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Abstract: Drought is the most complex abiotic stress for crop production at the global level. Therefore,
developing new African spider plant genotypes tolerant to drought stress is one of the best approaches
to achieving and optimizing high yield potential with water use efficiency. Advances in the selection
of this crop can be determined by an understanding of genetic variability, heritability, and the
associations that exist among different traits. The aim of this study was to gather information that will
aid in the breeding of African spider plant cultivars with improved drought tolerance. A randomized
complete block design (RCBD) experiment with eighteen genotypes and four replications was carried
out across three water regimes: severe drought (30% field capacity), intermediate drought (50%
field capacity), and well-watered (100% field capacity), in two seasons. Data on twelve morpho-
physiological traits were recorded. The analysis of variance showed significant differences among
genotypes (p < 0.05) in leaf yield and yield-related traits. The phenotypic coefficient of variation
(PCV) was greater than the genotypic coefficient of variation (GCV) for all 12 traits evaluated. High
to moderate heritability estimates combined with a high to moderate genetic advance were observed
for number of leaves, leaf width, plant height and stem diameter under drought stress conditions,
indicating that these traits are controlled by additive gene action. Because of their predominant
additive gene effects, correlation with leaf yield and favorable direct and indirect effects via the other
yield-attributing traits, number of leaves per plant, plant height, days to 50% flowering, relative water
content, net photosynthesis and leaf length could be used as target traits to improve spider plant leaf
yield under drought-stressed conditions.

Keywords: morpho-physiological traits; water regimes; variance components; trait association;
heritability; genetic advance

1. Introduction

Spider plant (Gynandropsis gynandra (L.) Briq.), also known as cat’s whiskers, is a semi-
wild indigenous African leafy vegetable (ALV) that has its natural habitat in Sub-Saharan
Africa where it grows as a volunteer weed [1]. The crop is among the most essential
primary food sources for several millions of people, particularly in the developing world.
However, spider plant has received little or no effort in cultivation and domestication [2].
Despite less effort on domestication and cultivation, spider plant has been reported to be
rich in essential nutrients that include vitamins A and C, magnesium, calcium, iron and
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antioxidant enzymes (which include catalase, peroxidases, superoxide dismutase) together
with non-enzymatic antioxidants (which include ascorbic acid, flavonoids, glutathione,
tocopherols, and carotenoids) [3]. This makes it a good candidate for fighting several
diseases and tackling malnutrition [4]. Equally important, spider plant is valuable as it can
adapt to climate variability. Thus it is resilient to unfavorable environmental conditions
and can effortlessly be cultivated in drought-prone areas [5]. As a result, the leafy vegetable
plays a vital role in the nutrition, livelihood and health of populations residing in peripheral
and marginal areas of Africa [6]. Gynandropsis gynandra has been reported to be mainly
cultivated and commercialized by women, thus contributing to income generation and the
improvement of livelihoods [7-9].

Nevertheless, to realize high leaf yields of spider plant, improved varieties are neces-
sary. These varieties should be able to produce high yields even under stress conditions
such as drought. Drought remains a problem of global magnitude that influences the
production and quality of many crops. It occurs when an area experiences below-average
rainfall leading to reduced moisture in the soil, decreased streamflow, and crop damage [10].
Drought stress is an outcome of water loss from plants eclipsing the ability of roots to
imbibe water when the plant’s water content decreases enough to interrupt normal plant
processes [11]. Drought adversely affects crops resulting in yield reduction by influencing
their anatomy, morphology, physiology and biochemistry [12,13]. Drought tolerance is,
therefore, an essential breeding objective in most crop breeding programs. However, breed-
ing for yield, which is also a complex quantitative trait, under drought stress is not easy. It
has been reported that when moisture stress increases, the heritability and genetic variance
of yield decrease [14-16]. Drought stress, thus, complicates the task of achieving genetic
progress by intrinsically selecting for yield per se, hence the utilization of secondary traits
is highly recommended [17].

Drought tolerance in crops can be improved through direct or indirect selection. How-
ever, it is challenging to make genetic improvements under drought conditions by selecting
for yield per se, and thus the use of secondary traits is recommended [18,19]. These sec-
ondary traits are plant attributes, apart from yield, that give breeders additional knowledge
on how the plant functions in a particular environment [20]. Ideal secondary traits should
have a high heritability and genetic correlation with yield under water stress conditions [21].
These secondary traits or yield components can be characterized into morphological and
physiological components and are all under genetic and environmental influences [22].
Thus, it is imperative to classify the total variation due to these traits into non-heritable and
heritable components. This can be achieved with the aid of genetic parameters, namely,
phenotypic and genotypic coefficients of variation, variance components and heritability
estimates [23-25]. These estimates are important as they inform plant breeders on strategies
that increase genetic gain during selection. Although correlation studies are useful in
breeding programs, they do not provide adequate information and knowledge on the inter-
relationships of heritable traits. This, in turn, can result in inaccurate information. However,
a combination of correlation studies and path coefficient analysis enables the determination
of significant traits that influence economic traits such as yield. Path coefficient analysis
estimates the direct and indirect effects of a parameter over the other and thus shows traits
that can be used for the selection of yield either directly or indirectly [26].

Some studies have been conducted to establish the genetic diversity and genetic pa-
rameters of the spider plant to lay a scientific base for the preservation, evaluation and
varietal enhancement of the species. Secondary morphological and physiological traits are
presumed to be under simple genetic control compared with yield and are strongly corre-
lated to it. This hypothesis has not been tested on the spider plant, especially under drought
stress. Therefore, the objectives of this study were to (i) estimate variance components and
heritability for yield and yield components under drought conditions, (ii) determine the
relationship between yield and associated traits through correlation and path coefficient
analysis under drought conditions and (iii) determine the secondary morpho-physiological
traits to be used for selection in spider plant under drought situations.
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2. Materials and Methods
2.1. Plant Material

This study looked at 18 African spider plant accessions from East Africa (5), West
Africa (5), Southern Africa (4), and Asia (4). The accessions were obtained from the Labora-
tory of Genetics, Biotechnology, and Seed Science of the University of Abomey-Calavi in
Benin, the World Vegetable Center, the Kenya Resource Center for Indigenous Knowledge
(Kenya) and the University of Ouagadougou (Burkina Faso) as indicated in Table 1. The
selected accessions are grown primarily under rain-fed conditions by smallholder farm-
ers and are frequently exposed to prolonged drought stress. These accessions were also
selected based on germination percentage and ability to produce high leaf yield under
optimum conditions.

Table 1. List of genotypes used in the present study.

Genotype Genebank of Origin Country of Origin Region

LO01 KENRIK * Kenya East Africa

L02 University of Ouagadougou Burkina-Faso West Africa

L03 GBioS/UAC Benin West Africa

L04 GBioS/UAC Benin West Africa

L05 GBioS/UAC Togo West Africa

L06 University of Ouagadougou Burkina-Faso West Africa
L07 World Vegetable Center Thailand Asia

L08 World Vegetable Center Zambia Southern Africa
L09 World Vegetable Center South Africa Southern Africa
L10 World Vegetable Center Malaysia Asia

L11 World Vegetable Center Uganda East Africa

L12 World Vegetable Center Malaysia Asia

L13 KENRIK Kenya East Africa

L14 World Vegetable Center Uganda East Africa

L15 LUANAR Malawi Southern Africa
L16 Otjiwarongo Namibia Southern Africa
L17 World Vegetable Center Laos Asia

L18 KENRIK Kenya East Africa

* KENRIK, Kenya Resource Centre for Indigenous Knowledge; LUANAR, Lilongwe University of Agriculture
and Natural Resources; GBioS/UAC, Laboratory of Genetics, Biotechnology and Seed Science, University of
Abomey-Calavi.

2.2. Growing Environments, Experimental Design and Agronomic Practices

Experiments were conducted at the University of KwaZulu-Natal, School of Agri-
cultural, Earth, and Environmental Sciences in Pietermaritzburg, South Africa, in the
Controlled Environment Research Unit (CERU). The experiments were carried out over
two seasons from October 2020 to December 2020 (Season 1) and from February 2021 to
April 2021 (Season 2).

The 18 accessions were evaluated under three varying water regimes in each of the
two seasons. The water regimes were: severe stress (30% field capacity), moderate stress
(50% field capacity) and well-watered (100% field capacity), defined based on the findings
of Masinde et al. [27]. The seeds of each accession were sown in dedicated seedling trays
and nurtured into seedlings before transplanting into individual pots, two weeks after
sowing, under each water regime. In each water regime, the 18 genotypes were laid in a
randomized complete block design with four replications, and each plot constituted three
plants for both experiments. The seedlings were irrigated to keep the soil moisture of the
pots at 100% field capacity for the first seven days after transplanting. Drought stress was
applied from the eighth day after transplanting by stopping the irrigation to 21 days after
transplanting, coinciding with the harvest maturity stage. The quantity of water applied in
the pots was determined by calculating the optimum amount of water (field capacity, FC)
of the potting mixture using the procedure described by Kesiime et al. [28]. The pots used
for the experiment were medium-sized plastic pots with three plants per plot, one plant in
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each plot, and each pot with a capacity of 4.5 kg. Composted pine bark was used as the
potting medium. During the transplanting process, (N:P:K) (2:3:2) fertilizer was applied to
seedlings in the pots using the basal application technique at a rate of 140 kg ha~!.

2.3. Data Collection
2.3.1. Phenological and Morphological Traits

Days to 50% flowering (Fl) were determined as the number of days between the
planting date and the date when 50% of the plants began flowering. Plant height (Ph) in
cm was measured using a meter rule from the surface of the soil to the tip of the flower for
the three plants in each plot, and an average was recorded. Leaf length (LI) was measured
in cm using a ruler as the length per each leaf from the pointy part at one end to the point
at which the leaf joins the stalk at the other end; an average of three leaves per plant was
recorded. Leaf width (Lw) in cm was measured using a ruler as the longest extension of
any two points on the blade edge perpendicular to the leaf length axis. Stem diameter (Sd)
was measured in mm on the base of the plant stem using a digital vernier caliper, and an
average of three plants was recorded.

2.3.2. Physiological Traits

Most of the physiological traits were recorded from 08:00 to 12:00 midday to prevent a
sizable possibility of diurnal variation in stomatal conductance [29].

2.3.3. Leaf Gas Exchange Parameters

During the planting season, the following parameters were recorded three times:
net photosynthesis (Photo), transpiration rate (Trans, mmol m~2 s~!) and stomatal con-
ductance (Cond, mol m~2 s~1) with an LI-6400XT Portable Photosynthesis System (Licor
Bioscience, Inc., Lincoln, NE, USA) fully equipped with an infrared gas analyzer (IRGA)
connected to a leaf chamber fluorometer (LCF). The outward leaf CO, concentration (C,)
and formulated saturating photosynthetic active radiation (PAR) were set to 400 pmol !
and 1000 gmol 2 m~2s 1, respectively. The leaf temperature was kept constant at 25 °C.
The water flow rate and relative humidity were both held constant at 500 ymol and 43%,
respectively. The leaf-to-air vapor pressure deficit in the cuvette was kept constant at
1.7 kPa to avoid stomatal closure due to low air humidity. Leaf gas exchange parameters
were measured on the third half-formed leaf from the plant’s tip by attaching the leaf inside
the sensor head. For each accession, measurements were taken from three plants in both
non-stressed and drought-stressed conditions.

2.3.4. Chlorophyll Content and Relative Water Content

Chlorophyll content (Spad) was measured for three flag leaves in each plot using a Bio-
base portable chlorophyll meter (Bio-Base, Jinan, China). To obtain an accurate estimate of
relative water content, 6 fully expanded relatively young leaves from each treatment were
collected (RWC). After thoroughly drying the leaf’s surface with tissue paper, everything
was wrapped in polythene bags and transported to the laboratory. The leaf samples were
weighed to determine the fresh weight of the leaf (FW). The samples were set in Petri dishes
with distilled water and left in the dark for the entire night. Excess water from the leaves
was blotted with blotting paper and turgid weight was measured (TW). The leaves were
then dried in an oven at 80-85 °C for 24 h, and the dry weight was measured (DW).

Relative water content (RWC) was estimated based on the following formula:

FW — DW

%) RWC = ———
(%) RWC = oot

100 1)

where FW = sample of fresh leaf weight, TW = sample of turgid leaf weight and DW = sample
of dry leaf weight.
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2.3.5. Yield and Yield-Related Component Traits

The number of leaves per plant (NI) was determined by counting all the leaves per
plant, and an average for three plants was recorded. Leaf yield (Ly) was obtained by
weighing the leaf yield per plot with a scale.

2.4. Data Analysis
2.4.1. Analysis of Variance

Analysis of variance (ANOVA) for the recorded traits in each water regime across
seasons was computed in R software version R-4.1.1 using restricted maximum likelihood
(REML) analysis with linear mixed models [30]. The ANOVA model in each water regime,
and in each season can be presented as in Equation (2). For combined analysis, seasons
were treated as random effects, whereas accessions were treated as fixed effects. The F
statistic (p < 0.05) was used to test the significance of different items in the ANOVA, which
is the ratio of the sum of mean squares to the mean square error.

yij=p+titb+eii=12---,18,j=1,2 @)

where i is the general mean, ¢; is the effect of the ith genotype, b; is the effect of the jth block
and e;; is the random error term.

2.4.2. Evaluating Genotypic and Phenotypic Variances

Genotypic Vg, genotype by environment interaction Vg and error/environmental
variances (VE) were estimated by employing the Imer package in R software version
R-4.1.1 [30]. Phenotypic variances (arz,) were estimated using the following formula

Ve  VE
V, =V +-CE 4+ 7E
p G+ ] + 7 3)

where, | is the number of growing environments and r is the number of replications.

2.4.3. Evaluating Genotypic and Phenotypic Coefficient of Variation

These components were estimated based on the formula proposed by Burton [31].
Genotypic coefficient of variation,

GCV% = V;/G x 100 (4)

where V = genotypic variance and X is the mean for the population.
Phenotypic coefficient of variation,

PCV% = V;/P x 100 (5)

where Vp = phenotypic variance and X is the population mean.

The coefficients of variation (GCV and PCV) were classified as low: less than 10%,
moderate: 10% to 20%, and high: greater than 20% as suggested by Sivasubramanjan and
Menon [32].

2.4.4. Evaluation of Heritability

Broad sense heritability (H?) was determined for various traits as per the formula
suggested by Allard [33]. The estimates for heritability for a single environment were

performed using the formula
H* = o3 /0 x 100 (6)

where 0’% is the phenotypic variance and (Tg' is the genotypic variance.
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Heritability percentage was classified as low: less than 30%, medium: 30-60% and
high: greater than 60% according to Robinson et al. [34].

2.4.5. Determination of Genetic Advance (GA) and Genetic Advance as Percent of the
Mean (GAM)

The genetic advance for different characteristics was determined with the use of the
formula proposed by Johnson et al. [35] using the formula in Equation (7).

Genetic advance GA = H?i “0p ?)

where H? is broad-sense heritability, i is the selection differential at 5% selection intensity
and 0 is the phenotypic standard deviation.
The genetic advance as a percent of the mean was estimated using the following formula:

GA % mean = G?A x 100 (8)

where GA = genetic advance and ¥ = population mean.
Following Falconer and Mackay [36], the genetic advance (GA percent) values were
classified as low: less than 10%, moderate: 10-20% and high: greater than 20%.

2.4.6. Correlation Analysis

Phenotypic correlation analysis was conducted following the Pearson’s correlation
coefficient method using (“corrplot”) package in R software version R-4.1.1 [30,32].

pcovx.y
= —— 9
P 02 px . 6%py ©)
where 7, is phenotypic correlation coefficients, p cov x . y is phenotypic covariance between
variables x and y, 62 px is the phenotypic variance for variable x and §?py is the phenotypic

variance for variable y.

2.4.7. Path Coefficient Analysis

Path coefficient analysis was performed using correlation coefficients as suggested by
Dewey and Lu [26].

T = pij -+ Y TP (10)

where r;; = mutual relationship between independent character i and the dependent charac-
ter j as can be seen by the phenotypic correlation coefficients. p;; = elements of direct effects
of the independent trait i on the dependent character j as evident by the path coefficients.
Y rkprj = summation of indirect effects of a given independent character i on a given
dependent character j via all other independent characters k.

A path analysis scale suggested by Lenka and Mishra [37] was used to categorize the
estimates as negligible with values ranging from 0.00 to 0.09, low with values ranging from
0.10 to 0.19, moderate with values ranging from 0.20 to 0.29, high with values ranging from
0.30 to 0.99 and more than 1.00 as very high path coefficients.

The involvement of additional unknown characters in the analysis is estimated as the

residual P using the formula:
Pr—y/ (1 =) Pijryj). (11)

3. Results
3.1. Analysis of Variance

The mean squares, means and coefficient of variations (CV) for morpho-physiological
traits and yield components across two growing seasons under well-watered, mild stress
and severe stress conditions are presented in Table 2a—c, respectively. From the analysis
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of variance, highly significant differences (p < 0.05) were noted between the main effects
of seasons, genotypes, replications and their interactions for a good number of traits
(Table 2a—c). Under well-watered conditions (Table 2a), the seasonal effect was significant
(p < 0.05) for a large number of traits including days to 50% flowering (Fl), plant height
(Ph), leaf length (Ll), stomatal conductance (Cond), net photosynthesis rate (Photo) and
transpiration rate (Trans). Under mild stress conditions, most traits were non-significant
for the seasonal effect except for days to 50% flowering, leaf length, chlorophyll content
and transpiration rate. Similarly, under severe stress conditions, the seasonal effects were
non-significant on most traits except for days to 50% flowering, leaf width, stem diameter,
chlorophyll content, stomatal conductance and leaf yield.

The mean squares for genotypes varied significantly (p < 0.05) in almost all the traits
under the three water regimes. The mean squares for genotypes were highly significant
(p < 0.01) for all the traits studied under well-watered conditions (Table 2a). Under mild
stress conditions, the genotype effect was significant (p < 0.05) for the majority of traits
with chlorophyll content as the only non-significant trait (Table 2b). Similarly, under severe
stress conditions (Table 2c), the genotype effect was significant on most traits except for
chlorophyll content (Spad), stomatal conductance (Cond) and transpiration rate (Trans).

3.2. Variance Components and Heritability Estimates

The variance components estimates, heritability and genetic advances of 18 spider
plant genotypes evaluated under three water regimes are presented in Table 3a—c. Under
well-watered conditions, genotypic variances ranged from 0.00 for transpiration rate (Trans)
to 1020.20 for leaf yield (Ly). In addition to the above, the genotypic variance ranged
from 0.00 for stomatal conductance (Cond) to 182.91 for leaf yield (Ly) under mild stress
conditions and 0.00 for stomatal conductance (Cond) to 76.02 for number of leaves (NI)
under severe stress. The phenotypic variances observed ranged from 0.00 for stomatal
conductance (Cond) to 1022.43 for leaf yield (Ly) under well-watered conditions, 0.00 for
stomatal conductance to 184.74 for leaf yield (Ly) under mild stress conditions and 0.00 for
stomatal conductance to 77.06 for number of leaves under severe stress conditions. For
all yield and yield-contributing traits, phenotypic variance was greater than genotypic
variance across the three water regimes.

The genotypic coefficient of variation estimates (GCV) ranged from 0.10% (relative
water content) to 46.86% (leaf yield) under well-watered conditions, 0.11% (relative water
content) to 54.42% (leaf yield) under mild stress conditions, and 0.00% (stomatal conduc-
tance) to 74.22% (leaf yield). In this study, it was observed that well-watered conditions had
a phenotypic coefficient of variation (PCV) ranging from 0.10% (relative water content) to
46.91% ((leaf yield), whereas mild stress conditions had a PCV ranging from 0.11 (relative
water content) to 46.86% (leaf yield) and lastly, severe stress conditions had a PCV ranging
from 0.00% (stomatal conductance) to 74.34% (leaf yield). High GCV and PCV values
of >20% were recorded for leaf yield (46.86% and 46.91%, respectively) and number of
leaves (34.85% and 35.02, respectively), under well-watered conditions. The same traits,
leaf yield and number of leaves, also showed a high (>20%) GCV (54.42% and 28.55%,
respectively) and PCV (54.70% and 28.85%, respectively) under mild stress. Under severe
stress conditions, GCV and PCV were high for leaf yield (74.22% and 74.34%, respectively),
number of leaves (39.63% and 39.90%, respectively) and plant height (21.95% and 26.54%,
respectively). As shown in Table 3a—c, moderate (10-20%) GCV and PCV values were
recorded for leaf length (15.04% and 11.40%, respectively), leaf width (13.39% and 10.67%,
respectively), stem diameter (14.01% and 11.92%, respectively) and stomatal conductance
(18.37% and 13.63%, respectively) under well-watered conditions. Under mild stress condi-
tions, moderate values were observed for plant height (18.67%, GCV) and (16.55%, PCV),
stem diameter ((15.31%, GCV) and (12.75%, PCV)) and stomatal conductance (23.05%,
GCV) and (11.95%, PCV). Leaf width (11.98%) and (10.15%) together with stem diameter
(17.19%) and (11.48%) had moderate (10-20%) GCV and PCV values, respectively, under
severe stress conditions.
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Table 2. Mean squares from analysis of variance of 12 traits under three water regimes.

Source Df F1 Ph L1 Lw Sd Spad RWC Cond Photo Trans N1 Ly

(a) Well-watered

Season 1 220.03 *** 511.51 ** 3.55* 4.41 1.54 19.43 0.30 0.05 *** 350.91 *** 0.00 *** 10.6 3.5
Genotype 17 113.12 #** 223.22 *** 6.43 *** 8.37 *#* 7.15 *** 19.88 *** 430.73 *** 0.01 *** 225.71 *** 0.00 ** 6438.5 *** 8179.6 ***
Rep 3 18.06 333.62 *** 2.70* 4.62* 8.53 *** 14.75 12.48 0.02 *** 12.24 0.00 *** 284.8 ** 435 ***
Season X Rep 3 336.68 *** 330.48 *** 3.94 ** 8.98 *** 1.98 1.08 6.21 0.00 149.38 *** 0.00 *** 1224 194.3 ***
Season x Genotype 17 7.23 83.80 * 2.76 *** 3.09 ** 2.00 ** 12.74 * 1.38 0.01 ** 28.51 ** 0.00 374 7.1
Residuals 102 17.97 47.41 0.75 1.20 0.83 6.52 3.54 0.00 11.67 0.00 68.4 19.6
Mean 58 52.78 5.96 7.64 6.75 40.49 74.38 0.2310 75.43 0.0178 81 68.16

Ccv 8.65 13.05 14.57 14.36 13.51 6.31 2.53 21.31 4.53 17.66 10.21 6.50

(b) Mild stress

Season 1 300.44 *** 60.32 2.56 * 0.93 1.36 45.68 * 0.11 0.00 0.19 0.00 *** 0.69 16.07
Genotype 17 31.48 *** 332.39 *** 2.52 *** 3.75 *** 3.61 *** 10.09 293 *** 0.01 *** 73.6 *** 0.00 * 1231.52 *** 1477.94 ***
Rep 3 80.15 *** 91.62 0.72537 0.79 2.28 10.34 1.26 0.01* 5.36 0.00 42.35 34.89
Season x Rep 3 5.64 163.81 ** 0.42796 0.56 2.00 2.51 1.39 0.01 347.42 *** 0.00 11.82 14.56
Season x Genotype 17 14.65 722 % 1.45 *** 2.00 ** 1.11 5.34 1.19 0.01* 24.76 * 0.00 5.55 1.61
Residuals 102 9.83 39.81 0.47 0.75 0.95 6.63 1.26 0.00 14.21 0.00 29.27 16.8
Mean 38 34.53 4.27 5.41 4.39 34.64 53.14 0.15 59.83 0.0124 43 24.85

Ccv 8.36 18.27 16.04 16.06 22.28 7.44 211 40.08 6.30 20.87 12.58 16.49

(c) Severe stress

Season 1 637.56 *** 142.80 0.56 4.03 ** 7.47 *** 42.25* 4.59 0.03 *** 64.66 0.00 0.44 7.27 *
Genotype 17 52.66 *** 295.30 *** 1.07 *** 1.99 *** 2.42 *** 14.20 196.32 *** 0.00 157.34 *** 0.00 616.47 *** 432.45 ***
Rep 3 38.53 * 167.82 ** 0.27 0.50 0.25 8.72 3.27 0.01* 21.88 0.00 * 14.28 25.86 ***
Season X Rep 3 81.69 *** 19.66 0.05 0.30 0.92 57.42 *** 1.57 0.00 70.12* 0.00 *** 5.31 0.49
Season x Genotype 17 6.47 93.47 ** 0.98 *** 0.56 1.34 *** 5.05 0.96 0.00 37.57* 0.00 1.53 0.23
Residuals 102 12.41 37.36 0.28 0.44 0.46 9.26 4.28 0.00 17.98 0.00 9.43 1.61
Mean 29 22.89 3.36 4.16 3.20 30.15 39.20 0.1213 44.64 0.0094 22 9.89

Ccv 12.15 26.71 15.61 16.01 21.24 10.10 5.28 36.79 9.50 27.75 13.96 12.83

*p <0.05,* p <0.01, ** p < 0.001, Df = Degrees of freedom, Fl = Days to 50% flowering, Ph = Plant height, L] = Leaf length, Lw = Leaf width, Sd = Stem diameter, Spad = Chlorophyll
content, RWC = Relative water content, Photo = Net photosynthesis rate, Cond = Stomatal conductance, Trans = Transpiration rate, N1 = Number of leaves per plant, Ly = Leaf yield.
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Table 3. Variance components estimates and genetic parameters of eighteen spider plant geno-
types evaluated over two seasons, under three water regimes (a) well-watered; (b) mild stress;
(c) severe stress.

Trait Vg VG E Vi Vp PCV GCV H? GA GAM (%)
(a) Well-watered

F1 12.09 0.00 16.44 14.14 6.48 5.99 85.47 6.62 11.42
Ph 17.43 9.10 47.41 27.90 10.01 791 62.46 6.80 12.88
LI 0.46 0.50 0.75 0.80 15.04 11.40 57.43 1.06 17.80
Lw 0.66 0.46 1.20 1.05 13.39 10.67 63.49 1.34 17.51
Sd 0.65 0.29 0.83 0.89 14.01 11.92 72.39 1.41 20.89
Spad 0.89 1.55 6.52 2.48 3.89 2.33 35.90 1.17 2.88
RWC 0.01 0.00 0.00 0.01 0.10 0.10 99.25 0.15 0.20
Photo 24.65 421 11.67 28.21 7.04 6.58 87.37 9.56 12.67
Cond 0.00 0.00 0.00 0.00 18.37 13.63 55.04 0.05 20.83
Trans 0.00 0.00 0.00 0.00 9.59 6.51 46.06 0.00 9.10
N1 796.82 0.00 63.96 804.82 35.02 34.85 99.01 57.86 7143
Ly 1020.20 0.00 17.83 1022.43 46.91 46.86 99.78 65.73 96.43
(b) Mild stress

Fl 2.10 1.20 9.84 3.94 522 3.82 53.47 2.19 5.75
Ph 32.67 7.79 39.87 41.55 18.67 16.55 78.63 10.44 30.24
L1 0.13 0.25 0.47 0.32 13.15 8.56 42.39 0.49 11.49
Lw 0.23 0.30 0.75 0.47 12.66 8.78 48.14 0.68 12.55
Sd 0.31 0.04 0.96 0.45 15.31 12.75 69.43 0.96 21.89
Spad 0.45 0.00 6.45 1.26 3.24 1.95 36.04 0.83 2.41
RWC 0.00 0.00 0.00 0.00 0.11 0.11 99.58 0.12 0.23
Photo 6.13 2.58 14.22 9.20 5.07 4.14 66.65 4.16 6.96
Cond 0.00 0.00 0.00 0.00 23.05 11.95 26.86 0.02 12.75
Trans 0.00 0.00 0.00 0.00 10.14 6.17 37.08 0.00 7.74
NI 150.72 0.00 25.74 153.94 28.85 28.55 97.91 25.02 58.20
Ly 182.91 0.00 14.63 184.74 54.70 54.42 99.01 27.72 111.56
(c) Severe stress

Fl 5.14 0.00 11.56 6.58 8.85 7.82 78.05 4.13 14.22
Ph 25.25 13.99 37.37 36.91 26.54 21.95 68.40 8.56 37.40
Ll 0.01 0.17 0.27 0.13 10.89 3.61 10.96 0.08 2.46
Lw 0.18 0.03 0.44 0.25 11.98 10.15 71.89 0.74 17.73
Sd 0.14 0.22 0.46 0.30 17.19 11.48 44.64 0.51 15.81
Spad 0.69 0.00 8.66 1.77 442 2.76 38.99 1.07 3.55
RWC 0.00 0.00 0.00 0.00 0.13 0.13 98.10 0.10 0.26
Photo 14.97 4.89 17.98 19.67 9.93 8.67 76.13 6.96 15.58
Cond 0.00 0.00 0.00 0.00 15.77 0.00 0.00 0.00 0.00
Trans 0.00 0.00 0.00 0.00 10.91 4.89 20.06 0.00 451
N1 76.02 0.00 8.30 77.06 39.90 39.63 98.65 17.84 81.09
Ly 53.88 0.00 1.41 54.06 74.34 74.22 99.67 15.10 152.64

Ve = genotypic variance, Vg g = genotype x environment interaction variance, Vg = error variance,
Vp = phenotypic variance, PCV = phenotypic coefficient of variation, GCV = genotypic coefficient of varia-
tion, H? = heritability, GA = genetic advance, GAM = genetic advance as a percentage of the mean, Fl = days
to 50% flowering, Ph = plant height, L1 = leaf length, Lw = leaf width, Sd = stem diameter, Spad = chloro-
phyll content, RWC = relative water content, Photo = net photosynthesis rate, Cond = stomatal conductance,
Trans = transpiration rate, NI = number of leaves per plant, Ly = leaf yield.

Although most of the traits had minor differences between PCV and GCV values
across all water regimes, a few traits showed a significant difference between the PCV and
GCV values. Stomatal conductance (23.05-11.95) showed a significant difference between
the PCV and GCV values under mild stress conditions. Under severe stress conditions, leaf
length (10.89-3.61), stem diameter (17.19-11.48), stomatal conductance (15.77-0.00) and
transpiration rate (10.91-4.89) exhibited large differences between the PCV and GCV values.
The PCV was higher than its corresponding GCV for all the traits across water regimes.
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Heritability estimates for all the studied traits varied from high (>60%), moderate
(30-60%) and low (<30%) across all the water regimes (Table 3a—c). Under well-watered
conditions, high heritability values (>60%) were observed for the vast majority of traits
except for the transpiration rate (30-60%), chlorophyll content rate (30-60%), stomatal
conductance (30-60%) and leaf length (30-60%). Plant height (78.63%), stem diameter
(69.43%), relative water content (99.58%), net photosynthesis rate (66.65%), number of
leaves (97.91%) and leaf yield (99.01%) exhibited high heritability (>60%) under mild
stress conditions. Furthermore, days to 50% flowering (53.47%), leaf length (42.39%),
leaf width (48.18%), chlorophyll content (36.04%) and transpiration rate (37.08%) showed
moderate (30-60%) heritability estimates under mild stress conditions. In contrast, stomatal
conductance (26.86%) showed a low heritability value under mild stress conditions. Under
severe stress conditions, most traits had a high heritability (>60%), and these included leaf
yield (99.67%), number of leaves (98.65%), plant height (68.40%), days to 50% flowering
(78.05%), photosynthesis rate (76.13%), relative water content (98.10%) and leaf width
(71.89%). In addition to the above, moderate heritability estimates (30-60%) were recorded
for stem diameter (44.64%) and chlorophyll content (38.99%). Stomatal conductance (0.00%),
transpiration rate (20.06%) and leaf length (10.96%) recorded low heritability (<30%) under
severe stress.

Genetic advance as a percentage of the mean varied from low (0-10%) to moderate
(10-20%) to high (20% and above) (Table 3a—c). High values of genetic advance (20% and
above) were reported for stem diameter (20.89%), number of leaves (71.43%), stomatal
conductance (20.83%) and leaf yield (96.43%) under well-watered conditions. Moderate
GAM values (10-20%) were also noted for days to 50% flowering (11.42%), plant height
(12.88%), leaf length (17.80%), leaf width (17.51%) and net photosynthesis rate (12.67%) un-
der well-watered conditions. Under mild stress conditions, high genetic advance estimates
(20% and above) were observed for leaf yield (111.56%), number of leaves (58.20%), stem
diameter (21.89%) and plant height (30.24%). In addition to high GAM values, moderate
values (10-20%) were also observed for leaf length (11.49%), leaf width (12.55%) and stom-
atal conductance (12.75%) under mild stress conditions. Plant height (37.40%), number of
leaves (81.09%) and leaf yield (152.64%) exhibited a high GAM (20% and above) values
under severe stress. Furthermore, days to 50% flowering (14.22%), leaf width (17.73%) and
stem diameter (15.81%) and net photosynthesis rate (15.58%) showed moderate (10-20%)
GAM values under severe stress conditions.

A high heritability coupled with high genetic advance was observed for stem diameter,
stomatal conductance, number of leaves and leaf yield under well-watered conditions.
Moderate heritability coupled with high genetic advance was also noted for stomatal
conductance under well-watered conditions. In addition, high to moderate heritability
estimates accompanied with moderate genetic advance were observed for days to 50%
flowering, photosynthesis, plant height, leaf length and leaf width under well-watered
conditions. Additionally, a high heritability estimate coupled with a low genetic advance
was observed for relative water content. Plant height, stem diameter, number of leaves
and leaf yield had high heritability estimates coupled with high genetic advance under
mild stress conditions. Furthermore, high heritability estimates coupled with low genetic
advance were observed for relative water content and net photosynthesis under mild
stress conditions. Moderate heritability accompanied with moderate genetic advance
were observed for leaf length and leaf width under mild stress conditions. Under severe
stress conditions, plant height, number of leaves and leaf yield showed a high heritability
accompanied by high genetic advance. High to moderate heritability accompanied with
moderate genetic advance were observed for days to 50% flowering, leaf width, stem
diameter and net photosynthesis under severe stress. In addition, a high heritability
coupled with a low genetic advance was also observed for relative water content.
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3.3. Correlation Coefficient Estimates

Figure 1a—c shows Pearson’s correlation coefficients (r) among morphological and
physiological traits of 18 spider plant accessions in non-stressed and water-stressed con-
ditions. In this study, the degree of association was divided into three categories: weak
(0-0.3), moderate (0.3-0.7) and strong (0.7+). Under well-watered conditions, leaf yield
showed a strong positive correlation with the number of leaves (r = 0.86 ***), moderate
positive association with net photosynthesis rate (r = 0.70 ***), stem diameter (r = 0.50 ***),
days to 50% flowering (r = 0.59 ***), leaf length (r = 0.47 ***), leaf width (r = 0.43 ***), relative
water content (r = 0.43 ***) and stomatal conductance (r = 0.40 ***). Weak and positive
correlations were observed between leaf yield and plant height (r = 0.30 ***), transpiration
rate (r = 0.26 ***) and chlorophyll content (r = 0.21 *). A strong and positive correlation
was also observed between leaf length and leaf width (r = 0.89 ***) under well-watered
conditions (Figure 1a).

Under mild stress conditions, leaf yield showed a moderate and positive correlation
with the number of leaves per plant (r = 0.60 ***), net photosynthesis rate (r = 0.41 ***),
plant height (r = 0.39 ***), days to 50% flowering (r = 0.39 ***) and relative water content
(r = 0.38 ***). Weak and positive associations were observed between leaf yield and stem
diameter (r = 0.30 ***) and leaf length (r = 0.29 ***). Leaf length and leaf width also showed
a strong and positive correlation (r = 0.82 ***) under mild stress conditions.
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Figure 1. Pearson correlation coefficients among twelve morpho-physiological traits of 18 eighteen
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African spider plant accessions evaluated under three water regimes (a) well-watered (b) mild stress
(c) severe stress. * p < 0.05, ** p < 0.01, ** p < 0.001, Fl = days to 50% flowering, Ph = plant height,
LI = leaf length, Lw = leaf width, Sd = stem diameter, Spad = chlorophyll content, Rwc = relative
water content, Photo = net photosynthesis rate, Cond = stomatal conductance, Trans = transpiration
rate, N1 = number of leaves per plant and Ly = leaf yield.

Strong and positive correlations were also observed between leaf yield and number of
leaves per plant (r = 0.87 ***), moderate and positive correlations with net photosynthesis
rate (r = 0.54 ***), days to 50% flowering (r = 0.50 ***), relative water content (r = 0.32 ***)
and leaf length (r = 0.30 ***) under severe stress. A weak and positive correlation was also
noted between leaf yield and plant height (r = 0.21 *). Leaf length and leaf width had a
strong and positive association (r = 0.78 ***) under severe stress.

3.4. Path Coefficient Analysis

Path analysis was used to assess the direct and indirect effects of yield attributing
traits on leaf yield across all three water regimes as reported in Figure 2a—c. A scale for
path analysis was used to categorize the estimates into negligible with values ranging
from 0.00 to 0.09, low from 0.10 to 0.19, moderate from 0.20 to 0.29 and high from 0.30
to 0.99. The residual effects were 0.17 for well-watered conditions (Figure 2a), 0.37 for
mild stress conditions (Figure 2b), and 0.18 for severe stress conditions (Figure 2c). Under
well-watered conditions, the number of leaves (0.62) showed a high positive direct effect
on leaf yield (Figure 2a). The net photosynthesis rate (0.21) showed a moderate direct effect
on leaf yield whereas leaf length (0.14) and days to 50% flowering exhibited (0.11) a low
but positive direct effect on leaf yield. However, plant height (—0.11) had a negative direct
effect on leaf yield. The remaining traits were recorded as negligible with some positive,
stem diameter (0.09) and stomatal conductance (0.09). Chlorophyll content (—0.02), relative
water content (—0.03) and transpiration rate (—0.02) were negatively negligible under
well-watered conditions.

Under well-watered conditions, the indirect effects of several traits observed were
mostly positive and high through the number of leaves. Net photosynthesis rate (0.39) had
a high and positive indirect effect on leaf yield through the number of leaves. The indirect
effects of relative water content (0.25), stem diameter (0.25) plant height (0.23), leaf length
(0.23), leaf width (0.20), and stomatal conductance (0.21) through the number of leaves were
positive and moderate. Transpiration rate (0.17) and chlorophyll content (0.16) showed a
low and positive indirect effect on leaf yield through the number of leaves. Under mild
stress conditions (Figure 2b), the number of leaves (0.50) and leaf length (0.33) showed
a high positive direct effect on leaf yield. Net photosynthesis rate (0.25), relative water
content (0.23) and days to 50% flowering (0.20) exhibited a moderate direct effect on leaf
yield. Leaf width (—0.32) showed a very high but negative direct effect on leaf yield. Plant
height (0.24) showed a moderate indirect effect whereas leaf length (0.14), stem diameter
(0.13), and relative water content (0.10) showed a positive and low indirect effect via the
number of leaves.

The results for path coefficient analysis estimates under severe stress conditions are
presented in Figure 2c. Number of leaves (0.86) had a high and positive direct effect on
leaf yield. Days to 50% flowering (0.11) had a low and positive direct effect on leaf yield.
In addition to the above, relative water content (—0.14) and stem diameter (—0.09) had a
negative but direct effect on leaf yield. Net photosynthesis rate (0.46), relative water content
(0.40), leaf length (0.31) and days to 50% flowering (0.36) exhibited a high and positive
indirect effect via the number of leaves. A positive and moderate indirect effect via number
of leaves was observed for plant height (0.26) and stem diameter (0.24).



Agronomy 2023, 13, 752 14 of 21

Ly
U‘ﬁ

(a) Well-watered conditions

Ly
L;SF

(b) Mild stress conditions

Figure 2. Cont.



Agronomy 2023, 13, 752

15 of 21

P, - ——

————_—_——————, w:A\——:-U.U’] =004 ---"=="H
R . B .04 -

o

Ly
U1 2

(c) Severe stress conditions

Figure 2. Direct and indirect effects of different metrical traits on leaf yield in African spider plant
accessions., Fl = days to 50% flowering, Ph = plant height, Ll = leaf length, Lw = leaf width,
Sd = stem diameter, Spd = chlorophyll content, Rwc = relative water content, Pht = photosyn-
thesis, Cnd = stomatal conductance, Trn = transpiration rate, NI = number of leaves per plant,
Ly = leaf yield.

4. Discussion
4.1. Performance of Accessions under Different Water-Regimes

The analysis of variance of the spider plant revealed that genotypic effects were highly
significant (p < 0.01) for leaf yield and yield components under well-watered conditions
which showed that genotypes differed significantly for yield and all yield-contributing
traits. Under mild stress, genotypic effects were highly significant for all traits except for
chlorophyll content. Under severe stress conditions, only chlorophyll content, stomatal
conductance and transpiration rate were not significant (p < 0.05) indicating the existence
of genetic variation among the spider plant accessions studied. According to Mosenda
et al. [38], a wide and varied source of tolerance to water stress has been discovered in
various African spider plant genotypes. In any plant breeding program, variability is
critical for selecting superior genotypes. This also reaffirms that the concept of single-trait
selection is not the most reliable way to improve a trait in any crop improvement program.

Under stressed conditions, the significantly large genotype mean squares obtained for
the number of leaves, plant height and leaf yield revealed that the accessions varied widely
in their potential for these traits. [39]. According to the findings of this study, the selection
for leaf yield improvement under drought stress conditions should include simultaneous
selection for several traits such as photosynthesis, number of leaves, days to 50% flowering,
relative water content, plant height and leaf length. As evidenced by the results, this can be
attributed to the influence of the accessions on the interaction with the water treatment.
The considerably higher CV% for some traits could be attributed to the higher variability
of genotype x treatment in accession performance. This appears to suggest that evaluating
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the drought tolerance traits in African spider plant populations under varying levels of
water stress rather than just one level was satisfactory [39—41].

4.2. Variance Components and Heritability

The selection of genotypes on the basis of their phenotypic variation (mean and range)
is often complicated by environmental factors that may obscure the actual genetic variation.
Therefore, apportioning phenotypic variation into genotypic and environmental factors is
critical for genotype selection. In Table 3a—c, phenotypic variance estimates were higher
than genotypic variance estimates across all the water regimes, which indicates the impact
of environmental factors on these traits [42]. Zakaria et al. [43] reported similar findings
in all the traits studied in spider plant. The genetic element is fundamental for breeding
purposes because it influences the amount of variation passed down to offspring during
the breeding process. High genotypic variance and phenotypic estimates were recorded
for the number of leaves per plant and leaf yield under all three water regimes. The high
genotypic and phenotypic variance of the abovementioned traits revealed that there was
more variability, indicating a greater scope of selection for the traits [44].

Estimates of genotypic and phenotypic coefficients of variation are required to deter-
mine the magnitude of environmental influence on various traits. The genotypic coefficient
of variation (GCV) determines the best relative amount of genetic variation. The number
of leaves per plant and leaf yield had higher PCV and GCV values (>20%) under all three
water regimes. In addition, plant height had higher PCV and GCV values (>20%) under
severe drought stress. These traits with the highest PCV and GCV values have a high level
of genetic variability, whereas traits with the lowest PCV and GCV values have a low level
of genetic variability [45]. The moderate (10-20%) GCV and PCV values recorded for leaf
length, leaf width, stem diameter and stomatal conductance under well-watered conditions,
plant height, stem diameter and stomatal conductance under mild stress conditions and
leaf width and stem diameter severe stress conditions suggests that selection based on
these traits could be effective and their phenotypic expression can be a favorable indicator
of genotypic potential [46]. In general, selection will be beneficial for the development of
traits related to the degree of preferable variation. Lower PCV and GCV (<10%) values
of traits indicate that environmental factors influenced the expression of these traits more
than genetic factors. As a result, development through selection cannot be effective based
on these traits [46].

The magnitude of the differences between genotypic and phenotypic coefficients of
variation indicates the environmental effect on any trait. Large differences indicate a strong
environmental influence, whereas small differences indicate a strong genetic influence.
Stomatal conductance showed a significant difference between the PCV and GCV values
under mild stress conditions. Under severe stress conditions, leaf length, stem diameter,
stomatal conductance and stomatal conductance exhibited large differences between the
PCV and GCV values in this study. This suggests that the environmental effect on the
expression of those characteristics is greater and that selection based on these traits would
be ineffective for further yield improvement [47].

Heritability assessment calculates the relative influence of genetic and non-genetic dis-
crepancies to overall phenotypic variance in a population. It is a vital feature in quantitative
genetics, especially in selective breeding. High heritability values (>60%) were observed for
the vast majority of traits except for the transpiration rate, chlorophyll content rate, stomatal
conductance and leaf length under well-watered conditions. Plant height, stem diameter,
relative water content, photosynthesis rate, number of leaves and leaf yield exhibited high
heritability (>60%) under mild stress conditions. Under severe stress conditions, most traits
had a high heritability (>60%), and these included leaf yield, number of leaves, plant height,
days to 50% flowering, photosynthesis rate, relative water content and leaf width. In this
study, relatively high heritability (>60%) was noted in drought stress environments for
leaf yield and yield-related traits such as plant height, number of leaves, leaf yield, days
to 50% flowering and photosynthesis rate when compared to the non-stress environment.
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This suggests that environmental variability had less impact on these traits. This inferred
that these characteristics were expressed more clearly under drought stress conditions,
and therefore, phenotypic selection for such traits would be favorable, as also explained
by Zakaria et al. [43]. Furthermore, the high heritability estimates for those characters
demonstrate a strong selection response in these characters. Similar findings were reported
by Houdegbe et al. [48] under well-watered conditions, which support the current study.

High estimates of genetic advance as a percentage of the mean (20% and above)
were recorded for leaf yield, number of leaves per plant, stomatal conductance, and stem
diameter under well-watered conditions. Under mild stress conditions, leaf yield, number
of leaves per plant, stem diameter, and plant height had a high GAM. Plant height, number
of leaves per plant and leaf yield also recorded high genetic advance as a percent of the
mean values under severe stress. Under both mild and severe stress conditions, plant
height, stem diameter, number of leaves per plant and leaf yield showed high to moderate
heritability and genetic advance. High genetic advance as a percentage of the mean values
indicate additive gene action, whereas low values indicate non-additive gene action [49].

Heritability and genetic advance estimates are critical in predicting the reliability of
phenotypic value as a breeding value guide. Stem diameter, stomatal conductance, number
of leaves per plant, plant height, leaf length, leaf width, photosynthesis and stomatal
conductance had high/moderate heritability with a high/moderate genetic advance as
a percentage of the mean under normal conditions. Under mild stress conditions, plant
height, stem diameter, number of leaves per plant, leaf length and leaf width recorded
a high/moderate heritability with a high/moderate genetic advance as a percentage of
the mean values. Under severe stress conditions, plant height, number of leaves per
plant, leaf width, stem diameter, days to 50% flowering and photosynthesis showed a
high/moderate heritability accompanied with a high/moderate genetic advance. This
suggests that these traits were influenced by additive genes favoring their improvement
through direct selection even under water stress conditions [42,50]. High heritability in
combination with low genetic advance as a percentage of the mean indicates the presence of
non-additive gene effects in the inheritance of the specific trait. Traits with low heritability
estimates and poor genetic advance as a percentage of the mean are difficult to select
directly and should be selected indirectly through related traits.

4.3. Correlation Coefficients and Path Coefficient Analysis

Knowledge of correlation coefficients among traits is useful to breeders because it
indicates which traits should be targeted for selection to increase yield under certain
environmental conditions. The correlation coefficient results (Figure 1a—c) revealed that
traits such as number of leaves per plant, photosynthesis, and days to 50% flowering had a
high to moderate positive correlation with leaf yield under all three water regimes. This
suggests that an increase in leaf yield can be obtained by an increase in the number of
leaves per plant, leaf photosynthesis rate and late flowering. As a result, these traits could
be used as indirect selection criteria to improve leaf yield in African spider plant under
both stressed and non-stressed conditions [43,48].

Under both mild and severe stress conditions, days to 50% flowering, relative water
content, photosynthesis and number of leaves had moderate to high positive correlation
with leaf yield. The correlations varied between water regimes, indicating that the level of
association between the traits is influenced by environmental factors such as drought stress.
Selection strategies must therefore account for such variations in trait association [51].
Correlation findings between yield and yield-attributing traits revealed that selecting for
photosynthesis rate, number of leaves per plant, relative water content and days to 50%
flowering would be effective in achieving higher leaf yield in African spider plant under
drought stress environments.
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However, correlation coefficients do not provide precise information about the interre-
lationship between the causal and resultant variables. Path coefficient analysis is thus an
effective method for determining direct and indirect bases of correlations through the use of
correlation coefficients of various plant traits. Therefore, the correlation coefficient estimates
were partitioned into direct and indirect effects to determine the intensity of independent
variables’ effects on dependent variables. The residual effects in the study were 0.17 for
well-watered conditions, 0.37 for mild stress conditions, and 0.18 for severe stress condi-
tions. This indicates that the causal traits explained approximately 83% of the variability in
leaf yield, leaving 17% unexplained under well-watered conditions. Under mild stress, 63%
of the variability was explained by the casual traits leaving 37% unexplained. Furthermore,
under severe stress, 82% of the variability was explained by the characters studied leaving
18% of the variability unexplained. According to Hasan-Ud-Daula et al. [44], these residual
effects on leaf yield could be due to other factors not studied such as environmental errors
or sampling errors. The number of leaves per plant had a high and positive direct effect on
leaf yield across all water regimes.

Under well-watered conditions, the photosynthesis rate had a moderate and positive
direct effect on leaf yield. In the mildly stressed environment, leaf length had a high and
positive direct effect on leaf yield. Relative water content and photosynthesis rate had a
moderate and positive direct effect. This suggests that more attention should be placed
on the genetic improvement of these traits in order to increase leaf yield through indirect
selection [52,53]. Plant height had a negative direct effect on leaf yield across all water
regimes, but this trait had a positive correlation with leaf yield. Belay [54] reported similar
findings in maize. The positive correlation of this trait with leaf yield was because of the
positive indirect effect of this trait through other traits.

Plant height had a moderate and positive indirect effect on leaf yield via the number
of leaves per plant in all three water regimes. The photosynthesis rate had a high and
positive indirect effect on leaf yield under well-watered conditions. Plant height, stem
diameter, leaf length, leaf width, relative water content and stomatal conductance all had a
moderate and positive indirect effect on leaf yield via the number of leaves per plant under
well-watered conditions. Plant height had a moderate and positive indirect effect on leaf
yield via the number of leaves per plant under mild stress conditions. In the severe stress
regime, relative water content, photosynthesis rate and leaf length had a high and positive
indirect effect on leaf yield via the number of leaves per plant. Stem diameter and plant
height had a moderate and positive indirect effect on leaf yield via the number of leaves
per plant. This suggests that selecting for traits such as plant height, days to 50% flowering,
relative water content, net photosynthesis and leaf length under stress conditions could
be effective and can improve leaf yield indirectly by influencing the number of leaves
per plant.

5. Conclusions

The accessions used in this study showed significant genetic variation for all traits
measured, providing essential genetic resources for African spider plant improvement and
opportunities to identify genotypes and traits with water regime stability. Traits with high
to moderate genetic variance, heritability, and genetic advances, such as the number of
leaves per plant, plant height and stem diameter could be improved through direct selection
under drought stress conditions. These traits can also be used to indirectly select for yield
under water stress conditions. The number of leaves per plant had the highest positive
direct effect and strongest positive correlation with leaf yield, providing a foundation
for leaf yield selection and improvement under drought stress conditions. Other traits
including plant height, days to 50% flowering, relative water content, net photosynthesis
and leaf length should also be considered for selection for leaf yield improvement especially
under drought stress. In addition to data generated in this study, molecular genotyping
of the accessions with selected molecular markers is essential to select complementary
accessions for drought tolerance breeding.



Agronomy 2023, 13, 752 19 of 21

Author Contributions: Conceptualization, T.C., A.C.H. and ].S.; data curation, T.C.; formal analysis,
T.C. and C.M,; funding acquisition, ].S.; investigation, T.C.; methodology, T.C. and A.C.H.; project
administration, T.C.; resources, ].S.; supervision, ].S.; validation, T.C., C.M. and ].S.; writing—original
draft, T.C. and C.M.; writing—review and editing, C.M., A.C.H. and J.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This paper was part of the M.Sc. research funded by the Alliance for a Green Revolution in
Africa (AGRA) grant number 2014PASS013.

Data Availability Statement: Data and information associated with the current study are presented
in the manuscript.

Acknowledgments: Special thanks to the University of KwaZulu Natal through the School of Agri-
cultural, Earth and Environmental Sciences and the Improved Masters in Cultivar Development for
Africa (IMCDA) for the technical assistance given. Gratitude is also extended to Thandazani Dlamini
for his assistance during the experiments and University of Abomey Calavi through the Mobreed
project for the spider plant accessions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

Achigan-Dako, E.G.; Sogbohossou, D.E.O.; Houdegbe, C.A_; Salaou, M.A; Sohindji, ES.; Blalogoe, J.; Chataika, B.Y.; Zohoung-
bogbo, H.F.; Adje, C.A.O.; Hotegni, N.V.E; et al. Ten years of Gynandropsis gynandra research for improvement of nutrient-rich
leaf consumption: Lessons learnt and way forwards. Annu. Plant Rev. Online 2021, 4, 767-812. [CrossRef]

Chataika, B.; Akundabweni, L.; Achigan-Dako, E.G.; Sibiya, J.; Kwapata, K.; Thomas, B. Diversity and Domestication Status of
Spider Plant (Gynandropsis gynandra, L.) amongst Sociolinguistic Groups of Northern Namibia. Agronomy 2020, 10, 56. [CrossRef]
Chataika, B.Y.; Akundabweni, L.S.M.; Houdegbe, A.C.; Achigan-Dako, E.G.; Sibiya, J.; Masamba, K. Dietary Phytochemical
Screening of Spider Plant (Gynandropsis gynandra (L.) Briq.) Accessions from Africa and Asia to Identify Genotypes for Use in
Nutraceutical Breeding. Front. Sustain. Food Syst. 2021, 5, 344. [CrossRef]

Sogbohossou, E.O.D.; Achigan-Dako, E.G.; Mumm, R.; de Vos, R.C.H.; Schranz, M.E. Natural variation in specialised metabolites
production in the leafy vegetable spider plant (Gynandropsis gynandra L. (Briq.)) in Africa and Asia. Phytochemistry 2020,
178, 112468. [CrossRef]

Mashamaite, C.V.; Manyevere, A.; Chakauya, E. Cleome gynandra: A wonder climate-smart plant for nutritional security for
millions in semi-arid areas. Front. Plant Sci. 2022, 13, 1003080. [CrossRef]

Blalogoe, J.S.; Odindo, A.O.; Sogbohossou, E.O.D.; Sibiya, J.; Achigan-Dako, E.G. Origin-dependence of variation in seed
morphology, mineral composition and germination percentage in Gynandropsis gynandra (L.) Briq. accessions from Africa and
Asia. BMC Plant Biol. 2020, 20, 168. [CrossRef] [PubMed]

Houdegbe, A.C.; Achigan-Dako, E.G.; Sogbohossou, E.O.D.; Schranz, M.E.; Odindo, A.O,; Sibiya, J. Leaf elemental composition
analysis in spider plant [Gynandropsis gynandra L. (Briq.)] differentiates three nutritional groups. Front. Plant Sci. 2022, 13, 3091.
[CrossRef]

Sogbohossou, E.O.D.; Kortekaas, D.; Achigan-Dako, E.G.; Maundu, P.; Stoilova, T.; Van Deynze, A.; de Vos, R.C.H.; Schranz, M.E.
Association between vitamin content, plant morphology and geographical origin in a worldwide collection of the orphan crop
Gynandropsis gynandra (Cleomaceae). Planta 2019, 250, 933-947. [CrossRef] [PubMed]

Chataika, B.Y.; Akundabweni, L.5.M.; Achigan-Dako, E.G.; Sibiya, J.; Kwapata, K. Utilization of Spider Plants (Gynandropsis
gynandra, L. Briq) amongst Farming Households and Consumers of Northern Namibia. Sustainability 2020, 12, 6604. [CrossRef]
Farooqi, Z.U.R.; Ayub, M.A.; Zia ur Rehman, M.; Sohail, M.I.; Usman, M.; Khalid, H.; Naz, K. Regulation of drought stress in
plants. In Plant Life under Changing Environment; Academic Press: Cambridge, MA, USA, 2020; pp. 77-104. [CrossRef]

Aroca, R. Plant Responses to Drought Stress: From Morphological to Molecular Features; Springer: Berlin/Heidelberg, Germany,
2013; 466p. [CrossRef]

Mukami, A.; Ngetich, A.; Mweu, C.; Oduor, R.O.; Muthangya, M.; Mbinda, W.M. Differential characterization of physiological
and biochemical responses during drought stress in finger millet varieties. Physiol. Mol. Biol. Plants 2019, 25, 837-846. [CrossRef]
[PubMed]

Lima, J.M.; Nath, M.; Dokku, P.; Raman, K.V.; Kulkarni, K.P.; Vishwakarma, C.; Sahoo, S.P.; Mohapatra, U.B.; Mithra, S.V.A;
Chinnusamy, V.; et al. Physiological, anatomical and transcriptional alterations in a rice mutant leading to enhanced water stress
tolerance. AoB Plants 2015, 7, plv023. [CrossRef]

Rosielle, A.A.; Hamblin, J. Theoretical Aspects of Selection for Yield in Stress and Non-Stress Environment1. Crop Sci. 1981, 21,
943-946. [CrossRef]

Bolanos, J.; Edmeades, G.O. The importance of the anthesis-silking interval in breeding for drought tolerance in tropical maize.
Field Crop Res. 1996, 48, 65-80. [CrossRef]

Blum, A. Plant Breeding for Stress Environments; CRC Press: Boca Raton, FL, USA, 2018; pp. 1-223. [CrossRef]


http://doi.org/10.1002/9781119312994.APR0774
http://doi.org/10.3390/agronomy10010056
http://doi.org/10.3389/fsufs.2021.733909
http://doi.org/10.1016/j.phytochem.2020.112468
http://doi.org/10.3389/fpls.2022.1003080
http://doi.org/10.1186/s12870-020-02364-w
http://www.ncbi.nlm.nih.gov/pubmed/32295516
http://doi.org/10.3389/fpls.2022.841226
http://doi.org/10.1007/s00425-019-03142-1
http://www.ncbi.nlm.nih.gov/pubmed/30911886
http://doi.org/10.3390/su12166604
http://doi.org/10.1016/B978-0-12-818204-8.00004-7
http://doi.org/10.1007/978-3-642-32653-0
http://doi.org/10.1007/s12298-019-00679-z
http://www.ncbi.nlm.nih.gov/pubmed/31402813
http://doi.org/10.1093/aobpla/plv023
http://doi.org/10.2135/cropsci1981.0011183X002100060033x
http://doi.org/10.1016/0378-4290(96)00036-6
http://doi.org/10.1201/9781351075718

Agronomy 2023, 13, 752 20 of 21

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.
32.
33.
34.
35.
36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

Edmeades, G.O.; Banziger, M.; Bolanos, ].A.; Beck, D.L.; Ortega C, A. Development and per se performance of CIMMYT maize
populations as drought-tolerant sources. In Proceedings of the a Symposium, El Batan, Mexico, 25-29 March 1996.

Monneveux, P; Ribaut, ].M. Secondary traits for drought tolerance improvement in cereals. Drought Adapt. Cereal. 2006, 97-143.
Monneveux, P.; Sanchez, C.; Tiessen, A. Future progress in drought tolerance in maize needs new secondary traits and cross
combinations. J. Agric. Sci. 2008, 146, 287-300. [CrossRef]

Lafitte, R.; Blum, A.; Atlin, G. Using secondary traits to help identify drought-tolerant genotypes. In Breeding Rice for Drought-Prone
Environments; International Rice Research Institute: Los Bafios, Philippines, 2003; pp. 37—48.

Atlin, G.N.; Cooper, M.; Bjornstad, A. A comparison of formal and participatory breeding approaches using selection theory.
Euphytica 2001, 122, 463-475. [CrossRef]

Talebi, R.; Fayyaz, F. Estimation of Heritability and Genetic Parameters Associated with Agronomic Traits of Bread Wheat
(Triticum aestivum L.) under Two Constructing Water Regimes. J. Appl. Biol. Sci. 2012, 6, 35-39.

Aminzadeh, G.R. Evaluation of seed yield stability of wheat advanced genotypes in Ardabil, Iran. Res. |. Environ. Sci. 2010, 4,
478-482. [CrossRef]

Maniee, M.; Kahrizi, D.; Mohammadi, R. Genetic Variability of Some Morpho-Physiological Traits in Durum Wheat (Triticum
turgidum var. Durum). JApSc 2009, 9, 1383-1387. [CrossRef]

Kabhrizi, D.; Mohammadi, R. Study of androgenesis and spontaneous chromosome doubling in barley (Hordeum vulgare L.)
genotypes using isolated microspore culture. Acta Agron. Hung. 2009, 57, 155-164. [CrossRef]

Dewey, D.R.; Lu, K.H. A Correlation and Path-Coefficient Analysis of Components of Crested Wheatgrass Seed Productionl.
Agron. ]. 1959, 51, 515-518. [CrossRef]

Masinde, PW,; Stiitzel, H.; Agong, S.G.; Fricke, A. Plant growth, water relations, and transpiration of spiderplant [Gynandropsis
gynandra (L.) Briq.] under water-limited conditions. J. Am. Soc. Hortic. Sci. 2005, 130, 469—477. [CrossRef]

Kesiime, V.E.; Tusiime, G.; Kashaija, I.N.; Edema, R.; Gibson, P.; Namugga, P.; Kakuhenzire, R. Characterization and Evaluation of
Potato Genotypes (Solanum tuberosum L.) for Tolerance to Drought in Uganda. Am. ]. Potato Res. 2016, 93, 543-551. [CrossRef]
Tardieu, F.; Simonneau, T. Variability among species of stomatal control under fluctuating soil water status and evaporative
demand: Modelling isohydric and anisohydric behaviours. J. Exp. Bot. 1998, 49, 419—432. Available online: https:/ /hal.inrae.fr/
hal-02696075 (accessed on 9 September 2021). [CrossRef]

R Core Team. A Language and Environment for Statistical Computing. R Found. Stat. Comput. 2021. Available online:
https:/ /www.r-project.org/ (accessed on 12 May 2022).

Burton, G. Quantitative inheritance in grasses. Proc. VI Int. Grassl. Cong. 1952, 277-283. Available online: https://ci.nii.acjp/
naid /10012936842 (accessed on 17 September 2021).

Sivasubramanjan, M.; Menon, S. Heterosis and inbreeding depression in rice. Adv. Agron. 1973, 47, 85-140.

Allard, R.-W. Principles of Plant Breeding; John Wiley & Sons: Hoboken, NJ, USA, 1999; p. 254.

Robinson, H.F; Comstock, R.E.; Harvey, PH. Estimates of Heritability and the Degree of Dominance in Cornl. Agron. J. 1949, 41,
353-359. [CrossRef]

Johnson, D.A_; Richards, R.A.; Turner, N.C. Yield, Water Relations, Gas Exchange, and Surface Reflectances of Near-Isogenic
Wheat Lines Differing in Glaucousness1. Crop Sci. 1983, 23, 318-325. [CrossRef]

Falconer, D.S.; Mackay, T.EC. Introduction to Quantitative Genetics, 4th ed.; Prentice Hall: Harlow, UK, 1996; Volume 12,
ISBN 9780582243026.

Lenka, D.; Mishra, B. Path coefficient analysis of yield in rice varieties. Indian ]. Agric. Sci. 1973, 43, 376-379.

Mosenda, E.; Chemining'wa, G.; Ambuko, J.; Owino, W. Effect of Water Stress on Growth and Yield Components of Selected
Spider Plant Accessions. J. Med. Act. Plants 2020, 9, 81.

Kang, M.S. Genotype-environment interaction: Progress and prospects. Quant. Genet. Genom. Plant Breed. 2009, 221-243.
[CrossRef]

Apala Mafouasson, H.N.L.; Gracen, V.; Yeboah, M.A.; Ntsomboh-Ntsefong, G.; Tandzi, L.N.; Mutengwa, C.S. Genotype-by-
Environment Interaction and Yield Stability of Maize Single Cross Hybrids Developed from Tropical Inbred Lines. Agronomy
2018, 8, 62. [CrossRef]

Badu-Apraku, B.; Yallou, C.G.; Obeng-Antwi, K.; Alidu, H.; Talabi, A.O.; Annor, B.; Oyekunle, M.; Akaogu, I.C.; Aderounmu, M.
Yield Gains in Extra-Early Maize Cultivars of Three Breeding Eras under Multiple Environments. Agron. J. 2017, 109, 418-431.
[CrossRef]

Semahegn, Y.; Shimelis, H.; Laing, M.; Mathew, I. Genetic variability and association of yield and yield components among bread
wheat genotypes under drought-stressed conditions. Aust. J. Crop Sci. 2021, 15, 863-870. [CrossRef]

Zakaria, K.; Antoine, B.; Boureima, S.; Mariam, K.; Mahamadi, O. Estimates of genetic parameters of spider plant (Cleome gynandra
L.) of Burkina Faso. Int. J. Agric. Policy Res. 2017, 5, 138-144.

Hasan-Ud-Daula, M.; Sarker, U. Variability, heritability, character association, and path coefficient analysis in advanced breeding
lines of rice (Oryza sativa L.). Genetika 2020, 52, 711-726. [CrossRef]

Terfa, G.N.; Gurmu, G.N. Genetic variability, heritability and genetic advance in linseed (Linum usitatissimum L) genotypes for
seed yield and other agronomic traits. Oil Crop Sci. 2020, 5, 156-160. [CrossRef]


http://doi.org/10.1017/S0021859608007818
http://doi.org/10.1023/A:1017557307800
http://doi.org/10.3923/rjes.2010.478.482
http://doi.org/10.3923/jas.2009.1383.1387
http://doi.org/10.1556/AAgr.57.2009.2.7
http://doi.org/10.2134/agronj1959.00021962005100090002x
http://doi.org/10.21273/JASHS.130.3.469
http://doi.org/10.1007/s12230-016-9533-5
https://hal.inrae.fr/hal-02696075
https://hal.inrae.fr/hal-02696075
http://doi.org/10.1093/jxb/49.Special_Issue.419
https://www.r-project.org/
https://ci.nii.ac.jp/naid/10012936842
https://ci.nii.ac.jp/naid/10012936842
http://doi.org/10.2134/agronj1949.00021962004100080005x
http://doi.org/10.2135/cropsci1983.0011183X002300020033x
http://doi.org/10.1079/9780851996011.0221
http://doi.org/10.3390/agronomy8050062
http://doi.org/10.2134/agronj2016.10.0566
http://doi.org/10.21475/ajcs.21.15.06.p2987
http://doi.org/10.2298/GENSR2002711H
http://doi.org/10.1016/j.ocsci.2020.08.002

Agronomy 2023, 13, 752 21 of 21

46.

47.

48.

49.

50.

51.

52.

53.

54.

Kushwah, A.; Bhatia, D.; Singh, G.; Singh, I.; Bindra, S.; Vij, S.; Singh, S. Phenotypic evaluation of genetic variability and selection
of yield contributing traits in chickpea recombinant inbred line population under high temperature stress. Physiol. Mol. Biol.
Plants 2021, 27, 747-767. [CrossRef]

Tuhina-Khatun, M.; Hanafi, M.M.; Rafii Yusop, M.; Wong, M.Y.; Salleh, FM.; Ferdous, J. Genetic Variation, Heritability, and
Diversity Analysis of Upland Rice (Oryza sativa L.) Genotypes Based on Quantitative Traits. Biomed. Res. Int. 2015, 2015, 290861.
[CrossRef]

Houdegbe, A.C.; Achigan-Dako, E.G.; Déédi Sogbohossou, E.O.; Eric Schranz, M.; Odindo, A.O.; Sibiya, J. Phenotypic variation
in biomass and related traits among four generations advanced lines of Cleome (Gynandropsis gynandra L. (Briq.)). PLoS ONE
2022, 17, €0275829. [CrossRef] [PubMed]

Muhammad, RW,; Qayyum, A.; Hamza, A.; Ahmad, M.Q.; Naseer, N.S.; Liaqat, S.; Ahmad, B.; Malik, W.; Noor, E. Analysis of
genetic traits for drought tolerance in maize. Genet. Mol. Res. 2015, 14, 13545-13565. [CrossRef]

Ali, M.A_; Abbas, A.; Niaz, S.; Zulkiffal, M.; Ali, S. Morpho-physiological criteria for drought tolerance in Sorghum (Sorghum
bicolor) at seedling and post-anthesis stages. Int. J. Agric. Biol. 2009, 11, 674-680.

Long, S.P; Zhu, X.G.; Naidu, S.L.; Ort, D.R. Can improvement in photosynthesis increase crop yields? Plant. Cell Environ. 2006,
29, 315-330. [CrossRef] [PubMed]

Mubai, N.; Sibiya, ].; Mwololo, J.; Musvosvi, C.; Charlie, H.; Munthali, W.; Kachulu, L.; Okori, P. Phenotypic correlation, path
coefficient and multivariate analysis for yield and yield-associated traits in groundnut accessions. Cogent Food Agric. 2020,
6,1823591. [CrossRef]

Kumar, R.; Dubey, R.B.; Ameta, K.D.; Kunwar, R.; Verma, R.; Bisen, P. Correlation and Path Coefficient Analysis for Yield
Contributing and Quality Traits in Quality Protein Maize (Zea mays L.). Int. J. Curr. Microbiol. Appl. Sci. 2017, 6, 2139-2146.
[CrossRef]

Belay, N. Genetic Variability, Heritability, Correlation and Path Coefficient Analysis for Grain Yield and Yield Component in
Maize (Zea mays L.) Hybrids. Adv. Crop Sci. Technol. 2018, 6, 399. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1007/s12298-021-00977-5
http://doi.org/10.1155/2015/290861
http://doi.org/10.1371/journal.pone.0275829
http://www.ncbi.nlm.nih.gov/pubmed/36223403
http://doi.org/10.4238/2015.October.28.15
http://doi.org/10.1111/j.1365-3040.2005.01493.x
http://www.ncbi.nlm.nih.gov/pubmed/17080588
http://doi.org/10.1080/23311932.2020.1823591
http://doi.org/10.20546/ijcmas.2017.610.253
http://doi.org/10.4172/2329-8863.1000399

	Introduction 
	Materials and Methods 
	Plant Material 
	Growing Environments, Experimental Design and Agronomic Practices 
	Data Collection 
	Phenological and Morphological Traits 
	Physiological Traits 
	Leaf Gas Exchange Parameters 
	Chlorophyll Content and Relative Water Content 
	Yield and Yield-Related Component Traits 

	Data Analysis 
	Analysis of Variance 
	Evaluating Genotypic and Phenotypic Variances 
	Evaluating Genotypic and Phenotypic Coefficient of Variation 
	Evaluation of Heritability 
	Determination of Genetic Advance (GA) and Genetic Advance as Percent of the Mean (GAM) 
	Correlation Analysis 
	Path Coefficient Analysis 


	Results 
	Analysis of Variance 
	Variance Components and Heritability Estimates 
	Correlation Coefficient Estimates 
	Path Coefficient Analysis 

	Discussion 
	Performance of Accessions under Different Water-Regimes 
	Variance Components and Heritability 
	Correlation Coefficients and Path Coefficient Analysis 

	Conclusions 
	References

