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ABSTRACT

Botswana's semi-arid climate and variable rainfall patterns make early-season drought a threat to cowpea
production. Selecting cowpea for drought tolerance at seedling stage is critical for maintaining survival and
maximising yield potential in water-limited areas. This study evaluated 30 cowpea genotypes for drought tolerance
at the seedling stage using a wooden box technique. Drought stressed cowpea showed a gradual increase in leaf
wilting and a decrease in relative water content and chlorophyll content. Genotypes such as Mahutohuto and Wild
cowpea demonstrated resilience to stress, showing regrowth and recovery, while ER7, B500 and B138 did not.
Calculations for Stress Susceptibility Index (SSI), Stress Tolerance Index (STI), Tolerance (TOL), Mean
Productivity (MP), Biomass Drought Resistance (BDR), Yield Reduction (YR) and Relative Drought Index (RDI)
were based on yields under drought (Ys) and irrigated (Yp) conditions. These tolerance indices exhibited
genotypic variation and correlated with yield under both water conditions. Principal component analysis indicated
significant relationships between yield and both STI and BDR, yielding coefficients of determination of 0.93 and
0.97 as well as 0.69, and 0.44 under drought-stressed and non-stressed conditions, respectively. This suggests that
STI and BDR are reliable indicators for selecting drought-tolerant cowpea. Mahutohuto, a landrace from Kalahari
sandveld, was recognized as highly tolerant, along with other tolerant types, which include a mutant and a wild
cowpea. These genotypes are valuable resources for drought tolerance breeding. Further investigations involving
transcriptome profiling in Mahutohuto may reveal the genetic factors contributing to drought tolerance by
identifying transcriptional regulators of the relevant genes.
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INTRODUCTION

Water scarcity is a fundamental constraint to global agriculture and becoming an increasing problem due to climate
change. According to IPCC (2022), climate change is evident through the increasing frequencies and greater
intensities of erratic extreme weather events such as dry spells with high temperature, and low precipitation
resulting in drought spells. Climate change is therefore aggravating food insecurity and malnutrition, making

attaining zero hunger by 2030 almost impossible (FAO 2022).

The Food and Agriculture Organisation (FAO) of the United Nations recognizes pulses as critical crops in the
global effort to achieve food security. Cowpea (Vigna unguiculata L. walp) is particularly suitable for sustainable
development in the three dimensions; social, economic and environmental (UN DESA 2023). It is cultivated on
14.5 million hectares worldwide, with about 84% of this area in Africa and mainly used for food, animal feed and
seed (Boukar et al. 2018). Cowpea provides essential protein, minerals and vitamins, making it a cost-effective
way to balance the diet and improve overall health in many African countries (Poudel et al. 2025). When compared
to many field crops, cowpea performs relatively well in drought stressed conditions. However, drought may still
have a detrimental effect on yield especially if occurs at seedling and flowering stages, making it necessary to
breed crops for drought tolerance (Ajayi et al. 2020; Boukar et al. 2020). According to Manneh et al. (2024), there
is a need in Africa to screen and breed for tolerant and water use efficient cultivars, as cowpea is largely farmed

under rainfed conditions, with regular exposure to periodic droughts.

Many researchers have worked on various drought tolerance selection methods using tolerance and/or
susceptibility indices (Farshadfar et al. 2013). Stress tolerance index (STI) is a useful marker for determining the
potential of tolerance and yield of plants under stress (Fernandez 1992). Other indices useful for identifying
tolerant genotypes to water deficit have been proposed, such as stress susceptibility index (SSI), stress tolerance
(TOL) and mean productivity (MP), relative drought index (RDI), biomass drought resistance (BDR) and yield
reduction percent (YR) (Fernandez 1992; Fischer and Maurer 1978; Rosielle and Hamblin 1981;).

Drought tolerant genotypes have also been identified using plant traits other than tolerance indices, such as root
characteristics (Matsui and Singh 2003), leaf wilting scales (Mai-Kodomi et al. 1999), stem greenness, chlorophyll
content and drought recovery (Belko et al. 2012). The leaf wilting index is a reliable and quantitative measure for
determining wilting intensity and drought-tolerant genotypes (Nkomo et al. 2020). Stem greenness is also an
important indicator of drought tolerance as genotypes that maintain greener stems under stress tend to exhibit
higher relative water content and proline content (Nkoana et al. 2019). Several studies have applied these scales
and tolerance indices on cowpea (Ajayi 2022; Batlang et al. 2018; Basolle et al. 2024; Sanogo et al. 2023) and
related crops such as mungbean and common bean to identify drought tolerant genotypes (Sanchez-Reinoso et al.

2020; Tekle et al. 2020).

Botswana has cowpea germplasm collections of more than 1500 maintained by National Plant Genetic Resources
Centre (NPGRC) under the Ministry of Land and Agriculture (Molosiwa and Makwala 2020). The accessions
include wild and local landraces, as well as improved varieties from the Institute of Tropical Agriculture (IITA).
There is a significant pool of cowpea genetic resources which has been explored mostly in phenotypic
characterisation and yield stability (Molosiwa et al. 2020). While some research has been conducted on cowpea's

drought tolerance (Batlang et al. 2018; Nkomazana and Batlang 2018), it remains insufficient, posing challenges



for the success of drought tolerance breeding programs. The mechanism of drought tolerance occurring at leaf
level during the seedling stage is an important criterion in determining drought tolerance type in cowpea
(Ravelombola et al. 2018). Mai-Kodomi et al (1999) described 2 types of drought tolerance in cowpea; Type 1
involves growth cessation and uniform tissue desiccation, while Type 2 involves continued slow growth with
potential leaf senescence and shedding. These strategies reflect cowpea’s diverse adaptation to drought stress and
very important in cowpea breeding programs. This study was undertaken to evaluate cowpea genotypes for
their resistance to seedling-stage drought stress using drought tolerance indices. The research findings will

provide information on developing drought-tolerant varieties to combat the effects of climate change.

Materials and Methods
Plant material

A total of 30 cowpea accessions from three institutions; the National Agricultural Research and Development
Institute (NARDI), Botswana University of Agriculture and Natural Resources (BUAN), and the Ministry of
Lands and Agriculture-National Plant Genetic Resources Centre were used in the study (Table 1). Among these
accessions, 5 are released varieties, four are cultivars, one is a wild cowpea, and the remaining 19 are landraces
collected from small-holder farmers across the country. Among the 4 cultivars is an M5 Tswana mutant cowpea
(Mutant 33) from NARDI, which was developed through gamma irradiation at the International Atomic Energy
Agency (IAEA).



Table 1 List of 30 Cowpea genotypes evaluated for drought stress tolerance

Code Genotype Place of Growth Habit Accession type
Collection (released/landrace/wild/cultivar)
- ER7 NPGRC Erect Released
w2 B500 NPGRC Semi prostrate Landrace
W3 B138 NPGRC Semi prostrate Landrace
CwW4 Bll1 NPGRC Semi prostrate Landrace
CWS5 B212 NPGRC Semi prostrate Landrace
W6 B281 NPGRC Semi prostrate Landrace
w7 B272-B NPGRC Semi prostrate Landrace
P B154-D NPGRC Prostrate Landrace
J BO75 NPGRC Semi prostrate Landrace
CW10 Speckled grey-Hukuntsi BUAN Prostrate Landrace
J— B269 NPGRC Prostrate Landrace
W2 Wild cowpea Lecheng Prostrate Wild
wis Speckled grey-Lecheng | BUAN Erect Landrace
J— B478 NPGRC Semi prostrate Landrace
CW1s INIA 37 NPGRC Semi prostrate Released
- B378 NPGRC Semi prostrate Landrace
CW17 INIA 71 NPGRC Prostrate Released
J— EO60 NPGRC Prostrate Landrace
_— B154 NPGRC Prostrate Landrace
P B342 NPGRC Semi prostrate Landrace
cwal B261-B NPGRC Semi prostrate Landrace
w2 Mahutohuto BUAN Prostrate Landrace
cwas Blackeye NPGRC Semi prostrate Released
P E129 BUAN Prostrate Landrace
WS B163 NPGRC Semi prostrate Landrace
. BWC635 NPGRC Semi prostrate Released
W27 Tswana cream NPGRC Prostrate Released
N Mutant 33 NARDI Prostrate Cultivar
CW29 B359 NPGRC Semi prostrate Landrace
W30 INIA 30 NPGRC Semi prostrate Released

NPGRC- National Plant Genetic Resources Centre; BUAN- Botswana University of Agriculture and Natural Resources; NARDI-National Agricultural Research and

Development Institute




Experimental Design

Cowpea genotypes were screened in a screen house in summer between February 2024 and April 2024 at the
National Agricultural Research and Development Institute (NARDI). The institute is located Sebele, Gaborone,
Botswana (24° 33’ S, 25° 54’ E) at an elevation of 994 meters above sea level. The average duration of daylight
during the experiment from February to April was 12 hours. Six wooden boxes designed according to Singh et al.
(1999) were used (Figure 1). The wooden boxes were 117cm long, 100cm wide, and 12cm high, with a thickness
of 2.5cm. The bottom sides of the boxes were lined with polyethylene to ensure even distribution of water. Topsoil
collected from NARDI experimental field was mixed with sandy soil at a ratio of 3:1 and each wooden box filled
with soil and irrigated to field capacity. A night after watering, 2 seeds per genotype were sown in holes of 2cm
depth with a spacing of 10cm between plants and 8cm between rows and thinned to 1 plant per stand after
germination. Each box contained 1 row each of the 30 cowpea genotypes with 10 plants constituting a replication.

The experimental design was a split plot replicated 3 times with 2 watering regimes.
Drought Treatment

After germination plants were watered to field capacity 3 times a week for seedling establishment. After 21 days
of planting, the first trifoliate leaves were completely formed, and watering was stopped for half of the
experimental plants for 28 days to induce moisture stress. On the final day of the stress treatment, 3 plants from
each row were collected from both watering treatments to evaluate biomass yield and determine the indices of
drought tolerance. Following 28 days of moisture stress, the plants were rewatered to field capacity for 14 days
to observe which genotypes exhibited high tolerance and the capacity to recover from drought conditions. Soil
moisture levels were assessed weekly at a depth of 20cm during the water stress period using a digital soil moisture
probe meter (MPM-160-B, ICT International, Armidale, Australia), calibrated following the manufacturer's

guidelines.

Leaf wilting and delayed senescence

Leaf wilting index was calculated from the first week of stress to the final week using the Mai-Kodomi (MAIK)
scale by Mai-Kodomi et al. (1999) as the ratio between leaves showing wilting signs and the total number of
leaves per plant. The Mai-Kodomi scale uses a score of 0-4 where 0 denotes no signs of wilting; 1- denotes 25%
of leaves wilting; 2- 50% wilting; 3- yellow and brown leaves with 75% wilting and 4 - leaves completely wilted.
A SPAD-502 Plus (Spectrum Technologies, Inc., Plainfield, IL) was used to take chlorophyll measurements from
the plants on weekly basis during the period of stress. Stem greenness and regrowth were scored per plant as
recovery parameters after 2 weeks of rewatering. Stem greenness was scored using a scale of 0 to 4; 0= leaves
and stems completely yellow; 1 =75% of leaves yellow, stem not turgid; 2=50% of leaves yellow, stems not turgid;

3 =25% leaves yellow, stems less turgid; 4= leaves completely green, stem turgid

The recovery rate (RR) was assessed by counting the number of plants that recovered from stress expressed as a

% according to Muchero et al., (2008):

Number of dead plants
RR = f p

= 100
Number of emerged plants




Calculations of indices

Seven indices were calculated using the formula in Table 2.

Table 2 Description of drought tolerance indices used in the study and their definitions

No | Index | Index Name Formula Description References
code
1 BMP Biomass Mean Productivity (Yns —Ys) Genotypes with higher | Rosielle and
BMP = ———F— .
2 BMP will be more Hamblin (1981)
desirable
2 TOL Tolerance TOL = Yp—Ys Genotypes  with  low
values of TOL are more
stable in two different
conditions
3 SSI Stress Susceptibility Index _ (ﬁ)) The greater the index, the | Fischer and
Yns reater the susceptibili
ss1 = g PUBLILY |\ rourer (1978)
Y of the genotype to stress
1-L8
Yns
4 RDI Relative Drought Index Ys—Yns The genotype is relatively | Naghari et al,
RDI = = .
Ys/ Yns drought tolerant if RDI>1 (2013)
and susceptible if RDI<1
5 STI Stress Tolerance Index STI = Ys*Yns Genotypes with high STI | Naghari et al,
T Ys2 are more tolerant to 2013
drought stress
- Ys —
6 BDR Biomass Drought BDR = (Vs * (——)¥s Genotypes with high BDR | Fernandez
. Yns are more tolerant to
Resistance (1992)
drought stress
7 | YR Yield Reduction YR = Yns—Ys + 100 Genotypes with low YR | Farshadfar et al,
Yns are tolerant (2012)
Data Analysis

The general linear model (GLM) procedure in the SAS 9.4 statistical package (SAS Inc., USA) was used to analyse

data. Means of variables that showed significant differences were separated using Least Significant Difference

(LSD) with a significance level of 5% (p< 0.05). Correlation analysis was conducted between leaf wilting, stem

greenness, and recovery rate, as well as between various indices and biomass yield under both well-watered and

drought-stressed conditions. A cluster analysis employing the Unweighted Pair Group Method with Arithmetic

means (UPGMA) was performed on all calculated indices to create a dendrogram of the genotypes with SAS 9.4

software. The Euclidean method was applied to determine the similarity among data points. Principal Component

Analysis (PCA) was carried out using R Studio software version 4.5.0.




Results
Climate conditions in the screenhouse and soil moisture content

The screenhouse recorded daytime temperatures ranging between 19°C and 36.7°C while the relative humidity
ranged between 39% and 73% (Fig. 2a). The average soil moisture level decreased from 52% to 36% after 7 days
of not watering (Fig. 2b). By the 14th day, the average moisture content in the soil had dropped to 20%, and nearly
all plants showed signs of wilting at that point. After 28 days, most plants had reached the permanent wilting point

as the soil moisture level dropped further to 2%, leading a decision of rewatering.
Leaf wilting, chlorophyll content and recovery

Most of the cowpea accessions showed significant differences (P < 0.0001) in their response to drought stress,
particularly in leaf wilting, chlorophyll content, stem greenness and recovery rate (Table 3 and 4). After one week
of stress, there were signs of wilting, change of leaf colour and loss of stem turgidity with ER7 and B500 having
the most wilted leaves, with a LWI of 1 "indicating 25% wilting,” while the other accessions showed no signs.
LWI levels increased from the second to the fourth week. At week four B138, B500, and ER7 leaves were
completely wilted with an index of 4, followed by B272-B, B154-D, B281 and Speckled grey-Hukuntsi, which
showed 75% leaf wilting. The remaining genotypes scored 2 (50% leaf wilting), while Mahutohuto leaves showed
25% wilting with a score of 1. Chlorophyll content in cowpea seedlings decreased with an average of 42.7% as
drought intensity increased (Table 4). A total of eight genotypes experienced a chlorophyll content decrease of
over 50%, including B500, B163, and B154-D. Five genotypes, namely Inia 37, Wild cowpea, Mahutohuto,
Tswana cream, and Speckled grey-Hukuntsi, showed a reduction of 30% or less. The remaining 17 genotypes had
a decrease in chlorophyll content that ranged between 30% and 40%. After exposure to 4 weeks of drought stress
and 14 days of rewatering, some genotypes exhibited signs of recovery and regrowth. Mahutohuto retained green
and turgid stems, while ER7, B500, and B163 showed stem turgidity loss and 75% of the leaves. At 14 days post
rewatering, Mahutohuto fully recovered to 100%, followed by Tswana cream, Wild cowpea and Speckled grey-
Hukuntsi (85.2, 84, and 83.3%, respectively). Meanwhile ER7, B138, and B163 exhibited the lowest recovery
rates, with 26.1, 26.3, and 24.3%, respectively (Table 4). A significant (P<0.01) and positive relationship between
stem greenness and chlorophyll content (r?=0.92) and between stem greenness and recovery rate (r>=0.89) was

recorded (Fig. 3) while LWI had a negative relationship with chlorophyll content (r>= 0.24).



Table 3 Variability among 30 cowpea genotypes for leaf wilting, stem greeness and recovery in response to drought

Accession LW1 LW2 LW3 LwW4 SG Recovery rate (%)
ER7 1 2 3 4 1 26.1
B500 1 2 3 4 1 65.1
B138 0 1 3 4 1 26.3
Bll1 0 1 1 2 1 43.9
B075 0 1 2 2 2 65.5
B154 0 2 3 2 3 80.6
B478 0 1 2 2 3 55.6
B163 0 1 3 2 2 24.3
B342 0 1 2 2 2 62.2
B212 0 2 3 3 2 31.6
E129 0 1 1 2 3 61.5
B272-B 0 2 3 3 2 69.0
B154-D 0 2 3 3 3 53.9
Tswana Cream 0 1 2 2 2 85.2
B269-1 0 2 1 2 1 52.2
B359 0 1 2 2 2 43.5
Speckled grey- 0 1 2 2 2 69.5
Lecheng

Blackeye 0 1 2 2 3 77.8
Inia 30 0 1 2 2 2 54.6
B281 0 1 2 3 3 24.6
Inia 71 0 1 2 2 2 52.2
E060 0 1 2 2 3 583
Speckled grey- 0 1 2 3 3 83.3
Hukuntsi

B378 0 1 2 2 2 36.1
Wild -Lecheng 0 1 1 2 4 84.0
Inia 37 0 1 2 2 3 47.1
BWC635 0 1 1 2 3 82.6
Mutant 33 0 1 1 2 3 58.3
B261-B 0 1 1 2 2 73.9
Mahutohuto 0 0 1 1 4 100
LSD 0 0.69 0.84 0.94 1.04 0.97
P<0.05 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

Stress greenness scores: 0 -leaves and stems completely yellow; 1 -75% of leaves yellow, stem not turgid; 2- 50% of leaves yellow, stems not turgid; 3 —25% leaves yellow,
stems less turgid; 4- leaves completely green, stem turgid. Leaf wilting scores: 0- no signs of wilting; 1- 25% of the leaves wilting; 2- moderately (50%) wilting; 3- yellow

and brown leaves with 75% wilting; 4- leaves completely wilted



Table 4 Variability in chlorophyll content (SPAD) among 30 cowpea genotypes in response to four weeks of drought stress.

Accession Wkl Wk2 Wk3 wk4 % Reduction
ER7 36.9° 32.6° 28.01° 22.4° 39.3
B500 54.7 43.8° 29.4° 22.3° 59.2
B138 44.6" 37.3% 28.9° 21.5° 51.8
Bll11 59.8* 48.5° 38.9% 36.1° 39.6
B075 48.1% 43.5* 36.8% 30.1% 374
B154 44.5% 43.1° 30.7° 27.8%® 37.5
B478 55.6 45.7* 30.7° 25.8% 53.6
B163 46.3 36.4%° 30.1° 19.5° 57.9
B342 42.8%® 44.3 33.8% 24.6® 42.5
B212 50.3* 44.8* 37.4° 26.6% 47.1
E129 50.3* 40.7° 32.2% 28.0% 443
B272-B 52.9¢ 46.3* 38.6 29.8%® 43.7
B154-D 52.5¢ 41.3¢ 34.2%® 22.8° 56.6
Tswana cream 47.3% 41.5° 36.5% 34.4° 27.3
B269-1 46.2% 42.9* 35.2% 21.6° 53.2
B359 49.9° 42.6° 33.6° 28.1% 43.7
Speckled grey-Lecheng 49.2° 39.9* 30.8° 28.4% 42.3
Blackeye 52.2° 40.9° 31.2° 24.6® 52.9
Inia 30 52.3* 44.2° 31.6° 28.4%® 45.7
B281 S51.7° 40.1* 35.5% 24.7% 52.2
Inia 71 56.5° 44.5° 38.3%® 34.8° 384
E060 51.4° 43.10* 32.6% 28.9% 43.8
Speckled grey-Hukuntsi 49.3% 45.4° 42.2° 34.9* 29.2
B378 53.2¢ 43.7* 34.1% 25.2° 52.6
Wild -Lecheng 57.4* 48.3* 43.3* 40.3* 29.8
Inia 37 54.4* 45.7° 42.7° 40.6* 25.4
BWC635 43.8%" 38.7* 32.9% 26.7% 39.0
Mutant 33 48 43.2° 38.4% 35.0° 27.1
B261-B 52.3¢ 44.2¢ 37.2%® 29.6% 43.4
Mahutohuto 59.6* 50.4* 49.2* 44.3* 25.7
Mean 50.4 42.9 32.1 28.9 42.7
LSD 18.45 14.06 22.59 19.06

P<0.05 0.001

Stress greenness scores: 0 -leaves and stems completely yellow; 1 -75% of leaves yellow, stem not turgid; 2- 50% of leaves yellow, stems not turgid; 3 —25% leaves yellow,
stems less turgid; 4- leaves completely green, stem turgid. Leaf wilting scores: 0- no signs of wilting; 1- 25% of the leaves wilting; 2- moderately (50%) wilting; 3- yellow

and brown leaves with 75% wilting; 4- leaves completely wilted

Assessment of drought tolerance in cowpea using stress tolerance indices

Different drought indices were estimated based on the biomass yield of genotypes under non stress (Yp) and
stressed (Y's) environment (Table 5). The results indicate that TOL, SSI, BMP, and YR were highest in BS00,
B111, ER7, and B138, while the lowest values were recorded in Mahutohuto, Tswana cream, Inia 30, B359 and
E129. For STI, RDI, and BDR, the highest values were observed in Mahutohuto, BWC635, Speckled grey-
Hukuntsi, B212, B359, and Inia 30 across the indices, whereas ER7, B500, B138, B478, and B475 exhibited lower

indices.



Table 5: Tolerance indices for cowpea genotypes under stress and non stressed conditions

CODE Genotype Yp Ys TOL STI SSI BMP RDI BDR YR

CW1 ER7 21.4 1.2 13.43 0.61 1.54 10.12 0.13 0.45 94.72
cw2 B500 26.3 1.8 24.47 0.92 1.47 12.23 0.22 1.46 90.75
CW3 B138 15.4 1.3 14.13 0.47 1.49 7.07 0.2 0.77 91.71
Cw4 B111 20.6 5 15.63 2.38 1.24 7.82 0.57 9.13 76.08
CW9 B075 9.4 2.6 6.87 0.61 1.18 3.43 0.65 6.11 72.84
CW14 B154 13.5 34 10.1 1.18 1.15 5.05 0.69 6.78 70.75
CW19 B478 8.5 1.8 6.67 0.32 1.23 3.33 0.58 3.47 75.49
CW20 B163 13.9 2.7 11.1 0.87 1.27 5.55 0.52 3.97 78.29
CW25 B342 16.3 5.5 10.83 2.60 1.15 5.42 0.7 13.83 70.55
CW5 B212 15.5 10.3 4.67 3.94 0.47 2.33 1.43 52.57 29.15
CwW7 E129 17.2 10.7 6.53 4.19 0.61 3.27 1.48 44.34 37.64
CWwW8 B272-B 11.8 6.6 5.23 2.10 0.71 2.62 1.34 24.61 43.57
CW11 B154-D 7.5 29 4.6 0.64 0.98 2.3 0.94 7.75 60.39
CW13 Tswana cream 8.1 4.6 3.53 0.83 0.7 1.77 1.35 18.04 43.08
CWwW23 B269-1 9.7 6.1 3.62 1.35 0.61 1.81 1.48 26.08 37.78
Cw24 B359 16.8 11 5.87 5.93 0.47 2.93 1.68 48.9 29.14
Cw27 Speckled grey-Lecheng 13.8 6.8 7.03 2.21 0.82 3.52 1.18 22.84 50.23
CW29 Blackeye 8.8 4.1 4.73 1.01 0.88 2.37 1.09 12.77 54.05
CW30 Inia 30 8.8 5.9 293 1.22 0.55 1.47 1.57 26.07 33.71
CW6 B281 23.6 10.3 13.4 5.38 0.9 6.7 1.06 32.32 55.43
CW10 Inia 71 16.4 7 9.43 2.97 0.99 4.72 0.92 22.5 61.12
CWI12 E060 18.6 10.3 8.33 4.60 0.73 4.17 1.3 40.63 45.1

CW15 Speckled grey-Hukuntsi | 20.6 114 9.13 5.70 0.74 4.57 1.29 43.41 45.88
CW16 B378 18.2 7.2 11 3.04 0.98 5.5 0.94 18.98 60.45
CW17 Wild -Lecheng 20.5 8.3 12.27 439 0.98 6.13 1.34 22.93 60.27
CW18 Inia 37 20.6 9.3 11.27 5.45 0.94 5.63 1.03 31.38 57.72
Ccw21 BWC635 23.1 11.8 11.3 7.22 0.76 5.65 1.27 41.42 46.67
CW26 Mutant 33 19.8 9.1 10.7 4.67 0.79 5.35 1.21 29 48.95
Cw28 B261-B 18.4 9.1 9.3 3.88 0.82 4.65 1.18 30.33 50.51
Cw22 Mahutohuto 29.8 18.9 10.9 15.35 0.64 5.45 1.68 81.64 39.56

Yp, yield under non stressed conditions; Ys yield under stress; BDR, biomass drought resistance, STJ, stress tolerance index; SSI, stress susceptibility index; YR, yield

reduction percent; TOL, tolerance; BMP, biomass mean productivity; RDI, relative drought index

Correlation analysis

To determine the most desirable drought tolerance index, the coefficients between Yp, Ys and other quantitative
indices of drought tolerance were calculated (Table 6). Biomass yield in non stressed conditions (Yp) was
significantly and positively correlated with BMP, TOL, STI and BDR and had a negative and insignificant
relationship with BR. Yield under stressed conditions exhibited a significant positive correlation with RDI, STI,
and BDR, while showing a negative correlation with SSI and YR. However, the relationship with TOL was found

to be non-significant.



Table 6 Correlation coefficients between cowpea drought tolerance indices

Yp Ys BMP TOL SSI RDI STI BDR YR
Yp 1
Ys 0.56" 1
BMP 0.72%%%* 0.17ms 1
TOL 0.73%%* -0.17"s 1.00™" 1
SSI 0.09ms -0.72™ 0.71"" 0.71"" 1
RDI -0.10m 0.71°" -0.72*" -0.72* -0.99"* 1
STI 0.69*"" 0.93"" 0.04ns 0.04ns -0.47" 0.47" 1
BDR 0.44* 0.97"" -0.28" -0.28" -0.79"* 0.79*" 0.88" 1
YR 0.09ms -0.72* 0.71"" 0.71"" 0.99"* -0.17 -0.47° -0.79"* 1

wkk k% Ok Significant at P<0.0001, 0.001, 0.01 and ™ denotes non significance

Yp, yield under non stressed conditions; Ys, yield under stress; BMP, biomass mean productivity; TOL, tolerance; BDR, biomass drought resistance; S77, stress tolerance

index; SSI, stress susceptibility index; YR, yield reduction percent; RDI, relative drought index

Principal component and cluster analysis

A principal component analysis (PCA) and biplot analysis were used to determine the interrelationship between
indices. In Table 7, the first four principal components (PC) had eigenvalues greater than one and accounted
99.77% of the total accumulated variation. PC1 contributed the most variability of 62.35% followed by PC2 34.3%
while PC5 contributed the least of 0.2%. PC1 and PC2 were interpreted and used to create a biplot in (Fig 5 and
6) because they contributed most of the variation in the dataset. The biplot classified the drought indices into five
groups; group 1 and 2 had accessions with high values of SSI, TOL and low STI whereas group 5 had accessions
with high STI and BDR. The cosine of the angle between the vectors of 2 indices approximates the correlation
between them, for example G5 indices (STI, Y's, BDR) were positively correlated and the same conclusion can be
made for G3 (BR, SSI). G1 (Yp) and G2 (BMP, TOL) were negatively correlated with G4 (RDI). The biplot
assigned genotypes to each of the indices groups; Group 1 had 2 genotypes, group 2 had 7 genotypes, group3 and
4 each had 10 genotypes and group 5 consisted of 1 genotype. To categorise genotypes according to their tolerance
levels, a dendrogram divided the accessions into 5 groups ranging from highly sensitive to highly tolerant. ER7
and B500 showed high sensitivity, Blackeye and Tswana cream showed moderate tolerance, whereas Mahutohuto

demonstrated high tolerance (Fig. 7)



Table 7 Principal components of drought tolerance indices and their eigen values, variability and cumulative variability of
cowpea genotypes subjected to water stress

PCl PC2 PC3 PC4 PC5
Yp 0.000 0.566 0.183 0.134 -0.291
Ys 0.344 0.321 -0.159 0.345 -0.611
BMP -0.288 0.403 0.345 -0.056 0.188
TOL -0.288 0.403 0.345 -0.056 0.188
SSI -0.412 0.066 -0.358 -0.089 -0.155
RDI 0412 -0.066 0.360 0.885 0.143
STI 0.261 0.415 -0.550 0.247 0.629
BDR 0.370 0.257 -0.125 -0.879 -0.085
YR -0.412 0.066 -0.358 -0.089 -0.155
Eigenvalue 5.612¢700 3.078°00 2.517¢01 2.790%2 0.546%0
Variance % 62.35 343 2.8 0.3 0.2
Cumulative variance 62.35 96.66 99.45 99.77 99.99

Yp, yield under non stressed conditions; Ys, yield under stress; BMP, biomass mean productivity; T7OL, tolerance; BDR, biomass drought resistance; S77, stress tolerance

index; SSI, stress susceptibility index; YR, yield reduction percent; RDI, relative drought index

DISCUSSION

Drought stress is a threat to cowpea productivity and understanding the genotypic variation in tolerance traits is
critical in breeding programs for the crop (Carvalho et al. 2020; Liu et al. 2025). A wooden box technique as a
method for screening cowpea accessions under drought conditions at seedling stage was used in this study. This
method has been utilized in several studies to identify cowpea varieties with improved drought tolerance (Alidu
et al. 2019; Singh et al. 1999; Singini et al. 2024). The application of wooden boxes has been found to be the most
appropriate, fast and rapid screening approach for seedling drought tolerance for shoot related traits such as the
relative water content, leaf wilting, chlorophyll contents and the estimation of proportion of survived seedlings
after recovery (Manneh et al. 2024; Muchero et al. 2008). This has been the most successful approach for
evaluating large populations and subsequent selection for field drought assessment of genotypes (Singh et al.

1999).

This study revealed that moisture is a very important component in plant growth and development. Watanabe et
al. (1997) recommended 3% as the optimum moisture content for discriminating cowpea germplasm into tolerant
and susceptible groups. Similarly, Batlang et al. (2018), Nkoana et al. (2020) and Pungulani et al. (2012) identified
drought tolerant cowpea genotypes that survived at 2.2 and 2.6% moisture content after 28 days of moisture stress.
The 2 % moisture content level for screening germplasm for drought tolerance in this study agrees with their
findings. Soil moisture is an essential resource for crop growth and its insufficiency coupled with high
temperatures can lead to significant yield reductions or even crop failure (Liu et al. 2025). According to Alidu et
al. (2019) and Boukar et al. (2020), the ideal temperature for the growth and development of cowpeas is
approximately 30°C, with temperatures exceeding 30°C potentially increasing stress levels. The severity of
drought observed in this study may have been exacerbated by the high temperatures recorded during the

experimental period.



Drought affects crop growth and development by decreasing soil water availability and suppressing
photosynthesis (Chaves et al. 2002). Adaptive responses to drought stress usually arise from physiological and
morphological adjustments, and wilting is the first visible adaptive phenotypic change in plants (Pathan et al.
2014). Most of the cowpea genotypes exhibited variations in their reactions to drought conditions in chlorophyll
levels, leaf wilting, stem greenness, recovery rates and relative water content. As drought stress intensified, leaves
became wilted, stems lost turgidity, and chlorophyll levels decreased, leading to reduced recovery and lower final
biomass yield. However, some genotypes displayed lower wilting scores, managed to withstand vegetative
drought stress by preserving stem greenness, and were able to recover after being rewatered. Leaves as the primary
photosynthetic organs, serve as an indicator of a plant’s adaptability to drought stress (Ritte et al. 2025). Drought-
tolerant cowpea varieties tend to exhibit a lower reduction in chlorophyll content compared to drought-sensitive
varieties when exposed to drought stress (Tengey et al. 2023). This means that drought-tolerant cowpeas are better
at maintaining their chlorophyll levels under water-deficit conditions, which is a key indicator of photosynthetic

efficiency and overall plant health (Fang and Xiong 2015).

Sharma and Kumar (2008) identified stomatal conductance, leaf water potential and osmotic adjustment as key
mechanisms preventing early wilting in cowpea. Plants that do not close their stomata wilt within a short period
of stress as they transpire at a faster rate creating water imbalance in plant tissues (Ritte et al. 2022). This may
have been the case with ER7 and B500 as they showed signs of wilting during the initial stages of drought stress
and subsequently became dry. Comparable findings were reported in other cowpea studies by Muchero et al.
(2008); Pungulani et al. (2012), and in common bean Mukeshimana et al. (2014), where wilting was noted after
the first week of stress in genotypes vulnerable to drought. Stem greenness in drought stressed plants can be an
indicator of chlorophyll content and overall ability to tolerate drought, with a greener stem typically indicating
enhanced photosynthetic activity and better resilience to water deficit (Poudel et al. 2025). Maintenance of stem
greenness is often correlated with survival and recovery after water stress (Hasanuzzaman et al. 2022). In the
study, it was established that the chlorophyll content in cowpea leaves closely correlates with the greenness of the
plant. A greenness score of 0 indicates that the leaves and stems of the plant are completely yellow and dead,
while a score of 4 signifies fully green leaves and turgid stems (Muchero et al. 2008). This suggests that decreased
chlorophyll levels correlate with lower greenness, aligning with research findings that a strong connection
between chlorophyll fluorescence parameters and overall plant mortality when facing environmental stressors
(Valladares et al. 2025). Although drought stress typically leads to a decrease in leaf chlorophyll content, certain
genotypes can preserve higher levels of chlorophyll or experiencing only a minor decline under stressful
conditions, which is often associated with a decrease in chlorophyll degradation and delayed senescence (Guo et
al. 2023). This characteristic might contribute to a rapid recovery from drought once water is reintroduced by
resuming photosynthesis (Alidu et al. 2019). Both Mahutohuto and the wild cowpea exhibited these traits, and as
noted by Manneh et al. (2024), these genotypes are expected to demonstrate greater tolerance to drought stress
and can be considered as Type 1 drought tolerant. While some cowpea genotypes exhibited a greater ability to
recover from drought stress, other genotypes (ER7, B138, B163, B212) had an irreversible damage with only a
small proportion of plants recovering. According to Ritte et al. (2025) this indicates that recovery may serve as a
reliable criterion for selecting drought-tolerant cowpea genotypes following extended drought stress and

rewatering.



The findings from the correlation analysis suggest that stem greenness could be a reliable measure of chlorophyll
content and recovery, demonstrating a significant relationship between these variables. Furthermore, a lower leaf
wilting index can also serve as a valuable criterion for selecting drought-tolerant plants (Poudel et al. 2025). As
highlighted by Pungulani et al. (2013), this demonstrates a trait of drought resilience that is closely related to the
stay-green or delayed senescence characteristic in conditions of drought. The results showed an inverse
relationship between LWI and chlorophyll content, a correlation that is supported by the work of Muchero et al.
(2008) and Fatokun et al. (2012). According to Ajayi (2022), cowpea genotypes that exhibit low LWI and high
recovery rates have developed a mechanism to reduce moisture loss in their tissues by regulating the transpiration
rate. In contrast, the genotypes that are highly susceptible undergo significant moisture loss, reduced turgidity,
and substantial chlorophyll degradation, which can ultimately result in their death and an inability to recover,
depending on the severity of drought (Tengey et al. 2023). Several studies have identified a notable connection
between increased relative chlorophyll content and the stay green phenotype in cowpea (Nkoana et al. 2018;
Nunes et al. 2022). The stay green trait, which is defined by extended leaf greenness during drought periods,
indicates diminished chlorophyll degradation. This trait enables drought-resistant cultivars to maintain their
photosynthetic functions for extended periods, consequently enhancing dry matter production. (Kamal et al.
2019). The stay green characteristic is frequently observed in sorghum and has also been noted in certain barley

varieties (Hasanuzzaman et al. 2022; Mwamahonje et al. 2021).

While a crop can survive seedling drought stress, it is crucial to assess its ability to maintain productivity under
water limited conditions. Drought tolerance indices provide a quantitative measure to assess a plant's ability to
withstand drought stress and maintain yield, aiding in the selection of superior genotypes for breeding programs
(Islam et al. 2022). The effectiveness of these indices has been confirmed when selecting high yielding and
drought tolerant wheat and cowpea genotypes (Sahar et al. 2017; Sanchez-Reinoso et al. 2020; Singini et al. 2024).
Most drought tolerance indices evaluated in the study showed high significant differences among the cowpea
genotypes at each stress level showing a high degree of discrimination. In performance testing, the genotype with
the highest yield generated three times the biomass compared to the one with the lowest yield under normal
conditions. When subjected to water stress, high-yielding genotypes, such as Mahutohuto and BWC635, as well
as low-yielding ones like B359, B212 and Inia30, maintained consistent performance across the environments, as
shown by their percent yield reduction. In contrast, other high-yielding genotypes, including B500 and ER7, lost
nearly all their biomass when faced with drought stress. Ravelombola et al. (2020) noted that high-yielding
cowpea varieties may encounter decreased yields under stress conditions, especially during drought. Although
cowpeas are recognized for their relative resilience to stress, some high-yielding varieties exhibit sensitivity to
drought during crucial growth stages, such as early vegetative growth. This vulnerability may result in stunted
growth, reduced flowering and yield, and a lower harvest index (Poudel et al. 2025). This could have applied to
ER7, B500, and B138, which experienced significant losses under stress conditions. Various indices identified
different genotypes as drought tolerant, while others recognized nearly the same genotype for drought tolerance.
For instance, Mahutohuto was identified by STI, RDI, and BDR as the most tolerant genotype. In studies
concerning drought tolerance, STI is often considered the most suitable index for assessing drought tolerance
(Farshadfar et al. 2013). Selection centred on high STI and BMP enables the identification of genotypes that are
both high yielding and drought tolerant (Ladoui et al. 2021). Higher TOL values indicate increased sensitivity to

stress; therefore, lower values are preferred when selecting tolerant genotypes. A lower SSI and TOL indicate



greater tolerance but does not differentiate between genotypes that excel in both environments and those that only
perform well under stress (Basolle et al. 2024; Ravelombola et al. 2020). According to Mitra (2001) and Farshadfar
et al., (2012), an index becomes ideal for selecting drought tolerant genotypes if it shows a relatively high
correlation with grain yield in both stressed and non stressed conditions. Our results showed that STI and BDR
were positively associated with yield in both conditions, with the strongest correlations observed under stress,

which aligns with the observations made by Farshadfar et al. (2012).

The PCA results classified the cowpea genotypes into five distinct categories: very sensitive, sensitive, moderately
tolerant, tolerant, and highly tolerant. The highly sensitive genotypes had the highest values for SSI, TOL, BMP,
Yp, and YR, showing their vulnerability to drought and suitability for irrigated environments only. The tolerant
and highly tolerant groups exhibited the greatest values for STI, BDR, and Y, making them the best indices for
both growth circumstances. This suggests that STI and BDR are appropriate indices for screening cowpea

seedlings for drought tolerance.

The findings of this study provided a combination tools for screening and determining drought tolerant and
susceptible cowpea genotypes at the seedling stage. The study suggests that severe drought at the seedling stage
might have a significant effect on yield through reduced biomass accumulation. The combination of a low leaf
wilting index, delayed senescence, high leaf water status, and high BDR (biomass drought resistance) and STI
(stress tolerance index) are all important traits for selecting drought-tolerant cowpea. These traits contribute to a
cowpea’s ability to withstand and recover from drought stress by maintaining leaf function, minimizing water
loss, and efficiently utilizing water resources. The Mahutohuto landrace, originating from Botswana's Kalahari
sandveld, is suggested for use in drought tolerance breeding, along with the genotypes that belong to the tolerant
group such as the mutant Tswana cowpea cultivar (Mutant 33) which is in the process of variety release. Although
this study was conducted in a screenhouse, it is essential to assess these accessions under field conditions and at

various growth stages to evaluate yield, stability, and drought tolerance.
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Fig. 1 Cowpea evaluation for drought tolerance using a wooden box technique
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Fig. 2 Climatic conditions of the screenhouse during the study period: February 2025 to April 2024 (a) and soil moisture
content over time during drought stress evaluation in cowpea (b)
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Fig. 3 Relationship between of recovery rate (a), chlorophyll content (b) and stem greenness(SG) in water stressed cowpea

genotypes
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Fig. 7 Dendrogram between groups showing classification of 30 cowpea genotypes based on drought tolerance indices
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