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Nitrogen deficiency is the most limiting abiotic stress factor a�ecting the grain

yield of cowpea (Vigna unguiculata L.) in sub-Saharan Africa (SSA) countries.

Breeding for high-yielding potential in association with high nitrogen fixation

performance is the principal objective of cowpea breeding programs to

improve both the productivity and production of this orphan crop in the region.

Therefore, the present study was undertaken to determine the diversity of

genotypes for nodulation capacity in two environments and to understand the

root architecture andmorphology of genotypes aswell as grain yield and yield-

related traits in 324 cowpea genotypes. The experiment was conducted in

two di�erent environments during the 2017 cropping season. The experiments

were laid out in 18 × 18 simple lattice design. Grain yield exhibited highly

significant and positive genotypic correlations with stem diameter, basal

root length of 1st whorls, basal root branching density, taproot length and

adventitious root length, demonstrating that selection of cowpea genotypes

based on these traits could be e�ective to capitalize on grain yield under low

nitrogen conditions. Days to flowering, days to maturity, stem diameter, 1st

whorl angle, basal root length of 1st whorls, basal root branching density,

taproot length, adventitious root diameter and adventitious root length had

significant and positive genotypic correlations with days to maturity. The first

ten principal components (PC) explained 65.13% of the total variation. Stem

diameter, taproot width, and taproot length traits were important contributors

to the variability in the first PC. The highest inter-cluster distance (D2) was

recorded between clusters III and IV. However, clusters II and V recorded

the minimum inter-cluster distance (78.96 units). The range of intra-cluster

distance was 24.22–5,112.92 units, indicating that the high genetic distance

displayed within and between clusters has to be exploited via crossing and

selecting the most divergent parents for future cowpea improvement. Five

clusters of cowpea genotypes were evident, and within the clusters, the
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genotypes had good nodulation potential with high grain yield traits, which

could significantly contribute to SSA food and nutritional security. Moreover,

it can contribute to resilience and improve crop production and sustainability

under marginal environmental conditions.
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cowpea, marginal environments, nodulation, root architecture, root phenotype

Introduction

Cowpea [Vigna unguiculata (L.) Walp.] (2n = 2x = 22) is

self-pollinating and a dicotyledonous grain legume that belongs

to the genus Vigna within the family of Fabaceae and is native

to Africa (Menssen et al., 2017). Cowpea is one of Africa’s most

important indigenous food sources and insurance legume crops

during the dry season, grown by poor farmers in marginal

environments (Mekonnen et al., 2022a).

Cowpea as a dryland legume crop has significant

contribution to food and nutritional security in tropical

and sub-tropical regions of the world, including in sub-Saharan

Africa (SSA) (Dube and Fanadzo, 2013; Mekonnen et al.,

2022b). Cowpea often is called “the poor man’s meat” as it is a

significant and cheap source of protein, minerals, and vitamins

for the rural poor who have limited access to protein from

animal sources such as meat and fish in SSA communities

(Dube and Fanadzo, 2013). It has the ability to grow under harsh

environmental conditions where other major crops fail (Timko

and Singh, 2008) and is a climate-resilient smart legume crop

for food security, especially in SSA (Mekonnen et al., 2022b).

Cowpea can fix asmuch as 337 kg/N ha−1 through biological

nitrogen fixation in a symbiotic association with Bradyrhizobium

species, contributing to soil fertility (Adusei et al., 2017; Damba,

2019; Horn and Shimelis, 2020). However, this potential is

limited in soils with low phosphorus (P) availability because of

the high P requirements for BNF (Nisar et al., 2016). To alleviate

the severity of soil P shortage, the use of synthetic P -fertilizer is

causing is a major problem among smallholder African farmers

due to high cost and limited access (Mohammed et al., 2020).

Cowpea also increases microbial diversity in the soil and plays a

major role in resilience to current climate changes in the region

and beyond (De La Peña and Pueyo, 2012), making it as a good

crop to use in crop rotation with major cereal crops (Daryanto

et al., 2015).

The most sustainable solution to address contests

interrelated with low soil P and water deficit is through

genetic improvement employing a trait-based selection of

phenes related to drought and soil fertility (Lynch, 2019).

Grain trait component-based selection, including root

architecture and morphological traits, is the most effective

and efficient approach for developing resilience to soil fertility

and drought stress (Burridge et al., 2019; Mohammed et al.,

2022). Assessment of genetic variation for root architecture

traits, nodulation capacity, grain yield and maturity groups

for cowpea improvement are equally crucial to identify

potential genotypes for improving grain yield in marginal

environments (Mohammed et al., 2022). Previous studies on

cowpea root phenotype and related traits are minimal. To

date, there is no sufficient information on root architecture

trait diversity of cowpea genotypes. Therefore, the objective

of this study was to assess the extent of genetic variation

among 324 cowpea genotypes for root architecture and

morphological traits, to identify the key root traits and root

system variation related with the grain yield components and

to identify the major traits contributing to the diversity by

multivariate techniques.

Materials and methods

Study area

The experiment was conducted at Melkassa Agricultural

Research Center (MARC) and Miesso sub-center during

the 2017 cropping season from July to November. Both

experimental sites are rain fed, while Miesso is considered as a

low soil moisture stress area (Table 1).

Plant materials

The experimental plant materials comprised 324 cowpea

genotypes (316 are landraces collected from different parts of

Ethiopia and eight nationally released varieties for different

purposes) and were obtained from the National Lowland

Pulse Research Division, Melkassa Agricultural Research

Center, Ethiopia.

Experimental design and procedures

The experiment was laid out using a 18 ×18 simple

lattice design. The plots were 2m long, with a spacing

of 0.75m between rows and 0.2m between plants. A

plot consisted of two rows accommodating ten plants

per row. The distance between plots, intra-blocks, and
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TABLE 1 Description of the experimental sites.

Site Altitude Longitude Latitude Soil type RF (mm) Temperature (◦C)

Minimum Maximum

MARC 1,550 39◦12’ 8◦24’ Andosol 141 14.25 28.24

Miesso 1,470 40◦45’ 9◦14’ Vertisol 84 19.2 31.1

RF, the rainfall mean from July to November; Temperature (◦C), the minimum and maximum temperatures from July to November for each testing site.

FIGURE 1

Root architecture and nodule distribution of cowpea genotypes.

replications was 1, 1.5, and 2m, respectively. The data were

collected from the two rows (one row for root architecture

and morphology data and the other row for the other

agronomic traits, including grain yield data). The root

architecture and morphology data were collected at the

flowering stage of the plant from three plants in each plot.

No additional fertilizer application was made throughout

the experimental period. Pre planting and post planting

soil analysis were not done for nitrogen, potassium and

phosphorus. The plots were kept free of weeds the throughout

experimental period.

Data collection

The descriptor of Cowpea developed by International

Board for Plant Genetic Resources (IBPGR, 1983)

was followed for agronomic data collection. Root

architecture and morphology traits was carried out

a flowering state. For determine root architecture

and nodules were carefully harvested (the plants and

roots were removed from the soil) and sampled using

“Shovelomics” (Lynch, 2011; Trachsel et al., 2011) techniques

(Figures 1, 2) using a shovel and gently washing the root

by water.

The following data were collected on plot and plant basis.

FIGURE 2

Nodule distribution, number of whorls, angle of whorls, the

position of whorls and nodule size.

Agronomic traits

Days to flowering (DF): the number of days from

germination to when 50% of plants started flowering.

Days to maturity (DM): the number of days from the

planting date to when 90% of the plants in a plot had

mature pods.

Plant height (cm): the length of the central axis of the stem,

measured from the soil surface up to the tip of the stem.

Grain yield (kg/ha): grain yield in grams harvested from

plants in the one central rows.

Root architecture and morphology traits

Stem diameter (mm): the diameter of the stem at soil level

(the base of the stem).
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Number of whorls: the number of whorls per plant.

1st whorl angle: it is measured by displaying the whorl on a

180◦ protractor sketched board (similar to the root in the soil).

Basal root length 1st whorl (mm): the length of the basal

root measured from the taproot to the end tip of the basal root.

Total number of basal roots (TNBR): number of roots in

the basal region of the hypocotyl or plants.

Basal root branching density (BRBD): number of root hairs

in mm2 on the basal roots.

Basal root diameter: taproot diameter (mm) 5, 10, and

15 cm below the soil surface.

Tap root width (thickness): the diameter of the tap root

2 cm away from the root origin (see Figure 1).

Tap root branching density (cm): number of first-order

laterals emerging from the primary root between 2 and 5 cm of

the taproot length.

Taproot length (cm): measured on the lower stem to the

lower tip of the taproot.

Number of adventitious roots: the number of adventitious

roots of 1st order lateral roots emerging from the hypocotyl.

Adventitious root diameter (mm): recorded by selecting

representative adventitious roots by taking the average of the

diameter of three adventitious roots 2 cm from the root origin.

Adventitious root length (cm): the length of the

adventitious root measured in cm from the basal root to

the tip of the adventitious root.

Number of nodules: after scoring, the total number of

nodules per plant was counted.

Nodule size: it was determined by placing the multiple root

nodules on a board with a sketch of the diameter of nodules

(Kuang et al., 2005).

Nodule distribution: distribution in the upper parts

of the root system within 5 cm from the soil surface

= 5, between 5 cm and 10 cm = 10, between 10 and

above= 15.

Nodule volume (NV): it was measured using a

volumetric flask by taking all nodules collected from the

sampled plants. Five ml of water was poured into the flask

before adding the nodules for the sample, then the volume

of the nodules was calculated from the total volume in the

volumetric flask.

Adventitious root branching density: it was measured

by taking a representative area from the adventitious

root and counting the healthy lateral roots emerging

within a 2 cm root segment for three randomly selected

adventitious roots.

Statistical analyses

Twenty-two root architecture and morphology traits were

used for combined analysis of variance for the two locations.

Before doing a series of multivariate analyses, the genotype

data were standardized to a mean of zero and a variance

of unity to avoid bias due to difference in the scales of

measurements. Principal component analysis (PCA), cluster

heat mapping, score plot and plot loading effect analysis

was done using NCSS (2022). PCA was performed using

a correlation matrix to determine principal components,

proportions of eigenvalues and the scores of the principal

components. Hierarchical clustering of grain yield components

and root architecture and morphological traits in cowpea

genotypes was used to construct a cluster heat map by the

hierarchical cluster algorithm method using NCSS 2022. The

measure of dissimilarity was Euclidean distance. The average

intra and inter-cluster distances were calculated using the

generalized Mahalanobis’s D2 statistics (Mahalanobis, 1936).

The R2 (RSQ), Cubic Clustering Criteria (CCC), pseudo-F

statistics (PSF) and pseudo-T2 statistics were considered for

defining optimum cluster numbers (Milligan and Cooper, 1985).

The contribution of each trait to divergence as described by

Sharma (1998) with the formula [CTIC=
SD
χ̄

× 100] where SD

and χ̄ are the standard deviation and mean performance of

each trait, respectively. Phenotypic and genotypic correlations

between yield and yield related traits were estimated using the

method described by Grossman (1970) as:

The phenotypic correlation coefficient (rpxy)

=
Covpxy

√

(σ 2px)(σ 2py)

The genotypic correlation coefficient(rgxy)

=
Covgxy

√

(σ 2gx)(σ 2gy)

Where, rpxy is phenotypic correlation coefficient and

genotypic correlation coefficient (rgxy) between character x and

y; Covpxy and Covgxy are phenotypic covariance and genotypic

covariance between characters x and y; σ2gx and σ
2
gy are genotypic

variances of traits x and y; σ2px and σ
2
py are phenotypic variances

of traits x and y, respectively. The coefficient of correlation

was tested using tabulated value at n-2 degree of freedom, at 5

and 1% probability level, where n is the number of treatments

(genotypes) described by Robertson (1959). META-R Version

6.01 (Alvarado et al., 2016) was employed for phenotypic and

genotypic correlation coefficient analysis.

Results

Mean performance of grain yield, root
morphometric, and architecture traits

The estimated mean, standard errors, minimum

and maximum of the studied 22 traits are presented in

Supplementary Table 1. There was a wide range of variations

for all the studied traits between the genotypes. The mean
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values of days to maturity varied from 66 (NLLP-CPC-

0746-B) to 90.5 (NLLP-CPC-07-84) days with a mean of

78.53 days. The mean values for plant height ranged from

38 (NLLP-CPC-113) to 110.35 cm (NLLP-CPC-07-20), with

an overall mean of 71.26 cm. The highest mean values were

recorded in 211-491-C for stem diameter, White wonder

for number of whorls, NLLP-CPC-07-88-B for 1st whorl

angle, NLLP-CPC-07-150 for basal root length 1st whorls,

Asrat for total number of basal roots, ACC-215-762 for

basal root branching density, NLLP-CPC-0783 for basal

root diameter, NLLP-CPC-105-A for taproot width, NLLP-

CPC-07-146 for taproot branching density, and Dass 001 for

taproot length.

Grain yield ranged from 220.48 to 1,804.78 kg/ha, with an

average of 815.63 kg/ha. The average values of adventitious

root branching density varied from 0.25 to 6.63. In this

investigation, the wider root angle a genotype had, the more

the basal root branching density; on the other hand, the smaller

root angle genotypes had large taproot length and width.

Furthermore, when the root angle decreased the adventitious

root branching density, the number of adventitious roots,

the number of nodules and nodule distribution significantly

increased because the root system it grows prostrate and the

main root (taproot) not growing deeply to the soil. The late-

maturing genotypes had a deep taproot length and narrow root

angle (Supplementary Table 1).

Phenotypic correlations among grain
yield root morphological and
architecture traits

Grain yield had a significant and positive correlation

with stem diameter, the total number of basal roots, primary

root width, and primary root length (Table 2). However,

grain yield had a significant and negative correlation with

1st whorl angle, number of adventitious roots and root

branching density (Table 2). Highly significant (p < 0.001)

correlations were recorded for plant height with days to

flowering, days to maturity, nodule size and nodule distribution.

Highly significant positive correlations were observed for

stem diameter with primary root width (thickness), primary

root length, adventitious root length, number of nodules

and nodule volume; basal root length 1st whorl with

basal root diameter, tap root width and adventitious root

length; taproot width with taproot length and number of

nodules; the number of nodules with nodule volume and

taproot length; nodule distribution with nodule size (Table 2).

The heat map showed the strength and the direction

of the correlation between grain yield and other root

morphometric and architecture traits (Figure 3). The heat map

visualized the strong correlation between nodule distribution

and nodule size.

Genotypic correlations among grain
yield, root morphometric, and
architecture traits

Grain yield exhibited highly significant and positive

correlations with stem diameter, basal root length of 1st

whorls, basal root branching density, taproot length and

adventitious root length. However, basal root diameter and

number of adventitious roots had highly significant and negative

correlations with grain yield (Table 3). Days to flowering had

a positive and perfect correlation with days to maturity and

plant height. Highly significant and positive correlations were

observed for plant height with the total number of basal

roots, basal root branching density, adventitious root length,

nodule size, and adventitious root branching density; stem

diameter with basal root length 1st whorl, taproot width,

adventitious root length, and the number of nodules; basal

root length 1st whorl with basal root diameter, taproot length

and adventitious root length; taproot width with taproot

length the and number of nodules; taproot length with the

number of nodules; nodule volume with the number of nodules

and nodule distribution; nodule size with nodule distribution

(Table 3).

Genetic divergence of root
morphometric and architecture traits of
cowpea

Principal component analysis

The first ten principal components (PCs) having latent

roots greater than unity, explained 65.13% of the total variation

(Table 4). Stem diameter, taproot width and taproot length made

a high contribution to PC1. Basal root length 1st whorl had an

eigenvalue of 1.74 and contributed 7.91% of the variation in

PC2. Nodule size and nodule distribution contributed negatively

to the second PC. Days to flowering, and days to maturity

contributed positively to PC3, basal root branching density,

taproot branching density and nodule size to PC4, 1st whorl

angle and adventitious root branching density to PC5, they had

latent roots 1.54, 1.38, and 1.31 and contributed 7, 6.27, and

5.97% of the variation in PC3, PC4, and PC5, respectively. The

other PCs explained < 6% of the variation each.

Clustered heat map between root
morphometric and architecture and grain
yield components traits

This study grouped the evaluated genotypes into five main

clusters comprising 34–96 genotypes (Table 4). Cluster I was

the largest cluster containing 96 (29.63%) genotypes, followed

Frontiers in Sustainable FoodSystems 05 frontiersin.org

https://doi.org/10.3389/fsufs.2022.1076760
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


M
e
k
o
n
n
e
n
e
t
a
l.

1
0
.3
3
8
9
/fsu

fs.2
0
2
2
.1
0
7
6
7
6
0

TABLE 2 Phenotypic correlation among cowpea grain yield and root phenotype traits.

Traits DF DM PH SD NW FWA FWBRL TNBR BRBD BRD TRW TRBD TRL NAdR ARD ARL NN NS ND NV AdBrD

DM 0.52**

PH 0.24** 0.25**

SD 0.25 0.21** 0.14*

NW 0.02 −0.03 0.02 0.05

FWA 0.06 −0.05 −0.09 0.00 0.14*

FWBRL 0.05 0.06 0.00 0.20** 0.07 −0.02

TNBR −0.07 −0.02 0.13* 0.12 0.04 −0.06 0.11

BRBD −0.05 0.01 0.09 0.03 0.09 0.06 0.01 0.12*

BRD 0.01 0.04 −0.07 −0.05 0.01 −0.03 0.17** 0.10 0.02

TRW 0.12 0.08 0.07 0.48** −0.02 0.03 0.15* 0.12* −0.02 0.10

TRBD 0.02 0.01 −0.12* −0.20** −0.07 −0.06 0.05 0.02 0.06 0.07 −0.06

TRL 0.15* 0.21** 0.13* 0.41** −0.06 −0.01 0.21** 0.08 0.00 0.02 0.41** −0.21**

NAdR −0.10 −0.19** −0.12* −0.11* 0.09 0.07 0.06 −0.02 0.13* 0.00 −0.03 0.12* −0.11

ARD −0.02 0.10 0.01 0.01 0.00 0.06 −0.01 −0.03 −0.05 0.03 −0.03 0.07 0.01 −0.05

ARL 0.14* 0.10 0.07 0.18** 0.02 −0.02 0.20** 0.13 −0.03 0.00 0.02 0.04 0.08 −0.02 0.13*

NN 0.07 0.06 0.14* 0.17** −0.07 −0.14* 0.03 0.07 0.06 −0.02 0.22** −0.03 0.26** 0.05 0.00 −0.05

NS −0.05 0.00 0.13* 0.06 −0.04 0.01 0.01 0.01 0.09 0.01 0.08 −0.02 0.04 0.02 0.01 −0.05 −0.10

ND 0.06 0.07 0.25** 0.09 0.03 −0.05 −0.04 −0.01 0.03 −0.11 0.12* −0.03 0.07 −0.03 0.00 −0.04 0.12* 0.52**

NV 0.05 0.05 0.18** 0.14* 0.03 −0.01 −0.01 0.05 0.01 −0.01 0.13* −0.13* 0.08 −0.13* −0.05 −0.03 0.23** 0.05 0.21**

AdBrD 0.00 −0.03 −0.09 −0.07 −0.01 0.00 0.19* −0.04 −0.02 0.00 −0.06 0.05 −0.02 0.14* 0.07 −0.02 0.06 −0.16** −0.05 −0.08

Yld 0.07 0.09 0.09 0.18** 0.02 −0.11* 0.04 0.13* −0.03 0.04 0.15* −0.03 0.19** −0.16** 0.01 0.08 0.11 0.08 0.01 0.03 −0.15*

DF, days to flowering; DM, days to maturity; PH, plant height; Yld, grain yield; SD, stem diameter; NW, number of whorls; FWA, 1st whorl angle; FWBRL, basal root length 1st whorl; TNBR, total number of basal roots; BRBD, basal root branching

density; BRD, basal root diameter; TRW, taproot width; TRBD, taproot branching density; TRL, taproot length; NAdR, number of adventitious roots; ARD, adventitious root diameter; ARL, adventitious root length; NN, number of nodules; NS, nodule

size; ND, nodule distribution; NV, nodule volume; AdBrD, adventitious root branching density. *P ≤ 0.05 and **P ≤ 0.01.
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FIGURE 3

Heat map demonstrating phenotypic correlations among grain yield root morphometric and architecture of cowpea genotypes.

by clusters III and V, which had 82 (25.31%) and 73 (22.53%)

genotypes, respectively. In the clustered heat map rows represent

genotypes, and the columns represent traits (Figure 4). The

strength and association between the genotypes and traits were

described in each box in different colors (blue, green, yellow,

and red). The clustered heat map showed four major distinctive

clusters of traits. The traits like days to flowering, days to

maturity and plant height were grouped into cluster one; stem

diameter, taproot width, taproot length, number of nodules,

nodule size, nodule distribution, nodule volume, and grain yield

were grouped into cluster two; basal root diameter, total number

of basal roots, adventitious root length and basal root length

1st whorls was grouped into cluster three; adventitious root

diameter, adventitious root branching density, 1st whorls angle,

number of adventitious roots, basal root branching density,

taproot branching density and number of whorls were grouped

into cluster four.

Intra and inter-cluster distance

The inter and intra-cluster distance (D2) results showed

highly significant variation (Table 5). The intra-cluster distances

varied from 24.22 to 5,112.92 units, and the inter-cluster ranged

from 78.96 to 390.33 units. The largest inter-cluster distance

(D2) was recorded between III and IV (390.33 units), followed

by I and IV (292.66 units) and II and III (259.51 units).

The maximum intra-cluster distance was exhibited in cluster
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TABLE 3 Genotypic correlations among cowpea grain yield and root phenotype traits.

Traits DF DM PH SD NW FWA FWBRL TNBR BRBD BRD TRW TRBD TRL NAdR ARD ARL NN NS ND NV AdBrD

DM 1.00**

PH 1.00** 0.57**

SD 0.48** 0.39** −0.36**

NW −0.11* −0.01 0.12* 0.03

FWA 1.00** 0.19** −0.31** −0.10 0.23**

FWBRL −0.08 0.33** 0.26** 0.05 −0.04 −0.16**

TNBR −0.54* −0.03 0.53** 0.31** 0.16** −0.32** 0.19*

BRBD NA −0.20** 1.00** −0.79** 0.35** 0.03 0.12 −0.18**

BRD 0.01 −0.01 −0.44** −0.63** −0.09 −0.07 0.04 0.27** −0.07

TRW 0.00 0.08 0.02 0.61 −0.08 −0.03 0.13* 0.15* −0.63 0.06**

TRBD 0.04** 0.15* −0.21** −0.14* −0.13* −0.01 −0.03 −0.09 0.16 0.15** −0.13

TRL 0.16** 0.11* −0.05 0.49 −0.25** −0.07** 0.71** 0.33** −0.20 −0.04** 0.45* −0.20**

NAdR 0.20** −0.39** −0.18** −0.46** 0.16** 0.03 0.11 0.10 0.46 0.06** −0.08 0.14** −0.13*

ARD −0.17** 0.16** 0.03 0.01 −0.03 0.08 −0.02 −0.05 −0.13 0.04** −0.03 0.23 −0.04 −0.12*

ARL 0.22** 0.23** 0.37** 0.33** 0.00 −0.10 0.23** 0.34* −0.30 −0.09** −0.04 0.22 0.03 −0.23** 0.19**

NN 0.14* 0.01 0.11* 0.19** 0.05 −0.22** 0.02 0.09 0.17 −0.03** 0.28 −0.06** 0.44** 0.04 −0.01 −0.06

NS NA −0.01 0.43** 0.52** −0.26** −0.34** 0.28** 0.01 0.29 0.03** 0.28 0.17** 0.03 0.31** 0.05 −0.33** 0.01

ND NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA

NV 0.36** 0.07 0.43 0.30** 0.06 −0.03 −0.09 0.05 0.06 −0.06 0.19 −0.26 0.09 −0.21 −0.05 −0.03 0.24* −0.07 −0.35

AdBrD −0.27** 0.00 0.08** −0.15** 0.00 0.00 0.49 −0.11 −0.27 0.03 −0.21** 0.09** −0.05 0.31** 0.09 −0.04 0.16** −0.26** 0.00 −0.11*

Yld 0.57* 0.14 0.33* 0.29** −0.03 0.38* 0.18** −0.94 0.17** −0.24** 0.03 −0.01 0.99** −96.00** 0.53 0.17** 0.36* −0.47 −0.34 0.04 −0.28**

DF, days to flowering; DM, days to maturity; PH, plant height; Yld, grain yield; SD, stem diameter; NW, number of whorls; FWA, 1st whorl angle; FWBRL, basal root length 1st whorl; TNBR, total number of basal roots; BRBD, basal root branching

density; BRD, basal root diameter; TRW, taproot width; TRBD, taproot branching density; TRL, taproot length; NAdR, number of adventitious roots; ARD, adventitious root diameter; ARL, adventitious root length; NN, number of nodules; NS, nodule

size; ND, nodule distribution; NV, nodule volume; AdBrD, adventitious root branching density. *P ≤ 0.05 and **P ≤ 0.01.

F
ro
n
tie

rs
in

S
u
sta

in
a
b
le
F
o
o
d
S
y
ste

m
s

0
8

fro
n
tie

rsin
.o
rg

https://doi.org/10.3389/fsufs.2022.1076760
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Mekonnen et al. 10.3389/fsufs.2022.1076760

TABLE 4 Principal component analysis results for 324 cowpea genotypes.

Traits PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10

DF 0.28 0.13 0.44 0.20 0.20 −0.08 0.08 −0.26 −0.06 −0.07

DM 0.29 0.11 0.46 0.18 0.04 −0.13 0.05 −0.21 0.03 0.01

PH 0.28 −0.22 0.17 0.16 −0.03 −0.15 0.30 0.16 0.02 −0.11

SD 0.42 0.12 −0.12 −0.04 0.13 0.18 −0.08 0.03 −0.17 0.04

NW 0.00 0.02 −0.11 0.25 0.23 0.33 0.38 0.11 0.17 −0.15

FWA −0.05 0.03 −0.01 0.18 0.42 0.43 −0.02 −0.09 0.15 0.33

FWBRL 0.15 0.35 −0.25 0.26 −0.02 −0.04 −0.15 0.07 0.10 −0.40

TNBR 0.13 0.09 −0.28 0.09 −0.37 0.04 0.37 0.15 0.02 0.03

BRBD 0.01 −0.08 −0.24 0.31 0.04 −0.06 0.42 −0.21 −0.16 0.28

BRD 0.02 0.21 −0.13 0.12 −0.28 0.02 −0.05 −0.41 0.62 −0.08

TRW 0.35 0.10 −0.28 −0.10 0.07 0.07 −0.22 −0.21 −0.01 0.18

TRBD −0.15 0.12 0.05 0.32 −0.28 −0.33 −0.06 −0.22 −0.08 0.27

TRL 0.39 0.14 −0.15 −0.15 0.10 0.03 −0.18 −0.03 −0.10 0.06

NAdR −0.17 0.06 −0.34 0.28 0.23 −0.18 0.01 −0.08 −0.27 0.07

ARD 0.01 0.11 0.16 0.20 −0.08 0.01 −0.24 0.46 0.32 0.59

ARL 0.13 0.27 0.09 0.27 −0.19 0.14 0.03 0.44 −0.21 −0.05

NN 0.23 0.00 −0.20 −0.23 0.11 −0.48 0.14 0.06 0.04 0.28

NS 0.12 −0.46 −0.14 0.35 −0.15 0.10 −0.36 −0.07 −0.03 −0.08

ND 0.19 −0.50 −0.07 0.27 0.03 −0.14 −0.23 0.11 0.04 −0.10

NV 0.21 −0.24 −0.07 −0.15 0.13 −0.13 0.22 0.14 0.47 −0.01

AdBrD −0.09 0.26 −0.10 0.11 0.30 −0.39 −0.15 0.25 0.11 −0.21

Yld 0.22 0.03 −0.02 −0.14 −0.41 0.16 0.05 −0.02 −0.13 0.08

Eigenvalue 2.80 1.74 1.54 1.38 1.31 1.28 1.19 1.08 1.01 1.00

Variability (%) 12.73 7.91 7.00 6.27 5.97 5.82 5.41 4.90 4.58 4.54

Cumulative (%) 12.73 20.64 27.64 33.91 39.88 45.70 51.11 56.01 60.59 65.13

DF, days to flowering; DM, days to maturity; PH, plant height; Yld, grain yield; SD, stem diameter; NW, number of whorls; FWA, 1st whorl angle; FWBRL, basal root length 1st whorl;

TNBR, total number of basal roots; BRBD, basal root branching density; BRD, basal root diameter; TRW, taproot width; TRBD, taproot branching density; TRL, taproot length; NAdR,

number of adventitious roots; ARD, adventitious root diameter; ARL, adventitious root length; NN, number of nodules; NS, nodule size; ND, nodule distribution; NV, nodule volume;

AdBrD, adventitious root branching density.

I (5,112.92), while the minimum intra cluster distance was

recorded in cluster V (24.22 units). The intra-cluster distance

results showed that the most distinct genotypes were clustered

compared to the other clusters.

Cluster mean performance and entries
per cluster

The mean values of the 22 root morphometric and

architecture traits of the studied genotypes per cluster are

presented in Table 6. The average performance of each trait

among groups broadly varied from cluster to cluster. Cluster

IV showed the best performance for days to flowering, days

to maturity, plant height, total number of basal roots, taproot

branching density, adventitious root length, nodule size and

grain yield. Cluster II was preferable to other clusters for stem

diameter, number of whorls, basal root length 1st whorls, basal

root diameter and taproot length traits. Moreover, cluster V was

the best performing for nodule distribution, nodule volume and

adventitious root branching density traits.

Discussion

Mean performance of genotypes for root
architecture and morphometric
characteristics

Breeding for high-yielding with good nodulation potential

genotypes is the ultimate objective of cowpea breeding

strategies for improving productivity and production under

marginal environments of SSA countries. In the present study,

root architecture and morphometric traits helped identify

mechanisms for grain yield performance and the maturity

groups of the genotypes. The genotypes had broader (bigger)

1st whorl angle when belonging to early maturity groups.

They produced a higher number of adventitious roots, wider
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FIGURE 4

Clustered heat map showing the correlation between genotypes and root morphometric and architecture traits. DF, days to flowering; DM, days

to maturity; PH, plant height; Yld, grain yield; SD, stem diameter; NW, number of whorls; FWA, 1st whorl angle; FWBRL, basal root length 1st

whorl; TNBR, total number of basal roots; BRBD, basal root branching density; BRD, basal root diameter; TRW, taproot width; TRBD, taproot

branching density; TRL, taproot length; NAdR, number of adventitious roots; ARD, adventitious root diameter; ARL, adventitious root length; NN,

number of nodules; NS, nodule size; ND, nodule distribution; NV, nodule volume; AdBrD, adventitious root branching density.

adventitious root diameter, long adventitious roots, high

number of nodules, high nodule distribution in the lateral

root system and high adventitious root branching density. This

implies that the genotypes would produce significant grain yield

under low soil fertility stress conditions because they produce

enough nodules under natural inoculation. These nodules can

replace the soil N during the crop’s flowering and grain-filling

period. Based on the overall performance of genotypes, if the

genotypes had broader 1st whorl angle, and also were early

maturing, it indicated that there is potential to identify suitable

genotypes for coping with low N soil stress conditions. The

genotypes will also have adaptive mechanisms which involve

rapid plant development to enable the completion of the entire

life cycle before drought or low moisture stress sets in. If

crops have wider root angles their roots grow shallow and they

complete their life cycle compared to the crop’s have narrow or

small root angles (Prince et al., 2020).

Furthermore, narrow 1st whorl angle, high stem diameter,

and high taproot length and width genotypes provided

significantly higher grain yield and they clustered into late

maturity groups as compared to the genotypes that have

wider 1st whorl angle and small taproot length. This lengthy
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TABLE 5 Average intra cluster (bolded diagonal) and inter cluster

(o�-diagonal) distance (D2) values.

Clusters I II III IV V Total no of

genotypes/

cluster

I 5,112.92 96

II 161.843** 51.20 34

III 97.69 ** 259.51 ** 781.01 82

IV 292.66 ** 130.85 ** 390.33* 419.77 37

V 82.92** 78.96 ** 180.58 ** 209.77** 24.22 73

X2 18 = 27.59 and 33.41 at 5 and 1% probability levels, respectively. *P ≤ 0.05 and

**P ≤ 0.01.

taproot helps water uptake in depleted soil conditions. Likewise,

Mohammed et al. (2022) reported that the root length increased

in depth, and the plant was capable of finding enough

moisture and extracting nutrients from the deep soil. High root

length positively influenced grain yield in drought conditions

(Ramamoorthy et al., 2017). In general, in this study, high

genetic diversity for root architecture and morphometric traits

were observed in the studied genotypes; therefore, the selection

of genotypes best adapted to targeted environmental constraints

will be crucial for resilient, sustainable cowpea production in the

context of climate change in SSA.

Correlations coe�cient of morphometric
traits and grain yield

The extents of genotypic correlation coefficients for most of

the traits were higher than phenotypic correlation coefficients,

which indicates association among these traits due to genetic

factors and the preponderance of genetic variance in the

expression of traits. Grain yield had significant and positive

genotypic correlations with days to flowering, plant height,

stem diameter, basal root length of 1st whorls, basal root

branching density, taproot length, adventitious root length, and

the number of nodules, which indicated that the association

with grain yield was because of additive genetic effects.

These results suggest that improvement in any of these

traits will lead to an increase through indirect selection for

grain yield of cowpea in marginal environments. Kashiwagi

et al. (2006) and Diaz et al. (2022) reported that grain yield

significantly and positively correlated with root length and

density in chickpeas under terminal drought stress. Moreover,

grain yield was significantly positively correlated (phenotypic

correlation) with stem diameter, total number of basal roots,

taproot width and taproot branching density. This indicates

the inherent correlation among the studied root architecture-

related traits with grain yield and better opportunities for genetic

TABLE 6 Mean performance of cowpea genotypes and contribution of

traits for grouping the genotypes into five distinct clusters.

Clusters

Traits I II III IV V Mean SD (±) CTIC (%)

DF 53.13 53.24 52.94 54.22 53.39 53.38 0.49 1

DM 78.60 78.99 77.96 79.37 78.40 78.67 0.54 1

PH 71.78 71.72 69.46 73.30 71.34 71.52 1.37 2

SD 10.91 11.34 10.47 11.03 11.02 10.95 0.31 3

NW 1.01 1.02 1.00 1.00 1.00 1.01 0.01 1

FWA 26.02 26.08 26.68 25.16 26.08 26.00 0.54 2

FWBRL 20.00 20.79 19.44 19.49 19.81 19.91 0.55 3

TNBR 3.85 4.01 3.88 4.21 3.80 3.95 0.16 4

BRBD 2.50 2.46 2.31 2.27 2.31 2.37 0.10 4

BRD 1.47 1.50 1.40 1.45 1.39 1.44 0.05 3

TRW 5.02 5.14 4.89 5.26 5.24 5.11 0.15 3

TRBD 8.05 8.12 8.29 8.33 8.07 8.17 0.13 2

TRL 38.78 40.80 37.87 40.22 39.38 39.41 1.16 3

NAdR 5.64 5.42 5.52 4.89 5.09 5.31 0.31 6

ARD 0.63 0.50 0.64 0.70 0.72 0.64 0.08 13

ARL 10.21 11.08 10.40 10.85 9.60 10.43 0.58 6

NN 2.79 2.65 1.99 2.62 2.60 2.53 0.31 12

NS 2.56 2.29 2.37 2.62 2.59 2.49 0.15 6

ND 5.18 5.01 5.10 5.18 5.24 5.14 0.09 2

NV 0.71 0.70 0.58 0.59 0.81 0.68 0.09 14

AdBrD 2.69 2.61 2.86 2.16 2.93 2.65 0.30 11

Yld 280.89 442.71 183.24 573.54 363.79 368.83 149.64 41

DF, days to flowering; DM, days to maturity; PH, plant height; Yld, grain yield; SD, stem

diameter; NW, number of whorls; FWA, 1st whorl angle; FWBRL, basal root length

1st whorl; TNBR, total number of basal roots; BRBD, basal root branching density;

BRD, basal root diameter; TRW, taproot width; TRBD, taproot branching density; TRL,

taproot length; NAdR, number of adventitious roots; ARD, adventitious root diameter;

ARL, adventitious root length; NN, number of nodules; NS, nodule size; ND, nodule

distribution; NV, nodule volume; AdBrD, adventitious root branching density.

improvement of cowpea grain yield through direct phenotypic

selection for marginal environments. Previous studies were

reported by Astereki et al. (2017),Walle et al. (2018), Girma et al.

(2019), Diaz et al. (2022), and Mbuma et al. (2022) on similar

trends on phenotypic diversity in genotypes for different traits.

Generally, grain yield is a complex trait which is governed

by many minor genes, determined by the interactive effects

of several yield-related agronomic traits that are influenced

by their genotype and environmental factors. Thus, the direct

measurement and improvement of grain yield itself may be

difficult because of the influence of environmental factors

and the nature of the genetic factors determining grain yield.

Therefore, investigating root architecture and morphology traits

with their correlation to grain yield is essential to understand

the influence of root system-related traits on grain yield

performance under contrasting environmental conditions.
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Genetic divergence of root architecture
and morphometric traits

Principal component analysis

In the present investigation, the first ten PCAs having latent

roots greater than unity explained 65.13% of the total variation,

which indicates that these ten PCs contributed significantly to

the variability of the dataset. According to Joseph et al. (2019),

the loading effect of any traits > ±0.3 was meaningful and

significant. Stem diameter, taproot width and taproot length

explained the most variation among the studied traits in PC1

with high positive loading. Basal root length of 1st whorls

had a positive contribution to PC2 which had an eigenvalue

of 1.74 and contributed 7.91% of the variation in the dataset.

However, nodule size and nodule distribution had negative

contributions to the second PC. This implies that the first and

second PCs explained a considerable amount of variation among

the genotypes, revealing a high degree of correlation among

the traits.

In general, high root architecture and morphology trait

diversity was observed among the genotypes, which can be

used for genetic improvement and cowpea variety development

(climate-resilient varieties) to mitigate problems associated with

edaphic stresses, including low N and availability of P in the soil

and low soil moisture stress (early, intermediate and terminal

drought) in the cowpea production areas of SSA. Mohammed

et al. (2022) used PCA and identified the vital root phenotypic

traits for cowpea phenotypic diversity.

Genotypes G7, G37, G62, G109, G120, G121, G181, G201,

G223, and G298 were the most diverse genotypes among

324 cowpea genotypes for all measured characteristics. These

offer ample opportunity to select the appropriate parents

for specific traits that fit breeding objectives and sustainable

cowpea genetic enhancements to the particular environments.

Previously, Walle et al. (2019), Ongom et al. (2021), and

Mbuma et al. (2022) reported similar findings on cowpea traits.

Similarly, Thakur et al. (2018) reported that within clusters, the

genotypes have narrow genetic diversity and they similar levels

of gene expression.

Genetic distance

Dealing with, and understanding genetic diversity by

measuring the genetic distances of genotypes within and among

clusters is paramount to choosing parents for hybridization

in successful crop improvement for biotic and abiotic stress

tolerance or resistance within the time frame of breeding

programs. This study recorded considerable genetic distance

between clusters III and IV (390.33 units). This high genetic

distance implies that enough genetically heterogeneous and

divergent genotypes are available for grain yield and other traits

in each cluster.

Therefore, this is an ample opportunity to select parents

for population development among clusters, and it would help

the breeder’s selection efficiency for the trait improvements of

cowpea. Increasing the trait variability within or among the

clusters has a positive impact on sustainable crop breeding

programs to mitigate climate changes, confront malnutrition

problems in low-income populations and develop climate-

resilient crop varieties for marginal environments in SSA.

The maximum intra-cluster distance was exhibited in cluster

I (5,112.92), while the minimum inter-cluster distance was

recorded in cluster V (24.22 units). This intra-cluster distance

results showed the most distinct genotypes were clustered

compared to the other clusters. Maximum inter and intra-cluster

distances help the hybridization program realize desirable

transgressive segregates (Thakur et al., 2018; Walle et al.,

2018). Likewise, Long et al. (2020) reported that high genetic

diversity increases the efficiency of utilization of target traits in

crop breeding.

Cluster mean performance

Grouping genotypes based on their performance of root

architecture and grain yield traits are crucial to identifying

and documenting novel and desirable genes responsible for,

or correlated to, low soil fertility stress and identifying water

deficient tolerant genotypes with high yielding ability in the

abiotic stress-prone areas of SSA countries. In this study, cluster

IV showed the best performance for days to flowering, days to

maturity, plant height, the total number of basal roots, taproot

branching density, adventitious root length, nodule size and

grain yield. Therefore, the most promising and high-performing

genotypes grouped into this cluster and potential genotypes

for improvement of grain yield ultimately and desirable other

traits in cowpea improvement programs can be selected. Grain

yield, number of nodules and nodule volume were grouped

in one cluster, and they had positive correlation with each

other; this implies that the performance of genotypes for yield

and nodulation had similar (shared) levels of gene expression.

Generally, there was highly significant mean performance

variation among clusters for the studied traits, and this is

an excellent opportunity for identifying parents based on the

specific traits of interest based on the future breeding objectives

and improvement strategies of cowpea. Similarly, Odireleng

and Bose (2020) and Yasin et al. (2021) also identified cowpea

genotypes based on their mean performance from the grouping

of genotypes.

Conclusions

This study revealed significant genetic diversity in cowpea

root architecture and morphology among cowpea genotypes. In

the present investigation, the genotypes that had small 1st whorl
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angle were early maturing, and there is the potential to identify

suitable genotypes for coping with low N stress conditions.

These genotypes produced a higher number of adventitious

roots, wider adventitious root diameter, long adventitious

roots, a high number of nodules, high nodule distribution in

the lateral root system and high adventitious root branching

density. The extents of genotypic correlation for most of the

root architecture and morphological traits were higher than

phenotypic correlation coefficients due to genetic factors and the

preponderance of genetic variance in the expression of traits.

The first ten principal components accounted for 65.13%

of the total variation detected among the tested genotypes.

Stem diameter, taproot width, taproot length, basal root length

of 1st whorl, days to flowering, days to maturity, basal root

branching density, taproot branching density, nodule size, 1st

whorl angle and adventitious root branching density were

the most significant traits that contributed to these principal

components accounting for a large portion of the diversity of

root traits among the studied genotypes.

The 324 cowpea genotypes were clustered into five distinct

clusters, and the maximum inter-cluster distance was recorded

between clusters III and IV. However, clusters II and V

recorded the minimum inter-cluster distance. The range of

intra-cluster distance was 24.22–5,112.92 units. In general, the

present study indicated the existence of high genetic diversity

for root architecture and morphological traits. Those traits are

strongly associated with grain yield and days-to-maturity. This

may offer an opportunity to understand and quantify genetic

diversity by exploiting genotypes’ genetic potentials to choose

the most divergent parents for hybridization in successful crop

improvement for marginal environmental conditions.
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