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Abstract The cowpea [<igna unguiculata (L.) Walp.]
is a morphologically and genetically variable species
composed of wild perennial, wild annual, and culti-
vated forms that are mainly used for edible seeds and
pods. In this study, genetic variation in 199 germplasm
accessions of wild and cultivated cowpea was evaluated
using an allozyme analysis. The results from this survey
showed that wild cowpea exhibits genetic variation
perfectly "tted with the existing morphological classi-
"cation. The cowpea gene-pool is characterized by its
unusually large size. It encompasses taxa (ranked as
subspecies) that could be considered as di!erent species
considering the high genetic distances observed be-
tween accessions belonging to di!erent taxa. These
subspecies can be classi"ed into three groups character-
ized by their breeding systems: perennial outcrossers,
perennial out-inbreds, and inbred annuals. Allozyme
data con"rm this grouping. Perennial outcrossers look
primitive and are more remote from each other and
from perennial out-inbreds. Within this large gene-
pool, mainly made of perennial taxa, cultivated cow-
peas (ssp. unguiculata var. unguiculata) form a geneti-
cally coherent group and are closely related to annual
cowpeas (ssp. unguiculata var. spontanea) which may
include the most likely progenitor of cultivated cow-
peas.
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Introduction

The genus <igna Savi belongs to the family ¸egumin-
osae, subfamily Papilionoideae. Interest in this pan-
tropical genus arises from the fact that it contains
several cultivated species: cowpea [<. unguiculata (L.)
Walp.], Bambara groundnut [<. subterranea (L.)
Verdc.], and some Asian species: [<. mungo (L.) Hep-
per, <. radiata (L.) R. Wilczek, <. aconitifolia (Jacq.)
MareH chal,<. angularis (Willd.) Ohwi & Ohashi, and <.
umbellata (Thunb.) Ohwi & Ohashi]. On a global basis,
cowpea is one of the most important pulse crops. It is
estimated that cowpea is now cultivated on at least 12.5
million hectares, with an annual production of over
3 million tons world-wide (Singh et al. 1997). While
cowpea is grown on some 80 000 hectares in the U.S.
(Fery 1990), Central and West Africa account for more
than half of the cultivated area, followed by Central
and South America, Asia, East and Southern Africa
(Singh et al. 1997). Most of these are characterized by
farming systems that make limited use of purchased
inputs, which compels breeding programs to concen-
trate on screening wild and cultivated germplasm for
sources of disease and insect resistance, as well as to
identify other desirable traits, and on combining mul-
tiple resistances. Therefore, the distribution of genetic
diversity within and among subspecies and the genetic
relationships among them warrant investigation. This
information will help to provide an insight into sub-
species divergence and to exploit genetic resources for
hybridization breeding.
<igna unguiculata is a diploid species, with 2n"22.

Within the genus <igna, <. unguiculata is a homo-
geneous species, characterized by striking morpho-
logical features like a spurred stipule, an almost
symmetric purple #ower (sometimes white in cultivated
forms), a style with short beak, and a curved pod
beak (MareH chal et al. 1978). Within the genus <igna,
<. unguiculata is well isolated. Between subspecies



reproductive barriers are weak (Rawal et al. 1976;
Sakupwanya et al. 1989), while they are strong between
<. unguiculata and closely related species like <igna
vexillata (Barone et al. 1992). Cultivated cowpea orig-
inated in Africa, the only continent where wild forms
are encountered (Piper 1913; Faris 1965; MareH chal
et al. 1978). Wild cowpea is highly variable genetically
across Africa. Although morphological characters
overlap somewhat, they are su$ciently discrete that
formal taxa have been proposed. Morphological stud-
ies (Pienaar and Van Wyk 1992; Mithen and Kibblew-
hite 1993; Padulosi 1993; Pasquet 1993 a) show some
divergences, but agree that the cowpea gene pool con-
sists of several perennial taxa and one annual taxon.
The last taxonomic treatment (Pasquet 1993 a, c, 1997)
divides cowpea into ten perennial subspecies and one
annual subspecies, ssp. unguiculata. It splits ssp. un-
guiculata into var. unguiculata (cultivated cowpea) and
var. spontanea (Schweinf.) Pasquet (annual wild cow-
pea).

The 11 subspecies have been classi"ed into three
groups according to the breeding system. Outcrossing
and inbreeding accessions (as well as herbarium
specimens) can be separated according to the disposi-
tion of anthers and stigma. In outcrossing accessions,
the relative position of the anthers and stigma prevents
sel"ng in the absence of hand-pollination or insect
tripping, while in inbreeding accessions, the stigmatic
surface and the anthers are in contact (Lush 1979).
Subspecies which include only outcrossing accessions
(and herbarium specimens) are pooled in the perennial
outcrossers. Subspecies which include both outcross-
ing and inbreeding accessions, (usually in di!erent
ecologies) are pooled in the perennial out-inbreds.
Subspecies unguiculata, which includes almost only
inbreeding accessions, is considered to be in the annual
inbred group (Pasquet 1994). The perennial outcrossers
include ssp. baoulensis (A.Chev.) Pasquet, ssp. burun-
diensis Pasquet, ssp. letouzeyi Pasquet, ssp. aduensis
Pasquet, and ssp. pawekiae Pasquet. The perennial
out-inbreds include ssp. dekindtiana (Harms) Verdc.
sensu stricto, ssp. stenophylla (E.Mey.) Verdc., ssp.
tenuis (E.Mey.) MareH chal, Mascherpa and Stainier,
ssp. alba (G.Don) Pasquet, and ssp. pubescens (R.Wil-
czek) Pasquet. The annual inbreds include ssp. un-
guiculata var. spontanea (Schweinf.) Pasquet and var.
unguiculata.

Most intraspeci"c relationships based on molecular
studies have been determined using allozymes (Panella
and Gepts 1992; Pasquet 1993b; Vaillancourt et al.
1993), seed storage proteins (Panella et al. 1993; Fotso
et al. 1994), and cpDNA (Vaillancourt and Weeden
1992). However, all these studies included a small num-
ber of wild accessions, where perennial subspecies were
poorly represented.

The data presented here are more comprehensive
than all previous molecular studies. We include 91
perennial accessions from eight of the ten perennial

subspecies identi"ed to more fully investigate the cow-
pea gene pool organization and evolution.

Materials and methods

Plant material

The plant material used in this study included eight perennial
subspecies, which is all of the material available in living seed
collections. Among the eight perennial subspecies, 91 accessions
were assayed (Table 1). For the annual subspecies, 95 wild
accessions were selected so that most of the geographical and
morphological ranges (Pasquet 1994) were sampled. Thirteen culti-
vated accessions (four from cv gr Unguiculata, four from cv gr
Bi#ora, three from cv gr Melanophthalmus, one from cv gr Sesqui-
pedalis, one from cv gr Textilis) were selected to represent the
allozyme polymorphism observed while studying 191 accessions
(Pasquet 1994). The wild accessions were obtained from the
World Phaseolinae collection maintained in the Jardin Botanique
National de Belgique (BR), Meise, Belgium (NI accessions); the
International Institute of Tropical Agriculture (IITA), Ibadan,
Nigeria (TVNU accessions); the International Plant Genetic
Resources Institute (IPGRI), Harare, Zimbabwe (MT accessions);
and the ORSTOM collection maintained in Montpellier, France
(SP accessions). Cultivated accessions were obtained from the
USDA-ARS, Charleston, USA; the Zentralinstitut fuK r Genetik und
Kultup#anzenforschung (GAT), Gatersleben, Germany; the Agricul-
tural University (WAG), Wageningen, Netherlands; and the OR-
STOM collection maintained in Montpellier, France. Additional
information about the accessions studied can be obtained directly
from the author.

Each accession is composed of 2}5 autogamous lines, and main-
tained as such; each of these lines was derived from one seed of the
original stock. A minimum of two to a maximum of "ve plants were
assayed per accession.

Isozyme electrophoresis

Preliminary experiments revealed that better resolution and staining
quality of bands could be obtained from seed rather than from
leaf extracts. Consequently, seed extracts were used throughout
the study, with the exception of aEST, GOT, and SOD for
which leaf extracts were employed. Seeds were imbibed overnight
and cotyledons were then ground in water, while young leaf
tissue was ground in 0.1 M Tris-HCl, pH 7.5, 5% sucrose, 0.1%
mercaptoethanol (Wendel and Weeden 1989). All isozymes were
assayed in the citrate/histidine pH 6.0 bu!er system (electrode
bu!er: 0.41 M citrate pH 6.0; gel bu!er: 5 mM L-Histidine mono
HCl, pH 6.0), and the gel consisted of 14% starch (Second and
Trouslot 1980).

Twenty one enzyme systems revealing 35 putative loci were
screened: namely, alcohol dehydrogenase (ADH), aminopeptidase
(AMP), NADH diaphorase (DIA), endopeptidase (ENP), esterase
(EST), #uorescent esterase (FLE), formate dehydrogenase (FDH),
glucose-6-phosphate dehydrogenase (G6PD), b-glucosidase (bGLU),
glutamate dehydrogenase (GDH), glutamate oxaloacetate trans-
aminase (GOT), glutathione reductase (GR), isocitrate dehydro-
genase (IDH), mannose phosphate isomerase (MPI), malate
dehydrogenase (MDH), malic enzyme (ME), phosphoglucomutase
(PGM), phosphogluconate dehydrogenase (PGD), phosphoglucose
isomerase (PGI), shikimate dehydrogenase (SDH), and superoxide
dismutase (SOD). Enzyme-speci"c staining was carried according to
Wendel and Weeden (1989) using either leucine-b-naphtylamide
or alanine-b-naphtylamide for AMP, and 4-methyl-umbelliferyl
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Table 1 <. unguiculata (L.) Walp. accessions assayed for putative allozyme variation and their origin!

Subspecies Country Accessions

baoulensis CIV SP 69, 70, 71, 72, 135
CMR SP 36, 39, 45, 55, 63, 92, 97, TVNU 390, 573
GHA NI 933, SP 136
LBR SP 170
NGA NI 794, 993, 1026, 1034, 1393, SP 77

letouzeyi CMR SP 47, 48, 49, 51, 95
burundiensis BDI NI 456
pawekiae MWI MT 449, SP 89, TVNU 367

ZWE MT 53, 320, TVNU 862
stenophylla BWA MT 509, 546, 564, 593, 596, SP 90, TVNU 278, 458

ZAF SP 158, 187, 188, 189, 190, 191
alba AGO SP 74, 85, 139

COG NI 1388, 1389, SP 144, 145, 153, 176
tenuis MOZ MT 653

MWI MT 340, 357
ZAF SP 161, 162, 163, 165, 167, TVNU 714, 716, 885, 1088, 1348, 1349, 1355, 1380, 1381
ZMB MT 206, 218
ZWE MT 4, 5

pubescens BDI NI 1417
KEN NI 979, 989, 1186
TZA NI 856, 910, 947, 957, 1029, SP 142, TVNU 110, 505

unguiculata var. spontanea
BDI NI 1232
BWA MT 621, NI 1380, 1381, 1382, 1383, 1384, TVNU 261, 265, 284, 286, 466, 554
CAF TVNU 242, 255
CMR SP 3, 5, 33, 37, 38, 46, 52, 99, 129
COG NI 1390, 1391, SP 148, 149, 151, 152
GNB SP 140
KEN FLG 4903, 4904, NI 1048, 1228, 1408, SP 87
MDG SP 81
MOZ SP 141
MWI NI 1392, TVNU 363, 371, 435, 437, 439, 440, 442, 742
NAM SP 154, 160
NER NI 945, 991, SP 66, 80
NGA NI 951
SDN SP 86
SEN NI 963
TCD SP 64
TZA MT 131, NI 301, 1385, 1386, 1405, SP 75, 83, TVNU 297, 416, 503, 531, 922, 1248
ZAF NI 1167, SP 159, TVNU 1089, 1343, 1351
ZAR NI 198, 319, 320, 437
ZMB MT 651, NI 423, 1171, 1387, TVNU 352, 523, 707, 709, 712
ZWE MT 55, 76, 102, NI 817, 874, 1400

unguiculata var. unguiculata
CMR CS 15, NO 106, 110, 1878, 2300, 3076
COL EX 19
ETH ET 3, 5, 14
IND EX 11
ITA EX 24
USA EX 27

!Additional information regarding the accessions can be obtained directly from the author

compounds for FLE and bGLU. GR was stained according to
Harris and Hopkinson (1976).

For each enzyme system, the presumed loci encoding the most
anodally migrating isozyme were designated &&1''; with additional
loci numbered sequentially in order of decreasing electrophoretic
mobility. For each isozyme, the most common allozyme and respect-
ive allele has been designated as 100 and the other allozymes have
been measured in millimetres in relation to that standard. This
procedure was the same as the one utilized by Koenig and Gepts
(1989) with Phaseolus vulgaris L.

Data analysis

Electrophoretic data at 35 presumed loci were analyzed using BIO-
SYS-1 version 1.7 (Swo!ord and Selander 1981) and NTSYS version
1.80 (Rohlf 1993). Data were entered as the allele frequencies of the
accessions. In addition, a hierarchical arrangement of the accessions
was established at the subspecies/group level so that the data could
be analyzed within and among subspecies and summarized by sub-
species. The allelic composition of each subspecies/group of acces-
sions was determined at 35 presumed loci.
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Genetic variability was assessed using the proportion of polymor-
phic loci (P), the mean number of alleles among all loci (A) and
among polymorphic loci (A

p
), and the total diversity (H

t
). Total

diversity is partitioned into the weighted average diversity within
subspecies (H

s
), and the between-subspecies gene diversity (D

st
).

These quantities are related by the expression H
t
"H

s
#D

st
. The

proportion of total allelic diversity found among subspecies (G
st
)

is calculated as the ratio D
st
/Ht (Nei 1973). The genetic distances of

Nei (1972) and Rogers (1972) were calculated for all possible
pairwise comparisons among the 199 accessions. The unweighted
pair group method with arithmetic averaging (UPGMA) was
then performed on the distance matrix (Sneath and Sokal 1973).
Multivariate relationships among ssp. pubescens and ssp. un-
guiculata accessions were revealed through a principal coordinate
(PCO) analysis of distances. Finally, the genetic distances were
averaged among accessions within subspecies and a Rogers (1972)
distance phenogram (calculated from subspecies allele frequencies)
was constructed with the Neighbor Joining method of Saitou and
Nei (1987).

Results

Genetic variability in <. unguiculata

The 21 enzyme systems screened revealed 43 putative
loci. However, six polymorphic loci (Amp1, Est2, Fle2,
bGlu2, Pgi1 and Sod1) and two monomorphic loci
(Mdh4 and Sod3) were poorly resolved or else stained
inconsistently under our assay conditions. Because
these loci were uninformative with respect to character-
izing diversity in <. unguiculata, they were excluded
from further analysis. Therefore, the 21 systems re-
vealed 35 scorable loci, the presumed products of
individual coding loci. These were: Adh1, Adh2, Amp2,
Amp3, Amp4, Dia1, Dia2, Enp, Est1, Est3, Fdh, Fle1,
Fle3, Gdh, bGlu1, bGlu3, G6pd, Got1, Got2, Gr, Idh1,
Idh2, Mdh1, Mdh2, Mdh3, Me, Mpi, Pgd1, Pgd2, Pgi2,
Pgi3, Pgm1, Pgm2, Sdh, and Sod2. All the enzyme bands
migrated anodally.

For the 21 enzymes, an estimated 33 polymorphic
loci (approximately 1.5 loci per enzyme system) and 143
alleles (approximately 4.0 alleles per locus) were re-
solved. A summary of the loci and alleles identi"ed in
each subspecies or group of accessions is provided in
Table 2. Allelic variation among these 33 loci was not
partitioned equally, inasmuch as three (Adh2, Mdh2,
Mdh3) were minimally variable with only two al-
lozymes per locus. An additional nine loci (Dia1, Dia2,
bGlu3, G6pd, Gr, Idh2, Pgd2, Pgm1, Pgm2) were tri-
allelic, and the remaining 21 were multi-allelic, dis-
playing between four and eight alleles per locus. The
average allele frequencies for <. unguiculata indicated
that few polymorphic loci were weakly polymorphic,
because only 11 out of 33 loci showed allele frequencies
50.9 for the most frequent allele. Consequently, as
a species, our sample of <. unguiculata (wild#culti-
vated) has a moderately high estimated heterozygosity
(Ht"0.28). The mean estimated heterozygosity for in-
dividual groups of<. unguiculata ranged from a high of

0.27 for ssp. pawekiae to a low of 0.08 for cultivated
accessions (Table 3).

As expected, wild cowpea is more polymorphic than
cultivated cowpea. This trend was evident in the
summary statistics (Table 3) and allelic frequencies for
wild subspecies (Table 2). As a group, wild cowpea
included 143 alleles at 35 loci, yielding an average of
4.08 alleles per locus (4.27 alleles per polymorphic lo-
cus). Ninetynine of these alleles were unique to wild
cowpea. Subspecies unguiculata var. spontanea showed
the highest number of alleles within the wild group
with 100 alleles (A"2.86, Ap"3.32). However, its
heterozygosity (Ht"0.199) was not the highest.
Higher heterozygosities were calculated with ssp. tenuis
(Ht"0.206), ssp. pawekiae (Ht"0.270), and ssp.
stenophylla (Ht"0.280). Among groups of wild cow-
pea, var. spontanea and ssp. stenophylla showed nine
unique alleles.

Cultivated cowpea revealed a total of 44 alleles, with
an average of 1.26 alleles per locus and 2.12 per poly-
morphic locus (Table 3). No allele was unique to culti-
vated cowpea. However, Amp2102 characterized most
cultivated cowpea accessions while it was found in only
seven wild accessions.

Inter-subspecies relationships in wild <. unguiculata

The e!ect of allele frequency divergence between sub-
species on the partitioning of genetic diversity were
quanti"ed by the gene diversity statistics of Nei
(1973). The total genetic diversity (Ht) was 0.290 over
all the wild accessions. Within-accession diversity
(Hs) was only 0.022; therefore, between accession
diversity (Dst) was responsible for most of the genetic
diversity, and the coe$cient of gene di!erentiation (Gst)
was 0.924. Within-subspecies diversity (Hs) was 0.191,
between-subspecies diversity (Dst) was 0.099 (consider-
ing eight subspecies), and the coe$cient of gene dif-
ferentiation (Gst) was 0.341. Considering 11 groups,
instead of eight subspecies, led to values of 0.161
for Hs , 0.129 for Dst , and 0.444 for Gst . However, if
only perennial subspecies and seven subspecies were
considered, Ht rose to 0.337, Hs to 0.183, Dst to 0.154,
and Gst to 0.457. When partitioned between seven
subspecies, almost 50% of perennial diversity was
found among subspecies. The contribution of di!erent
loci to this partitioning of variability indicated that
Gr and Idh2 contributed the most, and Got2, Mdh2,
Mdh3, and Pgd1 contributed the least, to the partition
(Table 4).

The genetic distances of Nei (1972) and Rogers (1972)
were calculated for all possible pairwise comparisons
among the 199 accessions. These were clustered by
UPGMA. Three interesting features of the cluster anal-
ysis are worth mentioning. Firstly, Nei distances
(Fig. 1) and Rogers distances (data not shown) yielded
the same 11 clusters, i.e. from bottom to top, ssp.
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burundiensis, ssp. pawekiae, ssp. baoulensis, ssp. steno-
phylla BWA (from Botswana), ssp. letouzeyi, ssp.
stenophylla ZAF (from South Africa), var. spontanea
BWA (14 accessions from Botswana and vicinity), ssp.
tenuis ZWE (from inland areas), ssp. alba, ssp. tenuis
ZAF (from coastal areas), and a last cluster including
ssp. pubescens and ssp. unguiculata. Secondly, these
clusters "tted the morphological classi"cation almost
perfectly. With the exception of ssp. unguiculata and
ssp. pubescens, which share the same cluster, and "ve
accessions related to ssp. tenuis (MT 55, TV 554, SP
141, SP 158, and SP 162), accessions from each cluster
belonged to a single subspecies. However, ssp. steno-
phylla, ssp. tenuis, and var. spontanea were each split
into two clusters, according to the geographic origin of
the accessions. Thirdly, ssp. pubescens and ssp. un-
guiculata were intermixed in the same clusters. Within
this cluster, Nei distances (Fig. 1) and Rogers distances
(data not shown) yielded di!erent patterns: the Rogers
distance ssp. pubescens cluster included NI 1417 and
TV 505 but excluded SP 142 and TV 110, while culti-
vated accessions (minus NO 2300 and NO 3076) were
better grouped in a cluster which excluded TV 437, SP
37, and SP 80.

Mean allele frequencies for wild and cultivated <.
unguiculata across 35 loci are presented in Table 2 for
each group from the cluster analysis. Inspection of this
table reveals that allele frequencies at several loci di!er
markedly among subspecies. Most loci show di!er-
ences between subspecies regarding the most common
allele (27 out of the 33 polymorphic loci) and a
G

st
higher than 0.2 (26 out of the 33 polymorphic loci).

Thirteen loci (Amp2, Dia2, Est1, Est3, bGlu1, bGlu3,
G6pd, Gr, Idh1, Idh2, Pgd2, Pgi2 and Pgi3) showed
a G

st
higher than 0.35 (Table 4).

The genetic-distance coe$cients were averaged
among accessions within subspecies and cluster analy-
sis groups, and Rogers genetic distances calculated
from the group allelic frequencies were reported
(Table 5). The smallest genetic distance values were
observed between ssp. pubescens and both ssp. un-
guiculata varieties, and between ssp. tenuis ZAF and
var. spontanea, while the distance value between var.
spontanea and var. spontanea BWA was much higher.
The highest genetic distances values were observed
between ssp. baoulensis, ssp. letouzeyi, ssp. burundiensis,
and ssp. pawekiae.

To evaluate systematic relationships among groups
of accessions, we constructed a Neighbor-Joining
phenogram (Saitou and Nei 1987) derived from the
Rogers genetic distances (Rogers 1972). Cultivated
cowpeas consistently represent a discrete lineage which
is a sister to var. spontanea. Both ssp. stenophylla
groups clustered together as did both ssp. tenuis
groups, while var. spontanea from Botswana clustered
with ssp. alba. Subspecies baoulensis, ssp. pawekiae, ssp.
burundiensis, and ssp. letouzeyi appeared at the bottom
of the phenogram (Fig. 2).
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Table 3 Genetic diversity
statistics for wild and cultivated
accessions of <. unguiculata

Group N! A Ap P Hs Ht ;

ssp. baoulensis 23 1.74 2.36 0.54 0.011 0.158 4
ssp. letouzeyi 5 1.37 2.08 0.34 0.006 0.141 4
ssp. burundiensis 1 1
ssp. pawekiae 6 2.00 2.75 0.57 0.064 0.270 3
ssp. stenophylla ZAF" 5 1.63 2.37 0.45 0.072 0.191 4
ssp. stenophylla BWA# 9 1.88 2.41 0.63 0.042 0.214 5
ssp. stenophylla (total) 14 2.20 2.55 0.77 0.053 0.280 9
ssp. alba 9 1.54 2.46 0.37 0.017 0.134 2
ssp. tenuis ZWE$ 9 1.51 2.28 0.40 0.008 0.135 4
ssp. tenuis ZAF% 15 1.71 2.31 0.54 0.016 0.165 2
ssp. tenuis (total) 24 2.06 2.61 0.66 0.015 0.206 6
ssp. pubescens 13 1.37 2.18 0.31 0.004 0.103 1
var. spontanea BWA& 14 1.68 2.33 0.51 0.016 0.133 0
var. spontanea 77 2.80 3.25 0.80 0.025 0.168 6
var. spontanea (total) 91 2.86 3.32 0.80 0.023 0.199 9

Wild accessions 186 4.08 4.27 0.94 0.022 0.290
Cultivated accessions 13 1.26 2.12 0.23 0 0.084

! Abbreviations for gene diversity statistics include N (number of accessions), A (average number of
alleles per locus), Ap (average number of alleles per polymorphic locus), P (proportion of loci polymor-
phic), Hs (mean diversity within accessions), Ht (total diversity), and ; (number of unique alleles per
group)
" ssp. stenophylla ZAF includes accessions from South Africa
# ssp. stenophylla BWA includes accessions from Botswana
$ ssp. tenuis ZWE includes inland accessions from Malawi, Zambia, and Zimbabwe
% ssp. tenuis ZAF includes coastal accessions from South Africa and Mozambique
& ssp. spontanea BWA includes the 14 accessions from Southern Africa separated by the cluster analysis

Interrelationships between cultivated
and wild <. unguiculata

The closest taxa to the cultivated cowpea among all
subspecies studied were var. spontanea and ssp. pubes-
cens (Figs. 1, 2 and 3, Tables 2 and 5). To investigate
relationships between ssp. pubescens, var. spontanea,
and cultivated (var. unguiculata) accessions, PCO
analyses were performed on the distance matrix.
Accessions were plotted by their "rst two principal
coordinates which accounted for 53.0% of the total
variance in the distance matrix (Fig. 3). This analysis
shows that cultivated cowpea is a relatively homogene-
ous assemblage. The cultivated cowpea overlaps with
var. spontanea but not with ssp. pubescens, while var.
spontanea overlaps with ssp. pubescens. The cultivated
cowpea is separated from var. spontanea by Amp2
alleles (Table 2). Most cultivated accessions and the
three wild accessions (SP 37, SP 38 and SP 80) which
plotted within the cultivated group possess allozyme
Amp2102, while the cultivated accessions (NO 2300 and
NO 3076) plotted within var. spontanea accessions are
cv gr Textilis accessions which possess the Amp2100

allozyme. Cultivated cowpea is separated from ssp.
pubescens by two alleles: Amp2102 versus Amp298 and
Amp4100 versus Amp496 (Table 2).

The 31 wild accessions closest to the cultivated group
[the average Nei (1972) distance between these wild
accessions and the 13 cultivated accessions was lower

than 0.15] included 29 var. spontanea accessions, and
also NI 1186, and SP 162. The latter two accessions are
perennial accessions introgressed by ssp. unguiculata.
The 29 var. spontanea accessions come from 11
countries scattered throughout Africa, i.e. Cameroon,
Central African Republic, Guinea-Bissau, Kenya,
Madagascar, Malawi, Niger, Senegal, South Africa,
Tanzania, and Zaire. In the same way, the seven wild
accessions displaying the Amp2102 allele, common in
most cultivated accessions, come from six di!erent
countries scattered throughout Africa, i.e. Cameroon,
Congo, Kenya, Malawi, Niger, and South Africa.

Discussion

Variability of wild <. unguiculata
across its geographic range

In contrast to previous studies (Panella and Gepts
1992; Vaillancourt et al. 1993), we found evidence that
the genetic variation in wild cowpea from di!erent
subspecies is structured. First, there are alleles which
characterize subspecies (Table 2). For example, in
the case of ssp. baoulensis, Dia1103, Enp109, Enp107 and
bGlu194 are not encountered in other subspecies, while
Amp297, bGlu194, Idh190 and Pgi292, are not the &&most
common alleles'' in other subspecies. Second, there is
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Table 4 Partitioning of total diversity (H
t
) for each polymorphic

locus and averaged for the 35 loci: diversity within subspecies (H
s
),

between subspecies gene diversity (D
st
), and proportion of total

allelic diversity found among subspecies (G
st
)

Loci H
t

H
s

D
st

G
st

Adh1 0.094 0.077 0.017 0.181
Adh2 0.037 0.028 0.009 0.236
Amp2 0.513 0.288 0.225 0.439
Amp3 0.484 0.348 0.136 0.280
Amp4 0.611 0.461 0.150 0.245
Dia1 0.102 0.080 0.023 0.221
Dia2 0.126 0.082 0.044 0.350
Enp 0.592 0.422 0.171 0.288
Est1 0.286 0.165 0.122 0.424
Est3 0.534 0.342 0.192 0.360
Fdh 0.444 0.350 0.094 0.212
Fle1 0.216 0.146 0.070 0.324
Fle3 0.392 0.303 0.089 0.227
bGlu1 0.544 0.326 0.218 0.400
bGlu3 0.273 0.097 0.176 0.643
G6pd 0.562 0.338 0.223 0.398
Got1 0.042 0.029 0.013 0.319
Got2 0.245 0.222 0.023 0.093
Gr 0.363 0.120 0.244 0.671
Idh1 0.216 0.126 0.090 0.418
Idh2 0.107 0.026 0.081 0.755
Mdh1 0.179 0.129 0.050 0.278
Mdh2 0.005 0.005 0.000 0.033
Mdh3 0.005 0.005 0.000 0.033
Me 0.580 0.467 0.113 0.194
Mpi 0.475 0.324 0.151 0.317
Pgd1 0.267 0.236 0.031 0.115
Pgd2 0.269 0.174 0.094 0.352
Pgi2 0.412 0.204 0.208 0.504
Pgi3 0.443 0.214 0.228 0.516
Pgm1 0.088 0.075 0.012 0.141
Pgm2 0.088 0.075 0.012 0.140
Sdh 0.566 0.408 0.148 0.266

All 35 loci 0.290 0.191 0.099 0.341

subspecies partitioning of genetic variation as mea-
sured from G

st
(Table 4). Third, there are di!erent

genetic distances between accessions of the same and
di!erent subspecies (Table 5). Distances between
accessions of di!erent subspecies (or cluster analysis
groups) are markedly higher than distances between
accessions belonging to the same subspecies. Most of
the inter-subspeci"c distances are higher than 0.4,
which is the grand mean Nei (1972) distance for popu-
lations of congeneric species (Crawford 1989). Fourth,
there is a clustering of the UPGMA phenogram
(Fig. 1), which is fairly stable, whatever the genetic
distance employed.

The di!erent conclusions drawn from these studies
are partly due to di!erent electrophoretic or staining
techniques, especially regarding the choice of the en-
zymes studied. First, in the present work 35 loci were
studied whereas Panella and Gepts (1992) examined 24
loci and Vaillancourt et al. (1993) 26. Second, most of
the loci studied by Panella and Gepts (1992) or Vaillan-
court et al. (1993), and not studied here, were mono-

morphic (Ald, Rbco, Xdh and Sod3) or poorly variable
(Aco1, Fk, Sod1, Tpi1 and Tpi2). The latter loci yielded
rare variants not helpful for subspecies distinction and
G

st
was lower than 0.15 for these "ve loci. Only Aco2

(G
st
"0.43 in Vaillancourt's study and 0.46 in Panella's

study) and Prx (G
st
"0.83) were of interest regarding

subspecies distinction and mainly characterized ssp.
baoulensis. On the other hand, the loci studied here and
not by other authors, i.e. Amp3, Enp, Est1, Est3, bGlu1,
bGlu3, and Gr, include some of the most polymorphic
loci and the most suitable for separating subspecies
(Table 4).

However, the di!erent conclusions drawn by these
studies are mainly the result of the greater diversity of
the material examined. Thirty out of the forty three
wild accessions studied by Vaillancourt et al. (1993) and
39 out of the 56 wild accessions studied by Panella and
Gepts (1992) were included in the present study while
107 out of our 186 wild accessions were never pre-
viously examined. Regarding the perennial material,
the di!erence is striking: Vaillancourt et al. (1993) ana-
lyzed only 17 accessions from six di!erent perennial
subspecies, and Panella and Gepts (1992) examined 29
accessions from only six di!erent perennial subspecies.
By contrast the present work included 91 accessions
from eight subspecies. Therefore, wild cowpea diversity,
and especially the number of alleles per loci, is much
higher (H

t
"0.290, A"4.08) than in both the Panella

and Gepts (1992) (H
t
"0.110, A"2.00) and the Vail-

lancourt et al. (1993) (H
t
"0.168, A"2.42) studies.

Both the Panella and Gepts (1992) and Vaillancourt
et al. (1993) conclusions were hampered by the use of
the Mithen and Kibblewhite (1993) morphological
classi"cation. Vaillancourt et al. (1993) reported that
accessions of var. protracta sensu Mithen were found
dispersed among four di!erent clusters. However, once
the accessions had been correctly identi"ed, the three
ssp. pubescens accessions clustered together within
a larger var. spontanea cluster and NI 1186 was within
the cultivated cluster, just as in the present analysis.
They also reported that three accessions of var. tenuis
clustered together with a number of accessions from
var. dekindtiana and huillensis, while two other acces-
sions of var. tenuis did not cluster with any other
accessions. Using proper identi"cation shows that six
of the seven ssp. tenuis accessions are in the same
cluster with "ve var. spontanea accessions from South-
ern Africa. Vaillancourt et al. (1993) were obliged to
conclude that a general lack of agreement between
clustering and botanical nomenclature was evident. In
the same way, using the Mithen and Kibblewhite (1993)
morphological classi"cation, Panella and Gepts (1992)
concluded that it was possible that populations not
clearly "tting into any other classi"cation have been
lumped together as var. dekindtiana by default, since
their cluster analysis "rst separated the four ssp. bao-
ulensis accessions identi"ed as var. dekindtiana sensu
lato in Mithen's classi"cation.
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Fig. 2 Neighbor-joining cluster analysis of systematic relation-
ships among subspecies based on the Rogers (1972) genetic distance
derived from allele frequencies at 35 allozyme loci. The tree is
rooted by midpoint rooting. The scale bar represents a Rogers
distance unit

Fig. 3 Principal co-ordinate analysis of 103 accessions from ssp.
pubescens and ssp. unguiculata based on the Nei (1972) distance
matrix. The "rst two axes account for 30.6% and 22.4% of the total
variance, respectively

In the present study, both ssp. stenophylla and ssp.
tenuis were split between two clusters. In both cases,
one can see: (1) a geographical correlation (inland ver-
sus coastal), (2) a correlation with the breeding system
(most inland ssp. tenuis and coastal ssp. stenophylla
show an outbreeding #oral morphology while most
coastal ssp. tenuis and inland ssp. stenophylla acces-
sions show a #oral morphology consistent with an
inbreeding breeding system), and (3) a correlation with

some morphological characters. Stems and pods of
the inland ssp. stenophylla accessions are scabrous
while these organs are pubescent in the coastal ssp.
steno-phylla accessions. Inland ssp. tenuis accessions
have large seeds and a low ovule number, whereas
the coastal ssp. tenuis accessions have smaller seeds
and a higher ovule number. Moreover, the var. sponta-
nea accessions associated with the inland ssp. tenuis
cluster, i.e. MT 55 and SP 141 [and at least MT 62
and MT 65 studied by Panella and Gepts (1992)
and Vaillancourt et al. (1993)] can be considered
either as var. spontanea accessions with tuberous
roots or as ssp. tenuis accessions with hastate leaves,
multi-noded in#orescences and a high ovule number.
Therefore, if these accessions are related with
ssp. tenuis through allozyme pro"les, they are
also morphologically related with ssp. tenuis. The
correlation between allozyme and morphological
data goes beyond the actual morphological classi"ca-
tion.

Morphological studies of these accessions show that
the di!erent subspecies can be classi"ed according
to breeding system, precisely according to the dis-
position of anthers and stigma within the #ower.
Regarding the subspecies studied here, the perennial
outcrossers include ssp. baoulensis, ssp. burundiensis,
ssp. letouzeyi and ssp. pawekiae, while the perennial
out-inbreds include ssp. stenophylla, ssp. tenuis, ssp.
alba and ssp. pubescens (Pasquet 1994). Table 5 and
Fig. 1 show that the perennial outcrossers are the
group most remote from ssp. unguiculata and that
these groups are separated by the highest distances.
Most mean intergroup Nei (1972) distances higher
than 0.4 involve perennial outcrossers, while most
mean intergroup distances within perennial out-in-
breds are lower than 0.4. On the other hand, ssp.
pubescens and ssp. unguiculata appear very close
despite clear morphological distinctions. Mean inter-
group distances within ssp. pubescens and ssp. un-
guiculata are lower than 0.2. Rogers (1972) distances
yield similar features: distances higher than 0.45
concern perennial outcrossers while most mean inter-
group distances within perennial out-inbreds are lower
than 0.45.

We can thus hypothesize that the "rst step in wild
cowpea evolution was the diversi"cation of perennial
outcrossers, which appear primitive, since the genetic
distances between perennial outcrosser accessions
are as high as those usually reported between di!erent
species (Crawford 1989). The second step would
have involved the diversi"cation of perennial out-in-
breds, which appear to have evolved more recently,
since the genetic distances between perennial out-in-
breds are lower than those usually reported between
di!erent species (Crawford 1989). This is well illus-
trated by the Neighbor-Joining phenogram (Saitou
and Nei 1987) derived from the Rogers genetic distan-
ces (Fig. 2). Perennial outcrossers are at the bottom of
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the tree while perennial out-inbreds are at a higher
position.

Once all the convergences between morphological
and allozyme data are highlighted, there remain few
discrepancies, and these can be explained by introgres-
sion phenomena. The "rst example is SP 158 (from
South Africa), a ssp. stenophylla accession which is as
close to ssp. tenuis (0.09}0.23 with coastal ssp. tenuis,
0.31}0.47 with inland ssp. tenuis) as to other ssp.
stenophylla accessions (0.22}0.42 with inland ssp.
stenophylla, 0.35}0.43 with coastal ssp. stenophylla).
However, SP 158 shows pubescent stems and unbeaked
keels twisted towards the left, as do all ssp. stenophylla
accessions, but a uninodal in#orescence, which is a ssp.
tenuis character. Therefore, SP 158 is a ssp. stenophylla
accession introgressed by ssp. tenuis, which explains its
clustering with ssp. tenuis (Fig. 1). The second example
concerns NI 301 and SP 142. NI 301 is a lineage
originating from a seed taken from the var. spontanea
herbarium specimen Richards 17805 (K). NI 301 is
a var. spontanea accession which shows few ssp. pubes-
cens allozymes (Amp298, Enp105) and clusters with other
ssp. pubescens accessions (Fig. 1). SP 142 is a lineage
obtained from another seed from the same herbarium
specimen, but this accession shows long in#orescence
internodes and pubescent stems and pods and is identi-
"ed as a ssp. pubescens accession. SP 142 clusters with
other ssp. pubescens accessions (Fig. 1). Therefore,
Richards 17805 (K) is obviously a var. spontanea speci-
men introgressed by ssp. pubescens. These introgression
phenomena explain the higher var. spontanea diversity
(Table 3).

The only discrepancy which is not yet fully explained
is var. spontanea BWA. The cluster var. spontanea BWA
(Fig. 1) is made up of 14 accessions from Southern
Africa: eight from Botswana, three from Zimbabwe,
two from Namibia and one from Zambia. More pre-
cisely, these accessions come from the area where the
geographical distributions of ssp. stenophylla and var.
spontanea overlap (Pasquet, unpublished data). Mor-
phologically, these accessions cannot be separated
from other var. spontanea accessions. They cluster
together because they show marked di!erences in
allele frequencies at ten loci (Table 2). In six of these
loci (Amp3, Amp4, Enp, Est3, bGlu1 and Sdh) var.
spontanea BWA allele frequencies are much closer
to those of ssp. stenophylla, which suggests introgres-
sion. However, "ve of the allozymes encountered at
high frequency in var. spontanea BWA and at low
frequency in var. spontanea, i.e. Fdh96, Fle194, Fle197,
Fle3104 and Pgd194, are not encountered in ssp.
stenophylla. This could be explained by an insu$-
cient sampling (eight accessions) of ssp. stenophylla
in this area. However, this could also be explained
by introgression from another allozymatically un-
known perennial taxon, such as var. dekindtiana
sensu stricto, encountered in Angola, Zambia, and
Zimbabwe.

Genetic variation in wild and cultivated cowpea and
insights into the domestication of cowpea

During the initial phases of domestication, it is as-
sumed that only a fraction of the total genetic variation
present in an ancestral taxon will be incorporated into
a newly evolved domesticate (Doebley 1989). The total
genetic diversity in cultivated cowpea (H

t
"0.084) was

higher than that reported by Panella and Gepts (1992)
(H

t
"0.018) and Vaillancourt et al. (1993) (H

t
"0.029).

However, this higher value was due to the present
sampling including only cultivated accessions display-
ing di!erent allozyme pro"les. We found a lower value
(H

t
"0.053), closer to those previously reported, while

screening 191 accessions (Pasquet 1994). Nevertheless,
cultivated cowpea diversity values are lower than those
reported in many other crops (Doebley 1989), and
especially legume crops, because authors reported
H

t
"0.140 in Glycine max (Kiang et al. 1987),

H
t
"0.092 in Phaseolus acutifolius (Schinkel and Gepts

1989), H
t
"0.209 in P. vulgaris (Singh et al. 1991), and

H
t
"0.055 in Sphenostylis stenocarpa (Potter and

Doyle 1992). The low diversity of cultivated cowpea
suggests that cowpea was domesticated once and
only once, unlike P. vulgaris (Singh et al. 1991) or rice
(Second 1985).

Estimates of genetic variability from this study indi-
cate that wild cowpea is much more diverse genetically
than is cultivated cowpea. When wild cowpeas are
compared with cultivated cowpeas, the reduction in
genetic diversity is manifested in three ways: as a reduc-
tion in allelic diversity (A and A

p
), as a reduction in the

proportion of polymorphic loci (P), and as a reduction
in estimated heterozygosity (H

t
) (Table 3). This reduc-

tion appears important because the diversity in wild
cowpea (H

t
"0.290) is much higher than that of culti-

vated cowpea (H
t
"0.084), and the bottleneck between

wild and cultivated cowpea has been called strong or
severe by previous authors (Panella and Gepts 1992;
Vaillancourt et al. 1993). Indeed, Weeden et al. (1996)
used the words &&extreme bottleneck''.

However, the closest group to cultivated cowpea
among all the subspecies studied is var. spontanea
(Figs. 1, 2 and 3, Tables 2 and 5). Reducing the culti-
vated cowpea progenitor to var. spontanea is logical
because most perennial subspecies could be considered
as di!erent species if only genetic distances were con-
sidered (Crawford 1989). Other legume crop progeni-
tors are annual inbreeding taxa, just like var. spontanea.
They show diversity, i.e. H

t
"0.150 in Glycine soja

(Kiang et al. 1987), H
t
"0.248 in P. acutifolius

(Schinkel and Gepts 1989), H
t
"0.132 in P. vulgaris

(Singh et al. 1991) and H
t
"0.200 in S. stenocarpa

(Potter and Doyle 1992), closer to that of var. spontanea
(H

t
"0.199) than to wild cowpea (H

t
"0.290). There-

fore, if one considers that the sister group and
the most probable progenitor of cultivated cowpea
is var. spontanea, then the bottleneck appears more
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reasonable and closer to that encountered in most crop
legumes.

Beyond var. spontanea, our data suggest no narrowly
de"ned center of origin for cultivated cowpea. Vaillan-
court et al. (1993) reached the same conclusion. Acces-
sions closest to cultivated cowpea are dispersed
throughout Africa, from Senegal to South Africa. Con-
sidering Amp2102, which characterized most cultivated
accessions, does not help since var. spontanea acces-
sions displaying Amp2102 are also dispersed from Niger
to South Africa. The point of origin of the cultivated
cowpea is obscured by the near absence of available
var. spontanea accessions from North-East Africa, i.e.
Sudan, Eritrea, and Ethiopia. It is also blurred by
the existence of numerous weedy forms. These weedy
forms can be identi"ed morphologically by their
larger seed size (Panella and Gepts 1992; Padulosi
1993) or ecologically if they grow in "elds or disturbed
areas. In Niger, for example, wild cowpea was always
collected in, or in the vicinity of, cultivated areas
and was never encountered in undisturbed areas
like the National Park (Pasquet, unpublished data),
and all accessions and herbarium specimens from
Niger should be considered as weedy. Unfortunately,
ecological data are missing for most of the accessions
studied.

Conclusion

The results of this study yield a renovated image of the
cowpea gene pool. This gene-pool is characterized by
its unusually large size. It encompasses taxa which
could be considered as di!erent species in light of the
high genetic distances observed between accessions be-
longing to di!erent taxa. However, these taxa show
a marked morphological homogeneity, weak genetic
barriers between them, and introgression phenomena
which justify their subspecies rank. These taxa can be
classi"ed into three groups characterized by their
breeding systems: the perennial outcrossers, the peren-
nial out-inbreds, and the inbred annuals. Allozyme
data con"rm this grouping. Perennial outcrossers look
primitive and are more remote from each other and
from out-inbred taxa. With the exception of the 14 var.
spontanea accessions from Bostwana and its vicinity,
there is an excellent "t between the morphological and
allozyme data, which has not been reported by other
authors.

Within this large gene-pool, mainly consisting of
perennial taxa, the annual subspecies (ssp. unguiculata)
includes both cultivated cowpea (var. unguiculata) and
wild annual cowpea (var. spontanea). Despite the close-
ly related perennial ssp. pubescens, ssp. unguiculata var.
spontanea is clearly the progenitor of the wild cowpea.
However, var. spontanea is widely distributed in Africa
and a narrowly de"ned center of origin for cultivated
cowpea cannot be identi"ed as yet.

Regarding the future of cowpea breeding programs,
this study shows that the most important material is
not var. spontanea, which is genetically too close to the
cultivated forms to be very helpful in yielding useful
genes, but the perennial subspecies and especially the
perennial outcrossers. However, this perennial material
is poorly represented in living collections (no ssp.
aduensis accession, one ssp. burundiensis accession, "ve
ssp. letouzeyi accessions from one country, six ssp.
paweikae accessions) which are mostly made of annual
accessions. Two-thirds of the wild cowpea accessions
from the IPGRI collection in Meise are var. spontanea
accessions (Vanderborght, personnal communication)
as are 3/4ths of the wild cowpea accessions from the
IITA collection in Ibadan, Nigeria (Padulosi 1993).
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