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Abstract 

Upland cotton (Gossypium hirsutum L.) is a critical economic and most valued crop in Pakistan, yet 

its lint yield remains below global benchmarks, particularly in challenging environmental stresses. 

This study evaluated the role of key physiological and agronomic traits in improving lint yield and 

fiber quality among ten genotypes (BH-249, BH-299, BH-226, BH-254, BH-306, BH-224, BH-188, 

BH-345, BH-184, and CIM-600) at the Cotton Research Station, Bahawalpur, using a Randomized 

Complete Block Design with three replications. Significant genotypic variation (p ≤ 0.01) was 

observed for physiological traits, with photosynthetic rate (24.64–30.33 µmol m⁻² s⁻¹) and stomatal 

conductance (257.6–340.3 mmol m⁻² s⁻¹) strongly correlated with lint yield (r = 0.50* and 0.95**, 

respectively). BH-226 achieved the highest yield at 4.56 ± 0.24 t/ha, driven by superior sympodial 

branching (21.66 ± 2.02) and opened bolls (55.3 ± 6.06), while BH-249 and BH-299 excelled in 

physiological efficiency. Principal Component Analysis revealed that PC1 and PC2 explained 59% of 

the variance, with yield aligning closely with sympodial branches and photosynthetic traits, indicating 

a strong correlation between them. Fiber quality traits like length (28.53–29.16 mm) and strength 

(29.5–32.5 g/tex) showed moderate associations with physiological parameters, but a trade-off was 

noted between fiber fineness and ginning out-turn (r = -0.66*). These findings highlight the potential 

of selecting genotypes with enhanced photosynthetic and transpirational efficiencies to boost lint yield 
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in Pakistan’s clay-loamy soils, offering a pathway to bridge the yield gap with global leaders like 

China (1,992 kg/ha) while maintaining fiber quality. 

Keywords: Stomatal conductance, ginning out-turn, genotypic variation, semi-arid conditions 

1. Introduction 

Cotton (Gossypium hirsutum L.), commonly known as Upland cotton, is a cornerstone of 

global agriculture, celebrated as the leading natural fiber crop and a vital economic asset. 

Globally, it occupies approximately 33–35 million hectares, accounting for about 2.5% of 

arable land, and yields over 70 million tons of seed cotton annually, with an average lint yield 

of around 800 kg/ha across diverse agroecological conditions (FAO, 2023). Leading 

producers like China, India, the United States, and Pakistan contribute over 70% of global 

production, with China achieving yields up to 1,992 kg/ha through advanced irrigation and 

management practices (USDA, 2024). In Pakistan, cotton is a mainstay of the agrarian 

economy, cultivated on 2.143 million hectares, primarily in Punjab and Sindh, producing 

approximately 9.86 million bales annually (Pakistan Bureau of Statistics, 2023). However, 

the national average yield of 570.99 kg/ha falls short of its potential and global benchmarks, 

constrained by biotic stresses, climate variability, and suboptimal soil management, 

especially in clay-loamy soils prevalent in key cotton-growing regions (Siyal et al., 2022). 

These soils challenge plant height and branching patterns, with studies showing that taller 

plants (80–120 cm) with more sympodial branches (15–20 per plant)—fruiting structures—

correlate with higher boll numbers and yield per hectare (Bednarz et al., 2005). 

Photosynthesis and transpiration are critical physiological processes underpinning cotton 

production, directly influencing lint yield and fiber quality through their effects on plant 

architecture and physiology. Photosynthesis fuels biomass accumulation and boll 

development, with higher rates linked to increased carbohydrate availability, enhancing boll 

weight (averaging 4–6 g) and ginning out-turn (typically 35–40%) (Pettigrew, 2004). 

Research demonstrates that genotypes with elevated photosynthetic rates exhibit more 

sympodial branches compared to monopodial branches (1–3 per plant), boosting yield 

potential (Constable & Rawson, 1980). Transpiration, regulated by stomatal conductance 

(typically 0.2–0.5 mol m⁻² s⁻¹ in cotton), maintains plant temperature and nutrient uptake, 

crucial in clay-loamy soils with high water retention but poor aeration (Radin, 1992). 

Stomatal conductance influences water-use efficiency, supporting plant height and sustaining 

growth under moisture stress (Taiz & Zeiger, 2010). These processes collectively determine 



 Role Of Photosynthetic Rate and Transpiration Efficiency in Upland Cotton Genotypes … 

218 

 

yield per hectare, with top-performing genotypes achieving 1,500–2,000 kg/ha in favorable 

conditions, far exceeding Pakistan’s average (Saranga et al., 2001). 

The interplay between photosynthetic rate and transpirational efficiency profoundly impacts 

fiber quality traits—length, fineness, and strength—alongside yield components like boll 

weight and ginning out-turn. Fiber length (25–32 mm in Upland cotton) and strength (28–32 

g/tex) depend on assimilate supply from photosynthesis during boll filling, while fineness 

(3.8–4.5 µg/inch) reflects efficient water and nutrient transport via transpiration (Bradow & 

Davidonis, 2000). Studies show that genotypes with higher stomatal conductance produce 

stronger, finer fibers due to enhanced cellulose synthesis (Khan et al., 2018). In Pakistan, 

where Upland cotton dominates 95% of cultivated varieties, optimizing these traits in clay-

loamy soils could improve ginning out-turn (currently 33–38%) and bridge the yield gap 

(Mollaee et al., 2019). Literature highlights that boll weight and sympodial branching 

increase lint yield, while monopodial branches contribute less to reproductive output 

(Oosterhuis, 1990). This study examines how photosynthetic and transpiration efficiencies in 

Upland cotton genotypes influence these agronomic and quality parameters, offering 

strategies for sustainable improvement in challenging soil environments. 

Pakistan’s lower cotton production and per-acre yield, compared to top producers like China, 

India, and the United States, stem from multiple constraints that hinder physiological and 

agronomic performance. Unlike China’s mechanized farming and drip irrigation systems, 

which optimize water use and boost stomatal conductance, Pakistan relies heavily on flood 

irrigation, leading to waterlogging in clay-loamy soils and reduced boll weight and fiber 

quality (Sajid et al., 2024). Pest pressures, notably from bollworms, reduce sympodial 

branching and yield per hectare, while inadequate access to high-yielding varieties limits 

plant height and ginning out-turn compared to India’s Bt cotton hybrids, which achieve yields 

of 1,200–1,500 kg/ha (Marral et al., 2023). Soil fertility decline, erratic rainfall, and limited 

adoption of precision agriculture further exacerbate the gap, with the United States leveraging 

advanced nutrient management to enhance fiber length and strength (USDA, 2024). 

Addressing these constraints through genotype selection and improved management could 

align Pakistan’s cotton productivity with global leaders. 

Materials and Methods 

Study Site 
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The experiment was conducted at the Cotton Research Station, Bahawalpur, located in 

Punjab, Pakistan (29.39°N, 71.69°E, altitude 116 m). The site is characterized by a semi-arid 

climate with clay-loamy soils, typical of major cotton-growing regions in the country. The 

soil texture comprises approximately 35% clay, 40% silt, and 25% sand, with a pH range of 

7.8–8.1 and organic matter content of 0.75 – 0.85%, as determined by prior soil analysis. 

Experimental Design and Treatments 

The study was laid out in a Randomized Complete Block Design (RCBD) with three 

replications. Ten Upland cotton (Gossypium hirsutum L.) genotypes were evaluated, 

including eight test genotypes (BH-249, BH-299, BH-226, BH-254, BH-306, BH-224, BH-

188, BH-345) and two check varieties (BH-184 and CIM-600). Each genotype was sown in 

plots arranged in a systematic pattern to account for spatial variability within the field. The 

experimental unit consisted of rows with a plant-to-plant distance of 30 cm and a row-to-row 

distance of 75 cm, ensuring uniform plant density across all treatments. 

All genotypes received identical agronomic and pathological treatments to minimize 

confounding variables and isolate the effects of genotypic differences in photosynthetic rate, 

transpirational efficiency and other key agronomic traits. Sowing was performed manually 

during the 1st week of May, 2024 followed by standard irrigation practices using canal water 

supplemented by tube-well sources. Fertilizer application included 220 kg N ha⁻¹, 100 kg 

P₂O₅ ha⁻¹, and 95 kg K₂O ha⁻¹, applied as urea, diammonium phosphate, and sulfate of 

potash, respectively, based on soil test recommendations. Pest and disease management 

followed integrated pest management (IPM) protocols, with regular scouting and need-based 

applications of approved insecticides and fungicides. Weeds were controlled manually and 

through pre-emergence herbicide application to maintain a weed-free environment 

throughout the growing season. 

Data Collection 

Data were recorded on key physiological, agronomic, and fiber quality parameters, including 

plant height (PH), nodes per plant (Nodes), number of sympodial (Sympodia) and 

monopodial branches (Monopodia), unopened bolls per plant (UB), opened bolls per plant 

(OB), photosynthetic rate (Pr), stomatal conductance (Ci), transpiration rate (Tr), fiber length 

(FL), fiber fineness (FF), fiber strength (FS), ginning out-turn (GOT), boll weight (BW) and 

lint yield per hectare (Yield). Photosynthetic rate, stomatal conductance and transpiration rate 

were measured using a portable photosynthesis system (CI-340, LI-COR Biosciences, USA) 
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on fully expanded leaves during the boll-filling stage under ambient conditions. Agronomic 

traits were assessed at physiological maturity, while fiber quality parameters were analyzed 

post-harvest using a High-Volume Instrument (HVI-1000, Uster Technologies, Switzerland). 

Yield per hectare was calculated based on lint harvested from each plot and extrapolated to a 

hectare basis. 

Statistical Analysis 

Data were subjected to analysis of variance (ANOVA) using the RCBD model to determine 

significant differences among genotypes (Steel et al., 1997). Means were compared using the 

Least Significant Difference (LSD) test at a 5% probability level (p ≤ 0.05). Statistical 

analyses were performed with the software package Statistix 8.1 (Analytical Software, USA) 

and R (R Core Team, New Zeeland). Correlation analysis was conducted to explore 

relationships between key physiological and agronomic traits including lint yield. 

Furthermore, principal component and biplot analysis were conducted to categorize cotton 

genotypes based on their performance as used by Yousaf et al. (2023) and Hussain et al. 

(2024). 

Results and Discussion 

Analysis of Variance (ANOVA) and Mean Performance 

The results obtained from the analysis of variance (ANOVA) revealed the presence of 

significant variations among cotton genotypes for all the studied traits including plant height, 

nodes per plant, number of sympodial and monopodial branches (Monopodia), unopened 

bolls per plant, opened bolls per plant, photosynthetic rate, stomatal conductance, 

transpiration rate, fiber length, fiber fineness, fiber strength, ginning out-turn, boll weight and 

lint yield per hectare (Table 1). Genetic diversity within data and germplasm is essential for 

advancing the development of new plant varieties, such as cotton, by supplying the variability 

required for breeding programs to produce enhanced cultivars. Numerous studies have 

demonstrated that differences in key traits among cotton strains establish a robust foundation 

of variability, enabling breeding initiatives aimed at enhancing existing genotypes or creating 

novel cotton varieties (Yousaf et al., 2023; Aslam et al., 2022; Hussain et al., 2023a; Manan 

et al., 2022; Munir et al., 2020; Rahman et al., 2022). 

Table 1: Mean Square (MS) values of studied cotton traits 

Sov Replications Genotypes Error 

df 2 9 18 
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PH 889.43 1078.82** 413.73 

Nodes 34.43 15.86** 3.87 

Monopodia 3.23 0.9074** 0.363 

Sympodia 15.633 17.482** 5.337 

Unopened Bolls 41.033 54.059 NS 42.404 

Opened Boll 44.4 94.015 NS 77.659 

Net Photosynthetic Rate 75.833 29.337** 3.426 

Stomatal Conductance 2557.2 4349.2** 2134 

Transpiration Rate 0.17633 0.32626** 0.10893 

Fiber Length 0.575 0.5613** 0.26747 

Fiber Strength 21.25 67.2** 22.433 

Fiber Finess 0.045663 0.18657** 0.1497 

Ginning Out Turn 1.036 6.0585** 2.6967 

Boll Weight 0.18041 0.15173** 0.07007 

Lint Yield per Hectare 0.54158 3.48375** 0.79436 

 

The mean table presents the performance of ten Upland cotton genotypes (BH-226, BH-410, 

BH-407, BH-423, BH-563, BH-188, BH-403, BH-291, BH-184, and CIM-600), across key 

agronomic, physiological, and fiber quality traits, with values expressed as means ± standard 

error (Table 2). Plant height (PH) ranged from 110.4 ± 4.04 cm (BH-188) to 152.2 ± 20.59 

cm (BH-184), with BH-184 exhibiting the tallest stature, while BH-188 showed the shortest, 

indicating significant genotypic variability that may influence light interception and yield 

potential (Bednarz et al., 2005). Number of sympodial branches, critical for reproductive 

output, varied from 16.33 ± 1.76 (CIM-600) to 21.66 ± 2.02 (BH-226), with BH-226 and BH-

410 (21.66 ± 1.33) leading, suggesting a higher boll-bearing capacity that correlates with lint 

yield (Oosterhuis, 1990). Physiological traits like photosynthetic rate (Pr) ranged from 24.64 

± 4.05 µmol m⁻² s⁻¹ (BH-226) to 30.33 ± 1.85 µmol m⁻² s⁻¹ (BH-407), and stomatal 

conductance (CI) from 257.6 ± 41.7 mmol m⁻² s⁻¹ (BH-226) to 340.3 ± 23.1 mmol m⁻² s⁻¹ 

(BH-407), indicating BH-407’s superior gas exchange efficiency, which likely supports 

higher assimilate production for yield. Lint yield per hectare varied from 1.76 ± 0.28 t/ha 

(BH-184) to 4.56 ± 0.24 t/ha (BH-226), with BH-226, BH-410, and BH-423 outperforming 

the check CIM-600 (2.91 ± 0.28 t/ha), highlighting their potential for improving productivity 

in clay-loamy soils. 

The standard errors accompanying the means reflect the variability within replicates, 

providing a measure of precision and reliability across the Randomized Complete Block 

Design (RCBD) with three replications. Fiber quality traits showed notable differences, with 

fiber length ranging from 28.53 ± 0.77 mm (BH-226) to 29.16 ± 0.30 mm (BH-291), and 

fiber strength from 27.6 ± 0.35 g/tex (BH-403) to 32.5 ± 0.12 g/tex (BH-226), suggesting 
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consistent quality across genotypes, though BH-291 excelled in length. Ginning out-turn 

ranged from 37.61 ± 0.26% (BH-226) to 40.21 ± 1.45% (BH-410), with BH-410 and BH-423 

showing higher lint recovery, which positively impacts yield economics (Li et al., 2024). Boll 

weight varied from 1.96 ± 0.14 g (BH-226) to 2.08 ± 0.07 g (BH-563), with BH-563 and BH-

291 leading, supporting higher lint yields through increased boll size. These results 

underscore the superior performance of BH-226, BH-410, and BH-423 in lint yield (up to 

4.56 t/ha), surpassing the check CIM-600, and suggest that breeding efforts should target 

genotypes with enhanced sympodial branching and physiological efficiency to bridge the 

yield gap in Pakistan (570.99 kg/ha) compared to global leaders like China (1,992 kg/ha) 

(USDA, 2024). 

Correlation Cofficient Analysis of Physiological, Agronomic, and Fiber Quality Traits 

The correlation coefficient analysis revealed significant relationships among physiological, 

agronomic, and fiber quality traits in the Upland cotton genotypes evaluated (Figure 1). Net 

photosynthetic rate exhibited a strong positive correlation with yield per hectare (r = 0.50, p ≤ 

0.05), stomatal conductance (r = 0.95**, p ≤ 0.01), and transpiration rate (TR; r = 0.59, p ≤ 

0.05). This indicates that genotypes with higher photosynthetic rates, coupled with greater 

stomatal conductance (0.2–0.5 mol m⁻² s⁻¹), facilitate enhanced CO₂ assimilation and water 

vapor exchange, supporting increased lint yield. Transpiration rate also showed a positive 

correlation with yield (r = 0.57, p ≤ 0.05) and boll weight (r = 0.43, p ≤ 0.05), highlighting its 

role in maintaining turgor pressure and nutrient transport during boll development in clay-

loamy soils. These findings are consistent with Javed et al. (2024), who demonstrated that 

stomatal conductance and transpiration efficiency are critical for sustaining boll growth under 

semi-arid conditions, similar to those at the Cotton Research Station, Bahawalpur. 
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Table 2: Mean Values along with standard Error of fourteen Key yield and fiber quality related traits in ten cotton genotypes 

Genotypes BH-226 BH-410 BH-407 BH-423 BH-563 BH-188 BH-403 BH-291 BH-184 CIM-600 

PH 138.6±2.33 94.66±10.08 120±6.08 134.66±13.86 111.67±4.40 110±4.04 132.33±2.33 96±10.26 152±20.59 111.33±4.66 

Nodes 22.6±1.33 16.66±0.66 16.33±0.66 15±3 14.67±3.66 15.33±1.20 21.66±1.20 11.33±1.85 19±3.05 15±3.05 

Monopodia 1.3±0.33 1±0.57 1±0.57 1.66±0.88 1.67±0.33 0.667±0.33 1.33±0.33 1.33±0.33 1.66±0.33 1.00±0.57 

Sympodia 21.6±2.02 16.66±1.33 17.66±0.88 16.66±2.02 18.33±2.33 17.33±2.02 19.25±1.12 17.33±2.02 17.1±1.23 16.33±1.76 

UB  9.67±0.88 12.33±1.20 9.66±3.48 19.66±2.96 16.66±1.76 112.30 25±7.54 14.33±1.20 14.66±6.96 14.33±0.33 

OB  55.3±6.06 41±3.78 35.66±10.91 31.66±6.88 27±1.73 18±1.0 44±2.30 19±7.54 28.33±1.20 21.66±1.66 

Pr 24.6±4.05 26.66±1.76 30.33±1.85 28±4.16 27.33±1.76 29±3.51 28.33±1.66 29.33±1.76 28.33±4.25 22.66±2.33 

Ci 257.6±41.73 283±23.07 340.33±23.09 290.66±58.33 277.33±28.8 331±21.50 314±17.77 321±15.72 294±55.21 227±36.91 

Tr 1.13±0.28 1.4±0.11 1.66±0.24 1.43±0.34 1.33±0.08 1.73±0.16 1.5±0.20 1.7±0.05 1.47±0.30 1.1±0.17 

FL  28.53±0.77 28.8±0.35 28.53±0.56 28.43±0.71 28.46±0.03 28.93±0.29 29.3±0.25 28.5±0.2 29.16±0.30 28.56±0.53 

FS  32.5±1.35 29.6±3.62 28.9±1.71 29.5±1.96 29.7±1.12 28.8±4.01 27.6±0.77 27.9±0.78 28.2±0.63 31.2±2.25 

FF  4.16±0.31 4.2±0.23 4.36±0.26 4.33±0.088 4.26±0.12 4.46±0.08 4.61±0.06 4.56±0.28 4.56±0.24 4.4±0.25 

GOT 37.6±0.26 40.2±1.45 38.1±1.00 40.86±0.24 39.5±0.65 40.2±0.05 39.9±0.45 37.3±0.90 40.2±0.41 39.3±0.50 

BW 1.96±0.14 1.88±0.34 1.95±0.01 1.648±0.12 2.081±0.07 2.068±0.14 2.244±0.15 2.096±0.21 2.19±0.17 2.204±0.23 

Yield 4.56±0.24 1.76±0.28 3.066±0.11 1.9±0.27 4.33±0.26 3.067±0.11 3.13±0.17 3.4±0.29 1.76±0.28 2.91±0.28 

Note: (Mean value ± Standard Error). Plant height (PH), Nodes per plant (Nodes), Number of sympodial (Sympodia), Number of monopodial branches (Monopodia), 

Unopened bolls per plant (UB), Opened bolls per plant (OB), Net photosynthetic rate (Pr), Stomatal conductance (Ci), Transpiration rate (Tr), Fiber length (FL), Fiber 

fineness (FF), Fiber strength (FS), Ginning out-turn (GOT), Boll weight (BW) and Lint yield per hectare (Yield). 

https://portal.issn.org/resource/ISSN/2790-7643
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Agronomic traits such as plant height, number of nodes per plant, and sympodial branches 

showed varying associations with yield and its components. Plant height was positively 

correlated with the number of nodes (r = 0.54, p ≤ 0.05) and sympodial branches (r = 0.34), 

suggesting that taller plants (80–120 cm) support more fruiting structures, which aligns with 

Bednarz et al. (2005). Sympodial branches, crucial for reproductive output, were strongly 

correlated with opened bolls (r = 0.78**, p ≤ 0.01) and yield (r = 0.72*, p ≤ 0.05), 

emphasizing their role in determining boll number (15–20 per plant) and lint production. 

Conversely, monopodial branches (displayed a weak correlation with yield (r = 0.17) and 

opened bolls (r = 0.14), consistent with Oosterhuis (1990), who noted that monopodial 

branches (1–3 per plant) contribute minimally to reproductive yield in Upland cotton. 

Unopened bolls and opened bolls showed a strong positive correlation (r = 0.78**, p ≤ 0.01), 

indicating synchronized boll development across the plant architecture, which is essential for 

maximizing lint yield. 

Fiber quality traits exhibited nuanced relationships with physiological parameters. Fiber 

length (25–32 mm) was positively correlated with photosynthetic rate (r = 0.42) and 

transpiration rate (r = 0.19), suggesting that efficient assimilate supply and water transport 

enhance fiber elongation during boll filling, as reported by Saini et al., 2023. Fiber strength 

(28–32 g/tex) showed a positive correlation with stomatal conductance (r = 0.44) and a 

weaker association with transpiration rate (r = 0.34), indicating that higher stomatal 

conductance supports better assimilate and nutrient transport, contributing to cellulose 

deposition and fiber strength (Qamar et al., 2020). Fiber fineness (3.8–4.5 µg/inch) had a 

weak correlation with most traits, except a negative association with ginning out-turn (r = -

0.66*), suggesting a trade-off where finer fibers may reduce lint percentage (33–38%). 

Ginning out-turn itself was positively correlated with boll weight (r = 0.44), reinforcing that 

heavier boll (4–6 g) contribute to higher lint recovery, a critical economic trait in cotton 

production (Shahzad et al., 2022). 

https://portal.issn.org/resource/ISSN/2790-7643
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Figure 1: Correlation Matrix of studied plant traits in cotton genotypes 

The strong correlations between photosynthetic rate, stomatal conductance, and transpiration 

rate with yield components underscore their importance in improving Upland cotton 

performance in clay-loamy soils. Genotypes with higher photosynthetic rates and stomatal 

conductance (e.g., BH-249, BH-299) likely optimize gas exchange and water-use efficiency, 

supporting boll development under moisture-limited conditions, as noted by Ahmad et al. 

(2021). The positive association of sympodial branches with yield suggests that breeding 

programs should prioritize genotypes with enhanced fruiting structures to maximize 

productivity in Pakistan, where yields (570.99 kg/ha) lag behind global leaders like China 

(1,992 kg/ha) (USDA, 2024). However, the weak correlations of monopodial branches and 

fiber fineness with yield indicate that these traits may require separate selection criteria to 

balance agronomic and quality objectives. These findings provide a foundation for selecting 

Upland cotton genotypes that optimize photosynthetic and transpirational efficiencies, 

ultimately enhancing lint yield and fiber quality in challenging soil environments. 

Principal Component Analysis (PCA) 

The Principal Component Analysis (PCA) results, as depicted in the scree plot (Figure 2), 

indicated that the first two principal components (PC1 and PC2) explained a substantial 

portion of the total variance in the dataset, with PC1 accounting for 31.7% and PC2 for 

27.3%, collectively capturing 59% of the variability among Upland cotton genotypes (Figure 

2). This suggests that the primary traits influencing lint yield and fiber quality, such as 
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photosynthetic rate, stomatal conductance, transpiration rate, sympodial branches, and boll 

weight, are well-represented along these axes. The steep decline in explained variance 

beyond PC2 (18.4% for PC3 and lower thereafter) supports the use of PC1 and PC2 for 

subsequent biplot analysis, aligning with standard PCA practices for dimensionality reduction 

in agricultural studies (Rafiq et al., 2024). The individual observations plot (Figure 3) further 

revealed distinct clustering of genotypes, with BH-249, BH-306, and BH-299 positioned 

positively along PC1, indicating superior performance in yield-related traits, while BH-184 

and BH-188 clustered negatively, suggesting lower productivity. 

The combined PCA biplot (Figure 4) provided a comprehensive visualization of the 

relationships between genotypes and variables, emphasizing lint yield as a key outcome. 

Genotypes BH-249, BH-299, and BH-306 were closely aligned with yield, sympodial 

branches, photosynthetic rate, and ginning out-turn, reflecting their positive contribution to 

lint yield (1,600–2,000 kg/ha in top performers), consistent with Afzal et al. (2024), who 

highlighted the role of fruiting structures in yield enhancement. In contrast, BH-184 and BH-

188 were associated with monopodial branches and nodes, which showed weaker correlations 

with yield (r = 0.17), supporting McGarry et al. (2016) that monopodial branches contribute 

minimally to reproductive output. The individual variables plot (Figure 5) confirmed that 

yield, fiber strength (FS), and GOT were strongly oriented along PC1, while fiber length (FL) 

and transpiration rate (TR) had moderate contributions along PC2, indicating that 

physiological efficiency and boll characteristics drive yield variation in clay-loamy soils. 

Furthermore, Principal Component Analysis revealed distinct contributions of variables to 

PC1 and PC2, providing insights into the primary drivers of variation among Upland cotton 

genotypes in clay-loamy soils (Figures 6 and 7). For PC1, which explained 31.7% of the 

variance, transpiration rate, stomatal conductance, fiber length, and net photosynthetic rate 

were the top contributors, each exceeding 15% contribution, followed closely by lint yield at 

around 15%, indicating that physiological efficiency and fiber quality traits are major 

determinants of genotypic performance (Figure 6). In contrast, PC2, accounting for 27.3% of 

the variance, was dominated by unopened bolls, number of nodes, and ginning out-turn, each 

contributing over 15%, with fiber fineness and monopodial branches also notable at around 

10% (Figure 7), suggesting that boll retention and structural traits play a secondary role in 

variation. These findings align with recent studies by Yousaf et al. (2024), who reported that 

physiological traits like photosynthetic rate and stomatal conductance are key drivers of yield 
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variation in cotton under semi-arid conditions, while structural traits influence boll 

distribution and lint percentage (Pabuayon et al., 2021). The high contribution of 

transpiration and photosynthetic rates to PC1 underscores their role in enhancing yield 

through improved assimilate production, supporting the selection of genotypes like BH-249 

and BH-299 for breeding programs aimed at boosting productivity in challenging 

environments. 

The spatial distribution of genotypes in the biplot suggests potential breeding targets for 

improving lint yield in Pakistan, where the current average yield (570.99 kg/ha) lags behind 

global leaders like China (1,992 kg/ha) (USDA, 2024). Genotypes such as BH-249 and BH-

299, positioned in the positive quadrant of PC1, likely exhibit higher photosynthetic rates and 

stomatal conductance (0.2–0.5 mol m⁻² s⁻¹), optimizing assimilate production and water-use 

efficiency, as noted by Radin (1992). The close association of sympodial branches with yield 

underscores the need to prioritize genotypes with enhanced fruiting structures, while the 

weaker alignment of BH-184 and CIM-600 with yield-related traits suggests their 

unsuitability as checks for high-yield environments. These findings provide a basis for 

selecting genotypes that leverage physiological and architectural traits to bridge the yield gap, 

though further validation with field trials is recommended (Rodriguez-Sanchez et al., 2024). 

  

Figure 2: Scree Plot of Principal Component Analysis Figure 3: Individual Observation Biplot 
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Figure 4: Combined PCA Biplot Figure 5: Individual Variable Biplot 

  

Figure 6: Traits Contribution to PC-1 Figure 7: Traits Contribution to PC-2 

 

Conclusion 

This study underscores the pivotal role of photosynthetic rate and transpirational efficiency in 

enhancing lint yield and fiber quality of Upland cotton genotypes in Pakistan’s clay-loamy 

soils, with BH-226, BH-249, and BH-299 emerging as top performers due to their superior 

physiological traits and sympodial branching. The significant genotypic variation (p ≤ 0.01) 

observed across yield-related traits, coupled with strong correlations between photosynthetic 

rate (r = 0.50) and stomatal conductance (r = 0.95**) with lint yield, highlights the potential 

for targeted breeding to boost productivity from the current 570.99 kg/ha toward global 

leaders like China’s 1,992 kg/ha. The PCA analysis, explaining 59% of variance through PC1 

and PC2, further emphasizes the importance of sympodial branches and physiological 
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efficiency in driving yield, while revealing a trade-off between fiber fineness and ginning 

out-turn that warrants balanced selection strategies. Genotypes like BH-226, with a yield of 

4.56 ± 0.24 t/ha, demonstrate the feasibility of achieving substantial gains through optimized 

gas exchange and fruiting structures. These findings suggest that future research should focus 

on integrating high-performing genotypes into breeding programs, alongside improved 

irrigation and pest management practices tailored to clay-loamy conditions.  

 

Declaration 

Ethics Approval and Consent to Participate 

Not applicable. 

Consent for Publication 

The study was approved by authors. 

Funding Statement 

Not applicable 

Conflict of Interest 

There is no conflict of interest among the authors regarding this case. 

 

References 

1. FAO (Food and Agriculture Organization). (2023). World Food and Agriculture – 

Statistical Yearbook 2023. Rome: FAO. 

2. USDA (United States Department of Agriculture). (2024). Cotton: World Markets and 

Trade. Washington, DC: USDA Foreign Agricultural Service. 

3. Pakistan Bureau of Statistics. (2023). Agricultural Statistics of Pakistan 2022–2023. 

Islamabad: Government of Pakistan. 

4. Siyal, A. L., Mahesar, T. G., Sufyan, F., Siyal, F. K., Jatt, T., Mangi, F. H., Shaikh, N., 

Burdi, I.H., & Hossain, A. (2021). Climate change: Impacts on the production of cotton 

in Pakistan. European Journal of Agriculture and Food Sciences, 3(3), 97-100. 

5. Bednarz, C. W., Shurley, W. D., Anthony, W. S., & Nichols, R. L. (2005). Yield, quality, 

and profitability of cotton produced at varying plant densities. Agronomy Journal, 97(1), 

235–240. https://doi.org/10.2134/agronj2005.0235 

6. Pettigrew, W. T. (2004). Physiological consequences of moisture deficit stress in cotton. 

Crop Science, 44(4), 1265–1272. https://doi.org/10.2135/cropsci2004.1265 

7. Constable, G. A., & Rawson, H. M. (1980). Effect of leaf position, expansion, and age 

on photosynthesis, transpiration, and water use efficiency of cotton. Australian Journal 

of Plant Physiology, 7(1), 89–100. https://doi.org/10.1071/PP9800089  

https://doi.org/10.2134/agronj2005.0235
https://doi.org/10.2135/cropsci2004.1265
https://doi.org/10.1071/PP9800089


 

231 

 

Global Research journal of Natural Science and Technology (Grjnst) Volume 3 Issue 2 (2025) 

8. Radin, J. W. (1992). Reconciling water-use efficiencies of cotton in field and laboratory. 

Crop Science, 32(1), 13–18.  

https://doi.org/10.2135/cropsci1992.0011183X003200010004x 

9. Taiz, L., & Zeiger, E. (2010). Plant Physiology (5th ed.). Sunderland, MA: Sinauer 

Associates. 

10. Saranga, Y., Menz, M., Jiang, C., Wright, R. J., Yakir, D., & Paterson, A. H. (2001). 

Genomic dissection of genotype × environment interactions conferring adaptation of 

cotton to arid conditions. Crop Science, 41(6), 1849–1857. 

http://www.genome.org/cgi/doi/10.1101/gr.157201  

11. Bradow, J. M., & Davidonis, G. H. (2000). Quantitation of fiber quality and the cotton 

production-processing interface: A physiologist’s perspective. Journal of Cotton Science, 

4(1), 34–64. 

12. Khan, A., Pan, X., Najeeb, U., Tan, D. K. Y., Fahad, S., Zahoor, R., & Luo, H. (2018). 

Coping with drought: stress and adaptive mechanisms, and management through cultural 

and molecular alternatives in cotton as vital constituents for plant stress resilience and 

fitness. Biological research, 51. http://dx.doi.org/10.1186/s40659-018-0198-z   

13. Mollaee, M., Mobli, A., Mutti, N. K., Manalil, S., & Chauhan, B. S. (2019). Challenges 

and opportunities in cotton production. Cotton production, 371-390. 

https://doi.org/10.1002/9781119385523.ch18 

14. Oosterhuis, D. M. (1990). Growth and development of the cotton plant. In J. M. Stewart 

(Ed.), Physiology of Cotton (pp. 1–24). Springer. 

https://doi.org/10.2134/1990.nitrogennutritionofcotton.c1 

15. Sajid, I., Tischbein, B., Borgemeister, C., García-Vila, M., Bakhsh, A., & Flörke, M. 

(2024). Assessing cotton irrigation scheduling strategies under rotational delivery 

schedules in Pakistan. Ecohydrology & Hydrobiology, 24(3), 710-724. 

https://doi.org/10.1016/j.ecohyd.2024.04.005 

16. Marral, M. W. R., Ahmad, F., Ul-Allah, S., Farooq, S., & Hussain, M. (2023). Influence 

of transgenic (Bt) cotton on the productivity of various cotton-based cropping systems in 

Pakistan. Agriculture, 13(2), 276. https://doi.org/10.3390/agriculture13020276 

17. Steel, R. G. D., Torrie, J. H. and Dickey, D. A. (1997). Principles and Procedures of 

Statistics: A Biometrical Approach, 3rd Ed. McGraw Hill Book Co., New York. 

18. Yousaf, M.I., Hussain, Q., Alwahibi, M.S., Aslam, M.Z., Khalid, M.Z., Hussain, S., 

Zafar, A., Shah, S.A.S., Abbasi, A.M., Mehboob, A. And Riaz, M.W. (2023). Impact of 

heat stress on agro-morphological, physio-chemical and fiber-related parameters in 

upland cotton (Gossypium hirsutum L.) genotypes. Journal of King Saud University-

Science 35(1), p.102379. https://doi.org/10.1016/j.jksus.2022.102379  

19. Aslam, M. Z., Sajjad, M. H., Yousaf, M. I., Hussain, S., Shah, S. A. S., Bhatti, M. H., ... 

& Shah, S. W. H. (2022). Impact of heat stress on agro-morphometric and fiber-related 

traits in Indigenous upland cotton genotypes under semi-arid conditions. Biological and 

Clinical Sciences Research Journal, 2022(1). 

https://doi.org/10.2135/cropsci1992.0011183X003200010004x
http://www.genome.org/cgi/doi/10.1101/gr.157201
http://dx.doi.org/10.1186/s40659-018-0198-z
https://doi.org/10.1002/9781119385523.ch18
https://doi.org/10.2134/1990.nitrogennutritionofcotton.c1
https://doi.org/10.1016/j.ecohyd.2024.04.005
https://doi.org/10.3390/agriculture13020276
https://doi.org/10.1016/j.jksus.2022.102379


 Role Of Photosynthetic Rate and Transpiration Efficiency in Upland Cotton Genotypes … 

232 

 

20. Hussain, S., M. M. Khan, I. Talib, M. Khalid, M. Zubair, G. Murtaza, I. Akhtar, J. 

Qamar, M.R. Farooq, M. Ashfaq, M.S.J. Bukhari, S.W.H. Shah, B. Ali, S.F. Nayab, M.I. 

Akram, S. Nazar, S. Kausar, M. Asif, S. Jamil, S. Rehman, M. Saleem, M. Luqman and 

M.I. Yousaf. 2024. Genetic Characterization and Performance Evaluation of Elite Cotton 

Strains for Morphological and Physio-Chemical Traits under Heat Stress Conditions 

Biological and Clinical Sciences Research Journal 1: 725-725.  

21. Hussain, S., Aslam, M.Z., Yousaf, M.I., Iqbal, J., Bukhari, M.S.J., Ali, F., Ashfaq, M., 

Qamar, M.J., Farooq, M.R., Hafeez, Z., Akhtar, I., Shah S.W.H. (2023a). Quantitative 

effects of heat stress on fiber-related and agronomically important parameters in cotton 

(Gossypium hirsutum L.). Biological and Clinical Sciences Research Journal 210. 

https://doi.org/10.54112/bcsrj.v2023i1.210 

22. Manan, A., Zafar, M. M., Ren, M., Khurshid, M., Sahar, A., Rehman, A., ... & Shakeel, 

A. (2022). Genetic analysis of biochemical, fiber yield and quality traits of upland cotton 

under high-temperature. Plant Production Science, 25(1): 105-119. 

23. Munir, S., Qureshi, M.K., Shahzad, A.N., Nawaz, I., Anjam, S., Rasul, S., and Zulfiqar, 

M.A., (2020). Genetic dissection of interspecific and intraspecific hybrids of cotton for 

morpho-yield and fiber traits using multivariate analysis. Pakistan Journal of 

Agricultural Research 33(1), 9-16. 

http://dx.doi.org/10.17582/journal.pjar/2020/33.1.9.16 

24. Rahman, S.U., Yousaf, M.I., Hussain, M., Hussain, K., Hussain, S., Bhatti, M.H., 

Hussain, D., Ghani, A., Razaq, A., Akram, M., and Ibrar, I. (2022). Evaluation of Local 

and Multinational Maize Hybrids for Tolerance Against High Temperature using Stress 

Tolerance Indices. Pakistan Journal of Agricultural Research 35(1), 9-16. 

https://dx.doi.org/10.17582/journal.pjar/2022/35.1.36.46  

25. Li, N. N., Li, J. H., Shi, X. J., Shi, F., Tian, Y., Wang, J., Hao, X., Luo, H., & Wang, Z. 

B. (2024). Increasing cotton lint yield and water use efficiency for subsurface drip 

irrigation without mulching. Frontiers in Plant Science, 15, 1433719. 

10.3389/fpls.2024.1433719 

26. Javed, I., Ashraf, S., Parveen, N., Jamil, M., Ghaffar, W., Sardar, A., Qamar, M., Farooq, 

M., Saleem, S., Habib, F., Akram, M., Javeed, Z., Khalid, M., Latif, M., Rauf, A., 

Hussain, F., Ali, B., Hassan, W., Manzoor, N., Yousaf, M.I., & Hussain, S. (2024). Role 

Of Photosynthetic Stability and Physio-Chemical Attributes in The Selection of 

Improved Cotton Genotypes in Actual Field Conditions. Biological and Clinical 

Sciences Research Journal, 1, 976. https://doi.org/10.54112/bcsrj.v2024i1.976 

27. Saini, D. K., Impa, S. M., McCallister, D., Patil, G. B., Abidi, N., Ritchie, G., Jaconis S. 

Y. & Jagadish, K. S. (2023). High day and night temperatures impact on cotton yield and 

quality—current status and future research direction. Journal of Cotton Research, 6(1), 

16. https://doi.org/10.1186/s42397-023-00154-x  

28. Qamar, R., Hussain, A., Sardar, H., Sarwar, N., Javeed, H. M. R., Maqbool, A., & 

Hussain, M. (2020). Soil applied boron (B) improves growth, yield and fiber quality 

traits of cotton grown on calcareous saline soil. Plos one, 15(8), e0231805.  

https://doi.org/10.54112/bcsrj.v2023i1.210
http://dx.doi.org/10.17582/journal.pjar/2020/33.1.9.16
https://dx.doi.org/10.17582/journal.pjar/2022/35.1.36.46
https://doi.org/10.3389/fpls.2024.1433719
https://doi.org/10.54112/bcsrj.v2024i1.976
https://doi.org/10.1186/s42397-023-00154-x


 

233 

 

Global Research journal of Natural Science and Technology (Grjnst) Volume 3 Issue 2 (2025) 

29. Shahzad, K., Mubeen, I., Zhang, M., Zhang, X., Wu, J., & Xing, C. (2022). Progress and 

perspective on cotton breeding in Pakistan. Journal of Cotton Research, 5(1), 29. 

https://doi.org/10.1186/s42397-022-00137-4  

30. Ahmad, H. S., Imran, M., Ahmad, F., Rukh, S., Ikram, R. M., Rafique, H. M., Iqbal, Z., 

Alsahli, A.A., Alyemeni, M.N., Ali, S., Haq, T., & Ali, S. (2021). Improving water use 

efficiency through reduced irrigation for sustainable cotton 

production. Sustainability, 13(7), 4044. 

31. Rafiq, M., N. Umer, S. Kanwal, S. Sattar, M.N. Aslam, A. Ghani, I. Ibrar, G. Murtaza, S. 

Jamil, R. Shahzad, M. Abbas, N. Parveen, S.H. Bukhari, T. Fatima, M.H. Sajjad, S. 

Noureen, A. Mehmood, S. Hussain and M.I. Yousaf. 2024. Impact of Water Stress 

Conditions on Association of Agro-Morphological, Physio-Chemical and Kernel 

Quality-Related Traits in Maize Hybrids. Biological and Clinical Sciences Research 

Journal 1(907): 1-8. 

32. Afzal, S., M.R. Shahid, M.M. Khan, A. Hameed, A.U. Rahman, M. Tauseef, S. Kausar, 

M. Bilal, A. Khaliq, N. Kanwal, F. Ali, M. Khalid, M. Aslam, H. U. Rehman, A. 

Nadeem, S.W.H. Shah, S. Hussain and M.I. Yousaf. 2024. Genotypic Performance 

Evaluation of Elite Cotton Stains Based on Plant Traits Related to Cotton Yield, Fiber 

Quality, And Insect/Disease Tolerance Under Heat Stress. Biological and Clinical 

Sciences Research Journal 1(904): 1-8. 

33. McGarry, R. C., Prewitt, S. F., Culpepper, S., Eshed, Y., Lifschitz, E., & Ayre, B. G. 

(2016). Monopodial and sympodial branching architecture in cotton is differentially 

regulated by the Gossypium hirsutum SINGLE FLOWER TRUSS and SELF‐PRUNING 

orthologs. New Phytologist, 212(1), 244-258.  https://doi.org/10.1111/nph.14037 

34. Yousaf, M.I., A. Ghani, M. Zubair, I. Talib, S. Kausar, I. Akhtar, G. Murtaza, S. Rehman, 

M.S.J. Bukhari, S. Nazar, M. J. Qamar, F. Akram, M. Ashfaq, S.W.H. Shah, B. Ali, S. Sharif, 

M. Luqman, M. Asif, S. Jamil, A. Sattar, Z. Hafeez, M. Khalid and S. Hussain. 2024. Role of 

Antioxidants Accumulation and Photosynthetic Stability for Sustainable Cotton Production and 

Fibre Quality Under Water Stress Conditions. Biological and Clinical Sciences Research 

Journal 1(726): 1-9 

35. Pabuayon, I. L. B., Kelly, B. R., Mitchell‐McCallister, D., Coldren, C. L., & Ritchie, G. 

L. (2021). Cotton boll distribution: A review. Agronomy Journal, 113(2), 956-970. 

https://doi.org/10.1002/agj2.20516 

36. Rodriguez-Sanchez, J., Snider, J. L., Johnsen, K., & Li, C. (2024). Cotton morphological 

traits tracking through spatiotemporal registration of terrestrial laser scanning time-series 

data. Frontiers in Plant Science, 15, 1436120. https://doi.org/10.3389/fpls.2024.1436120 

 

 

 

https://doi.org/10.1186/s42397-022-00137-4
https://doi.org/10.1111/nph.14037
https://doi.org/10.1002/agj2.20516
https://doi.org/10.3389/fpls.2024.1436120

