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Abstract

Scattered populations of the same tree species in montane forests through Africa have led
to speculations on the origins of distributions. Here, we inferred the colonization history
of the Afromontane tree Prunus africana using seven chloroplast DNA loci to study 582
individuals from 32 populations sampled in a range-wide survey from across Africa,
revealing 22 haplotypes. The predominant haplotype, HT1a, occurred in 13 populations
of eastern and southern Africa, while a second common haplotype, HT1m, occurred in
populations of western Uganda and western Africa. The high differentiation observed
between populations in East Africa was unexpected, with stands in western Uganda
belonging with the western African lineage. High genetic differentiation among
populations revealed using ordered alleles (Ngr = 0.840) compared with unordered
alleles (Ggt = 0.735), indicated a clear phylogeographic pattern. Bayesian coalescence
modelling suggested that ‘east’” and ‘west’ African types likely split early during
southward migration of the species, while further more recent splitting events occurred
among populations in the East of the continent. The high genetic similarity found
between western Uganda and west African populations indicates that a former
Afromontane migration corridor may have existed through Equatorial Africa.
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Introduction

The long-term environmental stability of Afromontane
forest regions has been proposed as a mechanism for the
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accumulation and persistence of species during glacial
periods, resulting in diverse species assemblages that
are centres of endemism (Finch et al. 2009; Hall et al.
2009). Significant climate changes that occurred within
Africa between the last glacial maximum (LGM) around
20 000 years ago and the present day have, however,
caused considerable modifications in species ranges (e.g.
Livingstone 1975; Castafieda et al. 2009). Pollen core
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data suggest that during the LGM vegetation now classi-
fied as montane extended to wider areas of lower eleva-
tion in East, Central and West Africa (Van Zinderen
Bakker & Clarke 1962; Caratini & Giresse 1979; Elenga
1987; Maley 1987, 1989). Later, during the early part of
the Holocene, an increase in temperature caused an
expansion of evergreen forests and a retraction of ‘mon-
tane’ species to current higher elevation distributions
(Livingstone 1975; Maley 1991). High similarities
between east and west African montane forests in their
insect, bird and plant communities have long been evi-
dent and indicate connection between them, possibly via
past lowland bridges (Moreau 1966, Hall 1973). The
location of this connection and the time frame of its exis-
tence have been the subject of extensive discussion
among paleoecologists (e.g. Hedberg 1969; Coetzee &
Van Zinderen Bakker 1970; Wickens 1976). As the most
recent connection, White (1981) proposed the southern
migratory tract (SMT), where extant, patchily distributed
Afromontane forests in the southern Democratic Repub-
lic of Congo, Zambia, northern Angola and Gabon could
have acted as ‘stepping stones’ for various species
(White 1983, 1993). Unfortunately, past vegetation pat-
terns can only partly be reconstructed by pollen analysis
because of a lack of lake sediments, particularly in Cen-
tral Africa. Alternative methods to study past distribu-
tions, such as those based on phylogeographic
reconstructions of typical representatives of the Afro-
montane flora based on DNA studies, can improve our
knowledge of the historical processes responsible for
determining current distributions and assist in predict-
ing future responses to anthropogenic climate change.
Prunus africana (Hook.f.) Kalkman (synonym Pygeum
africanum Hook.f.) (Rosaceae) is an evergreen tree typi-
cal of Afromontane forests. With the exception of some
disjunct island populations in Madagascar, the Comoros
and the Gulf of Guinea (Hall et al. 2000), P. africana is
confined to the physiographic domain referred to as
‘High Africa’, extending from 34 °S to 12 °N. Within
‘High Africa’, the species occurs primarily in mountain-
ous and volcanic highlands. In southern Africa, the
range is between 600 and 1000 m in elevation, although
in the Bloukrans River Gorge of South Africa it has
been recorded to grow as low as 60 m (Geldenhuys
1981). Its occurrence below the montane zone is mainly
in rocky areas and boulder accumulations or at drain-
age lines (Hall et al. 2000). In equatorial Africa, it is
found at elevations ranging from 1000 to 3500 m; the
distribution is generally typified by a relatively temper-
ate climate and an annual rainfall from 500 to 700 mm
at high latitudes to over 3000 mm at low latitudes. The
species is a long-lived hermaphrodite tree that may
grow to a height of more than 40 m and can attain a
diameter greater than 1 m. It produces small white

flowers in elongated clusters that are primarily insect
pollinated. Flowering has been reported to start as early
as age 5 and as late as age 20 (Hall et al. 2000). Its fle-
shy one-seeded fruits are dispersed by birds and mam-
mals (Farwig et al. 2006). The species has been of
considerable commercial interest in recent decades
because bark extracts are used for the treatment of
benign prostatic hyperplasia (Cunningham et al. 1997;
Simons et al. 1998). This has led to significant interna-
tional trade, overexploitation of natural populations and
(since 1995) listing under Appendix II of CITES (http://
www.cites.org/eng/prog/african_cherry.shtml).

There have been various speculations about the pro-
cesses leading to the current distribution of P. africana,
and several migration paths have been inferred based on
extant stands (Aubréville 1976; Kalkman 1988). Aubré-
ville (1976) suggested a Laurasian origin of Prunus (con-
sidering only subgenus Laurocerasus, which includes
P. africana, in his work) with subsequent movement
through the Middle East into northeast of Africa. On the
other hand, Kalkman (1988) proposed a Gondwanian
origin of species of the tribe Pruneae (containing the gen-
era Maddenia, Prinsepia and Prunus), with northwards
movement along a path starting in regions correspond-
ing to Australia, South America and Africa. Another
open question is the phylogeographic history of P. afri-
cana within Africa, which seems to be strongly connected
with past vegetation dynamics and the distribution of
Afromontane vegetation in general (White 1983). Based
on a genetic study using random amplified polymorphic
DNA (RAPD) markers, Muchugi et al. (2006) concluded
that both long-distance seed dispersal and migration via
the SMT could be responsible for the occurrence of
P. africana in outlying islands and the distant West Afri-
can mountain massifs. Because of the large genetic dif-
ferences observed among western and eastern Kenyan
populations, Muchugi et al. (2006) supported Aubré-
ville’s path of immigration (Aubréville 1976) and pro-
posed the rift valley as a probable barrier to gene flow.

Organellar genome analysis has been intensively
employed over the last two decades for phylogeograph-
ic studies in a wide range of plants, including within
Rosaceae the tree genera Sorbus (Oddou-Muratorio et al.
2001), Prunus (Mohanty et al. 2001) and Malus (Vornam
& Gebhardt 2000). In Rosaceae, chloroplast genomes are
maternally inherited (e.g. Ishigawa et al. 1992; Matsum-
oto et al. 1997; Oddou-Muratorio et al. 2001), and mark-
ers therefore provide information on the spatial
distribution of variation as a consequence of seed flows
and founding events (Birky ef al. 1989; McCauley et al.
2003). Chloroplast DNA markers are especially apt for
investigating events that occurred in the more distant
past (Petit et al. 1993a; Hewitt 2000). The approach we
employed here, chloroplast simple sequence repeat
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(cpSSR) analysis (McCauley 1995; Vendramin & Ziegen-
hagen 1997), has been widely adopted for phylogeo-
graphic study of tropical and subtropical tree genera
such as Hagenia (Ayele et al. 2009), Eucalyptus (Nevill
et al. 2010) and Adansonia (Pock Tsy et al. 2009).

Our aim in this study was to investigate the phyloge-
ography of P. africana as a model to gain insights into
past vegetation patterns of Afromontane forests. This
involved testing cpSSR markers on a wide portion of
the natural distribution of the species based on field
sampling of material across nine African countries. This
collection represents the most significant, extensive
sampling of an Afromontane tree to be investigated in
genetic studies. In particular, we were interested in the
relationship between populations of east and west Afri-
can montane forests and how observed patterns of vari-
ation relate to proposed migration routes. Using
Bayesian coalescence modelling, we infer colonization
dynamics and past vegetation history.

Materials and methods

Population sampling and DNA isolation

Leaf samples were obtained from 32 natural stands of
P. africana covering the main block of the species’ geo-
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graphic range across sub-Saharan Africa (Fig. 1;
Table 1). This included the West Africa region: Camer-
oon (three sites), Equatorial Guinea (Bioko) and Nigeria
(one site each); the East African region: Uganda (four
sites), Kenya (nine sites), Tanzania (six sites); and the
southern Africa region: South Africa (two sites), Zimba-
bwe (three sites); and Madagascar (three sites). From
each population, leaf samples from six to 36 trees were
collected and dried with silica gel. Import, export and
phytosanitary certificates were obtained according to
national and CITES regulations. For each sampled tree,
total genomic DNA was extracted from 40 to 60 mg of
dry leaf material using the QIAGEN Plant mini kit
(Qiagen, Valencia, CA, USA) according to the manufac-
turer’s instructions with slight modifications (Farwig
et al. 2008). DNA was stored at 4 °C.

cpDNA amplification and genotyping

Chloroplast DNA variation was analysed with three mi-
crosatellite loci (cpSSR) originally characterized in Japa-
nese plum (Prunus salicinia, primer pairs TPSCPI,
TPSCP5 and TPSCP10; Ohta et al. 2005) and two from
Sorbus (primer pairs rpslopm2 and trnT-Lpml; Chester
et al. 2007). Polymerase chain reaction (PCR) consisted
of 1 pL (10-50 ng) total genomic DNA, 1x PCR buffer,

Fig. 1 Approximate geographic distribution of Prunus africana (grey shaded area), the origins of the populations used in the current
study and haplotype distributions. Colour codes demonstrate the proportions of haplotypes within each population. Country bound-

aries are also shown.
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Table 1 Description, location and haplotype diversity measures of investigated populations

Name of Population Code Country Longitude Latitude n N, N. N, H.
1. Ngashie-Mt Oku CA  Cameroon 10.5092 6.2048 19 2 111 1 0.105 (0.092-0.158)
2. Lower Mann'’s Spring, Mt Cameroon CB Cameroon 9.1192 4.1346 19 1 1 0  0.000 (0.000-0.000)
3. Mt Danoua CC  Cameroon 11.9413 7.1871 201 1 0 0.000 (0.000-0.000)
4. Moka GQ  Equatorial Guinea 8.6559 33625 18 2 1.91 2 0.503 (0.064-0.755)
5. Chuka, Central province KA  Kenya 37.3645 -01798 20 1 1 0 0.000 (0.000-0.000)
6. Kinale, Central province KB  Kenya 36.4151 -0.5278 19 4 246 0 0.626 (0.098-1.053)
7. Kapcherop, Cherangani Forest, Rift Valley KC  Kenya 35.2161 10315 20 3 225 0 0.584 (0.091-0.955)
8. Kakamega Forest, Western Province KD  Kenya 34.519 01415 201 1 0 0.000 (0.000-0.000)
9. Londiani, Rift Valley KE  Kenya 35.1836 -02737 20 2 172 0 0.442 (0.087-0.663)
10. Ol Danyo Sambuk, Central Province KF Kenya 37.1501 -1.0744 19 2 187 1 0.491 (0.068-0.737)
11. Taita Hills, Coast Province KG  Kenya 38.2088 -32462 20 1 1 0 0.000 (0.000-0.000)
12. Lari, Central Province KT Kenya 36.687 -1.0311 12 1 1 0 0.000 (0.000-0.000)
13. Kibiri forest, Western Province KS Kenya 34.8719 0.1502 16 2 113 1 0.125 (0.106-0.188)
14. Marovoay MA  Madagascar 48.3069 -18.8023 5 2 147 0 0.400 (0.237-0.600)
15. Lakato forest MB  Madagascar 48.2779 -19.1971 33 2 158 1 0.379 (0.079-0.568)
16. Antsahabiraoka MC  Madagascar 49.2164 -14.4015 18 1 1 0  0.000 (0.000-0.000)
17. Ngel Nyaki Forest Reserve, Nigeria NG  Nigeria 11.0271 7.066 91 1 0 0.000 (0.000-0.000)
18. Mpumalanga SA  South Africa 30.7306 -25.0225 19 2 176 0 0.456 (0.085-0.684)
19. KwaZulu-Natal SB South Africa 30.2725 -29.2872 17 2 156 0 0.382 (0.113-0.574)
20. Meru Catchment Forest TA  Tanzania 36.8074 =3.2925 19 2 199 1 0.526 (0.040-0.789)
21. Kilimanjaro Catchment Forest Reserve TB Tanzania 37.5237 -3.0036 17 4 3.18 0 0.728 (0.060-1.256)
22. Kindoroko Catchment Reserve TC Tanzania 37.6267 -37389 14 1 1 0 0.000 (0.000-0.000)
23. Shume Magamba Catchment TD  Tanzania 38.2521 -4.7544 20 2 147 0 0.337 (0.110-0.505)
Forest Reserve
24. Kidabaga TE Tanzania 35.9296 -8.1101 15 2 1.64 0 0.419 (0.113-0.629)
25. Udzungwa TT  Tanzania 36.7791 -77668 16 3 1.66 0 0.425 (0.133-0.670)
26. Kibale Forest Natural Park UA  Uganda 30.357 05644 201 1 0 0.000 (0.000-0.000)
27. Kalinzu Forest Reserve UB  Uganda 30.1101 -03742 20 1 1 0  0.000 (0.000-0.000)
28. Bwindi Forest UC  Uganda 29.7754 -1.0476 19 2 1.11 0 0.105 (0.092-0.158)
29. Mabira Forest UD  Uganda 33.015 03806 20 2 1.83 2  0.479 (0.072-0.718)
30. Nyanga National Park ZWA Zimbabwe 32.7401 -182873 20 1 1 0 0.000 (0.000-0.000)
31. Cashel Valley Chimanimani ZWB Zimbabwe 32.8004 -19.5781 20 1 1 0 0.000 (0.000-0.000)
32. Chirinda forest Reserve Chipinge ZWC Zimbabwe 32.695 -20409 19 1 1 0  0.000 (0.000-0.000)

n, number of individuals analysed; N,, number of haplotypes; N, effective number of haplotypes; N;,, number of private haplotypes;
H,, haplotype diversity and standard error as calculated by rarefaction analysis.

0.2 mm dNTPs, 1.5 mm MgCl,, 0.06-0.5 nm of fluores-
cence-labelled forward primer, the same amount of
unlabelled reverse primer and 0.5 units of Platinum®
Taq DNA Polymerase (Invitrogen, USA). Volumes were
made up to 10 pL with autoclaved deionized water.
Amplifications were run on a PTC-200 thermocycler
(M] Research) using the following heating profile: 3 min
at 95 °C (initial denaturing step), followed by 35 cycles
of 30-60 s at 94°C (denaturing step), 50 s at 50 °C (for
TPSCP5, rpslopm2, trnT-Lpml) or 60s at 55 °C (for
TPSCP1, TPSCP10) (annealing step), 1-2 min at 72 °C
(extension step) and an additional 10 min at 72 °C (final
extension step). PCR products were analysed using a
CEQ8000 Beckmann Coulter Sequencer (Beckman-
Coulter, USA) with an internal standard to measure the
size of amplified bands. A volume of 1-2 puL of sample
of each diluted PCR product was added to 0.4 pL of
size standard in 35 pL sample loading solution. Differ-

ences in the sizes of products and the use of different
fluorescent labels allowed the analysis of two to three
microsatellites in a single run.

cpDNA variation and haplotype construction

To confirm the single nucleotide repeat motif of cpSSR
variation and to avoid misinterpretations caused
through size homoplasy, various alleles from each locus
were sequenced. Sequence comparisons revealed single
nucleotide steps for loci TPSCP1, TPSCP5 and TPSCP10,
whereas both of the loci rpsl6pm2 and trnT-Lpml were
found to contain two indels of 5-26 base pairs in the
flanking region. These indels were treated as two addi-
tional loci, namely rpsl6épm2a and rpslépm2b, and
trnT-Lpmla and trnT-Lpm1b. Additional length variation
at the locus rpsl6pm2 was not considered because it
could not be resolved to unique mononucleotide repeat
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variation. Sequences were deposited in GenBank under
the accession numbers HM749746-HM749785.

Multilocus haplotypes were constructed by combin-
ing single loci. The number of haplotypes per popula-
tion, the effective number of haplotypes, the number of
private haplotypes and haplotype diversity were calcu-
lated using GenAlEx 6.0 (Peakall & Smouse 2006). To
account for differences in sample size, rarefaction analy-
sis of haplotype diversity was undertaken using CON-
TRIB (Petit et al. 1998), giving an improved estimate of
haplotype diversity and its standard error. As mononu-
cleotide microsatellites are potentially prone to homo-
plasy (i.e. alleles can be identical in state but not
identical by descent owing to repeated forward and
backward mutations), linkage disequilibrium (LD)
among loci (including indels) was examined following
Hale et al. (2004) using the statistic 74 implemented in
the software MultiLocus 1.2 (Agapow & Burt 2001). If
the multilocus LD is significantly high, we can expect
that alleles identical in size are also identical in descent;
phylogeographic inferences should then not be affected
(Hale et al. 2004; Angioi et al. 2009).

Haplotype relationships were inferred by constructing
a statistical parsimony network following a two-step
strategy according to Béanfer et al. (2006). This proce-
dure accounted for the (presumably) different mutation
rates underlying indel and microsatellite variation. First,
haplotype data from the indel variation were employed
to construct a backbone network using the programme
TCS 1.18 (Clement et al. 2000). Second, the network was
enlarged by adding the variation at microsatellite loci
manually at the respective positions of the backbone;
mononucleotide microsatellites were coded according to
a stepwise mutation model.

Population structure and phylogeography

Total gene diversity (h;) and average within population
gene diversity (h;) were calculated according to Pons &
Petit (1995, 1996) using the software PERMUT (http://
www.pierroton.inra.fr/genetics/labo/Software). To test
for the existence of phylogeographic patterns, we com-
pared the two measures of differentiation Ngr and Gsr,
which are based on ordered and unordered alleles,
respectively. A significantly higher value for Nsr com-
pared with Ggr indicates the existence of a phylogeo-
graphic structure (Pons & Petit 1996). Significance was
tested based on 1000 permutations.

To analyse relatedness among populations without a
priori hypotheses, a spatial analysis of molecular vari-
ance (samMova) was applied according to Dupanloup
et al. (2002). This method is based on a simulated
annealing procedure where populations are assigned to
a defined number (K) of groups. Groups are maximally
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differentiated from each other but include populations
that are geographically proximate. Using pairwise dif-
ferences among haplotypes, samMova generates F-statis-
tics (Fsc, Fsr and Fcr) following an Amova approach
(Excoffier et al. 1992). By exploring the behaviour of the
indices Fcr and Fgc for different values of K, it is possi-
ble to identify the optimum number of groups for a set
of populations (Dupanloup et al. 2002). One hundred
simulated annealing processes were used for each value
of K, from K = 2 to 30.

Population history and coalescence

To relate the genealogical network to colonization his-
tory and the physical characteristics of Africa and its
changes within the Holocene, we used Bayesian coales-
cence modelling of past population splitting events. The
group structure defined by samova was used to identify
the time and sequence of divergence among regional
groups. The software BATWING generates random sam-
ples from posterior distributions of a variety of popula-
tion genetic parameters, e.g. mutation rate, effective
population size and growth rate, based on coalescence
theory (Wilson et al. 2003). Because of a lack of detailed
knowledge on population demographics, we used a
simple model of constant population size, where the
prior population size follows a uniform distribution
within an interval of 10-10 000 individuals. Although
diffuse, these size limits cover the most plausible values
for N, if we consider neighbourhood sizes, gene flow
distances and densities typical for tropical trees (Hardy
et al. 2006) and other Prunus species (Schueler et al.
2006). Prior mutation rates were set according to previ-
ous reports of chloroplast loci (Provan et al. 1999). We
specified two groups of loci, both following a gamma
distribution: the indels rpsl6pm2a, rpslopm2b, trnT-
Lpmla and trnT-Lpmlb were set to priors of
u=_8x 107, while the mononucleotide microsatellites
TPSCP1, TPSCP5 and TPSCP10 were set to priors of
ft=32x10" (Afzal-Rafii & Dodd 2007) because they
showed higher variation. With these priors, 55 000 sam-
ples in total were generated, from which the first 5000
were discarded as the ‘burn-in’. Posterior parameter
distributions for mutation rate, population size, splitting
times and splitting sequence were estimated from the
output of the remaining 50 000 samples.

Results

cpDNA variation and haplotype construction

Three cpDNA microsatellites and four cpDNA indels
generated data for 582 individuals of P. africana from
32 populations. Data from all primers yielded 2-4
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Table 2 Haplotype construction and frequency in 32 Prunus africana populations revealed by four cpDNA indels (Loci 1-4) and
three cpDNA microsatellites (Loci 5-7). Alleles are represented as one for the presence of fragment and two for the absence of frag-
ment in the case of the indels (Loci 1-4) and repeat numbers in the case of microsatellites (Loci 5-7)
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§Populations are Ngashie Mt. Oku (CA), Lower Mann’s Spring, Mt. Cameroon (CB), Mt. Danoua (CC), Equatorial Guinea (GQ),

Chuka (KA), Kinale (KB), Kapcherop (KC), Kakamega (KD), Londiani (KE), Ol Danyo Sambuk (KF), Taita (KG), Lari (KT), Kibiri

forest (KS), Marovoay (MA), Lakato forest (MB), Antsahabiraoka (MC), Nigeria (NG), Mpumalanga (SA), Kwazulu Natal (SB), Meru
(TA), Kilimanjaro (TB), Kindoroko (TC), Shume Magamba (TD), Kidabaga (TE), Udzungwa (TT), Kibale (UA), Kalinzu (UB), Bwindi
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alleles per locus and 19 alleles in total. The most vari-
able cpSSR loci were TPSCP1 and TPSCP10 with four
alleles each, followed by TPSCP5 with three alleles.
Overall multilocus LD was highly significant
(rq = 0.074, P < 0.002), indicating that homoplasy plays
a minor role in explaining the observed phylogeograph-
ic pattern in comparison with migration.

Combination of loci resulted in 22 haplotypes in total
(Table 2). The predominant haplotype HT1a (frequency
31%) occurred in 13 populations of East and southern
Africa. HT1m, the second most frequent haplotype (fre-
quency 14%), occurred only in populations of western
Uganda and West Africa (Fig. 1). The genetic character-
istics of chloroplast haplotypes in populations are shown
in Table 1. The number of haplotypes (N,) per popula-
tion ranged from one to four with an average of two,
with populations from the East African region harbour-
ing the highest number of haplotypes. Nine haplotypes
were private to single populations, while 13 occurred in
two or more stands. The island of Bioko (GQ) and one
population from Uganda (UD) each had two private
haplotypes (GQ: HT1k and HT1l; UD: 2a and 2b) and did
not share haplotypes with other populations. Fourteen
populations revealed only one haplotype. The highest
haplotype diversity (H,) of 0.728 was found in the Tanza-
nian population from Mt. Kilimanjaro, followed by the
Kenyan population Kinale (H, = 0.626).

The relationship between haplotypes is demonstrated
by the genealogical network given in Fig. 2. The back-
bone of the network consists of five main haplotypes
(denoted HT1-HT5), of which HT1 is the dominant type
on mainland Africa. Haplotypes of the HT3 family (3a-
3c) form a geographically distinct group in Madagascar.
The most common types HT1la and HT1m are separated
only by two mutational steps but are geographically dis-
tributed either in the ‘east’ or ‘west’ African populations,
respectively. HT1a and the haplotypes HT1b-HT1i can
be found only in east (excluding Uganda) from here
henceforth referred to as ‘east’ African populations and
southern African populations, whereas populations from
the eastern side of the Albertine Rift Valley in Uganda
and the western part of Africa contain haplotypes related
to HT1m (HT1j-HT1n) from here henceforth referred to
as ‘west’ African populations.

Population structure and phylogeography

The total gene diversity (1) of 0.886 (SE = 0.0376) was
more than three times higher than the mean within
population diversity (k) of 0.234 (SE = 0.0432), suggest-
ing high genetic differentiation among populations. This
was also demonstrated by the high levels of
differentiation of ordered (Nsy) and unordered (Gsr)
alleles (0.840, SE = 0.0395 and 0.735, SE = 0.0481, respec-
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Fig. 2 Genealogical network revealing 22 haplotypes con-
structed from 19 alleles obtained from four cpDNA indels
(Loci 1-4) and three cpDNA microsatellites (Loci 5-7) within
32 Prunus africana populations. Circle size is representative of
the number of individuals having each haplotype (see
Table 2).

tively). Ngt was significantly higher than Ggr (P < 0.01),
indicating a phylogeographic pattern for P. africana.
Spatial analysis of molecular variance revealed a con-
tinuous increase in Fcr values from K =2 to K =20,
again demonstrating the high differentiation among
populations. Fcr values remained constant for K > 20
groups. Table 3 shows groupings for different values of
K. Continuous bold lines depict barriers that remained
constant from low to high numbers, while dotted bold
lines depict barriers that occasionally disappear. Finer
lines show boundaries that appear only at higher values
of K (>14). The clearest spatial-genetic group is formed
by the three populations from Madagascar, because
their grouping is stable from K = 6 upwards. Interest-
ingly, three populations from western Uganda group
with the West Africa stands rather than other geograph-
ically proximate populations from East Africa. The East
African region shows the highest heterogeneity, where
for K =2, a barrier was already found. The mainland
southern region is closely related to the East African
region, but within the mainland southern region popu-
lations are much less differentiated. The distribution of
molecular variance to populations, populations within
groups and groups is shown in Table 4; with increasing
K, variation among populations within groups
decreased and variation among groups increased.
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2 to 20 groups

Table 3 Genetic structure among Prunus africana populations as analysed by spatial analysis of molecular variance (samova). Increasing values of For from K

are shown. The groupings for different values of K are indicated by line demarcations. Indicated groupings relate to geographic origin
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Table 4 Analysis of variance of population structure of 32
Prunus africana populations based on spatial analysis of molec-
ular variance (saMova) structure analysis using K =2 to 20
groups

K vg upg up Fsc Fsr Fer
2 52.89 38.6 8.47 0.82 0.92 0.53
4 59.49 28.2 12.3 0.7 0.88 0.6

6 66.71 20.1 13.2 0.6 0.87 0.67
8 70.02 16.7 13.3 0.56 0.87 0.7

10 72.71 13 14.3 0.48 0.86 0.73
12 74.17 10.9 14.9 0.42 0.85 0.74
14 78.05 7.01 15 0.32 0.85 0.78
16 79.27 5.45 15.3 0.26 0.85 0.79
18 79.51 491 15.6 0.24 0.84 0.8

20 82.5 191 15.6 0.11 0.84 0.83

K, number of groups; vg, variation within groups; vpg,
variation of populations within groups; vp, variation within
populations; Fsc, differentiation among populations within
groups; Fgr, differentiation among populations; Fer,
differentiation among groups of populations.

Population history and coalescence

For coalescence modelling of P. africana, populations
were aggregated into K = 6 regional groups according
to the spatial-genetic structure observed in samova; this
grouping provided an unbiased clustering of popula-
tions with a clear geographic distribution. To calculate
estimates for the time of splitting events, we converted
coalescent units given by BATWING into years by multi-
plying the population size given by the program with
the generation time (GT) of P. africana, which was
assumed to be 8 years at the lower limit and 15 years at
the upper limit (Hall et al. 2000).

The two most recent splitting events with a node sup-
port of more than 80% were found to have occurred
among populations of eastern and southern Africa
(Fig. 3). The estimated confidence limit for the time of
these population splitting events assuming a GT of
8 years ranged from 21 000 years before present (sr) to
1500 years Bp for the second youngest split and from
6500 years Bp until today for the youngest split, respec-
tively (see Table 5 and Fig. 4). The splitting among
‘west’ African groups (including populations from
Uganda) also received high node support (48%) and
dates either to the second, third or fourth oldest split-
ting event to times between 1400 and 67 000 years Bp
(GT = 15: 2700-125 000 years). The split between Mada-
gascar and all East and South African groups dates to
the second and third oldest splitting events (from 7800
to 67 000 years Br using GT =8 and from 14 600 to
125 000 years using GT = 15) and receives a node sup-
port of about 40%. Other potential splitting events at
the second or third oldest splitting event receive a node
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Fig. 3 Node support for various population splitting events identified by coalescence modelling using a Bayesian analysis. Only

splitting events with a node support of more than 5% are shown.

Table 5 Results of coalescence modelling using a Bayesian
analysis. Upper and lower 5% quantiles, mean and standard
deviation of a posteriori estimates of ancestral population size
(N) and mutation rates (i) are given

Quantile Quantile Standard
5% Mean 95% deviation
Ancestral population size
N 3807 6419 9290 1663
Posterior mutation rates
p(loci 14) 1.94x107° 357 x107° 574x107° 1.18 x 107°

i (loci 5-7) 8.10 x 107° 12.06 x 107> 16.93 x 107> 2.72 x 10>

0 20 40 60 80 100 120 140 160 180
Time before present (x10° years)

Fig. 4 Time of population splitting events identified by coales-
cence modelling using a Bayesian analysis for two estimates of
generation time (8 years, solid line; 15 years, broken line). The
graph gives the upper and lower 5% quantiles and the mean
of the time estimates. In descending order, the upper line iden-
tifies the oldest event and the lowest one the youngest event.

support of <20%, suggesting branching among groups
of ‘east’ and ‘west’ Africa occurred concurrently.

Discussion

In this study, we investigated the phylogeography of
P. africana as a model species to derive vegetation

© 2010 Blackwell Publishing Ltd

history of Afromontane forests. We detected high popu-
lation differentiation and significant phylogeographic
structure within the species. Populations from West
Africa were closely related to populations from Uganda.
This finding provides strong evidence for a former
migration corridor between ‘east’ and ‘west’” African
populations.

Genetic diversity and population structure

Compared to other tree species from Africa, the
observed differentiation among populations (Gsr =
0.735) is relatively high and comparable to that found
in Adansonia digitata (Ggy = 0.97; Pock Tsy et al. 2009)
and Hagenia abyssinica (Gst = 0.899; Ayele et al. 2009),
although the observed within population diversity is
higher in P. africana (hy = 0.237) than in either Adansonia
(hs = 0.017) or Hagenia (hs = 0.079), maybe attributed to
the lower sample size in these studies. Also, tropical
species from South America show similar high patterns
of differentiation, e.g. Cedrela odorata (Gsr = 0.96; Cavers
et al. 2004) and Vouacapoua americana (Gsr = 0.89; Du-
tech et al. 2000).

In contrast, other range-wide cpDNA studies on
Rosaceous trees (e.g. from Europe) show markedly
lower genetic differentiation among populations, but
higher within population diversity, e.g. P. avium
(Gst = 0.29; hy = 0.33; Mohanty et al. 2001), P. spinosa
(Gst = 0.32; hg = 0.49; Mohanty et al. 2002) and Sorbus
torminalis (Gst = 0.33, hs = 0.39; Oddou-Muratorio et al.
2001). Differences may be explained by either different
seed dispersal mechanisms or different population his-
tories. Seed dispersal mechanisms play a crucial role in
shaping distributions of haplotype diversity and genetic
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differentiation (Petit et al. 1993b, 2003; Demesure ef al.
1996; Dumolin-Lapegue et al. 1997). Farwig et al. (2006)
listed 36 frugivorous birds and mammals with body
sizes of 10-80 cm as seed dispersers for P. africana.
These dispersers should facilitate short- and medium-
distance seed dispersal at least as efficiently as seed dis-
persers of Prunus species in Europe. Therefore, we
rather believe that differences in the population history
of P. africana and European Prunus species are responsi-
ble for the stronger differentiation in the former. Euro-
pean Rosaceous tree populations have been affected by
ice ages and recent (within the last 10 000 years) post-
glacial recolonization of central and northern European
areas, whereas within the same period P. africana is
likely to have experienced only smaller altitudinal range
shifts. In comparison with latitudinal range shifts where
a loss of genetic diversity attributed to repeated bottle-
necks can occur (Hewitt 1996), range shifts in mountain
regions occur over much shorter geographic distances,
and population sizes may be more stable, thereby main-
taining diversity (Ehrich et al. 2007). The isolation of
mountain massifs from each other might limit gene
flow and facilitate differentiation in local populations
(Hewitt 2000). Thus, the history of single populations in
Africa is doubtless much older than that of European
Rosaceous tree populations. Similar strong differentia-
tion patterns were found for Afroalpine populations of
Arabis alpina in a comparison with European and Arctic
populations (Ehrich et al. 2007).

Phylogeography of Prunus africana—migration and
dispersal within Africa

Mountain ranges that provide habitats for Afromontane
species today were formed within the late Pliocene and
throughout the Pleistocene (Hedberg 1994). During the
Pleistocene, several Afroalpine species colonized Africa
from Asia through the coastal mountain ranges of the
Arabian Peninsula (Koch et al. 2006). According to
Aubréville (1976), P. africana could have followed a simi-
lar path based on the putative Laurasian origin of the
genus Prunus. Our study was not able to provide data on
the original immigration path of P. africana into the Afri-
can continent as populations are not extant in the Ara-
bian Peninsula and palaeoecological evidence is not
available. However, our data provide the first significant
insights into the population history of P. africana within
mainland Africa and its neighbouring islands, as a signif-
icant signal for phylogeographic pattern was found.
Supported by Bayesian analysis where splitting
events between Madagascar and other African popula-
tions were estimated to be among the oldest, popula-
tions from Madagascar were found to be genetically
most distinct, suggesting an early split from the main

Fig. 5 Hypothesized migration route of Prunus africana as
deduced from coalescence modelling and the observed phylog-
eographic—genetic structure. Black solid arrows indicate the
hypothetical route according to the present study, the black
broken arrow indicates Aubréville’s path of immigration of the
genus Prunus into Africa (Aubréville 1976). The putative
migration paths to West Africa are shown by thin broken
arrows: 1—split of eastern and western populations during
southward migration at the southern fringe of the Ethiopian
highlands, subsequently: la—migration from the Albertine Rift
to West Africa via a northern connection; 1Tb—southern migra-
tory tract (SMT) following White (1993); 2—independent colo-
nization of West Africa via a northern migration corridor and
subsequent colonization of the Albertine Rift from West Africa.
The grey arrow indicates ocean currents involved in the possi-
ble dispersal to Madagascar. Black dots represent locations
where population sampling was carried out in this study. The
bold bar indicates the putative barrier between eastern and
western lineage created by the upper river Nile and Lake
Victoria basins.

lineage. As the separation of Madagascar from Africa
was completed 100 Ma, (long before P. africana reached
Africa), the colonization of Madagascar may reflect
early and possibly unique dispersal events facilitated by
birds or the southern Monsoon drift or the Mozambique
current (Fig. 5).

On mainland Africa, a clear division between western
populations (including Ugandan populations east of the
Albertine Rift valley) and stands in eastern and south-
ern Africa was detected. The haplotype sharing
between West African and Ugandan populations sug-
gests the former existence of a migration corridor from
east to west. Although the exact migration routes to
West Africa cannot to be determined at present, our
data support two scenarios: (i) a split during southward
migration of P. africana at the southern fringe of the
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Ethiopian highlands (Fig. 5, route 1) with migration of
Albertine Rift valley populations to West Africa (route
la, 1b); or (ii) the independent colonization of West
Africa via a northwestern migration corridor and the
subsequent colonization of western Uganda from West
Africa (route 2). Both scenarios imply that a strong bar-
rier for gene flow has existed within East Africa and
that the distribution range of P. africana included large
areas of Central Africa at one time, where presently no
populations exist (Hall et al. 2000).

The first scenario of colonization from the Albertine
Rift to West Africa is supported by the relatively small
genetic distances (<4 mutations) among the haplotypes
found in West Africa, which suggests that all six
observed haplotypes originate from the dominant type
HTIm. In contrast, the various haplotypes found in
East Africa have a deeper root with up to five muta-
tions among them and include other main backbone
lineages. Thus, the high haplotype diversity found in
West Africa could be a result of younger differentiation
events coupled with isolated mountain habitats that
facilitated the fixation of newly mutated types. In con-
trast, further differentiation at the Albertine Rift may
have been prevented by regular seed exchange. The
colonization from East to West could have been
through either the SMT as defined according to White
(1981) or through a more northern direct connection.
Our data suggest a more direct connection as the SMT,
if it functioned as a bridge, must have originated south
of Lake Tanganyika. Here, the Albertine Rift and the
Eastern Rift meet and this should have provided
chance for lineage mixing: i.e. populations from West
Africa would then also be expected to contain haplo-
types from the eastern lineage. On the other hand, the
absence of such haplotypes in the west could be
explained by the later splitting events of the east and
southern populations compared with the splitting
events between the ‘east’ and ‘west’ African popula-
tions. More data from populations sampled south of
the Albertine Rift and following the SMT would be
needed to resolve this definitively.

Under the second scenario, P. africana could have
migrated directly from the Ethiopian highlands to
West Africa, possibly using the Marra Mountains
(Sudan) as stepping stones (cf. Wickens 1976). Thereafter,
subsequent colonization of Uganda from West Africa
could have occurred. This route would provide an
alternative explanation for the lower diversity shown in
the Albertine Rift valley populations. As there is no
extant Afromontane forest or P. africana in the central
African regions that must have been crossed, only an
extensive phylogeographic study of populations from
Ethiopian highlands could shed further light on this
second hypothesis.
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As key barriers to dispersal in the early population
history of the species we suggest the upper river Nile
basin and the Lake Victoria basin, because these areas
experienced severe drought conditions before 12 000 Bp
(Livingstone 1975) and probably also earlier in the
Pleistocene. According to pollen analysis and radiocar-
bon data of lake sediments, the water level of Lake
Victoria at 14 000 Bp was between 26 and 75 m lower
than today, and the surrounding landscape was likely
too dry for P. africana and characterized mainly by
open vegetation (Livingstone 1975). About 10 000 years
BP evergreen rainforest expanded into the region, which
again likely did not provide suitable habitat. Today, the
river Nile basin with Lake Kyoga and its surrounding
extensive marshy areas are still not suitable habitat for
Afromontane forest, although the climate has been
somewhat dryer since 6000 years Bp, facilitating more
semideciduous forest (Livingstone 1975). Another rea-
son for past absence of P. africana in this part of
Uganda may be the relatively flat terrain, which did not
allow for altitudinal range shifts during past climatic
fluctuations. Within the adjacent rift valleys and moun-
tain ranges, such range shifts might have supported the
survival of populations during the unstable climatic his-
tory. Our data do not support the suggestion of
Muchugi et al. (2006) who from a study based on
RAPD markers of Cameroonian, Kenyan, and Ugandan
populations of P. africana concluded that the Eastern
Rift Valley acted as a barrier to gene flow, because in
our case on either side of both branches of the Rift simi-
lar chloroplast haplotypes occurred: HT1a east and west
of the Eastern Rift Valley, and HT1m east and west of
the Albertine Rift.

Our data on the close relationship between Albertine
Rift and west African populations of P. africana corre-
spond with ecological comparisons between east and
west African ornithological and entomological records.
Already in the 1960s, Moreau (1966) suggested that
montane vegetation belts were depressed to lower ele-
vations connecting east and west African mountain
regions during the last glacial period, although Living-
stone (1975) doubted that such a belt existed. Based on
data from palynological records from the last
15 000 years, Livingstone (1975) rather argued that for-
est trees were extremely rare in mountain regions and
at lower altitudes during the LGM. Instead, he
explained ecological affinities by the high migration
capacity of birds and butterflies and suggested smaller
isolated habitats to have served as stepping stones.
Although P. africana is a typical species of Afromontane
forest, it has also been reported to inhabit elevations
below the montane zone (Hall et al. 2000). It is difficult
to conclude whether such site conditions would have
allowed spread across a distance of around 2000 km,
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but future genetic studies of additional wide-spread
Afromontane species should help to shed more light on
past montane vegetation belts.

Our proposed migration paths and splits were well
supported by both the genealogical network and the
Bayesian simulations of coalescence. In general, the
Bayesian simulations provided a broad estimate of split-
ting times for events. There is for example considerable
overlap between the three oldest splitting events
(Fig. 4). Although the uncertainties in estimating GT,
population size and mutation rate limit the accuracy of
the obtained splitting times, they elucidate the sequence
of events. For example, the two most recent splits are
sharply different from the older ones. Using the range
of GTs given in the literature (Hall et al. 2000), the time
of the population splits varies by a factor of 2—4. The
overall time frame of the simulations shows that the
complete colonization of the investigated distribution of
P. africana has most likely occurred within the last
100 000-180 000 years. On a global scale, this time per-
iod is known as the last glaciation period, suggesting
that the colonization of eastern and western Africa by
P. africana occurred mainly during colder climatic epi-
sodes. This study has provided evidence on the phylog-
eography of P. africana and on a past migration
corridor between Afromontane forests; to investigate
further aspects in colonization dynamics, sampling is
suggested in the Ethiopian highlands and in the south-
western/central African range.
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