


PHYSICO-CHEMICAL PROPERTIES OF SOIL AND PETIOLE LENGTH OF FIVE ACCESSIONS OF Vigna subterranea (L). VERDC GROWN UNDER DIFFERENT ENVIRONMENTAL CONDITIONS




Abstract
Bambara groundnut (Vigna subterranea (L.) Verdc.) is an underexploited, drought-tolerant legume with considerable nutritional and agricultural importance, particularly in semi-arid regions. This study investigated the effects of drought stress, arbuscular mycorrhizal fungi (AMF), Calopogonium mucunoides, and their combined application on germination and petiole length of five V. subterranea accessions (TVSU1–TVSU5). The study was carried out using a randomised block design with three replicates. Plants were grown in sandy-loam soil characterised by moderate acidity (pH 5.30), low water-holding capacity (11.44 %), and relatively low fertility. Petiole length was measured weekly for 13 weeks, while germination was assessed under well-watered and drought conditions. Drought stress significantly affected germination and petiole development, with responses varying among accessions. Arbuscular mycorrhizal fungi (AMF) and C. mucunoides individually improved vegetative growth under drought, while their combined application produced the most pronounced beneficial effects. Under the combined treatment, TVSU4 and TVSU5 exhibited the greatest petiole elongation, reaching 21.86 cm at 13 weeks after planting, whereas TVSU2 showed limited responsiveness. C. mucunoides alone also promoted sustained petiole growth, with TVSU5 recording the highest value (23.43 cm). The combined treatment substantially improved drought-affected germination, approaching the well-watered control. These findings demonstrate significant accession-dependent variation in drought response and indicate that integrating Arbuscular mycorrhizal fungi (AMF) and C. mucunoides can enhance establishment and vegetative growth of Bambara groundnut under water-limited conditions. The approach offers potential as a sustainable strategy for improving drought resilience in Bambara groundnut production.
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Introduction
Bambara groundnut (Vigna subterranea) is an important leguminous crop with significant nutritional and agricultural value. Vigna subterranea (L.) Verdc is an indigenous African crop that has been cultivated for centuries from the Sahara to South Africa (Nwanna et al., 2005). Bambara groundnut is a member of the Fabaceae family and the Papilionoideae subfamily, and is regarded as the third most important grain legume in semi-arid Africa, following groundnut and cowpea (Sellschope, 1962). The crop is cultivated mainly for its seeds which are produced in pods under the ground (Abejide et al., 2017). It is known to be drought- and pest-tolerant (Berchie et al., 2012; Tweneboah, 2000) and produces a reasonable yield when grown under poor soil conditions (Messiaen, 1992).
Bambara groundnut remains the third most important legume in semi-arid Africa in terms of nutrition, consumption, and socioeconomic impact, behind peanut (Arachis hypogaea), soybean (Glycine max), and cowpea (Vigna unguiculata) (Dada et al., 2024).
Bambara groundnut seeds are rich in protein and essential amino acids and are commonly used to complement cereal-based diets, which are often deficient in nitrogenous compounds. The crop is also a good source of fibre, calcium, iron and potassium (Hillocks et al., 2012). Its leaves, which are rich in phosphorus, are used as livestock feed, while the seeds can be fed to pigs and poultry and the leafy stems used as fodder (Majola et al., 2021). Bambara groundnut is mainly cultivated for its underground seeds, which can be consumed as a dry vegetable or combined with maize and plantain (Brink et al., 2006).
Vigna subterranea is a herbaceous annual legume with creeping stems at ground level. It grows to approximately 0.25 – 0.37 m and has compound leaves made up of three leaflets with stipules about 3 mm long (Oyeyinka & Ade-Omowaye, 2021). The plant produces flowers with a tubular calyx and whitish-yellow corolla measuring about 4–7 mm, while its fruit is an indehiscent pod of approximately 2.5 cm in diameter.
Bambara groundnut is a drought-tolerant crop that places minimal demands on soil resources and is relatively resistant to diseases. It can grow successfully in nutrient-poor soils where many other crops would struggle to survive. The plant is characterised as one of the most resilient pulses, capable of producing under conditions of high temperature and low rainfall that are unsuitable for the survival of many other pulse crops (Mayes et al., 2019).
Soil texture influences water retention, aeration, nutrient availability and root development. Clay soils generally retain more water and nutrients, whereas sandy soils drain rapidly and may experience nutrient losses (Brady & Weil, 2016). Soil pH affects nutrient availability, microbial activity and fertiliser efficiency, with most crops performing well between pH 5.5 and 7.5. Acidic soils may reduce phosphorus availability and increase aluminium toxicity (Food and Agriculture Organization, 2006).
Agricultural production is highly influenced by climatic conditions. Climate change, particularly fluctuations in temperature and irregular rainfall patterns, can limit plant growth and reduce crop yield (Yohannes et al., 2020; Billah et al., 2021; El Haddad et al., 2022). Water is essential for plant survival, photosynthesis and metabolic processes, and adequate water availability is necessary for maintaining normal plant growth and development (Tátrai et al., 2016). Drought is a physiological condition that occurs when soil water available to plants becomes insufficient, resulting in adverse effects on plant metabolism (Kumar et al., 2018). Plants respond to drought through complex physiological and metabolic mechanisms that help them tolerate and adapt to water deficiency (Pamungkas et al., 2022; Hossain et al., 2020).
Drought stress can adversely affect various physiological and growth processes in plants, resulting in significant changes in growth-related parameters. For example, reductions in leaf area and dry matter production have been reported in groundnut (Arachis hypogaea) (Collino et al., 2001), cowpea (Vigna unguiculata) (Anyia & Herzog, 2004), and chickpea (Cicer arietinum) (Singh, 1991). In addition, drought has been shown to negatively affect germination and early seedling vigour in pea (Pisum sativum) (Okçu et al., 2005). Drought stress may occur at any stage of the crop life cycle and can exert considerable effects on plant development, although the reproductive and grain-filling stages are generally considered the most vulnerable (Blair et al., 2012).
Drought stress arises when soil water availability becomes insufficient to meet plant water requirements, often exacerbated by increased water loss through transpiration and evaporation under high-temperature conditions. Although plants possess varying degrees of drought tolerance, their responses to water deficit differ among species and, importantly, among accessions within the same species (Jaleel et al., 2007). Understanding these variations, particularly in main morphological and physiological traits, is essential for identifying Vigna subterranea accessions with greater capacity to withstand water-limited conditions.
The significant effects of drought stress on various plant species have prompted increased research into underutilised crops, which have been reported to exhibit greater drought tolerance than major crop species. One such species is Bambara groundnut (Vigna subterranea L. Verdc). Bambara groundnut exhibits several responses to drought stress, including a shortened vegetative period, earlier flowering, a reduced reproductive stage, and earlier final maturity under water-limited conditions (Mabhaudhi et al., 2013). Recent studies have further shown that germination, early establishment, and drought-related responses in Bambara groundnut vary across genotypes and environmental conditions (Onimisi et al., 2026; Odesola et al., 2023; Gao et al., 2023). Biological inoculation has also been associated with improved drought-related physiological performance in Bambara groundnut, while arbuscular mycorrhizal symbiosis can mitigate water-stress effects in other plant systems (Udeh et al., 2023; Chiroli et al., 2025).
However, the literature reviewed here does not clearly establish how drought stress interacts with arbuscular mycorrhizal fungi and Calopogonium mucunoides, individually and in combination, to influence germination and petiole development across multiple Vigna subterranea accessions under comparable conditions.
Therefore, this study was undertaken to evaluate the effects of drought stress on petiole length in five accessions of Vigna subterranea (L.) Verdc., with the aim of assessing their responses and potential adaptation to water deficit.

Materials and Methods
Sources and Sample Collection
Mature seeds of Vigna subterranea and Arbuscular Mycorrhizal Fungi (Rhizophagus irregularis) and Calopogonium mucunoides inoculum were obtained from the International Institute of Tropical Agriculture (IITA), Ibadan, Oyo State. Sandy-loam soil was collected from Akwa Ibom State University botanical garden, sterilised for two hours at 100 ºC and passed through a 2 mm sieve to remove indigenous Arbuscular mycorrhizal fungi (AMF) propagules, microorganisms, weed seeds and other unwanted materials.
Soil Analysis
Soil samples were collected from 0 – 20 cm depth using a soil auger. Random subsamples were combined to form a representative composite sample, which was air-dried, crushed and sieved through a 2 mm mesh before analysis. Soil texture was determined using the hydrometer method after dispersion with sodium hexametaphosphate, while the proportions of sand, silt and clay were used to establish the textural class (Brady & Weil, 2016).
Soil pH was determined in a soil-water suspension using a standard procedure as reported by Estefan et al. (2013). Organic carbon was analysed using the Walkley-Black wet oxidation method, while total nitrogen was determined using the Kjeldahl method. Available phosphorus was extracted using Bray-1 solution and measured colourimetrically. Exchangeable calcium (Ca), magnesium (Mg), potassium (K) and sodium (Na) were extracted using ammonium acetate; Ca and Mg were determined by EDTA titration, while K and Na were measured using a flame photometer. Cation exchange capacity (CEC) was calculated from exchangeable bases and exchangeable acidity.

Determination of Soil Physico-Chemical Properties
A representative soil sample was obtained by combining four randomly selected samples collected at 0 – 20 cm depth. The sample was air-dried, crushed and sieved through a 2 mm mesh before laboratory analysis. Particle size was determined using the Bouyoucos hydrometer method, with sodium hexametaphosphate (Calgon) as the dispersant (Jackson, 1969). Soil pH was measured using a glass-electrode pH meter, while organic carbon was determined using the Walkley-Black method and calculated using a van Bemmelen factor of 1.724. Electrical conductivity was measured using the conductivity bridge method (Hanna, 1964).
Soil nitrogen was determined using the modified macro-Kjeldahl method (Bremner, 1965). Available phosphorus was extracted using the Bray-1 method and determined using a spectroscopic method. Exchangeable bases were determined following neutral ammonium acetate extraction and atomic absorption spectroscopy (AAS). Exchangeable acidity was measured using KCl extraction and titration with sodium hydroxide, using phenolphthalein as an indicator (McLean, 1965). Effective cation exchange capacity (ECEC) and percentage base saturation were calculated from the exchangeable bases and acidity using the formula:
% Base Saturation = (Sum of Exchangeable Bases × 100) / ECEC (Soil Survey Staff, 2014).
Experimental Design
The experiment was set up in a Randomised Block Design (RBD) with five treatments per accession of V. subterranea and each treatment was carried out in triplicate.

Determination of Growth Parameters
Petiole Length: Petiole length of V. subterranea was measured weekly in centimetres using a metre rule.

Statistical Analysis
The data obtained were summarised and expressed as mean ± standard error of the mean (SEM) from three replicates. Statistical analysis was performed using two-way analysis of variance (ANOVA). Statistical significance was tested at a 95 % confidence level (P = 0.05) following the procedures described by Ogwumike (2002), Ubom (2004), and Adepoju and Adebanjo (2011).
Results
Table 1: Physio-chemical properties of Soil obtained in Botanical Garden, Department of Plant Sciences, Akwa Ibom State University, Nigeria. 
	Depth (cm)
	0-20

	pH (H20)
	5.30

	Particles size
	

	Distribution (g/kg)
	

	Sand
	831

	Silt
	50

	Clay
	119

	Texture
	Ls

	% OC
	1.78

	% OM
	3.07

	% TN
	0.18

	Cations
	

	Cmol/kg
	

	Ca
	1.80

	Mg
	1.17

	Na
	0.27

	K
	0.56

	ECEC cmul/kg
	4.40

	%BS
	86.36

	P Mg/kg
	11.97

	Tea
	0.60

	A12
	0.49

	H-
	0.11

	EC d s/m
	0.16

	Bio g/cm
	1.8

	wHc %
	11.44



The physicochemical characteristics of the experimental soil are presented in Table 1. The soil, sampled from the 0 – 20 cm surface layer, was moderately acidic (pH 5.30) and classified as sandy, with a predominance of sand (831 g kg⁻¹) and relatively low clay (119 g kg⁻¹). Soil fertility was generally low, as indicated by low organic carbon (1.78 %), organic matter (3.07 %), and total nitrogen (0.18 %), while available phosphorus was moderate (11.97 mg kg⁻¹). Exchangeable Ca, Mg, K, and Na were low, resulting in a low effective cation exchange capacity (4.40 cmol kg⁻¹), despite relatively high base saturation (86.36 %). Exchangeable acidity was low, with an exchangeable Al concentration of 0.49 cmol kg⁻¹. The low electrical conductivity (0.16 dS m⁻¹) indicated a non-saline soil. In addition, the relatively high bulk density (1.80 g cm⁻³) and low water-holding capacity (11.44 %) suggested limited moisture retention. Generally, the soil was characterised by moderate acidity, low fertility and nutrient-retention capacity, moderate phosphorus availability, and limited water-holding capacity, conditions that may influence crop growth and responses to drought stress.
Table 2: Control experiment showing Petiole Length of well-watered V. subteranea 
	WAP
	TVSU 1
	TVSU 2
	TVSU 3
	TVSU 4
	TVSU 5

	1
	9.06 ± 0.38
	8.90 ± 0.60
	9.10 ± 0.20
	14.53 ± 1.84
	10.13 ± 0.52

	2
	9.03 ± 0.33
	9.50 ± 0.68
	9.73 ± 0.08
	13.53 ± 2.13a
	10.93 ± 0.20a

	3
	11.43 ± 0.63a
	11.13 ± 1.28a
	11.33 ± 0.41a
	15.00 ± 1.44a
	11.60 ± 0.36a

	4
	11.83 ± 0.61a
	11.56 ± 1.27a
	11.43 ± 0.37a
	15.80 ± 1.66a
	11.85 ± 0.34a

	5
	12.43 ± 0.43a
	11.96 ± 1.27a
	11.73 ± 0.40a
	16.10 ±1.62a
	11.96 ± 0.32a

	6
	12.56 ± 0.61a
	12.26 ± 1.27a
	13.23 ± 0.86a
	16.06 ± 1.31a
	12.55 ± 0.44a

	7
	13.26 ± 0.40a
	12.70 ± 1.30a
	13.56 ± 0.88a
	16.76 ±1.63a
	12.60 ± 0.41a

	8
	13.50 ± 0.40a
	12.96 ± 1.26a
	13.40 ±1.11a
	17.06 ± 1.67a
	12.93 ± 0.44a

	9
	13.66 ± 0.48a
	12.53 ± 1.63a
	14.06 ± 0.89a
	18.76 ± 1.28a
	13.56 ± 0.29a

	10
	14.10 ± 0.45a
	13.23 ± 1.28a
	14.26 ± 0.89a
	17.43 ± 1.66a
	13.76 ± 0.29a

	11
	14.40 ± 0.20a
	13.26 ± 1.26a
	14.00 ± 1.16a
	19.03 ± 1.29a
	15.63 ± 1.38a

	12
	14.20 ± 0.30a
	13.46 ± 1.26a
	14.63 ± 0.92a
	19.20 ± 1.28a
	13.66 ± 0.29a

	13
	14.76 ± 0.12a
	14.10 ± 1.20a
	15.53 ± 0.63a
	19.70 ± 1.35a
	0.00 ± 0.00b


*Mean of three replicates ± SEM. aMeans within of each column followed by different letters are significantly different at p < 0.0001. C1 = Control experiment; TVSU 1 – 5 are the accession numbers of the different species of V. Subteranea; a = significant (P < 0.001); 

WAP = week after planting

In the well-watered control condition (C1), petiole length differed significantly among Vigna subterranea accessions (P < 0.0001) across the 13-week period (Table 2). Petiole length generally increased with plant age, with TVSU4 consistently recording the greatest values, from 14.53 ± 1.84 cm at 1 WAP to 19.70 ± 1.35 cm at 13 WAP. At 13 WAP, TVSU3, TVSU1, and TVSU2 recorded 15.53 ± 0.63, 14.76 ± 0.12, and 14.10 ± 1.20 cm, respectively, whereas TVSU5 declined to 0.00 cm. Differences were most pronounced during the early stages of growth, while most accessions showed statistically similar responses from 3 WAP onwards.


Table 3: Control experiment showing Petiole Length of V. Subteranea under Drought Stress without treatment
	WAP
	TVSU 1
	TVSU 2
	TVSU 3
	TVSU 4
	TVSU 5

	1
	8.86 ± 0.31b
	9.40 ±1.03b
	6.90 ± 0.55b
	9.33 ± 0.29b
	10.26 ± 0.14b

	2
	9.43 ± 0.41b
	9.76 ±1.04b
	7.56 ± 0.23b
	10.06 ± 0.41b
	11.20 ± 0.59b

	3
	10.10 ±0.61a
	11.26 ±1.45a
	8.23 ± 0.17b
	10.30 ± 0.28b
	12.26 ± 0.47b

	4
	12.16 ±0.68a
	13.13 ±1.53a
	8.43 ± 0.31b
	12.26 ± 0.33b
	15.13 ± 0.33b

	5
	14.76 ±0.08a
	13.10 ±0.79a
	10.30 ± 0.55a
	15.00 ± 0.30a
	16.73 ± 0.61b

	6
	15.66 ±0.73a
	16.76 ±1.24a
	11.73 ± 0.96a
	16.66 ± 0.20a
	18.76 ± 0.52a

	7
	15.93 ±0.76a
	16.43 ±1.77a
	12.36 ± 1.03a
	16.73 ± 0.13a
	18.93 ± 0.58a

	8
	16.53 ±0.37a
	16.93 ±1.67a
	12.60 ± 1.00a
	17.20 ± 0.20a
	19.30 ± 0.51a

	9
	16.63 ±0.92a
	17.30 ±1.25a 
	12.66 ± 0.94a
	17.43 ± 0.23a
	19.56 ± 0.48a

	10
	16.63 ±0.82a
	17.66 ±1.25a
	13.03 ± 0.08a
	17.70 ± 0.17a
	19.60 ± 0.64a

	11
	17.30 ±0.47a
	17.33 ±1.82a
	13.00 ± 1.01a
	17.90 ± 0.20a
	19.90 ± 0.45a

	12
	17.06 ±0.85a
	17.66 ±1.70a
	14.16 ± 0.20a
	18.13 ± 0.23a
	20.26 ± 0.37a

	13
	17.73 ±0.87a
	18.43 ±1.38a
	14.66 ± 0.24a
	18.83  ± 0.29a
	0.00 ± 0.00c



*Mean of three replicates ± SEM. Means within of each column followed by different letters
  are significantly different at p < 0.0001.

In response to drought stress (C2), petiole length differed significantly among Vigna subterranea accessions across the 13-week period (P < 0.0001; Table 3). Petiole length generally increased with plant age, although accession responses varied. At 13 WAP, TVSU4 and TVSU2 recorded the longest petioles (18.83 ± 0.29 and 18.43 ± 1.38 cm, respectively), followed by TVSU1 (17.73 ± 0.87 cm) and TVSU3 (14.66 ± 0.24 cm), whereas TVSU5 recorded 0.00 ± 0.00 cm. TVSU4 maintained relatively longer petioles throughout the assessment, while TVSU3 exhibited the lowest elongation. Significant differences were most evident from 1–4 WAP, with greater similarity among accessions from 5 WAP throughout the remaining assessment period.

Table 4: Petiole Length of V. Subteranea under Drought with Arbuscular mycorrhiza fungi (AMF) treatment.
	WAP
	TVSU 1
	TVSU 2
	TVSU 3
	TVSU 4
	TVSU 5

	1
	6.26 ± 0.43b
	5.20 ± 0.23b
	6.36 ±0.34b
	10.63±0.21b
	12.20 ±0.56b

	2
	7.33 ± 0.35b
	6.13 ± 0.44b
	6.83 ±0.57b
	11.53±0.31b
	12.83 ±0.54b

	3
	7.86 ± 0.40b
	7.33 ± 0.42b
	7.56 ±0.63b
	12.16±0.13b
	14.40 ±0.28b

	4
	9.80 ± 0.51b
	11.50 ±0.41a
	8.23 ±0.52b
	13.76±0.37b
	15.66 ±0.73b

	5
	11.53 ± 0.68a
	12.80 ±0.15a
	9.20 ±0.57b
	15.20±0.83b
	16.40 ±0.72a

	6
	11.43 ± 0.97a
	14.03 ±0.52a
	10.16 ±0.21a
	16.26±0.69a
	17.53 ±0.35a

	7
	11.80 ± 0.92a
	14.70 ±0.43a
	10.43 ±0.31a
	16.83±0.57a
	18.10 ±0.41a

	8
	14.43 ± 0.29a
	16.40 ±0.40a
	12.96 ±0.23a
	17.93±0.61a
	19.36 ±0.75a

	9
	14.70 ± 0.26a
	16.33 ±0.71a
	13.16 ±0.23a
	18.30±0.50a
	19.63 ±0.75a

	10
	14.90 ± 0.26a
	16.10 ±0.66a
	13.40 ±0.23a
	19.06±0.93a
	19.90 ±0.69a

	11
	15.10 ± 0.26a
	17.16 ±0.48a
	13.63 ±0.23a
	19.46±0.83a
	20.10 ±1.20a

	12
	15.30 ± 0.26a
	17.36 ±0.48a
	13.86 ±0.26a
	18.80±0.90a
	20.46 ±0.75a

	13
	15.76 ± 0.27a
	18.06 ±0.43a
	14.76 ±0.37a
	0.00±0.00c
	0.00 ±0.00c



*Mean of three replicates ± SEM. aMeans within of each column followed by different letters are significantly different at p < 0.0001.

For AMF-inoculated plants subjected to drought stress, petiole length increased significantly with plant age across the five Vigna subterranea accessions (P < 0.0001; Table 4). Initial petiole length ranged from 5.20 ± 0.23 cm (TVSU2) to 12.20 ± 0.56 cm (TVSU5). At 8 WAP, TVSU5 and TVSU4 recorded the longest petioles (19.36 ± 0.75 and 17.93 ± 0.61 cm, respectively), whereas TVSU3 recorded the shortest (12.96 ± 0.23 cm). By 13 WAP, TVSU2 had the longest petioles (18.06 ± 0.43 cm), followed by TVSU1 (15.76 ± 0.27 cm) and TVSU3 (14.76 ± 0.37 cm), while TVSU4 and TVSU5 recorded 0.00 ± 0.00 cm. Significant differences were most pronounced during the early growth stages, whereas most accessions exhibited similar statistical groupings from 6 WAP onward.


Table 5 Petiole Length of V. Subteranea under Drought with Calopogonium mucunoides treatment
	WAP
	TVSU 1
	TVSU 2
	TVSU 3
	TVSU 4
	TVSU 5

	1
	5.53 ±0.14b
	9.50 ±0.45b
	4.0 6 ± 0.32b
	9.33 ±0.23c
	11.33±0.79b

	2
	6.80 ±0.05b
	10.56±0.31b
	5.83 ± 0.54b
	11.40±0.36b
	13.50±0.65b

	3
	7.30 ±0.55b
	12.76±0.08b
	7.20 ± 0.40b
	13.96±0.68b
	15.10±0.55b

	4
	8.53 ±0.17b
	14.06±0.37b
	8.90 ± 0.85b
	15.40±0.49b
	17.40±0.60a

	5
	9.90 ±0.32b
	15.40±0.20a
	10.66 ± 0.38a
	16.73±0.49a
	19.16±0.81a

	6
	10.90 ±0.20a
	15.96±0.20a
	13.66 ± 1.56a
	17.70±0.70a
	21.16±0.26a

	7
	12.86 ±0.08a
	16.56±0.28a
	14.30 ± 0.26a
	19.06±0.67a
	21.36±0.69a

	8
	13.96 ±0.12a
	17.30±0.26a
	15.93 ± 0.08a
	19.86±0.58a
	21.53±0.29a 

	9
	15.96 ±0.08a
	18.60±0.46a
	17.66 ± 0.24a
	20.40±0.55a
	22.10±0.37a

	10
	16.00 ±0.25a 
	18.60±0.46a
	17.66 ± 0.24a
	20.40±0.55a
	22.10±0.37a

	11
	16.03 ±0.03a
	18.80±0.46a
	17.86 ± 0.24a
	20.83±0.62a 
	22.26±0.35a

	12
	16.40 ±0.05a
	19.33±0.56a
	18.10 ± 0.26a
	21.10±0.23a
	22.46±0.35a

	13
	17.00 ±0.15a
	20.03±0.41a
	18.83 ± 0.26a
	21.46±0.43a
	23.43±0.47a


*Mean of three replicates ± SEM. aMeans within of each column followed by different letters are significantly different at p<0.0001.
Under Calopogonium mucunoides treatment (T2) during drought stress, petiole length increased progressively across all Vigna subterranea accessions, with significant differences among accessions over the 13-week period (P < 0.0001; Table 5). At 1 WAP, petiole length ranged from 4.06 ± 0.32 cm (TVSU3) to 11.33 ± 0.79 cm (TVSU5). By 6 WAP, TVSU5 recorded the longest petioles (21.16 ± 0.26 cm), followed by TVSU4 (17.70 ± 0.70 cm) and TVSU2 (15.96 ± 0.20 cm). At 13 WAP, TVSU5 maintained the highest value (23.43 ± 0.47 cm), followed by TVSU4 (21.46 ± 0.43 cm), TVSU2 (20.03 ± 0.41 cm), TVSU3 (18.83 ± 0.26 cm), and TVSU1 (17.00 ± 0.15 cm). No accession showed complete petiole loss, indicating sustained vegetative growth under T2. Differences were more evident during the early growth stages, while most accessions exhibited similar statistical groupings at the later stages.
	WAP
	TVSU 1
	TVSU 2
	TVSU 3
	TVSU 4
	TVSU 5

	1
	2.93 ± 0.14b
	0.00 ± 0.00a
	2.00 ± 0.20b
	10.66 ± 0.06b
	10.46 ± 0.31b

	2
	4.43 ± 0.23b
	0.00 ± 0.00a 
	3.30 ± 0.26b
	11.70 ± 0.10b
	12.56 ± 0.28b

	3
	5.30 ± 0.37b
	0.00 ± 0.00a
	3.30 ± 0.26b
	11.70 ± 0.10b
	12.56 ± 0.28b

	4
	5.76 ± 0.31b
	0.00 ± 0.00a
	7.00 ± 0.43b
	15.40 ± 0.23b
	15.53 ± 0.20b

	5
	7.26 ± 0.31b
	0.00 ± 0.00a
	8.30 ± 0.35b
	16.63 ± 0.38b
	16.43 ± 0.29b

	6
	8.50 ±0.65b
	0.00 ± 0.00a
	9.46± 0.33b
	18.00 ± 0.62a
	17.56 ± 0.38a

	7
	10.46 ± 0.72a
	0.00 ± 0.00a
	10.06 ± 0.29a
	19.00 ± 0.64a
	17.83 ± 0.38a

	8
	12.36 ± 0.71a
	0.00 ± 0.00a
	10.43 ± 0.31a
	19.46 ± 0.69a
	19.06 ± 0.82a

	9
	14.46 ±1.01a
	0.00 ± 0.00a
	10.76 ± 0.28a
	20.00 ± 0.57a
	19.16 ± 1.26a

	10
	15.03 ± 0.98a
	0.00 ± 0.00a
	11.20 ± 0.26a
	20.63 ± 0.66a
	19.73 ± 1.33a

	11
	15.66 ± 0.96a
	0.00 ± 0.00a
	11.63 ± 0.29a
	21.13 ± 0.63a
	20.40 ± 1.44a

	12
	16.00 ± 1.00a
	0.00 ± 0.00a
	12.00 ± 0.28a
	21.43 ± 0.63a
	21.20 ± 1.70a

	13
	16.73 ± 1.03a
	0.00 ± 0.00a
	12.63 ± 0.20a
	21.86 ± 0.55a
	21.86 ± 1.56a



Table 6: Petiole Length of V. Subteranea under Drought with combined Arbuscular Mycorrhiza fungi and Calopogonium mucunoides treatment 

*Mean of three replicates ± SEM. aMeans within of each column followed by different letters are significantly different at p<0.0001.
Under combined Calopogonium mucunoides and AMF application (T3), petiole length differed significantly among Vigna subterranea accessions (P < 0.0001; Table 6). Petiole length increased progressively in TVSU1, TVSU3, TVSU4, and TVSU5, while TVSU2 remained at 0.00 ± 0.00 cm throughout. At 6 WAP, TVSU4 and TVSU5 recorded the longest petioles (18.00 ± 0.62 and 17.56 ± 0.38 cm, respectively). By 13 WAP, TVSU4 and TVSU5 attained the highest values (21.86 ± 0.55 and 21.86 ± 1.56 cm, respectively), followed by TVSU1 (16.73 ± 1.03 cm) and TVSU3 (12.63 ± 0.20 cm). The results indicate pronounced accession-specific responses to the combined treatment, with TVSU4 and TVSU5 exhibiting the greatest petiole development.


Figure 1.0: Graphical presentation pf percentage germination of V. Subterranea accessions (TvSu 1–5) under well-watered conditions (C1), drought stress (C2), drought + AMF (T1), drought + C. mucunoides (T2), and drought + C. mucunoides + AMF (T3). Values with different significance annotations differ significantly, while ns denotes a non-significant difference.  Overall treatment effect, P = 0.0008.

Figure 1.0 shows the percentage germination of Vigna subterranea under well-watered conditions, drought stress, and drought stress ameliorated with arbuscular mycorrhizal fungi (AMF) and C. mucunoides. The overall treatment effect was statistically significant (P = 0.0008), indicating that water availability and the different amelioration treatments influenced seed germination. However, the magnitude and direction of the response varied among the V. subterranea accessions (TvSu 1–5).
Under the well-watered control (C1), germination was relatively uniform among TvSu 2–5, at approximately 80%, whereas TvSu 1 displayed a lower value of about 40%. This indicates some inherent differences in germination capacity among the accessions even under non-stress conditions.
On exposure to drought stress (C2), the different accessions responded differently. TvSu 2 showed a reduction in germination relative to the well-watered control (approximately 60%), while TvSu 3 and particularly TvSu 4 showed relatively high germination, with TvSu 4 exceeding 100% on the plotted scale. TvSu 1 remained around 40%, while TvSu 5 was approximately 80%. The ability of some accessions to maintain relatively high germination under drought suggests differences in their ability to tolerate or withstand water limitation during germination.
It was observed that inoculation with AMF under drought (T1) greatly improved germination relative to the drought treatment for some accessions. TvSu 2 increased to approximately 80%, while TvSu 3, TvSu 4 and TvSu 5 attained approximately 90–100%. This indicates that treatment with AMF may have alleviated some of the inhibitory effects of drought on germination. The observed response was, however, accession-dependent, as TvSu 1 was comparatively low.
Treatment with C. mucunoides (T2) under drought produced a different response. TvSu 3–4 maintained germination around 100%, whereas TvSu 5 showed a lower value (about 60%). TvSu 1 and 2 were also relatively low. Thus, C. mucunoides appeared to provide significant amelioration of drought-associated reductions in germination in some accessions. However, the response was not uniform across all genotypes.
The combined treatment with C. mucunoides and AMF (T3) enhanced germination in TvSu 4 and TvSu 5, whereas lower responses in TvSu 1 and TvSu 3 were recorded, indicating a genotype-dependent effect rather than a consistent additive or synergistic response. 
Discussion
In this study, we investigated the physico-chemical properties of the soil, which serve as fertility parameters and biological indicators of soil health, and evaluated the effects of drought, microorganisms, and their combination on petiole length and percentage germination of different accessions of Vigna subterranea. The experimental soil was moderately acidic (pH 5.30), predominantly sandy (831 g kg⁻¹), and characterised by low water-holding capacity (11.44 %), organic carbon (1.78 %), organic matter (3.07 %), total nitrogen (0.18 %), and effective cation exchange capacity (4.40 cmol kg⁻¹). These properties are typical of highly weathered tropical soils and suggest limited water and nutrient retention, conditions that may intensify drought stress and influence germination and vegetative growth of Vigna subterranea. Soil acidity can affect nutrient availability, microbial activity, and AMF development and colonization (Landon, 1991; Okeke et al., 2020; Penn & Camberato, 2019; Zaman et al., 2024). The sandy texture and low water-holding capacity likely accelerated moisture loss, potentially restricting seed imbibition, nutrient uptake, cell expansion, and petiole development under drought. Although organic matter, organic carbon, and nitrogen were within acceptable fertility levels (Musinguzi et al., 2016), their relatively low levels may have limited nutrient buffering under water deficit. Conversely, the high base saturation (86.36 %), low exchangeable acidity, and low electrical conductivity (0.16 dS m⁻¹) indicate minimal risks of aluminium toxicity and salinity, suggesting that drought was the principal edaphic constraint (Begum et al., 2019). Under these conditions, AMF could play an important role in enhancing water relations, nutrient acquisition, photosynthetic performance, and drought tolerance (Chandrasekaran, 2024; Vadez et al., 2024). Overall, the soil characteristics provided an appropriate environment for evaluating differences among Vigna subterranea accessions and the potential contribution of microorganisms to maintaining germination and vegetative growth under drought.
Drought is a major environmental constraint that adversely affects plant growth and development by disrupting morphological, physiological, biochemical, and molecular processes throughout the plant life cycle (Rampino et al., 2006; Bogale & Tesfaye, 2011). During germination, water deficit can limit seed imbibition and subsequent metabolic activation, thereby reducing germination and delaying seedling establishment. The significant treatment effect observed in this study (P = 0.0008) confirms that water availability and the applied biological amelioration treatments influenced the germination response of Vigna subterranea.
The variation observed among the TvSu accessions indicates substantial genotypic differences in germination response to drought stress. Some accessions maintained relatively high germination under water deficit, suggesting inherent differences in drought tolerance and seed physiological characteristics. Such variation is important for identifying genotypes with greater capacity to establish under moisture-limited conditions.
AMF inoculation (T1) generally improved germination under drought, potentially through enhanced acquisition of water and nutrients, particularly phosphorus, via the extraradical hyphal network. Similarly, the application of Calopogonium mucunoides (T2) improved germination in several accessions, possibly by enhancing soil moisture retention, nutrient availability, and soil physical conditions (Yakasai & Rabiu, 2025; Gbarabe & Daye, 2024). These findings suggest that both AMF and C. mucunoides can contribute to reducing the adverse effects of drought during the early stages of V. subterranea establishment.
However, the combined treatment (T3) did not consistently produce the highest germination across all accessions. Although improved germination was observed in some genotypes, others showed comparatively lower responses. This pattern suggests that the interaction between AMF, C. mucunoides, and the host genotype may be complex and does not necessarily result in a uniform additive or synergistic effect. Differences in AMF compatibility, genotype-specific drought tolerance, and responses to improved soil conditions may contribute to the observed variation (Sharma et al., 2021; Solís-Ramos et al., 2023).
In summary, the findings show that drought stress significantly affects V. subterranea germination, while AMF and C. mucunoides can alleviate drought-associated effects in certain accessions. The differential responses among TvSu 1–5 further indicate that the effectiveness of these biological amelioration strategies is genotype-dependent. Therefore, integrating AMF and C. mucunoides may offer a promising approach for improving V. subterranea establishment under drought conditions, particularly when matched with responsive genotypes.
Petiole Length Response to Water Availability and Biological Treatments
Petiole length, an important component of canopy architecture and light interception, increased progressively under well-watered conditions, reflecting adequate turgor for cell expansion and sustained vegetative growth (Wang et al., 2024). The control experiment revealed a significant weekly increase in petiole length across the different accessions, with the exception of week 2. Notably, accession TVSU4 exhibited a statistically significant difference in petiole elongation when compared to all other accessions throughout the evaluation period, thereby indicating genetic variation in hormonal regulation, assimilate partitioning, and growth plasticity (Mabhaudhi et al., 2018). Adequate hydration also supports hydraulic conductivity, stomatal function, and carbon assimilation, promoting vegetative growth (Affortit et al., 2024; Gupta et al., 2020). The absence of measurable petiole length in TVSU5 at 13 WAP was likely associated with physiological maturity and leaf senescence rather than growth inhibition (Lim et al., 2007).
In the drought stress control, weekly increases in petiole length were significant from week 3 to week 13 when compared with weeks 1 and 2. However, accessions 3 and 4 showed significant differences from week 5 to week 13, while accession 5 showed significant differences from weeks 4 to 12. The observed petiole elongation in all accessions indicated some capacity to maintain growth under moderate water deficit through osmotic adjustment, turgor maintenance, and assimilate partitioning (Wang et al., 2024; Gupta et al., 2020). TVSU2 and TVSU4 showed greater resilience, whereas TVSU3 and TVSU5 exhibited poorer performance with no increase in petiole length at week 13, implying the onset of senescence. Such genotypic variation in drought adaptation is consistent with differences in physiological plasticity and stress-responsive mechanisms reported in Bambara groundnut (Mabhaudhi et al., 2018; Volaire, 2018). Drought-induced reductions in cell expansion and premature senescence are associated with declining water potential and turgor, accompanied by nutrient remobilisation and reduced transpirational demand (Affortit et al., 2024; Lim et al., 2007).
Under drought stress, AMF-treated accessions 1–5 showed a non-significant increase in petiole length during the first four weeks, followed by significant elongation from weeks 5–12 (Table 4), indicating progressive improvement in growth under water deficit. This response may be attributed to the role of AMF in nutrient cycling and root symbiosis, which enhance root development and plant growth (Cavagnaro et al., 2006; Nunes et al., 2010; Baum et al., 2015; Begum et al., 2019). Through extraradical hyphae, AMF expand the soil volume explored by roots and improve the acquisition of water, phosphorus, and other essential nutrients (Wu et al., 2010), thereby supporting cellular expansion and physiological activity under drought (Begum et al., 2019; Chandrasekaran, 2022). AMF-mediated improvements in mineral nutrition can further sustain plant growth when water and nutrient availability are restricted (Begum et al., 2019).
The sustained petiole elongation of AMF-treated plants may also reflect improved osmotic adjustment, maintenance of leaf water potential, enhanced antioxidant protection, and regulation of stress-responsive genes (Zaman et al., 2024; Wang et al., 2024). Notably, TVSU2 maintained petiole growth at the final sampling, suggesting greater responsiveness to AMF under drought. However, accessions 4 and 5 showed no further increase by week 13, which may indicate the onset of physiological maturity and senescence rather than continued drought-induced growth inhibition (Lim et al., 2007). In summary, the results demonstrate that AMF can support sustained vegetative growth under drought, although the magnitude and duration of the response vary among Vigna subterranea accessions.
Table 5 shows the effect on petiole length of V. subterranea under drought with Calopogonium mucunoides treatment. The continuous increase in petiole length under Calopogonium mucunoides treatment indicates that the cover crop alleviated drought-induced growth suppression by conserving soil moisture, reducing evaporation, moderating soil temperature, and improving organic matter dynamics (Blanco-Canqui et al., 2015; Lal, 2020). TVSU5 showed the strongest response, followed by TVSU4 and TVSU2, suggesting greater ability to utilise improved moisture and nutrient availability. The increased petiole length may have further enhanced leaf orientation, light interception, and carbon assimilation, supporting continued growth under drought (Mabhaudhi et al., 2018).
All accessions under T2 showed greater petiole elongation at maturity than the drought control (C2), indicating that the benefits of C. mucunoides extended beyond moisture conservation. Residue decomposition may have improved soil organic matter, microbial activity, nutrient cycling, soil structure, and root-mediated water and nutrient uptake (Lal, 2020; Blanco-Canqui et al., 2015). The absence of premature senescence further suggests sustained physiological activity through improved hydration, delayed chlorophyll degradation, reduced oxidative damage, and maintenance of photosynthesis and assimilate translocation (Wang et al., 2024; Gupta et al., 2020). Overall, C. mucunoides reduced drought-induced inhibition of petiole growth, with TVSU5 showing the greatest adaptability, supporting the potential of combining cover cropping with drought-adapted Bambara groundnut accessions for improved performance under water-limited conditions.

Table 6 presents the effect of combined arbuscular mycorrhizal fungi (AMF) and Calopogonium mucunoides treatment on petiole length of Vigna subterranea under drought stress. Significant petiole elongation was observed across the accessions from week 5, indicating that the combined treatment progressively alleviated drought-induced growth inhibition. The particularly strong responses of TVSU4 and TVSU5 suggest complementary effects of C. mucunoides and AMF in improving soil moisture conservation, nutrient acquisition, root hydraulic function, and photosynthetic performance (Zaman et al., 2024; Chandrasekaran, 2022). 
In contrast, TVSU2 showed no petiole development throughout the experimental period, indicating limited responsiveness to the combined treatment. This may be related to poor establishment, ineffective AMF colonization, host–fungus incompatibility, or inherent physiological limitations. Such accession-level variation is consistent with evidence that AMF establishment and effectiveness are strongly influenced by host genotype (Smith & Read, 2008; Cheng et al., 2021). Compared with the drought control (C2), T3 markedly improved petiole growth in responsive accessions, particularly TVSU4 and TVSU5, potentially through improved osmotic adjustment, maintenance of leaf water status, antioxidant protection, and physiological resilience (Gupta et al., 2020; Wang et al., 2024). Overall, the findings demonstrate that integrating C. mucunoides with AMF can enhance vegetative growth and drought resilience in V. subterranea, although the magnitude of the response is strongly accession-dependent.

Conclusion
The findings demonstrate that drought stress substantially influences germination and vegetative growth of Vigna subterranea, with the magnitude of the response varying among accessions. The sandy, acidic soil with low water-holding capacity provided conditions conducive to drought stress, with water deficit implicated as the principal stress factor. 
Biological treatments, particularly AMF and Calopogonium mucunoides, improved plant performance by enhancing water and nutrient acquisition, soil moisture conservation, and physiological resilience. The combined AMF + C. mucunoides treatment produced the most pronounced improvement in petiole elongation and germination in responsive accessions, indicating complementary effects of improved soil conditions and mycorrhizal symbiosis.
Considerable accession-dependent variation was observed, highlighting the genetic basis of drought adaptation and responsiveness to biological treatments. TVSU4 and TVSU5 showed particularly strong responses to the combined treatment, whereas TVSU2 exhibited limited responsiveness, demonstrating that the benefits of AMF and C. mucunoides are not universal. Overall, integrating AMF with C. mucunoides represents a promising climate-smart and sustainable approach for improving drought resilience, establishment, and vegetative growth of Bambara groundnut, particularly when combined with accessions possessing strong physiological responsiveness to these beneficial rhizosphere interactions. Further studies should confirm these responses under field conditions and investigate the underlying mechanisms of accession-specific AMF and cover-crop responsiveness. 

Limitations
The study was conducted with five Vigna subterranea accessions under controlled experimental conditions and used three replicates. Germination and petiole length were the principal plant-response variables, while direct measurements of soil moisture dynamics, AMF colonisation, plant water status, photosynthesis, and other physiological mechanisms were not included. The 13-week assessment therefore describes treatment-associated growth responses but does not establish the underlying mechanisms. Field and multi-location evaluations are needed to determine whether the observed accession- and treatment-dependent responses remain consistent under naturally variable soil and climatic conditions.
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