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Genotypic Variation in Fodder Cowpea (Vigna unguiculata (L.) Walp.) for Adaptability to Heat Stress: An Evaluation of Growth, Physio-Biochemical Traits and Fodder Quality





.     
.
              . 
                     
	.
..


.



ABSTRACT 

	Climate change poses a significant threat to global agriculture due to the combined effects of rising temperatures and fluctuating atmospheric CO₂ levels. Fodder cowpea (Vigna unguiculata (L.) Walp.), a climate-resilient legume, holds great promise as a sustainable forage source for livestock under such challenging conditions.
The present study was conducted at the Department of Genetics and Plant Breeding, College of Agriculture, Vellayani, to evaluate thirty fodder cowpea genotypes for their performance under heat stress. The experiment was carried out in contrasting field and polyhouse environments, with the polyhouse maintained at approximately 4 °C higher temperature and a CO₂ concentration of around 409 ppm compared to 405 ppm in the field. Biometric, physiological and quality traits were assessed to determine genotypic responses under these environments.
Significant variability was observed among genotypes indicating the presence of substantial genetic diversity for adaptive traits. Plants grown under polyhouse conditions exhibited significantly enhanced biomass accumulation (up to 22% higher), while those in the field environment showed around 18% higher crude protein content reflecting environmental influences on trait expression. Crude fibre content showed a 6.9% increase under polyhouse compared to field conditions.
The genotypes EC240630, BL4, MFC-09-1 and COFC-8 were identified as promising entries  demonstrating superior performance across several traits representing valuable genetic resources for breeding programs aimed at developing high-yielding, climate-resilient fodder cowpea varieties.
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1. INTRODUCTION 

Climate change has emerged as one of the greatest challenges to global food and fodder security, with rising global temperatures, heat waves and elevated atmospheric CO₂ concentrations threatening agricultural systems worldwide. The Intergovernmental Panel on Climate Change (IPCC, 2021) projects that global mean temperatures may rise by 1.5–2.0 °C by mid-century, posing severe risks to food and forage production particularly in tropical and subtropical regions. Livestock production is especially vulnerable due to the declining availability of quality fodder and water resources, which constitute the largest share of production costs. Securing resilient fodder sources is therefore central to ensuring sustainable livestock productivity under climate change (Thornton & Herrero, 2015).
Heat stress is one of the most detrimental abiotic stresses affecting plant productivity. Elevated temperatures disrupt photosynthesis, accelerate senescence, increase pollen sterility and impair reproductive development. In cowpea, field evaluations under high temperatures (>35 °C) revealed significant declines in chlorophyll stability, biomass accumulation, and yield, though some genotypes demonstrated relatively better performance (Adarsh Kumar et al., 2024). Physiological adjustments such as osmolyte accumulation and antioxidant enzyme activity are critical in conferring thermo-tolerance. Recently, plant growth regulators have shown to mitigate adverse effects of high temperature in cowpea, enhancing physiological traits and yield under stress (Priyanka et al., 2021).
Elevated CO₂ often exerts a stimulatory effect on C₃ crops like cowpea by enhancing Rubisco carboxylation efficiency, reducing photorespiration and improving water use efficiency. Studies have demonstrated increases in pod number, seed weight and total biomass in cowpea under CO₂ enrichment, although genotypic differences strongly influence the magnitude of the response (Angelotti et al., 2020). Moreover, nutrient management practices modulate how cowpea responds to combined stress environments. 
Cowpea (Vigna unguiculata), cultivated across 12.5 million hectares globally is valued for its dual role as a protein-rich food grain and a high-quality fodder crop. Its adaptability to marginal soils and inherent tolerance to drought and heat make it a strong candidate for climate-resilient agriculture (Carvalho et al., 2017). Recent research highlights the importance of harnessing its genetic diversity for enhanced stress tolerance. Mohammed et al. (2024) highlighted that both daytime and night temperatures critically affect cowpea yield stability, underscoring the need for breeding heat-tolerant varieties. In parallel, genome-wide analyses of cowpea thaumatin-like proteins revealed stress-responsive gene families that may be harnessed in future tolerance breeding (De Jesús-Pires et al., 2024). 
Despite progress, the combined effects of heat stress and increased CO₂ in cowpea remain poorly studied, especially in relation to fodder yield and quality traits. Most existing work has focused on either stress factor in isolation, leaving a gap in understanding how simultaneous exposure affects genotype performance. Addressing this gap is crucial, given that climate change will likely expose crops to multiple interacting stressors. 
The present study therefore evaluates thirty cowpea genotypes under heat stress and CO₂ conditions to identify superior performers. Evaluation is based on the performance of genotypes in terms of growth, yield, biochemical and qualitative parameters. The outcomes are expected to inform breeding and management strategies for climate-resilient fodder production and livestock feed security

2. methodology 
2.1. Experimental site and plant material
The study was conducted using thirty fodder cowpea accessions labelled T1 to T30 obtained from different AICRP centres on Forage Crops and Utilization as presented in Table 1. Experiment was conducted during December 2024 – February 2025 at the College of Agriculture, Vellayani, Thiruvananthapuram. The genotypes were grown under two contrasting environmental conditions: field and polyhouse. The polyhouse environment was maintained approximately 4 °C higher than the field to simulate heat stress conditions. Data on atmospheric temperature and CO2 was recorded using a carbon dioxide analyser. CO₂ concentrations were monitored weekly, with the field recording an average of 405 ppm and the polyhouse 409 ppm. 
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Figure 1. Fodder cowpea genotypes maintained in open and polyhouse conditions












2.2. Experimental Design
Plants were grown in pots following a completely randomized design with factorial arrangements with 3 replications. The treatment was maintained in the polyhouse and control was kept in the field.
Design           : CRD
Treatments    : 2×30
Factor A        : 30 genotypes 
Factor B        : Two conditions: Inside polyhouse and open conditions
Replications  : 3


Table 1: List of accessions used for the study
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	Accession name/ number

	1
	EC240630

	2
	COFC 8

	3
	EC240891

	4
	EC367714

	5
	IC20678

	6
	EC101978

	7
	IC372130

	8
	IVTC6

	9
	IC398992

	10
	C297

	11
	EC101973

	12
	MFC-18-8

	13
	GFC4

	14
	EC390241

	15
	UPC-22-1

	16
	Aiswarya

	17
	UPC 618

	18
	BL2

	19
	TNFC 1905

	20
	Culture 6

	21
	MFC-09-1

	22
	BL 4

	23
	Kohinoor

	24
	UPC 621

	25
	UPC 628

	26
	UPC 5286

	27
	GFC 3

	28
	UPC 607

	29
	TNFC 0926

	30
	UPC 622



Table 2. Weekly Atmospheric CO₂ (ppm) and Temperature (°C) recorded in polyhouse and field

	No. of weeks after sowing 
	Mean 
Polyhouse Temperature (°C)
	Mean Field Temperature (°C)
	Mean Polyhouse CO₂ (ppm)
	Mean Field CO₂ (ppm)

	1 
	32.0
	29.5
	410
	406

	2 
	32.2
	29.7
	409
	405

	3 
	32.5
	30.0
	411
	407

	4 
	32.7
	30.2
	412
	408

	5 
	33.0
	30.5
	410
	406

	6
	33.2
	30.7
	411
	407

	7 
	33.5
	31.0
	409
	405

	8
	33.7
	31.2
	410
	406

	9 
	34.0
	31.5
	412
	408

	10 
	34.2
	31.7
	409
	405

	11 
	34.5
	32.0
	411
	407

	12 
	34.7
	32.2
	410
	406




2.3. Evaluation of genotypes based on growth, yield, physiological, biochemical and qualitative parameters

The selected cowpea genotypes were evaluated for various growth, yield, physiological, biochemical and qualitative traits to assess their performance under the experimental conditions. Observations were recorded at appropriate growth stages following standard procedures as detailed below.
2.3.1. Growth and Yield Parameters

2.3.1.1.  Plant height:

Plant height (cm) was measured at harvest from the ground level to the tip of the main shoot of five randomly selected plants from each replication, and the mean value was recorded.

2.3.1.2.  Leaf area index (LAI):

Leaf area was determined following the method proposed by Watson (1952).The LAI was calculated using the formula:


2.3.1.3.  Green fodder yield per plant:

Green fodder yield was recorded by harvesting the plants at 45 days after sowing (DAS). The fresh weight of fodder per plant was expressed in grams per plant.

2.3.1.4.  Dry fodder yield per plant:

Dry matter yield was estimated by oven-drying the green fodder samples at 80°C for 48 hours until a constant weight was achieved. The dry fodder yield was expressed in grams per plant.

2.3.2. Physiological Parameters

2.3.2.1.  Relative water content (RWC):
RWC was determined at the flowering stage following the method of Barr and Weatherly (1962). RWC was calculated as follows and expressed in %:



2.3.2.2.  Total chlorophyll content:

Chlorophyll content was estimated following Arnon (1949) from 0.5 g of the third fully expanded leaf at the flowering stage. Chlorophyll content was calculated using the following equations and expressed in mg g‾¹ fresh weight:

Chlorophyll a (mg g-1) = (12.7 × A663 - 2.69 × A645) ×
Chlorophyll b (mg g-1) = (22.9 × A645 – 4.68 × A663) ×
Total chlorophyll (mg g-1) = (20.2 × A645 + 8.02 ×A663) ×
Where, A = absorbance at specific wavelength, 
V = final volume of chlorophyll extract in 80% Acetone: DMSO mixture; 
W = fresh weight of tissue extracted
2.3.2.3.  Proline content:

Proline content was estimated at flowering using the acid ninhydrin method (Sadasivam and Manickam, 1996). Proline concentration was calculated using a standard curve and expressed as μmol g⁻¹ fresh weight using the formula:

                                 Proline content (μmol g-1) =  × 

2.3.2.4.  Peroxidase (PO) activity:

Peroxidase activity was estimated following Srivastava (1987). The absorbance change was recorded at 420 nm at 30-second intervals and activity is expressed in g‾¹min‾¹.
2.3.2.5.  Cell membrane stability index (MSI):

MSI was determined as per Sullivan and Ross (1979) at 45 DAS. MSI was calculated using the formula and expressed as %.


C₁ and C₂ = Electrical conductivity measured at 40°C and 100°C after exposure

2.3.3. Qualitative Parameters

2.3.3.1.  Crude protein content:

Nitrogen content of oven-dried and powdered samples was determined by the Modified Micro-Kjeldahl method (Jackson, 1973). Crude protein content was calculated by multiplying the nitrogen percentage with a conversion factor of 6.25.

         Crude protein (%) = N (%) × 6.25

2.3.3.2.  Crude fibre content:

Crude fibre was estimated following the acid–alkali digestion method described by Kanwar and Chopra (1976). Powdered samples were sequentially digested with dilute acid and alkali, and the residue obtained after drying and ashing represented the crude fibre fraction, expressed as percentage of dry matter.


3. results and discussion

3.1. Performance evaluation of the genotypes based on growth and yield parameters
3.1.1. Plant height
The mean values for plant height under both the conditions are presented in Table 4. Plants grown under polyhouse conditions were significantly taller with an average height of 265.73 cm compared to those grown in the field, which averaged 36.50 cm. From table 3, it is noted that among the genotypes, TNFC1905 recorded the greatest plant height (290.83 cm), followed by BL2 (191.18 cm), which was on par with GFC3 (189.69 cm).
3.1.2. Leaf area index
Plants grown under polyhouse conditions exhibited a higher mean LAI (5.46) compared to those grown in the field (3.57) as shown in table 4. From Table 3, it is noted that among the genotypes, UPC-22-1 recorded the highest LAI (7.31) which was on par with MFC-09-1 (7.11) followed by Aiswarya (7.00) and EC390241 (7.00). The lowest LAI was observed in UPC-618 (1.97).
3.1.3. Green fodder yield
Plants grown under polyhouse conditions recorded a higher mean green fodder yield (46.91 g) compared to those grown in the field (32.52 g). From Table 3, it is observed that the genotype EC240630 produced the highest green fodder yield (71.86 g) and the lowest yield was recorded in IVTC6 (24.23 g) which was on par with UPC-22-1 (26.13 g).
3.1.4. Dry fodder yield
The plants grown in polyhouse recorded a higher mean dry fodder yield (12.24 g) compared to those grown in the field (8.50 g). From Table 3, it is observed that the genotype EC240630 produced the highest dry fodder yield (19.69 g). The lowest yield was recorded in IVTC6 (6.50 g), which was on par with UPC-22-1 (6.52 g), IC398992 (6.76 g), and TNFC0926 (6.75 g).

Table 3: Mean values of genotypes with respect to growth and yield parameters- Factor A

	Treatments
	Plant height
(cm)
	Leaf area index
	Green fodder yield
(g)
	Dry fodder yield
(g)

	1
	159.14
	6.44
	71.86
	19.69

	2
	138.12
	3.83
	57.50
	15.50

	3
	129.51
	2.81
	28.82
	7.54

	4
	98.81
	2.74
	26.17
	7.34

	5
	146.54
	4.60
	37.05
	9.41

	6
	93.70
	2.81
	27.89
	7.50

	7
	112.20
	6.73
	54.78
	14.13

	8
	79.98
	2.20
	24.23
	6.50

	9
	178.97
	3.87
	26.79
	6.76

	10
	166.17
	5.60
	31.55
	8.36

	11
	144.39
	3.84
	26.93
	7.19

	12
	114.14
	2.90
	32.28
	8.08

	13
	146.58
	3.69
	31.65
	7.98

	14
	157.40
	7.00
	30.63
	8.18

	15
	74.56
	7.31
	26.13
	6.52

	16
	178.74
	7.00
	54.72
	14.27

	17
	181.39
	1.97
	30.97
	7.49

	18
	191.18
	2.54
	27.61
	7.29

	19
	290.83
	3.36
	37.52
	9.48

	20
	176.85
	4.49
	58.05
	15.56

	21
	88.43
	7.11
	50.21
	13.70

	22
	127.73
	6.60
	52.58
	13.09

	23
	183.34
	3.91
	52.19
	13.79

	24
	176.21
	5.51
	26.36
	7.01

	25
	165.30
	2.89
	50.33
	11.71

	26
	178.08
	5.13
	63.97
	17.02

	27
	189.69
	2.94
	39.77
	10.56

	28
	146.51
	4.72
	27.46
	7.11

	29
	154.67
	5.36
	26.17
	6.75

	30
	164.39
	5.57
	59.34
	15.50 





Table 4. Mean values of genotypes with respect to growing conditions (polyhouse and field)- Factor B

	Parameters
	Polyhouse
	Field

	Plant height
	265.73
	36.50

	Leaf area index
	5.46
	3.57

	Green fodder yield
	46.91
	32.52

	Dry fodder yield
	12.24
	8.50





3.2. Performance evaluation of genotypes based on physiological and biochemical parameters

3.2.1. Total chlorophyll
Plants grown under field conditions exhibited a higher mean chlorophyll content (0.65) compared to those grown in the polyhouse (0.52) as presented in Table 6. From Table 5, it is observed that the genotype UPC-622 recorded the highest chlorophyll content (0.69), while the lowest was observed in UPC-607 (0.40).
3.2.2. Relative water content
Plants maintained under polyhouse conditions recorded a higher mean RWC (73.03) compared to those grown in the field (65.54) as given in Table 6. It is observed that the genotype BL-4 exhibited the highest RWC (82.75) while EC390241 (62.83) and EC101978 (62.97) recorded the lowest values, which were statistically on par with UPC-618 (63.03).
3.2.3. Proline content
Plants grown under polyhouse conditions accumulated higher mean proline content (3.27) compared to those grown in the field (2.16). From the mean performance of genotypes as given in Table 5, it is noted that MFC-09-1 recorded the highest proline content (4.57) which was statistically on par with EC240630 (4.29), COFC-8 (4.14), IC372130 (4.10), Aiswarya (4.12), Culture-6 (4.03), and Kohinoor (4.01). The lowest values were recorded in EC101973 (1.54) and EC367714 (1.57).
3.2.4. Peroxidase activity
Plants grown under polyhouse conditions exhibited a higher mean peroxidase activity (19.98) compared to those grown in the field (19.08). Among the genotypes, Culture-6 recorded the highest peroxidase activity (24.70) while EC367714 exhibited the lowest enzyme activity (14.96).
3.2.5. Cell membrane stability index
Plants grown under polyhouse conditions recorded a higher mean CMSI (87.76) compared to those grown in the field (81.83). UPC-622 exhibited the highest CMSI (90.92) among the genotypes which was on par with Aiswarya (90.87), EC240630 (90.72), and UPC-5286 (90.67). The lowest stability was recorded in UPC-22-1 (77.88) and EC101978 (78.00).
Table 5. Mean values of genotypes with respect to physiological and biochemical characters – Factor A

	Treatment
	Total chlorophyll
	Relative water content
	Proline content
	Peroxidase activity
	Cell membrane stability index

	1
	0.68 
	76.20 
	4.29 
	23.36 
	90.72 

	2
	0.66 
	66.75 
	4.14 
	23.20 
	89.33 

	3
	0.48 
	65.84 
	2.25 
	16.97 
	82.93 

	4
	0.43 
	66.96 
	1.57 
	14.96 
	80.35 

	5
	0.64 
	74.49 
	1.61 
	15.68 
	81.77 

	6
	0.41 
	62.97 
	2.02 
	18.83 
	78.00 

	7
	0.67 
	66.99 
	4.10 
	22.39 
	89.68 

	8
	0.60 
	67.50 
	2.17 
	21.15 
	82.42 

	9
	0.46 
	66.77 
	2.25 
	17.52 
	87.98 

	10
	0.58 
	63.28 
	2.15 
	18.64 
	86.50 

	11
	0.57 
	63.64 
	1.54 
	18.46 
	82.98 

	12
	0.63 
	64.79 
	2.23 
	15.41 
	84.70 

	13
	0.41 
	79.99 
	2.25 
	18.03 
	84.82 

	14
	0.43 
	62.83 
	2.05 
	15.96 
	85.47 

	15
	0.65 
	64.00 
	2.19 
	15.83 
	77.88 

	16
	0.67 
	69.73 
	4.12 
	23.48 
	90.87 

	17
	0.63 
	63.03 
	2.64 
	19.09 
	81.87 

	18
	0.61 
	63.39 
	2.21 
	19.86 
	81.00 

	19
	0.59 
	77.77 
	1.92 
	18.08 
	78.85 

	20
	0.68 
	66.73 
	4.03 
	24.70 
	89.67 

	21
	0.67 
	66.84 
	4.57 
	23.64 
	88.97 

	22
	0.67 
	82.75 
	3.91 
	22.77 
	90.17 

	23
	0.66 
	66.75 
	4.01 
	22.28 
	88.85 

	24
	0.62 
	66.73 
	3.14 
	19.00 
	79.58 

	25
	0.61 
	70.04 
	2.23 
	19.36 
	80.37 

	26
	0.67 
	75.07 
	2.66 
	21.69 
	90.67 

	27
	0.44 
	80.99 
	1.84 
	16.25 
	82.23 

	28
	0.40 
	63.80 
	2.11 
	20.13 
	80.42 

	29
	0.60 
	75.39 
	2.37 
	16.97 
	83.95 

	30
	0.69 
	76.54 
	2.90 
	22.22 
	90.92 




Table 6. Mean values of genotypes with respect to growing conditions (polyhouse and field) - Factor B

	Parameters
	Polyhouse
	Field

	Total chlorophyll
	0.52
	0.65 

	Relative water content
	73.03 
	65.54

	Proline content
	3.27 
	2.16 

	Peroxidase activity
	19.98
	19.08 

	Cell membrane stability index
	87.76 
	81.83 




3.3. Performance evaluation of genotypes based on qualitative parameters

3.3.1. Crude fibre
Plants maintained under polyhouse conditions recorded a slightly higher mean crude fibre content (22.44) compared to those grown in the field (20.99). It is observed that the genotype BL4 recorded the highest fibre content (26.63), which was on par with COFC8 (26.58), IC372130 (25.86), Kohinoor (25.74), and UPC622 (25.84). The lowest fibre content was observed in C297 (18.63).
3.3.2. Crude protein
Plants grown in the field recorded a significantly higher mean crude protein content (26.02%) compared to those grown under polyhouse conditions (22.08%). The genotype COFC-8 recorded the highest crude protein content (29.24%), while the lowest value was observed in IC398992.

Table 7. Mean values of genotypes with respect to qualitative parameters- Factor A
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	Crude protein
	Crude fibre

	1
	25.46 
	25.48 

	2
	29.24 
	26.58 

	3
	20.79 
	20.85 

	4
	21.48 
	21.07 

	5
	23.32 
	20.07 

	6
	23.90 
	20.28 

	7
	27.14 
	25.86 

	8
	20.89 
	18.94 

	9
	20.02 
	18.67 

	10
	23.90 
	18.63 

	11
	22.40 
	18.91 

	12
	24.90 
	19.80 

	13
	24.62 
	20.00 

	14
	23.11 
	20.08 

	15
	23.02 
	19.68 

	16
	27.25 
	25.71 

	17
	23.54 
	19.65 

	18
	21.41 
	19.27 

	19
	22.91 
	19.64 

	20
	26.58 
	25.12 

	21
	26.10 
	24.48 

	22
	26.71 
	26.63 

	23
	26.08 
	25.74 

	24
	25.41 
	19.83 

	25
	22.89 
	19.63 

	26
	26.06 
	25.24 

	27
	23.07 
	19.62 

	28
	21.64 
	20.01 

	29
	22.15 
	20.25 

	30
	25.50 
	25.84 




Table 8. Mean values of genotypes with respect to growing conditions (polyhouse and field) - Factor B

	Parameters
	Polyhouse
	Field

	Crude fibre
	22.44
	20.99 

	Crude protein
	22.08
	26.02 






Figure 2. Graph showing plant height, leaf area index, green fodder yield and dry fodder yield of treatments





Figure 3. Graph showing total chlorophyll, relative water content, proline content, peroxidase activity and cell membrane index of treatments








Figure 4. Graph showing crude protein and crude fibre of treatments


3.4. Summary of Findings
The polyhouse environment favoured vegetative growth, chlorophyll retention and biomass production, while field-grown plants exhibited higher protein accumulation, possibly as a response to environmental stress. The genotypes EC240630, BL4, MFC-09-1 and COFC-8 emerged as promising candidates exhibiting superior performance across multiple traits. The observed variation among genotypes reflects the inherent genetic diversity and differential adaptability, suggesting ample scope for selection and breeding for improved fodder cowpea cultivars tailored to specific environmental conditions.

4. DISCUSSION
The evaluation of genotypes for growth, yield, physiological, biochemical, and qualitative parameters provide valuable insights into their adaptability, productivity, and stress response mechanisms under contrasting environmental conditions. The present findings revealed significant variation among genotypes as well as between polyhouse and field environments, highlighting the influence of growing conditions on morphological and physiological performance.
4.1. Growth and Yield Parameters
Plant height, leaf area index (LAI), green fodder yield and dry fodder yield exhibited considerable variation across genotypes and environments. Plants grown under polyhouse conditions attained significantly greater height (mean 265.73 cm) than those in the field (36.50 cm). The enhanced height in the protected environment may be attributed to enhanced CO₂ conditions when compared to field which is in accordance with the study of Ramanathan et al. (2023). This is further supported by reduced evapotranspiration and humidity, which promote cell elongation and vegetative growth (Shamshiri et al., 2018). The genotype TNFC1905 exhibited the maximum height, indicating its strong growth potential under polyhouse conditions.
Similarly, LAI was higher under the polyhouse (5.46) than in the field (3.57), suggesting that polyhouse environment creates a closed or semi-closed system allowing for the enrichment of CO₂ which in turn increases LAI by improving water use efficiency and reduced photorespiration as reported by Adireddy et al. (2024). Genotypes such as UPC-22-1, MFC-09-1 and Aiswarya maintained superior LAI values, reflecting their greater photosynthetic surface and potential for higher assimilate production. This trend aligns with the reports of Shikha et al. (2020), who observed increased leaf expansion for brinjal grown in polyhouse compared to field.
Green and dry fodder yields also followed a similar pattern, with higher mean yields under the polyhouse (46.91 g and 12.24 g, respectively) compared to field conditions (32.52 g and 8.50 g). The genotype EC240630 consistently recorded the highest green (71.86 g) and dry fodder yield (19.69 g), highlighting its superior biomass production ability. The enhanced yield performance under protected cultivation can be ascribed to improved photosynthetic efficiency and reduced photorespiration leading to efficient biomass partitioning (Digrado et al., 2022). Similar findings by Ramanathan et al. (2023) showed that there is substantial increase in biomass production under high temperature and CO2 conditions. Conversely, genotypes such as IVTC6 and UPC-22-1 with lower yields may possess limited stress tolerance or lower resource-use efficiency.
4.2. Physiological and Biochemical Parameters
Physiological traits such as chlorophyll content, relative water content (RWC), proline accumulation, peroxidase activity, and cell membrane stability index are key indicators of stress adaptation and metabolic efficiency. In a study conducted by Selinga et al. (2022), heat shock proteins (HSPs) and associated chaperones were shown to play a vital role in enhancing heat stress tolerance in cowpea by facilitating protein protection, repair and photosynthetic recovery particularly in the thermotolerant genotype IT-96D-610.
Total chlorophyll content was higher under field (0.65 mg g⁻¹) than in polyhouse conditions (0.52 mg g⁻¹). The genotype UPC-622 exhibited the highest chlorophyll content, reflecting its superior photosynthetic machinery. Decreased chlorophyll under polyhouse conditions is commonly associated with oxidative stress and photooxidation damage pertaining to heat stress. In cowpea, a reduction in chlorophyll under prolonged heat stress was studied by Hall (1992), who linked it to impaired photosystem stability.
RWC followed a similar pattern, with polyhouse-grown plants maintaining higher tissue hydration (73.03%) than those in the field (65.54%). The genotype BL4 exhibited the maximum RWC (82.75%). Enhanced CO₂ levels can boost relative water content (RWC) by increasing water-use efficiency, helping plants preserve hydration during stress (Shi, 2010 ). In contrast, EC390241 and EC101978 recorded the lowest RWC, implying lower drought adaptability.
Interestingly, proline accumulation was also higher under polyhouse (3.27 μmol g⁻¹) than in the field (2.16 μmol g⁻¹). The genotype MFC-09-1 exhibited the highest proline content, followed closely by EC240630 and COFC-8. Proline accumulation, an important osmoprotectant, is often associated with stress response. This is in accordance with the study by Dwivedi et al. (2022), it was reported that increased CO₂ levels increase proline accumulation, thereby enhancing plant stress tolerance.
Peroxidase (POX) activity showed marginal variation between environments, with slightly higher values under polyhouse (19.98) compared to field (19.08). The genotype Culture-6 recorded the highest POX activity, indicating stronger antioxidative defense. Enhanced peroxidase activity is linked to the detoxification of reactive oxygen species (ROS) and stabilization of cell membranes under stress. Increased peroxidase activity was also reported by Akinwale et al. (2019) in heat-tolerant cowpea genotypes indicating improved management of oxidative stress. Bello et al. (2023) noted that heat stress induces an increase in peroxidase activity, which plays a key role in the detoxification of ROS. 
Cell membrane stability index (MSI) also followed the expected pattern, with polyhouse plants generally showing better membrane integrity, corroborating the observations for RWC and POX activity. Higher MSI signifies lower electrolyte leakage, indicative of tolerance to environmental fluctuations and efficient maintenance of cellular homeostasis. Ying et al. (2011) reported that increased CO2 concentrations in cowpea were associated with improved cell membrane stability.
4.3. Qualitative Parameters
The qualitative parameters crude fibre and crude protein content also demonstrated clear environmental and genotypic influences. Crude fibre content was slightly higher under polyhouse (22.44%) than field (20.99%). This is in line with the results of Mahmood et al. (2010) who reported that under heat stress, crude fibre content increased significantly in the heat-tolerant maize variety Sultan compared to the heat-sensitive variety S-2002, indicating that heat stress can alter structural composition and forage quality in crops. Genotypes such as BL4, COFC8, and IC372130 recorded the highest fibre values, suggesting thicker cell walls and higher structural carbohydrate accumulation. Crude protein content, however, showed an inverse trend being higher under field conditions (26.02%) than in the polyhouse (22.08%). The genotype COFC-8 recorded the highest protein content (29.24%), while IC398992 showed the lowest. The decline in protein levels under protected conditions may result from a dilution effect due to increased biomass accumulation or reduced nitrogen assimilation efficiency under high humidity. These results are in alignment with findings of Rao et al. (2018) where increased CO2 combined with heat increased ADF and lignin while decreasing crude protein, demonstrating that heat and CO2 stress can raise structural fiber and reduce protein in forage species. 
CONCLUSION
Climate change marked by rising temperature and CO₂ levels poses a major threat to global agriculture. Fodder cowpea (Vigna unguiculata (L.) Walp.) is a promising climate-resilient legume capable of sustaining forage production under such stress conditions. In this study, thirty genotypes were evaluated under field and polyhouse environments simulating heat and CO₂ stress. Significant genotypic variation was observed for biometric, physiological and quality traits indicating ample scope for selection and improvement. The polyhouse environment generally enhanced growth and physiological efficiency, while field conditions favoured higher crude protein content. A few genotypes exhibited stable and superior performance across environments, reflecting their adaptability and tolerance to combined heat and CO₂ stress. These genotypes serve as potential breeding resources for developing climate-resilient fodder cowpea cultivars suited for future climatic scenarios.
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