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Abstract

Cowpea (Vigna unguiculata (L.)) is an important crop for food security in Senegal; therefore, understanding the genetic diversity
of local germplasm is relevant for crop improvement and genetic maintenance in the era of climate change. For this purpose, 15
microsatellite markers were used to estimate the genetic diversity of Senegalese cowpea germplasm, including 671 accessions
grown in eight regions and 66 wild relatives and intermediate forms (weedy). For the cultivated, the main expected heterozy-
gosity (mHe) ranged between 0.317 (Fatick) and 0.439 (South). A narrow genetic variation between accessions from the different
regions was observed with genetic similarity ranging from 0.861 to 0.965 and genetic differentiation indices (Fst) between 0.018
and 0.100. The accessions from southern Senegal (Kédougou, Sédhiou, and Kolda regions) are more diverse than the others.
However, the accessions from the North (Saint-Louis) are genetically different from other regions. The diversity analysis in wild
relatives from Senegal, which had never been performed before, revealed that the wild/weedy forms remain more diverse than the
cultivated with genetic diversity values (He) of 0.389 and 0.480, respectively. STRUCTURE software divided the Senegalese
germplasm into five subpopulations. Three of them (i, ii, and iii) included only cultivated accessions from several regions, one (v)
mainly from Saint-Louis, and one (iv) the wild/weedy with some cultivated accessions. Our results support the hypothesis that
Vigna unguiculata var. spontanea is the wild progenitor of cowpea. The accessions from the South, the northern recession
accessions, and the wild/weedy could serve as sources of new genes for the genetic improvement of cowpea in Senegal.
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Key Message This study including the cultivated cowpea and wild
relative accessions allowed to characterize a large collection
representative of cowpea local germplasm. It was undertaken to address
the lack of knowledge about Senegalese cowpea resources to improve the
effectiveness of breeding programs and guide future germplasm
conservation efforts.
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Introduction

Cowpea [Vigna unguiculata (L.) Walpers], a diploid crop
(2n=2x=22), is one of the most important seed legumes in
the arid and semi-arid zones of Africa with considerable eco-
nomic, nutritional, and agronomic benefits (Agbicodo et al.
2009). The seeds are a valuable source of vegetable protein
(25%) (Boukar et al. 2011) and are rich in lysine and trypto-
phan and serve as off-season food for rural populations. They
also contain a significant amount of minerals and vitamins
(folic acid and vitamin B), necessary for the prevention of
congenital malformations (Hall et al. 2003; Diouf 2011). In
addition, stalks and leaves of cowpea are used as forage in the
Sahelian and Great Lakes regions (Pasquet and Baudoin 1997,
Singh 2002; Cisse and Hall 2003). When dry, its biomass is
used for animal feeding during the dry season when fresh
grass becomes scarce in the Sudano-Sahelian zone. In addition
to its nutritional qualities, cowpea has an economic benefit,
providing significant supplementary income for rural popula-
tions when marketed. Agronomically, cowpea plays an impor-
tant role as a source of nitrogen through its symbiotic associ-
ation with Bradyrhizobium bacteria, reducing the demand of
nitrogen fertilizer and the costs of agricultural production and
is relatively drought-tolerant when compared to the other
crops (Hall 2004). The world annual production of the crop
is estimated at 5.7 million tons of dry seed (94% in Africa)
with a relatively low average productivity of 505 kg/ha. In
Africa, cowpea yields ranges between 448 and 578 kg/ha
(FAOSTAT 2014). These weaknesses are due to several abi-
otic (heat, drought, salinity, etc.) and biotic (diseases, insects
and parasitic plants) constraints (Obilana 1987; Singh and
Sharma 1996). In Senegal, those constraints contribute to
making cowpea yields even lower, ranging from 464 to
535 kg/ha with a production of 108,662 tons a year over on
an estimated area of 63,857 ha (ANSD 2019).

To overcome these constraints, identifying sources of ge-
netic diversity within local germplasm is an essential starting
step towards genetic improvement, with the aim of limiting
crop vulnerability to abiotic and biotic stresses and promoting
conservation of important genetic resources (Barrett and
Kidwell 1998).

In Senegal, breeding programs have been initiated since
1960 with the establishment of the first collection of culti-
vated cowpeas (Séne 1966). Another collection was also
established by Kouakou et al. (2007), and genetic and mor-
phological diversity studies have been conducted.
However, these collections included cultivated varieties on-
ly from 3 Senegalese regions (Louga, Diourbel, and Thigs),
and some of them have been lost over the time. Moreover,
no collection of wild relatives has ever been carried out in
Senegal despite the fact that these important species are
exposed to genetic erosion. However, the sustainability of

these programs is threatened by the narrow genetic basis of
this legume. Various programs have suggested that the ge-
netic basis can be broadened through the use of “omics”
data or interspecific hybridization (Badiane et al. 2014).
The latter method should be considered from very broad
varietal collections, including cultivated accessions, land-
races, and wild relatives which are the progenitors of cow-
pea. These genetic resources are important for boosting the
effectiveness of cowpea improvement programs but are
nowadays neglected in Senegal.

The diversity of cultivated cowpea was first assessed on the
basis of morphological markers (Ehlers and Hall 1997).
However, the low availability of morphological markers, the
lack of knowledge on genetic control, and the influence of
environmental factors on phenotypic expression at different
stages of development are major limitations for using these
markers as tools in diversity studies (Dikshit et al. 2007). In
the past decades, biochemical markers, such as allozymes
(Panella and Gepts 1992; Pasquet 1993) and seed storage
proteins (Fotso et al. 1994) have been used to examine the
genetic diversity of cultivated and wild cowpea. The biochem-
ical markers have been abandoned, due to their limited num-
ber, sensitivity to environmental factors, and the developmen-
tal stage, in favor of markers based on DNA. Thus, chloroplast
DNA polymorphisms (Vaillancourt and Weeden 1992),
RAPD (Nkongolo 2003; Diouf and Hilu 2005), RFLP
(Fatokun et al. 1993), DAF (Spencer et al. 2000; Simon
et al. 2007), AFLP (Coulibaly et al. 2002), ISSR (Ghalmi
et al. 2010), and SSR (Li et al. 2001; Ogunkanmi et al.
2008; Uma et al. 2009; Xu et al. 2010; Gupta and
Gopalakrishna 2010; Asare et al. 2010; Lal et al. 2016;
Desalegne et al. 2016) have been used to analyze the genetic
variation among cowpea varieties. More recently, with the
next generation sequencing (NGS), single nucleotide poly-
morphism (SNP) markers have been increasingly used in
these types of studies and have been shown to be effective
(Egbadzor et al. 2014; Desalegne et al. 2017). Nevertheless,
SSRs remain extremely effective tools in diversity studies
because, in addition to being abundant and randomly distrib-
uted in the genome, they are highly polymorphic, heritable,
and co-dominant, easily reproducible and traceable with sim-
ple screening (Li Wang et al. 2008). Their use to analyze the
genetic variation of some local and inbred varieties from
Senegal show a low genetic diversity and have been limited
to a few samples (Diouf and Hilu 2005; Kouakou et al. 2007;
Badiane et al. 2012). Moreover, SSR markers allowed the
evaluation of the genetic diversity of cowpea germplasm from
Ghana (Asare et al. 2010) and Ethiopia and were also de-
scribed as a powerful tool for identifying new genotypes with-
in available collections and their use in crop selection and
improvement programs (O’Neill et al. 2003).
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To date, efforts have been made only to examine the ge-
netic diversity of cultivated (landraces and improved) varieties
in Senegal. Therefore, this study including the wild relative
accessions was undertaken to address the lack of knowledge
about Senegalese cowpea resources to improve the effective-
ness of breeding programs and guide future germplasm con-
servation efforts.

Material and Methods
Plant Material

Cultivated cowpea were collected between September 2015
and March 2016 in eight regions in Senegal (Louga, Diourbel,
Fatick, Thiés, Sédhiou, Kédougou, Saint-Louis, and Kolda).
In each region, four to six villages were visited; for each vil-
lage, nine to 11 randomly selected farmers were interviewed,
and 671 accessions were collected (Table S1). Seed prove-
nance, local name, sowing period, harvesting period, etc. were
recorded during farmer interviews.

A second phase of prospecting and collecting the cowpea
wild relative was carried out between September and
December 2016. These missions allowed the establishment
of a collection of 66 samples including 45 Vigna unguiculata
var. spontanea and 21 intermediate forms (20 from the
Midwest: Thiés, Louga, Diourbel, and Fatick and 1 from the
South: Kolda) (Table S2). The geographical position of each
collection site was recorded using Sygic GPS Navigation

Fig. 1 Map showing the villages
where cultivated and wild/weedy
accessions were collected
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software (version 16) installed on a Samsung Tab 3V tablet,
and the collection sites were mapped (Fig. 1).

In total, 737 samples including 671 cultivated cowpea and
66 wild relative and intermediate accessions from Senegal
were used.

DNA Isolation and Genotyping

Genomic DNA was extracted from fresh leaves of 21-day-old
seedlings from one plant per accession using the MATAB
(mixed alkyl trimethyl ammonium bromide) method
(Risterucci et al. 2000). The extracted DNA was quantified
on a 1% agarose gel by concentration estimation and com-
pared to the bands of a Smart Ladder (MW-1700-10-
Eurogentec) of known concentration. The DNA of each ac-
cession was diluted to a concentration of 5 ng/ul.
Polymorphic microsatellite markers (Table S3) were select-
ed after screening a batch of more than 300 cowpea markers
available at Centre d’Etude Régional pour I’Amélioration de
I’ Adaptation a la Sécheresse (CERAAS). Among these
markers, 15 polymorphic SSRs were selected and used for
polymerase chain reaction (PCR) amplification (Table S3).
The PCR was performed using a 96-block thermal cycler
(MWG AG biotech) in a total volume of 10 pl containing
25 ng of DNA, 1.1 ul PCR buffer (10x), 0.275 ul of Tag
DNA polymerase (1 U), 0.5 mM MgCl,, 200 uM dNTPs,
0.09 ul of each forward and reverse primers, and M13 tail.
PCR cycle conditions were as follows: 4 min initial denatur-
ation at 94 °C, 35 cycles of amplification including 1 min at

= Cultivated

wem Wild/weedy
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94 °C, 1 min at 55 °C (for all primers except SSR6807 which
was amplified at 50 °C), 1 min 15 s at 72 °C, and a final
extension at 72 °C for 7 min.

PCR products were separated by electrophoresis on 6.5%
acrylamide denaturing gel on Licor 4300 sequencer (LICOR
Inc., NE, USA). The fragments marked during amplification
emit fluorescence when excited by laser diodes at two differ-
ent wavelengths (682 and 782 nm). An infrared camera de-
tects signals, and images are automatically recorded and
downloaded for analysis. Allele sizes were estimated by com-
paring with different bands of the size marker (ladder pro-
duced by CIRAD).

Diversity Analysis and Genetic Parameter Estimation

Data were checked with XnView 3.13 and Jelly 0.1 software.
The alleles are coded in increasing order using the numbers
from 1 to 15. The allele with the smallest size for each indi-
vidual was assigned the number 1. Missing data have been
materialized by 0.

For the first part, all accessions from a region represent-
ed a population, except those from the South, which is the
area with the lowest cowpea production. In Sédhiou,
Kolda, and Kédougou regions, a small number of samples
of 73, 6, and 15, respectively, were collected. Therefore, all
accessions from these three regions were considered as a
population.

To assess the structure of genetic diversity, basic statistics
were estimated. Numbers of alleles, genetic diversity (expect-
ed heterozygosity) (Nei 1978), fixation indices, genetic simi-
larities, and molecular variance between accessions of regions
were calculated for each SSR locus and populations (regions)
using GenAlex 6.503 software (Peakall and Smouse 2012).
The differentiation indexes (Fst) and the probability values
between accessions of populations were calculated using
adegenet package for R software (Jombart 2008).

Population structure was estimated using DARwin (Perrier
and Jacquemoud-Collet 2016) and STRUCTURE software
(Pritchard et al. 2000). STRUCTURE analysis was performed
with K ancestral populations ranging from 1 to 10. We used
200,000 iterations and a burn-in period of 20,000; 10 runs for
each K value were performed. Outputs were summarized
using Structure Harvester (Earl and vonHoldt 2012). We eval-
uated the number of population K based on Evanno’s method

Table 1 Number of alleles per locus

(Evanno et al. 2005). For ancestry analysis (g), we used the
simulation with the highest log probability. We classified in-
dividuals in groups based on an ancestry coefficient of 0.55 or
higher.

Principal coordinate analysis (PCoA) was performed to
represent the spatial distribution of individuals from different
populations using the adegenet package for R software
(Jombart 2008).

Results
Genetic Diversity of Senegalese Cowpea
Genetic Diversity of Cultivated Cowpea

The 15 SSR markers used to evaluate the genetic diversity in
this study were polymorphic for detecting a total of 93 alleles.
The detected number of alleles ranged from two (2) alleles
(SSR6243, SSR6311, and SSR6217) to 15 (SSR6800 and
SSR6807) with an average of 6.2 alleles per marker (Table 1).

In this study, the used SSR markers revealed high percent-
ages of polymorphic loci ranging from 73% (Fatick) to 100%
(Thies region and southern Senegal) with an average of
91.11% (Table 3). The number of alleles for the six popula-
tions ranged from 52 (in Fatick region) to 77 (in the South).
The mean expected heterozygosity (mHe) was low and ranged
from 0.317 (in Fatick region) to 0.439 (in the South) with an
average 0f 0.359. The most important diversity of cowpea was
observed in the southern part of Senegal followed by Thiés
region (mHe = 0.385), while the lowest diversity was noticed
in Fatick (Table 2).

Genetic similarity values were high and ranged from 0.861
(between Saint-Louis and Thiés accessions) to 0.965 (between
Thiés and southern accessions). Important similarities were
observed between the accessions collected in the South region
with those of the other central regions (Diourbel, Fatick, and
Louga) and between the accessions from Diourbel with those
from Fatick and Louga. The lowest similarity values were
observed between the accessions collected from the North
(Saint-Louis) and the accessions from all other regions (sim-
ilarity ranged from 0.861 with Thi¢s to 0.896 with Diourbel)
(Table 3).

Loci M1 M2 M3 M4 M5 M6 M7

M8 M9 M10 MI11 MI2 M13 M14 M15

N.a. 3 6 4 15 2 3 4

12 15 3 2 5 13 2

M1 =SSR6671; M2 =SSR641; M3 =SSR6777; M4 = SSR6800; M5 = SSR6243; M6 = SSR6289; M7 =SSR6241; M8 = SSR6304; M9 = SSR6819;
M10=SSR6807; M11=SSR6323; M12=SSR6311; M13 =SSR6425; M14=MA113; M15=SSR6217

N.a. number of alleles
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Table 2 Allele number, percentage of polymorphic loci, and mean
heterozygosity (mHe) for each region

Pop  Thies South Saint- Louga  Diourbel Fatick
Louis

Size 81 94 107 147 158 84

Na. 61 77 63 53 55 52

%P 100 100 9333 9333 86.67 7333

mHe 0.385 0.439 0.321 0.336 0354 0317

Pop population; Size number of individuals in each population; N.a.
number of alleles by population; %P percentage of polymorphism;
mHe mean expected heterozygosity

The genetic differentiation indices between populations
(Fst) varied from 0.018 (between Thiés and the South) to
0.100 (between Thiés and Saint-Louis). The accessions col-
lected in the southern part of the country showed a weak
differentiation with the accessions from the other regions
(0.018 <Fst<0.064). The differentiations are low between
accessions from this region and those from Fatick (Fst=
0.041), Louga (Fst=0.031), Thiés (Fst=0.018), and
Diourbel (Fst=0.021) regions but moderate between those
from Saint-Louis (Fst=0.064). The accessions collected in
Saint-Louis showed the highest differentiations with the ac-
cessions from the other regions (0.085<Fst<0.100)
(Table 4). All the pairwise Fst p values are significant (p value
<0.05).

Using the matrix of distances for genetic differentiations,
an analysis of the molecular variance (AMOVA) was per-
formed. The overall genetic variation has been divided among
regions (11%), among individuals within regions (75%), and
within individuals (14%). The results obtained showed that
the diversity within regions (intra-regional diversity) was
greater than the diversity between regions (inter-regional di-
versity). The observed Fst value was 0.114, suggesting mod-
erate differentiation (Table 5).

The dendrogram shows three groups and several sub-
groups. Group I has the lowest number of accessions, collect-
ed from all regions except Fatick. Group II encompasses the

Table 3  Genetic similarities between accessions
Diourbel Fatick Louga Thiés Saint- South

Louis
1.000 Diourbel
0.954 1.000 Fatick
0.961 0.929  1.000 Louga
0.920 0.945 0920 1.000 Thiés
0.896 0.895 0.883 0.861 1.000 Saint-Louis
0.964 0946 0947 0.965 0.903 1.000 South

@ Springer

Tabl 4 Pairwise Fst values of the accessions

Diourbel Fatick Louga Thi¢s Saint- South

Louis
0.000 Diourbel
0.038 0.000 Fatick
0.034 0.056  0.000 Louga
0.037 0.033  0.037 0.000 Thies
0.085 0.093 0.093 0.100 0.000 Saint-Louis
0.021 0.041 0.031 0.018 0.064 0.000  South

majority of accessions into two large subgroups. The first is
subdivided into a very heterogeneous subgroup containing
accessions from all collection areas and a more or less homo-
geneous one containing most accessions from Saint-Louis (re-
cession accessions grown in the post-rainy season) and some
from Fatick. The second contains most accessions from Thiés
and the southern part of Senegal. In the third group (III),
accessions from all regions are also represented (Fig. 2).

The analysis of the population structure based to the method
of Evanno et al. (Evanno et al. 2005) showed three populations
(I, 11, and III). Using a likelihood threshold of 0.55, 279 acces-
sions (41.58%) mainly from Diourbel, Fatick, Thi¢s, and
Sédhiou were assigned to population I, 218 accessions
(23.49%) mainly from Louga and Diourbel to population II,
and 116 accessions (17.28%) mainly from Saint-Louis (grown
in the post-rainy season) to population III. The accessions
which have likelihood thresholds lower than 0.55 were consid-
ered as an admixture. They represent 8.64% of the collection
and consist of 58 accessions from all regions except the ones
from Kolda and displayed a wide range of seed color. This
group contains nearly half of the accessions from Sédhiou
and some accessions from Fatick, Louga, Thi¢s, Diourbel,
Saint-Louis, and Kédougou regions. Population II includes ac-
cessions with red-colored seed (58%) and the others, and pop-
ulation III the white-colored seeds (52.3%). Population I, which
appears to be the least homogeneous, contains 20.3% of red-
colored seed, 32.6% of white-colored seed, and 44.6% of black-
colored seed. However, in each group, all the different colors
and many regions are represented (Fig. 3).

Genetic Diversity of Cowpea Wild Relatives

The wild relative samples consisted of two groups according
to their type. Twenty-one (21) accessions are intermediate
forms (weedy) including 20 from the Senegalese Midwest
region (Louga, Fatick, and Diourbel) and 1 from the South
(Kolda), and 45 are Vigna unguiculata var. spontanea from
the Midwest (Thies, Fatick, and Diourbel). These two groups
(Vigna unguiculata var. spontanea and weedy were consid-
ered to investigate their level of genetic differentiation and
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Table 5 Analysis of the

molecular variance of the Source of variation  d.f-

Sum of squares

Variance components ~ Variations (%)  F statistic (Fst)

Senegalese accessions

Among Pops 5 472.320 0.402 11 0.114
Among Indiv 665  3845.482 2.652 T5xEE
Within Indiv 671 321.500 0.479 14
Total 1341 4639.302 3.533 100

d.f. degrees of freedom, p <0.001; Nm (gene flow) = 1.939; Pops population; /ndiv individual

variability. The Fst values detected between the wild relatives
and the weedy were high and equal to 0.214 (Table 6) with a p
value equal to 0.009 and a number of migrant per generation
(Nm) equal to 0.623.

The cowpea wild relatives and intermediates structuring
with DARwin revealed three groups. The first includes only
one accession form Thi¢s. The second contained most of the
accessions (49) from all the five collect regions. This group is
subdivided into two subgroups. The first included 25 wild
relative accessions from Thi¢s and Fatick (Vigna unguiculata
var. spontanea) and the only weedy accession from Kolda.
The second contained three wilds (2 from Fatick and 1 from
Thiés), and the 20 accessions were identified as intermediate
(weedy) forms. These types of cowpeas belong to the species
Vigna unguiculata, often with spontaneous germination, and
are only found in Louga, Diourbel, and Fatick regions. The
third group contained 16 wild relative accessions from Thies,
Fatick, and Diourbel (Fig. 4).

Fig. 2 Neighbor-joining, genetic
dissimilarity tree showing genetic
relationships between cowpea
cultivated accessions from eight
regions of Senegal

The analysis of the wild relatives and intermediates
(weedy) showed a best structure of the population at K equal
2 (Fig. 5a). Two groups were observed with group (i)
encompassed all the weedy accessions (20 from Dioubel,
Louga, and Fatick regions) except the one from the South
(Kolda region). Group (ii) with 46 accessions included all
the 45 wild relative accessions (from Thiés, Diourbel,
Fatick) and the weedy one from Kolda (Fig. 5b). This cluster-
ing supported the structuration obtained with DARwin analy-
sis, clearly showing the subdivision of wild/weedy into three
genetic groups (Fig. Sc).

Genetic Diversity and Structuration of Cultivated and
Wild Relatives of Cowpea in Senegalese

The mean of the allele number (Na) was 6.2 for the cultivated

accessions and 5.8 for the wild relatives. The values of the
genetic diversity (mean expected heterozygosity (mHe)) and
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Deltak = mean(|L"(K)|) / sd(L(K))

70

Fig.3 D.AK criterion according to the calculation method by Evanno et al. (2005) (a) and structure of the Senegalese cowpea cultivated collection based

on 15 SSR markers (b)

the fixation index (F), calculated for the two populations and
based on the allelic frequencies for the 15 loci used, were
higher for the wild relatives and weedy than for the cultivated
forms. The differentiation index value (Fst) between the two
groups was 0.104 with the number of migrants (Nm) being
3.086 (Table 7).

The structuring of all Senegalese cultivated, wild relative,
and weedy accessions distinguishes local germplasm into two
genetic groups (I and II) (Fig. 6a). The first one contained
most of the cultivated accessions (573) including all those

Table 6 Pairwise Fst values between wild relatives and intermediate
groups

Intermediates Wild relatives
Intermediates 0.000
Wild relatives 0214 0.000

##%p value = 0.009

@ Springer

from Louga and Diourbel (147 and 158 respectively), 78 from
Thiés, 78 from Fatick, 72 from Sédhiou, 26 from Saint-Louis,
and 14 from Kédougou. The second group (with 154 acces-
sions) gathered together all the wild relatives (Vigna
unguiculata var. spontanea) and the intermediates called
Kodj, and 92 cultivated accessions were collected from
Fatick (4), Kolda (6), Kédougou (1), and Saint-Louis (81).
This group contained the majority (81) of the accessions from
Saint-Louis. Only four accessions (0.78%) from Fatick (2),
Thies (1), and Kédougou (1) showed values of probability of
membership lower than 0.55 (shared among the two genetic
populations) and were therefore classified as admixtures
(Fig. 6b).

In order to better understand the basis of the genetic struc-
turation, the main populations (I and II) were further
subdivided into five subpopulations (i—v) according to
STRUCTURE with k=5 the highest after k=2 (Fig. 6a). It
was observed that population I was subdivided into three sub-
populations or subgroups (i—iii) and II into two (iv and v). In
subgroups i, ii, and iii, accessions from all collection areas are
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Fig. 4 Neighbor-joining genetic
dissimilarity tree showing genetic

relationships between cowpea
wild relative and intermediate
accessions from five regions of
Senegal
s Thies
0.2 Fatick
= Louga
@ Diourbel
e Kolda
) L]
Deltak = mean(|L"(K)|) / sd(L(K))
140
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Fig. 5 D.AK criterion according to the calculation method by Evanno et al. (2005) (a), clustering structure of the Senegalese cowpea wild relative and
intermediate (weedy) accessions based on 15 SSR markers by structure (b) and Dwin (c)
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Table 7 Genetic diversity between cultivated and wild relatives and

weedy
Parameters Cultivated Wild/
weedy
Sample size (V) 671.000 66.000
Mean number of alleles (Na) 6.200 5.800
Expected heterozygosity (He) 0.389 0.480
Fixation index (F) 0.840 0.882
Differentiation index (Fst) 0.104 3%
Number of migrants (Nm) 3.086

p value =0.001; *** = significant

present except those from Kolda region. Group iv contained
all 45 wild relatives, 19 intermediate forms, and 7 cultivated
accessions including 5 from Kolda and 2 from Thie¢s. The
subgroup v, most homogeneous, consisted of 85 accessions
from Saint-Louis (representing 90.22% of the subpopulation),
8 from Fatick, and 1 from Diourbel. Fifty-three (53) acces-
sions were admixed from all regions of the study (Fig. 6b).

These data support the lack of clustering of accessions
based on their geographical origin and the particularity of
accessions from Saint-Louis region.

The dendrogram of genetic dissimilarities of the entire cul-
tivated, wild relatives, and weedy (Kodj) cowpea collection
also showed clearly five subpopulations (Fig. 7). The results
supported the separation of the cowpea germplasm into five
groups, which was also consistent with the model-based pop-
ulation structure. In summary, the model-based ancestry

b

Fig. 6 Population structure analysis for 737 cowpea accessions including
671 cultivated and 66 wild relatives and weedy based on microsatellite
data. a Estimation of population using InP(D) derived delta K with cluster
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analysis, the phylogenetic tree and the principal coordinate
analysis (PCoA) strongly supported that cowpea collection
had five well-differentiated genetic populations and
admixtures.

Discussion

Assessment of the genetic diversity of cowpea germplasm is a
prerequisite for implementing a breeding program. The genet-
ic diversity of cowpea accessions grown in studied locations
in Senegal (Louga, Diourbel, Fatick, Thi¢s, Saint-Louis,
Sédhiou, Kédougou, and Kolda) revealed a number of alleles
ranging from 2 to 15 per locus. This number is relatively low
and equivalent to those reported in Senegal by Badiane et al.
(2012) (between 1 and 16) and in the germplasm from East
Africa and IITA inbred lines by Desalegne et al. (2017) (be-
tween 4 and 15), but higher than the number of alleles reported
by Li et al. (2001) (between 2 and 7) and Diouf and Hilu
(2005) (between 1 and 9). This legume seems to be less di-
versified in Burkina Faso with the number of alleles ranging
from 3 to 10, as reported by Sawadogo et al. (2010), and in
Ethiopia from 2 to 5 by Desalegne et al. (2016). Similar results
were obtained by Ogunkanmi et al. (2008) (number of alleles
between 4 and 13) in a study based on 48 lines from different
locations in Africa. The differences in the number of alleles
reported by these different authors could be due to the type of
material, the technique used for DNA separation during elec-
trophoresis, allele detection, or the number of markers used in

N

number (K) ranged from 1 to10. b Two estimated populations (I and II)
and five sub-populations (i, ii, iii, iv, and v) of Senegalese germplasm
presented with different colors inferred by STRUCTURE analysis
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Fig. 7 Neighbor-joining genetic dissimilarity tree and principal coordinate analysis PCoA of cultivated, wild, and weedy cowpea collection

The values of the expected heterozygosity (between 0.317
and 0.439) in cowpea cultivated suggest low genetic diversity.
These results were in agreement with previous studies on
Senegalese cowpea diversity (Diouf and Hilu 2005; Kouadio
et al. 2007; Badiane et al. 2012). This is attributed to the fact
that cowpea is a self-pollinating crop, a bottleneck effect, or
even to an evolutionary factor (natural selection) in favor of
certain genotypes (Padulosi and Ng 1997). Nevertheless, the
greatest cowpea diversity in this study was observed in south-
ern Senegal in Sédhiou, Kolda, and Kédougou (0.439) regions
and the lowest diversity in Fatick (0.317) in the center of
Senegal. In the South, cowpea farmers’ ethnic groups are
more diverse and their interest to different types of accessions
might explain the diversity of the crop in this region (Labeyrie
et al. 2014). In this part of the country, landraces are grown
instead of improved varieties because the traits targeted in the
national programs are more focused on the main constraints
met in the Center and Center-North (Thiés, Louga, Diourbel,
and Saint-Louis). In these latter areas, agriculture has been
affected by a recurrent decrease in rainfall in recent decades.
Indeed, the intensification of cowpea cultivation with the mas-
sive use of improved varieties adapted to these conditions
explains the low diversity encountered. Furthermore, the anal-
ysis of the molecular variance (AMOVA) showed that, from
one region to another, the genetic diversity was 11% while it
was 75% among individuals within regions, and 14% within
accessions. This very important intra-regional diversity could
be linked to the presence of many different accessions in each
region, while the low genetic diversity between regions could
be partly explained by the distribution of the same cowpea
seed (same varieties are found everywhere) in all the regions
through donations, seed companies, or agricultural extension
services. Accessions from the South seem genetically closest
to those of all the other regions. These results were confirmed
by the differentiation indices (Fst) that showed low differences
between southern accessions compared with those from the

other regions. This high genetic similarity could be explained
by the fact that residents of some villages come from the
central regions and have brought seed of some accessions with
them according to our surveys (unpublished result). On the
other hand, some accessions collected in this region are sim-
ilar (in seed size and color) to those obtained in other regions
and qualified as old varieties grown by the grandparents.

The dendrogram showed that only accessions from Thiés
and those cultivated in flood recession soils in Saint-Louis
showed a clear grouping, whereas those from other regions
were less structured (dispersed in all three groups). Saint-
Louis recession accessions have been well clustered, most
likely due to time of cultivation. This type of cultivation is
done after the raining season between November and
February and is only practiced in this region. The difference
between the periods of cultivation would limit gene flow, thus
justifying the genetic differentiation noted. The presence of
accessions from Louga and Diourbel in all groups is explained
by the fact that these regions are located in the main cowpea
production zone and the seeds are multiplied in Louga before
their dissemination to the other regions by relevant services.
Despite the low geographical structuring due to seed distribu-
tion across the country revealed by DARwin analysis, the
grouping made without a priori with STRUCTURE software
confirms the particularity of the accessions from Saint-Louis,
which constitute the majority of population III. The lack of
cowpea diversity structuring within a country is in line with
the results of Desalegne et al. (2017) who analyzed cowpea
genetic diversity in Ethiopia.

The percentage of hybrids detected in this study suggests a
high rate of hybridization or gene flow in cowpea grown in
Senegal. The gene flows in crop populations greatly depend
on the exchange of seed, which is facilitated by social rela-
tionships (Leclerc and Coppens d’Eeckenbrugge 2011). In
cowpea, hybridization percentages ranged from 1 to 9.5%
(Kouam et al. 2012). These gene flows appear mainly as a
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constraint, limiting the differentiation between the varieties
grown in the same area and the implementation of local adap-
tations (Ronfort et al. 2005; Kuruma et al. 2008).

The genetic differentiation indices noted between the wild
relatives and the intermediate forms were high and significant
(p value =0.009). They showed important differentiations be-
tween Vigna unguiculata var. spontanea and weedy acces-
sions. The number of migrants between these two groups
was low (Nm=0.623). These results suggested a low rate of
genetic mixing between Vigna unguiculata var. spontanea
from the center and the weedy.

The structuring carried out with DARwin and confirmed
by STRUCTURE showed the genetic relationship between
the wild from the center and the intermediate forms. These
accessions have been grouped according to their type (wild
relatives or intermediates). Some accessions of Vigna
unguiculata var. spontanea and the weedy were included in
a large group but were divided into two subgroups according
to the type of accession. They should be evolved forms or
cultivated introgressing wild alleles. This makes it possible
to hypothesize that intermediates are semi-domesticated forms
of wild, or are hybrids between wild and cultivated forms.
This grouping supports the previous findings suggesting that
V. unguiculata var. spontanea is the likely a progenitor of the
domesticated cowpea (Padulosi and Ng 1997; Pasquet 1999).

This genetic diversity assessment study, using microsatellite
markers, revealed slightly higher genetic diversity and fixation
index in wild relatives compared with the cultivated accessions.
Since its domestication, cowpea has maintained an evolutionary
dynamic from the different growing areas. This dynamic is
fuelled either with gene flow or natural selection pressure
(Kouadio et al. 2007). However, the wild relatives remain more
diverse than the cultivated forms (Ba et al. 2004; Ogunkanmi
et al. 2008) because the latter have not been selected by humans
according to specific attributes. The differences detected between
wild/weedy and cultivated cowpea depend not only on the ge-
netic variations of the accessions but also on a wider genetic base
in the wild populations. A single microsatellite primer (VM 36)
detected 13 alleles in 48 wild-type (Ogunkanmi et al. 2008)
accessions, while it detected only 7 in 91 cowpea selection lines
(Li et al. 2001). The observed differentiation index value (Fst=
0.104) suggested moderate differentiation between Senegalese
wild/weedy and cultivated cowpea. Our results also indicate a
gene flow (Nm=3.086) between these two groups, suggesting
that it could be due to gene exchange between cowpea cultivated
and wild relative species. Similar results were reported in
Ethiopian cowpea germplasm, with a differentiation index and
a number of migrants per generation equal to 0.075 and 3.176,
respectively (Desalegne et al. 2016). The structure analysis re-
vealed two genetic populations within Senegalese cowpea culti-
vated and wild/weedy germplasm. Population I included only
cultivated accessions, while population II gathered together all
the wild relatives (Vigna unguiculata var. spontanea) and the
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intermediates, and some cultivated accessions of which the ma-
jority were collected from the Northern (Saint-Louis region).
Therefore, Senegalese wild populations did not give rise to all
cultivated forms collected. These two main populations were
divided into five subgroups (i—v) for a better understanding of
genetic basis. This structure clustering, well-supported by both
DARwin and PCoA analyses, showed a discrimination of culti-
vated and wild/weedy populations. The separation of wild and
domesticated cowpea gene pools observed with SSR data is in
agreement with isozyme and AFLP (Pasquet 1999; Coulibaly
et al. 2002) and RAPD (Ba et al. 2004) data. In neither case
was any evidence found to support clustering of accessions based
on their collection areas like in Ethiopian (Desalegne et al. 2016).
Regardless of the region of origin of the samples, no grouping of
wild accessions with those cultivated in the same region was
observed. This suggested gene flows between wild relatives rath-
er than between wild and cultivated from the same region.

Conclusion

The genetic variability and population structure of Senegalese
cowpea germplasm including cultivated, wild relatives, and
weedy accessions were assessed in this study. The study
showed that the genetic structure does not depend on regions.
The difference between cultivated and wild/weedy accessions
in genetic structure indicated that there are still abundant ge-
netic resources in local germplasm, which show good adapta-
tion in local areas, especially under biotic and abiotic stress
environments. The wild relative genotypes are significantly
differentiated from those cultivated in Senegal, suggesting that
they could provide new genes for the improvement of local
germplasm. The results obtained from this study will allow a
better use and exploitation of Senegalese germplasm in breed-
ing programs and better conservation.
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