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Abstract: Cowpea [Vigna unguiculata (L) Walp] is an important legume crop with immense potential
for nutritional and food security, income generation and livestock feed in Sub-Saharan Africa. The
crop is highly tolerant to heat and drought stresses that makes it an extremely important crop for
improving resilience in crop production in the face of climate change. This study was carried out to
assess the genetic diversity and population structure of 90 cowpea accessions using Single Nucleo-
tide Polymorphism (SNP) markers. Out of 11 940 SNPs used, 5864 SNPs were highly polymorphic
and maintained for genome diversity analysis. Polymorphic information content (PIC) values
ranged from 0.22 to 0.32 with a mean value of 0.27. The model based population structure analysis
classified the 90 cowpea accessions into four sub populations at K =4, while the distance-based clus-
ter analysis grouped the accessions into three distinct clusters. The analysis of molecular variance
(AMOVA) revealed that 59% and 69% of the total molecular variation was attributed to among in-
dividual variation for model-based and distance-based population, respectively and 18% was at-
tributed to within individual variations. Furthermore, the low heterozygosity among cowpea acces-
sions and the high inbreeding coefficient observed in this study suggests that the accessions reached
acceptable level of homozygosity. This study would serve as a reference for future selection and
breeding programs of cowpea with desirable traits and for systematic conservation of these plant

genetic resources.
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1. Introduction

Cowpea [Vigna unguiculata (L.) Walp, 2n=2x=22] is an important legume crop that
belongs to the genus Vigna, family Fabaceae and—order Fabales, with a genome size of
620 million base pairs [1]. The crop is an annual herbaceous plant widely grown in tropical
and subtropical regions of Sub-Saharan Africa, East Asia and other developing countries
[2-3]. The crop plays a major role in both human and animal nutrition and food as well as
feed security and income generation for farmers and agro-traders [3]. In addition to the
crop’s importance in sustaining food security, cowpea possess high tolerance to heat and
drought stresses which is extremely importance in improving the resilience of the crop to
the current climate change [4-5].

Moreover, cowpea has a significant importance to cropping systems on account of
its ability to grow in low fertility soils, as a complementary crop in rotation with cereals
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to break the life cycle of pathogens of cereals infested in the soil and consequently improve
the fertility of the soil [6]. Globally, the cowpea average yield ranges from 0.1 t ha' to 0.59
t hais lower than its expected potential yield of 1.5 t ha! to 3 t ha! under suitable envi-
ronmental conditions [7]. This is due to the narrow genetic base of improved varieties and
their susceptibility to abiotic and biotic stresses. It is of high importance to develop im-
proved varieties of cowpea to increase productivity in order to help alleviate poverty in
Sub-Saharan Africa and also to meet the market demand. The production of improved
cowpea varieties for traits such as high yield and nutritional status will largely benefit
both subsistence and commercial farmers. Therefore, characterizing genetic diversity in
any crop species is important for optimal germplasm utilization, conservation and crop
improvement programmes. In support, Kondwakwenda [8]) also stated that the availabil-
ity of appropriate genetic diversity is imperative for the success and sustainability of any
crop breeding programme.

The assessment of genetic diversity of a particular crop is achieved using morpho-
logical, biochemical and molecular markers [3,9]. Although biochemical markers are reli-
able than morphological markers, they are both reported to be influenced by environmen-
tal factors. These markers provide genetic diversity information on the basis of genotype
performances using agronomic traits and may differ at different stages of growth and de-
velopment as well as growing environment. This may hinder the real genetic variation
among genotypes [10-11] and reduce the accuracy of the results obtained. Hence, there
was an evolution of the development of DNA molecular markers [12-15). Molecular mark-
ers are neutral to environmental effects and the genetic diversity is reviewed at genomic
DNA level, therefore, it is able to visualize the accurate genetic diversity among genotypes
[3,16]. However, they may not be associated to any agronomic traits and needs to be sup-
plemented with morphological markers in order to infer a meaningful conclusion.

There are several DNA markers that have been developed to determine the genetic
diversity of cowpea. These include restriction fragment length polymorphism (RFLP) [16-
17], simple sequence repeats (SSR) [18], single nucleotide polymorphism (SNP) [19], am-
plified fragment length polymorphic (AFLP) [20] and random amplified polymorphic
DNA (RAPD) (Ba et al., 2004). In recent advances in molecular genetics and molecular
biology, the use of SNP marker has emerged to be the most preferred molecular markers
because of its high genomic abundance, cost-effectiveness, reliability and ease of applica-
tion compared to other polymerase chain reaction (PCR)-based molecular markers [21-
22]. Hence, the SNP markers were used in the current study. The study by Desalegne [23]
compared the efficiency of SNP and SSR marker based analysis of genetic diversity in 95
cowpea accessions collected from East Africa and International Institute of Tropical Agri-
culture (IITA) inbred lines. Their study revealed that SNP markers were found to be more
effective than SSR marker to determine the relationship between cowpea varieties, hence,
the study suggested the utilization of SNP markers in future analysis of genetic diversity
and population structure in cowpea. Similarly, the recent studies by Nkhoma [19] evalu-
ated the genetic diversity in 90 cowpea genotypes using SNP markers and phenotypic
traits and the study showed that SNP markers were more efficient in discriminating the
diversity among and within the cowpea genotypes evaluated.

There are sequencing technology-based tools that has emerged through SNP mark-
ers, which includes genotyping-by-sequencing (GBS) and next generation sequencing
(NGS) which has been reported to be efficient, inexpensive and fast developing in se-
quencing plant genomes [24-25]. In addition, a new type of marker known as diversity
arrays technology (DArT) has been recently developed for genotyping and genome se-
quencing needlessly of sequence information [3]. In cowpea, DArT marker has been re-
cently used by Gbedevi [3] to study the genetic diversity and population structure of 498
cowpea accessions collected from Republic of Togo and their study revealed the presence
of four major clusters among the accessions studied and the accessions were not clustered
according to the regions where they were collected suggesting that the clustering did not
closely resemble the geographical areas of the collections. The DArT marker has devel-
oped a GBS method called DArTseq sequencing technology for genotyping in legumes
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including cowpea [3, 26], chickpea [27], common beans [28] and Bambara groundnut [29].
Hence, the objective of this study was to assess the magnitude of the genetic diversity and
population structure among cowpea genotypes using single nucleotide polymorphisms
(SNP) markers.

2. Results
Allele polymorphism

SNP distribution per chromosome and the gene diversity parameters measured from
90 cowpea accessions is presented in Table 1. The genetic diversity parameters analysis
was conducted using 5864 (49%) SNPs that remained after filtering out monomorphic and
minor allele frequency of less than 2%. The number of polymorphic SNPs per chromo-
some ranged from 345 on chromosome 1 to 668 on chromosome 3 with an overall mean
of 488 per chromosome. The proportion of polymorphic SNPs per chromosome varied
from 31.82% on SNPs with unknown chromosome origin to 57.35% SNPs on chromosome
9, with an overall mean of value of 49.11% per chromosome. The mean number of effective
allele (Ne) per chromosome was the highest on chromosome 7 (1.48 + 0.013), followed by
chromosome 10 (1.47 + 0.013) and chromosome 4 (1.47 + 0.013) whilst the lowest values
were observed on chromosome 9 (1.34 + 0.014) and chromosome 8 (1.37 + 0.013). The ob-
served heterozygosity ranged from 7.6% to 9.6% with the mean value of 8.4%. The unbi-
ased gene diversity (uHe) values ranging from 0.221 to 0.291 per chromosome with an
overall mean of 0.267. The fixation index (FIS) values ranged from 64% on chromosome
11 to 72% on chromosome 7 with the mean value of 67%. The mean polymorphic infor-
mation content (PIC) value was 0.27, in which the PIC values per chromosome ranged
from 0.22 to 0.32.

Table 1. Genetic diversity within and among 90 cowpea accessions genotypes based on 5864 SNPs
markers.

Chromosom

. NSU NPS %P Ne Ho He. Fis PIC
1 670 345 5149 1.43(0.017) 0.088 (0.004) 0.269 (0.008) 0.66 (0.012) 0.27 (0.008)
2 725 377 5200 1.41(0.016) 0.077 (0.003) 0.258 (0.008) 0.68 (0.011) 0.26 (0.008)
3 1222 668 54.66 1.46(0.012) 0.082(0.003) 0.288 (0.006) 0.70 (0.008) 0.29 (0.005)
4 1123 533 4746 1.47(0.013) 0.094 (0.004) 0.290 (0.006) 0.67 (0.010) 0.29 (0.006)
5 965 453 46.94 1.42(0.015) 0.081 (0.004) 0.264 (0.007) 0.68 (0.011) 0.26 (0.007)
6 915 503 54.97 1.42(0.015) 0.075(0.003) 0.259 (0.007) 0.68 (0.009) 0.26 (0.007)
7 1066 580 5441 1.48(0.013) 0.079 (0.003) 0.295 (0.006) 0.72 (0.009) 0.29 (0.006)
8 823 459 5577 1.38(0.014) 0.079 (0.004) 0.246 (0.007) 0.67 (0.011) 0.25 (0.007)
9 762 437 5735 1.34(0.014) 0.076 (0.004) 0.221 (0.007) 0.66 (0.013) 0.22 (0.007)
10 1110 538 4847 1.47(0.014) 0.088 (0.003) 0.289 (0.007) 0.69 (0.009) 0.29 (0.007)
11 1110 510 4595 1.42(0.014) 0.096 (0.004) 0.265 (0.007) 0.64 (0.011) 0.26 (0.007)
UN 1449 461 31.82 1.37(0.015) 0.086(0.005) 0.234 (0.008) 0.59 (0.016) 0.32 (0.008)

Overall
mean
Note: %P = Polymorphism, NPS = Number of polymorphic SNPs, NSU = number of SNPs used, Ne
=number of effective alleles per locus, Ho = observed heterozygosity, uHe = unbiased gene diver-
sity, Fis = inbreeding coefficient, PIC = polymorphic information content, UN- unknown, the val-
ues within the brackets are standard error.

11940 5864 49.11 1.43(0.004) 0.084 (0.001) 0.267 (0.002) 0.67 (0.003) 0.27 (0.002)

Population structure and clustering

The population structure of the 90 accessions was examined using a model- and dis-
tance-based structure analyses. The STRUCTURE analysis estimated the most suitable
number of subpopulations was at K=4 (Fig. 2A), indicating that the 90 accessions could
be grouped into four subpopulations (SP1 — SP4) based on differences in their genetic
makeup (Figure 2B). SP1 (yellow) contained only five accessions with admixtures from
SP2 and SP3. SP2 (red) contained 18 accessions that share more admixture membership
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with the SP3 and SP4. P3 (green) contained 40 accessions, which share admixture mem-
bership with the other three subpopulations. SP4 (blue) contained 27 accessions with ad-
mixture from the other subpopulations. The admixture level in the four subpopulations 10
ranged from 50% to 63%, which clearly indicated that these subpopulations shared more 11
admixture memberships. 12
However, the distance-based cluster analysis generated using Nei’s genetic distance 13
using a neighbor-joining algorithm revealed the presence of three distinct clusters in the 14
population represented by the 90 accessions (Figure 3). The clustering patterns of the two 15
approaches were similar and constituted similar sets of accessions. For example, C1 (red) 16
contained 41 accessions, 5 accessions from SP1, 27 from SP4 and 9 from SP3 of the STRUC- 17
TURE generated clusters. C2 (black) consisted of 24 accessions, of which 18 accessions 18
from SP2 and 5 were from SP3. C3 (blue) contained 26 accessions all from SP3. The dis- 19
crepancy between the two clustering approaches could result from admixtures since only 20

43% of the tested genotypes were considered pure. 21
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thetical subpopulations using K-values showing the highest Delta k value was observed at the num- 25
ber of populations (K) = 4. (B). Population structure analysis of 90 cowpea accession at K=4based 26
on inferred ancestry (Q matrix). 27
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Figure 3. Neighbour joining analysis showing the genetic relationships among 90 cowpea accession
tested using 5864 SNP markers. The different colours indicate different clusters.

Genetic diversity among subpopulation

The population genetic diversity estimates on 90 accessions were analyzed based on
the four subpopulations generated by STRUCTURE and three populations generated by
DARwin (Table 3). SP3 revealed the highest values for most of the genetic parameters and
displayed the highest level of genetic diversity (He = 0.247 and I = 0.381). SP1 displayed
the lowest level of genetic diversity (He = 0.162 and I = 0.189) but 68.4% of the loci were
fixed (Table 2). SP3 had the highest number of private alleles (508) and the highest per-
centage of polymorphic loci (91%). Based on the three subpopulations generated by clus-
ter analysis, C2 revealed the highest genetic diversity for most of the genetic parameters
except for fixation index. C1, on the other hand, revealed the lowest for all the studied
genetic parameters. In C1 68% of the alleles were fixed and 87% of loci were polymorphic.
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Table 2. Genetic diversity within and among the 90-cowpea accession classified by growth habit. 42

Pop. Na Ne I Ho He Fis %P Pa
Model based population structure analysis

SPL 5 1.189 (0.006) 0.189 (0.004) 0.035 (0.002) 0.162(0.003) 0.684 (0.007) 30.68 3

SP2 18 1.368 (0.004) 0.352(0.003) 0.116 (0.002) 0.233 (0.002) 0.398 (0.005) 80.64 229

SP3 40 1.397 (0.004) 0.381 (0.003) 0.083 (0.001) 0.247 (0.002) 0.617 (0.004) 90.96 508

SP4 27 1.258 (0.004) 0.257 (0.003) 0.068 (0.001) 0.165 (0.002) 0.437 (0.005) 68.66 42
Overall 90 1.303 (0.002) 0.295 (0.002) 0.075(0.001) 0.202 (0.001) 0.514 (0.003) 67.74 -

Distance-based population structure analysis

Cl 41 1.342(0.004) 0.340(0.003) 0.059 (0.001) 0.218 (0.002) 0.682 (0.004) 86.77 65
C2 24 1.404(0.004) 0.387(0.003) 0.108 (0.001) 0.254 (0.002) 0.512 (0.005) 88.93 234
C3 25 1.385(0.004) 0.366(0.003) 0.097 (0.001) 0.240 (0.002) 0.526 (0.005) 85.44 177

Overall 90 1.377(0.003) 0.364 (0.002) 0.088 (0.001) 0.237 (0.001) 0.573 (0.003) 87.05 -

Note: Ne = average number of effective alleles per locus per subpopulation, I = Shannon infor- 43
mation index, Ho = observed heterozygosity per subpopulation, He = expected heterozygosity per =~ 44
subpopulation, FIS = inbreeding coefficient, PA=Private alleles, %P = percentage of polymorphic 45
loci, the values within the brackets are standard error. 46

Analysis of Molecular variance (AMOVA) 47

AMOVA was performed in both model-based and distance-based populations (Table 48
3). The results of AMOVA in model-based populations indicated that the majority of the 49
variance occurred among individuals within populations and accounted for 59.4% of the 50
total variation. However, 18.4% and 22.1% of the total variation was attributed to differ- 51
ences within individuals and among populations, respectively. Similarly, in the distance- 52
based population, the majority of the variance was observed among individuals within 53
the population and accounted for 68.9% of the total genetic variance. The mean fixation 54
index within individuals was significantly high and positive in all classes of populations 55
suggesting that outcrossing among the tested cowpea populations was low. The variation 56
exited among populations was positive and significant suggesting that these populations 57
were highly differentiated. Similarly, the relatively low level of variation observed within 58
individuals was attributed to the high fixation index value. 59

Table 3. Analysis of molecular variance (AMOVA) among 90-cowpea accessions classified based on 60
SNP markers. 61

Source DF SS MS Est. Var. Per.Var F-statistics
Model-based structure analysis
Among Population 3 37575.3  12525.1 270.2 22.14 Fsr=0.221 (P < 0.001)
Among Individual 86 144053.5 1675.0 725.2 59.44 Fis=0.763 (P < 0.001)
Within Individual 920 20217.5 224.6 224.6 18.42 Fir=0.816 (P < 0.001)
Total 179  201846.2 - 1220.0 100.00 -
Distance based structure analysis
Among Population 2 20380.1  10190.1 143.8 12.16 Fsr=0.122 (P <0.001)
Among Individual 87 161248.8  1853.4 814.4 68.85 Fis=0.784 (P < 0.001)
Within Individual 90 202175  224.64 224.6 18.99 Fir=0.810 (P < 0.001)

Total 179  201846.4 - 1182.8 100.0 -
Note: DF =degrees of freedom, SS=sum of squares, MS= mean sum of squares, Est. Var= esti- 62
mated variance, Per. Var = Percentage variation. 63

Genetic differentiation (Fst) estimates among the subpopulations ranged from 0.103 64
between SP3 and SP4 to 0.239 between SP1 and SP2. The gene flow ranged from 0.8 (be- 65
tween SP1 and SP2) to 2.2 (between SP3 and SP4). The genetic distance among populations 66
ranged from 0.089 between SP3 and SP4 to 0.214 between SP1 and SP2. The genetic iden- 67
tity (GI) ranged from 0.81 between SP1 and SP2 to 0.92 between SP3 and SP4 (Table 4). 68
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According to Wright (1984) standard guidelines for the interpretation of genetic differen- 69
tiation, all pairs of subpopulations showed a moderate level of population differentiation. 70
However, SP1 showed a relatively higher degree of differentiation (0.239) from the restof 71
the subpopulations. Gene flow among the subpopulation was relatively high between 72
SP2, SP3, and SP4 (Table 4). The observed high genetic differentiation among the subpop- 73
ulations could be explained by the low gene flow among subpopulations. 74

Table 4. Pair-wise estimates of gene flow (above diagonal, within the brackets), genetic differentia- 75
tion (FST) (above diagonal off brackets); genetic distance (GD) (lower diagonal off brackets) and 76

genetic identity (GI) (lower diagonal within the brackets). 77
SP1 SP2 SP3 SP4
SP1 - 0.239 (0.796) 0.142 (1.511) 0.192 (1.052)
SP2 0.214 ( 0.807) - 0.106 (2.108) 0.149 (1.428)
SP3 0.112 (0.894) 0.103 (0.902) - 0.103 (2.172)
SP4 0.134 (0.874) 0.135 (0.874) 0.089 (0.915) -
Discussion 78

The analysis of genetic diversity in crops is a prerequisite for the success of any plant 79
breeding programs [39]. Therefore, assessing the population structure and genetic diver- 80
sity of crops is fundamental to implement efficient genetic resources management and 81
conservation strategies. Application of high-throughput molecular markers provides a 82
better understanding of genomic diversity and population structure of germplasm and 83
can speed up the identification of superior groups for further hybrid development [40]. 84
The current study used 5864 SNP markers to assess the pattern and level of genetic varia- 85
tion and genetic structure among 90 cowpea accessions collected from various geographic 86
origins. 87

The quality and the discriminatory power of a given marker system is assessed by its 88
PIC values [41]. It is importance to note that SNP markers are bi-allelic in nature, hence 89
their PIC values are restricted to 0.5, which is considered to be low or moderate informa- 90
tive as compared to SSR markers [42]. The mean PIC value of 0.27 reported in this study 91
was in agreement with Gbedevi [3] who reported PIC value of 0.25 but relatively higher 92
than the one reported by Sodedji [43] (PIC = 0.22). The results suggests that the SNP 93
markers that were used in this study showed a moderate level of polymorphism and re- 94
vealed the existence of genetic diversity among the tested genotypes. The number of SNP 95
markers used and the number of accessions studied might explain the observed differ- 96
ences among the reported PIC values and allelic polymorphism in this study and other 97
previously reported studies. Kondwakwenda [8] also indicated that the observed varia- 98
tion in the quality and performance of SNP markers in different studies depends on the 99
number of accessions studied, type of markers used and the type of germplasm studied. 100
Nonetheless, the SNP markers used in this study were relatively informative and reliable 101
in assessing the diversity of cowpea accessions studied. 102

The mean number of effective alleles per locus reported in this study was 1.43, which 103
was comparative to the 1.41 reported by Fatokun [44]. The gene diversity was further ex- 104
pressed using the probability of observed (Ho) and expected (He) heterozygosity, which 105
were the true indicator for the degree of genetic variation within and among the popula- 106
tion assessed. The average Ho and He in the present study were 0.075 and 0.202, respec- 107
tively for the 90 accessions which were was comparable to the Ho of 0.05 and He of 0.31 108
reported by Gbedevi [3] for 70 cowpea accessions. Xiong [45], on the other hand, assessed 109
768 worldwide cowpea germplasm collections maintained at USDA GRIN and reported 110
the Ho value of 0.06 and the He of 0.35. Nonetheless, the He was moderately low in this 111
study but generally higher than the Ho for all subpopulations. Fatokun [44] also reported 112
similar trend in cowpea. Govindaraj [46] alluded that the low observed heterozygosity 113
suggests the high level of inbreeding within the subpopulations. 114
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A moderate fixation index (Fis = 67%) was observed in this study indicating 67% of 115
the SNP loci used were fixed in the studied accessions. However, relatively high (Fis = 116
0.83) was reported by Gbedevi [3]. The low observed heterozygosity and the relatively 117
high rate of fixation index exhibited by the populations was explained by the fact that 118
cowpea is a self-pollinated crop possessing a low out-crossing rate and low within-acces- 119
sion variability. Although the outcrossing rate in cowpea is low that ranges from less than 120
0.15 up to 1.58% depending on the genotypes involved and environment,-where its grown 121
[47], further purification (self-pollination) of the accession is needed. The self-pollination 122
nature and low outcrossing rate of cowpea has been reported to be the major contributor 123
for the observed low genetic variation among cowpea accessions [6,48]. 124

Population structure analysis is the key to assess the genetic structure of a given pop- 125
ulation and the basis for complex marker-trait association analysis [49]. The model based 126
population structure analysis grouped the 90 accessions into four subpopulations based 127
on the peak of delta K (AK) at K = 4. The admixture level ranges from 50% in SP4 to 60% 128
SP1. The high proportion of admixture detected indicates either these subpopulation 129
share the same ancestral progenitor or there was gene flow between the subpopulations. 130
The distance-based cluster analysis using neighbor-joining method showed the presence 131
of three distinct clusters, which was not consistent with the results of structure analysis. 132
However, the pattern and the number of accessions maintained in each clustering ap- 133
proached were similar. The differences observed between the model based on STRUC- 134
TURE analysis and distance-based cluster analysis in the size and number of subgroups 135
can be explained by the presence of admixtures within the subpopulations. In both model- 136
based and distance-based clustering approaches, the grouping patterns were inconsistent 137
with the growth habit and geographic origins of the studied accessions. Similar phenom- 138
ena whereby subpopulations were grouped irrespective of the grouping criteria has also 139
been reported by other researcher’s studying the genetic diversity in cowpea accessions 140
[3,43,50]. In contrast, Ravelombola [51] reported clustering of genotypes based on growth 141
habit resulted in two subpopulations that were highly differentiated. 142

The seed size and seed coat color preference can highly influence the genetic diversity = 143
in cowpeas [5]. Classification based on growth habit and other agronomic traits such as 144
seed shape and seed coat color are significantly influenced by the breeding programs be- 145
cause these traits have been used to classify genotypes. The qualitative traits such as 146
growth habit, seed size, seed shape and seed coat color are also important traits for farm- 147
ers and consumers preferences [52]. Therefore, it is important to incorporate farmers- and 148
consumers—preferred traits in future selections to enhance varietal adoption among farm- 149
ers. In the UPGM clustering, C1 (red) was the highest group comprising of 41 (46%) gen- 150
otypes with brown (22%), red (12%) and cream (24%) seed coat color. Similarly, 23 acces- 151
sions were grouped in C2 (black) comprises of 35% of brown seed coat color and 26 acces- 152
sions grouped in C3 (blue) comprised of 35% black seed coat and 19% brown seed coat. 153
In addition, the majority of accessions clustered in C1 and C2 were kidney shaped while 154
C3 was dominated with Rhomboid shaped accessions. In terms of phenotypical variation, 155
the erect and prostrate type were not different with respect to seed shape. The studies by 156
Hellens [53] in peas has reported the lighter seed coat color as human preference during 157
domestication. 158

Similarly, C1 was dominated by erect (32%), while C2 was dominated by accessions 159
with unknown growth habits (44%). C3 was mainly dominated by the prostate (54%) 160
growth habit type. Regarding the wide distribution of cowpea, accession was studied 161
based on growth habit, the prostrate and erect types were more dominant than the semi- 162
erect and climbing types. Growth habit is morphological important qualitative traits in 163
cowpea production that highly affects crop yield and tillage method and further defines 164
the shape of the plants and dictate how the plant should be harvested [54]. Plant growth 165
habit has been a major breeding target for crop improvement. Therefore, determining the 166
genetic mechanisms that controls the plant type will assist in cowpea growth develop- 167
ment improvements. However, the results revealed that growth habit could not be used 168
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as an indices for evaluating genetic diversity and for genotypes classifications. The study 169
by Khan [55] on Bambara groundnut has also reported the same findings. 170

The AMOVA results revealed that the majority of the total molecular variation (59% 171
and 69%) were due to differences among individuals within a population, 22% and 12% 172
of the variation were attributed to the difference among population and 18% and 19% was 173
due to variation within individuals. In the model-based approach the among population 174
variation was higher than the within individuals variation. The magnitude of variations 175
among and within populations were further quantified by genetic differentiation ob- 176
served among the populations (Fsr= 0.221). The results indicate high genetic differentia- 177
tion between four subpopulations based on the standard guideline of Wright [56]. The 178
studies by Gbedevi [3] also reported a high genetic differentiation (Fsr) value of 0.423 be- 179
tween two major reported subpopulations of 498 cowpea accessions assessed- However, 180
Sarr [50] also reported a low genetic differentiation ranging from 0.018 to 0.100. The dif- 181
ferences reported in genetic differentiations could be attributed to the diversity and num- 182
ber of accessions used and the number of markers involved to assess the genetic diversity. 183

The reported level of genetic differentiation reported in this study could be explained 184
by the gene flow among subpopulations [57]. The gene flow among the studied popula- 185
tions ranged from 0.796 to 2.172 and according to Wright [58], gene flow < 1 indicates 186
limited gene exchange among population. This result suggested that a moderate gene 187
flow occurred in this study and led to high genetic differentiation between the popula- 188
tions. Furthermore, genetic distance was used to measure the relatedness between indi- 189
viduals in a population. In this study, the low pairwise genetic distance were observed 190
ranging from 0.089 to 0.214 revealing a wide genetic variations among the tested cowpea 191
accessions. This result suggests that the accessions studied are unique and have greater 192
potential to contribute to new varieties to the breeding programmes in South Africa. The 193
understanding of genetic diversity among cowpea populations studied in this study will 194
improve the subsequent planning in future cowpea breeding and contribute useful infor- 195
mation in conservation and managing genetic diversity required for vigorous and suc- 19

cessful breeding program 197
4. Materials and Methods 198
Plant materials 199

The study evaluated the genetic diversity of 90 cowpea accessions sourced from Ag- 200
ricultural Research Council - Vegetables, Industrial and Medicinal Plants (ARC-VIMP) 201
gene bank, Pretoria, South Africa. These accessions were collected from different parts of 202
the world including South Africa, Kenya and Nigeria. The geographic origin and growth 203
habits of the accessions is presented in Supplementary Table 1. 204

DNA extraction and sequencing 205

The cowpea genotypes were grown in a seed germination chamber at the Biosciences 206
eastern and central Africa -International Livestock Research Institute in Nairobi (BecA- 207
ILRI) for genotyping. Ten-day-old leaf materials were sampled from the seedlings and the 208
leaf samples were frozen in a liquid nitrogen and stored at -800C for genotyping. DNA 209
extraction was done using NucleoMag Plant DNA extraction kit (Takara Bio USA, Inc). 210
The genomic DNA extracted was in the range of 50-100ng/ul. DNA quality and quantity = 211
were checked on 0.8% agarose gel. 212

Libraries were constructed according to Killian [30] using DArTSeq complexity re- 213
duction method through digestion of genomic DNA using a combination of Pstl and Msel = 214
enzymes and ligation of barcoded adapters and common adapter followed by PCR am- 215
plification of adapter-ligated fragments. Libraries were sequenced using Single Read se- 216
quencing runs for 77 bases. Next generation sequencing was carried out using Hiseq2500. 217
DArTseq markers scoring was achieved using DArTsoft14 which is an in house marker 218
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scoring pipeline based on algorithms. Two types of DArTseq markers were scored, Silico- 219
DATrT markers and SNP markers which were both scored as binary for presence /absence 220
of the restriction fragment with the marker sequence in genomic representation of the 221
sample. Both SilicoDArT markers and SNP markers were aligned to cowpea reference ge- 222
nome, Vunguiculata_469_v1.0 to identify chromosome positions. 223

Data analysis 224

Ninety-cowpea accession were genotyped with 11940 SNP markers. Monomorphic 225
and SNPs with minor allele frequency of less than 2% were filtered out and 5864 (49%) 226
SNPs were retained for further analysis. Genotypic data were subjected to analyses of 227
molecular variance (AMOVA) and various measures of genetic diversity within and 228
among inferred subpopulations using GenAlex software version 6.5 [31]. Genetic diver- 229
sity parameters such as number of effective alleles per locus (Ne), Shannon’s Information 230
Index (I), gene diversity (He) and polymorphic information content (PIC) were deter- 231
mined using the protocol of Nei and Li [32]. The genotypic data were used to obtaina 232
dissimilarity matrix using the Jaccard index as described by Debener [33]. The matrix was 233
then used to run a cluster analysis based on neighbor-joining algorithm using the un- 234
weighted pair group method with arithmetic average (UPGMA) in DARwin 6.0 software 235
[34]. Bootstrap analysis was performed for node construction using 10,000 bootstrap val- 236
ues. 237

The Bayesian genotypic clustering approach of STRUCTURE 2.3.4 [35] was used to 238
determine the population structure. An admixture model with independent allele fre- 239
quencies, without prior population information was used to simulate the population. The 240
STRUCTURE program was set as follows: a burn-in period length of 100,000, and after 241
burn-in, 100,000 Markov Chain Monte Carlo (MCMC) were used. This model assumes 242
that the genome of each individual is a mixture of genes originating from K unknown 243
ancestral populations. For joint inference of the population substructure, K ranging from 244
1 - 6 was set up, with ten independent runs for each K. The most probable value of K for 245
each test was detected by AK [36] using the STRUCTURE HARVESTER [37]. Each indi- 246
vidual genotype was grouped into a given cluster using ‘membership coefficient’ for each 247
cluster interpreted as a probability of membership. The genotype membership was deter- 248
mined by the computer program CLUMPP [38]. 249

5. Conclusions 250

The current study revealed the existence of genetic diversity among and within the 251
cowpea accessions assessed and showed the effectiveness and reliability of SNP markers. 252
The study revealed that 49% of the selected SNP markers were highly polymorphic and 253
efficiently discriminate the tested cowpea accessions. The low heterozygosity and the high 254
inbreeding coefficients observed among cowpea varieties indicates that the accessions 255
reached an acceptable level of homozygosity. The model based (structure analysis) and 256
distance-based (UPGM) clustering approaches were used in this study. The model-based 257
analysis revealed the presence of four subpopulations at K =4 whereas the distance-based 258
cluster analysis classified the cowpea accessions into three distinct clusters. The subpop- 259
ulations identified exhibited high level of genetic diversity and moderately differentiated. 260
These subpopulations could serve as heterotic groups and a relevant source of genes for 261
future breeding and selection of diverse cultivars with different traits. Therefore, the re- 262
sults obtained from this study will be highly valuable in development of new varieties 263
adapted to diverse environments. Consequently, this study will substantially contribute 264
to utilization, conservation and broadening of the use of genetic resources of cowpeas for 265
future improvement. 266

Supplementary Materials: The following supporting information can be downloaded at: 267
www.mdpi.com/xxx/s1, Supplementary Table 1: title; Video S1: title. 268
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