Ly
A b B
v.rorarrl AMASYA UNIVERSITY
sn7arr S J CENTRAL RESEARCH LABORATORY

International
Journal of Science Letters

(JSL)

e-155N; IG6ET-4733
Year: 2024
Volume: &
Number: 1



Editor in Chief

Prof. Dr. Tuba Yildirim
Department of Biology

Amasya University, Turkey

Editorial Boards

Prof. Dr. Nermin Gozukirmizi, Emeritus Professor, TURKEY

Prof. Dr. Noureddine Djebli, Department of Biology, University-Abdelhamid IBN Badis-
Mostaganem, ALGERIA

Prof. Dr. Fahrul Zaman Huyop, Department of Biosciences, Universiti Teknologi Malaysia,
MALAYSIA

Prof. Dr. Belgin Siriken, Department of Water Products Diseases, Ondokuz May1s University,
TURKEY

Prof. Dr. Fatma Yuksel, Department of Chemistry, Gebze Institute of Technology, TURKEY
Prof. Dr. Gonul Yenilmez Ciftci, Department of Chemistry, Gebze Institute of Technology,
TURKEY

Assoc. Prof. Dr. Roswanira Ab. Wahab, PhD, Department of Chemistry, Universiti Teknology
Malaysia, MALAYSIA

Assoc. Prof. Dr. Funda Senturk Akfirat, Department of Molecular Biology and Genetics, Gebze
Institute of Technology, TURKEY

Assoc. Prof. Dr. Emel Ergene, Department of Biology, Anadolu University, TURKEY

Assoc. Prof. Dr. Melek Gul, Department of Chemistry, Amasya University, TURKEY

Assoc. Prof. Dr. Mehmet Bilgin, Department of Mechanical Engineering, Amasya University,
TURKEY

Assoc. Prof. Dr. Arif Ayar, Department of Medical Services and Techniques, Amasya
University, TURKEY

Assoc. Prof. Dr. Arif Gok, Department of Industrial Design, Dumlupinar University, TURKEY
Assoc. Prof. Dr. Sevgi Marakli, Department of Molecular Biology and Genetics, Yildiz
Technical University, TURKEY

Assoc. Prof. Dr. Betiil Canimkurbey, Department of Medical Services and Techniques, Amasya
University, TURKEY

Assist. Prof. Dr. Onder Idil, Department of Pre-School Education, Amasya University,
TURKEY



Assist. Prof. Dr. Yilmaz Kaya, Department of Agricultural Biotechnology, Ondokuz Mayis
University, TURKEY

Assist. Prof. Dr. Kemal Bilgin, Department of Medical Microbiology, Ondokuz Mayis
University, TURKEY

Assist. Prof. Dr. Ece Avuloglu Yilmaz, Department of Health Information Systems, Amasya
University, TURKEY

Assist. Prof. Dr. Ekrem Bolukbasi, Department of Environmental Protection Technologies,
Amasya University, TURKEY

Dr. Mohamed Faraj Edbeib, Department of Animal Production, Baniwalid University, LIBY A
Dr. Serhad Tilki, Department of Chemistry, Amasya University, TURKEY

Shafig-ur- REHMAN, Department of Material Chemistry, Kanazawa University, JAPAN

Dr. Ersin Demir, Amasya University Central Research Laboratory, TURKEY



Management Office
Amasya University, Central Research Laboratory, 05100, Ipekkoy, Amasya

Legal Responsibility
The legal responsibility of the articles belongs to the authors. All rights reserved. No part of this

journal may be reproduced or used in any form without the prior writen permission and a

reference to name of the journal.

From The Editor;

Dear Readers and Authors,

As “International Journal of Science Letters (IJSL)”, we are pleased and honored to present the
first issue of 2024. IJSL, is an international double peer-reviewed open access academic journal

published on the basis of research- development and code ofpractice.

The aims of this journal are to contribute in theoretical and practical applications in relevant
researchers of Life Sciences, Biology, Biotechnology, Bioengineering, Agricultural Sciences,
Food Biotechnology and Genetics institutions and organizations in Turkey, and to publish
solution based papers depending on the principle of impartiality and scientific ethics principles,

focusing on innovative and added value work, discussing the current and future.

With these thoughts, we are especially thankful to academicians honoring with the articles,
valuable scientists involved in editorial boards and reviewers for their contributions to the
evaluation processes with through their opinions/ideas/contributions/criticisms in this issue of

International Journal of Science Letters.
16.03.2024
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Effect of microplastics on dry matter content in Lactuca sativa L.
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Abstract

Plastics are commonly used in every field of life due to their ease of use
and economics. If the plastic wastes are not disposed of properly, they
form microplastics by breaking down into smaller particles with
decomposition. Microplastics are chemical substances in polymer
structure. They are difficult to dissolve in nature and require a long time.
Microplastics, that spread to the environment in various ways, cause
pollution and negatively affect organisms and ecosystems.

This study aimed to determine the effects of microplastics and the
combined impact of microplastics and Cd on dry matter content (the
ratio of dry mass to fresh mass of an organ), which is the one of the
major plant traits for plant growth, in lettuce (Lactuca sativa L.). Five
experiment sets were designed by using Simila variety lettuce seedlings,
including (1) control, (2) 1.5 % microplastic (3) 2.5 % microplastic, (4)
1.5 % microplastic and 200 ppm Cd solution and (5) 2.5 % microplastic
and 200 ppm Cd solution added. The polyethylene mulch pieces (2,5
mm X 4 mm) were used as microplastics. Results showed that the
polyethylene microplastic addition to the soil significantly reduced
aboveground and belowground DMCs of lettuce seedlings.
Concentration of the microplastics in the soil was also effective on
DMC. The Cd addition to the soils, which contain microplastics, a bit
increased the DMC.

1. Introduction

Article History

Received 07.04.2023
Accepted 27.04.2023
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Dry matter content,
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Mulch,

Pollution.

The plastics are one of the major problems that threaten the health and wellness of living

things and sustainability of environment. Plastics, that do not occur naturally on earth, are

obtained by reacting monomers with a catalyst under a certain temperature and pressure.

Plastics are used in every field of life and cause pollution through domestic, industrial, and

medical wastes. According to the previous researches, it has been revealed that plastic pieces
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are found in many places from the poles to deserted islands and the deepest point of the world
(Yurtsever, 2019). The plastics are polymers made from petroleum materials and difficult to
dissolve in nature. They turn into microplastics in various types and shapes when
decomposed. The microplastic term is firstly used by Thompson in 2004. Microplastics are
generally called as plastic particles smaller than 5 mm in size (Bouwmeester et al., 2015).
They were defined in more detail as “regular or irregularly shaped synthetic solid particles or
polymeric matrices originating from primary or secondary production, insoluble in water,
varying in size from 1 mm to 5 mm” (Frias and Nash, 2019, An and Ogiit, 2021).
Microplastics have many characteristic physicochemical properties such as having a
hydrophobic surface, transporting and absorbing pollutants, and thermooxidation. Most of the
sources of microplastics are the synthetic textile fibers, microbeads found in fertilizers, drugs,
detergents and toothpastes, bags, scraps, pieces, debris, particles from automobile tires,

greenhouse nylons, plastic mulching materials, irrigation pipes.

Because the microplastics are small enough to be easily transported from one ecosystem to
another, they have became a global problem as one of the major pollutants (Thompson et al.,
2009). Microplastics are transported to ecosystems by various ways and cause pollution.
Microplastic pollution leads to various damages due to their presence in the environment and
accumulation in the bodies of living things. They not only threaten the extinction of living
things by disrupting terrestrial and aquatic ecosystems, but also damage the natural order by
changing the physical, chemical and biological properties of soil and water (Yurtsever, 2019).
The microplastics, which are in very small sizes, enter the body of organisms through
respiration, food and water, cause various disruptions in their metabolism. Because they can
adsorb chemicals and heavy metals, microplastics are complex pollutants for living things
(Rochman et al., 2013). Microplastics also affect the seed germination, uptake of nutrients and
plant growth by changing the soil structure in terrestrial ecosystems. Studies on microplastics
have been carried out mostly in aquatic ecosystems because of their easy detection. The
effects of microplastics on the living organisms and soil in terrestrial ecosystems have not yet

been fully understood due to the insufficient number of studies.

In the study of Wu et al. (2020), polystyrene microplastic (PSMP) stress was applied to Oryza
sativa L. and after 21 days shoot biomass decreased based on low, medium and high dose
applications as %13,1, %18,8 and %40,3, respectively. The amounts of 12 amino acids, 16
saccharides, 26 organic acids and 17 other components (lipids and polyols) in the leaves of 24
samples exposed to PSMP at doses of 50 mg L™ and 250 mg L with hydropoic culture
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decreased. Li et al. (2020) applied PVC microplastic particles with sizes between 100 nm and
18 um at 0.5%, 1% and 2% concentrations to the root systems and leaves of lettuce.
Microplastics did not cause changes in root activity; but the total length, surface area, volume
and diameter of the roots increased. They reported that superoxide dismutase activity
increased by 1% in lettuce leaves and electron transfer, light absorption, diffusion and capture
decreased. Khalid et al. (2020) determined that microplastics directly affect plants by
clogging the seed pores, limiting the uptake of water and soil compounds, as well as causing
accumulation in leaves, roots and stems. Indirectly, they change the physicochemical structure

of the soil by affecting the microbes and fauna in the soil.

Dry matter content, which is the ratio of dry mass to fresh mass of an organ, is a useful plant
trait for understanding the plant status, production and life strategies. Since dry matter content
provides information about plant production, research use and water content, it is commonly

used as an ecophysiological parameter in plant studies (Garnier et al. 2001, Grime et al. 1997)

In this study, it was aimed to determine the effects of microplastics and the combined impact
of microplastics and Cd on dry matter content in lettuce (Lactuca sativa L.). We hypothesized
that the microplastic addition to the soil would be decrease DMCs and the combined effect of
microplastics and Cd, which are the two of the major pollutants in most of the agricultural

areas, may leads to lower DMC.
2. Materials and Methods
2.1 Experimental Design

In this study, Simila variety lettuce seedlings were used as plant material. Lettuce seedlings
were produced from certified seeds by Alp Fide in Amasya, Turkey. To determine the effect
of microplastics and the combined impact of microplastics and Cd on dry matter content in
lettuce, fivefactorial experiment set was designed, including (1) control, (2) 1.5 %
microplastic (3) 2.5 % microplastic, (4) 1.5 % microplastic and 200 ppm Cd solution and (5)
2.5 % microplastic and 200 ppm Cd solution added. Each experiment set was performed with

SiX repetitions.
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Figure 1. Experiment sets of lettuce

A total of 60 lettuce seedlings were studied. Because of its common usage in agriculture as a
cover material for production, microplastics were obtained by cutting the polyethylene muich
into 2,5 mm x 4 mm pieces. The garden soil taken at a depth of 0-25 cm was mixed with the
peat in 50 % volume. The microplastics were added to the soils in relevant experimental sets.

All the pots were irrigated in an equal amount water on alternate day.
2.2 Dry Matter Content

After 28 days, the lettuce seedlings were harvested by carefully separating from the soil. The
fresh weights of the aboveground and the underground parts of the lettuce seedlings were
immediately measured with scales. Then, they were oven-dried in paper bags at 65 °C until
the constant weight reached and the dry weights of the lettuce seedlings were measured.
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Figure 2. Harvested lettuce seedlings

The dry matter contents of aboveground and underground parts of the lettuce seedlings were
calculated as dry mass per unit fresh mass (mg g1). The statistical analyses were performed
by SPSS 20.0 statistical software. The differences in means among the treatments were

determined by one-way ANOVA.
3. Results and Discussion

Results showed that both the aboveground and the belowground DMCs of the lettuce
seedlings significantly varied based on microplastic and microplastic+Cd additions. The
maximum aboveground and belowground DMCs were found in the control groups. The
minimum aboveground and belowground DMCs were found in the lettuce seedlings grown in
1.5% microplastic added pots. DMC significantly decreased based on microplastic addition.
Amount of the microplastics also changed the DMC in both aboveground parts and
belowground of the lettuce seedlings. However, Cd addition to the soils, which also contain
microplastics, altered the DMC. The combined applications of the microplastics and the Cd
solution led to a bit increase in DMC in the aboveground parts and the belowground of the
lettuce seedlings. The belowground DMCs (> 50 mg g %) of the lettuce seedlings were higher
than the aboveground DMCs (<50 mg g ).
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Figure 3. Variation in the aboveground DMCs (mg g!) of the lettuce seedlings (MP:

Microplastic)

Table 1. Significance of variation in the aboveground DMC (mg g ) among the experiment

sets
Aboveground Sum of Squares (df Mean Square |F P
DMC (mg g™)

289.574 4 72.393 10.676 0.000
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Figure 4. Variation in the belowground DMCs (mg g ) of the lettuce seedlings (MP:
Microplastic)

Table 2. Significance of variation in the belowground DMC (mg g ) among the experiment

sets
Belowground Sum of Squares (df Mean Square  |F P
DMC (mg g™ 3119.155 4 779.789 28.246  [0.000

Similar results were obtained in the some of the previous studies. In the study of Wang et al.
(2021), while 0,1% MPs+Cd and 1% MPs+Cd additions did not cause any variation, the co-
addition of Cd and 10% MPs decreased the plant biomass in lettuce. More than 25.9%
biomass reduction was determined in crops exposed to polystyrene microplastic particles
(PSMP) 142 days after planting by Wu et al. (2020). In the study of Enyoh et al. (2020), the
root biomass of Citrus aurantium L. was negatively affected by the plastic addition.
Additionally, they found that the microplastics exhibited greater negative effects than
macroplastics. Qi et al. (2018) reported that wheat (Triticum aestivum L.) plant performance
parameters such as leaf area decreased with the addition of biodegradable plastic mulch
residue. Furthermore, significantly lower shoot biomass was determined in wheat plants

grown in starch-based biodegradable microplastic added soils while no significant variation
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was found in those grown in low-density polyethylene microplastics. Total plant biomass of
wheat was significantly decreased due to the addition of plastics to the soil. They emphasized
that aboveground and the belowground parts of the wheat plants negatively affected by the
microplastic addition. Our results coincided with the previous studies that reported the

negative effects of the microplastics to the plant growth.

As a conclusion, polyethylene microplastic addition to the soil significantly reduced the
aboveground and the belowground DMCs of the lettuce seedlings. The concentration of the
microplastics in the soil was also effective on DMC. The Cd addition to the soils which also

contain the microplastics a bit increased the DMC.

In recent years, plastic pollution became a basic problem in the world. One of the major
sources of the plastic pollution is the intensive usage of plastic mulching in agriculture. Since
they are difficult to dissolve in nature and easily transportable, microplastics are important
pollutants in both aquatic and terrestrial ecosystems. They change the features of soil and
water and cause damages in organisms. Because of their importance for health of organisms
and ecosystems, future detailed studies are required to understand the effects of microplastics
on plant traits and growth performance.
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Abstract

Molecular arrangement and noncovalent interactions in organic
materials greatly influence the charge mobility in organic light-emitting
diodes (OLEDs), organic photovoltaics (OPVs), and organic field-effect
transistors (OFETS). In the light of the this argument, we examined the
electronic properties of the phenanthroline derivatives by considering
the charge mobility with the combination of density functional theory
and Marcus Charge Transfer Theory. The drift electron mobility of the
molecule 1 and 2 were determined to 21.13 cm? V1 st and 18.00 cm? V-
151 respectively through J type o --- mr stacking interactions created by
small perpendicular distances between the adjacent rings. The effective
charge pathways of the molecules were generated with strong -7
stacking interactions consolidated by noncovalent interactions in their
solid phases. The electron reorganization energy for both molecules
were determined smaller than that of holes which means they have n-
type semiconductor properties. The charge transfer integrals were
calculated with the optimization of molecules’ dimer configurations that
the theoretical results demonstrate the charge transfer integral depends
on the distance between the stacking rings. High charge transfer integral
and small reorganization energy give the high charge mobility fort he
semiconductor molecules. Beside the mobility, energy band gap,
ionization potential, electron and hole injection barriers of the molecules
were interpreted to further understand their electronic properties. Due to
the small LUMO values which provide n-type molecule and small
electron injection barrier. From the our work both molecules can be
effective n type organic semiconductor devices with the high mobility
and can be modified for more efficient charge transport in
phenanthroline derivatives.
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1. Introduction

Molecular arrangement and noncovalent interactions in organic materials greatly influence the
charge mobility in organic light-emitting diodes (OLEDS), organic photovoltaics (OPVs), and
organic field-effect transistors (OFETS). In the light of the this argument, we examined the
electronic properties of the phenanthroline derivatives by considering the charge mobility
with the combination of density functional theory and Marcus Charge Transfer Theory. The
drift electron mobility of the molecule 1 and 2 were determined to 21.13 cm? V' st and 18.00
cm? V1 st respectively through J type m---m stacking interactions created by small
perpendicular distances between the adjacent rings. The effective charge pathways of the
molecules were generated with strong m---m stacking interactions consolidated by
noncovalent interactions in their solid phases. The electron reorganization energy for both
molecules were determined smaller than that of holes which means they have n-type
semiconductor properties. The charge transfer integrals were calculated with the optimization
of molecules’ dimer configurations that the theoretical results demonstrate the charge transfer
integral depends on the distance between the stacking rings. High charge transfer integral and
small reorganization energy give the high charge mobility fort he semiconductor molecules.
Beside the mobility, energy band gap, ionization potential, electron and hole injection barriers
of the molecules were interpreted to further understand their electronic properties. Due to the
small LUMO values which provide n-type molecule and small electron injection barrier. From
the our work both molecules can be effective n type organic semiconductor devices with the
high mobility and can be modified for more efficient charge transport in phenanthroline
derivatives.

2. Theoretical Methodology

Density functional theory studies are a widely used computational method to understand the
optical and electronic properties of organic materials. BSLYP-6311G (d, p) basis set was used
with the Gaussion 09 software in this study (Reed et al., 2014). The optimizede geometries of
the neutral and charged states of the molecules were determined form cif file obtained by
single crystal x-ray diffraction experiment. The charge trasnfer integral and reorganization
energy, iyonization potential and electron affinity, charge transfer rate and mobility of the
molecules were calculated by the combination of DFT and Marcus electron theory formula

given in the equation 1.

142 A
A \/4-7TthTt exp( 4kBT) (1)
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The reorganization energy (A) includes; inner reorganization energy includes the geometric
changes in the molecules and is the modifications in the molecular geometry if an electron, is
removed or added to a molecule. The inner reorganization energy is divided into two parts: A*
represents the geometry relaxation energy of one molecule from neutral to charged state, A2
represents the geometry relaxation energy from charged to neutral state (Yang et al., 2019).
A= dre + el ()
In the evaluation of A, the two terms were computed directly from the adiabatic potential
energy surfaces.
Aanion = Aper + e = [EQ M) = EQO M) + [ED (M) — ED(M7)] 3)
Acation = At + Ao = [EQ(M*) = EQ (D] + [ED (M) — ED (M)

where E°(M*) and E°(M) represent the energies of the neutral molecule at the cation geometry
and at the optimal ground-state geometry respectively. EX(M) and E(M+) represent the
energy of the charged state at the neutral geometry and optimal cation geometry, respectively.
In the calculation of ionization energy, the adiabatic ionization potential (IPa) and vertical
ionization potential (IPv), the adiabatic/vertical electron affinity (EAa)/(EAv) of both
molecules have been calculated as the following equation.
[Pa = E9(M)* — E°(M) and IPv = E*(M)* — E°(M) (4)
EAa=E°(M)-E°(M)~ and EAv=E°(M)—E' (M)~

The charge transfer integral of the molecules was calculated by using the DFT optimized
molecular configuration for its dimeric structure given in the Figure 2. Using the DFT
optimized molecular configurations for dimeric structures of the molecule 1 and 2 created by
the pi---pi stacking interactions, the charge transfer integral of the both molecules were
determined. In the formation of the dimeric structure with two isolated molecules, two
HOMO (LUMO) levels from each molecule combines to make HOMO and HOMO-1
(LUMO and LUMO+1) in a dimer. In a simplified energy splitting in dimer, the charge
transfer integral (t) is approximated as the half of the energy difference between HOMO and
HOMO-1 for hole transfer whereas LUMO and LUMO+1 for electron transfer. (Kose et al.,
2007)

_ HOMO—-HOMO-1 _ LUMO-LUMO+1 5
thole - 2 telectron - 2 ( )
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To estimate the transfer integral of the molecules, we have take into account perpendicular
distances between the adjacent rings is 3.947A for the molecule 1 and 3.77 & and 3.44 A fort
he molecule 2. Two dimeric configurations were considered to calculate the charge transfer
integral of the molecule 2. The formula of the diffusion coefficient associated to a one-
dimensional jumping process is given in the equation 6.
D = Kgd? (6)

The mobility, p, can be obtained from the following expression where e is the electron charge
d is the transport distance from the molecular center to center in a stacking dimer, kg is the

Boltzmann constant and T was taken 300 K (Huang et al., 2020).

__eD _ed%kr
T KT kgT

(7)

3. Results and Discussion
3.1. Prediction of charge transport properties of the molecules

The crystal structure of the molecule 1 (2,7-dibiitylbenzo[lmn][3,8] phenanthroline-
1,3,6,8(2H,7H)-tetrone) and molecule 2 (2,7-dipropylbenzo[Imn][3,8]phenanthroline-
1,3,6,8(2H,7H)-tetrone) were taken from Cambridge crystallographic database sample 819749
(a = 5.2230(10)A, b =7.840(2) A , ¢ = 11.132(3)A, Z = 4 and a = 103.716(2)°,8 =
94.279(2)°,y = 93.858(3)°) and sample 1029340 (a = 6.9622(4)A, b =17.2426(11) A , ¢ =
27.5809(15) A, Z = 4 and a = 90°, 8 = 90°,y = 90°) (Huang et al., 2020; Krishna et al.,
2016). We investigated the charge transfer and electronic characteristic of the both molecules
in terms of their hole and electron reorganization energies, charge transfer integral, energy
gap, ionization potential (IP) and electron affinity (EA) and charge mobility as shown in
Table 1. The optimized structures in the neutral state of the both molecules are presented in

the Figure 1.

%‘j;ﬁ: f»«ﬂ" » f" >4

Molecule 1 Molecule 2

J
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Figure 1. Optimized geometry of the molecules in the neutral state.

Table 1. The value of parameters determining the charge transfer property of the molecules.

MoleC | Anote | Aetoctro]  telec thole IPa | IPv(e | Ea(e | Ev(e | knoe (s | Kelectron(s
ue | €V | V) eV v) | v | V) 1y
1 2.39 | 0.003 | 0.086 0.025 |861| 109 | 230 | 2.12 1.1 3.5

0 x 1012 x 101%
2 0.00 | 0.003 | 0.038 0.016 843 | 853 | 2.04 1.86 2.4% 3.34x
37 6 (dimer | (dimer 1013 1014
1) 1) 5.06x 1.54%x
0.78 0.14 1015 1017
(dimer | (dimer2)
2)
Molecules de (A) Ihole (CM2V-1s1) Ielectron
(cm?V-1sh
1 3.947(3) 0.066 21.13
2 3.77(2) 1.3 18
2 3.44(2) 11 70

Reorganization energies of the molecule 1 for hole and electron transfer were calculated from

adiabatic potentials are 2.39 and 0.003 eV, respectively. The reoragnization energies of te

molecule 2 are 0.0037 eV for hole and 0.0036 eV for electron. Because of lower electron

reorganization energy, it is suggested that bot molecules exhibit the higher intrinsic electron

transfer rate, and hence, higher electron mobility than that of hole. Therefore, both molecules

can be called n-type semiconductors. In terms of the dihedral angle in the crystal structure of

the molecule 1 and 2 between the fragments we interpreted the reorganization energy. The

dihedral angle for neutral state of molecule 1 is 76.95803 while this value were found as

79.33375 and 79.96829 for the cationic and anionic states, respectively. The cationic state
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Intermolecular Charge Pathways

i
Organc laye 00 subeate

Agoregation

(010) plane (110) plane

iIs more dominant than anionic state in terms of the dihedral angle between the two rings. It
means that electron reorganization energy is smaller than those of the hole. The charge
carriers could be electrons. This situation were observed in the molecule 2 that the diheral

angles for the neutral, anion and cation state were found as 179. 911°, 179.908° and 179.986°,
respectively.
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Molecule 1

Charge Pathways in Solid Phase

(110) plane (101) plane

Molecule 2

Figure 2. Hopping pathways within crystal structure of the molecule 1 and molecule 2.

Charge transport properties strongly depend on the solid-state packing arrangements and
orientations of the molecules including noncovalent interactions such as van der Waals
interactions, n-n stacking, and hydrogen bondings (Alvey et al., 2010; Cheng et al., 2016).
The reported crystalline structures of the molecules based on the X-ray diffraction analysis
show the packing of molecules with the typical J type stacking consolidated with C-O...pi
and nonclassical C-H...O hydrogen bods in their solid phases. Charge transfer integrals were
obtained by from the geometries of the dimers optimized (B3LYP/6-31G(d, p)) where the
center of mass distance and the angle between molecular planes were fixed by freezing the
coordinate of the central rings. Since the dimers are symmetric and two monomers are
equivalent under the symmetric transformation in the charge transfer process we can neglect

the electrostatic polarization effect (Swicka et al., 2018; Tan et al., 2021).
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Molecule 2
Figure 3. Energy level diagram of the frontier orbitals for dimers of the both molecules in

solid phase.

Fig. 3 describes the energy level diagram of dimer of the molecule 1 along 110 plane shown
in Fig. 2. LUMO and HOMO levels of two monomers were combined and created LUMO+1,
LUMO, HOMO and HOMO-1 in the dimer configuration. Along 110 plane, the energy level
splitting between HOMO and HOMO-1 is about 0.0018 eV. In contrast, the energy splitting
between LUMO and LUMO+1 is 0.0063 eV, which is 3.5 times higher, indicating a poor hole
transport in this material. For the dimer 1of the molecule 2, the energy level splitting between
HOMO and HOMO-1 is about 0.28 eV while that of LUMO and LUMO+1 is 1.5 eV which
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supports molecule 2 is an efficient electron transfer molecule. This situaton is valid for the
dimer 2 of the molecule 2. The charge trasnfer integral value of the dimeric 2 configuration of
the molecule 2 has the highest value of 70 cm? V! s due to the more stronger stacking
interactions with the small perpendicular distance between the rings (3.44 A). This charge
pathway creates efficient charge transport in the molecule 2 along the (110) plane. Electron
mobility by considering the expression for the diffusion coefficient associated to a one-
dimensional jumping process was found greater than hole mobility for each dimeric
configuration of the molecules which supports they show n-type semicondcutor material
feature (Table 1).

The injection of the holes and electrons play an important role to create optimized electronic
devices in real world (Yang et al., 2008; Senevirathna et al., 2014). The information about the
organic device performance and its stability can be obtained from the parameters of ionization
potential (IP) and electronic affinity (EA) that determine the charge injection through
estimating the energy barrier for injection of hole and electron into molecule. The ionization
energy describes the energy necessary to remove electrons from the neutral molecule to create
cation molecule. The higher IP values indicate that the molecule is difficult to become cation
in environment to react with OH- (H20) or O2- (O2) existing in the atmosphere. Hence, it is
indicated that molecule 2 is more sensitive to the reaction with ion OH- or O». (Liu et al.,
2013; Huong et al., 2013). While molecule 1 is more stable and hardly oxidized which can be

favoured for the practical applications (Gruhn et al., 2002).

The EA values of molecule 1 and molecule 2 are 2.30 and 2.04 eV, respectively (Table 1). For
the devices if the EA value is high, it means that injection energy for electron will be small
(commonly used metallic electrodes (3 eV)). From these EA values, we can see that molecule
1 is better than molecule 2 for transporting electrons from both lowering the energy barrier for
electron injection. Besides that, the HOMO energy levels for both compounds are not good
aggrement with the work function of the gold electrode (-5.2 eV). Therefore, the injection of
the hole from the gold to the organic semiconductor does not easily accompolished. For
example, OFET is composed of a gate electrode, dielectric layer, organic semiconductor
layer, and source-drain (S-D) electrodes. Carrier injection from the S-D electrode into the
organic layer mainly depends on the barrier between the work function of the metal electrode

and the HOMO or LUMO energy level of the organic semiconductors (Daswani et al., 2018).
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N-type materials, typically have LUMO levels between —3 and —4 eV and have better contact
with low work-function metals, such as calcium and lithium. The LUMO levels are 3.37 eV
and 3.59 eV for both molecules.

4. Conclusions

Molecular packing in organic materials greatly influences the charge mobility in organic
light-emitting diodes (OLEDs), organic photovoltaics (OPVs), and organic field-effect
transistors (OFETs). Here, we have performed the calculation of the charge mobility in
molecular crystals of phenanthroline derivatives by considering the reorganization energy fort
he monomer molecules and carge transfer integral for the dimeric configurations of the
molecules. With the combination of density functional theory and Marcus Charge Transfer
Theory. The drift electron mobility of the molecule 1 and 2 were determined to 21.13 cm? V!
s and 18.00 cm? V! s, respectively through J type m --- 7 stacking interactions created by
small perpendicular distances between the adjacent rings. The electron reorganization energy
for both molecules were determined smaller than that of holes which means they have n-type
semiconductor properties. Due to the small LUMO values which provide n-type molecule and
small electron injection barrier fort he molecules. Molecule 2 is more sensitive to the reaction
with ion OH- or O2 while molecule 1 is more stable and hardly oxidized which can be
favoured for the practical applications due to the high ionization potential of the molecule 1.
Electron mobility by considering the expression for the diffusion coefficient associated to a
one-dimensional jumping process was found greater than hole mobility for each dimeric
configuration of both molecules which supports they show n-type semicondcutor material
feature. From the our work both molecules can be effective n type organic semiconductor
devices with the high mobility and can be modified for more efficient charge transport in

phenanthroline derivatives for applications in real word.
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Abstract

Drought tolerance indices are valuable indicators for selecting cowpea
genotypes with improved drought tolerance. However, there is a limited
understanding of the variability and the impact of genotype (G) X
environment (E) interaction (I) on these drought tolerance indices.
Therefore, the objective of this study was to assess the extent of genetic
variability and the influence of GEI on drought tolerance indices in
cowpeas. The experiment was conducted over two seasons under
controlled conditions in a screen house. The results revealed that seed
yield and all drought tolerance indices were significantly influenced by
genotype, environment, and GEI. When the data from both years were
combined, the yield under non-stress conditions ranged from 10.47 g in
G2to 17.27 g in G7, while under drought stress, it ranged from 2.19 g in
G3 to 6.89 g in G1. Through mean rank analysis, principal component
(PC) analysis, and clustering, highly tolerant accessions (G1 and G6) and
highly susceptible ones (G2, G3, and G8) were identified. This study
identified several indices, including geometric mean (GM), yield index
(Y1), mean productivity (MP), stress tolerance index (STI), modified
stress tolerance index for non-stress (MST1), and stress (MST2), GMP,
and HM, as effective in selecting high-yielding and drought-tolerant
accessions under non-stress and drought conditions. Additionally, the
drought resistance index (DRI) and yield stability index (YSI) were
reliable indicators under drought stress. Most of the indices exhibited
moderate (> 30%) to high heritability (> 60%) and high genetic advance
(>20%), except for MST2, which had low heritability (12.73%).

1. Introduction
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Cowpea (Vigna unguiculata L. Walp) plays a critical role in food security in Nigeria and other
tropical and subtropical countries in Africa and the world. Its role can never be over-emphasized

377



regarding capacity for soil replenishment, plasticity nature, influence on livestock and human
nutrition, and income-earning (Ajayi et al., 2022). According to FAOSTAT (2020), production in
Nigeria stood at 2.61 MT/annum (36% of worldwide production), out of 7.23 MT/annum produced
worldwide. However, 94.9% of the total production worldwide comes from Africa. Despite its
potential to guarantee food security in the face of climate change, it is one of the major crops being
threatened by the consequences of climate change (de Novoa Pinto et al., 2021). This is reflected
in its grain yield across Africa which falls far below the expected mark due to production
constraints which can be biotic and abiotic (Adetumbi et al., 2020).

Drought is a major abiotic constraint and one of the consequences of climate change responsible
for about 60% of crop failures attributed to climate disasters (Lao et al., 2022). Cultivation of
cowpeas in tropical countries is majorly done under the rainfed system. However, tropical climate
is majorly characterized by strong and unpredictable variations in rainfall patterns that can lead to
water deficit with dire consequences for crop production. Drought has been reported as a recurrent
phenomenon in tropical regions across the world, and it is projected to worsen in the future
(Nauditt et al., 2022). In recent times, the complete failure of cowpea and other crops is not
uncommon in several instances due to the increase in the prevalence of drought (Ajayi, 2020). As
a result, solutions for combating the threat of drought stress to cowpea production in tropical
regions must be established.

Deployment of strategies such as the introduction of drought-tolerant varieties, appropriate cultural
practices, and suitable mechanization may alleviate the effect of climate change-driven drought on
crop productivity (Bennani et al., 2017). However, the most cost-effective measure among these
is access to drought-tolerant varieties. Hence, the urgency to develop superior cowpea genotypes
with enhanced drought tolerance is a cost-effective method to address the impact of drought on
the crop. Drought tolerance is a complex trait driven by various morphological and physiological
traits. Therefore, selecting desirable genotypes in a breeding scheme requires an efficient screening
technique (Bennani et al., 2017). Selection solely dependent on yield may automatically
encompass several factors that contribute positively to drought tolerance. Nevertheless, variation
and heritability for seed yield are low, especially under moisture deficit conditions (Ajayi, 2020).
Furthermore, cowpea yield is highly influenced by genotype x environment interaction (GEI),
hence selection must be based on the stability of performance across multiple environments (Ajayi
etal., 2022).

Various drought tolerance indices have recently become pointers on which the selection of
drought-tolerant genotypes of several crops can be made. These indices quantify tolerance based
on calculated relationships between yield performance in drought stress and non-stress conditions
(Bennani et al., 2017). Some of the most popular among these indices include geometric mean
productivity (GMP), harmonic mean (HM), mean productivity (MP), stress tolerance index (STI),
yield index (Y1), yield stability index (YSI), drought resistance index (DRI), modified stress
tolerance index for non-stress condition (MSTy), stress condition (MST,). Al-Rawi (2016)
identified different classes of tolerance among wheat genotypes. Those that were stable in non-

378



stress and stress conditions with lower reduction of yield by stress, and those with high yield only
under non-stress conditions, and proposed GMP, STI, MP, HM, KoSTI (MST>), and KiSTI (MST1)
as the most appropriate indices for selecting drought-tolerant genotypes. However, Ajayi (2020)
proposed the combination of STI, GMP, MP, DRI, YSI, and YI, while Batieno et al. (2016)
proposed STI, MP, and GMP in cowpea. Nonetheless, while these drought tolerance indices have
become the key contributors to the breeding of drought-tolerant genotypes of crop species, the
genetic variability and the effect of genotype by the environment interaction (GEI) on these indices
have not been seriously explored. Therefore, information regarding the variability and GEI of
drought tolerance indices in pinpointing cowpea genotypes with extraordinary stability for drought
tolerance across different environments is a prerequisite in the breeding program of the crop.
Taking cognizance of these, the objectives of the present study were:

I. To investigate the genetic variation and the effect of GEI on drought tolerance indices
of cowpeas in two seasons.

ii. To assess the level of genotypic correlations among drought tolerance indices and seed
yield in cowpeas.

iii. To introduce a new drought tolerance index (intensity of drought resistance, IDR), and
compare its strength with the existing ones in selecting drought-tolerant genotypes of
cowpea.

2. Materials and Methods
2.1 Plant materials

Ten accessions of cowpeas used for the present study were chosen based on their high yields and
early flowering. The seeds of these accessions were sourced from the International Institute of
Tropical Agriculture (1ITA), Nigeria. Nine out of these accessions had previously been screened
for drought tolerance at different stages. The accessions with their countries of origin and drought
tolerance at the seedling and the vegetative stages (Ajayi et al., 2018; Ajayi et al., 2020) are
presented in Table 1.
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Table 1. List of accessions and their countries of origin

SIN Accession ID  Country of origin Seedling stage Vegetative stage  Code

1 TVu-763 Ghana - - G1
2 TVu-207 USA Drought tolerant ~ Moderately tolerant G2
3 Tvu-218 USA Highly susceptible  Highly susceptible G3
4 Tvu-235 Ghana Drought tolerant ~ Moderately tolerant G4
5 Tvu-236 Ghana Moderately tolerant Moderately tolerant G5
6 Tvu-241 USA Drought tolerant Drought tolerant G6
7 IT98K-205-8 Nigeria Moderately tolerant ~ Drought tolerant G7
8 IT98K-555-1 Nigeria Highly susceptible  Highly susceptible G8
9 Tvu-4886 Niger Moderately tolerant Moderately tolerant ~ G9
10 Tvu-9256 Burkina Faso Highly susceptible  Highly susceptible ~ G10

2.2 Experimental environment and methods

The experimental site was located within Adekunle Ajasin University, Akungba-Akoko, at 7.20°
N Latitude, and 5.44’E Longitude at 423 m above sea level. The experiment was conducted over
two years in 2019 and 2021 between March and July. The accessions were assessed in plastic pots
(5 L each with three perforations beneath for draining excess moisture) laid out in a completely
randomized design (CRD) in three replicates for drought stress and non-stress treatments in the
screen house of the Department of Plant Science and Biotechnology. Each pot contained 3.5 kg of
sieved top soil which was sown with ten seeds per accession in each replicate. Each replicate
consisted of five pots per accession, totaling one hundred and fifty pots for each drought stress and
non-stress treatment. Two weeks after emergence, seedlings were thinned to two plants per pot.
One hundred percent (100%) field capacity of the soil per pot was predetermined at approximately
250 ml according to (Ogbaga et al., 2014). Each plastic pot for the non-stress treatment was
watered to 100% field capacity every other day for five weeks after which watering was applied
daily till the termination of the experiment. The pots for the drought stress treatment were taken to
100% field capacity once per week till the end of the experiment.

2.3 Data collection and analyses

At maturity, pods were harvested and threshed; and seed yield was determined per plant for each
accession per treatment in each year. Ten already existing drought tolerance indices and a new one
(intensity of drought resistance, IDR) were adopted for each accession based on the yield per plant
in the non-stress and drought stress treatment. The drought tolerance indices are as follows:

I Intensity of drought resistance (IDR) = Ly‘;p

ii. Geometric mean productivity (GMP) = ,/Yp X Ys (Kristin et al., 1997)
iii. Harmonic mean (HM) = % (Kristin et al., 1997)

(Newly formulated)
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iv.  Mean productivity (MP) = Yp+ys

(Rosielle and Hamblin, 1981)

V. Stress tolerance index (STI) = (Ys)(ym (Fernadez, 1992)

Vi, Yield index (Y1) = % (Gavu22| et aI., 1997)

vii.  Yield stability index (YSI) = :—; (Bouslama and Schapaugh, 1984)

viii.  Drought resistance index (DRI) = Ys X (:—;)/ Yp (Moosevi et al., 2008)

iX. Modified stress tolerance index for the non-stress conditions (MST1) = KiSTI
(Farshadfar and Sutka, 2002)
a Ki=—=

X. Modified stress tolerance index for stress conditions (MST2) = K2STI (Farshadfar and

Sutka, 2002)
_vs?
a. Ko= ez

Where, Yp, Ys, Yp, and Ys were the mean seed yield of an accession under non-stress, mean
grain yield in stress treatment, mean seed yield for all accessions in non-stress, and mean grain
yield for all accessions in stress treatment, respectively. Possession of a higher value of any of the
drought tolerance indices meant higher desirability, hence a higher level of drought tolerance.

All data were analyzed statistically. Individual ANOVA and mean separation (using DMRT at P
<0.05) were done for each year with version 20 of SPSS, followed by combined ANOVA for the
two years. ANOVA was performed using the GLM procedure of SPSS, where the environment
(year) was regarded as a fixed factor while genotype (accession) and treatment were random
factors. Principal Component Analysis (PCA), biplot, and cluster analysis were assessed with
PAST version 4.01 (Hammer et al., 2001). The genotypic correlation was done with the Plant
Breeding Tools version 1.4 (PBTools, 2014) for each year and the coefficient was compared
alongside the “t” table correlation values (P < 0.05,; P <0.01) at df = n—2 (Fisher and Yates, 1963).

Estimates of genetic parameters were performed as follows:

Error variance (Ve) = o5 = Mean square error (MSe)

Genotype x environment variance (Vee) = 64z = (MSge — MS,)/r
Genotypic variance (Vg) = 62 = (MS; — MS,)/re

Phenotypic variance (Vp) = V; + Vg /e + V, /re (Songsri et al., 2008)

Genotypic coefficient of variation (GCV) = ‘/V_G x 100

Phenotypic coefficient of variation (PCV) = m x 100

Broad-sense heritability (H?) = V;/(V; + (VGE/e) +(V,/re)) (Badu-apraku et al.,
2021)

Genetic advance (GA) =J% X k; k =2.06 (selection differential) (Fayeun et al., 2016)
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Genetic advance as percent of the mean (GAM) = % x 100; where e, X, and r are the

number of environments, grand mean of trait, and replicates within environments,
respectively. Genetic parameters were categorized according to Ajayi et al. (2014).

Stability = Vg /V; (Hossain et al., 2013).

3. Results

Combined ANOVA for seed yield showed that the effect of accession (genotype), treatment, and
their interactions was highly significant (Table 2). Combined ANOVA for seed yield under
differential drought conditions and drought tolerance indices showed a highly significant accession
(genotype), year (environment), and accession (genotype) x year (environment) effect (Table 3).

Table 2. Mean squares values from combined ANOVA for seed yield per plant of ten accessions
of cowpeas evaluated under differential drought stress in 2019 and 2021

Source of variation Degree of freedom Seed yield per plant
Accession 9 49.39
Treatment 1 1703.31

Year 1 1663.92
Accession X Treatment 9 20.79
Accession X Year 9 37.97
Treatment x Year 1 379.15
Accession X Treatment X Year 9 19.63

Error 18 0.52

All sources of variation are significant at P<0.05
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Table 3. Mean square values from combined ANOVA for seed yield and drought tolerance indices of ten accessions of cowpeas evaluated under
differential drought stress in 2019 and 2021

Source of ReY

variation Df Yp(g) Ys(g) (%0) IDR GMP HM MP STI Yl YSI DRI MST: MST?
Accession 9 27.94 1416 125450 0.01 12.02 15.81 1066 0.44 0.67 0.13 0.06 13.34 15.50
Year 1 181582 22726 77196 0.26 602.60 450.66 831.96 0.28 0.29 0.08 0.02 2870 32.25
Accession X Year 9 45.08 12.52 594.67 001 1754 17.98 1899 054 057 0.06 0.03 1339 105.24
Error 40 4.69 0.59 13452 0.002 1.01 0.82 1.49 0.01 0.02 0.01 0.01 0.6 0.16

All the sources of variations are significant at P<0.05

Df: Degree of freedom; Yp: Yield under non-stress condition; Ys: Yield under stress condition; ReY: Percent reduction in yield; IDR: Intensity of drought resistance; GMP:
Geometric mean productivity; HM: Harmonic mean; MP: Mean productivity; STI: Stress tolerance index; YI: Yield index; YSI: Yield stability index; DRI: Drought resistance
index; MST1: Modified stress tolerance index for the non-stress conditions; MST.: Modified stress tolerance index for stress conditions.
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The mean performances of accessions across treatments and years for yield and drought tolerance
indices are presented in Table 4 (a—c). In 2019, the mean seed yield under non-stress and stress
conditions respectively was 17.76 g and 6.67 g, however, the mean seed yield in 2021 under non-
stress and stress conditions respectively was 6.76 g and 2.78 g while that for the combined drought
stress and non-stress conditions respectively, was 12.26 g and 4.72 g. Therefore, a reduction due
to drought stress in 2019, 2021, and the combined years respectively, was 60.81, 53.63, and
57.22%; the highest percentage reduction in yield (79.48%) under drought stress for the combined
seasons was observed in accession G3. Furthermore, accessions G7 and G8 exhibited a consistent
above-average reduction in yield across the years. Accessions G10 and G9 consistently had above-
average performance under both conditions in 2019, accessions G7 and G6 performed above
average in both conditions in 2021, while accessions G10 and G6 had an above-average
performance under both conditions for the combined season, and no single accession had the best
performance under both conditions across the years. In 2019, accessions G1, G9, and G5 had an
above-average performance for all the drought tolerance indices, G10, and G6 were next in line.
The values ranged from the lowest (0.02) in MST: to the highest (12.22) in MP. However, in 2021,
accessions G6 and G7 were the only above-average performing accessions for such indices as
GMP (4.26), HM (3.82), MP (4.77), STI (0.51), Y1 (1.14), DRI (0.20), MST: (1.41), and MST>
(1.53). Nevertheless, accession G6 was the only above-average performing accession for all
indices for the combined season which means ranged from the lowest (0.12) in IDR to the highest
(8.49) in MP. Stability was nonetheless very high in GMP (0.74), ReY (0.82), and HM (0.87), but
moderate in YSI (1.00), while other parameters were highly unstable (c?gxe/c?g > 1.0).

The ranking of accessions for the determination of the most desirable drought-tolerant accessions
based on all the drought tolerance indices is presented in Table 5. Accessions G1 and G6 which
exhibited the lowest rank sum and rank means, and around the average standard deviation of rank
were the most drought-tolerant accessions. These were followed by accessions G7, G9, and G10,
which exhibited a combination of below-average rank sum, rank means, and above-average
standard deviation of rank, and G5 which exhibited slightly below-average rank sum and the least
standard deviation of rank (1.37) as moderately drought tolerant accession, while accessions G2,
G3, G4, and G8 with the highest rank sum and rank means were the most drought susceptible
accessions under drought stress. Cluster analysis (Figure 1) using the unweighted pair group
method with arithmetic mean (UPGMA\) classified the accessions into three major clusters based
on their similarities for drought tolerance indices. Cluster | consisted of G8, G3, and G2 which
exhibited low drought tolerance indices consistently across years with below-average tolerance
indices for the combined seasons and thus were the most susceptible accessions. Cluster I, sub-
cluster A consisted only of G6, a highly tolerant accession with above-average HM, Y1, and DRI
across years and above-average performance for all the drought tolerance indices for the combined
seasons; while sub-cluster B consisted of G7, and G4, moderately tolerant and moderately
susceptible accessions exhibiting around average to above average drought tolerance indices
across years and for the combined seasons. Cluster 11, sub-cluster A consisted of only G1, a highly
tolerant accession exhibiting above-average IDR, YSI, DRI, and MST; consistently across years,
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and above-average performance for all drought tolerance indices except MST1 and MST for the
combined seasons; while sub-cluster B consisted of G10, G9, and G5, which are moderately-
tolerant accessions exhibiting high GMP, HM, MP, STI, YI, MSTy, and MST> in 2019 and below-
average values for most drought tolerance indices in 2021.

The combined estimates of genetic parameters of yield and drought tolerance indices are presented
in Table 6. GCV was high in all parameters except for yield under non-stress conditions, GMP,
and MP which were moderate, with a range of between 14.57 percent in MP and 203.65 percent
in MST1. PCV on the other hand was high for all parameters and ranged from the lowest (20.44%)
in MP to the highest (224.38%) in MST1. However, the differences between GCV and PCV for
most parameters were also high. Broad sense heritability was low (12.73%) in MST, and moderate
for other parameters except for ReY, DRI, and YSI, which exhibited high heritability.
Nevertheless, GAM was high for all parameters and ranged from the lowest (21.39%) in MP to
the highest (399.71%) in MST..

The Principal Component Analysis (PCA) of the measured parameters is presented in Table 7. In
each year, there were two PC axes whose eigenvalues exceeded 1.0 and also accounted for more
than 98 percent of the total variation. However, the combined seasons possessed three PC axes
whose eigenvalues exceeded 1.0 contributing more than 98 percent of the total variation. In the
2019 season, all parameters had a high contribution (> 0.50) to the total variation in PC1 except
for yield under non-stress conditions, in contrast to PC2 where they all had low contributions
except for yield in non-stress conditions, DRI, IDR, and MST,. However, in the 2021 season, all
parameters had high contributions in PC1 except for the percent reduction in yield, DRI, and STI,
while only ReY, DRI, STI, and MST1 were the only significant contributors in PC2. Nonetheless,
in the combined seasons, all parameters were high contributors in PC1 except seed yield in non-
stress conditions while the major contributors in PC2 included yield in non-stress conditions, ReY,
IDR, STI, MST1, MST>, and YSI. The contributions ranged from the lowest (0.09) in yield under
non-stress conditions to the highest (0.99) in yield under drought stress, HM, and MP in PC1,
while it ranged from the lowest (0.06) in HM to the highest (0.98) in yield under non-stress in PC2
for 2019. However, ranges between 0.20 (DRI) to 0.99 (GMP, HM, and MP) for PC1, and 0.0003
(MST2) to 0.98 (ReY, DRI, and STI) for PC2 were observed in 2021 while the combined seasons
exhibited ranges between 0.28 in yield under non-stress conditions and 0.98 in HM and Y1 for
PC1, between 0.09 in HM and 0.73 in MST1 for PC2, and between 0.02 in HM and 0.62 in yield
under non-stress conditions for PC3.

The biplots derived from the PCA for 2019, 2021, and combined seasons, respectively are
presented in Figures 2 — 4, while Figures 5 — 7 present the polygon views of the biplots showing
the vertex accessions for 2019, 2021, and the combined seasons respectively. In 2019, quadrant |
contained the moderately tolerant accessions: G10 and G9; quadrant Il contained the highly
tolerant accessions: G1 and G6, and a moderately tolerant G5; quadrant 111 contained the highly
susceptible accessions: G3, G8, and G2; while quadrant IV contained the moderately tolerant
accessions: G7 and G4. Parameters such as HM, MST>, GMP, and STI were positively correlated
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in the upper part of quadrant I, while yield under non-stress, MSTy, and MP were also positively
correlated in the lower part of quadrant I. The vertex accession in quadrant | for yield under non-
stress, MST1, and MP was G10. Yield under drought stress, Y1, DRI, YSI, and IDR were positively
correlated in quadrant Il with the vertex accessions being G1 and G6. In 2021 however, quadrants
| and Il respectively contained G6, highly tolerant accession, and G7, moderately tolerant.
Parameters such as yield under drought stress, Y1, HM, and MST, were highly positively
correlated at the base of quadrant | and also correlated positively with MST1, GMP, MP, and seed
yield under non-stress which were highly positively correlated at the upper quadrant Il. The only
vertex accession for these parameters is G6. Quadrant Il contained the most susceptible
accessions; G8, G3, and G2, with the vertex being G3 and G2. Quadrant 1V contained highly
tolerant accession: G1, and moderately tolerant accessions: G5, G4, G10, and G9. Parameters such
as IDR and YSI were highly correlated in quadrant IV with vertex accession being G9. In the
combined seasons nonetheless, quadrant | contained the highly tolerant G6 and the moderately
tolerant G7, and quadrant Il contained the moderately tolerant G10, G5, G9, and the highly tolerant
G1. Quadrant 111 contained the highly susceptible G8, G2, and the moderately tolerant G4 while
quadrant IV contained the G3, the most susceptible accession. MST1, MST», STI, and MP were
highly positively correlated with yield under non-stress conditions in quadrant | with the vertex
accessions being G7 highly correlating with yield under non-stress and G6 highly correlating with
indices such as MSTy, MST,, STI, and MP. YI, GMP at the base of quadrant |1 with HM, DRI,
YSI, and IDR in quadrant 11 were highly positively correlated with seed yield under drought stress
conditions with the vertex accession being G9. While the only parameter linked to quadrant 1V
was the percentage reduction in yield (ReY) correlating with the vertex accession G3, the most
susceptible accession to drought, no parameter was linked to quadrant 111 where G2 was the vertex
accession.

The genotypic correlation between drought tolerance indices and yield under non-stress and
drought-stress conditions for the two years is presented in Table 8. MST1 consistently was
positively correlated with seed yield under drought stress (0.71* and 0.95**) and non-stress (0.65*
and 0.91**) conditions across the years. MP had a consistent positive correlation with yield for
the non-stress condition for 2019 (0.76**) and 2021 (0.99**). However, yield under stress
conditions consistently had a positive correlation across years with indices such as DRI (0.97**
and 0.79**), GMP (0.91**, 0.95**), HM (0.98**), Y1 (1.00**), STI (0.92**, 0.95**), and MST>
(0.97**, 0.93**).
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Table 4a. Mean performance for seed yield per plant and drought tolerance indices of ten accessions of cowpeas evaluated under differential drought
stress in 2019 and 2021

ReY
Accession Yp(g) Ys(g) (%) IDR GMP HM MP STI YI YSI DRI MST:1 MST:
G1 16.17¢  11.19°  30.63* 0.109 13.45% 13237 13.69%% 0.58° 1.68° 0.69¢ 044" 0.03* 0.15¢
G2 15.66® 6.34%  5939¢ 0.06° 9.96° 9.02¢¢ 10.99%c 0.32% 0.95¢¢ (041> 0.14° 0.02% 0.05®
G3 14.49% 254  8232¢ 003 6.04* 430*° 852° 0.11* 038 018  0.03* 0.01* 0.01°
G4 20.35°¢ 3.78%  81.25¢ 0.03* 876° 637° 12.07°d 0.24® 057® 0.19° 0.04* 0.02® 0.022
G5 17.35% 7789  53.89°¢ 0.07°¢ 11.59% 10.69% 12.57°¢ 0.43° 1179 0.46°° 0.20% 0.02%°¢ (.08
G6 13.46° 7.33¢9 4503 0.08° 9.91°° 946% 10.39% 0.31% 1.09¢ 055 0.23¢ 0.01® 0.05%
G7 23.61° 476  80.01¢ 0.03* 10.59° 7.91°¢ 14.19% 0.36° 0.71°° 0.19* 0.05%® 0.03%¢ 0.04%
G8 1490° 5.06"°  66.11° 0.05° 8.68> 7,55 998% (024% 076"  0.34° 0.09%¢ 0.01% .03
G9 18.64%c  10.06°  44.09° 0.08° 13.53¢ 12.79¢F 14.35% 058  1.51° 0.56° 0.33* 0.03° 0.13¢
G10 22.96°  7.86¢ 65.36° 0.05° 13.42¢ 11.69¢" 1541° 059¢ 1.18¢  0.35° 0.15° 0.05° 0.11%
X 17.76 6.67 60.81 0.06 1059  9.30 12.22 0.38 1.00 0.39 0.17 0.02 0.07

Minimum 11.62 2.16 26.74 0.02 5.83 3.80 7.85 0.11 0.32 0.14 0.02 0.004 0.01
Maximum 29.58 12.10 86.34 0.11 1649 14.03 19.39 0.86 1.81 0.73 0.50 0.08 0.18
LSD (0.05) 4.01 1.43 10.56 0.01 1.91 1.70 2.31 0.14 0.19 0.11 0.09 0.01 0.02
CV (%) 16.08 15.29 12.37 16.67 1284 13.04 13.45 2632 1414 1986 37.20 50.00 4518

Mean values accompanied by the same superscript in a column are not significantly different from one another at P < 0.05 using DMRT. X: Grand mean; LSD: Least significant
difference; CV: Coefficient of variation; Yp: Yield under non-stress condition; Ys: Yield under stress condition; ReY: Percent reduction in yield; IDR: Intensity of drought
resistance; GMP: Geometric mean productivity; HM: Harmonic mean; MP: Mean productivity; STI: Stress tolerance index; YI: Yield index; YSI: yield stability index; DRI:
Drought resistance index; MST1: Modified stress tolerance index for the non-stress condition; MST,: Modified stress tolerance index for stress condition.
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Table 4b. Mean performance for seed yield per plant and drought tolerance indices of ten accessions of cowpea evaluated under differential drought
stress in 2021

ReY
Accession Yp(g) Ys(g) (%) IDR GMP HM MP STI YI YSI DRI MST:1 MST:
G1 5.13% 258  4920%d (.21 363 342 386® 0.31%® 1.06°° 051" 0.20°° 0.19%  0.36?
G2 528% 1478  71.85% 0.12% 27798  230* 3.38% 0.19* 0.60* 0.28%® 0.06*® 0.13*  0.072
G3 8.08° 1.86®  76.65° 0.09° 3.86° 3.01*® 497° 035® 076 023* 0.07*® 056 0.20°
G4 510%  3.04%  40.05® 0.25% 3.94° 381° 407 037° 125 059% 0.28%¢ 023  0.58
G5 4928  2.46°  4576%C (2200 345%c 3 24b¢ 369 020% 1.01°¢ (0.54%€ Q.20 0.21*  0.312
G6 14.31° 575° 59.47>¢ 0.17%9 9.06° 819 10.03° 1.95¢ 235 0.41* 0.36% 9.61° 10.80°
G7 10.94¢  3.68¢  65.52¢% (.14%c g28¢ 5439 7319  0.94° 1.519  0.34%c¢ 0.21°¢ 264>  2.33P
G8 6.36°  1.95%  §9.02°¢% (.13%c 3.49%c 296 415 029 079 0.31%° 0.09% 0.322  0.222
G9 3332 248 2468  0.31° 287 283 290° 0.19% 1.02°° 0.75° 0.29% 0.05%  0.20°
G10 414% 249  3405° 0.27¢ 3.17%¢ 303 332% 024® 102 066° 026 0.11° 0.25°
X 6.76 2.78 53.63 019  4.26 3.82 4.77 0.51 1.14 0.46 0.20 1.41 1.53
Minimum 6.00 5.94 80.24 0.40 9.52 8.37 10.83 2.15 2.43 11.60  0.42 13.01  11.60

Maximum 2.84 1.35 2.22 0.08 2.44 2.07 2.67 0.14 0.55 0.04 0.05 0.40 0.04
LSD (0.05) 1.54 0.53 18.41 0.08 0.59 0.58 0.76 0.13 0.24 0.79 0.11 1.34 0.79
CV (%) 16.27  13.46 24.45 28.83  9.96 10.79 1129 1754 1519 30.74 3873 67.66  36.97

Mean values accompanied by the same superscript in a column are not significantly different from one another at P < 0.05 using DMRT. X: Grand mean; LSD: Least significant
difference; CV: Coefficient of variation; Yp: Yield under non-stress condition; Ys: Yield under stress condition; ReY: Percent reduction in yield; IDR: Intensity of drought
resistance; GMP: Geometric mean productivity; HM: Harmonic mean; MP: Mean productivity; STI: Stress tolerance index; YI: Yield index; YSI: yield stability index; DRI:
Drought resistance index; MST1: Modified stress tolerance index for the non-stress condition; MST,: Modified stress tolerance index for stress condition.
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Table 4c. Combined mean performance for seed yield per plant and drought tolerance indices of ten accessions of cowpea evaluated under differential
drought stress in 2019 and 2021

ReY
Accession  Yp(g) Ys(g) (%) IDR GMP HM MP STI YI YSI DRI MST: MST:
G1 10.65*  6.89°  39.96® 0.16d° 8.54% 832 g77° 044 1379 0.60% 0.32¢ 0.11* 0.25°
G2 10478 391> 65629 0.09%¢ .38 566 7.19% 0.25® 0.78° 0.34° 0.10® 0.07*  0.06?
G3 11.29% 219  79.48°  0.068 495 366 6.74* 0.23* 057* 0.21* 0.0 0.28  0.112
G4 12.73%¢  341° 60.65% 0.14% 6.35°° 509° 8.07® 0.31% 091> 0.39°° 0.16°° 0.128  0.29?
G5 11.13% 513 4983 0.15¢ 7.52% §97% 813 0.36°¢ 1.09° 050 0.20° 0.12*  0.19
G6 13.89°  6.54°  52.25°¢  Q.12°¢d 949¢ 8829 10.21° 1.13f 1.73¢ 0489 0299 481° 5.43¢
G7 17.27¢ 422  72.76% 0.09% 8.44% 6679 10.75° 0.65°  1.11° 0.27% 0.13%c 133> 1.18°
G8 10.63*  3.50°  67.56% 0.09%¢ 6.09° 525° 7.07* 027 0.78° 0.32% 0.09% 0.16*  0.13?
G9 10.98*  6.27° 3438  0.19° 8199 7.81°f9 862> 0.39¢ 126 066° 0319 0.04® 0.17°
G10 13.55°¢ 518¢  49.70° 0.16% 8.29d® 7.36%" 9.36° 0.41%  1.10° 0.50¢ 0.21° 0.08%  0.18?
X 12.26 4.72 57.22 0.12 7.42 6.56 8.49 0.44 1.07 0.43 0.19 0.71 0.79

Minimum 9.80 2.05 19.11 0.06 4.75 3.41 6.58 0.21 0.55 0.20 0.04 0.03 0.04

Maximum  18.78 7.42 80.23 0.24 9.88 9.20 11.70 1.21 0.81 0.81 0.44 6.51 5.82

LSD

(0.05) 2.97 1.05 15.94 0.06 1.37 1.24 1.67 0.14 0.19 0.14 0.14 0.93 0.55

CV (%) 17.66 16.27 20.27 37.27 13.54 13.8 14.38 22.73 13.22 23.26 52.63 95.53 50.63
Mean values accompanied by the same superscript in a column are not significantly different from one another at P < 0.05 using DMRT. X: Grand mean; LSD: Least significant
difference; CV: Coefficient of variation; Yp: Yield under non-stress condition; Ys: Yield under stress condition; ReY: Percent reduction in yield; IDR: Intensity of drought
resistance; GMP: Geometric mean productivity; HM: Harmonic mean; MP: Mean productivity; STI: Stress tolerance index; YI: Yield index; YSI: yield stability index; DRI:
Drought resistance index; MST1: Modified stress tolerance index for the non-stress condition; MST,: Modified stress tolerance index for stress condition.
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Table 5. The ranking of accessions of cowpeas evaluated under differential drought stress in 2019 and 2021 based on their superiority for seed yield
and drought tolerance indices

Accession Yp Ys ReY IDR GMP HM MP STl Yl YSI DRI MST: MST2

2019
Gl 6 1 1 1 10 1 4 3 1 1 1 3 1
G2 7 6 5 5 6 6 7 6 6 5 6 6 6
G3 9 10 10 10 2 10 10 10 10 10 10 10 10
G4 3 9 9 9 8 9 6 8 9 9 9 7 9
G5 5 4 4 4 4 4 5 4 4 4 4 5 4
G6 10 5 3 3 7 5 8 7 5 3 3 8 5
G7 1 8 8 8 5 7 3 5 8 8 8 4 7
G8 8 7 7 7 9 8 9 9 7 7 7 9 8
G9 4 2 2 2 1 2 2 2 2 2 2 2 2
G10 2 3 6 6 3 3 1 1 3 6 5 1 3
X

Yp: Yield under non-stress condition; Ys: Yield under stress condition; ReY: Percent reduction in yield;
IDR: Intensity of drought resistance; GMP: Geometric mean productivity; HM: Harmonic mean; MP:
Mean productivity; STI: Stress tolerance index; Y1: Yield index; YSI: yield stability index; DRI:
Drought resistance index; MST1: Modified stress tolerance index for the non-stress condition; MST>:
Modified stress tolerance index for stress condition.
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Table 5 contd.

Accession Yp Ys ReY IDR GMP HM MP STl Yl YSI DRI MST: MST2 RS R SDR

2021
Gl 6 4 5 5 5 4 6 5 4 5 6 7 4 100 3.85 2.36
G2 5 10 9 9 10 10 8 10 10 9 10 8 10 195 750 194
G3 3 9 10 10 4 7 3 4 9 10 9 3 8 210 8.08 2.86
G4 7 3 3 3 3 3 5 3 3 3 3 5 3 151 581 2.69
G5 8 7 4 4 7 5 7 7 7 4 7 6 5 133 512 1.37
G6 1 1 6 6 1 1 1 1 1 6 1 1 1 100 385 2.79
G7 2 2 7 7 2 2 2 2 2 7 5 2 2 124 477 2.64
G8 4 8 8 8 6 8 4 6 8 8 8 4 7 189 7.27 1.46
G9 10 6 1 1 9 9 10 9 6 1 2 10 9 110 423 3.46
G10 9 5 2 2 8 6 9 8 5 2 4 9 6 118 454 261

X 143 5.502 2.418

RS: Rank sum; R: Rank mean; SDR: Standard deviation of rank. X: Grand mean; Yp: Yield under non-stress conditions; Ys:

Yield under stress condition; ReY: Percent reduction in yield; IDR: Intensity of drought resistance; GMP: Geometric mean productivity;

HM: Harmonic mean; MP: Mean productivity; STI: Stress tolerance index; YI: Yield index; YSI: yield stability index; DRI: Drought

resistance index; MST1: Modified stress tolerance index for the non-stress condition; MST,: Modified stress tolerance index for stress condition.
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Figure 1. Dendrogram (UPGMA) shows the classification of accessions of cowpeas based on the ranking of their drought tolerance indices. G1 — G10 are codes

for accessions of cowpea evaluated.
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Table 6. Combined estimates of genetic parameters of seed yield and drought tolerance indices of
ten accessions of cowpeas evaluated under differential drought stress in 2019 and 2021

GCV PCV 2B GAM Stability
Trait Mean o7%g c’ge o’p c’e (%) (%) (%) (%)

Yp 12.26 3.88 1346  8.57 4.69 16.06  23.88 34.06 22.27 3.46
Ys 473  2.26 3.99 2.83 0.59 31.78  35.57 52.07 58.51 1.77
ReY  57.22 186.66 153.38 321.18 13452 23.88 31.34 65.32 37.49 0.82
DRI 0.19 0.008 001 0.018 0.01 47.08 70.61 60.79 64.64 1.25
GMP 743 184 5.51 2.85 1.01 18.26  22.72 38.57 30.22 0.74
HM 6.56 249 5.72 3.32 0.82 24.05  27.78 45.05 42.91 0.87
IDR 0.13 0.001 0.003 0.0038 0.002 2433 4213 35.33 28.93 3.00
Yl 1.07 011 0.18 0.13 0.02 30.99 33.69 54.09 58.74 1.64
MP 849 153 5.83 3.01 1.49 14.57  20.44 32.56 21.39 3.81
STI 045  0.07 0.18 0.08 0.01 58.79  62.85 43.29 113.29 2.57
MST:1 0.72 215 4.31 2.61 0.46  203.65 224.38 49.08 346.36 2.00
MST2 0.80 256 3503 2.72 0.16  200.00 206.16 12.73 399.71 13.68
YSI 043 0.02 0.02 0.03 0.01 32.89  40.28 63.12 55.33 1.00

In bold: High stability (c’gxe/a’g < 1.0).

c%g: Genotypic variance; o?ge: Genotype x environment variance; o2p: Phenotypic variance; c?e: Error variance; GCV:
Genotypic coefficient of variation; PCV: Phenotypic coefficient of variation; h?B: broad sense heritability; GAM: Genetic
advance as percent of the mean. Yp: Yield under non-stress conditions; Ys: Yield under stress conditions; ReY: Percent
reduction in yield; IDR: Intensity of drought resistance; GMP: Geometric mean productivity; HM: Harmonic mean; MP:
Mean productivity; STI: Stress tolerance index; YI: Yield index; YSI: yield stability index; DRI: Drought resistance index;
MST:: Modified stress tolerance index for the non-stress condition; MST,: Modified stress tolerance index for stress
condition.
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Table 7. Principal Component Analysis (PCA) of seed yield and drought tolerance indices of ten
accessions of cowpea evaluated under differential drought stress in 2019, 2021, and combined seasons

Parameters 2019 2021 Combined

PC1 PC2 PC1 PC2 PC1 PC2 PC3
Yp (9) 0.09 0.98 0.93 -0.34 0.28 0.72 0.62
Ys (9) 0.99 -0.11 0.95 0.29 0.94 -0.29 -0.07
ReY (%) -0.88 0.48 0.21 -0.98 -0.77 0.64 0.04
DRI 0.86 -0.51 -0.2 0.98 0.92 -0.34 -0.07
GMP 0.94 0.32 0.99 -0.05 0.96 0.11 0.19
HM 0.99 0.06 0.99 0.09 0.98 -0.09 0.02
IDR 0.67 0.71 0.98 -0.18 0.67 -0.66 0.19
Yl 0.94 0.33 0.99 -0.01 0.98 0.12 -0.09
MP 0.99 -0.11 0.95 0.29 0.77 0.44 0.46
STI 0.87 -0.48 -0.21 0.98 0.76 0.63 -0.15
MST: 0.92 -0.33 0.55 0.83 0.57 0.73 -0.37
MST> 0.57 0.78 0.98 -0.0003 0.61 0.67 -0.39
YSI 0.97 0.09 0.97 0.06 0.77 -0.63 -0.09
Eigenvalue 9.61 3.15 8.94 3.89 8.17 3.57 1.01

Percentage variance 7390 2422 68.74 29.96 62.87 27.43 7.73
Cumulative variance

(%) 7390 98.12 68.74 98.70 62.87 90.30 98.03
Bold indicates high loading (=0.50). PC: Principal Component.
Yp: Yield under non-stress conditions; Ys: Yield under stress conditions; ReY': Percent reduction in yield; IDR: Intensity of
drought resistance; GMP: Geometric mean productivity; HM: Harmonic mean; MP: Mean productivity; STI: Stress tolerance
index; YI: Yield index; YSI: yield stability index; DRI: Drought resistance index; MST1: Modified stress tolerance index for
the non-stress condition; MST,: Modified stress tolerance index for stress condition.
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FC1

Figure 2. Bi-plot showing the interrelationships among seed yield and drought tolerance indices of ten accessions of cowpeas evaluated under differential drought
stress in 2019. Yp: Yield under non-stress conditions; Ys: Yield under stress conditions; ReY: Percent reduction in yield; IDR: Intensity of drought resistance;
GMP: Geometric mean productivity; HM: Harmonic mean; MP: Mean productivity; STI: Stress tolerance index; YI: Yield index; YSI: yield stability index; DRI:
Drought resistance index; MST1: Modified stress tolerance index for the non-stress conditions; MST,: Modified stress tolerance index for stress conditions. G1 —
G10 are codes for accessions of cowpea evaluated.
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Figure 3. Bi-plot showing the interrelationships among seed yield and drought tolerance indices of ten accessions of cowpeas evaluated under differential drought stress in
2021. Yp: Yield under non-stress conditions; Ys: Yield under stress conditions; ReY: Percent reduction in yield; IDR: Intensity of drought resistance; GMP: Geometric
mean productivity; HM: Harmonic mean; MP: Mean productivity; STI: Stress tolerance index; YI: Yield index; YSI: yield stability index; DRI: Drought resistance index;
MST:: Modified stress tolerance index for the non-stress conditions; MST,: Modified stress tolerance index for stress conditions. G1 — G10 are codes for accessions of
cowpea evaluated.

396



*ce

PC2

FC1

Figure 4. Bi-plot showing the interrelationships among seed yield and drought tolerance indices of ten accessions of cowpeas evaluated under differential drought
stress for the combined seasons. Yp: Yield under non-stress conditions; Ys: Yield under stress conditions; ReY: Percent reduction in yield; IDR: Intensity of
drought resistance; GMP: Geometric mean productivity; HM: Harmonic mean; MP: Mean productivity; STI: Stress tolerance index; YI: Yield index; YSI: yield
stability index; DRI: Drought resistance index; MST1: Modified stress tolerance index for the non-stress condition; MST,: Modified stress tolerance index for stress

conditions. G1 — G10 are codes for accessions of cowpea evaluated.
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PC2

Figure 5. Polygon view of the interrelationships among seed yield and drought tolerance indices of ten accessions of cowpeas evaluated under differential drought
stress in 2019. Yp: Yield under non-stress conditions; Ys: Yield under stress conditions; ReY: Percent reduction in yield; IDR: Intensity of drought resistance;
GMP: Geometric mean productivity; HM: Harmonic mean; MP: Mean productivity; STI: Stress tolerance index; YI: Yield index; YSI: yield stability index; DRI:
Drought resistance index; MST1: Modified stress tolerance index for the non-stress condition; MST,: Modified stress tolerance index for stress conditions. G1 —
G10 are codes for accessions of cowpea evaluated.
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Figure 6. Polygon view of the interrelationships among seed yield and drought tolerance indices of ten accessions of cowpeas evaluated under differential drought
stress in 2021. Yp: Yield under non-stress conditions; Ys: Yield under stress conditions; ReY: Percent reduction in yield; IDR: Intensity of drought resistance;
GMP: Geometric mean productivity; HM: Harmonic mean; MP: Mean productivity; STI: Stress tolerance index; Y1: Yield index; YSI: yield stability index; DRI:
Drought resistance index; MST:: Modified stress tolerance index for the non-stress conditions; MST»: Modified stress tolerance index for stress conditions. G1 —
G10 are codes for accessions of cowpea evaluated.
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Figure 7. Polygon view of the interrelationships among seed yield and drought tolerance indices of ten accessions of cowpeas evaluated under differential drought stress
for the combined seasons. Yp: Yield under non-stress conditions; Ys: Yield under stress conditions; ReY: Percent reduction in yield; IDR: Intensity of drought resistance;
GMP: Geometric mean productivity; HM: Harmonic mean; MP: Mean productivity; STI: Stress tolerance index; YI: Yield index; YSI: yield stability index; DRI: Drought
resistance index; MST1: Modified stress tolerance index for the non-stress conditions; MST.: Modified stress tolerance index for stress conditions. G1 — G10 are codes

for accessions of cowpea evaluated.
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Table 8. Genotypic correlation among seed yield and drought tolerance indices of cowpea evaluated under differential drought stress in

2019 and 2021
Trait Year Yp Ys ReY DRI GMP HM IDR Y MP STI MST; MST,; YSI
Yp 2019 1 -0.04 0.37 -0.22 0.36 0.11 -0.37 -0.05 0.76** 0.34 0.65* 0.12 -0.37
2021 1 0.82** 0.53 0.31 0.96** 0.91** -0.53 0.82**  0.99** 0.94** 091** 0.87** -0.53
Ys 2019 0.37 0.97** 0.91** 0.98** 0.94** 1.00** 0.61 0.92** 0.71* 0.97**  0.94**
2021 -0.05 0.79** 0.95** (0.98** 0.05 1.00** 0.89** 0.95** (0.93** 0.05 -1.00**
ReY 2019 -0.96** -0.72* -0.87** -1.00** -0.94** -0.31 -0.72* -0.41 -0.83  -1.00**
2021 -0.64* 0.27 0.14 -1.00**  -0.05 0.39 0.24 0.22 0.18 -1.00**
DRI 2019 0.79** 0.91** 0.97** 0.96** 0.45 0.81** 0.54 0.93**  0.97**
2021 0.57 0.67* 0.65*  0.79** 0.45 0.59 0.61 0.62 0.64*
GMP 2019 0.97** 0.72* 0.91** 0.87** 0.99** 0.93** 0.94** 0.72*
2021 0.99** -0.27 0.95** 0.99** 0.99** 0.97** 0.95** -0.14
HM 2019 0.87** 0.98** 0.71* 0.96** 0.81** 0.97** 0.88**
2021 -0.14 0.98**  0.96** 0.99** 0.98** 0.96** -0.14
IDR 2019 0.94** 0.31 0.72* 0.42 0.84**  1.00**
2021 0.05 -0.39 -0.24 -0.22 -0.17 1.00**
Yl 2019 0.61 0.92** 0.71* 0.97**  0.94**
2021 0.89**  0.95** 0.95** (0.93** 0.05
MP 2019 0.86** 0.97** 0.72* 0.31
2021 0.98** 0.95** (0.92** -0.39
STI 2019 0.93** 0.96** 0.72*
2021 0.99**  0.97** -0.24
MST; 2019 0.80** 0.41
2021 1.00** -0.22
MST, 2019 0.83**
2021 -0.17

**: Significant at P < 0.01; *: Significant at P < 0.05.
Yp: Yield under non-stress conditions; Ys: Yield under stress conditions; ReY: Percent reduction in yield; IDR: Intensity of drought resistance; GMP: Geometric
mean productivity; HM: Harmonic mean; MP: Mean productivity; STI: Stress tolerance index; Y1: Yield index; YSI: yield stability index; DRI: Drought resistance
index; MST1: Modified stress tolerance index for the non-stress condition; MST.: Modified stress tolerance index for stress condition.
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4. Discussion

Plant breeding programs for drought tolerance principally focus on yield which reflects the
adaptability and stability of genotypes. Various drought tolerance indices have been used as key
contributors in the selection of drought-tolerant genotypes of crop species. However, their genetic
variability and the effect of genotype by environment interaction (GEI) on these indices have not
been seriously explored. Variability has three primary components: genotypic (G), environmental
(E), and G x E interaction (I). GEI brings ambiguity into the selection process, influencing trait
heritability estimates and responsiveness to selection. The variance component ratio of c’gxe/c%g
can be used to quantify the magnitude of the GEI to genetic effects. A ratio smaller than 1.0 shows
that genetic factors have a larger effect and stability in comparison to the variability associated
with the interaction of genotype and environment (Hossain et al., 2013).

The significant mean squares shown regarding seed yield under the differential drought stress
indicated high genetic differences among the accessions under both non-stress and drought-stress
conditions. The significant genotype x environment and environmental effects for yield and
drought tolerance indices indicated that accessions performed differently under differential
moisture conditions within each year (environment), and that differences in the environment were
significant enough to reveal the differences among genotypes. Similar levels of variations have
been reported in such crops as maize (Lao et al., 2022; Badu-apraku et al., 2021), cowpea (Ajayi,
2020; Batieno et al., 2016), peanut (Songsri et al., 2008), sorghum (Choudhary et al., 2021), rice
(Hussain et al., 2021), and wheat (Bennani et al., 2017; Al-rawi, 2016). These results also
suggested large differences in environmental factors such as soil nutrient status and water holding
capacity, ranges of temperatures, and relative humidity of the screen house at the experimental site
(Badu-apraku et al., 2021). These findings highlight the importance of considering genetic
variation and GEI when studying drought tolerance in cowpeas. The results indicate the need for
further investigation into specific cowpea genotypes that exhibit higher seed yield under drought
stress conditions, which could contribute to the development of drought-tolerant varieties in
cowpea breeding programs. Seed yield in non-stress conditions for the two years was generally
higher than that of the drought stress conditions, and the reduction in seed yield was also higher in
the first year compared to the value observed in the second year. Overall, an above-average
reduction in seed yield was associated with accessions G8, G7, G4, G3, and G2. Mostly, accessions
with exceptional performance in non-stress conditions had the highest reduction in seed yield while
those with low yield under non-stress did not have their yield seriously affected by drought stress
in agreement with Batieno et al. (2016) in cowpea. Above all, the percentage reduction in seed
yield stayed within the previously reported range in cowpea (Batieno et al., 2016), wheat (Bennani
etal., 2017; Al-rawi, 2016; Guendouz et al., 2021), rice (Hussain et al., 2021), and maize (Bonea,
2020). Even though accessions G3, G7, and G8 were consistent across years with an above-average
reduction in yield, no accession had the highest yield in both conditions consistently across years
suggesting that indirect selection for drought stress could not be projected based on their
performance under optimum conditions (Bennani et al., 2017; Al-rawi, 2016), however, accessions
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G6 and G10 had an above-average yield in both conditions for the combined seasons. On average,
accessions G1, G9, G10, G6, and G7 which had close to average and above-average yield under
non-stress and drought-stress conditions were more drought-resistant and desirable. These
accessions are promising accessions for optimum and drought stress conditions as reported for
cowpeas (Ajayi, 2020).

Highly significant differences in drought tolerance indices indicated that these indices exhibited
high genetic diversity and could discriminate among the accessions under the differential drought
stress (Bonea, 2020). The range of each tolerance index obtained in the present study is similar in
many cases to the ones previously reported (Anwar et al., 2011; Al-rawi, 2016; Eid and Sabry,
2019; Ajayi, 2020; El haddad et al., 2020; Lao et al., 2022; Sareen et al., 2023; Yahaya et al.,
2023). GMP, HM, and ReY exhibited high stability and should be considered in any plant breeding
program for drought tolerance. Therefore, accessions such as G1 and G5 exhibiting higher and
consistent GMP and HM across environments with a lesser reduction in yield would be more
stable. STI combined accessions which hard large differences in seed yield between non-stress and
drought stress conditions. GMP, MP, and Y| pinpointed accessions desirable under drought-stress
conditions in the agreement with (Mahdi, 2012), Al-rawi (2016), and El haddad et al. (2020).
Accessions G1 and G6 were the most tolerant accessions according to ranking and combined high
values of drought tolerance indices across years; moderately tolerant accessions combined mostly
moderate values of the indices across years, while the most susceptible accessions (G8, G2, and
G3) combined low values of the indices across years in agreement with the findings of Ajayi
(2020), Bonea (2020), Eid and Sabry (2019), Guendouz et al. (2021), Yahaya et al. (2023). Similar
trends were also shown by the cluster analysis in agreement with Teklay et al. (2020) and Hussain
et al. (2021) who reported the effectiveness of cluster analysis in the classification of genotypes
into different classes of drought tolerance. The combined ANOVA results reveal significant
genetic variation among cowpea accessions for seed yield and various drought tolerance indices.
The effects of the year and the interaction between accession and year highlight the importance of
considering environmental factors and GEI in studying drought tolerance in cowpeas. These
findings provide valuable insights for further research on identifying and selecting cowpea
genotypes with improved drought tolerance.

Based on the rankings provided in the results, where 1 to 5 indicates a high ranking and above-
average seed yield is considered high, we can assess whether genotypes with high drought
tolerance also exhibited high seed yield under non-stress conditions. In the 2019 season, genotype
G1 had a high ranking in several drought tolerance indices (1st or close to the top) and also had a
relatively high ranking for seed yield under non-stress conditions (6th). This suggests that G1
exhibited both high drought tolerance and a relatively high seed yield in the absence of drought
stress. Other genotypes such as G4, G9, and G10 also had above-average seed yield rankings (2nd,
4th, and 3rd, respectively) and showed varying levels of drought tolerance, although not as
consistently high as G1. However, in the 2021 season, genotype G6 had high rankings in most
drought tolerance indices (1st or close to the top) and achieved the highest ranking for seed yield
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under non-stress conditions. This indicates that G6 exhibited both high drought tolerance and a
high seed yield in the absence of drought stress. Other genotypes such as G2, G4, G5, G7, and G8
also had above-average seed yield rankings (6th, 3rd, 4th, 7th, and 8th, respectively) and showed
varying levels of drought tolerance. Based on these observations, there is some indication that
genotypes with high drought tolerance, as measured by their rankings in drought tolerance indices,
also exhibited above-average seed yield under non-stress conditions.

A combination of high GCV and PCV for such parameters as seed yield under drought stress, ReY,
DRI, HM, IDR, Y1, STI, MST1, MST>, and YSI indicated that the accessions had a broad genetic
base for these parameters, suggesting that selection for them would be effective. Moderate GCV
showed by parameters such as seed yield in non-stress conditions, GMP, and MP indicated the
existence of moderate variability among the studied accessions for these parameters. Furthermore,
higher PCV compared to GCV indicated the influence of the environment on these parameters.
However, the influence of the environment was minimal on most of the parameters which suggests
that they are amenable to improvement. These results agree with the findings of Anwar et al. (2011)
and Eid and Sabry (2019). High broad sense heritability coupled with high GAM exhibited among
parameters such as DRI, YSI, and ReY indicate that they are governed by additive gene effects
and hence selection for them would be effective. These results agree with Bennani et al. (2017) on
ReY; Anwar et al. (2011), and Ajayi (2020) on YSI and DRI. Apart from MST> which showed
low heritability, other parameters had moderate to high heritability combined with high GAM,
indicating that the parameters were less influenced by the effect of the environment, making them
effectively transmitted to the progeny. Seed yield also exhibited lower heritability under drought
stress compared to the non-stress condition as reported by Bogale et al. (2012), Sellammal et al.
(2014), and Ajayi (2020), in maize, rice, and cowpea, respectively. Information on the heritability
of drought-tolerant traits is important in that it determines the degree to which improvement based
on selection is possible (EI-Rawy and Hassan, 2014). Hence, moderate to high heritability
combined with high GAM exhibited among accessions for the yield and most of the drought
tolerance indices indicated that these parameters can be directly used as selection criteria for yield
enhancement of cowpeas for drought stress. Overall, the combination of moderate to high
heritability and high GAM provides strong support for the effectiveness of breeding efforts in
improving drought tolerance in cowpeas. It indicates that genetic improvement through selection
is feasible and can lead to the development of drought-tolerant varieties with enhanced
performance and productivity under water-limited conditions. This information can be practically
utilized in selecting superior genotypes of cowpeas in ways such as phenotypic evaluation,
determination of selection criteria, genetic gain estimation, multi-trait selection, selection indices,
replication, and validation.

The extracted PCs (1 and 2) accounted for the highest variability of more than 90 percent of the
total variation indicating a successful PCA according to Hammer et al. (2001). Therefore, selection
based on the first two PCs is appropriate. All parameters were important contributors to PC1
consistently in both years and combined seasons except seed yield in the non-stress condition in
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2019 and combined years respectively, and ReY, DRI, and STI in 2021. However, yield in non-
stress conditions was among the major contributors in PC2 of 2019 and combined years. Overall,
PC1 can be referred to as drought tolerant and yield potential component (accessions with high
tolerance and high yield in both conditions were highly associated with this axis), while PC2 can
be regarded as a yield potential component (high yielding accessions under optimum conditions
are strongly associated with this axis). The present findings are similar to Batieno et al. (2016),
Ajayi (2020), and Sanogo et al. (2023) in cowpea, Teklay et al. (2020), and Choudhary et al. (2021)
in sorghum, Guendouz et al. (2021) in wheat, Lao et al. (2022) in maize, and Padmashree et al.
(2023) in rice. For the biplot analyses, different trends of relationships were observed under
different years because of the G X E interaction effects. The combined biplot may be regarded as
the representative of the results across years; a high positive correlation between yield in non-
stress conditions with MST1, MST», STI, MP, GMP, and Y| indicated that these indices are capable
of selecting accessions for optimum conditions. However, the positive correlation of yield under
drought stress with indices such as GMP, Y1, HM, DRI, YSI, and IDR indicated that these indices
were more effective at selecting accessions with superior performance under drought stress
conditions. Nevertheless, a high, positive correlation of GMP and Y| with seed yield under drought
stress and non-stress conditions indicated that selection for these indices will pinpoint superior
accessions in both drought stress and non-stress conditions. Therefore, the combination of these
indices selected both the highly tolerant accessions such as G6, G1, G9, and G10 and the
moderately tolerant G7 and G5. The polygon view of the biplot identified the best accessions for
a specific trait or a group of traits in the study. Accessions G6, G7, G9, G2, and G3 vertex
accessions, hence, were the most responsive for the combined seasons. Vertex accessions exhibit
higher values for the traits contained within the same sector in the biplot (Atnaf et al., 2017).
Therefore, G7 had the highest seed yield under non-stress conditions, G6 had higher values for
drought tolerance indices such as MST1, MST2; G9 combined higher values of YSI, IDR, and DRI
with seed yield under drought stress conditions, G3 had the highest values for a reduction in yield
while G2 had no corresponding trait nor indices in its sector.

Genotypic correlation analysis was done among parameters to determine the most suitable
tolerance indices. Previous reports have indicated that the most suitable indices for the selection
of drought-tolerant genotypes are those that show a positive correlation with grain yield in both
the conditions of drought stress and non-stress (Al-rawi, 2016; Bonea, 2020; Hosseini et al., 2020).
The lack of correlation between yield in non-stress and drought stress conditions in 2019 suggests
that higher yield under non-stress conditions does not always anticipate high yield under drought
stress conditions (Ajayi, 2020). This agrees with Bonea (2020) in maize. On the contrary, the high
positive correlation of seed yield in non-stress conditions with seed yield under drought stress,
GMP, HM, Y1, MP, STI, MSTy, and MST> in 2021 indicated that these indices can discriminate
accessions exhibiting superior performance under both drought and non-stress conditions from the
others and would be the best indices to screen accessions of cowpea under drought stress. These
results align with the findings of Hussain et al. (2021) for GMP and ST1I, El haddad et al. (2020)
for STI, GMP, MP, and HM, and also the findings of Teklay et al. (2020) for MP, HM, GMP, STI,
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and Y. The importance of MP, MSTy, STI, GMP, and HM for selection under both stress and non-
stress conditions has been emphasized by Bennani et al. (2017) in agreement with the present
study. Lao et al. (2022) stated that GMP, MP, and STI should be the preferred indices for screening
drought-tolerant maize genotypes. A consistently significant positive correlation of MST; and MP
with seed yield under non-stress indicates that these indices are useful in discriminating superior
accessions under optimum conditions, which corroborates the biplot results. However, the
consistently high positive correlation of seed yield under stress with DRI, GMP, HM, Y1, STI,
MSTy, and YSI indicated that these indices are effective at discriminating superior accessions
under drought stress conditions in agreement with EI-Rawy and Hassan (2014) for HM, STI, and
YSI, and Ajayi (2020) for DRI, GMP, Y1, and YSI. The newly introduced IDR exhibited a high
positive correlation with the seed yield under drought stress in 2019 and was only useful for
selection under drought stress. Furthermore, the following interaction was consistent across the
two years: higher DRI was associated with higher HM, IDR, Y1, and YSI. Higher GMP was
associated with higher HM, Y1, MP, STI, MST3, and MST.. Higher MP was associated with higher
STI, MSTy, and MST>. Higher Y1 was associated with higher STI, MST3, and MST». Higher IDR
was associated with higher YSI. Higher HM was associated with higher Y1, MP, STI, MST1, and
MST.. Higher ST1 was associated with higher MST1 and MST>. Higher MST1 was associated with
higher MST». However, a higher percent reduction (ReY) was consistently negatively associated
with higher DRI, IDR, and YSI which indicated selection based on these indices would
discriminate accessions exhibiting a higher level of resistance to yield loss under drought stress.
Higher positive correlations indicate similar capabilities of discriminating accessions under
drought stress.

5. Conclusion

This study, which reveals that drought significantly reduces seed yield in cowpeas, shows that seed
yield and all drought tolerance indices are greatly influenced by genotype effect, environment
(year), and genotype x environment interaction. However, the magnitude of G x E about genetic
effects indicated high stability of GMP, HM, and ReY. All analyses pinpointed highly tolerant
accessions (G1 and G6) from the highly susceptible ones (G2, G3, and G8). Genotypes with high
drought tolerance generally exhibited better seed yield under drought stress conditions, indicating
their suitability for cultivation in arid and semi-arid regions. However, the study also identified
genotypes that displayed high seed yield in the absence of drought stress, suggesting the presence
of genotypes with both high drought tolerance and high seed yield potential in non-stress
conditions. This study also confirmed MST1, MST», STI, and MP as suitable for selecting high-
yielding accessions for non-stress conditions and hence are recommended for optimum conditions.
HM, DRI, YSI, and IDR were the most suitable for selecting drought-tolerant accessions and hence
recommended for environments prone to drought while GMP and Y1 were effective under both
non-stress and drought-stress conditions. Furthermore, all the indices showed moderate to high
heritability and high GAM except MST> which showed low heritability. The results of the
correlation analysis highlighted the relationships between various drought tolerance traits and seed
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yield. Positive correlations were observed between seed yield under non-stress conditions and
traits such as yield under stress conditions, DRI, GMP, and MP. Similarly, Yield under stress
showed positive correlations with ReY, DRI, GMP, and other productivity indices, indicating their
relevance for drought tolerance and productivity improvement. Nonetheless, it is recommended
that in-depth multi-environment studies using Additive Main Effects and Multiplicative
Interaction (AMMI), Genotype and Genotype x Environment (GGE), and Finlay and Wilkinson
(FW) analyses should be conducted to shed more light on the importance of GEI on drought
tolerance indices of cowpea for its improvement.

Acknowledgment

The International Institute of Tropical Agriculture (IITA), Ibadan, Nigeria is acknowledged for
providing the cowpea accessions used for this study. The Department of Plant Science and
Biotechnology, Adekunle Ajasin University, Akungba-Akoko, Nigeria is also acknowledged for
providing the screen house and other facilities for the study.

References

Adetumbi, J.A., Akinyosoye, S.T., Agbeleye, A., Kareem, K.T., Oduwaye, O.F., Adebayo, G.G.,
Olakojo, S.A. 2019. Genetic variability in the agronomic traits, inheritance pattern of seed coat
colour, and response to brown blotch disease among cowpea hybrids, Euphytica, 215: 142.

Ajayi, A.T., Adekola, M.O., Taiwo, B.H., Azuh, V.O. 2014. Character expression and differences
in yield potential of ten genotypes of cowpea (Vigna unguiculata L. Walp), International Journal
of Plant Research, 4(3): 63-71.

Ajayi, A.T., Gbadamosi, A.E., Olumekun, V.O., Nwosu, P.O. 2020. GT biplot analysis of shoot
traits indicating drought tolerance in cowpea [Vigna unguiculata (L.) Walp] accessions at
vegetative stage, International Journal of BioSciences and Technology, 13(2): 18-33.

Ajayi, A.T., Gbadamosi, A.E., Osekita, O.S., Taiwo, B.H., Fawibe, A.B., Adedeji, I., Omisakin,
T. 2022. Genotype x environment interaction and adaptation of cowpea genotypes across SiX
planting seasons, Frontiers in Life Sciences and Related Technologies, 3(1): 7-15.

Ajayi, A.T. 2020. Relationships among drought tolerance indices and yield characters of cowpea
(Vigna unguiculata L. Walp), International Journal of Scientific Research in Biological Sciences,
7(5): 93-103.

Al-rawi, 1.M.D. 2016. Study of drought tolerance indices in some bread and durum wheat cultivars,
Jordan Journal of Agricultural Sciences, 12(4): 1125-1139.

Anwar, J., Subhani, G.M., Hussain, M., Ahmad, J., Hussain, M., Munir, M. 2011. Drought
tolerance indices and their correlation with yield in exotic wheat genotypes, Pakistan Journal of
Botany, 43(3): 1527-1530.

Atnaf, M., Tesfaye, K., Wegary, D. 2017. Genotype by trait biplot analysis to study associations
407



and profiles of Ethiopian white lupin (Lupinus albus L.) landraces, Australian Journal of Crop
Science, 11(1): 55-62.

Badu-apraku, B., Obesesan, O., Abiodun, A., Obeng-Bio, E. 2021. Genetic gains from selection
for drought tolerance during three breeding periods in extra-early maturing maize hybrids under
drought and rainfed environments, Agronomy, 11: 831.

Batieno, B.J., Tignegreb, J., Hamadouc, S., Hamadoud, Z., Ouedraogoe, T.J., Danquahf, E. Oforig,
K. 2016. Field assessment of cowpea genotypes for drought tolerance, International Journal of
Sciences: Basic and Applied Research, 30(4): 358-369.

Bennani, S., Nsarellah, N., Jlibene, M., Tadesse, W., Birouk, A., Ouabbou, H. 2017. Efficiency of
drought tolerance indices under different stress severities for bread wheat selection, Australian
Journal of Crop Science, 11(4): 395-405.

Bogale, G., Rensburg, J.B.J., van Deventer, C.S. 2012. Heritability of drought adaptive traits and
relationships with grain yield in maize grown under a high plant population, Ethiopian Journal of
Agricultural Sciences, 22(1): 126-126.

Bonea, D. 2020. Grain yield and drought tolerance indices in maize hybrids, Notulae Scientia
Biologicae, 12(2): 376-386.

Bouslama, M., Schapaugh, W.T. 1984. Stress tolerance in soybean. I. Evaluation of three screening
techniques for heat and drought tolerance, Crop Science, 24: 933-937.

Choudhary, R.S., Biradar, D.P., Katageri, 1.S. 2021. Evaluation of sorghum RILs for moisture
stress tolerance using drought tolerance indices, The Pharma Innovation Journal, 10(4): 39-45.

de Noévoa Pinto, J.V., Sousa, D., de P. Nunes, H.G.G.C., de Souza, E.B., de Melo-Abreu, J.P.,
Sousa, A.M.L., de Souza, P.J.0.P. 2021. Impacts of climate changes on risk zoning for cowpea in
the Amazonian tropical conditions, Bragantia, 80: e5521.

Eid, M.H., Sabry, S. 2019. Assessment of variability for drought tolerance indices in some wheat
(Triticum aestivum L.) genotypes, Egyptian Journal of Agronomy, 41(2): 79-91.

El haddad, N., Rajendran, K., Smouni, A., Es-Safi, N.E., Benbrahim, N., Mentag, R., Nayyar, H.,
Maalouf, F., Kumar, S. 2020. Screening the FIGS set of lentil (Lens culinaris Medikus) germplasm
for tolerance to terminal heat and combined drought-heat stress, Agronomy, 10: 1036.

El-Rawy, M.A., Hassan, M.l. 2014. Effectiveness of drought tolerance indices to identify tolerant
genotypes in bread wheat (Triticum aestivum L.), Journal of Crop Science and Biotechnology,
17(4): 255-266.

FAOSTAT. 2022. Official Website of Food and Agriculture Organization, FAOSTAT _data_8-29-
2020-Excel, http://faostat.fao.org, Last Accessed on January 29, 2022.

Farshadfar, F., Sutka, J. 2002. Screening drought tolerance criteria in maize, Acta Agron Hung,
408



50(4): 411-416.

Fayeun, L.S., Hammed, L.A., Oduwaye, O.A., Madike, J.U., Ushie, E.U. 2016. Estimates of
genetic variability for seedling traits in fluted pumpkin (Telfairia occidentalis Hook. F), Plant
Breeding and Biotechnology, 4(2): 262-270.

Fernandez, G.C.J. 1992. Effective selection criteria for assessing plant stress tolerance,
Proceedings of the Symposium Taiwan, 25: 257-270.

Fisher, R.A., Yates, F. 1963. Statistical tables for biological, agricultural, and medical research,
Biometrical Journal, 13(4): 225-286.

Gavuzzi, P., Rizza, F., Palumbo, M., Campaline, R.G., Ricciardi G.L., Borghi, B. 1997. Evaluation
of field and laboratory predictors of drought and heat tolerance in winter cereals, Canadian Journal
of Plant Science, 77: 523-531.

Guendouz, A., Frih, B., Oulmi, A. 2021. Canopy cover temperature and drought tolerance indices
in durum wheat (Triticum durum Desf.) genotypes under the semi-arid condition in Algeria,
International Journal of Bio-Resource and Stress Management, 12(6): 638-644.

Hammer, @., Harper, D.A.T., Ryan, P.D. 2001. PAST: Paleontological statistics software package
for data analysis, Palaeontologia Electronica, 4(1): 9.

Hossain, K.G., Islam, N., Jacob, D., Ghavami, F., Tucker, M., Kowalski, T., Leilani, A., Zacharias,
J. 2013. Interdependence of genotype and growing site on seed mineral compositions in common
bean, Asian Journal of Plant Sciences, 12(1): 11-20.

Hosseini, A.D., Dadkhodaie, A., Heidari, B., Kazemeini, S.A. 2020. Evaluation of a hexaploid
wheat collection (Triticum aestivum L.) under drought stress conditions using stress tolerance
indices, Annual Research and Review in Biology, 34(6): 1-10.

Hussain, T., Hussain, N., Ahmed, M., Nualsri, C., Duangpan, S. 2021. Responses of lowland rice
genotypes under terminal water stress and identification of drought tolerance to stabilize rice
productivity in southern Thailand, Plants, 10: 2565.

Kristin, A.S., Senra, R.R., Perez, F.1., Enriquez, B.C., Gallegos, J.A.A., Vallego, P.R., Wassimi,
N., Kelley, J.D. 1997. Improving common bean performance under drought stress, Crop Science,
37:43-50.

Lao, Y., Dong, Y., Shi, Y., Wang, Y., Xu, S., Xue, J., Zhang, X. 2022. Evaluation of drought
tolerance in maize inbred lines selected from the Shaan A group and Shaan B group, Agriculture,
12:11.

Mahdi, Z. 2012. Evaluation of drought tolerance indices for the selection of Iranian barley
(Hordeum vulgare) cultivars, African Journal of Biotechnology, 11(93): 15975-15981.

Moosavi, S.S., Samadi, B.Y., Naghavi, M.R., Zali, A.A., Dashti, H., Pourshahbazi, A. 2008.
409



Introduction of new indices to identify relative drought tolerance and resistance in wheat cultivars,
Desert, 12: 165-178.

Nauditt, A., Stahl, K., Rodriguez, E., Birkel, C., Formiga-Johnsson, R.M., Kallio, M., Ribbe, L.,
Baez-Villanueva, O.M., Thurner, J., Hann, H. 2022. Evaluating tropical drought risk by combining
open access gridded vulnerability and hazard data products, Science of the Total Environment,
882: 153493.

Ogbaga, C.C., Stepien, P., Johnson, G.N. 2014. Sorghum (Sorghum bicolor) varieties adopt
strongly contrasting strategies in response to drought, Physiologia Plantarum, 152(2): 389-401.

Padmashree, R., Reddy, V., Mogar, N.D., Barbadikar, K.M., Balakrishnan, D., Gireesh, C.,
Siddaiah, A.M., Badri, J., Lokesha, R., Ramesha, Y.M., Senguttuvel, P., Diwan, J.R., Madhav,
M.S., Rani, S.C., Sundaram, R.M. 2023. Assessment of multiple tolerance indices to identify rice
lines suitable for aerobic system cultivation, International Journal of Plant and Soil Science,
35(11): 16-28.

Rosielle, A.A., Hamblin, J. 1981. Theoretical aspects of selection for yield in stress and non-stress
environments, Crop Science, 21: 943-946.

Sanogo, S.A., Diallo, S., Batieno, T.B., Ishola, A.l., Sawadogo, N., Nyadanu, D. 2023. Screen
house assessment of cowpea genotypes for drought tolerance using selection indices, Agricultural
Sciences, 14: 457-473.

Sareen, S., Budhlakoti, N., Mishra, K.K., Bharad, S., Potdukhe, N.R., Tyagi, B.S., Singh, G.P.
2023. Resilience to terminal drought, heat, and their combination stress in wheat genotypes,
Agronomy, 13: 891.

Sellammal, R., Robin, S., Raveendran, M. 2014. Association and heritability studies for drought
resistance under varied moisture stress regimes in backcross inbred population of rice, Rice
Science, 21(3): 150-161.

Songsri, P., Jogloy, S., Kesmala, T., Vorasoot, N., Akkasaeng, C., Patanothai, A., Holbrook, C.C.
2008. Heritability of drought resistance traits and correlation of drought resistance and agronomic
traits in peanut, Crop Science, 48(6): 2245-2253.

Teklay, A., Gurja, B., Taye, T., Gemechu, K. 2020. Selection efficiency of yield-based drought
tolerance indices to identify superior sorghum [Sorghum bicolor (L.) Moench] near-isogenic lines
(NILs) under two-contrasting environments, African Journal of Agricultural Research, 15(3): 379—
392.

Yahaya, M.A., Shimelis, H., Nebie, B., Mashilo, J., Pop, G. 2023. Response of African sorghum
genotypes for drought tolerance under variable environments, Agronomy, 13: 557.

410



	Kapak İçindekiler Şubat 2024
	1. Yücel Tartan and Karavin 2024
	2. Türkmen Bulca and Yakalı 2024
	3. Ajayi 2024

