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This study evaluated the spatial genetic structure of baobab (Adansonia digitata L.) populations from
three agroecological sites located in sahelian zone of Senegal using ITS1, 5.8S rDNA and ITS2 gene
sequences. To determine the extent of isolation, gene sequences were analyzed between and among
three sahelian baobab populations. At least 25 haplotypes of baobab (A. digitata L.) were revealed in
Senegal (6, 9 and 10, respectively in Dakar, Bandia and Widou Thiengoly). Private haplotypes found in
each locality show that there is an adaptation of the plant to environmental conditions prevailing in
each site. Indeed, nucleotide diversity was more important in Dakar (0.00527); it ranges from 0.00483 to
0.00060 for Bandia and Widou populations, respectively. Curves of mismatch distribution show that the
population of Ferlo has undergone a recent demographic expansion. Although Bandia and Dakar
populations were polyphyletic; each shows a balanced expansion. Fst values ranging from 0.62946 to
0.90712 correlates a strong genetic differentiation between sites. A correlation between geographic and
genetic distances was not highlighted by the Mantel’s test but phylogenetic trees of maximum
likelihood and Bayesian inference have assigned two clades demonstrating that population of Ferlo
(Widou) form a different ecotype from those of Bandia and Dakar.

Key words: ITS1, 5.8S, ITS2, Adansonia digitata, haplotype, genetic diversity, demographic evolution.

INTRODUCTION

It is important to understand the pattern of variation exis- tree breeding. Such a distribution should result in forma-
ting in populations of economically important trees, for tion of distinct geographical races (Zobel and Talbert,
use in domestication, conservation, management and 1984) that are adapted to various ecological conditions.
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internal transcribed spacer; Pi, Nucleotide diversity.
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This demand is to keep an appropriate level of genetic
diversity to guarantee short-term viability and long-term
evolutionary potential. In order to manage germplasm
resources effectively in fruit tree domestication, one
requires knowledge of the amount and distribution of
genetic diversity present in natural populations (Mwase et
al., 2006).

A. digitata L., the African baobab, is a stem-succulent
tree native to the dry regions of tropical Africa (Wickens
and Lowe, 2008). A. digitata is the oldest known tropical
angiosperm species with reliable carbon dating results
(Patrut, et al., 2007) and the best known of the eight
species of Adansonia. The genus belongs to
Bombacoideae, a subfamily of Malvaceae (Baum et al.,
2004). The species is an autotetraploid species issued
from a reduced aneuploid chromosomic type such as 4x
= 176 (Baum and Oginuma, 1994). A phylogeographical
analysis using polymerase chain reaction-restriction
fragment length polymorphism (PCR-RLFP) of DNA
chloroplast fragments designed to identify its centre of
origin, after many decades of controversy, revealed that
A. digitata probably originated from West Africa and
migrated subsequently throughout the tropical parts of
that continent and beyond, by natural and human-
mediated terrestrial and overseas dispersal (Pock Tsy et
al., 2009). This recent study on chloroplast DNA has
shown that there are genetic differences between baobab
populations from western and south-eastern Africa. In
total, more than 300 uses have been reported for this
species, with the most important ones being related to
food, medicine and income generation for rural commu-
nities (Buchmann et al., 2010; Sarr et al., 2013).
According to Sidibe and Williams (2002), anthropogenic
pressures on the baobab in its natural habitat justify the
absence of natural regeneration throughout its distribu-
tion area in Senegal.

Previously, molecular studies have been done to
assess genetic diversity in baobabs (Assogbadjo et al.,
2009; Kyndt et al., 2009; Pock Tsy et al., 2009; Larsen et
al., 2009). Assogbadjo et al. (2009) showed that there
was genetic structuring and low to high genetic diversity
between baobab populations in different climatic regions
of Benin (West Africa). Kyndt et al. (2009) found high
levels of genetic structuring present in baobabs at a
regional scale (Benin, Ghana, Burkina Faso and
Senegal) and within populations, which was unexpected
considering its dispersal by bats and human exchanges
of seeds. However, Assogbadjo et al. (2009) using
amplified fragment length polymorphism (AFLP) markers
could not distinguish traditionally classified baobab mor-
photypes. Pock Tsy et al. (2009) established that the
tetraploid A. digitata, or its diploid progenitor originated in
West Africa and migrated subsequently throughout the
continent, and beyond, through natural and human-
mediated terrestrial and overseas dispersal. Larsen et al.
(2009) developed and tested 18 microsatellite primers
(SSR92 primers) for tetraploid A. digitata and its relatives

showing different alleles per locus and different allele
sizes. Most of the published results on baobab are from
West Africa. However, there is limited published data
from molecular studies in southern Africa. In spite of the
paucity of genetic diversity information on baobab,
domestication of some priority indigenous fruit species
has been advanced in southern Africa (Akinnifesi et al.
2008). According to Larsen et al. (2009), it is pertinent to
carry out gene flow studies in baobabs to provide insight
into dispersal processes that shape the genetic structure.
In addition, they indicated that estimates of seed
dispersal and differentiation between populations are vital
for monitoring impacts from human influence and for
forecasting consequences of climate change.

Over time, baobab demography has been influenced
substantially by anthropogenic factors (land-use patterns,
trampling and browsing by domesticated livestock,
clearing during cultivation), climate (prolonged drought),
elephant damage (Wilson, 1988; Edkins et al., 2008), and
fire (Chirwa et al., 2006) which have had adverse impact
on genetic diversity. It is known that positive correlation
exists among the levels of genetic diversity and fithess in
plants (A’vila-di'az and Oyama, 2007). For baobab
domestic-cation to succeed, it therefore requires
understanding of the species’ genetic diversity, since it is
the fabric of evolution, the base material on which
adaptation depends. High levels of genetic diversity
confer a greater ability to respond to threats such as
diseases, parasites, predators and environmental change
(Amos and Harwood, 1998).

The only study on the population genetics of baobab,
performed by a research group in Benin (Assogbadjo et
al., 2006), indicated some degree of physical isolation of
the populations collected in the three climatic zones of
Benin, and inferred some impact of the environment and
geographic distance on the level of genetic structuring
among the analyzed populations. However, the study
area was restricted in size. This study aimed at studying
the levels of spatial structuring of baobab at different
geographic scales. Specifically, we conducted a
population genetic study of 11 baobab populations from
four West African countries where the species is abun-
dant and widely distributed in parkland agroforestry
systems (Benin, Ghana, Burkina Faso, and Senegal).
The goal of the research was to build and enhance a
database for species conservation and domestication in
the West African region (Kyndt et al., 2009).

Prior studies of chloroplast DNA markers (psbA-trnH,
trnL-trnF) and the nuclear internal transcribed spacer
(ITS) (5.8S rRNA, ITS-1 and ITS-2), combined or not with
morphological traits, have been used to assess the
genetic diversity and phylogenetic relationships within
Adansonia. These data identified three lineages: one
containing the Malagasy species, one containing the
Australian species, and one containing the African
species. A recent phylogenetic analysis (Pettigrew et al.,
2012) demonstrated that Adansonia kilima sp. Nov. is a
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Figure 1. Map of Senegal showing the geographical location of the studied baobab (Adansonia digitata L.) populations.

new diploid species from Africa, which co-exists with A.
digitata in Africa. A. digitata and A. kilima were found to
be genetically similar, suggesting that tetraploidy evolved
relatively recently.

This current study was undertaken to assess genetic
diversity and differentiation in subpopulations of baobab
sampled from three sahelian zones in Senegal in order to
choose genetically divergent individuals for in vitro
cloning and other conservation measures. The specific
objectives were to examine the genetic diversity within
and among populations, the degree of genetic
differentiation among populations and the mode of
demographic expansion of different populations in these
localities.

MATERIALS AND METHODS
Study site

In Senegal, phytogeographic regions are determined by rainfall.
Basically, parallel isohyetes allow one to distinguish three regions
from north to south: The sahelian (rainfall: 500 to 700 mm), the
soudanian (rainfall: 700 to 900 mm) and the guinnean (rainfall: up
to 1000 mm) regions. The three sites sampled are within the
sahelian zone where the rainy season last from July to September
(Figure 1). The choice of the three study sites was motivated by
their contrasting floristic and ecological features although all in the
Sahelian zone. Classified forest of Bandia (Latitude 14° 34' 60” N
Longitude 16° 58' 0" E), 65 km away from Dakar, is located in the
region of Thies and is therefore a protected natural site. It also
includes the first private reserve of Senegal (1500 ha) and a natural
stand of dense and ancient baobabs (Naegele, 1967). Dakar site is
located on the peninsula of Cape Verde (Latitude 14° 40' 20 " N,
Longitude 17° 25' 54" W), which is the most western point of the
Sedimentary Basin of Senegal, as a spur bordered by the Atlantic
Ocean. The formerly lush vegetation of this basaltic and rocky
promontory, so contrasting with the arid hinterland, explains its

name. Dakar is the capital city of Senegal and is increasingly
urbanized. Natural wood forest stands have almost disappeared
and individuals of emblematic baobabs are scattered throughout
the city. Widou Thiengoly (Latitude 15° 20" N, Longitude 15° 26" W)
is located in the Ferlo region, which is an agro-sylvopastoral and
experimental site. It has been the subject of several reforestation
programs and exclosure plots (19400 ha) subjected to controlled
management (1975-1981). Ecological monitoring has been ongoing
since 1981 (Hiernaux, 2006). Widou Thiengoly is also with the
study area of OHM.i Tessekéré (Observatoire Homme Milieux.
International), underpinned by an integrative socio-ecological
systems in the Sahel. This area is typical of the African Sahel and is
a bioclimatic transition zone between the Sahara area to the north
and the savannas to the south. It is marked by ecological and
human crises due to consecutive droughts (rainfall deficit, anthropic
pressure on the environment, and changes in major ecological
balances). This area is included in the Pan-African development
and reforestation program, called the “Great Green Wall
representing a fight against drought combined with promotion of
rural development.

Sampling and records of vegetation

A. digitata leaves were collected, after the rainy season, from
individuals in three populations located in Bandia forest (Thiés
region), Dakar (Dakar region) and Widou Thiengoly (Ferlo, Louga
region) sites, respectively. As recognized by Kyndt et al. (2009), a
baobab population was defined as a group of baobab trees
randomly and naturally distributed in a traditional agroforestry
system within a 30 km maximum radius. Two different populations
are isolated from each other by a distance of at least 50 km. For
each population located in each different site, 15 to 20 individuals
were sampled (Bandia: 15; Dakar: 15; Widou Thiengoly: 20) and
encoded using the first letter of the locality. The 3 populations of
baobab represented 50 individuals in total.

DNA extraction

For each sample, 25 mg of fresh leaves were ground with a 750 pl
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of extraction buffer MATAB (Mixed Alkyl Trimethyl Ammonium
Bromide) preheated to 65°C as suggested by Gawal and Jarret
(1991). The mixture was homogenized by vortexing and the tubes
were incubated in a water bath at 65°C for 20 min, with a stir every
5 min to promote cell membrane degradation and the release of the
DNA. The samples were then cooled at room temperature for 5 min.
Cellular debris and proteins were eliminated by adding 750 pl of
chloroform:isoamyl alcohol (CIAA solution; 24:1). The samples were
centrifuged for 20 min at 13,000 rpm at 20°C. An aliquot of 600 pl of
supernatant was collected for each sample, transferred to a new,
sterile Eppendorf tube and an equal volume of isopropanol, cooled
to -20°C, was added to precipitate nucleic acids. Microtubes
containing DNA pellets were cooled at -20°C for 2 h and centrifuged
again as previously. A series of centrifugation and washing of DNA
was conducted using 70% ethanol. In order to degrade RNA, 6 pl
RNase was added and the mixture was incubated at 37°C for 1 h.
The extracted DNA was quantified and stored at -20°C.

Nuclear DNA amplification and sequencing

The nuclear ribosomal DNA region including 5.8S rDNA and the
internal transcribed spacers ITS-1 and ITS-2 were amplified using
the primers designed by Sun et al. (1994). They were composed
respectively, of AB101 (5' ACG AAT TCA TGG TCC CGT GAA
GTG TTC G 3) and AB102 (5' TAG AAT TCC CCG GTT CGC TCG
CCG TTA C 3'). The amplification was performed in a reaction
volume of 25 pl containing 18.3 pl of water, 2.5 pl buffer (10x), 1 pl
of additional MgCl,, 0.5 additional of dNTPs, 0.25 pl of each primer,
0.2 pl of Tag polymerase and 2 pl of template DNA. Amplification
conditions were done as follows: initial denaturation at 94°C for 3
min, followed by 35 cycles of denaturation at 94°C for 1 min,
annealing at 51°C for 1 min and elongation of the complementary
DNA strand at 72°C for 1 min. A final extension at 72°C for 10 min
completed the PCR. The visualization of the DNA fragments was
done by gel electrophoresis in 1.5% agarose with a 0.5 x TAE
buffer and stained with ethidium bromide. The size of the fragments
was determined using a molecular weight marker (MW) composed
of known size of several DNA fragments. For each individual, two
PCR amplifications of 25 pl were carried out for sequencing. DNA
sequencing step was performed by Macrogen (South Korea).

Genetic data analysis

The sequences were aligned by BioEdit software and TCS1.21
software (Clement et al., 2000) was used for the determination of
haplotypes. This software also helped construct the network of
haplotypes for estimating the plausibility of links between
haplotypes in the network, using a 95% threshold. Nucleotide
diversity (Pi) and haplotype diversity (Hd) were calculated by the
DnaSp 5.10.01 software (Rozas et al., 2010). Tajima’s D and Fu’s F
statistics (Tajima, 1989; Fu, 1997) were used to test for deviations
from neutrality. Correlation between geographic distance and
genetic was assessed with a Mantel Test (Mantel, 1967),
implemented in XLSTAT software (Addinsoft, 2012). In all these
analyzes, deletions were considered as a fifth state character
(Felsenstein, 1985; Sanderson, 1989).

The phylogenetic tree was estimated using maximum likelihood in
MEGA 5 software (Tamura et al., 2011). The Akaike information
criterion (AIC) was used to estimate the best model of evolution.
The GTR model was applied for reconstruction. The robustness of
the nodes was assessed for 1000 bootstrap repetitions. The
Bayesian approach was implemented by the Mrbayes 3.1.2
software (Huelsenbeck and Ronquist, 2001). The distribution of
posterior probabilities in the tree reconstruction using the Bayesian
approach was estimated by MC3 in which four chains were used
simultaneously (three of which were "heated" gradually). One

million (1,000,000) generations were performed for each chain by
sampling parameters every 1000 generations. The convergence
degree of the chains can be verified by examining the evolution of
the likelihood function during the course of the "cold" chain to
determine the burn-in period. Generations made during that period
are removed from the analysis and the estimates become
subsequent. Conservatively, the first 250,000 generations were
discarded (25% of trees constructed) and inferences are then made
on 750,000 generations, which corresponds to 75% of the trees
constructed.

RESULTS
Polymorphism and genetic diversity

The results of the polymorphism analysis and genetic
diversity are shown in Table 1. Genes targeted in this
study were not amplified in F17 and F19 individuals. Of
715 bp of aligned sequences obtained from the 48
remaining accessions, 668 were conserved sites, 42 sites
were variables, 13 sites were singletons and 28 were
parsimony informative.

The number of variable sites was highest in the
population of Dakar (17), followed by Bandia (14) and
finally the Ferlo site in Widou Thiengoly (3). The number
of parsimony informative sites is however higher at
Bandia (12) than Dakar (11), whereas Ferlo has only one
parsimony informative site (Table 2). Despite the
relatively low nucleotide diversities in Dakar (0.00527 +
0.00210) and Bandia (0.00483 + 0.00210), haplotype
diversities were high: 0.648 + 0.134 and0.638 + 0.129,
respectively. By contrast, Ferlo, had low nucleotide and
haplotype diversities (0.00060 + 0.00024 and 0.363 *
0.131, respectively).

Distribution and haplotypes network

On the set of sequences, 25 haplotypes were found. The
haplotype found most frequently was H16, which was
found in nine individuals, mainly from the Ferlo site
(Widou Thiengoly). The haplotypes H1, H9 and H10 are
common to both Dakar and Bandia. By constrast, Bandia
has four private haplotypes (H3, H4, H5, and H6) and
Dakar has six (H8, H11, H12, H13, H14 and H15). The
site of Widou Thiengoly (Ferlo) presents only private
haplotypes, meaning that no haplotypes were shared
between Ferlo and the other two sites (Tables 3 and 4).

In the network (Figure 2), each ellipse represents a
haplotype, and their size is proportional to the number of
individuals corresponding to the haplotype. The lines
between haplotypes represent mutational steps. The
haplotype network shows three groups. Each group has a
main haplotype and derived haplotypes. The first group
consists of 13 individuals from Bandia and two individuals
from Dakar for a total of 15 individuals. This group has a
main haplotype (eight individuals) and five derived
haplotypes. Dakar accessions prevail in the second
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Table 1. Polymorphism of nuclear DNA (ITS1, 5.8S and ITS2) of
baobab populations in Senegal.
Parameter Numbers of site
Total number of sequences 48
Conserved Sites (C) 668
Variable Sites (V) 42
Singleton Sites (S) 13
Informative Sites on parsimony (ISP) 28
Table 2. Polymorphism and genetic diversity in populations.
Parameter Bandia Dakar Widou Thiengoly (Ferlo)
Number of Sequences (N) 15 15 18
Conserved sites (C) 692 689 650
Sites variables (V) 14 17 3
Singleton Sites (S) 2 6 2
Parsimony informative sites (ISP) 12 11 1
Nucleotide Diversity 0.00483 + 0.00210 0.00527 £ 0.00210 0.00060 + 0.00024
Haplotype Diversity 0.638 + 0.129 0.648 +0.134 0.363 +0.131
Table 3. Distribution of individuals in the identified haplotypes
Haplotype Number of o Haplotype Number of L
H) Individual Mdividual (H) Individual 'ndividual
H1 8 B2, B5, B8, B9, B10, B13, D9, D15 H14 1 D11
H2 3 B7, B11, B14 H15 1 D5
F1, F2, F8, F9, F11, F15,
H3 1 B6 H16 ° F16, F18, F20
H4 1 B15 H17 1 F14
H5 1 B3 H18 1 F3
H6 1 B1 H19 1 F6
H7 5 D1, D3, D4, D7, D12 H20 1 F7
H8 1 D8 H21 1 F10
H9 2 B4, D2 H22 3 F5, F13, F19
H10 2 B12, D10 H23 1 F4
H11 1 D6 H24 1 F17
H12 1 D14 H25 1 F12
H13 1 D13
B, Bandia; D, Dakar; F, Widou Thiengoly (Ferlo).
Table 4. Haplotypes found in each site.
Site Haplotypes Individuals
. B2, B2, B5, B8, B9, B10, B13, B7 B11, B14,
Bandia H1, H2, H3, H4, H5, H6, H9, H10 B6. B15, B3, B1, B4, B12
Dakar H1, H7, H8, H9, H10, H11, H12, H13, D9, D15; D1, D3, D4, D7, D12; D8; D2; D10,

Widou Thiengoly (Ferlo)

H14, H15

H16, H17, H18, H19, H20, H21, H22,
H23, H24, H25

D6, D14, D13, D11; D5

F1, F2, F8, F9, F11, F15, F16, F18, F20, F14,
F3, F6, F7, F10, F5, F13, F19, F4, F17, F12
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Figure 2. Relationships between haplotypes of baobab populations (A. digitata L.) from the three sites.

Table 5. Neutrality Indices of baobab populations (A. digitata L.).

Index Bandia Dakar Widou Thiengoly
Tajima's D - 0.98282 -1.31710 - 1.44071
Fu's Fs 1.506 0.704 -2.135

group (nine haplotypes), with 15 individuals from this
population and just two from Bandia. This second group
presents a main haplotype (five individuals) and eight
derived haplotypes. The third group consists of
individuals exclusively originated from the Ferlo (Widou
Thiengoly), with a main haplotype of nine individuals and
nine derived haplotypes. The first group is separated
from the second one by forty (40) mutational steps and
from the third group by sixty seven (67) mutational steps.
Between the second and the third group, there are ninety
one (91) steps of mutation (Figure 2).

Demography of populations

Tajima's D and Fu'’s Fs are negative in the Ferlo (Widou
Thiengoly). Tajima's D is also negative in the Bandia site
and at Dakar unlike Fu’'s Fs which is positive in these two
localities (Table 5). However, these values are not
significant with p-values > 0.10, indicating that neutral
evolution cannot be rejected. Mismatch distribution
curves for the three populations taken altogether are

multimodal (Figure 3a). Considering each site sampled, it
appears that only the population of Ferlo presents a
unimodal pattern, suggesting a recent expansion.
Populations of Bandia and Dakar have multimodal curves
revealing that they are in demographic equilibrium
(Figure 3b, c and d).

Differentiation and genetic distances

All Fst values between the three populations (Dakar,
Bandia and Ferlo) of baobab are high, with probability
values highly significant (p less than 0.01). The Fst
ranged from 0.62946 (between Dakar and Bandia) to
0.90712 (between Dakar and Ferlo (Widou Thiengoly)
showing a partial isolation between these two populations
(Table 6). Ferlo population is closed to the exchange of
genes, contrary to what is observed between Dakar and
Bandia where admixture is noted. The intra-population
genetic distances (Kimura 2 parameter Model; Kimura,
1980) are low and vary from 0.001 to 0.006 (Table 7).
Between populations, distances vary between 0.015 and



Ndoye et al. 5633

0.25 -
0.2 -
0.15 -
01 -

0.05

s

= '
[1R - TE =3 =D =E =F =D -l

'
TE @ -3 e -E -E

Exp

---c-- Obs

.
o
.

"ese-es-amE-an

20 30

A Pairwize Differences

0.3 1

0.2

Exp

---&r- Obs

. T
-8 -G0-9-9-9-49-40

0 5 10

[ e C . N, Sl i S, = s s 1)

15 20 25

B Pairwize Differences

Figure 3. Distribution of the number of differences between haplotypes taken in pairs
(mismatch distribution). A, All populations; B, population of Bandia; C, population of Dakar;

D, population of Ferlo (Widou Thiengoly).

0.035. The highest is found between Dakar and Ferlo
(0.035) and the lowest between Dakar and Bandia
(0.021). The Mantel’s test (Figure 4) revealed no corre-
lation between the matrices of genetic differentiation, Fst
and geographic distances (p = 0.500).

Phylogenetic trees

Phylogenetic relationships established with the Bayesian
approach revealed the existence of two clades. One
clade contained only individuals of the Ferlo (Widou
Thiengoly) and is a monophyletic group and the second
included those of Dakar and Bandia and is polyphyletic.
These two clades were supported by high values of
posterior probabilities (Figure 5). The subclades of these
clades are not strong because posterior probability

values are very low. In the second group, there is no
clustering according to the geographic origin of
individuals. The same groupings were obtained with the
phylogenetic tree by the method of maximum likelihood.
Clades are also supported by high values of bootstrap
(100%) (Figure 6). This demonstrates that the groups are
very strong confirming the very high values of posterior
probabilities by the Bayesian approach, and consistent
with the TCS analysis.

DISCUSSION

Studies in genetic diversity within a species are of
paramount importance for understanding how a species
will respond to environmental changes. Current patterns
of genetic diversity can provide important clues to the
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history of the species and its current population structure
(Heywood and Watson, 1995). In addition, knowledge
about population genetics is fundamental for compre-
hending micro-environmental processes in plant popula-
tions that should be utilized in designing management,
breeding and conservation strategies (Kyndt et al., 2009).
Spatial genetic structuring in tree species is influenced by
many biological forces such as gene flow through seed
and pollen dispersal, tree density, fragmentation, coloni-
zation history, differential mortality, and micro-environ-
mental selection (Kyndt et al., 2009). Genetic variation is
the starting point for breeding programs and offers
insurances against genetic erosion. Wild trees are gene-
tically structured through natural processes such as
mutation, genetic drift, selection, reproductive isolation,
and migration (Buiteveld et al.,

2007).

Our study reveals that Baobab (A. digitata L.)
populations are quite diverse in Senegal, mainly in the
sahelian zone. Indeed, 25 haplotypes were identified in
three locations for 50 individuals sampled. This number

of haplotypes is higher than that found by Pock Tsy et al.
(2009) who identified five haplotypes in West Africa with
a geographical distribution clearly structured. These
authors had used the polymerase chain reaction-
restriction fragment length polymorphism (PCR-RFLP)
technique, which is less discriminative than sequencing,
and chloroplast DNA as the genetic marker. Each site
has a very large number of private haplotypes including
the site of Ferlo (Widou Thiengoly), which contains only
one haplotype cluster. The haplotype network shows
three clusters separated by a large number of mutational
steps. Some ellipses include individuals from Dakar and
Bandia, which could be explained by the geographical
proximity of these two sites that can promote the
exchange of seed dispersal (most likely by humans) or
pollen flow. More specifically, in agroforestry systems, all
these factors may be influenced by human activity
leading to many changes in ecosystem processes with
various impacts (Allaye Kelly et al., 2004; Sanou et al.,
2005). The results obtained by Assogbadijo et al. (2008)
indicate a certain degree of physical isolation of popula-
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Table 6. Genetic differentiation between populations of baobab (A. digitata L.) in Senegal.

Population Bandia

Dakar Widou

Bandia -
Dakar 0.62946
Widou 0.85976

0.90712 -

Fst 1
0.9
0.8

0.5
0.4
0.3
0.2

0.1

0 50 100

150 200 250 300

Geographical distance

Figure 4. Correlation between geographical distance and genetic differentiation.

tions collected in different climatic zones. Indeed, the
Ferlo region is in the forest grazing areas. This region is
also the upper limit of baobab expansion in Senegal and
has vulnerabilities and ecological characteristics different
from those of Dakar, which in turn are also different from
those of Bandia. Indeed, the existence of private and
individual haplotypes and strong differentia- tion between
Widou Thiengoly site and other sites can also be
explained by the fact that the stands of baobab (A.
digitata L.) in this area are considered as vestiges of
wetter climatic periods, which cannot regenerate in the
current rainfall conditions. Tests of exclosure plots in this
area show that the dryer climate that high grazing
pressure causes in a major factor preventing
regeneration of this species (Miehe, 2002). Private
haplotypes found in each locality could, thus, result from
an adaptation of baobabs depending on the climate or
agro-ecological zone. According to Kyndt et al. (2009),
the distribution of seeds and tree improvement should
recognize the presence of ecotypes and conservation
measures should protect all populations due to the
existence of alleles that are important for local
adaptation. According to Buiteveld et al. (2007), forest

ecosystem will only persist if genetic diversity of forest
trees is dynamically maintained in view of environmental
changes. The long-term viability of tree species within
agroforestry systems depends upon a wide genetic base
providing the capacity to adapt to environmental
fluctuations or changing farmer requirements, such as
changes in species use or planting niche (Lengkeek et
al., 2006). Most forest species have evolved into distinct
races (ecotypes, provenances), which should be
recognized in tree breeding programs, as well as seed
distribution for forest planting. Furthermore, it is known
that although individuals within a race are similar from
past heritage or selection pressures, they may also not
necessarily be genetically identical (Zobel and Talbert,
1984).

Values of Tajima’s D and Fu’s Fs are negative in the
Ferlo (Widou Thiengoly) but are not significant. According
to Excoffier et al. (2005), a negative Tajima’s D could
correspond to a demographic expansion. Negative and
non-significant values in the Ferlo site suggest a
moderate demographic expansion. This last hypothesis is
confirmed by the mismatch distribution curves that are
unimodal in this locality. This contrasts those of Bandia
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Figure 5. Phylogenetic relationships of baobab (A. digitata L.) populations with the method of Bayesian inference.

and Dakar, whose curves are multimodal and reveal that
the populations of these two sites are in equilibrium. Fst
values ranged from 0.62946 to 0.90712 and increased
with the distance. These values were higher than those
found by Kyndt et al. (2009) ranging from 0.02 to 0.28.
Strong genetic differentiation is observed between Dakar
and Bandia despite the potential for dispersal of seeds
and pollen (by bats) within populations.

Genetic distances within populations are much lower
than between populations. This indicates significant
genetic differentiation between populations of different
sites. The intra-population genetic distances (Kimura 2
parameter Model; Kimura, 1980) are low and vary from
0.001 to 0.006 (Table 7). Between populations, distances
vary between 0.015 and 0.035. The highest is found
between Dakar and Ferlo (0.035) and the lowest between
Dakar and Bandia (0.021). The Mantel's test gives a
value of P-value equal to 0.5 and does not reveal any
correlation between geographic distance and genetic
differentiation despite higher Fst values due to the
distance. Distribution of seeds by humans could prevent
isolation by distance. The active exchange of seeds in
local markets allows improve gene flow between
populations, the maintenance of genetic variation within
populations and reduce genetic differentiation between

populations (Chung et al., 2000). On the other hand, a
weak positive and significant correlation (Z = 0.12, p =
0.64) between genetic distance and real geographic
distance on the spot was reported by Munthali et al.
(2013). According to these authors, gene flow is not
directly influenced by the distance isolation. The organi-
zation of genetic diversity appears to result essentially
from spatially restricted gene flow with some influen-ces
of seed exchange between humans (Kyndt etal., 2009).
Phylogenetic trees reveal the existence of two clades
supported by very high bootstrap values (maximum
likelihood tree) and posterior probability (Bayesian
approach). One of the clades contained individuals from
Dakar and Bandia and the other exclusively those of the
Ferlo (Widou Thiengoly). It shows a structuring between
populations of Ferlo which form a different ecotype from
that one met in Bandia and Dakar. In addition to the
distance between these regions, exchange of seeds
between Ferlo and Bandia on the one hand, and between
Dakar and Ferlo on the other hand would be low. Indeed,
localities near Dakar as Bandia forest contain baobabs
(A. digitata L.) and the exchange of seeds per trade is
easier between these localities. It is also rare to have the
bat-pollination between baobab populations separated by
such distances. Knowledge about population genetics is,
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Figure 6. Phylogenetic relationships of baobab (A. digitata L.) populations with the
method of maximum likelihood.

Table 7. Genetic distances of baobab (A. digitata L.) populations in Senegal.

Between population

Population Within population Population Bandia Dakar Widou T.
Bandia 0.005 Bandia - - -
Dakar 0.006 Dakar 0.015 - -
Ferlo (Widou T.) 0.001 Ferlo (WidouT.) 0.021  0.035 -
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however, of key importance for understanding micro-
evolutionary processes in plant populations and sup-
porting or developing appropriate use and conservation
strategies (Lengkeek et al.,, 2006). Human trade
promotes gene flow between remote populations of
baobab (A. digitata L.) and pollination by bats between
populations less distant from each other.
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