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Abstract 
Plants have developed multiple adaptive strategies to withstand drought stress, one of which is the 
accumulation of cuticular waxes that enhance resistance to water loss. This study investigated the 
impact of drought stress on the cuticular lipid composition of leaves in a black Bambara groundnut 
landrace. The experiment was conducted in a screen house using a completely randomized design. 
Plants were subjected to water deficit, and leaf samples were collected at 3, 6, 9, and 12 days of stress, 
followed by a recovery phase where irrigation was resumed for one week, with additional sampling at 3 
and 6 days after re-watering. Soil physicochemical and elemental characteristics were analyzed, 
alongside measurements of relative water content (RWC) and cuticular lipid extraction. Wax 
components were identified using gas chromatography–mass spectrometry (GC-MS). The soil was 
predominantly sandy (79.36%) with low nutrient content, pH 6.2, and minimal organic carbon and 
sodium. Drought stress significantly reduced RWC from 98.03% to 76.63% (p < 0.05). GC-MS results 
revealed alkanes and esters as the main wax constituents. Overall, the findings indicate that drought 
induces an increase in cuticular lipid accumulation, which plays a protective role in minimizing water 
loss under stress conditions. 
 
Keywords: Bambara groundnut; drought stress; relative water content (RWC); cuticular wax; 
GC–MS analysis; alkanes; esters; adaptive mechanism; water deficit; climate-resilient crop. 
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INTRODUCTION 
Bambara groundnut (Vigna subterranea L. Verdc.) is a native African legume valued primarily 
for its seeds. It is increasingly recognized as an important food source, particularly in rural 
parts of Africa where it contributes to household nutrition (Abu and Buah, 2011). The crop is 
notable for its ability to provide food security in arid and semi-arid regions due to its inherent 
drought tolerance. Even in conditions where other legumes such as groundnut fail, Bambara 
groundnut is capable of producing acceptable yields (Harris and Azam-Ali, 1993). In addition 
to its resilience, the crop is a good source of protein, thereby offering a means of alleviating 
malnutrition in vulnerable communities (Massawe et al., 2005). 
 
With the growing threat of climate change and the expected rise in drought frequency, 
drought tolerance is becoming an increasingly critical trait in African agriculture. Despite its 
nutritional and agronomic importance, Bambara groundnut has remained under-researched 
and underutilized compared to other legumes. Historically, the crop was widely grown and, 
in some regions, even surpassed cowpea (Vigna uniguiculata) in terms of production. 
However, its prominence declined during the 1970s with the introduction of high-yielding 
varieties of groundnut (Arachis hypogaea) and improved pest control strategies for cowpea 
(Doku, 1996). 
 
Cuticular waxes are among the primary protective mechanisms plants use against 
environmental stresses. This outer hydrophobic layer, visible as a whitish coating on stems, 
leaves, and buds, minimizes non-stomatal water loss and enhances stress tolerance. 
Composed of diverse aliphatic compounds such as alkanes, esters, and alcohols, waxes vary 
in structure and concentration across species and growth stages (Jetter et al., 2006). Their 
biosynthesis and accumulation are dynamic processes often influenced by environmental 
conditions, thereby serving as an adaptive mechanism to reduce water loss (Buschhaus and 
Jetter, 2011; Von Wettstein-Knowles, 1995). Research has shown that the synthesis of cuticular 
wax is closely linked with developmental processes and environmental cues (Tanaka et al., 
2005; Van and Jetter, 2009). 
 
Drought, broadly defined as a prolonged period of insufficient rainfall, presents multiple 
challenges to plants at physiological, biochemical, and molecular levels. Although tolerance 
exists across many species, the extent of resilience varies significantly (Jaleel et al., 2007). The 
mechanisms underlying such tolerance are complex and involve multiple pathways that 
influence plant development, water balance, and productivity (Razmjoo et al., 2008). Efforts 
in crop improvement have therefore emphasized drought resilience and yield stability, with 
Bambara groundnut identified as a crop of high potential for maintaining production under 
water-limited environments (Blum, 1996). 
 
Water deficit and salt stresses are global issues to ensure survival of agricultural crops and 
sustainable food production (Jaleel et al., 2007). Conventional plant breeding attempts have 
changed over to use physiological selection criteria since they are time consuming and rely on 
present genetic variability (Zhu, 2002). Tolerance to abiotic stresses is very complex, due to 
the intricate of interactions between stress factors and various molecular, biochemical and 
physiological phenomena affecting plant growth and development (Razmjoo et al., 2008). 
Achieving high yield under drought conditions remains a primary goal in modern crop 
breeding programs. In many cases, varieties with strong yield potential under normal 
conditions are also able to sustain production in moderately stressful environments (Blum, 
1996). 
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The Bambara groundnut continues to be recognized as a crop with significant potential for 
food and nutritional security. Identifying and promoting drought-tolerant landraces of this 
crop would not only enhance resilience to water scarcity but also contribute to reducing 
malnutrition challenges, particularly in developing nations where food insecurity is most 
acute. 
 
MATERIALS AND METHODS  
Seeds samples: 
Black Bambara groundnut landraces were obtained from Lahadin Makole market in Kano 
State. The seeds were authenticated at the Department of Plant Biology, Bayero University, 
Kano. They were then carefully sorted to remove unwanted materials and surface-sterilized 
by soaking in 3% sodium hypochlorite solution. After sterilization, the seeds were rinsed twice 
with distilled water before planting. The experiment was carried out in the screen house of 
the Department of Plant Biology, Bayero University, Kano, between October and December 
2018. 
 

 
                                                              Kano Black Bambara groundnut samples. 
 
Planting 
The plants were cultivated under natural screen house conditions. Environmental factors such 
as pH, temperature, soil moisture, and humidity were routinely monitored using a digital 4-
in-1 soil tester (YIERYI). Plastic pots, each measuring 42 cm in height, were filled with a soil 
mixture consisting of sandy-loam and manure in a 2:1 ratio, with a total weight of 17 kg per 
pot. Prior to sowing, the soil in each pot was irrigated with 1 litre of water and left for 24 hours 
to stabilize moisture. Pots were arranged 30 cm apart on benches to minimize inter-plant 
competition. Four seeds were sown per pot at a depth of 4 cm, and after germination, 
seedlings were thinned to one per pot. During the growth period, irrigation was applied at 
0.5 litres per pot whenever soil moisture at root level, as indicated by the moisture tester, 
returned to baseline levels. 
 
Experimental design and treatment 
The pots were arranged following a completely randomized design with four replicates. The 
plants were categorized into two groups: the control group and the drought-stress group. 
Control plants received regular irrigation throughout the experiment, while the stress group 
was exposed to water deficit conditions by withholding irrigation. Leaves samples from the 
plants (both control and drought treated) were collected periodically at interval of 3 days from 
each plant for laboratory analyses. On 33days after sowing (DAS), 36DAS, and 39DAS also 
collection and extraction of cuticular waxes. After stress period, irrigation was resumed for a 
week to assess recovery and leaves samples at three days and six days recovery period. 
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Estimation of Relative Water Content  
The sample tubes were numbered and weighed (TW). Six fully expanded flag leaves 
randomly chosen from Bambara groundnut were selected. The tips and bases of the selected 
leaves, along with any necrotic tissue, were removed before immediately placing the samples 
into pre-weighed tubes with lids securely sealed. The tubes were kept in an ice container and 
weighed to obtain the combined tube and fresh weight (TW + FW). One milliliter of distilled 
water was then added to each tube, and the samples were stored in a refrigerator at 10 °C for 
24 hours. After rehydration, the leaves were removed, gently blotted dry with paper towels, 
and re-weighed (TW). The samples were subsequently placed in labeled envelopes, oven-
dried for 24 hours, and weighed again to determine their dry weight (DW). The relative water 
content (RWC) was calculated using the following formula  (Fariñas et al., 2019): 

Leaf RWC (%) = {
FW–D  

} 𝑥 100 
                                                TW–D 
Wax extraction 
The extraction of waxes was carried out by immersing the whole leaves for 30seconds twice 
at room temperature in chloroform (Kosma et al., 2015). 
. 
GC-MS Analysis   
Gas chromatography–mass spectrometry (GC–MS) was employed to analyze the chloroform 
leaf extract of Vigna subterranea. The analysis was performed using a Shimadzu QP 2010 PLUS 
instrument equipped with a VF-5ms fused silica capillary column (30 m length, 0.25 mm 
internal diameter, and 0.25 μm film thickness). The oven temperature was programmed to 
increase from 80 °C to 280 °C over a period of 20 minutes. Ionization of the sample was carried 
out in electron impact mode (EI, 70 eV). The injector was maintained at 250 °C, while the 
detector temperature was set at 200 °C. High-purity helium (99.9995%) served as the carrier 
gas at a constant flow rate of 1.5 ml/min. The mass spectrometer scanned a range of 40–1000 
m/z at a rate of 3.0 scans per second. A 1.0 μl aliquot of the extract was manually injected with 
a Hamilton syringe in split mode for total ion chromatographic (TIC) analysis. The total run 
time for each sample was 27 minutes. The relative abundance of each component was 
expressed as a percentage based on peak area normalization (Aro et al., 2021). 
 
Identification of Components 
The bioactive compounds present in the chloroform fraction of Vigna subterranea were 
identified using GC–MS by comparing their retention indices and mass spectra. The analysis 
utilized the National Institute of Standards and Technology (NIST) database as well as the 
Fatty Acid Methyl Esters (FAME) Library version 1.0 to match and confirm the detected 
components. For each compound, the molecular weight, molecular formula, and the degree 
of spectral matching (number of hits) were recorded for accurate identification (Abdulraheem 
et al., 2024). 
 
Statistical Analysis 
Data obtained from different drought treatments were analyzed using one-way analysis of 
variance (ANOVA) with SPSS statistical software (IBM Corp., 2020). Post hoc comparisons 
were conducted using Tukey’s HSD test, and statistical significance was determined at the 
0.05 probability level (Gomez and Gomez, 2010; Rasheed et al., 2020). 
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RESULTS AND DISCUSSION 
 
RESULTS 
The relative water content (RWC) of Bambara groundnut leaves under different drought 
durations is presented in Table 1. Control plants maintained consistently high RWC values 
above 96% across all sampling days, indicating adequate hydration. In contrast, drought-
stressed plants exhibited a progressive decline in RWC with increasing stress duration. At 3 
and 6 days of drought, leaf RWC was only slightly reduced (96.45% and 91.72%, respectively), 
but a marked decrease was observed after 9 days (89.29%) and became severe at 12 days 
(76.63%). The differences between treatments were statistically significant (p < 0.05), 
suggesting that prolonged drought stress impairs water retention capacity in Bambara 
groundnut leaves.Table 1: Relative water content of leaves of Bambara groundnut subjected 
to different periods of drought. 
 

LANDRACE  RWC (%)  

 (3days) (6days) (9days) (12days)  

Control black 
 
Drought black 

96.22±0.01a 
 
98.03±0.01a 

96.45±0.01b 
 
91.72±0.01b 

96.74±0.02c 
 
89.29±0.01c 

96.96±0.01d 
 
76.63±0.01d 

 

Values represent mean ± standard deviation (n = 4). Means with different superscripts within a row are 
significantly different at p < 0.05. 

 
GC–MS analyses revealed distinct qualitative changes in cuticular wax composition 
depending on drought duration (Tables 2–8). In well-watered plants (Table 2), the major 
constituents were long-chain hydrocarbons, specifically heptacosane (C₂₇H₅₆) and 
nonacosane (C₂₉H₆₀). These compounds were also present under short-term drought (3 days; 
Table 3), suggesting stability of baseline wax components under mild stress. 
 
Table 2: GC MS analysis of leaves of black coloured bambara nut watered throughout. 
Name    Formula  Weight    Structure 

Heptacosane C27H56   380 

Nonacosane C29H60   408 

 
 

 
Table 3 shows result for GC MS analysis of cuticular waxes extracted from leaves of black 
coloured Bambara nut plant subjected to water deficit stress for 3 days. The result revealed 
the presence of Heptacosane and Nonacosane. 
 
 
Table 3: GC MS analysis of leaves of black coloured bambara nut subjected to water deficit 
stress for 3 days. 
 

Name Formula Weight Structure 

Heptacosane C27H56 380  

 
Nonacosane C29H60 408  

  
 

 
At 6 days of drought (Table 4), a new compound, tetratriacontane (C₃₄H₇₀), was detected 
alongside heptacosane, indicating structural adjustments in cuticular wax composition under 
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moderate stress. By 9 days of stress (Table 5), more complex constituents appeared, including 
hexadecanoic acid 2-(octadecyloxy) ethyl ester and ergosta-5,22-dien-3-ol acetate, in addition 
to hydrocarbons such as heptacosane and tetratetracontane. This shift reflects an enhanced 
metabolic response to prolonged drought. 
 
Table 4: GC MS analysis of leaves of black coloured bambara nut subjected to water deficit 
stress for 6 days 
 

Name Formula Weight Structure 

Heptacosane C27H56 380  

 
Tetratriacontane C34H70 478  

 

 
Table 5 shows result for GC MS analysis of cuticular waxes extracted from leaves of black 
coloured Bambara nut plant subjected to water deficit stress for 9 days. GC–MS analysis 
identifiedseveral compounds, including Hexadecanoic 2-(octadecyloxy) ethyl ester, Ergosta-
5,22-dien-3-ol acetate, Heptacosane, and Tetratetracontane as the major constituents. 
 
Table 5: GC MS analysis of leaves of black coloured bambara nut subjected to water deficit 
stress for 9 days 

Name Weight Structure 
 

Hexadecanoic acid,   552 

2- (octadecyloxy)ethyl1e4 ster 

Ergosta-5,22-dien-3-ol,    440 

acetate,        

 

Heptacosane 380 

 

Tetratetracontane                              61 

 

 

Table 6 shows result for GC MS analysis of cuticular waxes extracted from leaves of black 
coloured Bambara nut plant subjected to water deficit stress for 12 days. The result revealed 
the presence of Heptacosane, 1-Bromoeicosane, and Hexadecanoic acid, 2 (octadecyloxy) 
ethyl ester. 
 
At 12 days of continuous stress (Table 6), additional unique compounds emerged, notably 1-
bromoeicosane and hexadecanoic acid derivatives, suggesting activation of protective lipid 
pathways under severe dehydration. Following recovery irrigation and subsequent re-
stressing, wax profiles partially reverted to simpler hydrocarbons. After 3 days of stress post-
recovery (Table 7), only heptacosane was detected, while at 6 days’ post-recovery stress (Table 
8), new stress-induced compounds such as 1-hexadecanesulfonic acid ester, sulfurous acid 
octadecyl pentyl ester, and branched hydrocarbons appeared. 
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Table 6: GC MS analysis of leaves of black coloured bambara nut subjected to water deficit 
stress for 12 days 
 

Name Formula Weight Structure  

Heptacosane C27H56 380   

1-Bromoeicosane C20H41Br 360   
 
 
 
 

Br 
Hexadecanoic acid, C36H72O3 552   

 
 
O O 

2  
O 

(octadecyloxy)ethyl ester 

 
Table 7 shows result for GC MS analysis of cuticular waxes extracted from leaves of black 
coloured Bambara nut plant subjected to water deficit stress and irrigation resumed for a week 
and subsequent stress for 3days. The analysis revealed the presence of Heptacosane. 
 
Table 7: GC MS analysis of leaves of black coloured bambara nut subjected to water deficit 
stress for 3 days after resumption of irrigation for a week. 
 

Name Formula Weight Structure 

Heptacosane C27H56 380  

 
 
Table 8 shows result for GC MS analysis of cuticular waxes extracted from leaves of black 
coloured Bambara nut plant subjected to water deficit stress and irrigation resumed for a week 
and subsequent stress for 6 days. GC–MS analysis indicated the detection of 51-
Hexadecanesulfonic acid 3,5-dichloro-2,6-dimethyl-4-pyridyl ester, Sulfurous acid octadecyl 
pentyl ester, and 3-Ethyl-3-methylnonadecane among the identified constituents. 
 
 
Table 8: GC MS analysis of leaves of black coloured bambara nut subjected to water deficit 
stress for 6 days after resumption of irrigation for a week. 

Compound Name 
Molecular 
Formula 

Structure 
Molecular Weight 

(g/mol) 

1-Hexadecanesulfonic acid, 3,5-dichloro-2,6-dimethyl-
4-pyridyl ester 

C₂₃H₃₉Cl₂NO₃S O=S, NH-S… 479 

Sulfurous acid, octadecyl pentyl ester C₂₃H₄₈O₃S O=S… 403 

3-Ethyl-3-methylnonadecane C₂₂H₄₆ Hydrocarbon — 

 
Overall, the results demonstrate that while Bambara groundnut maintains high leaf water 
status under short drought periods, extended stress significantly reduces RWC. Moreover, 
drought stress induces qualitative and quantitative alterations in cuticular wax composition, 
with increasing diversity of alkanes, esters, and sterols under prolonged stress. The 
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reappearance of simpler hydrocarbons after recovery suggests reversible but dynamic 
adjustments in wax biosynthesis as part of the plant’s adaptive mechanism to water deficit. 
 
DISCUSSION 
Relative water content (RWC) is considered as one of the best strategies for estimation of plant 
water status and is used to indicate the balance between water absorbed by the plant and that 
consumed through transpiration (Hassanzade et al., 2009). The findings demonstrated a 
significant reduction in relative water content (RWC) in Bambara groundnut plants exposed to 
progressive drought stress, consistent with earlier observations by Muhammad et al. (2015) and 
Vurayai et al. (2011). Although RWC declined following the onset of stress, the results also 
highlight the capacity of Bambara groundnut landraces to retain comparatively high levels of 
RWC under water-deficit conditions, suggesting an inherent tolerance mechanism. This study 
revealed that cuticular waxes of black Bambara groundnut leaves were dominated by alkanes 
and esters.  
 
The alkane constituents were predominantly the C21, C26, C27, C29, C31, C33, 34, 36 and C44 
homologues. The esters constitute C23, C25, C29, C32, C35, C36 and C39 while the ethers are 
the C27 groups. 
 
Nonacosane was the alkane identified in both control and three days drought treatment. 
Tetratriacontane was identified in six days drought treatment. Hexadecanoic acid, 2- 
(octadecyloxy) Compounds such as ethyl ester, ergosta-5,22-dien-3-ol acetate, and 
tetratetracontane were identified among the major constituents. nine days drought treatment. 
Butyl 9-tetradecanoate, 1-bromoeicosane and hexadecanoic acid, 2 (octadecyloxy) ethyl ester 
were identified in twelve days drought treatment. After resumption of irrigation for a week, 
3-ethyl-3-methylnonadecane was identified after six days of drought treatment. Heptacosane 
was identified in both control, three days, six days, nine days, twelve days and as well as three 
days after resumption. The ester identified in nine and twelve days drought treatment was 
hexadecanoic acid, 2- (octadecyloxy) ethyl ester. After resumption of irrigation, followed by 
six days of drought treatment, 51-Hexadecanesulfonic acid 3,5-dichloro-2,6-dimethyl-4-
pyridyl ester was detected as one of the identified compounds. 
 
The progressive diversification of wax constituents with prolonged drought suggests that 
Bambara groundnut employs a dynamic adjustment of its cuticular barrier in response to 
water limitation. Early drought responses were characterized by dominance of simple 
alkanes, while prolonged stress triggered synthesis of more complex esters, sterols, and 
halogenated hydrocarbons, likely providing additional structural reinforcement and 
protection against oxidative stress. Such metabolic plasticity indicates that cuticular waxes are 
not static components but actively remodel under stress conditions to maintain homeostasis. 
 
Elevated level of alkanes was observed in all drought treatments. The observed shift in 
hydrocarbon composition may reflect an adaptive response to altered water availability, 
enhancing the protective barrier of the cuticle under fluctuating conditions. Alkanes, in 
particular, are considered the most effective class of hydrocarbons for cuticular 
waterproofing due to their linear molecular structure and relatively high melting points, 
which allow tight molecular packing (Gibbs and Pomonis, 1995). This close packing improves 
their ability to function as water-repellent molecules. Beyond waterproofing, hydrocarbons 
also play roles in signaling, desiccation resistance, and regulation of trans-cuticular water 
flux (Edney, 1977). As the chain length of saturated hydrocarbons increases, volatility 
decreases, and the resulting higher boiling points enhance their effectiveness in forming films 
with reduced water permeability. For example, C₃₃ alkanes are more effective in limiting 
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water diffusion across the cuticle compared to C₂₃ alkanes, likely due to stronger van der 
Waals forces that stabilize larger molecules (Gibbs, 1998). 
 
These findings underscore the dual role of wax alkanes: not only as physical barriers to water 
loss but also as modulators of plant-environment interactions. By reinforcing the hydrophobic 
layer, long-chain alkanes reduce non-stomatal water loss, while esters and sterols may 
contribute to membrane stability and oxidative stress defense. In Bambara groundnut, the 
consistent detection of heptacosane across all treatments suggests it is a constitutive 
compound, while the appearance of unique metabolites under severe drought points to 
inducible biosynthetic pathways. This agrees with Kosma etal.(2009), who reported drought-
induced upregulation of alkane biosynthetic genes in Arabidopsis. Importantly, the detection 
of halogenated hydrocarbons after re-stressing may indicate a form of metabolic “stress 
memory,” where plants adjust wax biosynthesis based on prior drought exposure (Bruce et 
al., 2007). 
 
These findings are consistent with the report of Kosma et al. (2009), who observed similar 
changes in Arabidopsis leaves under drought conditions. Alkane biosynthesis has been 
recognized as a key response to water deficit stress (Kosma et al., 2009). Moreover, wax 
alkanes have been demonstrated to provide strong resistance to water passage in artificial 
membranes, forming some of the most impermeable crystalline domains (Grncarevic and 
Radler, 1967). 
 
CONCLUSION 
This study shows that drought stress significantly reduces the relative water content (RWC) 
of black Bambara groundnut leaves, yet the crop maintained relatively high RWC under 
prolonged stress, reflecting inherent drought tolerance. Cuticular lipid analysis revealed 
alkanes and esters as dominant wax constituents, with elevated long-chain alkanes (e.g., C₃₃) 
enhancing cuticular waterproofing and reducing water loss. Stress-specific lipid compounds 
across different drought periods indicate dynamic wax modifications as protective 
adaptations. These findings confirm that alkane synthesis is a key drought response, 
supporting Bambara groundnut’s potential as a climate-resilient crop for improving drought 
tolerance in legumes. 
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