributed the most 

to PC-1 (>10%), while Sympods, FS, and Pr were key contributors to PC-2 (>8%), underscoring their importance in 

genotypic differentiation (Bhatti et al., 2020a).  

The combined PCA biplot and individual observations plot (Figure 3C) positioned genotypes like BH-348, BH-606 and 

BH-224 along the positive PC-1 axis, close to Nodes, Sympods, and BW, indicating their high-yielding potential, 

A B 
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whereas BH-405, and BH-563, aligned with FL and FF, excelled in fiber quality but had lower yields, and checks like 

BH-184 and CIM-600 were associated with lower performance across both axes, suggesting limited adaptability to 

semi-arid conditions (Javed et al., 2024). These PCA results highlight the genetic diversity among the genotypes, 

enabling the selection of high-yielding strains like BH-348 for productivity and quality-focused strains like BH-563 for 

breeding programs in semi-arid environments. 

 

CONCLUSION 

This study identified significant genotypic variation among ten elite cotton strains under semi-arid conditions, providing 

a foundation for breeding programs to improve yield and fiber quality in water-limited regions like Bahawalpur, Pakistan. 

Genotypes in Cluster 1, such as BH-348 and BH-224, demonstrated superior yield potential (2169.1 kg/ha), driven by 

higher nodes, sympodial branches, and boll weight, making them suitable for enhancing productivity in semi-arid 

environments. In contrast, Cluster 2 genotypes like BH-563 excelled in fiber quality traits (fiber length: 28.9 mm, fiber 

strength: 35.4 g/tex), despite lower yields (2008.2 kg/ha), offering potential for meeting industrial quality demands. The 

strong correlations between yield and traits like nodes (r = 0.741**) and sympodial branches (r = 0.416), alongside 

PCA results showing yield and quality as primary sources of variation emphasize the need for a balanced selection 

approach. By leveraging the genetic diversity identified through cluster and PCA analyses, breeders can use genotypes 

like BH-348 for yield improvement and BH-563 for quality enhancement, facilitating the development of resilient, high-

performing cotton varieties through hybridization to support sustainable production in semi-arid regions. 
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