Assessment of Variability and Correlation in Cowpea (Vigna unguiculata L.) Core Set Germplasm for Seed Physical Traits under Western Himalayan Conditions

Abstract
The present investigation was conducted to assess variability and trait association among ten seed physical traits in 254 cowpea genotypes. Considerable variability was observed across all studied traits, indicating substantial variability among the genotypes. Seed length, breadth, width, breadth/width ratio, and aspect ratio ranged from 5.33–11.67 mm, 3.87–9.80 mm, 3.03–18.60 mm, 0.87–2.13, and 0.30–2.31, respectively. Significant variation was also recorded for equivalent diameter, sphericity, seed volume, and surface area. Seed volume and surface area varied from 25.17–256.17 mm³ and 46.01–196.56 mm², respectively, with mean values of 69.82 and 95.76. The coefficient of variation was highest for seed volume (38.39%), followed by 100-seed weight (34.05%) and surface area (25.97%), indicating greater scope for selection in breeding programmes. Seed physical traits such as length, breadth, and width are important determinants of yield, seed appearance, and market preference. Correlation analysis revealed significant positive associations among several seed traits. Seed length showed positive correlation with seed breadth, aspect ratio, surface area, seed volume, and equivalent diameter, while seed breadth was positively associated with seed thickness, breadth/thickness ratio, surface area, volume, and aspect ratio. The results indicate that the evaluated cowpea genotypes possess substantial variability that can be effectively utilised for selection of desirable genotypes and genetic improvement in cowpea breeding programmes.
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1.0 Introduction
[bookmark: _Hlk172365351][bookmark: _Hlk172365368][bookmark: _Hlk231760560][bookmark: _Hlk231760605]Cowpea [Vigna unguiculata (L.) Walp. subsp. unguiculata] is a multipurpose crop, providing high-quality plant protein for human diets, nutritious forage for livestock and as a cash generating commodity for farmers (Owade et al., 2020; Kim et al., 2025). It can be used at all stages of growth as a vegetable crop or as dry mature seeds for cooking and canning (Saidi et al., 2010; Boukar et al., 2015; Odogwu et al., 2021). Cowpea is a diploid with 2n = 2x = 22, genome size of about 620 million base pairs (Abraha et al., 2024) and native plant from Africa that is now widespread and cultivated worldwide (Herniter et al., 2020). Among legumes, cowpea has emerged as a promising crop for food security and nutrition (Da Silva et al., 2019); its grains consist of up to 33% protein, 63% carbohydrates, 4.6% lipids (Jayathilake et al., 2018) and foliage contains 14- 21% and crop residues 6- 8% (Jackson, 2009). They are low in fats (<2%) and salt (16 mg/100 g), but high in potassium (1112 mg/100 g) and dietary fiber (~11%) (U.S. Department of Agriculture [USDA], 2021). Cowpea protein is rich in essential amino acids, except for cysteine and methionine. Cowpea is a drought tolerant and warm weather crop. The drought hardy nature of cowpea crop enables it to maintain some growth under moisture stress conditions (Bijarniya et al., 2024). This trait is also extended by deep rooting habits of some varieties and accounts for the crop’s ability to grow and yield under semi desert conditions (Soni et al., 2018). Cowpea cultivation is primarily carried out by small-scale farmers in various regions worldwide, under arid conditions due to its natural resistance to drought and capability to fix atmospheric nitrogen, thereby improving soil fertility (Singh, 1997; Singh, 2020; Boukar et al., 2019; Horn & Shimelis, 2020). Cowpea can also be used for intercropping with other main crops like pearl millet (Pennisetum glaucum), maize (Zea mays) or sorghum (Sorghum bicolor) or cassava (Manihot esculenta L.). According to the Food and Agriculture Organisation (FAO), the global cowpea production in 2021 was approximately 8.99 million metric tons harvested from an area of around 14.91 million hectares (FAOSTAT, 2021). In India, it is cultivated mainly in Rajasthan, Maharashtra, Karnataka, Gujarat, Tamil Nadu, Andhra Pradesh, and Madhya Pradesh, and the area under this crop was 55,800 hectares with a production of 35,600 tonnes with a productivity of 638.6 kg per ha (INDIASTAT, 2021). However, despite its importance, cowpea productivity remains low in many countries, including India, owing to the cultivation of traditional landraces, limited genetic improvement and vulnerability to biotic stresses such as storage pests, especially bruchid beetles (Callosobruchus spp.), which cause severe post-harvest losses (Deshpande et al., 2011; Tripathi et al., 2019). The improvement of cowpea for consumer preference, yield stability and stress resistance largely depends on the effective utilisation of genetic diversity available within the species (Timko et al., 2007; Fatokun et al., 2012). Cowpea exhibits considerable variability in agronomic, morphological, and resistance traits, yet this diversity remains underexploited in breeding programmes (Deshpande et al., 2018; Doggalli et al., 2024). Systematic assessment of genetic diversity among genotypes is therefore essential to identify genetically divergent parents for hybridisation (Swarup et al., 2021). The primary objectives were to: 1) Assess the extent of variability and determine the strength and direction of associations among seed physical traits. 2) Visualise and compare the distribution patterns of seed physical traits.
2.0 Materials and Methods
2.1 Location of study: The present study was undertaken during summer 2023 at research field and laboratory of the Division of Genetics and Plant Breeding, Faculty of Agriculture, Wadura (34o 17′ North and 74o 33′ E at an altitude of 1594 masl).  The soil of the main experimental site at Wadura is a typical inceptisol with clay loam texture. The pH was almost neutral (7.2), with organic carbon 0.65%, the electrical conductivity of 0.18 dS/m and CEC of 16 meq/kg.
2.2 Plant material: A set of 254 genotypes of cowpea representing a diverse core set developed by NBPGR based on geographical location, growth habit, seed traits as well as reaction to biotic and abiotic stresses, including four checks (SHCP-1, SHCP-2, WCP-1, WCP-2), were released by SKUAST-Kashmir.
2.3 Experimental design: All the accessions were grown as four rows of four-meter length, with 15 cm x 40 cm spacing, in an augmented block design (ABD) with four checks.
2.4 Crop management: The management practices were uniform and homogeneous and comprised of seed treatment with the fungicide (Captan 50WP) and the insecticide (Imidacloprid 17.8%) at the rate of 2 ml/kg seed. Application of the pre-emergent herbicide Pendimethalin at a dose of 1.25l/ha was done along with timely manual weeding. The recommended dose of fertilisers (NPK) comprising a basal dose and a top dressing of urea at the V3 stage (first open trifoliate leaf) was applied. The crop was irrigated intermittently to avoid drought stress that would have confounded the results. 

3.0 Seed Physical Traits recorded in the present study
3.1 Seed length (mm): Seed length was measured by using digital vernier calipers and average across 10 representative seeds for each genotype.
3.2 Seed breadth (mm): Seed breadth was measured by using digital vernier calipers and average across 10 representative seeds for each genotype.
3.3 Seed width (mm): Seed width was measured by using digital vernier calipers and average across 10 representative seeds for each genotype.
3.4 Length/breadth ratio: The length/width ratio of seeds (LWR) was calculated using the relationship LBR=L/B given by Hauhouout-O’hara et al. (2000). The average of ten randomly drawn seeds was taken.
3.5 100-seed weight (g): 100-seed weight of three randomly drawn samples of sundried seeds from each experimental plot was weighed in grams and average was taken.
3.6 Seed Volume (mm3): The volume of the seeds V in mm3, was calculated using the relationship V = πB2L2 / 6 (2L-3) where B = (WT)1/2 given by Mohsenin (1970) and was averaged for ten randomly drawn seeds.
3.7 Surface area (mm2): The surface area of the seeds A in mm2, was calculated using the relationship A=πBL2/2L-B, given by Mohsenin (1970) and was averaged for ten randomly drawn seeds.
3.8 Aspect ratio: The aspect ratio of seeds (Ra) was calculated using the relationship Ra = W/L given by Hauhouout-O’hara et al. (2000). The average of ten randomly drawn seeds was taken.
3.9 Equivalent diameter: The geometric mean diameter, Dm, was calculated using the relationship Dm = (LWT)1/3 given by Mohsenin (1970). The average of ten randomly drawn seeds was taken.
3.10 Sphericity: The sphericity of seeds (Φ) was calculated as a function of the three principal dimensions as shown below using the relationship Φ = [(LWT)1/3/L] ×100 given by Mohsenin (1970) and was averaged for ten randomly drawn seeds.
4.0 Results
4.1 Variability for seed physical traits: Significant variability was observed in the seed physical parameters evaluated, which are outlined below and listed in Table 1.
Seed length had a mean value of 7.79 ±0.07 with a range of 5.33 to 11.67 and a CV of 15.71. Among genotypes, seed length in genotypes IC471953(11.67mm) IC471926(11.43mm) IC58905(11.20) EC724421(11.03) and IC202701(11.03) was maximum whereas genotype IC372726 (5.33) had minimum seed length.
Seed breadth had a mean value of 5.78 ± 0.05 with a range of 3.87 to 9.80 and a CV of 14.47. Among genotypes, seed breadth in genotypes, IC319513 (9.80mm), EC724421 (8.03mm), EC244130 (7.77mm), EC100034(mm) and EC724805(7.57mm) as maximum whereas genotype IC334368(3.87mm) had minimum seed breadth.
Seed width had a mean value of 4.61± 0.07 with a range of 3.03 to 18.60 and CV of 23.99. Among genotypes, seed width in genotypes, IC606802 (18.60mm), IC331106 (8.07mm), EC724805 (7.23mm), EC244130 (6.83mm) and IC590843 (6.43mm) was maximum whereas genotype IC91446 (3.03mm) had minimum seed width.
Aspect ratio had a mean value of 0.60 ± 0.009 with a range of 0.30 to 2.31 and CV of 22.94. Among genotypes, aspect ratio in genotypes, IC606802 (2.31mm), IC331106 (1.07mm) EC472264 (0.79mm), EC724378 (0.78mm) and EC98661 (0.77mm) was maximum whereas genotype IC58905 (0.31mm) had minimum aspect ratio. 
Seed Breadth/width ratio had a mean value of 1.27 ±0.007 with a range of 0.87 to 2.13 and CV of 8.78. Among genotype, seed breadth/width ratio in genotypes, IC319513 (2.13), IC58905 (1.56), IC536609 (1.52), IC397455 (1.49) and EC724421 (1.48), was maximum whereas genotype IC606802 (0.88) had minimum seed breadth/width ratio.
Seed volume had a mean value of 69.82 ±1.72 (mm3) with a range of 25.17 to 256.17 and CV of 38.39. Among genotypes, seed volume in genotypes, IC606802 (256.18), EC724805 (165.25), EC244130 (154.77), EC724421(145.86) and EC738216 (136.93) was maximum whereas genotype IC91446 (25.17) had minimum seed volume.
Equivalent diameter had a mean value of 5.88 ±0.04 with a range of 4.11 to 8.11 and CV of 12.83. Among genotypes, equivalent diameter EC724805 (8.11), IC606802 (8.00), EC244130 (154.77), EC724421 (145.86) and EC738216 (136.93) had the highest value whereas the lowest value was recorded in IC91446 (4.11).
Sphericity had a mean value of 95.76 ±0.04 with a range of 52.29 to 100.21 and CV of 8.34. Among genotypes, sphericity IC606802 (100.21), IC331106 (91.17), EC98661 (90.33), EC724378 (89.41) and EC472252(89.31) had the highest value whereas the lowest value was recorded in IC58905 (52.30).
4.2 Raincloud plots for seed physical traits
A raincloud plot is a hybrid of a dot plot, box plot and kernel density plot, which shows peaks in data. It is used to visualise the distribution of numerical data. They show the overall shape of the distribution, the location of center (median), how spread out the data and the presence of any outliers. The variation pattern for ten seed physical traits is presented in the form of raincloud plots (Figure 2)
4.3 Pearson’s correlation among seed physical traits 
A heat map illustrating the correlations among ten seed physical traits was generated, with colours and their intensities indicating the strength and direction of trait relationships. Blue represents positive correlations, Brown-red indicates negative correlations, and white denotes no correlation. Figure 3 displays the heat map of seed physical traits.
4.4 PCA biplot for seed physical traits
The biplot was constructed based on 1st two PCs that accounted for 80 percent of variation in order to capture the most significant trait contribution towards the total variation as well as their relationship with the trait of interest. Principal component (PC) relations of the 1st two PCs that were used to construct the biplot (Figure 3). In terms of the biplot, the relationship and the variance contribution are depicted in terms of the angle between the traits and length of the arrow respectively.
















Table 1. Descriptive statistics of seed physical traits: -
	Statistic
	Minimum
	Maximum
	Mean
	CV (%)

	SL (mm)
	5.33
	11.67
	7.79
	15.71

	SB (mm)
	3.87
	9.8
	5.78
	14.47

	ST (mm)
	3.03
	18.6
	4.61
	23.99

	100SW (gm)
	3.8
	30.82
	15.11
	34.05

	 B/W
	0.87
	2.13
	1.27
	8.78

	ED
	4.11
	8.11
	5.88
	12.83

	SPH
	52.29
	100.21
	76.25
	8.34

	SA
	46.01
	196.59
	95.76
	25.97

	AR
	0.3
	2.31
	0.6
	22.94

	VOL (mm3)
	25.17
	256.17
	69.82
	38.39


Where: CV-Coefficient of variation, SL-Seed length, SB-Seed breadth, ST-Seed thickness, 100SW-Seed weight, B/W-Breadth Width ratio, ED-Equivalent diameter, SPH-Sphericity, SA-Surface Area, AR-Aspect ratio, VOL-Volume.
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Figure 1. Seed dimensions measured by vernier calliper and field trial. 
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Figure 2. Rain cloud plots for various seed physical traits.
Where: SL-Seed length, SB-Seed breadth, ST-Seed thickness, 100SW-Seed weight, B/W-Breadth Width ratio, ED-Equivalent diameter, VOL-Volume, SA-Surface Area, AR-Aspect ratio, SPH-Sphericity. 
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Figure 3. Heat map and PCA biplot for various cowpea seed physical traits.
5.0 Discussion:
In the present study, there was substantial variability in ten seed physical traits in 254 cowpea genotypes indicating significant diversity of the material with respect to the studied traits, as depicted by higher range and CV values. There was substantial variability in seed length, breadth, width, Seed Breadth/Width Ratio and Seed Aspect Ratio ranging between 5.33-11.67 (mm), 3.87-9.80 (mm), 3.03-18.60 (mm), 0.87-2.13 and 0.30-2.31, respectively. Similar results were reported by Gull et al. (2017), characterized fifteen cowpea genotypes for seed physical traits and revealed that seed length was highest in C-14 (9.66 mm), followed by C-8 (9.15 mm) and C-7 (9.07 mm) whereas the least value for seed length was recorded in C-6 (6.98 mm). Similarly for seed breadth the highest value was observed in C-4 (6.98 mm), followed by C-11 (6.93 mm) and C-8(6.83) and least value was recorded in C10 (4.70 mm). The length breadth ratio was highest in the case of C-4 (1.74) followed by C-10 (1.67) and C-2 (1.65) and lowest in the case of C8 (1.34). Seed length, Breadth and Width are not only important economic traits but also economic yield-determining traits. The seed length, Breadth and Width also determine the overall appearance of the seed and influence their marketability based on local consumer preferences (Rani, 2022).
There was substantial variability in seed equivalent diameter, seed sphericity and seed aspect ratio ranging between 4.11-8.11 (mm), 52.29-100.21 and 0.30-2.31 respectively. Similar results were reported by Tchiagam et al. (2011) in cowpea genotypes, Wani et al. (2017) and Buzera et al. (2018) both in common bean genotypes. There was substantial variability in seed volume and seed surface area ranging between 25.17-256.17 and 46.01-196.56 and the mean values are 69.82 and 95.76, respectively. Similar results were reported by Kabas et al. (2006), with seed volume and seed surface area ranging between 0.15-0.21 (cm-3) and 145.98-185.206 (mm) respectively. The mean values of these traits 0.18±0.03and 161.104±25.48, respectively. The range of trait dispersion is depicted by CV value showing that the highest was observed in the case seed volume (38.39%), followed by 100 seed weight (34.05%), surface area (25.97%), seed width (23.99%), aspect ratio (22.94%), seed length (15.71%), seed breadth (14.47%), equivalent diameter (12.83%), breadth/width ratio (8.78%) and sphericity (8.34%).
The Pearson correlation analysis of ten seed physical traits is presented in Heat Map Figure 4. Among positive correlations, seed length was significantly correlated with seed breadth, seed aspect ratio, surface area, volume and equivalent diameter. Similarly, seed breadth was significantly correlated with seed thickness, seed breadth/seed thickness, surface area, volume and aspect ratio. Similar results have been reported in temperate beans by various earlier workers such as Saba et al. (2015), Rani (2022), and Sofi et al. (2022).
6.0 Conclusion
In the present study, a national core collection comprising 254 cowpea genotypes was assessed for ten seed physical traits, revealing substantial genetic variability that can be utilized in cowpea breeding programs. High coefficients of variation observed for seed volume, 100-seed weight, and seed surface area indicated considerable scope for genetic enhancement through selection. Significant positive associations among key seed traits suggested that improvement in one characteristic could lead to concurrent gains in other desirable traits related to seed size and yield potential. Also, as seed physical characteristics play an important role in consumer preference and market acceptance, the extensive diversity and strong interrelationships among traits observed in this core germplasm collection provide valuable genetic resources for developing improved cowpea varieties with enhanced yield-related traits.
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