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Abstract: Genetic diversity analysis of crop genetic resources is a prerequisite for parental selection
with suitable and complementary profiles for breeding. The objectives of this study were to determine
genetic diversity present among okra accessions using simple sequence repeat (SSR) and comple-
mentary phenotypic markers and to select genetically divergent and superior parental accessions
for pre-breeding. Twenty-six preliminarily selected okra accessions were assessed using nine highly
polymorphic SSR markers and phenotyped under drought-stressed (DS) and non-stressed (NS) envi-
ronmental conditions using a 13 × 2 alpha lattice design with two replications. Data were collected
on the following eleven phenotypic traits: plant height (PH), days to 50% maturity (DTM), fresh pod
length (FPL), dry pod weight (DPW), dry pod length (DPL), number of pods per plant (NPPP), pod
yield per plant (PYPP), total above-ground biomass (AGB), harvest index (HI), root weight (RW), and
root to shoot ratio (RSR). The SSR markers revealed an expected mean heterozygosity value of 0.54,
indicating moderate genetic diversity among the tested okra accessions. Cluster analysis based on
phenotypic and SSR markers differentiated the accessions into three distinct genetic groups. Wide
phenotypic variation was observed for PH, FPL, NPPP, and PYPP under NS and DS conditions. PYPP
was positively and significantly correlated with FPL (r = 0.81), ABG (r = 0.69), and HI (r = 0.67) under
DS conditions, and FPL (r = 0.83) and AGB (r = 0.60) under NS conditions. Genetically complemen-
tary accessions such as LS04, LS05, LS06, LS07, LS08, LS10, LS11, LS15, LS18, LS23, LS24, and LS26
were identified for their high yield potential and related yield-improving traits under DS conditions.
The identified accessions are recommended as parents for hybridization and selection programs to
improve the yield potential of okra under drought-stressed environments.

Keywords: abiotic stress; genotyping; okra; phenotyping; molecular markers; SSR

1. Introduction

Okra (Abelmoschus esculentus L., 2n = 130) is an allotetraploid derived from the natural
hybridization of a wild progenitor A. tuberculatus (2n = 58), with another yet unidentified
species with 2n = 72 chromosomes. Okra is a vegetable crop that is widely cultivated for
its fresh and succulent pods [1,2]. Okra is an autogamous species and predominantly a
self-pollinating crop. However, varying levels of cross-pollination have also been reported
depending on the activity of insect pollinators and the growing environment [1]. The tender
green pod is the most economical and vital source of vitamins A, B1, B3, B6, folic acid, C,
and K, essential for the human diet [3]. Potassium, magnesium, phosphorus, and calcium
are the principal and essential mineral elements present in the green and immature pods of
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okra [4]. In addition, the pod contains 9.7% carbohydrate, 2.2 % protein, and 1% fibre [5].
Okra grains contain 22.14% protein, rare amino acids (such as lysine and tryptophan), fat,
and fibre. The seed oil content varies from 20–40%, and the major fatty acids of the seed are
linoleic acid (49.54%), palmitic acid (28.60%), and oleic acid [6]. These nutritional attributes
make okra an important food security crop, especially in sub-Saharan Africa (SSA), where
malnutrition is the highest. Africa accounts for 32.8% of the world’s okra production. West
and Central African countries contribute to over 75% of total okra production in SSA [7].
Despite the significant contribution by SSA toward global okra production, the average crop
yields are low and variable in the region due to a lack of improved and modern varieties.

Okra is drought-tolerant crop and can successfully grow under water-limited condi-
tions with minimal supplemental irrigation. Despite being relatively drought-tolerant, the
crop fails to reach its maximum yield potential, resulting in low marketable pod yields,
primarily when drought stress occurs at the flowering and pod development stages. For ex-
ample, 37 to 83% yield losses attributed to drought stress occurred during the reproductive
stage [8,9]. The low yield performance is related with the cultivation of low-yielding and
drought-sensitive varieties.

The crop exhibits extensive morphological variation for traits such as plant height,
fresh pod length, number of days to 50% flowering and maturity, number of branches,
number of pods per plant, and pod yield [1,2]. Phenotypic traits such as plant height,
number of branches, fresh pod length, number of pods per plant, total biomass, and seed
yield exhibit positive associations with pod yield [4,9,10]. Hence, these traits could serve
as useful product profiles for breeding of improved okra accessions for high yield and
related traits. Therefore, rigorous phenotypic assessment of okra genetic resources will
identify beneficial traits for future breeding. However, phenotypic traits are influenced by
the genotype, environment, and genotype-by-environment interaction, confounding trait
heritability and genotype performances [10,11]. To complement phenotypic assessment
and for detailed genetic analysis, molecular markers are eminent genetic tools [1,6,12].
Molecular markers improve selection efficiency through phenotypic traits and accelerate
genetic gains for desired traits.

Markers such as random amplified polymorphic DNA (RAPD) inter-simple sequence
repeat (ISSR) [10,12,13], amplified fragment length polymorphism (AFLP) [14,15], sequence-
related amplified polymorphism (SRAP), and simple sequence repeats (SSR) [16,17] have
been successfully used. The marker systems were applied to explore genetic diversity and
relatedness among okra genetic resources. These allowed for delineating heterotic groups
among core collections of the crop and assisted in the selection and variety design. Among
the molecular markers, the SSRs are highly polymorphic and reproducible markers useful
for effective genotyping and selection programs [9,18,19].

Improved varieties of okra are yet to be developed and marketed for food security,
better nutrition, and economic gains. There are limited drought-adapted varieties in
SSA, which necessitates developing high-yielding and drought-tolerant okra genotypes
adapted to the region. Therefore, the objectives of this study were to determine the genetic
diversity present among okra accessions using simple sequence repeat and complementary
phenotypic markers and to identify heterotic groups to select genetically divergent and
superior parental accessions for pre-breeding.

2. Materials and Methods
2.1. Plant Materials

The present study used 25 okra landrace accessions sourced from the Agricultural
Research Council, Vegetable, Industrial and Medicinal Plants (ARC-VIMP)/South Africa.
Locally adapted and grown okra variety “Clemson Spineless” was also included as a
comparative control. The code and number and geographical origin of the okra accessions
used in the study are presented in Table 1.
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Table 1. Accession code and number, and geographical origin of the okra accessions used in the study.

Accession Code Accession Number Geographical Origin

LS01 VI033775 Malaysia
LS02 VI033797 Malaysia
LS03 VI056457 Yugoslavia
LS04 VI039651 Bangladesh
LS05 VI046561 Thailand
LS06 VI047672 Bangladesh
LS07 VI050150 Taiwan
LS08 VI050957 Zambia
LS09 VI050960 Zambia
LS10 VI055110 Malaysia
LS11 VI055119 Myanmar
LS12 VI055219 Malaysia
LS13 VI055220 Malaysia
LS14 VI055421 Viet Nam
LS15 VI056069 Cambodia
LS16 VI056079 Cambodia
LS17 VI056081 Cambodia
LS18 VI056449 United States of America
LS19 VI060131 Mali
LS20 VI060313 Tanzania
LS21 VI060679 India
LS22 VI060803 Turkey
LS23 VI060817 Brazil
LS24 VI060822 Nigeria
LS25 VI060823 Nigeria
LS26 Clemson Spineless South Africa

2.2. DNA Extraction, Purification, and Quantification

Okra seeds were sent to SciCorp Laboratories (SciCorp-lab, SA Pty Ltd., Pietermar-
itzburg, South Africa) for SSR analysis. Genomic DNA was extracted from 20 seeds per
genotype using modified CTAB method [20]. The quantity and quality of total genomic
DNA were determined by 0.7% Tris-Borate-EDTA (TBE) agarose gel electrophoresis and
spectrophotometer, respectively. A working concentration of 20 ng µL−1 was standardized
for all extracted DNA.

2.3. Polymerase Chain Reaction (PCR) and SSR Analysis

Okra seeds were found to be better for DNA sampling and analysis due to the mucilagi-
nous material present in the leaves. Bulked DNA was used for amplification and analysis.
SSR sequences were amplified through PCR using 9 selected diagnostic polymorphic SSR
markers developed for okra (Table 2). These markers were selected based on their high
polymorphic information content (PIC) and that they were developed and recommended
for okra genetic diversity studies [18,21–23]. PCR amplification reaction contained 20 µL of
PCR mix. The mix contained 1x PCR buffer, 3 mM MgCl, 1.25 U Taq polymerase, 0.2 mM
dNTPs, 4pM each primer, and 5 ng genomic DNA (Bioline, Meridian, MI, USA). A PCR
profile of initial denaturation for 2 min at 94 ◦C and 33 cycles of denaturation for 1 min at
94 ◦C, the annealing temperature of 63 ◦C for 2 min, and extension for 2 min at 72 ◦C was
used. PCR products were fluorescently labelled and separated by capillary electrophoresis
on ABI 3130 automatic sequencer (Applied Biosystems, Johannesburg, South Africa) and
analysis was performed using GeneMapper 4.1 (Applied Biosynthesis, Johannesburg, South
Africa). A 36 cm capillary and 3130 POP-7 polymer (Applied Biosystem, Johannesburg,
South Africa) were used.
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Table 2. Description of the SSR primers used for genotyping of 26 okra landrace accessions.

Marker Name Forward Primer Sequence Reverse Primer Sequence PIC

Okra 111 GATGGAATTGAGAAACCAGA TGTGTTCTTCACTCTCGTCA 0.89
Okra 152 GCTCTATTGATGGCGAGTAA AAAGTCATCCAAGGTGACAA 0.81
Okra 166 TTCCAGTTGGAGAGGTAAGA CTTCCATTTCATCGACTTTC 0.82

AVRDC-Okra17 ACGAGAGTGAAGTGGAACTG CTCCTCTTTCCTTTTTCCAT 0.81
AVRDC-Okra70 GTAGCTGAACCCTTTGCTTA CTATCATGGCGGATTCTTTA 0.98
AVRDC-Okra39 TGAGGTGATGATGTGAGAGA TTGTAGATGAGGTTTGAACG 0.99
AVRDC-Okra64 AAGGAGGAGAAAGAGAAGGA ATTTACTTGAGCAGCAGCAG 0.87
AVRDC-Okra9 ACCTTGAACACCAGGTACAG TTGCTCTTATGAAGCAGTGA 0.85

AVRDC-Okra57 CGAGGAGACCATGGAAGAAG ATGAGGAGGACGAGCAAGAA 0.78
Okra137 GAGAGAGATTGCTTCGACTG TAAACTTTAAACTCAGCGGC 0.80

SSR = simple sequence repeats, PIC = polymorphic information content.

2.4. Marker Data Analysis
2.4.1. Computation of Principal Coordinate Analysis (PCoA) and Genetic Parameters

The GenAlex software version 6.5 [24] was used for data analyses and to summarize
PCoA and genetic diversity parameters. Two approaches were adopted to investigate
the genetic diversity and structure among the accessions. The first approach treated
DNA polymorphisms as binary data (presence or absence). To determine the genetic
structure within and among landraces, a second approach was adopted based on the
co-dominant nature of the marker. Genetic parameters such as number of alleles per
locus (Na), number of effective alleles per locus (Ne), allelic richness (Ar), Shannon’s
information index (I), observed heterozygosity (Ho), and expected heterozygosity (He)
were calculated using GenAlex version 6.5 according to Nei and Li [25]. Polymorphic
information content (PIC) was calculated using the formula PIC = 1 − ΣPij2, where Pij
is the frequency of the jth allele of the ith locus [25]. The number of polymorphic loci
was estimated for each pre-determined group based on pedigree information. Online-
based ClustVis (https://biit.cs.ut.ee/clustvis_large/, accessed on 22 May 2022) was used
to visualize the heatmap, and plots of total genetic variation were analysed using pairwise
genetic distance for haploid and co-dominant SSR markers [26].

2.4.2. Cluster Analysis

The binary data were used to obtain a dissimilarity matrix using the Jaccard index. The
matrix was used to perform cluster analysis based on the unweighted pair group method
using the arithmetic mean algorithm (UPGMA) in DARwin 5.0 software [27]. A dendro-
gram was then generated on the dissimilarity matrix to determine genetic relationships
among the tested accessions. Bootstrap analysis was performed for node construction using
10,000 bootstrap values to estimate the reliability of the clustering pattern. A joint hierarchi-
cal cluster was generated to determine the association between genotypic and phenotypic
data for both stressed and non-stressed conditions. The clusters were constructed using the
“Cluster” package in R software [28].

2.5. Phenotyping Okra Accessions
2.5.1. Experimental Design and Crop Establishment

Two seeds of each genotype were grown in 5 L capacity plastic pots filled with com-
posted pine bark growing media. Two plants were established per pot for each genotype.
The day/night temperatures in the greenhouse (GH) were 30 ◦C/20 ◦C and the relative
humidity ranged between 45 and 55% during the study. Inorganic fertilizers consisting
of nitrogen (N), phosphorus (P), and potassium (K) were applied at a rate of 120, 30, and
30 kg ha−1, based on soil fertility recommendations using urea (46-0-0), phosphorus pen-
toxide (P2O5), and potassium oxide (P2O), respectively. The okra accessions were evaluated
using a 13 × 2 alpha lattice design under drought-stressed (DS) and non-stressed (NS)
conditions with two replications. DS was imposed at 50% flowering until physiological
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maturity to mimic terminal drought stress by withholding irrigation until the soil water con-
tent reached 30% field capacity. In addition, plots were irrigated at field capacity to allow
for continued plant growth and development. The NS conditions involved maintaining soil
moisture content at field capacity by supplying water through the dripper irrigation system
until physiological maturity under GH environment. Tensiometers (Spectrum Technologies,
Inc., Aurora, IL, USA) were used to monitor soil moisture status during the experiment.

2.5.2. Phenotypic Data Collection

Data were collected from three randomly selected and tagged plants for each genotype.
At physiological maturity, data were collected on the following phenotypic traits. Plant
height (PH) was measured in cm from the ground level to the apex of the plant on the main
stem. Pods were harvested when 50% of the pods were 3–5 cm long, which is regarded
as a marketable size [9]. Harvesting was conducted every third day by hand. At each
harvest, the number of pods per plant (NPPP) were counted, and fresh pod length (FPL)
was measured in cm. At the end of the experiment, data were computed on the number
of pods per plant (NPPP), fresh pod length (FPL), and pod yield per plant (PYPP). Plants
from the second pots were left until maturity to collect data on dry pod length (DPL) which
was measured in cm, and mature dry pod weight (DPW) was determined by weighing
dry pods harvested per plant and expressed in grams. Yield per plant was determined by
weighing fresh pods harvested per plant and expressed in grams. The plants were cut at
the soil surface to separate shoots and roots biomass. Total above-ground biomass (AGB)
was determined in grams by weighing the stem and the pod of the plants per pot. Root
weight (RW) was determined in grams by weighing all roots. Root to shoot ratio (RSR)
was calculated as the ratio of shoot to root biomass. Harvest index (%) was calculated as
HI = (pod weight/total above − ground biomass) ×100.

2.5.3. Phenotypic Data Analysis

Phenotypic data were subjected to analysis of variance (ANOVA) using a lattice
procedure with GenStat 18th Edition (VSN International, Hempstead, UK). Treatment
means were separated using the least significant difference (LSD) at the 5% significance level.
Pearson’s correlation coefficients were calculated using IBM SPSS Statistics 25.0 (SPSS Inc.,
Chicago, IL, USA, 2008) to determine the magnitude of the relationship among phenotypic
traits. Principal component analysis (PCA) was used to identify influential traits under NS
and DS conditions using R Studio version 4.0, ggplot2(R Core Team, 2020, Vienna, Austria).
Biplots were constructed using R version 4.0, ggplot2 (R Core Team, 2020) to determine
relationships between the accessions and the assessed phenotypic traits. Hierarchical
clusters were generated using phenotypic data based on the Gower method [29], using the
Cluster package in R software [28].

3. Results and Discussion
3.1. Marker Characterization

Understanding the genetic diversity present among diverse okra accessions is useful
for identifying and selecting suitable and contrasting parental genotypes for breeding,
leading to the accelerated development of improved varieties. The estimated genetic
parameters derived using SSR markers are presented in Table 3. The SSR markers amplified
24 putative alleles among the tested okra accessions, ranging from 2 for the markers
AVRDC-OKRA64, Okra 152, Okra 162, Okra 111, and AVRDC-Okra57 to 5 for the marker
AVRDC-Okra 9 with a mean value of 2.70 alleles per locus. Out of 10 selected SSRs used
in this study, 9 SSR primers could amplify successfully. The level of amplification in the
present study was higher compared to the 75% reported in okra by Kumar et al. [30]. This
indicates the suitability of the sampled SSR markers for the analysis of genetic variation
and relationship in okra. A total of 24 alleles were amplified, with an average of 2.70 alleles
per locus (Table 3), and this average number of alleles indicates that this genetic diversity
would be relatively moderate [31]. This was lower than the value of 71 alleles per locus
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reported by Mohammed et al. [18] when assessing 32 okra accessions genotypes with
16 SSR markers. The variability in the number of alleles observed could be attributed to
the genetic differences in the tested lines and the difference in the sampled SSR markers.
Effective allele number (Ne) ranged from 2 for markers AVRDC-OKRA64, Okra 152, Okra
162, Okra 111, and AVRDC-Okra57 to 2.76 for marker AVRDC-Okra9 with a mean of
2.24, indicating that this genetic diversity would be relatively small. However, greater
diversity has been reported [16], indicating a mean number of 4.8 effective alleles after
evaluating 20 okra accessions using SSR markers. This corroborates with the results of two
to seven (mean = four) alleles per locus reported by Kpodo et al. [15]. The mean Shannon
information index value of the test population was 0.83, ranging from 0.69 for markers
AVRDC-OKRA64, Okra 152, Okra 162, Okra 111, and AVRDC-Okra57 to 1.16 for marker
AVRDC-Okra9. The observed heterozygosity value was 1, suggesting that all the accessions
reached 100% heterozygosity. The expected heterozygosity ranged from 0.50 to 0.64 with
a mean value of 0.54. Marker AVRDC-Okra9 had the highest He of 0.64. The inbreeding
coefficient varied from −0.57 to −1.00, with a mean of −0.85. Nine markers (100%) were
highly polymorphic with PIC > 0.50, indicating their high discriminating ability and their
utility for genetic analysis studies in okra. PIC values ranged from 0.50 to 0.64 with a
mean of 0.55, which is relatively higher than the mean PIC value of 0.51 reported by
Kpodo et al. [15] and lower than the PIC value of 0.81 reported by Mohammed et al. [18] in
okra. The average PIC value of 0.55 indicates that these markers are informative for genetic
diversity analysis [22]. High polymorphism values suggest that the selected markers are
suitable for distinguishing the genetic diversity among the tested accessions. The high
polymorphism values observed when using the sampled SSR markers may be due to the
amphipolyploid nature of Abelmoschus species. In addition, there is a higher frequency of
mutations in polyploids, such as in okra, than diploids [21], leading to increased genetic
diversity and genetic plasticity [10].

Table 3. Genetic diversity parameters generated by SSR markers among 26 okra accessions.

Marker
Genetic Parameters

Na Ne I Ho He FIS PIC

AVRDC-Okra70 3 2.47 0.97 1.00 0.60 −0.68 0.60
AVRDC-Okra64 2 2.00 0.69 1.00 0.50 −1.00 0.50

Okra 152 2 2.00 0.69 1.00 0.50 −1.00 0.50
Okra 166 2 2.00 0.69 1.00 0.50 −1.00 0.50

AVRDC-Okra9 5 2.76 1.16 1.00 0.64 −0.57 0.64
AVRDC-Okra39 3 2.31 0.91 1.00 0.57 −0.76 0.57

Okra 111 2 2.00 0.69 1.00 0.50 −1.00 0.50
Okra137 3 2.58 1.01 1.00 0.61 −0.63 0.61

AVRDC-Okra57 2 2.00 0.69 1.00 0.50 −1.00 0.50
Average 2.70 2.24 0.83 1.00 0.54 −0.85 0.55

Standard deviation 1.00 0.30 0.18 0.00 0.06 0.19 0.06
Standard error 0.34 0.15 0.10 0.10 0.06 0.06 0.02

Na = total number of alleles per locus; Ne = number of effective alleles per locus; I = Shannon information index;
Ho = observed heterozygosity; He = expected heterozygosity; FIS = inbreeding coefficient; PIC = polymorphic
information content.

3.2. Principal Coordinate Analysis (PCoA) of 26 Okra Accessions Genotyped Using
9 SSR Markers

The genetic structure of the assessed accessions was inferred with the PCoA based
on the genetic matrix (Figure 1). The first principal coordinate (PC) accounted for 25.19%
of variation present among accessions. The coordinate analysis indicated higher genetic
diversity among the two accessions LS02 and LS11 compared to other genotypes, due
to their inherent genetic variation. The second principal component suggests a further
separation between LS02, LS11, and LS13, accounting for 18.24% of the total variation. The
grouping of LS01, LS03, LS04, LS09, and LS26 into the same cluster may indicate the genetic
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similarity among these accessions. Hence, the genetic information generated can be useful
to design crosses and exploit genetic diversity through selection programs.

Figure 1. Principal coordinate analysis (PCoA) based on 9 polymorphic SSR markers and 26 okra
accessions (coded LS01 to LS26, Table 1). Note PC1 denotes the first principal coordinate and PC2 the
second principal coordinate.

3.3. Heatmap Cluster

A heatmap based on SSR marker transcription was constructed using the hierarchi-
cal clustering method discerning the genetic relationship of 26 okra accessions based on
Jaccard’s coefficient (Figure 2). The assayed okra accessions and SSR markers each were
grouped into two main clusters. The first cluster had one subcluster consisting of eight
accessions, of which four were collected from Malaysia (LS02 and LS10), Myanmar (LS11),
and Cambodia (LS16) in Asia and two from Mali (LS19) and Zambia in Africa (LS08). The
second cluster contained two subclusters with seven accessions, including LS24, LS13, LS07,
LS22, LS23, LS09, and LS20 on the first subcluster, which was dominated by accessions
collected from Nigeria, Malaysia, Taiwan, Turkey, Brazil, Zambia, and Tanzania, respec-
tively, and eleven accessions LS06, LS01, LS26, LS25, LS12, LS17, LS04, LS21, LS15, LS05,
and LS14 on the second subcluster, of which nine were sampled from Asia and one each
from South Africa (LS26) and Nigeria (LS25). The observed genetic dissimilarity indicates
that these accessions are related to different geographic locations and most of the cultivated
accessions in each geographic region were uniquely differentiated. This may be due to the
limited outcrossing rate among the geographic regions of the evaluated okra accessions.
Genetic variability among okra accessions was also reported by Massucato et al. [12]. In-
formation on the genetic grouping of the accessions is essential in selecting contrasting
parents based on the breeding history and genetic relationship of the assessed population
and test environment.
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Figure 2. Heatmap showing the genetic relationship among 26 okra accessions using 9 SSR markers.
Annotations in the heatmap show grouping of accessions and SSR marker clusters.

3.4. Cluster Analysis

Figure 3 summarizes the unweighted pair group method with the arithmetic mean
method using Jaccard’s dissimilarity matrix, showing the genetic inter-relationships among
the studied okra accessions. Clustering is a multivariate technique that assists in indicating
the pattern of genetic relationships among accessions. The accessions were grouped
into three distinct major clusters, namely cluster I, consisting of eight accessions, and
clusters II and III, consisting of nine accessions each, indicating the presence of a wide
genetic variation among the studied okra accessions. This corroborates with the findings of
Reddy et al. [7], Pradip et al. [32], and Ravishankar et al. [33], who presented a dendrogram
that classified the tested accessions into three major groups. Accessions allocated in different
clusters are genetically divergent and may serve as prospective parents for a breeding
programme. Most accessions maintained their positions on the dendrogram compared
to the heatmap cluster analysis, except for the accessions LS01, LS03, and LS06. These
clustering patterns indicate that accessions from different regions were genetically diverse.
The high diversity among the accessions makes the assessed genotypes unique genetic
resources to develop new breeding populations.
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Figure 3. Dendrogram showing genetic relationships among 26 okra accessions assessed via 9 poly-
morphic SSR markers.

3.5. Accession and Environmental Effects on Phenotypic Traits

Analysis of variance indicated significant (p < 0.05) differences among the test acces-
sions under different water treatments and their interactions for the assessed phenotypic
traits (Table 4). Accessions had significant (p < 0.05) difference for PH, DTM, NPPP, PYPP,
AGB, RW, and FPL. The water treatments had a significant (p < 0.05) effect on PH, FPL, and
PYPP. The genotype × water treatment interaction exerted a significant (p < 0.05) effect on
DTM, FPL, and PYPP (Table 4).

Table 4. Analysis of variance showing mean square values and significant tests of 26 okra accessions
assessed for phenotypic responses in glasshouse environment under drought-stressed (DS) and
non-stressed (NS) conditions.

S.O.V. df PH DTM FPL DPL DPW NPPP PYPP AGB HI RW RSR

Replications 1 23.80 ns 11.44 ns 21.61 * 35.41 ns 81.39 * 0.01 ns 55.20 * 1423.50 ** 1153 ns 1.50 ns 1.09 **
Incomplete

blocks 1 2063.50 ** 0.08 ns 9.99 ns 11.22 ns 13.89 ns 3.47 ns 1.11 ns 104.56 ns 790.10 ns 85.87 * 0.09 ns

Genotype
(G) 26 336.40 * 225.57 * 15.15 ** 13.76 ns 7.54 ns 7.92 * 15.97 * 136.00 * 664.10 ns 17.97 * 0.14 ns

Water
regime
(WC)

1 2231.00 ** 75.84 ns 77.13 ** 13.18 ns 10.93 ns 16.56 * 229.47 ** 578.52 ns 4736.10 * 82.41 * 0.04 ns

G × WC 25 234.60 ns 89.58 * 6.82 * 10.15 ns 6.99 ns 4.43 ns 12.01 * 55.27 ns 714.90 ns 8.91 ns 0.07 ns

Residual 49 139.80 48.05 3.96 11.88 8.26 3.98 6.96 75.76 429.40 10.19 0.09

S.O.V.: source of variation, PH: plant height, DTM: days to maturity, FPL: fresh pod length, DPL: dry pod length,
DPW: dry pod weight, NPPP: number of pods per plant, PYPP: pod yield per plant, AGB: above-ground biomass,
HI: harvest index, RW: root weight, RSR: root: shoot ratio, * significant at 5% level of significance, ** significant at
1% level of significance, ns non-significant.
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3.5.1. Performance of Okra Accessions for Phenotypic Traits under Drought-Stressed and
Non-Stressed Conditions

Phenotypic traits provide useful selection criteria for genotype selection and breeding.
Mean values of phenotypic traits recorded among the tested 26 okra accessions evaluated
under DS and NS treatments are presented in Table 5. The present study revealed a
significant genotype × water regime effect interaction for several traits, including days to
maturity, fresh pod length, and fresh pod yield. This allowed the identification and selection
of ideal accessions suited for irrigated and drought-prone environments. Highly significant
genotypic differences (p < 0.001) were observed for PH under NS conditions. Plant height
is an important agronomic trait that reflects the vegetative growth behaviour of crop plants
in response to drought-stressed conditions. In the present study, drought stress reduced
plant height (Table 6), with accessions LS01, LS02, LS08, LS09, LS11, LS13, and LS18 being
the tallest under DS conditions. According to Eshiet and Brisibe [34], the height of an okra
plant can potentially affect yield, as taller plants are more prone to lodging, thus resulting in
a reduced number of pods and yield. Taller plant height was observed for accessions LS01,
LS02, LS08, LS09, LS11, LS13, and LS18 under DS than NS that could be attributed to higher
biomass portioning in okra as a means for higher yield and drought tolerance [35]. Days to
maturity is an important trait in evaluating and selecting drought-tolerant okra genotypes.
Under water-limited conditions, plants synthesize phytohormones, which synchronize
the transition from vegetative to reproductive phases. Hence, the synthesis allows plants
to regulate flowering, reproduction, and maturity periods [36]. Accessions LS01, LS03,
LS06, LS08, and LS13 were early maturing under DS conditions (<85 days to maturity).
Early maturing accessions could be selected as parents when breeding for drought escape
through early maturity. Significant (p < 0.05) genotypic differences were recorded for FPL
under both DS and NS conditions. Accessions LS06, LS07, and LS10 recorded the highest
FPL (>8 cm) under DS conditions, whereas accessions LS10 and LS21 had the highest FLP
(>10 cm) under NS conditions. Dry weight showed a reduction from 2.58 to 1.92 g under
DS conditions. Chaturvedi et al. [9] reported that the reduction in dry weight is associated
with the suppression of cell expansion and cell growth due to lower turgor pressure that
occurs when plants are experiencing water shortages. Another record of reduced plant
dry weight under drought stress was reported by Komolafe et al. [3]. Significant (p < 0.05)
genotypic differences were recorded for NPPP under DS conditions. Accessions LS03, LS04,
LS11, LS12, LS15, LS17, LS18, and LS21 recorded the highest NPPP (≥5), while LS13, LS19,
and LS25 recorded the lowest NPPP (<2) under DS conditions. Drought stress reduced
NPPP in okra accessions due to the disturbance in photosynthesis and low carbohydrate
production caused by limited water availability [37].

Significant (p < 0.05) genotypic differences were recorded for PYPP under DS condi-
tions. Accessions LS05, LS07, LS18 and LS10 recorded the highest PYPP (≥10 g). Under
drought stress conditions, okra plants can accumulate sufficient photo-assimilates, result-
ing in higher YPPP [9]. In addition, Komolafe et al. [3], reported that pod yield could
be improved with selection of a higher number of pods per plant and heavier pods as
breeding parents. Genotypes LS19, LS20, and LS25 recorded the lowest PYPP (<1 g) under
DS conditions. The reduction in PYPP in DS is attributed to low water availability, which
reduces cell division, resulting in lower dry matter and pod yield [37]. Significant (p < 0.05)
genotypic differences were recorded for AGB under both DS and NS conditions. There
were significant (p < 0.05) differences among accessions for HI under NS conditions only.
The highest HI (>70%) was observed for accessions LS12, LS21, and LS26, whereas the
lowest HI (<10%) was recorded for LS08 and LS19 under NS conditions. Non-significant
differences were recorded for RW under both DS and NS conditions. Significant (p < 0.05)
genotypic differences were recorded for RSR under DS condition. Genotype LS19 recorded
the highest RSR (>1) compared to all other test accessions under DS conditions. Under
water-limited conditions, the productivity of a plant depends on some essential processes,
such as temporal biomass distribution and dry matter partitioning [9]. Hence, the high
fresh and dry weight of plants under restricted water supply is desirable and relates to
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high conversion efficiency. In the present study, accessions LS08, LS10, LS17, and LS23
indicated higher biomass production. Selecting parents with high biomass expression can
help improve genetic gains. Based on this study, it can be indicated that reductions in most
studied traits were highly associated with drought stress. These traits can effectively assess
the drought tolerance potential of okra accessions and genotype variability for the studied
traits and can be used to improve okra through selection.

Table 5. Mean values for phenotypic traits among 26 okra accessions evaluated under drought-
stressed (DS) and non-stressed (NS) conditions.

Acces-
sion
Code

PH (cm) DTM FPL (cm) DPL (cm) DPW (g
Per Plant) NPPP PYPP (g

Per Plant)
AGB (g

Per Plant) HI (%) RW (g
Per Plant) RSR

DS NS DS NS DS NS DS NS DS NS DS NS DS NS DS NS DS NS DS NS DS NS

LS01 71.50 64.25 80.25 95.17 3.92 7.96 11.59 7.78 6.50 2.00 3.50 8.00 3.92 7.02 13.92 13.02 17.15 54.91 5.25 7.75 0.58 0.59
LS02 65.37 61.62 101.00 95.67 5.19 7.13 9.13 1.75 4.00 0.00 3.50 3.50 2.58 7.83 7.08 17.83 36.67 44.47 6.00 5.25 0.83 0.30
LS03 60.50 68.38 83.00 83.50 3.03 5.96 5.15 6.83 3.50 3.50 8.00 7.00 2.50 8.79 17.50 17.29 13.96 51.86 5.25 6.25 0.33 0.37
LS04 49.87 52.12 86.25 86.75 6.21 7.50 8.29 8.54 1.00 2.50 6.00 5.50 4.19 6.09 9.19 12.09 47.52 56.69 0.75 3.00 0.09 0.29
LS05 54.50 72.50 89.00 80.25 5.73 7.25 6.50 7.08 2.00 8.00 4.00 5.50 6.17 7.33 16.17 18.33 38.30 44.78 5.25 3.75 0.32 0.27
LS06 61.50 82.88 77.00 77.00 8.23 9.06 4.50 8.85 2.50 5.50 4.00 5.00 5.05 8.00 16.55 29.50 62.42 30.64 4.00 7.50 0.50 0.25
LS07 58.38 70.38 86.25 89.00 8.58 4.96 7.60 9.00 3.00 6.50 4.00 3.50 7.92 2.92 16.92 14.92 65.16 29.01 5.00 4.50 0.34 0.37
LS08 73.50 64.00 77.00 95.00 6.00 1.50 3.50 4.67 1.50 1.00 4.50 2.50 6.58 2.63 21.58 17.12 41.57 8.97 8.75 12.25 0.49 0.96
LS09 82.25 69.75 89.67 83.50 3.80 7.83 7.50 4.21 1.00 1.00 3.00 3.00 4.60 7.17 17.10 16.67 21.83 48.07 10.50 7.75 0.85 0.50
LS10 68.75 88.25 95.17 90.00 10.17 11.50 0.00 8.38 0.00 1.50 3.00 3.50 14.00 13.25 32.00 37.75 43.75 35.80 4.00 7.25 0.13 0.20
LS11 79.00 66.50 95.50 86.00 6.51 9.75 8.33 3.63 3.00 0.00 6.00 4.00 6.76 9.23 16.76 19.23 40.34 47.33 7.75 9.00 0.46 0.47
LS12 65.25 82.38 101.00 83.17 3.99 5.51 3.75 5.08 2.50 4.00 6.50 6.50 2.85 7.68 19.85 21.68 19.12 46.84 5.00 7.25 0.33 0.40
LS13 74.25 49.75 80.25 98.25 2.50 7.46 5.71 6.19 2.50 0.50 1.00 5.50 2.00 6.13 17.00 9.13 10.98 79.55 6.50 4.00 0.40 0.48
LS14 65.50 87.25 86.42 83.17 5.93 8.09 6.44 7.38 0.50 3.00 4.50 6.00 4.48 8.56 18.97 23.06 23.56 60.68 8.00 8.25 0.42 0.49
LS15 52.50 57.88 89.00 92.42 6.71 5.47 6.40 6.40 1.50 1.50 5.00 6.00 4.71 4.82 10.71 8.32 47.71 57.66 3.50 3.75 0.40 0.45
LS16 53.50 78.12 95.17 92.25 3.95 7.75 7.40 6.92 3.50 3.00 2.50 4.50 2.63 11.55 13.62 24.55 18.99 47.05 4.25 8.75 0.29 0.36
LS17 67.00 79.00 98.00 83.50 4.23 3.88 4.75 8.08 1.00 5.00 5.50 3.50 3.69 6.00 21.19 20.00 23.54 30.08 7.00 9.25 0.49 0.46
LS18 83.62 75.00 98.25 86.75 7.21 7.33 7.75 10.38 1.50 1.50 6.00 3.50 5.42 6.10 16.42 25.10 33.94 24.68 10.75 6.25 0.74 0.25
LS19 54.12 72.00 95.50 83.50 1.00 0.00 4.00 5.25 0.50 0.00 1.00 1.00 0.50 0.00 6.50 12.50 16.67 0.00 5.50 9.25 1.43 0.73
LS20 60.25 67.12 95.16 89.67 1.81 8.46 1.88 7.63 0.00 2.50 2.50 4.00 0.75 8.08 11.25 18.08 7.89 48.95 4.50 6.25 0.45 0.42
LS21 54.12 66.25 92.17 92.25 8.50 10.08 7.58 7.58 4.00 1.50 6.00 6.00 4.17 9.58 10.17 12.08 41.96 84.21 2.00 2.75 0.27 0.24
LS22 63.50 119.25 89.67 92.75 5.52 8.04 5.83 7.63 0.00 6.00 3.00 6.00 1.75 11.44 10.75 37.94 12.96 30.57 6.25 11.75 0.62 0.31
LS23 69.75 86.75 92.17 89.50 4.94 7.29 6.13 8.79 2.50 5.00 2.50 7.00 5.88 8.00 20.87 34.50 30.75 23.72 6.50 10.00 0.35 0.28
LS24 59.12 86.25 95.17 77.00 4.83 5.31 1.50 3.38 0.00 0.50 3.00 2.50 4.17 6.88 17.17 25.87 27.86 19.23 1.00 9.50 0.11 0.42
LS25 59.62 83.62 101.00 90.00 0.00 6.92 0.00 3.50 0.00 0.00 1.00 3.50 0.00 7.04 12.50 26.54 0.00 35.18 1.50 10.75 0.04 0.41
LS26 46.12 52.62 86.75 83.50 4.67 5.63 5.45 3.05 2.00 1.50 2.00 6.00 4.00 5.24 6.00 7.24 33.33 82.28 1.75 2.50 0.15 0.22

Mean 63.59 73.23 90.61 87.67 5.12 6.83 5.64 6.46 1.92 2.58 3.90 4.71 4.28 7.21 15.30 20.01 29.92 43.20 5.25 7.10 0.44 0.40
p-value ns ** * ns * * ns ns * * * ns * ns * * ns * ns ns * ns

SED 11.73 12.84 6.29 7.49 1.73 2.13 3.19 3.77 2.41 3.25 1.85 2.17 2.29 2.95 7.63 9.81 21.16 20.58 3.10 3.29 0.37 0.17
LSD
(5%) 34.24 26.44 12.96 15.97 5.05 4.39 9.32 7.77 7.05 6.69 5.41 4.48 6.68 6.08 22.26 20.21 43.67 42.38 9.04 6.77 1.09 0.35

CV
(%) 18.48 17.53 6.94 8.54 34.77 31.22 55.83 58.42 65.12 56.10 47.68 46.12 56.79 40.93 50.20 49.02 69.23 47.63 58.87 46.35 63.74 42.66

PH: plant height, DTM: days to maturity, FPL: fresh pod length, DPL: dry pod length, DPW: dry pod weight, NPPP:
number of pods per plant, PYPP: pod yield per plant, AGB: above-ground biomass, HI: harvest index. RW: root weight,
RSR: root: shoot ratio; NS: non-stressed, DS: drought-stressed, SED: standard deviation, LSD: least significant different,
CV: coefficient of variation, * at 5% level of significance, ** significant at 1% level of significance, ns non-significant.

Table 6. Pearson correlation coefficients showing the magnitude of associations of phenotypic
traits among okra accessions under drought-stressed (upper diagonal) and non-stressed (lower
diagonal) conditions.

Traits PH DTM FPL DPL DPW NPPP PYPP AGB HI RW RSR

PH 0.01 ns 0.06 ns 0.14 ns 0.07 ns 0.10 ns 0.24 ns 0.52 ** −0.19 ns 0.81 ** 0.32 ns

DTM −0.22 ns −0.20 ns −0.24 ns −0.27 ns −0.05 ns 0.52 ** −0.06 ns −0.29 ns −0.05 ns 0.07 ns

FPL 0.16 ns 0.12 ns 0.21 ns 0.12 ns 0.43 * 0.81 ** 0.36 ns 0.85 ** 0.03 ns −0.23 ns

DPL 0.24 ns 0.03 ns 0.26 ns 0.71 ** 0.30 ns −0.03 ns −0.35 ns 0.25 ns 0.29 ns 0.28 ns

DPW 0.41 * −0.29 ns 0.06 ns 0.58 ** 0.27 ns 0.04 ns −0.14 ns 0.17 ns 0.03 ns 0.05 ns

NPPP −0.03 ns 0.15 ns 0.39 ** 0.24 ns 0.38 ns 0.26 ns 0.19 ns 0.34 ns 0.14 ns −0.15 ns

PYPP 0.46 ** 0.08 ns 0.83 ** 0.16 ns 0.15 ns 0.37 ns 0.69 ** 0.67 ** 0.13 ns −0.27 ns

AGB 0.88 ** −0.14 ns 0.36 ns 0.27 ns 0.30 ns −0.06 ns 0.60 ** 0.13 ns 0.34 ns 0.27 ns

HI −0.47 * 0.22 ns 0.50 ** −0.07 ns −0.11 ns 0.61 ** 0.31 ns −0.48 * −0.09 ns −0.13 ns

RW 0.70 ** −0.02 ns −0.24 ns −0.12 ns −0.05 ns −0.32 ns −0.08 ns 0.62 ** −0.69 ** 0.58 **
RSR −0.18 ns 0.20 ns −0.65 ** −0.29 ns −0.33 ns −0.35 ns −0.57 ** −0.31 ns −0.37 ns 0.49 *

PH: plant height, DTM: number of days to maturity, FPL: fresh pod length, DPL: dry pod length, DPW: dry pod
weight, NPPP: number of pods per plant, PYPP: yield per plant, AGB: above-ground biomass, HI: harvest index,
RW: root weight, RSR: root: shoot weight, * significant at 5% level of significance, ** significant at 1% level of
significance, ns non-significant.
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3.5.2. Associations among Phenotypic Traits under Drought-Stressed and
Non-Stressed Conditions

Understanding the associations between phenotypic traits provides a useful guide for
the selection and improvement of desired traits. The levels of associations of the assessed
phenotypic traits among accessions under DS and NS conditions in a GH environment
are presented in Table 6. Correlation analysis provides a measure of associations among
traits for effective selection. The poor associations recorded between DTM with DPL and
NPPP suggest small trade-offs in pod yield. The high correlations between PYPP and DTM
under drought stress suggest large trade-offs in yield responses. Under DS conditions,
significant and positive associations were observed between PYPP with FPL (r = 0.81,
p ≤ 0.001). AGB had higher significant association with PYPP (r = 0.69, p ≤ 0.001). HI
positively and significantly correlated with FPL (r = 0.85, p ≤ 0.001) and PYPP (r = 0.67,
p ≤ 0.001) under DS conditions, indicating that harvest index has a direct influence on
pod yield. According to Kyriakopoulou et al. [10], crops under water-limited conditions
show a significantly reduced harvest index. This is attributable to reduced photosynthesis,
which could change pod yield. Positive and significant correlations were observed between
RW and PH (r = 0.81, p ≤ 0.001). RSR significantly and positively correlated with DPW
(r = 0.58, p ≤ 0.001) under DS conditions.

FPL positively and significantly correlated with PYPP (r = 0.83, p ≤ 0.001) and HI
(r = 0.85, p ≤ 0.001) under NS condition. A positive and significant correlation between
FPL and PYPP has been reported in okra [19,37], indicating that fresh pod length is vital
for direct selection to improve the fresh pod yield in okra. Positive and highly significant
correlations were recorded between AGB with PH (r = 0.88, p ≤ 0.001) and PYPP (r = 0.60,
p ≤ 0.001) under NS conditions. There was a high positive association between above-
ground biomass and plant height under drought stress conditions. This indicates that
drought stress has a maximum impact on plant height due to the declined cell enlargement
and cell growth due to low turgor pressure and more leaf senescence. Hence, more
leaf senescence and reduced photosynthesis result in low biomass production in crops
grown under water-limited conditions [7,12]. A suppression in dry biomass production
in response to abiotic stress has been reported by Kaur et al. [12]. RW was positively and
significantly correlated with PH (r = 0.70, p ≤ 0.001) and AGB (r = 0.62, p ≤ 0.001) and
negatively correlated with HI (r = −0.69, p ≤ 0.001). RSR was negatively and significantly
correlated with FPL (r = −0.56, p ≤ 0.001) and PYPP (r = −0.57, p ≤ 0.001) but positively
and significantly correlated with RW (r = 0.49, p ≤ 0.05). The strong associations between
the assessed phenotypic traits in the present study allow effective genotype selection and
genetic advancement.

3.5.3. Principal Component Analysis (PCA)

PCA showing the loading scores and cumulative variations for phenotypic traits under
DS and NS conditions are presented in Table 7. PCA is the most frequently used multivariate
statistical analysis [21]. Three and four principal components (PCs) were identified for
assessed traits under DS and NS conditions, accounting for a cumulative variance of
70.07% and 85.34%, respectively. Under DS conditions, PC1 was positively correlated
with FPL, NPPP, PYPP, and HI, which accounted for 29.69% of the total variation. The
results indicated that the tested okra accessions were genetically diverse. PH, RW, and RSR
were positively correlated with PC2, accounting for 21.64% of the total variation under DS
conditions. DPL and DPW were negatively correlated while AGB was positively associated
with PC3, which accounted for 19.37% of the total variation. Under NS conditions, PC1 was
positively associated with FPL, DPL, NPPP, and PYPP and negatively correlated with RSR,
which accounted for 32.24% of the total variation. PC2 was positively associated with PH,
AGB, and RW and negatively correlated with HI, which accounted for 28.99% of the total
variation among the test accessions. PC3 was negatively correlated with DPW, while PC4
was positively associated with DTM, accounting for 14.22% and 9.89% of the total variation,
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respectively. The current PCA results successfully identified variables that contribute most
to the response of okra accessions against drought stress.

Table 7. Principal component loading scores explained and cumulative variances of phenotypic traits
among 26 okra accessions under drought-stressed and non-stressed conditions.

Traits
Drought-Stressed Non-Stressed

PC1 PC2 PC3 PC1 PC2 PC3 PC4

PH 0.32 0.74 0.46 0.55 0.76 0.05 0.01
DTM −0.33 −0.03 0.32 −0.09 −0.27 0.48 0.74
FPL 0.89 −0.23 −0.07 0.79 −0.31 0.37 −0.09
DPL 0.29 0.50 −0.73 0.51 0.05 −0.53 0.41
DPW 0.28 0.30 −0.69 0.53 0.17 −0.71 0.17
NPPP 0.53 0.07 −0.22 0.53 −0.49 −0.15 0.37
PYPP 0.87 −0.20 0.30 0.85 −0.01 0.46 −0.05
AGB 0.58 0.01 0.70 0.64 0.71 0.19 −0.02
HI 0.78 −0.29 −0.27 0.24 −0.90 0.16 −0.01
RW 0.26 0.87 0.30 −0.06 0.88 0.31 0.21
RSR −0.20 0.74 −0.07 −0.76 0.30 0.10 0.39

Explained variance (eigenvalue) 3.27 2.38 2.13 3.55 3.19 1.56 1.09
Proportion of total variance (%) 29.69 21.64 19.37 32.24 28.99 14.22 9.89

Cumulative variance (%) 29.69 51.33 70.70 32.24 61.23 75.45 85.34

PH: plant height, DTM: number of days to maturity, FPL: fresh pod length, DPL: dry pod length, DPW: dry pod
weight, NPPP: number of pods per plant, PYPP: pod yield per plant, AGB: above-ground biomass, HI: harvest
index, RW: root weight, RSR: root: shoot ratio, PCs with ≥0.5 loading scores are boldfaced.

The relationship between the accessions and the studied phenotypic traits is illustrated
using principal component biplots (Figure 4). Angles less than 45 ◦C between the dimen-
sions of two variables indicate high trait associations, whereas longer vectors show the
discriminating ability of a particular trait. As a result, accessions excelling in a particular
trait were plotted to the vector line. Accessions LS17 and LS02 were grouped together
based on the high values for RSR under DS conditions. Under NS conditions, accessions
LS14, LS16, LS18, LS23, and LS01 were grouped together based on high values of PH,
FPL, DPW, DPL, NPPP, and PYPP. Accessions LS21, LS01, LS12, LS14, and LS09 were
grouped together based on high values of PH, FPL, DPW, DPL, NPPP, and PYPP under DS
conditions. Accessions LS17, LS12, LS09, LS19, and LS09 were grouped together based on
the high values of PH, FPL, DPW, DPL, NPPP, and PYPP under NS conditions.

Figure 4. Principal component biplot of PC1 vs. PC2 showing groupings of 26 okra accessions based
on phenotypic traits under drought-stressed (A) and non-stressed (B) conditions. PH: plant height,
DTM: number of days to maturity, FPL: fresh pod length, DPL: dry pod length, DPW: dry pod
weight, NPPP: number of pods per plant, PYPP: pod yield per plant, AGB: above-ground biomass,
HI: harvest index, RW: root weight, RSR: root: shoot ratio.
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3.5.4. Phenotypic Hierarchical Clustering

Hierarchical cluster analysis using phenotypic data allocated the okra accessions into
three groups under drought-stressed conditions (Figure 5). The largest cluster (cluster I)
consisted of 11 accessions, followed by cluster III with 8 accessions and cluster I with
7 accessions. High-yielding accessions (e.g., LS05 and LS07) were grouped in cluster II.
Cluster I consisted of accessions which were characterized by taller plant height and with
the highest number of pods per plant. Cluster III contained accessions with low pod
yield. Accessions LS10 and LS18, which were grouped in cluster I under drought-stressed
conditions, can be selected to develop breeding populations for enhanced pod yield. This
cluster also contained taller accessions, which usually have higher biomass than shorter
plants and contribute to carbon sequestration for better soil health [37]. The test accessions
were also grouped into three clusters under non-stressed conditions (Figure 6). The largest
cluster (cluster I) contained 12 accessions, while the second largest cluster (cluster II)
contained 8 accessions, and the smallest cluster III consisted of only 6 accessions. Cluster
I comprised accessions with a higher number of pods, whereas cluster III had accessions
with higher harvest index and early maturity, critical attributes for drought escape due to
accelerated growth and development.

Figure 5. Hierarchical clustering of 26 okra accessions based on phenotypic traits evaluated under
drought-stressed conditions.

Figure 6. Hierarchical clustering of 26 okra accessions based on phenotypic traits under non-
stressed conditions.
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3.6. Comparison of Phenotypic and Genotypic Hierarchical Clusters

Genetic markers have proven to be a powerful tool for assessing genetic variation and
elucidating genetic relationships within and among okra species, while phenotypic traits
are essential indicators of genotypes in a given environment. A comparison of phenotypic
and genotypic clusters was conducted to establish genotype compatibility among differ-
ent dendrograms. None of the accessions maintained their positions when phenotypic
hierarchical clusters were compared to genotypic hierarchical clustering under drought-
stressed conditions (Figure 7). Similarly, under non-stressed conditions (Figure 8), the
phenotypic clustering was opposite to the phenotypic cluster. The tanglegram comparison
indicated that 42% of the accessions under drought-stressed conditions maintained their
cluster membership in the phenotypic and genotypic hierarchical clustering (Figure 7).
Under non-stressed conditions, 69% of the accessions maintained their membership in the
phenotypic and genotypic hierarchical clustering (Figure 8). The phenotype and genotype
clusters under drought and non-stressed conditions were inconsistent due to the genotype-
by-environment interactions, resulting in variation in the phenotypic expression of the
phenotypic traits [36]. Lower consistency in the phenotypic and genotypic clustering under
drought-stressed conditions compared to non-stressed conditions is attributable to the
selection pressure exerted by the drought treatment.

Figure 7. Tanglegram comparison of phenotypic and genotypic hierarchical clusters of 26 okra
accessions based on 9 SSR markers and phenotypic data measured under drought-stressed conditions.

Figure 8. Tanglegram comparison of phenotypic and genotypic hierarchical clusters of 26 okra
accessions based on 9 SSR markers and phenotypic data measured under non-stressed conditions.
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4. Conclusions

The present study evaluated the genetic and phenotypic diversity and relationships
among selected okra accessions as a guide for selecting parental accessions for breeding.
SSR-assisted phenotypic and genotype evaluation and classification in the present study
suggest sufficient genetic diversity in okra accessions to initiate a trait-based pre-breeding
program. Genetically unrelated accessions such as LS04, LS05, LS06, LS07, LS08, LS10, LS11,
LS15, LS18, LS23, LS24, and LS26 were selected based on their high yield potential and
related yield-improving traits under drought stress conditions. The identified accessions
are recommended as suitable breeding parents for hybridization and selection programs to
improve the yield potential of okra under drought-stressed environments.
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25. Nagy, S.; Poczai, P.; Cernák, I.; Gorji, A.M.; Hegedűs, G.; Taller, J. PICcalc: An Online Program to Calculate Polymorphic
Information Content for Molecular Genetic Studies. Biochem. Genet. 2012, 50, 670–672. [CrossRef]

26. Metsalu, T.; Vilo, J. ClustVis: A web tool for visualizing clustering of multivariate data using Principal Component Analysis and
heatmap. Nucleic Acids Res. 2015, 43, W566–W570. [CrossRef]

27. Perrier, X.; Jacquemoud-Collet, J.P. DARwin Software. Dissimilarity Analysis and Representation for Windows. Available online:
http://www.darwin.cirad.fr/darwin.html (accessed on 6 September 2022).

28. Maechler, M.; Rousseeuw, P.; Struyf, A.; Hubert, M.; Hornik, K.; Studer, M. Package ‘Cluster’. Available online: https://cran.
microsoft.com/snapshot/2014-10-10/web/packages/cluster/cluster2013.pdf (accessed on 12 November 2021).

29. Gower, J.C. A General Coefficient of Similarity and Some of Its Properties. Biometrics 1971, 27, 857–871. [CrossRef]
30. Kumar, S.; Parekh, M.J.; Fougat, R.S.; Patel, S.K.; Patel, C.B.; Kumar, M.; Patel, B.R. Assessment of genetic diversity among okra

genotypes using SSR markers. J. Plant Biochem. Biotechnol. 2017, 26, 172–178. [CrossRef]
31. Petropoulos, S.; Fernandes, Â.; Barros, L.; Ferreira, I.C. Chemical composition, nutritional value and antioxidant properties of

Mediterranean okra genotypes in relation to harvest stage. Food Chem. 2018, 242, 466–474. [CrossRef]
32. Pradip, K.; De Akotkar, D.K.; Pal, A.K. Genetic variability and diversity in okra [Abelmoschus esculentus (L) Moench]. Electron. J.

Plant Breed. 2010, 1, 393–398.
33. Ravishankar, K.V.; Muthaiah, G.; Mottaiyan, P.; Gundale, S.-K. Identification of novel microsatellite markers in okra

(Abelmoschus esculentus (L.) Moench) through next-generation sequencing and their utilization in analysis of genetic relatedness
studies and cross-species transferability. J. Genet. 2018, 97, 39–47. [CrossRef]

34. Eshiet, A.J.; Brisibe, E.A. Morphological Characterization and Yield Traits Analysis in Some Selected Varieties of Okra
(Abelmoschus esculentus L. Moench). Adv. Crop Sci. Technol. 2015, 3, 197. [CrossRef]

35. Adejumo, S.A.; Ezeh, O.S.; Mur, L.A. Okra growth and drought tolerance when exposed to water regimes at different growth
stages. Int. J. Veg. Sci. 2018, 25, 226–258. [CrossRef]

36. Mkhabela, S.S.; Shimelis, H.; Gerrano, A.S.; Mashilo, J. Phenotypic and genotypic divergence in Okra [Abelmoschus esculentus (L.)
Moench] and implications for drought tolerance breeding: A review. South Afr. J. Bot. 2021, 145, 56–64. [CrossRef]

37. Rad, S.K.; Madani, H.; Sharifabadi, H.H.; Mahmoudi, M.; Nourmohamadi, G. Effects of different irrigation intervals and sowing
time on yield attributing traits of okra (Abelmoschus esculentus L.). Arab. J. Geosci. 2022, 15, 740. [CrossRef]

http://doi.org/10.4238/2014.April.25.1
http://www.ncbi.nlm.nih.gov/pubmed/24841648
http://doi.org/10.1016/j.foodhyd.2017.06.014
http://doi.org/10.3844/ajassp.2014.1157.1163
http://doi.org/10.21475/ajcs.20.14.07.p984
http://doi.org/10.1007/s10722-019-00821-6
http://doi.org/10.1016/j.gene.2012.12.098
http://www.ncbi.nlm.nih.gov/pubmed/23299025
http://doi.org/10.5897/ajb2017.16336
http://doi.org/10.1093/bioinformatics/bts460
http://www.ncbi.nlm.nih.gov/pubmed/22820204
http://doi.org/10.1073/pnas.76.10.5269
http://doi.org/10.1007/s10528-012-9509-1
http://doi.org/10.1093/nar/gkv468
http://www.darwin.cirad.fr/darwin.html
https://cran.microsoft.com/snapshot/2014-10-10/web/packages/cluster/cluster2013.pdf
https://cran.microsoft.com/snapshot/2014-10-10/web/packages/cluster/cluster2013.pdf
http://doi.org/10.2307/2528823
http://doi.org/10.1007/s13562-016-0378-2
http://doi.org/10.1016/j.foodchem.2017.09.082
http://doi.org/10.1007/s12041-018-0893-0
http://doi.org/10.4172/2329-8863.1000197
http://doi.org/10.1080/19315260.2018.1501788
http://doi.org/10.1016/j.sajb.2020.12.029
http://doi.org/10.1007/s12517-022-09663-6

	Introduction 
	Materials and Methods 
	Plant Materials 
	DNA Extraction, Purification, and Quantification 
	Polymerase Chain Reaction (PCR) and SSR Analysis 
	Marker Data Analysis 
	Computation of Principal Coordinate Analysis (PCoA) and Genetic Parameters 
	Cluster Analysis 

	Phenotyping Okra Accessions 
	Experimental Design and Crop Establishment 
	Phenotypic Data Collection 
	Phenotypic Data Analysis 


	Results and Discussion 
	Marker Characterization 
	Principal Coordinate Analysis (PCoA) of 26 Okra Accessions Genotyped Using 9 SSR Markers 
	Heatmap Cluster 
	Cluster Analysis 
	Accession and Environmental Effects on Phenotypic Traits 
	Performance of Okra Accessions for Phenotypic Traits under Drought-Stressed and Non-Stressed Conditions 
	Associations among Phenotypic Traits under Drought-Stressed and Non-Stressed Conditions 
	Principal Component Analysis (PCA) 
	Phenotypic Hierarchical Clustering 

	Comparison of Phenotypic and Genotypic Hierarchical Clusters 

	Conclusions 
	References

