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des Sciences, Université Libre de Bruxelles, 50 Av. F. Roosevelt, 1050 Brussels, Belgium, §Real Jardı́n Botánico, Consejo

Superior de Investigaciones Cientı́ficas, Plaza de Murillo 2, E-28014 Madrid, Spain
Corresponde

E-mail: kdain
1Present add
Centre (CIFO
Madrid, Spai
Abstract

The impact of the Pleistocene climate oscillations on the structure of biodiversity in

tropical regions remains poorly understood. In this study, the forest refuge theory is

examined at the molecular level in Milicia excelsa, a dioecious tree with a continuous

range throughout tropical Africa. Eight nuclear microsatellites (nSSRs) and two

sequences and one microsatellite from chloroplast DNA (cpDNA) showed a deep divide

between samples from Benin and those from Lower Guinea. This suggests that these

populations were isolated in separate geographical regions, probably for several glacial

cycles of the Pleistocene, and that the nuclear gene pools were not homogenized despite

M. excelsa’s wind-pollination syndrome. The divide could also be related to seed

dispersal patterns, which should be largely determined by the migration behaviour of

M. excelsa’s main seed disperser, the frugivorous bat Eidolon helvum. Within Lower

Guinea, a north–south divide, observed with both marker types despite weak genetic

structure (nSSRs: FST = 0.035, cpDNA: GST = 0.506), suggested the existence of separate

Pleistocene refugia in Cameroon and the Gabon ⁄ Congo region. We inferred a pollen-to-

seed dispersal distance ratio of c. 1.8, consistent with wide-ranging gene dispersal by

both wind and bats. Simulations in an Approximate Bayesian Computation framework

suggested low nSSR and cpDNA mutation rates, but imprecise estimates of other

demographic parameters, probably due to a substantial gene flow between the Lower

Guinean gene pools. The decline of genetic diversity detected in some Gabonese

populations could be a consequence of the relatively recent establishment of a closed

canopy forest, which could negatively affect M. excelsa’s reproductive system.
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Introduction

The factors governing speciation and the geographical

distribution of taxa in tropical ecosystems are of long-

standing interest to ecologists, biogeographers and

evolutionary biologists. Current research in these
� 2010 Blackwell Publishing Ltd
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disciplines focuses on the relative importance of selec-

tively neutral processes such as dispersal or divergence

owing to drift and that of selection to explain the orga-

nization of tropical biodiversity at different levels (e.g.

Hubbell 2001; Leigh 2007). In this context, it is also

important to gain further insight into the impact of veg-

etation history on the current distribution and composi-

tion of tropical ecosystems (Moritz et al. 2000).

The forest refuge theory has been formulated to

explain species distribution patterns, essentially vicari-

ant distributions and ⁄ or high levels of floral or faunal

endemism, advocating that fragments of tropical forest

would have acted as shelters for rainforest taxa and have

allowed their survival and evolution through the Pleisto-

cene cold stages (Aubréville 1962; Prance 1982; Sosef

1996). The isolation in forest refugia is thought to have

led to a divergence of taxa essentially because of genetic

drift, probably in combination with natural selection,

that ultimately lead to speciation. Critics of the theory

have observed that substantial phenotypic divergence

occurs under differential selection pressures in tropical

taxa without the need for isolation and in the presence

of gene flow, which supports a divergence with gene

flow model of speciation (e.g. Rice & Hostert 1993; Smith

et al. 2001). Also, vicariant distribution patterns could

alternatively be because of geomorphological barriers

related to the floodplain dynamics (Salo 1987).

Relatively, recent stratigraphic and palaeoecological

data indicated that late Pleistocene vegetation history

differed markedly between continents. In Africa, the

Pleistocene cold stages were characterized by cool and

dry climates that led to the fragmentation of lowland

rainforests and their wide replacement by tropical sea-

sonal forests or savannahs in the driest areas (Maley

1996; Bonnefille 2007), whereas in the Amazon Basin,

Pleistocene conditions seem not to have led to a marked

forest fragmentation (Colinvaux et al. 2001; Kastner &

Goñi 2003). Unlike in temperate regions, where an

extensive palaeoecological record and studies of mater-

nally inherited chloroplast DNA (cpDNA) markers have

identified the refugia locations and colonization histo-

ries of many taxa (Tarasov et al. 2000; Petit et al. 2003),

locating refugia and colonization routes for particular

taxa in tropical regions is much more challenging,

partly because palaeoecological data are still scarce. In

Atlantic Equatorial Africa, for instance, modern pollen

rain studies have recently shown that percentages of

arboreal pollen effectively reflect tree coverage in wet

evergreen and semi-evergreen forests and that different

forest types have clearly distinct pollen assemblages

(reviewed by Bonnefille 2007). However, the geographi-

cal coverage of these studies needs to be extended

(A.M. Lézine, personal communication). Recent reviews

list only about 16 postglacial fossil pollen cores for trop-
� 2010 Blackwell Publishing Ltd
ical west Africa and the Congo Basin, most of which

are incomplete, discontinuous and ⁄ or insufficiently

dated (Bonnefille 2007; Lézine 2007). An exception is an

extraordinarily complete profile from lake Barombi Mbo

(close to Mount Cameroon), demonstrating persistent

forest cover of variable extent during the last glacial

period (c. 32–11.5 kcal yr BP, Maley & Brenac 1998).

Also, at the Ngamakala lake (between the Bateke pla-

teaux and the Congo River in the Republic of Congo),

forest persisted during the last glacial period (Elenga

et al. 2004). In the Guineo-Congolian region, comprising

the phytogeographical domains of Upper Guinea (west

Africa), Lower Guinea (centred on south Cameroon and

Gabon) and Congolia (Congo river basin, White 1979;

Küper et al. 2004), a joint interpretation of plant and

animal species distributions and palaeoecological data

led to the suggestion of rainforest refugia in the three

domains. Lower Guinea, in particular, harbours six pro-

posed refugia (Maley 1996): two in south-west Camer-

oon, three in Gabon and one in the Mayombe region

north of the mouth of the Congo River. Studies on spe-

cies richness and endemism in large plant families like

Begoniaceae, Orchidaceae and Rubiaceae confirmed

some of these refugia (Sosef 1996; Droissart 2009). In

contrast, Caesalpinoideae species distributions support

glacial persistence outside of proposed refugia (Leal

2004), and the emerging palaeoecological data indicate

that species compositions of past and present plant

communities sometimes diverge strongly (Bonnefille

2007; Lézine 2007). Therefore, which tropical forest taxa

indeed survived adverse conditions in refugia, where

refugia were located and what is their impact on the

structure of biodiversity are much debated questions

that have wide implications for biogeography, evolu-

tionary biology and conservation.

Phylogenetic and population genetic studies should

provide valuable data to test the forest refuge theory

and to infer refugia locations in Africa (Plana 2004).

This might be particularly true for tree species; as the

result of their longevity, great size and high reproduc-

tive output, trees have generally low speciation rates

(Petit & Hampe 2006). Therefore, Pleistocene refugia are

expected to harbour endemic alleles within tree species,

rather than endemic tree species within genera or fami-

lies. In temperate woody species, comparisons of

genetic with palaeoecological data generally revealed

distinct genetic lineages and ⁄ or endemic haplotypes in

distinct refuge populations (Petit et al. 2003; Heuertz

et al. 2006). Also, the level of genetic structure in tem-

perate trees, and therefore the potential to reflect histor-

ical population isolation, is determined partly by life

history: species with large geographical ranges and

wide-ranging seed dispersal display low differentiation

at maternally inherited cpDNA markers, and long-lived
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outcrossing species display low structure at biparental

markers (Duminil et al. 2007). If similar processes shape

genetic patterns in the tropics, endemic haplotypes and

vicariant lineages could be interpreted as a legacy of

forest refugia.

Large-scale genetic surveys remain rare in tropical

forest trees, although they are beginning to reveal sig-

nals of vicariance and ⁄ or colonization routes for some

species in America (e.g. Cavers et al. 2003; Dick & Heu-

ertz 2008) and Africa (e.g. Muloko-Ntoutoume et al.

2000; Dauby et al. 2010; Lowe et al. 2010). In Africa,

studies have so far concerned species with fairly limited

dispersal capacities and have mostly focused on Lower

Guinea. The two proposed Cameroonian refugia were

supported with nuclear and cpDNA markers in Irvingia

gabonensis, a species with a low genetic propensity to

dispersal (Lowe et al. 2010). In Aucoumea klaineana, a

wind-dispersed pioneer near endemic of Gabon, genetic

structure at nuclear microsatellites was compatible with

Holocene expansion from the three proposed Gabonese

refugia (Born 2007). Other species, such as the mostly

gravity-dispersed Erythrophleum suaveolens, the wind-

dispersed Distemonanthus benthamianus and the bird and

monkey dispersed Greenwayodendron suaveolens, dis-

played similar north–south divides in their genetic

structures paralleling the seasonal inversion near the

equator, despite the fact that the first two are light-

demanding species while the third regenerates readily

under the canopy (Duminil J, Heuertz M, Doucet JL,

Bourland N, Cruaud C, Gavory F, Doumenge C, Nava-

scués M, Hardy OJ, unpublished; Debout et al. 2010;

Dauby et al. 2010). It thus appears that our knowledge

of the impact of the Pleistocene climate changes on the

genetic structure of African rainforest trees, and their

covariance with species life history traits is still very

fragmentary. Moreover, only a few studies have so far

considered samples beyond the Lower Guinea domain

and have assessed genetic structure at both nuclear and

cpDNA markers.

We here wish to gain further insight into the role of

Pleistocene forest fragmentation on the structure of Afri-

can rainforest trees by investigating the distribution of

genetic diversity and population genetic processes in a

tree species that presents uncommon life history traits in

several respects. Milicia excelsa (Welw.) C.C. Berg (Mora-

ceae) is an African timber tree species commonly named

‘iroko’ with a wide and continuous geographical range,

occurring from Ivory Coast to Mozambique and Tanza-

nia. It colonizes contrasted habitats (rainforests to wood-

lands) and requires light to regenerate (Jøker 2002), i.e. it

regenerates in forest gaps in rainforests. Milicia excelsa is

dioecious and wind-pollinated (Jøker 2002) and features

long-distance seed dispersal through bats and parrots

(Daı̈nou K, Laurenty E, Mahy G, Bosteaux Y, Doucet JL,
unpublished). The combination of wind-pollination with

seed dispersal by vertebrates at large distances is a rare

dispersal strategy in tropical rainforest trees and should

a priori lead to very long-distance gene dispersal and

therefore very weak genetic structure. We have previ-

ously shown that genes indeed disperse over long dis-

tances in forest zones (rg = 1–7.1 km), resulting in a

weak genetic structure at nuclear microsatellites through

Cameroonian forests (Bizoux et al. 2009). However, the

relative contributions of seed and pollen to gene dis-

persal remain unknown. Moreover, historical events

could have led to a persistent differentiation between

some M. excelsa populations from distinct phytogeo-

graphical domains, or even within a domain. If distinct

gene pools can be detected despite the strong coloniza-

tion capacity of the species, they might result from major

fragmentation of forest habitats in the past. As a threa-

tened species in most African regions (Ofori & Cobbinah

2007), knowledge on the genetic structure of M. excelsa is

also useful for conservation purposes.

We analysed population samples of M. excelsa from

Upper Guinea (Benin) and Lower Guinea (Cameroon,

Central African Republic, Republic of the Congo and

Gabon) with nuclear and chloroplast markers and

applied recent methods for the inference of genetic

structure and demographic parameters to address the

following questions:

1 Given the high dispersal capacities, is there evidence

for differentiated gene pools? In particular, is there

genetic evidence of a long-term separation between

Upper and Lower Guinean populations and ⁄ or evi-

dence of distinct gene pools in Lower Guinea related

to distinct forest refugia?

2 Which relative estimates of seed and pollen dispersal

are obtained from the genetic structure at chloroplast

and nuclear markers?

3 Which historical population demographic scenarios

could explain the current patterns of genetic structure

and diversity?

4 Given that the species is considered ‘near-threatened’

according to IUCN, are there any populations that

are genetically depauperated and, therefore, more

vulnerable to on-going harvesting, fragmentation and

habitat loss?
Materials and methods

Study species

Milicia excelsa (Welw.) C.C. Berg (Moraceae) is a light-

demanding tree, found in a wide range of habitats. As

its population density increases from the wet evergreen
� 2010 Blackwell Publishing Ltd
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forest zone to the dry semideciduous forest zone (Nic-

hols et al. 1998), the ecological factors that influence its

abundance, natural regeneration and gene flow could

be specific to each type of vegetation. Genetic studies of

two closely related Milicia species in Ghana, M. excelsa

and Milicia regia, identified low genetic diversity at the

genus level using random amplified polymorphic DNA

(RAPD), inter-simple sequence repeats (ISSR) and

cpDNA sequencing (Ofori et al. 2001; Ofori & Cobbinah

2007). In Cameroon, where M. excelsa occurs at low

population densities (2–25 trees ⁄ km2; Feteke et al. 2004),

Bizoux et al. (2009) also found low diversity and very

low levels of spatial genetic structure, which they attrib-

uted to extensive wind-mediated pollen dispersal and

efficient seed dispersal by frugivorous bats and parrots.

The most common animals found to harvest fruits of

iroko trees in Cameroon are a fruit bat, Eidolon helvum,

and two parrots, Psittacus erithacus and Agapornis swin-

dernianus (Daı̈nou K, Laurenty E, Mahy G, Bosteaux Y,

Doucet JL, unpublished).

Milicia excelsa has several economic and social inter-

ests for African countries. In the case of Ghana, its

ecological characteristics and forest management have

been studied for many years (e.g. Nyong’o et al. 1994;

Mancini et al. 2001; Ofori & Cobbinah 2007). The species

is suffering important reductions of population density

attributed to a high rate of exploitation and a poor natu-

ral regeneration (Ofori & Cobbinah 2007). Exportation of

iroko logs is now forbidden in Ivory Coast, Ghana and

Cameroon, but the export of sawnwood is allowed

(Ofori 2007).
Plant material and DNA extraction

Leaves or cambium samples of 550 M. excelsa individu-

als were collected in Benin in west Africa (Upper Gui-

nea) and from four countries of central Africa (Lower

Guinea): Cameroon, Central African Republic (CAR),

Gabon and the Republic of the Congo (RC). As M. ex-

celsa has a continuous natural range and sampling was

also relatively continuous, individuals were arbitrarily

grouped into 21 geographically coherent populations

(Table 1, Fig. 1, Table S1, Supporting Information).

Populations were named using the first two letters of

the country where they were sampled plus a number.

Although we tried to define populations extending over

<100 km and separated by more than 100 km, popula-

tion CA-2 was <100 km away from CA-1 and CA-8 and

the maximal distance between individuals exceeded

100 km in BE-2 and CA-4. The sampled areas included

forests, fallows, food and cash crop fields and human

habitats. Samples were silica-dried, and DNA of all

individuals was extracted using the DNeasy Plant Mini

kit (QIAGEN, Venlo, the Netherlands).
� 2010 Blackwell Publishing Ltd
Genetic marker analysis

Eight nuclear microsatellite (nSSRs: Mex51, Mex63,

Mex69, Mex81, Mex95, Mex137, Mex163a and Mex202;

Ouinsavi et al. 2006) were genotyped as described in Bi-

zoux et al. (2009). Briefly, the forward primer of each

locus was labelled with a fluorescent dye, and amplifi-

cations were performed in two PCR multiplexes. PCR

fragments were resolved on an ABI PRISM 3100

(Applied Biosystems, Foster City, CA, USA) and sized

in comparison with the GS400HD size standard

(Applied Biosystems) using the software GeneMapper

3.0 (Applied Biosystems). All retained multilocus geno-

types were scored for at least six loci. Genotyping was

repeated for around 10% of all individuals (from 7.8%

to 11.8% according to the locus) to detect PCR errors

and allelic dropout. Missing data per locus ranged from

0.7% (Mex51) to 4.5% (Mex95).

cpDNA was first screened for polymorphism (Data S1,

Supporting Information) at eight cpDNA microsatellites

(cpSSRs, Weising & Gardner 1999) and in six cpDNA

sequences suggested for plant barcoding (Kress et al.

2005 and references therein). A subsample of 146 indivi-

duals from throughout the study range was then

genotyped as described previously at ccmp2 (the only

polymorphic cpSSR, labelled with 6-FAM) and sequen-

ced at psbA-trnH and trnC-ycf6. ccmp2 was amplified

following the conditions of Weising & Gardner (1999).

psbA-trnH was amplified in 25 lL reactions with the Phu-

sion polymerase (Finnzymes Espoo, Finland), following

the manufacturer’s protocol using the accompanying HF

buffer. For trnC-ycf6, the PCR cocktail (25 lL) included

1· reaction buffer containing 1.5 mM MgCl2 (QIAGEN),

1 lL MgCl2 at 25 mM, 0.2 mM of each dNTP, 0.1 lM of

each primer, 0.625 units Taq polymerase (QIAGEN) and

1 lL of DNA extract. Cycling conditions were 94 �C for

3 min, 35 cycles of 94 �C for 20 s, 50 �C for 30 s and 72 �C

for 1 min, followed by 72 �C for 7 min and cooling to

10 �C. PCR products were column-purified (QIAquick 96

PCR purification kit [QIAGEN] or MSB HTS PCRapace

[Invitek, Berlin, Germany]) and sequenced using an ABI

3100 capillary sequencer (Applied Biosystems). Forward

and reverse sequence trace files were merged and edited

using the Staden package (http://staden.sourceforge.

net). A site was considered a single nucleotide polymor-

phism if different variants had at least a Phred quality

value of 25, corresponding to an error probability of

3 ⁄ 1000. Haplotypes were defined over the two sequences

and the single microsatellite region.
Data analysis

Genetic diversity at nSSRs. Populations with small sam-

ple sizes (n < 10) and one population separated by



Table 1 Milicia excelsa sampling locations (populations), estimates of genetic diversity at nSSRs and assignment to genetic clusters

determined with TESS

Country

Population

code

Population

name n

dij

max

(km)

Nb of

alleles RS (SE) HE (SE) FIS T2

TESS clustering

Cluster

Mean

individual

ancestry

% Individuals

assigned

(>50%)

Benin BE-1 Bassila 5 0.1 1 0.753 100.0

BE-2 Niaouli 15 102 37 3.93 (0.42) 0.557 (0.053) 0.056 ns 0.396 ns 1 0.780 86.7

Cameroon CA-1 Belabo 78 39 57 4.11 (0.22) 0.558 (0.210) 0.146*** 0.248 ns 2 0.927 98.7

CA-2 Belabo-

Mindourou

10 65 2 0.929 100.0

CA-3 Biyeyem 52 77 55 4.12 (0.27) 0.544 (0.024) 0.198*** )0.305 ns 2 0.934 98.1

CA-4 Djoum 54 166 53 3.89 (0.30) 0.527 (0.030) 0.193*** )0.155 ns 2 0.911 98.2

CA-5 Gundi 15 71 39 4.09 (0.58) 0.525 (0.065) 0.154* 2 0.865 93.3

CA-6 Makalaya 19 30 38 4.05 (0.38) 0.613 (0.033) 0.170*** 1.282 ns 2 0.889 94.7

CA-7 Megan 10 55 30 3.64 (0.82) 0.524 (0.085) 0.062 ns 2 0.913 90.0

CA-8 Mindourou 112 55 55 3.86 (0.14) 0.553 (0.012) 0.184*** 0.433 ns 2 0.950 99.1

CA-9 Mt_Koupe 6 3 2 0.945 100.0

CAR CE-1 Mboko 48 8 43 3.41 (0.23) 0.485 (0.033) 0.009 ns )0.103 ns 2 0.965 100.0

RC CO-1 Ipendja 21 9 39 3.66 (0.43) 0.531 (0.044) 0.074 ns 0.145 ns 2 0.894 95.2

CO-2 Pokola 5 71 2 0.945 100.0

Gabon GA-1 Ekarlong 11 83 26 3.13 (0.32) 0.533 (0.045) 0.126 ns 3 0.584 63.6

GA-3 Lastourville 47 90 36 3.32 (0.22) 0.467 (0.032) 0.167** 0.686 ns 2 0.625 68.1

GA-4 Libreville 19 75 29 3.14 (0.39) 0.513 (0.053) 0.038 ns 2.151* 3 0.677 79.0

GA-5 Makokou 4 26 2 0.805 75.0

GA-6 Mandji 6 13 3 0.694 83.3

GA-7 Oyem 7 67 2 0.928 100.0

GA-8 Popa 4 1 2 0.637 75.0

n, Sample size; dij max (km), maximal within-population distance between two sampled individuals; RS, allelic richness and its

standard error (SE); HE, gene diversity and its standard error (SE); FIS, inbreeding coefficient; T2, bottleneck statistic (see Materials

and methods); TESS clustering: we report the number of the TESS cluster with the highest average proportion of ancestry of

individuals, the mean individual proportion of ancestry in that cluster and the percentage of individuals assigned to that cluster

following the >50% ancestry criterion; ns, not significant; *P < 0.05, ** P < 0.01, ***P < 0.001.
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<100 km from two others were excluded, restricting

genetic diversity analyses to 13 populations (Table 1):

one in Benin (BE-2), seven in Cameroon (CA-1, CA-3,

CA-4, CA-5, CA-6, CA-7 and CA-8), one in the Central

African Republic (CE-1), one in the Republic of the

Congo (CO-1) and three in Gabon (GA-1, GA-3 and

GA-4). We used Genepop 4.0 (Raymond & Rousset

1995) to compute expected heterozygosity HE, and FSTAT

2.9.3.2 (Goudet 1995) to compute allelic richness RS over

loci in each population or genetic cluster. The inbreed-

ing coefficient FIS was calculated in each population

using FSTAT 2.9.3.2, and deviation from zero (Hardy–

Weinberg genotypic proportions) was evaluated by per-

muting alleles within populations (5000 permutations).

FIS provides information on the cumulative action of

inbreeding, population substructure and also potential

null alleles.

Identification of genetic clusters at nSSRs. Genetic clusters

in the data set were identified using the spatial Bayes-
ian clustering algorithm implemented in TESS 2.1 (Chen

et al. 2007). We first explored the upper bound of the

number of clusters K under the no-admixture model

with an interaction parameter w = 0.6, 0.8 or 1 (relative

weight given to spatial positions and genotypes). The

admixture model was then run to determine the best K,

using w = 0.3, 0.5, 0.7 or 0.9 to account for different

degrees of spatial autocorrelation and a constant or a

linear degree of the trend surface. Under each model

and for each value of w and the degree of the trend sur-

face, we performed 10 runs with a burn-in of 10 000

and a run length of 50 000 iterations for a number of

clusters ranging from K = 2 to K = 10. The best K was

determined as the one having the lowest deviance infor-

mation criterion (DIC, Chen et al. 2007). As the infer-

ence of genetic clusters can be affected by the presence

of isolation-by-distance (IBD, usually caused by

restricted dispersal, Guillot et al. 2009), we specifically

tested for IBD in the whole data set and in inferred

clusters. Kinship coefficients for pairs of individuals
� 2010 Blackwell Publishing Ltd



Fig. 1 Sampling locations of Milicia excelsa. Shading patterns represent the genetic cluster from the TESS program in which average

individual ancestry was >50%. Population GA-2 (three individuals) was not represented because it is not a geographically contigu-

ous population (see Table S1, Supporting Information).

GENETIC STRUCTURE OF M I L I C I A EX CE L S A 4467
were regressed on the logarithm of the spatial distance

separating them, and the resulting regression slope was

compared to its distribution after 10 000 permutations

of individual locations among individuals using SPA-

GeDI ver. 1.2.g (Hardy & Vekemans 2002).

Genetic differentiation at nSSRs. Differentiation between

pairs of populations or genetic clusters was computed

using FST and tested with FSTAT 2.9.3.2. (Goudet 1995)

and using RST and tested with SPAGeDI (Hardy &

Vekemans 2002). To correct for multiple testing, signifi-

cance levels were adjusted using the sequential Bonfer-

roni procedure (Rice 1989). RST is an analogue of FST

based on allele size, which is expected to be larger than

FST if stepwise mutations have contributed to differenti-

ation, e.g. in the case of ancient isolation (Hardy et al.

2003). SPAGeDI was used to test if RST > FST, which is

a test of a phylogeographical pattern using microsatel-

lites mutating in a stepwise fashion.

Diversity and differentiation of cpDNA. A distance matrix

was constructed among haplotypes based on the num-

ber of polymorphic characters that differed in state

between each pair of haplotypes. This matrix was used

to compute a statistical parsimony network with TCS

(Clement et al. 2000) to visualize relationships among

haplotypes. Genetic diversity was estimated as number

of haplotypes and haplotypic diversity based on unor-
� 2010 Blackwell Publishing Ltd
dered (h) or ordered (v) haplotypes (Pons & Petit 1996),

and differentiation was estimated using the correspond-

ing statistics, GST for unordered and NST for ordered

alleles, using the distance matrix for the computation of

NST. Deviation of GST or NST from zero was tested by

10 000 permutations of individuals among populations.

The impact of mutations on among-population differen-

tiation, i.e. the presence of phylogeographical structure,

was assessed by 10 000 permutations of pairwise haplo-

type distances among pairs of haplotypes. All computa-

tions were performed with SPAGeDI.

Gene flow through seed and pollen dispersal. We used two

approaches to estimate pollen vs. seed dispersal from

patterns of genetic variation at maternally (cpDNA)

and biparentally (nDNA) inherited markers. Both

approaches were applied on samples from Cameroon,

CAR and eastern Gabon because they constitute a sin-

gle genetic cluster (Cluster 2, see Results) and should

be little influenced by historical factors. The first

method estimates the pollen-to-seed migration ratio

(r=mp ⁄ ms) based on differentiation among populations,

FST (nDNA) and GST (cpDNA), as described in Petit

et al. (2005): r=[(1 ⁄ FST)1))2(1 ⁄ GST)1)] ⁄ (1 ⁄ GST)1) for

hermaphrodites. Adjusting this formula for a dioecious

species with an 1:1 breeding sex ratio (see Hamilton &

Miller 2002), we obtain r=[(1 ⁄ FST)1))4(1 ⁄ GST)1)] ⁄
[2(1 ⁄ GST)1)]. The second method is based on the regres-
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sion of pairwise kinship coefficients between individu-

als on the logarithm of the distance to estimate the Sp

statistic, quantifying the strength of genetic structure

(Vekemans & Hardy 2004). In dioecious plants with a

balanced sex ratio, the Sp statistics are expected to

approach 1 ⁄ (4pDr2
g) for nuclear and 1 ⁄ (pDr2

s ) for chlo-

roplast markers under IBD, where r2
g and r2

s are half

the mean squared dispersal distance of genes and

seeds, respectively, and D is the adult population den-

sity (both sexes). The relative contribution of seed dis-

persal to overall gene dispersal (rs ⁄ rg ratio) is then

given by [4Sp(nuclear) ⁄ Sp(chloroplast)]1 ⁄ 2 and the pol-

len-to-seed dispersal distance ratio (rp ⁄ rs) is given by

[0.5 Sp(chloroplast) ⁄ 2Sp(nuclear) ) 2]1 ⁄ 2. To compute

the Sp statistics, the slope was assessed for distances

inferior to 40 km as in Bizoux et al. (2009), to encom-

pass a spatial scale adequate for indirect inferences of

dispersal distances.

Exploration of demographic history. The ‘bottleneck’ statis-

tic T2 was computed for nSSRs at the population level

using Bottleneck 1.2.02 (Cornuet & Luikart 1997). It rep-

resents an average over loci of the deviation of the

actual gene diversity HE from the gene diversity

expected from the number of alleles in the population,

HA, assuming mutation-drift equilibrium in a constant-

size population. Positive values of T2 reflect a gene

diversity excess possibly caused by recent bottlenecks

or founder events, whereas negative values reflect a

gene diversity deficit consistent with recent population

expansion. The computation was performed under an

infinite allele model (IAM), which is likely to be appro-

priate for the loci under study, given their low diversity

and absence of contribution of stepwise mutations to

differentiation (see Results). The magnitude of gene

diversity excess or deficit across loci was tested against

equilibrium expectations using Wilcoxon-signed ranks

tests (Piry et al. 1999).

In Lower Guinea, we detected two genetic clusters

centred, respectively, on Gabon and Cameroon, and a

lower diversity in populations from Gabon than in those

from Cameroon (see Results). To identify demographic

scenarios that could explain the current diversity

patterns in the two regions, we used an Approximate

Bayesian Computation approach (Beaumont 2008) imple-

mented in the PopABC program (Lopes et al. 2009)

based on TESS clusters. The low differentiation between

genetic clusters, the estimated wide-ranging gene flow

through both pollen and seeds and the considerable

admixture in Gabonese populations (see Results) moti-

vated the choice of a model with two populations

exchanging fairly high proportions of migrants. There-

fore, the simulated model represented one ancestral pop-

ulation of effective size NeA that split at a time of tev
years BP (generation time: 100 years) into two popula-

tions of effective sizes Ne1 and Ne2 with the same sample

sizes as the TESS clusters, receiving proportions of

migrants mig1 and mig2 from the other population. We

generated 100 000 data sets for eight nSSRs and one

cpDNA sequence and computed the following summary

statistics of the real and the simulated data: the nSSR het-

erozygosities for populations 1 and 2, H1 and H2; the

numbers of nSSRs alleles in each population, k_M1 and

k_M2; the differences between these statistics between

populations, H1-2 and k_M1-2; the numbers of migrants

estimated from H1 and H2, NmH1 and NmH2; for the

cpDNA sequences, the average number of pairwise dif-

ferences between sequences in each population, pi1 and

pi2, the numbers of segregating sites, S1 and S2, the

numbers of different haplotypes k_S1 and k_S2, the num-

bers of migrants estimated from haplotypes, NmS1 and

NmS2; and the differences between populations for some

of these statistics, pi1-2, S1-2 and k_S1-2 (for details see

the PopABC User Guide). The 1% simulated data sets

that were closest to the real data were retained for the

estimation of demographic parameters. We initially used

wide priors, and then narrowed the priors space to

achieve better precision in the estimation (see Data S2,

Supporting Information). We did not include popula-

tions from Upper Guinea in our model, because our

fairly limited sample might not be representative of the

genetic diversity found in that region.
Results

Nuclear microsatellites

Genetic diversity and inbreeding. In total, 84 alleles were

identified at the eight loci. Allelic richness was lower in

populations from Gabon (RS from 3.13 to 3.32) than in

populations from Cameroon (RS from 3.64 to 4.11) or

Benin (RS = 3.93), populations from CAR and RC hav-

ing intermediate values (Table 1). Expected heterozy-

gosity HE ranged from 0.467 to 0.613, and there was a

weak but similar trend of lower values in Gabon than

in Cameroon or Benin (Table 1). Values of FIS were

positive for all 13 populations, and the deviation from

Hardy–Weinberg genotypic proportions was significant

in seven of them (Table 1). As the species is dioecious

and cannot self, significant deviation from zero essen-

tially in Cameroonian populations should reflect bipa-

rental inbreeding, population substructure and ⁄ or the

presence of null alleles.

Genetic structure. The no-admixture model in TESS identi-

fied an upper boundary of K = 4 clusters in the sample

(results not shown). Using the admixture model, the

lowest DIC was observed with w = 0.3 and a linear
� 2010 Blackwell Publishing Ltd
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trend degree surface for K = 3 clusters, centred, respec-

tively, on Benin (Cluster 1), on Cameroon, CAR, RC

and eastern Gabon (Cluster 2) and on western Gabon

(Cluster 3; Fig. 1, Table 1, see also Figs S3 and S4, Sup-

porting Information). The distribution of Clusters 2 and

3 did not change when TESS was run on individuals

from Lower Guinea only. Individuals with the highest

ancestry in Cluster 3 were more admixed (mean indi-

vidual ancestry 74.9%) than those from Cluster 1

(81.5%) or Cluster 2 (92.7%, Table 1). When assigning

individuals to TESS clusters based on a >50% ancestry

criterion, only one individual of the 550 could not be

assigned. IBD was accounted for in the TESS admixture

model and was indeed present in the overall data set

(P < 0.001), in Cluster 2 (P < 0.001) and in Cluster 3

(P < 0.05).

A major divide between samples from Upper Guinea

(Benin) and those from Lower Guinea and a north–

south divide within Lower Guinea were also detected

using the non-spatial admixture model with correlated

allele frequencies implemented in Structure 2.2 (Prit-

chard et al. 2000; see Figs S1 and S2, Supporting Infor-

mation) and under models of correlated or uncorrelated

allele frequencies in GENELAND (Guillot et al. 2005, see

Fig. S5, Supporting Information). Patterns of genetic

differentiation between populations (Table 2) or clus-

ters (Table 3) confirmed the genetic structure. The pop-

ulation from Benin was strongly differentiated from all

other populations (pairwise FST from 0.134 to 0.230,

Table 2). Populations from Lower Guinea were weakly
Table 2 Pairwise genetic differentiation between populations estimat

FST

Cluster 1

Benin Cameroon

BE-2 CA-1 CA-3 CA-4 CA-5 C

Cluster 1 Bénin BE-2 0.134* 0.144* 0.149* 0.167* 0

Cluster 2 Cameroon CA-1 0.021 ns 0.012 ns 0.012 ns 0

CA-3 0.002 ns 0.025 ns 0

CA-4 0.014 ns 0

CA-5 0

CA-6

CA-7

CA-8

CAR CE-1

RC CO-1

Gabon GA-3

Cluster 3 Gabon GA-1

GA-4

ns, Nonsignificant.

*P < 0.05 after multiple test correction.
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differentiated with FST = 0.035 across Lower Guinea,

FST = 0.013 among populations from Cluster 2 (Camer-

oon, CAR, RC and eastern Gabon) and FST = 0.037

among populations from Cluster 3 (western Gabon,

Table 3).

At the population or cluster levels, RST was never sig-

nificantly higher than FST, indicating absence of a phylo-

geographical signal at nuclear microsatellites. The allelic

richness RS was significantly lower in populations from

western Gabon (Cluster 3) than in those from Cameroon

(Cluster 2, two-sided P-value after 5000 permutations:

0.006); the pattern for HS was not significant (Table 3).
Chloroplast DNA

Alignment lengths in M. excelsa were 518 bp for psbA-

trnH and 1026 bp for trnC-petN1r (GenBank accession

numbers HM543747–HM544038). Twelve polymorphic

sequence characters and four cpSSR variants defined 14

haplotypes across 146 individuals (Table 4). Six haplo-

types were found among 19 individuals belonging to

two populations in Benin, while the remaining eight

haplotypes were found among 127 individuals from 20

populations in the Lower Guinea region (Table 4,

Fig. 2a). Haplotypes in Benin and in Lower Guinea

belonged to two distinct lineages (Fig. 2b) without any

exceptions. Allelic richness and haplotypic diversity

were highest in Benin, followed by Gabon and finally

Cameroon (Table 5). Genetic differentiation at cpDNA

markers in the overall data set was GST = 0.598 and
ed with FST in FSTAT

Cluster 2 Cluster 3

CAR RC Gabon Gabon

A-6 CA-7 CA-8 CE-1 CO-1 GA-3 GA-1 GA-4

.159* 0.156* 0.146* 0.165* 0.169* 0.194* 0.190* 0.230*

.026 ns 0.002 ns 0.008* 0.008* 0.018 ns 0.065* 0.093* 0.101*

.019 ns 0.019 ns 0.013 ns 0.021* 0.001 ns 0.069* 0.094* 0.088*

.018 ns 0.013 ns 0.013* 0.009* 0.001 ns 0.073* 0.090* 0.089*

.033 ns 0.011 ns 0.016 ns 0.016 ns 0.009 ns 0.055* 0.065 ns 0.096*

0.035 ns 0.007 ns 0.040* 0.011 ns 0.109* 0.085* 0.102*

0.022 ns 0.024* 0.017 ns 0.084* 0.124* 0.104*

0.009* 0.011* 0.069* 0.090* 0.108*

0.010 ns 0.070* 0.110* 0.117*

0.069* 0.078* 0.065*

0.059* 0.065*

0.037*



Table 3 Genetic diversity and differentiation at nSSRs for three clusters obtained with TESS

Clusters RS HS FIS FST

Differentiation between

clusters (FST)

Cluster 2 Cluster 3

When each cluster is considered as a population

Cluster 1 (N = 18 individuals) 4.985† 0.566 0.074 – 0.158 * 0.251 *

Cluster 2 (N = 478 individuals) 4.749† 0.541 0.154 – – 0.102 *

Cluster 3 (N = 53 individuals) 4.092† 0.513 0.165 – – –

When each cluster is composed of different populations

Cluster 1 (N = 1 population) 3.930‡ 0.557 0.056 – – –

Cluster 2 (N = 10 populations) 3.814‡ 0.534 0.150 0.025 – –

Cluster 3 (N = 2 populations) 3.131‡ 0.520 0.070 0.037 – –

Individuals were assigned to the cluster in which their membership was >50%.

†Based on a sample size of 15 diploid individuals.

‡Based on a sample size of nine diploid individuals.

*P < 0.05.

Table 4 Chloroplast DNA (cpDNA) haplotype definition and frequencies

Hap

trnC-ycf6 psbA-trnH ccmp2

n 28 140 335 430 483 660 124 303 304 326 346 381 bp

H01 2 A G A – – C TTGTTCTATCAC T T10 (TTTAATTTTA)1 I T 256

H02 90 A G A – – C TTGTTCTATCAC T T9 (TTTAATTTTA)1 I T 256

H03 1 A G A – – C TTGTTCTATCAC T T9 (TTTAATTTTA)1 I T 257

H04 1 C G A – – C INV A T9 (TTTAATTTTA)1 I T 262

H05 9 C G A – – C TTGTTCTATCAC A T9 (TTTAATTTTA)1 I T 256

H06 22 C G A – – C TTGTTCTATCAC A T9 (TTTAATTTTA)1 I T 262

H07 1 C G A – – C TTGTTCTATCAC T T9 (TTTAATTTTA)1 I T 256

H08 1 C T A – – C TTGTTCTATCAC A T9 (TTTAATTTTA)1 I T 256

H09 1 C G G – – A TTGTTCTATCAC T T9 (TTTAATTTTA)2 I G 263

H10 3 C G G – I1 A TTGTTCTATCAC T T9 (TTTAATTTTA)2 I G 256

H11 11 C G G – I1 A TTGTTCTATCAC T T9 (TTTAATTTTA)2 I G 263

H12 2 C G G – I2 A TTGTTCTATCAC T T9 (TTTAATTTTA)1 - G 256

H13 1 C G G – I2 A TTGTTCTATCAC T T9 (TTTAATTTTA)2 I G 256

H14 1 C G G I I2 A TTGTTCTATCAC T T9 (TTTAATTTTA)2 I G 263

Morus indica C G A – – C nd – – – – – 255*

Ficus sp. nd nd nd nd nd nd nd – – – – G nd

Character states were determined in outgroups (Morus indica, GenBank: DQ226511.1; different Ficus species, GenBank: EU213819–

EU213825).

nd, Not determined; I, I1, I2, insertions; ), absence of the insertion.

*The fragment length for ccmp2 was determined by comparison with an internal sizing standard in Milicia excelsa and from the entire

cpDNA sequence in Morus indica.
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NST = 0.799. The test for phylogeographical structure

was significant in the overall data set [NST > NST

(permuted), P < 0.001] and between Benin and Lower

Guinea [GST = 0.440 and NST = 0.830, NST > NST (per-

muted), P < 0.001], but not within Benin, Lower Guinea

or any set of populations grouped according to TESS

genetic clusters (Table 5), suggesting that the phylogeo-

graphical structure is owing to the differentiation

between populations from Benin and Lower Guinea.
Similar to nSSRs, a north–south geographical distribu-

tion pattern of common haplotypes was nevertheless

observed in Lower Guinea, with H06 centred on Gabon,

and H02 and H05 with a wider distribution.
Gene flow through seeds vs. pollen

Within Cluster 2, population differentiation reached

FST = 0.025 at nuclear microsatellites and GST = 0.57 at
� 2010 Blackwell Publishing Ltd
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(b)

Fig. 2 Geographical distribution of (a) chloroplast DNA haplo-

types (above) and (b) statistical parsimony network (below).
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chloroplast markers, leading to a pollen-to-seed migra-

tion ratio r = mp ⁄ ms = 23.8. The strength of the spatial

genetic structure (SGS) up to 40 km reached Sp = 0.0031

at nSSRs and Sp = 0.032 at cpDNA, leading to a pollen-

to-seed dispersal distance ratio rp ⁄ rs = 1.76.
Exploration of demographic history

The bottleneck statistic showed a significant gene diver-

sity excess (positive T2) in population GA-4 in coastal

Gabon (Table 1), suggesting that this population could

have suffered a recent bottleneck or founder event,

while other populations did not deviate from the null

hypothesis of stable size.

Demographic scenarios of two populations exchang-

ing migrants simulated in an Approximate Bayesian

Computation framework provided fairly reliable esti-

mates of mutation rates, but for all other parameters

(Ne1, Ne2, mig1, mig2, NeA and tev) a wide range of
� 2010 Blackwell Publishing Ltd
values remained compatible with the Milicia excelsa data

(Fig. 3). Relatively, independently of the priors space,

mutation rates were found to be low for nSSRs and

cpDNA, both on the order of 10)5 to 10)6 per genera-

tion per locus (e.g. Fig. 3, Data S2, Supporting Informa-

tion). For cpDNA, this translates into a mutation rate

on the order of 5.5 · 10)9 to 5.5 · 10)10 per nucleotide.

Narrowing the priors space (Data S2), we found an

optimum for NeA between 80 000 and 200 000 and

divergence times, tev, of c. 150 000 years or more [two

glacial stages before present (Petit et al. 1999), Fig. 3].

There was a weak trend of a smaller Ne2 (in Gabon)

than Ne1 (in Cameroon), but the estimation of relative

population sizes and migration rates remained impre-

cise (Figs S6 and S7, Supporting Information).
Discussion

Despite the continuous range of Milicia excelsa from

west to central Africa, both nuclear and cpDNA data

concurred in showing a deep genetic divide between

populations from Benin and those from Lower Guinea,

with a remarkable absence of shared haplotypes

between the two regions at cpDNA. Within Lower Gui-

nea, genetic structure was less marked, but a north–

south divide was inferred from both markers types,

with one gene pool centred on Cameroon and the other

on west Gabon. The Gabonese cluster had lower nSSR

polymorphism than the Cameroonian one, and a bottle-

neck event was detected in one of the west Gabonese

population.
Gene flow through seed vs. pollen

Bizoux et al. (2009) inferred from the spatial genetic

structure of M. excelsa populations from Cameroon that

genes were typically dispersed over several kilometres,

but they could not assess the relative contribution of

seed vs. pollen dispersal. Pollen-to-seed migration rates

among populations from Cluster 2 (based on FST) sug-

gested a high gene flow asymmetry, with a c. 25 times

larger contribution of pollen than seeds, an order of

magnitude often observed in other species (Petit et al.

2005). By contrast, spatial genetic structure among indi-

viduals suggested a ratio of pollen-to-seed dispersal

distances of 1.76. This discrepancy could result from

the difference of scale (FST was estimated among popu-

lations separated by 100–800 km, while Sp was esti-

mated over distances <40 km). If dispersal kernels of

seed and pollen differ both in extent and in shape, the

ratio of pollen-to-seed migration rates should be scale

dependent. However, our results could also reflect an

artefact, because the methods assume drift-dispersal

equilibrium, which may not be reached, especially over



Table 5 Genetic diversity and differentiation statistics for chloroplast DNA. Populations are grouped by geographical regions or by

TESS clusters

Region N n AS hS vS AT hT vT GST NST

P-value

of H1:

NST >

NST(perm.)

Benin (Cluster 1) 2 9.50 (6.36) 3.50 (2.12) 0.597 0.072 6 0.743 0.081 0.197 0.119 ns

Cameroon, CAR, RC and eastern Gabon

(Cluster 2)

17 6.41 (6.38) 1.59 (0.79) 0.271 0.050 8 0.631 0.116 0.570 0.570 ns

Western Gabon (Cluster 3) 3 6.00 (4.00) 2.00 (1.00) 0.400 0.075 3 0.467 0.088 0.143 0.146 ns

Lower Guinea (Clusters 2 & 3 together) 20 6.35 (6.00) 1.65 (0.81) 0.294 0.054 8 0.596 0.110 0.506 0.505 ns

Total 22 6.64 (5.95) 1.81 (1.05) 0.326 0.056 14 0.677 0.190 0.519 0.705 0.001

N, number of populations; n, sample size per population; AS, average number of alleles per population; hS and vS, average gene

diversity per population based on unordered and ordered alleles, respectively; AT, total number of alleles; hT and vT, total gene

diversity based on unordered and ordered alleles; GST and NST, genetic differentiation based on unordered and ordered alleles;

P-value of H1: NST > NST(perm.), P-value of the test for phylogeographical structure.
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large geographical scales (Guillot et al. 2009). Therefore,

we believe that the Sp-based ratio of pollen-to-seed dis-

persal distances is more reliable. It suggests that in

established populations, both seeds and pollen are regu-

larly dispersed over several kilometres by bats and

wind, contributing efficiently to genetic homogenization

within regions.
Usefulness of Approximate Bayesian Computation for
demographic inference in Milicia excelsa

The ABC model of two sister populations exchanging

migrants in Lower Guinea provided fairly reliable esti-

mates of mutation rates of 10)5 to 10)6 per generation

per locus for both markers, at least one order of magni-

tude lower than direct estimates for nSSRs in plants

(e.g. Thuillet et al. 2002). Accordingly, genetic diversity

at nSSRs was low in M. excelsa with He = 0.53 (see also

Ofori et al. 2001; Bizoux et al. 2009) compared to the

average of He = 0.62 for wide-ranging plants (Nybom

2004). For all other parameters estimated by ABC, a

large range of values remained compatible with the

observed data. An estimate of c. 105 was obtained for

effective population size NeA in Lower Guinea, similar

to the Ne of 9.4 · 104 in Pinus taeda, a conifer with a

wide range in the south-eastern United States (Willyard

et al. 2006). The difficulty to estimate most demographic

parameters is probably related to the presence of immi-

gration: Beaumont (2008) showed that even with 329

microsatellite loci, almost no information was obtained

on divergence times beyond the topology of the geneal-

ogy of three human populations. ABC methods are

probably inadequate for demographic inference in

genetically similar populations frequently exchanging

migrants, but they have proved to be a valuable tool in

the case of genetically contrasted or isolated popula-
tions, for instance after colonization or invasion of a

new range (e.g. Pascual et al. 2007). ABC should

become more practicable in phylogeography if indepen-

dent demographic or palaeoecological information can

guide the construction of informative priors (Beaumont

2008). This information is unfortunately still limited in

most tropical trees.
Genetic divide between Milicia excelsa populations
from the Upper and the Lower Guinea

An important genetic divide between M. excelsa popu-

lations from Upper and Lower Guinea was observed at

both cpDNA (GST = 0.440 and NST = 0.830 between the

two regions) and nSSRs (pairwise FST of 0.158–0.251

between populations from Benin and Lower Guinea).

Both regions had endemic nSSR alleles: 7 in Benin and

40 in Lower Guinea, where the sampling effort was

much larger. Distinct cpDNA lineages and a phylogeo-

graphical signal indicated a prolonged separation of

both gene pools with accumulation of new mutations.

No phylogeographical signal was detected with nSSRs

(RST not significantly different from FST), despite the

clear discontinuity in genetic variation revealed by

Bayesian clustering algorithms. This could simply indi-

cate that the nSSRs used in M. excelsa do not follow a

stepwise mutation model (Hardy et al. 2003).

Our results suggest that west and central African

populations diverged because of geographical isolation

and that gene flow was too weak to homogenize the

two gene pools despite (i) a continuous geographical

distribution, (ii) an extensive gene flow in Cameroon

(Bizoux et al. 2009) and (iii) seed dispersal by

bats and parrots (Osmaston 1965; Taylor et al. 1999;

Daı̈nou K, Laurenty E, Mahy G, Bosteaux Y, Doucet JL,

unpublished). These data support to some extent the
� 2010 Blackwell Publishing Ltd
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Fig. 3 Prior and posterior density distributions of nSSR and

chloroplast DNA mutation rates, divergence time (tev in years)

between two populations exchanging migrants, and ancestral

population size NeA in Milicia excelsa from Lower Guinea,

obtained from the PopABC program (Lopes et al., see Materi-

als and Methods). The 1000 data sets retained for the posterior

distributions correspond to the 1% simulated data sets that

had summary statistics closest to the observed genetic data.
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forest refuge hypothesis in tropical Africa, according to

which forests were fragmented and forest taxa survived

in refugia during the cold and dry periods of the Pleis-

tocene, especially from 160 000 to 130 000 years BP and

from 24 000 to 12 000 years BP (Maley 1996). Under the

forest refuge hypothesis, Beninese populations of M. ex-

celsa should have colonized from the Upper Guinean

forest refugia located in three forest zones from Liberia

to Ghana (Maley 1996). Populations from Lower Guinea

should be the result of expansion from refugia in Lower

Guinea and Congolia. If according to our simulations,

genetic clusters within Lower Guinea diverged more

than 100 000 years ago, then the isolation between west

and central African gene pools amounts to a substan-

tially longer time, probably earlier than the last two

cold stages.

Whether the model of forest fragmentation and refu-

gia readily applies for M. excelsa is, however, debatable,

because M. excelsa is a light-demanding species with a

broad ecological amplitude that can prosper in fairly

open forest habitats. There is some evidence that M. ex-

celsa could have benefited from past forest regressions:

fossil pollen data attested a strong expansion of Milicia

following a severe drought event with a catastrophic

forest decline about 2500 BP in west Cameroon (Maley

& Brenac 1998). A similar forest regression occurred

around 3700 years BP opening the Dahomey Gap

(Ghana to Benin, Maley 1999), but there is no clear

proof of Milicia population expansion during that per-

iod. Even if Holocene forest regressions could have
� 2010 Blackwell Publishing Ltd
favoured an expansion of M. excelsa, the mixture of

alleged vicariant gene pools should have been delayed

by the considerable distance of c. 2000 km between west

and central African forest refugia and the long genera-

tion time of the species [close to 100 years, considering

that regular fruit set occurs at a mean diameter of

55 cm and annual growth rate ranges from 3 mm ⁄ year

(for seedlings) to 7 mm ⁄ year in central African forests;

K. Daı̈nou, unpublished results].

Although slow colonization attributed to long genera-

tion time could retard the admixture of recolonizing

gene pools, it does not explain why, despite M. excelsa’s

adaptation to long-distance dispersal (Bizoux et al.

2009), we did not find any Upper Guinean haplotype in

Lower Guinea. Sampling bias is an unlikely explana-

tion, because we analysed an extensive sample from the

latter region. While genetic analyses of M. excelsa popu-

lations in Nigeria (region between Benin and central

Africa) are needed to better characterize this sharp dis-

continuity, the reason for it could relate to a preferential

direction of migration of M. excelsa’s main seed dis-

perser, the fruit bat Eidolon helvum (Taylor et al. 1999;

Daı̈nou K, Laurenty E, Mahy G, Bosteaux Y, Doucet JL,

unpublished). Eidolon helvum is a migrant mammal with

a wide distribution from west to central, east and south

Africa. From its prime habitat, the tropical forests, it

seasonally migrates towards drier vegetation in the

north and south of the continent (DeFrees & Wilson

1988; Robinson et al. 2005). Thomas (1983) observed

that these bats move seasonally into the savannah zone

in west Africa, i.e. northwards. Richter & Cummings

(2008) showed that E. helvum colonies of Kasanka in

Zambia migrate periodically north-westward. Therefore,

it is possible that the preferred direction of migration of

E. helvum is closer to a north–south than to an east–

west axis. Under this hypothesis, we should expect

more genetic differentiation in M. excelsa along the

east–west than along the north–south axis. This high-

lights the need to study both the genetic structure of

M. excelsa throughout its natural range and the move-

ments of this fruit bat.
Demographic processes affecting Milicia excelsa’s
genetic structure in the Lower Guinea

Both nSSRs and cpDNA suggest a north–south genetic

divide within Lower Guinea. No cpDNA phylogeo-

graphical structure was detected in this region, suggest-

ing that isolation between northern and southern gene

pools is not as old as between Upper and Lower Gui-

nea. The cpDNA haplotype H02 is most common in

Cameroon and had a wide distribution, suggesting

expansion from refugia in west Cameroon (Maley &

Brenac 1998). H06 was the most frequent haplotype in
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Gabon, CAR and in RC, but it was not observed in

Cameroon, suggesting that it has colonized from a ref-

uge located in Gabon or the Congo region. Similar

north–south divides at cpDNA markers have been

observed in this region for other tropical forest trees:

the secondary forest trees Aucoumea klaineana (Muloko-

Ntoutoume et al. 2000) and Erythrophleum suaveolens

(Duminil J, Heuertz M, Doucet JL, Bourland N, Cruaud

C, Gavory F, Doumenge C, Navascués M, Hardy OJ,

unpublished) and Greenwayodendron suaveolens subsp.

suaveolens, typical of mature forests (Dauby et al. 2010).

These patterns probably result from past forest frag-

mentation during the Pleistocene.

NSSRs led to the identification of two gene pools in

Lower Guinea, centred on Cameroon and on west Ga-

bon, respectively, and allowed some insight into past

demographic processes in the region. Populations from

the Cameroonian region had a higher nSSR polymor-

phism than those from Gabon. Although diversity sta-

tistics could be downward biased because of null alleles

(Chapuis et al. 2008), this pattern remains robust

because null alleles were mostly suspected in Cameroon

(results not shown). The north of Lower Guinea was

genetically fairly homogeneous (FST = 0.013); however,

in Gabon among-population differentiation was higher

(FST = 0.059, see also Table 2), individuals were more

admixed (Fig. S6) and a recent bottleneck was detected

in population GA-4. These results suggest genetic dep-

auperation, disrupted gene flow processes and intro-

gression of genes from the Cameroonian gene pool into

M. excelsa from western Gabon. A similar pattern with

distinct gene pools in the north and the south of Lower

Guinea as well as lower allelic richness and gene diver-

sity in Gabon was found in another light-demanding

tree, Distemonanthus benthamianus (Debout et al. 2010).

In M. excelsa, the genetic patterns in west Gabon could

be related to the relatively recent establishment (500–

1000 years BP) of a closed canopy forest in coastal

Gabon (Delègue et al. 2001). The presence of M. excelsa

in Gabonese forests has probably been favoured by for-

est perturbations: similar to west Cameroon where a

drought episode around 2500 BP led to general forest

decline but to expansion of M. excelsa (Maley & Brenac

1998), the species should also have expanded in

Gabon during several climatic deteriorations (around

2800 years BP and from 1400 to 500 years BP; Giresse

et al. 2008; Ngomanda et al. 2007). The recent closing of

the canopy (Delègue et al. 2001; Bonnefille 2007; Giresse

et al. 2008) could negatively affect M. excelsa’s repro-

ductive system by impeding wind-mediated pollen

flow: JL Doucet (personal observation) noticed that

M. excelsa sets fruit weakly in some Gabonese forests.

Pollen limitation could be a more parsimonious expla-

nation for the signs of genetic erosion observed in pop-
ulation GA-4 than a depauperation because of human

activities, as fragmentation or exploitation do not

always have a clear negative effect on genetic diversity

(Pautasso 2009).
Recommendations for the management and
conservation of genetic resources from Milicia excelsa

The IUCN red list of threatened species ranges M. excelsa

in the category ‘Lower Risk ⁄ near-threatened’, which

means this taxon is close to being qualified as vulnerable.

At the scale of the subregion, Ofori et al. (2001) showed

in west Africa that some M. excelsa populations in wet

evergreen and dry semideciduous forests display low

genetic diversity (when using RAPD markers). One of

their recommendations was to suspend logging in the

concerned regions. We showed that a low level of genetic

diversity seems to be a characteristic of the species as a

whole and may not be alarming per se. For instance, a

similarly low genetic diversity at nSSRs was also

observed in another widespread tree in the west and cen-

tral African rainforests, D. benthamianus (Debout et al.

2010). However, considering the strong structure and the

genetic depauperation detected in some Gabonese popu-

lations (probably as a consequence of unsuitable environ-

mental conditions), special attention should be paid to

M. excelsa genetic resources from this region. Seeds

should be collected in the Gabonese populations and

used for reforestation activities in more convenient sites,

outside the evergreen forest zone of Gabon.
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Additional Supporting Information may be found in the online

version of this article:

Fig. S1 Posterior Log likelihood of data given K clusters

(above) using the admixture model with correlated allele fre-

quencies in Structure (Pritchard et al. 2000) on the entire nSSR

data set (Upper and Lower Guinea) of Milicia excelsa and appli-

cation of the ad hoc method by Evanno et al. (2005, below) to

identify K.

Fig. S2 Structure results for K = 4 obtained from 10 runs on

the entire nSSR data set (Upper and Lower Guinea) of Milicia

excelsa, compiled using CLUMPP (Jakobsen & Rosenberg 2007)

and displayed using the spatial interpolation method of Olivier

François (http: ⁄ ⁄ www-timc.imag.fr ⁄ Olivier.Francois ⁄ admix_

display.html) on the Q-matrix of populations.

Fig. S3 Determination of the number of clusters in the nSSR

data set of Milicia excelsa using the deviance information crite-

rion (DIC) of results from the TESS program (Chen et al. 2007)

obtained under the admixture model with interaction parame-

ter w = 0.3 and a linear trend degree surface.

Fig. S4 Proportions of individual ancestry for K = 3 genetic

clusters using the admixture model with w = 0.3 and a linear

trend degree surface in the TESS program.

Fig. S5 The result of the genetic clustering of 21 Milicia excelsa

populations from Benin, Cameroon, Central African Republic,

Republic of the Congo and Gabon, revealed by the GENELAND

program.

Fig. S6 Prior and posterior density distributions of effective

population sizes (Ne) and immigration rates (mig) into two

diverging populations of Milicia excelsa from Lower Guinea,

obtained from the PopABC program (Lopes et al. 2009, see

Materials and methods).

Fig. S7 Posterior distributions of immigration rate (mig1, mig2)

and population size (Ne1, Ne2) in TESS Cluster 2 centred on

Cameroon (above) and in Cluster 3 from West Gabon (below).

Table S1 Study populations

Table S2 Number of haplotypes defined by each of the 3

cpDNA regions

Data S1 Screening of cpDNA for polymorphism.

Data S2 Priors used in PopABC.
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