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Abstract Ackee (Blighia sapida) is a native multipurpose

species important for the livelihoods of the rural popula-

tions in Benin. Trees are found in natural forests or are

managed by farmers in different traditional agroforestry

systems. Genetic variation at amplified fragment length

polymorphism (AFLP) markers, four nuclear microsatel-

lites (nSSRs) and one chloroplast microsatellite (cpSSR)

were investigated in 279 individuals from six wild and

eight cultivated populations from Benin. The AFLP data

revealed moderate levels of diversity of ackee in Benin

(mean diversity values are proportion of polymorphic

loci = 52.8% and Nei’s gene diversity = 0.157, for 375

AFLP fragments). The mean diversity values based on

nSSR-markers are expected heterozygosity = 0.286, alle-

lic richness = 2.77. Genetic variation of wild and culti-

vated populations did not differ markedly. AMOVA

revealed that only 7.3 and 5.2% of the variation was par-

titioned among populations for nSSR- and AFLP-markers,

respectively. A Mantel test based on these both marker-

types revealed significant correlations between population

pairwise geographic distance and genetic differentiation.

Differentiation among cultivated populations was higher

than among wild populations. The only polymorphic

chloroplast microsatellite marker (ccmp7) showed three

haplotypes. Cultivated populations from northeastern

Benin were fixed on one haplotype which was not observed

elsewhere indicating a different origin of these populations

possibly from neighboring Nigeria. Farmer-led domesti-

cation had an impact on the spatial distribution of genetic

variation but did not result in significant losses of diversity

within populations. Measures to conserve genetic resources

of ackee in each of the three main bioclimatic zones in

Benin are proposed.
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Introduction

Domestication is generally considered to be the end-point

of a continuum that starts with exploitation of wild plants,

continues through cultivation of plants selected from the

wild but not yet genetically different from their wild pro-

genitors, and terminates in fixation, through human selec-

tion, of morphological and hence genetic differences

distinguishing a domesticated variety from its wild rela-

tives (Pickersgill 2007). The phenotypic changes associ-

ated with adaptation under domestication are commonly

referred to as the domestication syndrome. Common fea-

tures of the domestication syndrome are gigantism (espe-

cially of the harvested part of the plant), reduced

branching, loss or reduction of seed dispersal, loss of seed

dormancy, changes in photoperiod sensitivity, and loss or
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reduction of toxic compounds (Gepts 2004). These changes

depended upon the degree of domestication and on life

history traits of the species in question. Most vegetatively

propagated root crops and perennial fruit crops like Blighia

sapida show fewer features of the domestication syndrome

than annual seed crops; and domestication may occur more

slowly because fewer sexual generations occur in a given

period of time (Pickersgill 2007). Clement (1999) proposed

two intermediate categories, ‘incipiently domesticated’ and

‘semi-domesticated’, to cover the spectrum of changes

resulting from human interactions with species of fruit

trees.

Blighia sapida is a woody perennial multipurpose fruit

tree species native to the Guinean forests of West Africa.

The fleshy arils of the ripened fruits are edible. Seeds and

capsules of the fruits are used for soap-making and for

fishing, and all parts of the tree have medicinal properties.

Fresh arils, dried arils and soap are traded in local and

regional markets in Benin providing substantial revenues

for farmers, especially women (Dossou et al. 2004; Ekué

et al. 2004). Although overlooked by researchers in the

region, the tree is highly valued by farmers and is an

important component of traditional agroforestry systems in

Benin. Recently, ackee has emerged as high-priority spe-

cies for domestication in Benin after a national survey and

ranking of Non-Timber Forest Products (NTFPs) (Codjia

et al. 2003). B. sapida is widely cultivated in Jamaica

where it had been introduced by slave traders during the

eighteenth century (ICRAF 2009) with an annual turnover

of approximately US $ 400 million in 2005 for the trade of

the arils of the fruits (Pen 2006).

In Benin previous studies based on farmers’ perceptions/

folk classification and morphological characterization

showed that there is variability within the species across

different climatic conditions. Farmers use their own criteria

(bark color, tree height, tree diameter, fruits productivity,

fruits size, phenology etc.) to differentiate between trees

from the Sudanian and Guineo-Sudanian zones in the North

compared to the Guinean or Guineo-Congolian zone in the

South. For example, trees are on average taller and fruits

are bigger in the North than in the South. People have

reported nine criteria mostly related to the fruits to dif-

ferentiate between different types of ackee. Ackee pheno-

types with preferred fruit traits (size, color, aril taste and oil

content) are perceived by local people to be more abundant

in ‘cultivated’ populations (field/fallow stands) than in

unmanaged ‘wild’ populations (forest stands) (Ekué et al.

2004, 2009b, 2010). Thus, B. sapida can be considered as

either ‘incipiently domesticated’ or ‘semi-domesticated’ in

traditional agroforestry systems in Benin, and therefore

provides an excellent opportunity to document the effect of

ongoing domestication on levels of genetic variation in

cultivated populations.

In this study we used Amplified Fragment Length

Polymorphism (AFLP) markers, nuclear microsatellites

markers recently successfully transferred from Litchi

chinensis to B. sapida (Ekué et al. 2009a) and one chlo-

roplast microsatellite marker to investigate genetic varia-

tion patterns in natural and managed in situ and cultivated

populations of ackee in Benin. AFLP (Vos et al. 1995)

markers cover the whole genome, and have proven to be

useful in assessing genetic variation and taxonomic relat-

edness in a large variety of wild and cultivated plant spe-

cies (Miller and Schaal 2006; Emshwiller et al. 2009).

Nuclear microsatellites (nSSRs) are expected to be partic-

ularity effective to test for genetic bottlenecks associated

with domestication (Kelly et al. 2004; Hollingsworth et al.

2005). Cross-species amplification of the Litchi chinensis

primers used was previously reported in Euphoria longan

and Nephelium rambutan-ake; all four species belong to

the Sapindaceae family (Viruel and Hormaza 2004; Sim

et al. 2005). Chloroplast microsatellite markers are fre-

quently used in phylogeographic analyses of plant species

(Fontaine et al. 2004; Muller et al. 2009) but also to infer

the origin of planted tree stands on-farm (Dawson et al.

2008).

Our mains objectives were (i) to characterize the level

and organization of genetic diversity within populations,

(ii) to assess the impact of human management practices on

the genetic diversity and structure and (iii) to infer the

origin of cultivated populations in Benin.

Materials and methods

Plant material and DNA isolation

Fourteen populations covering the full range of the species

in Benin, situated in different climatic zones and having

different management status (‘wild’ or ‘cultivated’) were

sampled. The wild populations are composed of ackee trees

that have grown up naturally; they have no level of man-

agement and there is no regeneration practice put in place

by local people. In contrast, the cultivated populations are

composed mainly of ackee trees planted by farmers with

sometimes only few remnants of natural trees; those pop-

ulations have moderate to high levels of management

designed to improve the production including regeneration

practices for the best producing trees (Ekué et al. 2009b,

2010). Within each location, adult trees were randomly

sampled. A minimum distance of 100 m between individ-

ual trees was respected to avoid selection of closely related

neighboring individuals. Only adult trees that have already

fruited once were considered in this study. In total, leaves

were collected from 279 individual trees and dried in the

field using silica gel. Table 1 describes the geographic
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location of each population, the sample size and the status.

Six populations were wild and eight populations were

cultivated (Fig. 1).

Total genomic DNA was extracted from a small slice

(approximately 1 cm2) of dried leaf tissue following the

DNeasy� Plant Kit protocol of the manufacturer (Qiagen,

Hilden, Germany) and adding polyvinylphenol (PVP) to

the AP1 lysis buffer up to 2.6%.

AFLP analysis

The AFLP procedure followed the protocol of Vos et al.

(1995) with minor modifications. Genomic DNA (4 ll)

was digested simultaneously with the two restriction

enzymes MseI and EcoRI. Double-stranded MseI and

EcoRI adaptors were ligated to the ends of the restriction

fragments to generate template DNA for polymerase chain

reaction (PCR) amplification. The restriction/ligation was

performed overnight at room temperature. Preamplification

reactions were carried out with diluted DNA from the

ligation reaction and the preselective primer pairs E01/M01

each having the selective nucleotide A and G, respectively.

The reactions were programmed to start at 72�C for 2 min,

20 cycles each consisting at 94�C for 10 s, at 56�C for 30 s,

at 72�C for 2 min, and then at 60�C for 30 min. Selective

amplifications were carried out using diluted DNA from

the preamplification reaction and the primer combination

MseI-AGA and EcoRI-GAT. Primer MseI-AGA was

labeled with the fluorescent dye HEX. The thermal cycler

was programmed to start at 94�C for 2 min, 10 cycles, each

consisting of 10 s at 94�C, 30 s at 65�C and 2 min at 72�C.

The 65�C annealing temperature of the first cycle is sub-

sequently reduced by 1�C for the next 10 cycles and con-

tinued at 56�C for 30 s for the remaining 23 cycles, and

ends with a final extension step at 60�C for 30 min. This

primer combination was adopted from a test of six primer

combinations in eight samples of B. sapida and selected

based on the production of reproducible, clear, easily and

unambiguously scorable fragments. All PCR reactions

were conducted in a Peltier Thermal Cycler (PTC-200

version 4.0, MJ Research). The amplified restriction

products were resolved electrophoretically on an ABI

Genetic Analyzer 3100 together with the internal size

standard GeneScan 500 ROX (fluorescent dye ROX) from

Applied Biosystems. The size of the AFLP fragments was

determined with the software packages GeneScan 3.7 and

Genotyper 3.7 (Applied Biosystems Inc.).

Nuclear microsatellites

Four polymorphic primers pairs (LMLY4, LMLY5,

LMLY6, LMLY7) transferred from Litchi chinensis (Ekué

et al. 2009b) were investigated. PCR amplifications were

conducted in a 10 ll volume containing 1 ll of genomic

DNA (about 10 ng), 5 ll of HotStarTaq Master Mix (0.1 U/

ll Taq DNA polymerase, 3 mM MgCl2, 400 lM dNTPs,

Qiagen, Hilden, Germany) and 5 pmol of each primer. The

PCR protocol consisted of an initial denaturation step of

95�C for 15 min, followed by 35 cycles of 94�C for 30 s

(denaturation), 50�C for 1 min (annealing), 72�C for 1 min

(extension) and a final extension step of 72�C for 10 min. For

primers LMLY4 and LMLY6, the annealing temperature

Table 1 Geographic location and sample size of Blighia sapida populations

Population Abb. Status Climatic zone Latitude range Longitude range Altitude (m) N Ncp

Adjahonme Adja W Guineo-Congolian 7�000–7�090N 1�440–1�560E 153 20 14

Zogbodomey Zogb W 6�540–7�100N 2�020–2�160E 71 12 10

Pobe Pobe W 6�590–7�030N 2�350–2�410E 85 24 12

Agongbodji Agon W 7�090–7�390N 2�310–2�380E 60 15 13

Glazoue Glaz C Guineo-Sudanian 7�480–7�560N 2�110–2�140E 175 21 11

Savalou Sava C 7�540–8�140N 1�580–2�050E 196 19 13

Penessoulou Pene W 9�050–9�260N 1�300–1�380E 401 25 13

Bassila Bass W 8�460–9�010N 1�380–1�430E 370 13 12

Parakou Para C 9�170–9�250N 2�300–2�370E 345 14 12

N0Dali NDal C Sudanian 9�380–9�540N 2�390–2�560E 370 33 13

Kandi Kand C 10�560–11�090N 2�450–3�160E 286 17 13

Segbana Segb C 10�470–10�560N 3�160–3�280E 291 16 14

Toukountouna Touk C 10�240–10�300N 1�200–1�230E 388 37 16

Boukoumbe Bouk C 10�100–10�160N 0�590–1�120E 232 13 13

Total 279 179

W wild population, C cultivated population, N sample size for AFLP and nuclear microsatellites, Ncp sample size for chloroplast microsatellites,

abb abbreviation
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was 45 and 39.4�C, respectively; and for both primers, the

duration of the denaturation and annealing during the 35

cycles was 1 min. The technical equipments used for PCR

reactions and visualization of amplified products, and the

software used for fragments size determination were the

same as mentioned above for AFLPs.

Chloroplast microsatellites and sequencing

A total of ten universal microsatellite primer pairs (ccmp1

to ccmp10) described by Weising and Gardner (1999) and

four primer pairs (udt1, udt4, ucd4, ukk4) described by

Deguilloux et al. (2003) were tested within a subset of 12

samples from all populations. The amplification reaction

was performed in a 15 ll volume containing 5.1 ll dis-

tilled water (Qiagen, Hilden), 7.5 ll of HotStarTaq (0.735

units) Master Mix (Qiagen, Hilden), 1.2 ll primer (5 pmol/

ll) and 1.2 ll of genomic DNA (about 10 ng). The reaction

profile was: 95�C for 15 min; 35 cycles for 1 min at 94�C,

1 min at 50�C, 1 min at 72�C and a final extension step for

10 min at 72�C. PCR reactions were conducted in a Peltier

Thermal Cycler (PTC-200 version 4.0, MJ Research). The

resolution of the amplified products and the determination

of fragments sizes followed the same methods described

above for AFLPs.

Comparative sequencing of 18 fragments derived from

the primer pair ccmp7 was performed to confirm the

amplified regions and to determine the molecular basis for

size variation. The amplification products were purified

using the QIAquick Gel Extraction kit (Qiagen�,

Germany) following the manufacturer’s specifications.

The purified PCR products were cloned in a pCR2.1

vector using a TOPO TA cloning� kit (Invitrogen,

Carlsbad, CA). The inserts were amplified by colony PCR

using M13 forward (-20) (50-GTAAAACGACGGCCAG-

30) and M13 reverse (50-CAGGAAACAGCTATGAC-30)
primers, visualized by agarose gel electrophoresis, excised

from the gel and purified. Three to six different clones of

the fragments were sequenced using both M13 forward and

M13 reverse primers in order to control for Taq polymerase

errors.

The sequencing reactions were carried out with the Big

Dye� Terminator v.3.1. Cycle Sequencing Kit (Applied

Biosystems) based on the dideoxy-mediated chain termi-

nation method (Sanger et al. 1977). Sequencing reactions

were run on the ABI 3100 Genetic Analyser (Applied

Biosystems). The sequence data have been stored in the

EMBL Nucleotide Sequence Database (http://www.ebi.

ac.uk/embl/) with the accession numbers FN543506,

FN543507 and FN543508.
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Data analysis

Diversity analyses

For AFLPs, the presence or absence of amplification

products was scored for each sample within a readable

range of 75–500 bp and assembled as a binary (1/0) matrix.

Electropherograms were carefully checked individually to

avoid possible misinterpretations because of automated

fragment scoring. AFLP data were analyzed first using

AFLPDiv version 1.1 (available at http://www.pierroton.

inra.fr/genetics/labo/Software/Aflpdiv; Coart et al. 2005) to

compute the percentage of polymorphic loci (PLP) and the

number of phenotypes Br (or ‘band richness’) expected at

each ‘locus’ (=scored AFLP fragment) in each population

after rarefaction to the smallest sample size (12 in this

case) (see El Mousadik and Petit 1996). A locus is con-

sidered polymorphic at the 1% level if 1.01 \ Br \ 1.99.

Non-random association between markers (linkage dis-

equilibrium) was tested for all marker pairs in each popu-

lation as implemented in ARLEQUIN version 3.11

(Excoffier et al. 2007). AFLP-SURV 1.0 (Vekemans 2002)

was used to estimate allelic frequencies at AFLP loci from

the observed fragment frequencies using the Bayesian

approach proposed by Zhivotovsky (1999) for diploid

species. A non-uniform prior distribution of allelic fre-

quencies was assumed with its parameters derived from the

observed distribution of fragment frequencies among loci

(see note 4 in Zhivotovsky (1999). Allele frequencies were

then used to calculate genetic differentiation between

populations (FST) and expected heterozygosity or Nei’s

gene diversity (Hj) (Lynch and Milligan 1994). Theses FST

and Hj estimates were calculated for different values of FIS

(0, 0.05 and 0.08), as no data about the level of inbreeding

within the populations were available. Comparative

assessments of mean and total genetic diversity parameters

(Hj, PPL and Br) were conducted between population

categories (wild vs. cultivated), and the significance was

tested by a t-test for independent samples using STATIS-

TICA (version 7.0, 2004, StatSoft, Inc., Tulsa, OK).

For nuclear microsatellites (nSSRs), the number of

alleles (nanuc) and the unbiased estimates of observed (HO)

and expected (HE) heterozygosities were calculated for

each locus and averaged for each population over all loci

using GDA 1.1 (Lewis and Zaykin 2001). Alleles were

deemed private (AP) if they showed a frequency of more

than 5% in one population and did not occur in any other

population. To check if diversity estimates were affected

by differences in sample sizes, we calculated the allelic

richness AR as a standardized measure of the number of

alleles per locus corrected by the sample size using FSTAT

v2.9.3.2 (Goudet 2001). Finally, a comparative assessment

of AR and HE between wild and cultivated populations was

undertaken with FSTAT v2.9.3.2. A two-tailed approach

was used to compare variation among populations within

categories to that detected between categories, and 1000

random permutations of the data were performed, to test

for significance (Goudet 2001).

Since only one polymorphic locus was observed, a

chloroplast haplotype was defined by the corresponding

allele size at the locus ccmp7. The frequency of each

haplotype at the locus ccmp7 was calculated per population

and management category.

Population differentiation

For AFLPs, genetic distances between pairs of populations

were calculated according to Nei (1978). To examine the

genetic relationship among populations, a cluster diagram

was generated from distance values using the Unweighted

Pair-Group Method of Arithmetic averages (UPGMA)

modified from the Neighbor procedure of PHYLIP version

3.5 (Felsenstein 1993).

For nSSRs, the pairwise differentiation between popu-

lations (FSTnuc) was assessed by the h-statistics of Weir and

Cockerham (1984). The significance of pairwise population

differentiation was tested using the log-likelihood statistics

G (Goudet et al. 1996) implemented in FSTAT (v2.9.3.2).

Significance values were calculated after sequential Bon-

ferroni correction (Rice 1989). The matrix of genetic dis-

tances was calculated using the Cavalli-Sforza distance D2

(Cavalli-Sforza and Edwards 1967), which is expected to

describe the structure of populations according to their

evolutionary history. This matrix was used to perform a

cluster analysis using the neighbor-joining method and

Populations 1.2.30 software (Langella 1999).

For AFLP and nSSR markers, Mantel tests (Mantel 1967)

were used to test the correlation between FST/(1 - FST) and

the natural logarithm of geographic distance between sam-

pled sites using GenAlEx 6.2 (Peakall and Smouse 2006):

the two-dimensional model was used as suggested by

Rousset (1996) because populations were distributed on a

non-linear range. The Mantel test was performed also sep-

arately for the wild populations alone. An analysis of

molecular variance (AMOVA; Excoffier et al. 1992) was

carried out using the program ARLEQUIN 3.11 (Excoffier

et al. 2007) to apportion variance applying the estimator of

Weir and Cockerham (1984).

To test for genetic differentiation among population

categories with AFLP and nSSR markers, FST values were

generated by population category and 10,000 permutations

were used to test for significance using ARLEQUIN 3.11

(Excoffier et al. 2007). For cpSSR markers, the genetic

differentiation (GST) values were computed for the overall

populations as well as for each management type using

RAREFAC (Petit et al. 1998).

Conserv Genet (2011) 12:475–489 479

123

http://www.pierroton.inra.fr/genetics/labo/Software/Aflpdiv
http://www.pierroton.inra.fr/genetics/labo/Software/Aflpdiv


Sequence analysis

The sequences were aligned by using Codon Code Aligner

(CodonCode cooperation, www.condoncode.com) and

BioEdit version 7.0.0 (Hall 1999) using ClustalW multiple

alignment (Thompson et al. 1994).

Correlation between AFLP and SSR markers

In order to test the consistency of SSR and AFLP markers

in estimating genetic differentiation parameters, Mantel

test was performed between pairwise FST/(1 - FST) esti-

mates on the overall data set. A non parametric t-test of

paired pairwise FST values of the two markers was also

performed (Woodhead et al. 2005).

Results

Genetic diversity and structure at AFLP markers

A total of 375 unambiguously scorable AFLP fragments, of

which 86.9% were polymorphic in the total data set, were

observed. Diversity statistics are summarized in Table 2.

On average, nearly 53% of AFLP markers were poly-

morphic within populations. AFLP-SURV-derived genetic

differentiation measures were: F
FIS¼0
ST ¼ 0:034� 0:245;

F
FIS¼0:05
ST ¼ 0:032� 0:251 and F

FIS¼0:08
ST ¼ 0:033� 0:252.

All FST values were significantly different from zero

(P \ 0.01). Gene diversities (Hj) for the three different FIS

values were highly correlated ([99%). Thus, we used Hj

values for FIS = 0 for further calculations. The mean band

richness [Br (12)] and Nei’s gene diversity (Hj) were 1.452

and 0.157, respectively.

The test for non-random association between markers

gave a mean percentage for associated loci of 13.4%

(Table 2).

The analysis of molecular variance (AMOVA) at two

hierarchical levels revealed low (5.2%) but significant

genetic variation among populations at AFLPs (Table 3). At

three hierarchical levels, a very low (0.7%) but significant

proportion of the variation was among climatic zones,

4.64% was found among populations and the main propor-

tion (94.6%) resided within populations. At two hierarchical

level based on groups of populations (wild versus culti-

vated), variation among groups was minor (0.3%) and non-

significant. The multilocus FSTaflp obtained was 0.052 and

significantly different from zero (Table 5). The pairwise FST

values at AFLPs (FSTaflp) indicated that most of the popu-

lations were significantly differentiated although the FSTaflp

values were mostly low ranging from 0.005 (between

Bassila and Glazoue) to 0.176 (between Zogbodomey and

Segbana; data not shown). The matrices of geographic and

genetic distances are correlated; the mantel test was highly

significant (R = 0.383, P \ 0.001; Fig. 2a). A Mantel test

performed only for wild populations revealed no significant

correlation (R = 0.130, P = 0.310, Fig. 2b).

The UPGMA dendrogram based on Nei’s (1978) genetic

distances revealed that some populations such as the two

cultivated populations (Kand and Segb) from the north-east

clustered together according to their geographic origin.

Five cultivated populations clustered directly with a wild

populations but not necessary with the nearest one (see, for

example, NDal and Agon in Fig. 3a).

Genetic diversity and structure at nuclear

microsatellites loci

The four polymorphic nuclear microsatellite markers gen-

erated a total of 22 alleles. The number of alleles per locus

ranged from 2 for LMLY2 to 14 for LMLY5. The mean

allelic richness (AR) ranged from 2.00 (Segbana) to 3.67

(Pobe). Observed heterozygosity values ranged from

HO = 0.129 in N’Dali to HO = 0.396 in Zogbodomey.

Expected heterozygosity values ranged from HE = 0.156

in N’Dali to HE = 0.419 in Savalou. Two populations had

private alleles: Pobe and Glazoue with 3 and 1 alleles,

respectively. The fixation index (FIS) varied among popu-

lations ranging from -0.171 in Boukombe to 0.366 in

Kandi. A significant heterozygote deficit was detected only

in two populations: Kandi and Pobe (Table 2).

The multilocus FSTnuc (0.073) was higher than the one

obtained for AFLP and significantly different from zero

(Table 5). This suggested a moderate differentiation

between populations that was confirmed by significant

pairwise population differentiation in 24 out of 98 cases

(data not shown here).

The Mantel test revealed a significant correlation

between FSTnuc/(1 - FSTnuc) and the natural logarithm of

distance (R = 0.199, P \ 0.05; Fig. 2a). The Mantel test

performed exclusively on wild populations was not sig-

nificant (R = -0.139, P = 0.300).

The AMOVA showed that more than 92% of the total

variation resided within populations (Table 4). A non-sig-

nificant portion (0.65 and -0.77%) of the variation was

among climatic zones and management types (wild versus

cultivated), respectively. The relationships between the 14

populations based on Cavalli-Sforza distances are sum-

marized in a neighbor-joining phylogram (Fig. 3b). Over-

all, the topology of the tree coincided well with the

geographic distribution and the nearest populations clus-

tered together except for three of them (Penessoulou,

Bassila and Pobe). All cultivated populations are in the

same subcluster together with the wild population Pobe.

The bootstrap support varied between 38 and 86%.
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Chloroplast microsatellite haplotypes and geographic

distribution

Among the 14 primer pairs tested on a sample of 10 indi-

viduals, 12 primer pairs showed amplification products from

which the product created by ccmp7 was polymorphic.

The ccmp7 primer pair was analyzed in 179 individuals;

three different fragment sizes were observed: 121, 135 and

145 bp (Table 2). The two cultivated populations of the

Northeast of Benin were fixed for the haplotype of 145 bp.

The haplotypes of 121 and 135 bp were found in 10 and 12

populations, respectively (Fig. 1). In the six wild popula-

tions only haplotypes of 121 and 135 bp occurred and were

equally frequent. The overall GST value was 0.575 and

significant (Table 5).

Multiple sequence alignments of amplification products

generated by primer pairs of ccmp7 are shown in Fig. 4.

Table 3 Analysis of molecular variance for wild and cultivated Blighia sapida using AFLP and nSSR markers

Analyze Source of variation df SQ VC POV U statistics P-value*

Amplified fragment length polymorphism

All populations Among populations 13 678.021 1.370 5.17 UST = 0.052 \0.001

Within populations 265 6661.556 25.138 94.83

Among climatic zone 2 138.505 0.1919 0.72 UCT = 0.007 \0.05

Among populations within

climatic zone

11 539.516 1.2334 4.64 USC = 0.047 \0.001

Within populations 265 6661.556 25.138 94.63 UST = 0.054 \0.001

Among management types 1 63.424 0.072 0.27 UCT = 0.003 0.175

Among populations within

management types

12 614.597 1.333 5.02 USC = 0.050 \0.001

Within populations 265 666.616 25.138 94.71 UST = 0.053 \0.001

Wild populations Among populations 5 193.959 0.772 3.00 UST = 0.030 \0.001

Within populations 103 2574.518 24.995 97.00

Cultivated populations Among populations 7 420.639 1.678 6.23 UST = 0.062 \0.001

Within populations 162 4087.038 25.229 93.77

Nuclear microsatellites

All populations Among populations 13 29.745 0.043 7.29 UST = 0.073 \0.001

Within populations 552 305.063 0.553 92.71

Among climatic zones 2 6.122 0.004 0.65 UCT = 0.007 0.281

Among populations within

climatic zones

11 23.623 0.041 6.81 USC = 0.069 \0.001

Within populations 552 305.807 0.553 92.54 UST = 0.075 \0.001

Among management types 1 1.336 -0.005 -0.77 UCT = -0.008 0.789

Among populations within

management types

12 28.409 0.046 7.71 USC = 0.077 \0.001

Within populations 552 305.063 0.553 93.06 UST = 0.069 \0.001

Wild populations Among populations 5 8.771 0.031 4.77 UST = 0.048 \0.001

Within populations 214 133.801 0.625 95.23

Cultivated populations Among populations 7 19.638 0.054 9.72 UST = 0.097 \0.001

Within populations 338 171.261 0.507 90.28

SQ sum of squares, VC variance components, POV percentage of variation, * P-values were obtained after 10,000 permutations
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Fig. 2 Relationship between genetic and geographic distances among

populations of Blighia sapida. Matrices of genetic distances were

calculated using the pairwise nuclear (FST/(1–FST)) from ARLEQUIN

3.11
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High sequence homology was found (e.g., to the genus

Fagus) to the atpB–rbcL intergenic region of the chloroplast

genome. The microsatellite repeat motif varies for each

fragment size (Table 4). The observed variation in the

haplotype of 135 bp is due to a large indel of 10 bp within

the mononucleotide repeat motif region, and a single-

nucleotide polymorphism (SNP substitution of A by G) was

observed in clone 135-1 compared to clone 135-2 (see

position 116 in the sequence aligned in Fig. 4). The varia-

tion observed in haplotype 121 bp is based on 3 indels: a

large indel of 12 bp within the repeat motif region of the

microsatellite, an indel of one nucleotide at position 93 and

an additional indel of 11 bp located in the flanking region of

the microsatellite motif. For the population genetic analysis

only length polymorphisms were taken into account.

Impact of farmer management practices and origin

of cultivated populations

Within population genetic diversity estimates were not sig-

nificantly different between the two management types (wild

populations and cultivated populations) using a t-test. How-

ever, 99.2% of band richness (Br) and 96.6% of Nei’s gene

diversity (Hj) were kept in cultivated populations. In contrast,

the cultivated populations had slightly higher values for PPL

(12). Cultivated populations showed a higher percentage of

non-randomly associated markers (mean = 15.0%) as com-

pared to natural populations (11.3%; Table 2).

Comparison between the two groups of wild and culti-

vated populations revealed that wild populations showed in

general higher values of AR and nR at nuclear microsatel-

lites (Table 2). AR mean values for wild and cultivated

populations were 3.03 and 2.57, respectively. The mean nR

value for cultivated populations was 2.98 compared to 3.78

for wild populations. However, there was no significant

difference between population categories according to two

tailed test undertaken in FSTAT v2.9.3.2 (P = 0.131).
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Fig. 3 a UPGMA dendrogram representing the genetic distances

among ackee populations based on Nei’s (1978) genetic distances

calculated from AFLP markers; b Neighbor Joining tree of nSSR

markers with the matrix of genetic distances calculated using the

Cavalli-Sforza distance (Cavalli-Sforza and Edwards 1967). Numbers
indicate nodes with bootstrap support in percentage for 10,000

replications. Trees constructed with populations 1.2.30 (Langella

1999). GC Guineo-Congolian, GS Guineo-Sudanian, S Sudanian,

W wild population, C cultivated population

Table 4 Description of the amplification products generated by ccmp7 primer pairs in Blighia sapida

Fragment size (bp) Repeat motif ccmp7 primer pairs sequences*

Blighia sapida Nicotiana tabacum*

121 (A)7G – 50-CAACATATACCACTGTCAAG-30

135 (A)8(G)6C(G)5 –

145 (A)8GAA(G)9 – 50-ACATCATTATTGTATACTCTTTC-30

133 – (A)13

* Weising and Gardner (1999)

Table 5 Summary of overall differentiation for AFLPs, nuclear and

chloroplast SSRs for wild and cultivated populations of Blighia
sapida sampled in Benin

Population Overall differentiation values

FST GST

AFLPs nSSRs cpSSR

6 wild 0.030 0.048 0.460

8 cultivated 0.062 0.097 0.643

All 0.052 0.073 0.575

All FST values were significant (P \ 0.001)
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For the three markers, FST or GST estimates revealed

less differentiation among wild populations compared to

cultivated populations (Table 5).

Correlation between AFLP and SSR markers

Mantel’s non parametric test showed a non-significant

correlation between pairwise FST/(1 - FST) estimates of

the different markers (R = 0.165, P = 0.170; Fig. 5).

Values of population pairwise FST obtained using SSRs

were not significantly higher than those derived from AF-

LPs (t-value = 1.218, df = 180, P = 0.225; paired t-test).

This suggests that there is no meaningful correlation

between AFLP and SSR diversity as assessed by the loci

used in this study.

Discussion

Genetic diversity in Blighia sapida

Nei’s gene diversity within populations observed for

Blighia sapida (0.14–0.18) are lower than values observed

for other African indigenous fruits trees such as Adansonia

digitata (0.26–0.35; Assogbadjo et al. 2006) and Uapaca

kirkiana (0.22–0.32; Mwase et al. (2006) investigated with

AFLP markers. Estimates derived by dominantly inherited

markers (RAPD, AFLP, ISSR) are very similar and may be

directly comparable (Nybom 2004). Compared with within

population diversity estimates from RAPDs, B. sapida

exhibits slightly lower values than Vitellaria paradoxa

(0.16–0.23; Kelly et al. (2004), another important agro-

forestry parklands fruit species from Africa, and higher

values than Melia volkensii (0.07–0.14; Runo et al. 2004).

The mean population diversity is lower than RAPD mean

values reported for dicotyledons (Hpop = 0.191, n = 27),

long-lived perennials (Hpop = 0.25, n = 37), widespread

(Hpop = 0.22, n = 20), outcrossing (Hpop = 0.27, n = 38)

and late successional (Hpop = 0.30, n = 16) species

(Nybom and Bartish 2000; Nybom 2004).

The nSSR data indicate that B. sapida has a low level of

genetic diversity compared to other forest tree species

presenting similar patterns of seed dispersal and assessed

with the same marker type (HE = 0.16–0.42, mean = 0.29;

Tables 2 and 6). Our estimates are close to values for

agroforestry fruits species undergoing domestication pro-

cesses with a continental distribution such as V. paradoxa

(from Mali, West Africa; Sanou et al. 2005) and Inga ed-

ulis (from Peruvian Amazon; Hollingsworth et al. 2005)

(Table 6). The mean within-population diversity (HE =

0.286) is also lower than SSR mean values reported for

long-lived perennial (HE = 0.68, n = 59), widespread

(HE = 0.62, n = 31), outcrossing (HE = 0.65, n = 71)

and late successional species (HE = 0.70, n = 34; Nybom

2004). The multilocus fixation index FIS for the total

population as well as for each group of wild and cultivated

populations was not significantly different from zero. Only

populations Kandi and Pobe deviated from HWE. During

the primers characterization (Ekué et al. 2009b), locus

LMLY5 in Kandi showed evidence for the presence of a

Fig. 4 Sequences, originated from the ccmp7 chloroplast locus of Blighia sapida aligned with Fagus orientalis, Fagus sylvatica and Fagus
japonica, as references. Microsatellite repeats are shown in shadow. Gaps indicate deletions of nucleotides, f fragment size
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null allele (excess of homozygotes for most allele size

classes) which could explain the heterozygote deficit for

this population. Significantly positive FIS value has been

attributed to population substructure and inbreeding (Kelly

et al. 2004; Ueno et al. 2005) which might be the case in

the Pobe population. Although the effect of the sampling

variance could be high because our sample sizes were low

(\30) in many populations and could have impacted the

FIS estimation, B. sapida appears to be predominantly

outcrossing.

Only one chloroplast microsatellite marker (ccmp7) was

polymorphic with three different haplotypes. The large

difference in size variation observed between the three

haplotypes results probably from long time mutation

among them. More sampling across the whole West Africa

could lead to the discovery of new haplotypes.

Human activity and genetic diversity within cultivated

populations of Blighia sapida

The domestication process in Blighia sapida resulted in a

slight non-significant reduction in genetic variation in the

cultivated populations as compared to the wild populations

at both AFLP and nSSR markers. Artificial selection during

domestication often results in a progressive narrowing of

the genetic base of the cultivated populations. However,

perennial domesticated species usually retain relatively

higher percentages of the variation of their wild ancestors

compared to annual plants (Tanksley and McCouch 1997;

Miller and Schaal 2006; Pickersgill 2007). For example,

nuclear microsatellite studies revealed that cultivated

columnar cacti (Polaskia chichipe) populations retained

88–96% of the variation of their ancestors (Otero-Arnaiz

et al. 2005). The shea tree (V. paradoxa) subjected to

different human management intensities in field/fallow

stands kept 95% of the genetic diversity present in forest

stands (Kelly et al. 2004); while cultivated populations of

the tropical fruit tree I. edulis and their wild ancestors did

not differ in gene diversity (Hollingsworth et al. 2005).

AFLPs markers showed that populations of the cultivated

tropical fruit tree Spondias purpurea retained approxi-

mately 90% of the variation detected in wild populations.

The reduction in genetic diversity (nearly 5% for AFLPs

and 15% for nSSRs) observed for B. sapida are somehow

similar or even lower, which is consistent with the reduc-

tion in variation seen in other long-lived species. In

addition, there was a high proportion (1.4 times more) of

non-randomly associated loci in cultivated populations

than in wild populations observed at AFLP markers. Thus,

farmer-led domestication activities slightly reduced the

genetic diversity of ackee in Benin. However, this did not

strongly affect diversity within populations, since effective

population sizes were kept high enough to avoid strong

losses of genetic diversity due to drift.

Domestication affects the structure of genetic variation

in cultivated populations

The AMOVA results for AFLPs agree with general

observations that perennial and outbreeding species with

wide and more or less continuous distribution maintain

most of their variation within populations (Hamrick et al.

1992). According to Wright’s (1978) guidelines for inter-

pretation of FSTaflp values, 0.052 suggests moderate

differentiation and is consistent with the life history of

B. sapida (Ekué et al. 2004). Similar low levels of AFLP

population differentiation were observed for another out-

crossing African indigenous fruits tree species Uapaca

kirkiana (6.8%; Mwase et al. 2006). This result is in

accordance with the general tendency of tropical trees to

possess most of their genetic diversity within populations

(Hamrick and Loveless 1989).

With nSSRs, even though most of the genetic diversity

is contained within populations (FSTnuc: 7% for all popu-

lations and 5% for wild populations), the populations can

be considered to be genetically distinct. In accordance with

Table 6 Main parameters of diversity and differentiation between populations estimated for nuclear microsatellites in different tree species

Species Distribution Mode of dispersal N HE FST Reference

Blighia sapida Continental barochorous/zoochorous 279 0.16–0.42 0.07 Present study

Inga edulis 189 0.60–0.71 0.07 Hollingsworth et al. (2005)

Caryocar brasiliense 314 0.58–0.85 0.11 Collevatti et al. (2001)

Vitellaria paradoxa 169 0.25–0.42 0.05 Sanou et al. (2005)

Swietenia macrophylla 194 0.78–0.81 0.10 Lemes et al. (2003)

Magnolia stellata 402 0.50–0.67 0.18 Ueno et al. (2005)

Vouacapoua americana 408 0.34–0.52 0.08 Dutech et al. (2004)

Pterocapus officinalis Insular barochorous/hydrochorous 154 0.25–0.59 0.29 Muller et al. (2009)

Santalum insulare zoochorous 162 0.27–0.56 0.23 Lhuillier et al. (2006)

N sample size, HE expected heterozygosity, FST differentiation index
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its continental distribution, B. sapida is expected to have a

lower FSTnuc value compared to insular species (Muller

et al. 2009) as shown in Table 6. The genetic differentia-

tion among populations of B. sapida is comparable to

species with a continental distribution and possessing the

same seed dispersal mode (e.g., V. paradoxa and I. edulis,

Table 6).

Domestication impacts not only the amount of genetic

variation contained in cultivated populations, but also the

structure of this variation. Hamrick and Godt (1997)

reported that the mean GST level (analogous to UST and FST)

for crop species as 0.339, while the mean GST for noncrop

species is 0.212. Our results are consistent with this trend:

cultivated B. sapida populations have a greater portion of

their variance (measured as UST, FST or GST; see Tables 3

and 5) distributed among populations than wild B. sapida

populations. In addition, cultivated populations showed 1.5

times higher levels of inbreeding compared to wild popu-

lations. We infer that the higher differentiation among cul-

tivated B. sapida populations relative to their wild ancestors

reflects human influences on the reproductive system in

cultivated populations. Indeed, quantitative surveys on

indigenous knowledge and traditional management of

B. sapida in Benin revealed that farmers practiced assisted

tree regeneration, transplantation and sowing of seeds of

trees having their preferred fruit traits. In addition, tradi-

tional silvicultural practices such as ringing, grazing pro-

tection, pruning, fire protection are used only for ‘cultivated’

trees (Ekué et al. 2009b, 2010). This selection against

undesirable phenotypes is likely changing the genetic

structure in cultivated populations. Since there is variation

of the indigenous knowledge and management practices

among ethnic groups (Ekué et al. 2009b, 2010), the changes

of the genetic structure within each cultivated population are

different and likely leading to the differentiation among

them. The differentiation of the two cultivated populations

in the North-east completely fixed for haplotype of 145 bp

absent from the wild populations is an indication that after

initial establishment of each cultivated population, human

activities appear to be regionally limited and have not

promoted extensive gene flow over long-distance.

The spatial clustering of wild populations is likely

facilitating gene flow among them resulting in a low dif-

ferentiation. This argument is supported by the absence of

isolation by distance patterns obtained with the Mantel test

performed only on wild populations at both AFLPs and

nSSRs markers.

Non-congruence among AFLPs and SSRs marker

classes of population differentiation

Poor correlation between estimates of genetic similarity

based on AFLP and SSR suggests that both markers may

selectively screen complementary, rather than overlapping,

regions of the genome (Crouch et al. 1999). Thus, it is

useful to utilize a range of marker systems in order to

generate highly accurate estimates of genetic similarity in

genetic diversity studies of B. sapida.

Origin of Blighia sapida cultivated populations

Although wild populations and cultivated populations do

not match geographically (making it more difficult to

determine precisely the origin of cultivated populations),

ccmp7 and AFLP data provided evidence that most culti-

vated populations of B. sapida have probably originated

mainly from wild populations in Benin. However, the

haplotype of 145 bp present in the two cultivated popula-

tions restricted to the northeast is completely absent from

wild populations. This is an indication that gene flow by

seeds is occurring from neighboring countries, most likely

from Nigeria in this case. However, the clustering of each

of the remaining five cultivated populations with different

wild populations suggests their geographic origin in Benin.

Thus, our data strongly indicate that cultivated B. sapida is

not a homogenous entity in Benin.

Implications for conservation and sustainable use

The domestication process in B. sapida in Benin has

slightly reduced levels of genetic variation in cultivated

populations as compared to their wild progenitors. Culti-

vated populations from different climatic zones have

different origins and contain varying levels of genetic

variation. The proportion of genetic variation distributed

among populations is greater in cultivated populations than

in wild populations. Germplasm sources for establishment

of new planted trees appear to be limited to trees already

growing in cultivated populations. Both wild and cultivated

populations of ackee are therefore valuable gene pools for

conservation and future breeding.

A multiple breeding population strategy (Namkoong

1989) is recommendable and will promote the sustainable

use while ensuring the circa situ conservation of the

genetic diversity currently present within cultivated popu-

lations. Farmers must be trained to maintain good collec-

tion practices of currently cultivated ackee germplasm as

they regenerate the species in subsequent cycles of mating

and selection of on-farm propagation (Dawson et al. 2008).

To extend domestication activities, exchange of germplasm

should be limited to neighboring farms and villages. As

some populations are highly differentiated, any transfer of

germplasm between such populations may not be the best

mean to promote on farm conservation, because of possible

productivity losses through outbreeding depression and

genetic dilution (Jamnadass et al. 2005).
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For in situ conservation, representative units of conser-

vation should be defined in each climatic zone. B. sapida

may be considered as common or not (depending on dif-

ferent localities), as exploited in different intensity and for

different purposes across the country, and its habitat as

secure or not. In the Guinean zone in Southern Benin, the

species is less used and all populations found there are

natural. Since 60% of Benin’s population occurs in this

area, there is a big pressure on land resources for agricul-

tural production. Therefore, representative units for con-

servation in this zone should target populations located

next to already existing protected areas. In the Guineo-

Sudanian zone, the two natural populations surveyed are

located in protected areas and can be considered as con-

servation units. In the Sudanian zones, conservation units

should target populations in the Western block (near Togo)

and the Eastern block (near Nigeria) in order to maximize

genetic diversity as the origin of the later block is likely to

be different from other populations in Benin.

For an eventual establishment of provenance trials,

seeds must be collected also from all representative units

including cultivated populations. Since the heritability of

important characters including fruit traits is unknown, we

recommend also establishing progeny trials with seeds

collected from selected mother trees.

Blighia sapida is native from West Africa and results

from this study suggested the presence of haplotypes that

are predominant in neighboring countries like Nigeria.

Therefore, further studies are suggested to explore genetic

diversity in wild and managed populations at molecular

markers, adaptive traits, and traits of economic importance

based on a wider sampling across the whole distribution

range including transferred land races and modeling on

longer cycles.

Acknowledgments This research was supported by grant and fel-

lowships from the International Foundation for Science, Rothamsted

International and Bioversity International to the first author. We are

grateful to Hugues Akpona for field assistance and we appreciate the

laboratory assistance of Oleksandra Dolynska.

Open Access This article is distributed under the terms of the

Creative Commons Attribution Noncommercial License which per-

mits any noncommercial use, distribution, and reproduction in any

medium, provided the original author(s) and source are credited.

References

Assogbadjo AE, Kyndt T, Sinsin B, Gheysen G, Van Damme P

(2006) Patterns of genetic and morphometric diversity in baobab

(Adansonia digitata) populations across different climatic zones

of Benin (West Africa). Ann Bot 97:819–830

Cavalli-Sforza LL, Edwards AWF (1967) Phylogenetic analysis:

models and estimation procedures. Am J Hum Genet 19:

233–257

Clement C (1999) 1492 and the loss of amazonian crop genetic

resources. ii. crop Biogeography at contact. Econ Bot 53:

203–216

Coart E, Glabeke SV, Petit RJ, Bockstaele EV, Roldán-Ruiz I (2005)

Range wide versus local patterns of genetic diversity in

hornbeam (Carpinus betulus L.). Conserv Genet 6:259–273

Codjia JTC, Assogbadjo AE, Ekué MRM (2003) Diversité et
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