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Abstract During the last 12,000 years, different cultures
around the world have domesticated cereal crops. Several
studies investigated the evolutionary history and domesti-
cation of cereals such as wheat in the Middle East, rice in
Asia or maize in America. The domestication process in
Africa has led to the emergence of important cereal crops
like pearl millet in Sahelian Africa. In this study, we used
27 microsatellite loci to analyze 84 wild accessions and
355 cultivated accessions originating from the whole pearl
millet distribution area in Africa and Asia. We found sig-
nificantly higher diversity in the wild pearl millet group.
The cultivated pearl millet sample possessed 81% of the
alleles and 83% of the genetic diversity of the wild pearl
millet sample. Using Bayesian approaches, we identified
intermediate genotypes between the cultivated and wild
groups. We then analyzed the phylogenetic relationship
among accessions not showing introgression and found that
a monophyletic origin of cultivated pearl millet in West
Africa is the most likely scenario supported by our data set.
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The development of different civilizations is tightly linked
to the evolution of agriculture. Different centers of
domestication have been described in Africa, Asia, the
Middle East and America (Harlan 1975). Among the
domesticated plants, cereals occupy a prominent place and
contribute heavily to the human diet as an important source
of starch. Studies on cereal crops evolution have shown
that both multiple or single domestication events are
possible (Second 1982; Nesbitt and Samuel 1996; Zohary
and Hopf 2000; Badr et al. 2000; Salamini et al. 2002;
Matsuoka et al. 2002; Londo et al. 2006). In Asian rice,
Oryza sativa, at least two domestication events have taken
place (Londo et al. 2006), one in the South of the Himalaya
mountain region range (eastern India, Myanmar and
Thailand) for O. sativa ssp. indica and the other in southern
China for O. sativa ssp. japonica. A third geographical
center of domestication for rice (Oryza glaberrima) was
also found in Africa (Second 1982). The domestication of
maize (Zea mays) in southern Mexico has been traced to a
single center (Matsuoka et al. 2002). In the Middle East,
wheat (Triticum monococcum and Triticum dicoccoides)
and barley (Hordeum vulgare) have also been traced to a
single domestication center (Nesbitt and Samuel 1996;
Heun et al. 1997; Zohary and Hopf 2000; Badr et al. 2000;
Ozkan et al. 2002). However, a more recent study on barley
suggests two domestication events based on Bayesian
analysis (Morrell and Clegg 2007).

Important cereals have been domesticated in Africa.
Among them, pearl millet (Pennisetum glaucum [L.] R.
Br.) is a major crop of the sub-Sahelian area from Senegal
to Sudan, and it is cultivated in eastern Africa and Asia.
The evolutionary history of pearl millet is not yet clearly
established. The wild progenitor of pearl millet was iden-
tified as Pennisetum glaucum ssp. monodii (Harlan 1975;
Brunken 1977). This species is found across the Sahel zone
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in Africa (Harlan 1975; Brunken 1977). Some authors
proposed that pearl millet is the product of multiple
domestications (Harlan 1975; Porteres 1976), but others
proposed a single domestication (Marchais and Tostain
1993). Several authors agree that domestication has taken
place in Africa (Harlan 1975; Porteres 1976; Marchais and
Tostain 1993), but different geographical origins for this
crop have been proposed along the Sahelian zone from
Mauritania to Sudan. To enhance our understanding of the
evolutionary history of this important crop, we performed
diversity and phylogenetic analyses that incorporated cul-
tivated and wild pearl millet plants.

One substantial difficulty in assessing the origin and
domestication process of cultivated crops is that the studies
are based on current populations. Among the problems of
such an analysis is the occurrence of hybridization between
the crops and their wild relatives. Such hybridization cre-
ates admixed populations. In several crops, such
hybridization processes led to what is called the crop/weed
complex (Harlan 1975). In pearl millet, an outcrossing
species, weedy populations are found throughout the area
of cultivation of pearl millet in west Africa, east Africa,
southern Africa and Asia (Brunken 1977). Occurrence of
hybridization hampers phylogenetic analyses. However,
new statistical methods are now available to identify hybrid
genotypes (Pritchard et al. 2000; Falush et al. 2003). These
methods permit us to identify and thus exclude hybrids
from computations, which allows for finer analysis of the
domestication process.

To analyze the diversity and evolutionary history of
pearl millet, we used microsatellite loci (Allouis et al.
2000; Qi et al. 2001; 2004; Budak et al. 2003; Mariac et al.
2006a). Our aims were to (1) compare the diversity
between wild and cultivated pearl millet samples; (2)
identify the hybrid genotypes between wild and cultivated
samples; and (3) document the evolutionary history and
domestication of pearl millet.

Materials and methods
Plant material

We sampled 439 accessions (one plant each) of pearl millet
from world collections assembled from 1975 to 1989 by
IRD, ICRISAT and IPBGR (Fig. 1, Supplementary mate-
rial S1). This sample comprised 355 cultivated accessions
grown in the entire traditional cultivation area in Africa
and Asia. We analyzed 84 wild plants originating from
West African savannah zones from Senegal to Sudan. They
represent most of the known populations of wild pearl
millet. The complete data including the accession name,
the country of origin and geographical coordinates of the
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Fig. 1 Geographic distribution of the pearl millet accessions used in
this study. The sample included 355 cultivated (gray dots) and 84
wild accessions (black triangles) collected from North Africa
(Algeria, Morocco, Tunisia), West Africa (Benin, Burkina Faso,
Ghana, Guinea, Mali, Mauritania, Niger, Nigeria, Togo, Sierra Leone,
Senegal), Central Africa (Cameroon, Chad, Sudan, RCA), East Africa
(Malawi, Zimbabwe, Zambia, Tanzania, Kenya, Namibia) and Asia
(India, Pakistan, Yemen)

collecting points are provided as a supplementary data file
(S1).

DNA extraction and microsatellite amplification

DNA from individual plants was extracted from fresh
leaves ground in liquid nitrogen. The powder was re-
suspended with 750 pl extraction buffer (Tris 0.1 M PH
8, NaCl 1.25 M, EDTA 0.02 M, MATAB 4%). After
incubation for 4 h at 65°C, DNA extraction was per-
formed using chloroform:isoamyl alcohol (24: 1). After
centrifugation (9000g, 10 min, 4°C), the DNA was pre-
cipitated from the supernatant using 550 pl of isopropanol
(centrifugation 9000 x g, 10 min, 4°C), washed with
70% ethanol, dried and resuspended in 200 pl sterile
water. The positions of the different individual DNA
extractions were then randomized on 96 well-plates
regardless of their nature (wild/cultivated) or their geo-
graphical origin.

Out of the 27 microsatellite loci used in this study, 25
had been previously used in assessments of pearl millet
diversity (Mariac et al. 2006a). Two additional loci were
used in this study and correspond to PSMP2231 and
PSMP2261 (Allouis et al. 2001). Eleven of the loci used in
this study have already been placed on a pearl millet
genetic map (Qr et al. 2004). They are spread over linkage
group 2 (PSMP2237, PSMP2201, PSMP2206, PSMP2231),
linkage group 3 (PSMP2216, PSMP2214), linkage group 4
(PSMP205), linkage group 5 (PSMP2208, PSMP2202,
PSMP2202) and linkage group 7 (PSMP2266).
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The PCR reaction was carried out as previously
described (Mariac et al. 2006a). Pooled PCR products were
size separated by capillary electrophoreses using an ABI
Prism 3130 DNA analyzer (Applied Biosystems). Each of
the 384 well PCR plates included eight negative PCR
controls. Sizes were determined and scored using
GeneMapper V.3.7. The scoring was manually checked by
two different persons.

Diversity and differentiation between wild
and cultivated samples

Analysis of genetic data was performed using Power
Marker v.2.5 (Liu and Muse 2005). The number of shared
alleles between groups, or “common alleles”, and the
number of alleles present in one population only, or
“specific alleles”, were calculated. The number of alleles,
gene diversity and differentiation (Fst) per locus between
groups were also calculated. The gene diversity was
calculated as n/(n — 1) (1 — piz — H./2n) where n is the
number of individuals, p; the frequency of the i allele and
H, the number of observed heterozygotes. Differentiation
(Fst) between the wild and cultivated groups was tested
locus by locus, and its overall significance was tested
(G-test, 10,000 randomizations) with FSTAT (Goudet
2001). Fis were calculated and tested (Hardy-Weinberg
test, 10,000 randomization) with FSTAT. The number of
alleles is dependent on the sample size. To compare the
number of alleles between our two samples, we calculated
a parameter called “allelic richness” using FSTAT. The
allelic richness (R) was calculated using the formula (Petit
et al. 1998):

. Coyy,
ee3(1- o),

where N; was the number of the i allele among the popu-
lation of the largest size N (2 N chromosomes), and n was
the number of individuals analyzed for the smallest popu-
lation (2n chromosmes), and k was the total number of
alleles for the locus studied.

The allelic richness and gene diversity were compared
between the wild and the cultivated samples using a
Wilcoxon paired test. Using the allelic frequencies of
each individual, we performed a principal component
analysis with Statistica v.6 (Statsoft France 2001.
STATISTICA v.6, http://www.statsoft.com). Patterson
et al. (2006) proposed a statistical test to assess if an
eigenvector of a PCA analysis reflects real population
structure or merely noise.

To assess significance of the first eigenvalues, we con-
sidered the matrix (m, n) where m was the number of plants
and n was the number of markers. We first calculated n’, a

theoritical statistical parameter modeling an “effective
number of markers” to take into account non-independence
between markers (Patterson et al. 2006).
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where m was the number of plants, 4; was the i eigenvalue
sorted in decreasing order.
We then calculated two parameters u(m,n’) and o(m,n’):

w(m,n') = <7V"/_l/+\/’71>

n
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n

The first eigenvalue A; was then normalized so that the sum
of all eigenvalues was m — 1.

(m — I)A]
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The test statistics was :

)
 a(m,n)

P value was obtained from a Tracy-Widom density law
table (Patterson et al. 2006). To test the significance of 1,
the procedure was reiterated with m reset to m — 1 as
suggested by Patterson et al. (2006).

The phylogenetic relationships between accessions and
groups of accessions were assessed using the neighbor-
joining method implemented in Power Marker v.2.5 (Liu
and Muse 2005). We used the shared allele distance, a
distance frequently used for microsatellite loci (Bowcock
et al. 1994; Vila et al. 2001; Rosenberg et al. 2001). To
assess the degree of statistical support for the different
branches in the phylogenies, we performed a 1,000 boot-
strap analysis on the data set. The consensus tree was then
obtained using the program CONSENSE v.3.6 (Felsenstein
2005) on 1,000 phylogenic trees. The trees were edited and
colored using the computer program TreeDyn v.1.9.3
(Chevenet 2004).

Population structure analyses

To assess population structure and the presence of hybrids
or introgressed wild or cultivated individuals, we used a
Bayesian method. This analysis was performed using the
model-based program STRUCTURE (Pritchard et al. 2000)
that infers the number of groups K (populations). The
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Bayesian analysis allowed inference of the number K of
populations and allele frequencies in these populations
based on the empirical genotypic data. We used the
admixture model with a burn-in period of 100,000 and
500,000 replicates. Five independent runs were performed
without prior information on groups. The output of this
analysis is an ancestry value (q) calculated for each indi-
vidual that corresponds to the proportion of its genome
derived from the different inferred groups. We performed
the analysis for different numbers of assumed populations
(K =1 to K = 10) in order to determine the number of
populations (K) supported by our data. The “accepted”
number of populations (K) is often identified using the
maximal value of likelihood (Pritchard et al. 2000; Hamp-
ton et al. 2004) in respect to K, L(K). Recently, Evanno et al.
(2005), using simulated data, found that the distribution of
L(K) did not show a clear mode for the true K value. They
proposed an ad hoc quantity based on the second order
change of the likelihood with respect to K (AK). The
parameter AK = m (IL"Kl)/s[L(K)], was calculated as the
mean of absolute values of the second order change of the
likelihood distribution divided by the standard deviation of
likelihood. The modal value of this distribution is inter-
preted as the true number of populations K (Evanno et al.
2005). To detect the presence of hybrid or introgressed
individuals between the cultivated and the wild groups we
also performed the analysis with K = 2 recording the 95%
confidence interval (CI) of the ancestry parameters (g).
Introgressed individuals were detected according to their
ancestry value (g). An ancestry close to 0 or 1 suggests no
evidence of introgression for this individual. Intermediate
values of ancestry suggest introgression. An arbitrary
threshold of the ancestry (g) has to be chosen to assign an
individual to a group (cultivated/wild). A plant was
assigned to a group if its ancestry is higher than 0.90 and if
the lower bound of the 95% CI of this value is higher than
0.60. We therefore based this threshold not only on the
mean ancestry value but also on the 95% CI of this value.

Results

Diversity and differentiation between wild
and cultivated samples

Using 27 loci, 404 different alleles were observed on 439
individuals. The overall genetic diversity was 0.58. We
found that 18.6% of the alleles are specific to the cultivated
sample and 13.4% are specific to the wild. The average
number of alleles per locus was 12.2 in the cultivated
sample and 13.0 in the wild sample. The number of alleles
can be largely influenced by the sample size; therefore, to
compare this parameter between cultivated and wild
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samples, we calculated the allelic richness (Goudet 2001).
The average allelic richness per locus was 9.6 in the cul-
tivated sample and 11.9 in the wild sample (Table 1). The
allelic richness was significantly lower in the cultivated
sample than in the wild sample (Wilcoxon paired test,
Z = 4.1, P < 0.001). The cultivated sample possessed 81%
of the allelic richness of the wild sample. Gene diversity
per locus varied from 0.11 to 0.95. The average value of
gene diversity was 0.60 in the cultivated sample and 0.72 in
the wild sample (Table 1). Gene diversity (Table 1) of the
cultivated sample was significantly lower compared to the
wild sample (Wilcoxon paired test, Z = 3.5, P < 0.001).
The cultivated sample possessed 83% of the gene diversity
found in the wild sample.

The differentiation (Fst) by locus varied from 0.005 to
0.32, with an average value of 0.10. We found a highly
significant differentiation between the wild and cultivated
sample (G-test, P < 0.001). Fis was positive and statisti-
cally significant (H.W.-test, P < 0.001) for all loci. Their
average value was (.26, showing a heterozygote deficiency
in both cultivated and wild samples.

Population structure

To detect the population structure of our total sample, we
used a Bayesian approach implemented in STRUCTURE
(Pritchard et al. 2000; Falush et al. 2003). This program
allowed us to assign individuals to K populations and to
determine the proportion of genome of each individual in
each assigned population. We performed this analysis where
K could vary from 1 to 10. The modal value of this distri-
bution was proposed to be the number of populations K
supported by the data. Our analysis strongly supported
K = 2 as the number of populations supported by our data
set. The two groups were formed of cultivated and wild

Table 1 Average number of alleles, allelic richness and gene
diversity in a global collection of wild and cultivated pearl millets

Cultivated sample Wild sample P value
Sample size 355 84
Allelic richness 9.6 11.9 <0.001
Gene diversity 0.60 0.72 <0.001
Sample size* 289 64
Allelic richness 8.4 11.3 <0.001
Gene diversity 0.58 0.73 <0.001

The number of alleles, allelic richness and gene diversity are pre-
sented for the cultivated and wild samples. The differences in gene
diversity and allelic richness between samples are tested using a
Wilcoxon paired test. The P value is reported. Allelic richness and the
gene diversity were estimated using a sample of smaller size (aster-
isk) where hybrid genotypes were excluded (see text for details). The
same Wilcoxon paired test is performed on this data set and the P
value is reported
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accessions. The ancestry and its confidence interval (CI) . ijnegfl.
. . . auritania

using K = 2 were estimated for the 355 cultivated and 84 West Mali

wild accessions. The ancestries estimated for an individual in
the two groups sum to 1. We analyzed the ancestry in the wild
clusters, gw (Fig. 2). Most of the wild accessions showed a
strong ancestry in the wild cluster with ancestry values
higher than 95%. A total of 20 plants (24%) showed an
ancestry lower than 90% or a lower bound of the 95% CI
lower than 0.60. The cultivated accessions had a very low
ancestry in this wild cluster. A total of 64 cultivated acces-
sions (18%) had an ancestry higher than 10% or a higher
bound of the 95% CI higher than 0.40 in the wild cluster.

If we exclude from the overall sample genotypes showing
admixed ancestry based on the average ancestry value and its
confidence interval, we obtained 355 individual plants with
291 cultivated accessions and 64 wild accessions. Genetic
parameters were computed for these reduced samples.
Compared to results presented above for samples including
introgressed individuals, we found a higher differentiation
between the cultivated and wild samples (Fst = 0.14). The
allelic richness in the cultivated group was 8.4 in the culti-
vated group and 11.3 in the wild group (Table 1). The
average gene diversity was 0.58 and 0.73 in the cultivated
and wild groups, respectively (Table 1). Thus the cultivated
sample possessed 74% of the allelic richness and 79% of the
gene diversity found in the wild sample. All the differences
between cultivated and wild samples were highly significant.

Principal component and phylogeny analyses

The principal component analysis (Fig. 3) explained 2.9% of
the first component and 1.6% of the second. The statistical
significance for these first two axes of the PCA using
Patterson et al. (2006) procedure was strong (x = 107.9,
P <<0.001 and x =224, P < <0.001, respectively).
Despite the low value of the variance explained, the PCA
revealed the real population structure. The differentiation
between wild and cultivated samples was clear on the first
axis of PCA. The second axis further differentiated the wild
accessions. This principal component analysis showed that
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Fig. 2 Individual ancestry in the pearl millet wild and cultivated
groups. For each individual, ancestry in the wild cluster (qy) values
and its confidence intervals at 95% were calculated (gray vertical
lines). Ancestries were calculated assuming two populations using the
STRUCTURE software
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Fig. 3 Principal component analysis of pearl millet microsatellite
diversity. The principal component analysis were performed on the
allele frequencies of each individual. The analysis was done on 355
cultivated plants and 84 wild plants. The first component explains
2.89% and the second 1.55 % of the total variation. The first two PCA
axes are supported by a high level of significance (see text for details)

all cultivated accessions were regrouping into a single cloud.
Hybrid genotypes identified using the Bayesian analysis
tended to have, as expected, an intermediate position of the
first axis of the PCA.

To determine the relationship between accessions, we
performed a phylogenetic analysis of our sample of 439
(355 cultivated and 84 wild) pearl millet accessions using
27 loci microsatellites (Fig. 4a). Wild accessions, which
were found in the cultivated group in the phylogenetic tree
were detected as admixed individuals using STRUCTURE:
PE02592 (g = 0.29), PE08105 (g = 0.29), PE08197
(gw = 0.32), PE05708 (¢ = 0.40), PE11359 (¢, = 0.60),
PE05714 (g, = 0.83), PE08146 (¢, = 0.86) and PE06652
(gw = 0.87). Only one cultivated accession (PE00150)
showed clustering in the wild cluster.

To analyze the origin of cultivated pearl millet, we first
excluded the hybrid genotypes identified using the Bayes-
ian method. We pooled the individual plants into 85
eco-geographically defined groups to allow a bootstrap
analysis. Each eco-geographic group consisted of individ-
uals of similar longitude and latitude (S1). We then
performed a bootstrap analysis with this smaller number of
taxonomic units. The phylogeny for ecogeographic group
sample shows that cultivated pearl millet was monophy-
letic in 987 of 1,000 phylogenetic trees (Fig. 4b). Wild
accessions from eastern of Mali and northwestern Niger
were genetically close to the cultivated group.

Discussion

In the present study, gene diversity in a world collection of
cultivated pearl millet was estimated to be 0.58, a value
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Cultivated group

Wild group

Cultivated
Cultivated/wild hvhrids
Wild/Cultivated hvbrids
—_— Wild

Fig. 4 Phylogenetic relationship between each individual plant. A
first phylogenetic analysis has been performed on all of the 355
cultivated samples and 84 wild samples (a). The phylogeny is based
on the shared allele genetic distance. The distance was calculated
using the genotype obtained using 27 microsatellite loci. Using the

similar to those observed in studies using microsatellite
markers for world collections of cereals like indica rice,
Jjaponica rice and wheat with 0.55, 0.47 (Garris et al. 2005)
and 0.56 (Kuleung et al. 20006), respectively. In maize,
gene diversity in a world cultivated sample was estimated
at 0.74 (Vigouroux et al. 2005). These differences in gene
diversity are the product of the effective size of wild
populations, the strength of the domestication bottleneck,
the mutation rate of the SSR loci used and the evolutionary
history of cultivated populations (Thuillet et al. 2005;
Vigouroux et al. 2005). Diversity in cultivated plants is
generally lower than that found in their wild relatives. In
pearl millet, the gene diversity in cultivated pearl millet
represented 74% of the diversity found in wild populations.
Such a figure was lower than that found in maize where
gene diversity in the cultivated sample was 88% of the
gene diversity of the wild sample (Vigouroux et al. 2005).

This study and a previous study restricted to Niger
(Mariac et al. 2006a) found a higher diversity for the wild
pearl millet sample compared to cultivated sample. These
results contrast with a previous study based on isozyme
data where no differences between wild and cultivated
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geographical origin of each accession, we created 85 ecogeograph-
ically defined groups to perform a bootstrap analysis (b). The number
reported on the tree corresponds to the percentage of the value of
bootstrap among a 1,000 bootstrap replicates

samples were observed (Tostain 1992). Low diversity
observed at isoenzyme data or selection occurring at iso-
enzyme markers might explain the difference between
diversity assessments done with microsatellite and iso-
enzyme loci (Mariac et al. 2006a).

The differentiation between wild and cultivated groups
(not including introgressed individuals) was 0.14. This
differentiation was twice as high as the one found,
Fst = 0.07, between maize and its wild ancestor, teosinte
(Vigouroux et al. 2005). Microsatellites in the present
study were mainly di-nucleotide loci and differentiation
was even lower in maize when we considered di-nucleotide
loci only, Fsp = 0.044 (Vigouroux et al. 2005). The higher
differentiation observed between cultivated and wild pearl
millet samples might certainly be linked to difference of
strength of the bottleneck or selection effect during
domestication. Compared to maize, domestication in pearl
millet may have been performed on a smaller sample of
wild plants and/or during a longer period of time.

Population structure of our sample revealed two major
groups wild and cultivated based on a Bayesian approach.
Study of the effectiveness of this Bayesian method has
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shown that clustering was dependent on the number of
markers, the number of individuals and the differentiation
between populations (Rosenberg et al. 2005). In the present
analysis, we might have only detected the major differ-
ences between two major groups. To identify more subtle
differences within cultivated and wild groups, a larger
number of markers should certainly be used. Our sampling
strategy was to maximize the number of accessions to
obtain a representative sample of both wild and cultivated
accessions. A sampling strategy maximizing the number of
individuals per accession may also be more effective to
uncover these subtle differences inside wild or cultivated
groups.

We found significant evidence of introgression between
wild and cultivated pearl millet samples. Introgressed wild
and cultivated individuals are found mainly at latitudes
where wild populations are in sympatry with cultivated
pearl millet (Clement et al. 1993). The existence of such
hybridization through the Sahelian zone may contribute to
the occurrence of weedy populations commonly found in
pearl millet. The frequency of this wild/cultivated hybrid-
ization is however variable and several factors limit or
enhance gene flow locally, such as flowering phenology,
pollen competition and reproductive barriers (Sarr et al.
1988; Robert et al. 1991; Amoukou and Marchais 1993;
Renno and Winkel 1996). However, weedy populations
have also been found to occur in regions largely isolated
from wild populations (Brunken 1977; Clément et al. 1993;
Miura and Terauchi 2005; Mariac et al. 2006b). We also
found in our study hybrid genotypes in eastern Africa,
southern Africa and India. These results were in agreement
with that previously observed based on morphological data
(Brunken 1977). Thus hybridization and proximity to wild
populations may not be the only factor explaining the
occurrence and the maintenance of weedy populations. A
recent study in Mali suggested that weedy morphology was
governed by a major locus (Miura and Terauchi 2005).
Weedy plants generally flowered earlier and were also
harvested before maturity when food was scarce (Miura
and Terauchi 2005; Mariac et al. 2006b). So, weedy pop-
ulations may also be maintained by direct or indirect
human actions (Mariac et al. 2006b).

The existence of hybrids made the analysis of the origin
of pearl millet rather difficult. Hybrids found using
Bayesian analysis created continuity in principal compo-
nent analysis between wild and cultivated accessions. If we
excluded hybrids based on restrictive rules, we found a
clearer monophyletic origin of the cultivated population
and a high bootstrap value for a monophyletic origin.
Recently, some authors criticized the dominant markers
and neighbor joining phylogeny framework to infer a
monophyletic origin (Allaby and Brown 2003). Several
authors have used such an approach to infer a single origin

of a cultivated crop (Badr et al. 2000; Ozkan et al. 2002).
However, Salamini et al. (2004) stated that PCA and
phylogenic analysis together were powerful tools for
investigating monophyletic origin. Pearl millet cultivated
samples formed a monophyletic group in the eco-geo-
graphical phylogenetic tree and presented only one
homogeneous group in the principal component analysis.
These two results suggested that a single domestication of
pearl millet was the most likely scenario.

Our results were based on microsatellite markers and
these markers might not be the most effective markers for
phylogenetic studies because of homoplasy or size con-
straints (Estoup et al. 2002). However, homoplasy and size
constraints tended to minimize differentiation between
populations and therefore the result of a monophyletic
origin of cultivated plants was to these regards a conser-
vative result. However, genetic distances between wild
individuals separated by longer time scale might be
underestimated using these markers.

Our phylogeny and principal component analysis
showed that the wild plants from eastern Mali through
northwestern Niger are the closest to the cultivated group.
These wild populations span the area from the interior delta
of Niger to the Air Mountains. This result suggests that the
cradle of pearl millet domestication might be located
somewhere in this rather large region. A previous study
based on iso-enzyme suggested a most western origin of
pearl millet domestication in Mauritania and Western Mali
(Tostain 1992). This previous hypothesis was based on
lower genetic distance between cultivated and wild popu-
lations in these regions. Such a result could be easily
explained by the existence of wild/cultivated hybridization
(Mariac et al. 2006b). With such hybrid populations, it is
difficult to conclude on pearl millet origin without the
confounding effect of recent ancestry. Our approach to this
problem was to identify and then discard hybrid genotypes
to assess wild and cultivated genetic relationship. Using
this methodology, we identified eastern Mali and western
Niger as the possible regions of domestication of pearl
millet, but this result should be regarded with caution.
Climate and human settlement have changed in Africa in
the last 8,000 years (Salzmann and Hoelzmann 2005;
Kuper and Kropelin 2006) and some wild populations may
have moved or disappeared since pearl millet domestica-
tion. Further studies will be needed to confirm and
precisely map the location of pearl millet domestication.
One of the oldest archeobotanical evidences of the culti-
vation of pearl millet has been found in Mauritania dating
around 3500 Bp at DharTichitt (Amblard and Pernes 1989).
However, proof of cultivation of pearl millet was also
discovered in Ghana around 3460 Bp at Birmi (D’Andrea
et al. 2001; D’andrea and Casey 2002), and near the Lake
Chad in Nigeria between 3500-3300 Bp (Klee et al. 2004).
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Evidence of pearl millet cultivation was found also in India
around the same time frame (Fuller et al. 2004). So, it
seems that pearl millet cultivation was widespread around
3500 years Bp in West Africa. Domestication of pearl
millet is certainly older than this date, and the oldest proof
of cultivation does not really prove that domestication
process took place in Mauritania. Tostain (1998) proposed
a date of domestication around 8000 years Bp, and a spread
of pearl millet cultivation in Asia around 4500-5000 years
Bp. These dates are compatible with archeological data
even though the archeological oldest evidence found in
Mauritania dates back to only 3500 Bp (Amblard and
Pernes 1989). In the future, archeological remains will
hopefully permit a more precise estimation of the timing of
pearl millet domestication and of the spread of the
cultivation of this important Sahelian crop.
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