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ABSTRACT

Prunus africana is a highly valued Afromontane species for its bark whose
products are used for treatment of benign prostatic hypertro?hy (BPH).
Increasing demand of P. africana bark has led to overharvesting of the species
natural populations thus threatening its survival in the wild. Consequently,
cultivation of the species on farms offers an alternative to sustain the P.
africana herbal market. Information on existing genetic and phytochemical
variations within and among the species provenances is crucial In Initiating P.
africana farming and its conservation. This study proposed to generate such
important information by assessing the genetic diversity using cpDNA and
SSR markers and pfg/tochemical variations from 32 populations sampled
across the species distribution range. The colonisation history of the
Afromontane tree P. africana was inferred using seven cpDNA loci of 582
individuals from 32 populations that revealed 22 haplotypes. Bayesian
coalescence modelling suggested that ‘east’ and ‘west’ African types split
early during southward migration of the species, while furthermore 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. To gain new insights into the population
structure, population history and historical gene flow among populations of
this Afromontane species, six nuclear microsatellite markers were used on a
total of 459 samples from 30 populations and revealed strong population
divergence among Afromontane regions. Five main regions were identified:
West Africa, East Africa west of the Eastern rift valley, East Africa east of the
Eastern Rift Valley, southern Africa and Madagascar. The eastern Rift Valley
posed as the second most important barrier to gene flow in Prunus africana.
Discordance between recent and historic gene flow estimates and patterns
obtained from the cpDNA study gives evidence for a major shift of gene flow
barriers in East Africa. To determine the correlation between phytochemical
diversity in active compounds of Prunus africana bark with geographic or
genetic distribution, the content of the different antioxidants derived from bark
extracts was assayed by means of GC_MSD in 20 of the 32 populations
sampled. The average concentration [mg/kg w/w] of the bark constituents
assayed in increasing order was: lauric acid (18), myristic acid (22), n-
docosanol (25), ferulic acid (49), B-sitostenone (198), B-sitosterol (490), and
ursolic acid (743). The concentrations of many bark constituents were
significantly intercorrelated. Only haplotypic diversity was positively
correlated with the variation of the content of B-sitosterol and the fixation
index (Fis) was negatively correlated with the content variation of ferulic acid.
While genetic distances based on pairwise @pt for chloroplast and Rst for
nuclear genetic differentiation and Euclidian chemical distances were
subjected to Mantel’s tests to associate concentration of bark constituents with
the molecular phylogenetic pattern. For n-docosanol and ursolic acid, weak,
but significant correlations were detected for both chloroplast as well as
nuclear data, revealing that the molecular phylogenetic pattern is co-expressed
by means of certain bark constituents. This correlation finding suggest that
some populations exhibiting high amount of key phytochemical constituents
thought to be important for BHP control could be a focus on P. africana
domestication and improvement for on farm planting. The detailed
implications of these results on the sustainable use and conservation of Prunus
africana are further discussed.



CHAPTER ONE

INTRODUCTION

1.1  Background information

Prunus africana (Hook.f.) Kalkman (formerly Pygeum africanum; Hook.f.)
(Rosaceae) is a long-lived monoecious evergreen tree that may grow to a
height of more than 40 m and a diameter greater than 1 m (Figure 1.1). It is
easily identified in the natural habitat by its shiny leaves and characterisitic red
colour of young branches (Figure 1.2). It is a geographically widespread
Afromontane tree reported from 22 African countries, restricted to African
mountain forests “islands”, which are generally above 1,000 m in altitude.
These include the mountain highlands of mainland Africa (Angola, Cameroon,
Ethiopia, Kenya, Malawi, Nigeria, Somalia, South Africa, Sudan, Swaziland,
Tanzania, Uganda, Zaire and Zimbabwe) and outlying Islands (Bioko, Grand
Comore, Madagascar and Sao Tome) (Cunningham and Mbenkum, 1993;

Dawson and Powell, 1999).

Prunus africana leaves, roots and bark are used as traditional medicine in
Africa to treat chest pain, malaria and fevers (Cunningham and Mbenkum,
1993) as well as a purgative for cattle and extract for arrow poison (Sunderland
and Nkefor, 1997). The timber is hard and durable and is used for the
manufacture of various household products such as axes, hoes and furniture
(Sunderland and Nkefor, 1997). Extracts from the bark are also used in the

treatment of benign prostatic hyperplasia, a disorder of the prostate gland
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common in older men. These extracts significantly improve urologic

symptoms (Ishani et al., 2000; Edgar et al., 2007) having anti-proliferative

Figure 1.1: Prunus africana tree

and apoptotic effects in the prostate (Quiles et al., 2010). The efficacy of bark

extract is believed to be a synergistic effect of a cocktail of known and
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unknown compounds (Simons et al., 1998). Among the known ones, three

groups are of great importance: (1) phytosterols, especially B-sitosterol, having

Figure 1.2: Prunus africana wildings showing shiny leaves and characteristic
red stem

anti-inflammatory properties inhibiting the swelling of the prostate gland

(Carbin et al., 1990), (2) pentacyclic triterpenoids providing anti-edematous



4

activity (Bombardelli and Morazzani, 1997) and (3) ferulic acid esters or their
chemical derivates possessing a powerful hypocholesterolemic activity in the
prostate (Seetharamaiah and Chandrasekhara, 1993) and antitumor activity
(Kampa et al., 2004). The medicinal property of P. africana bark in the
treatment of benign prostatic hyperplasia (Simons et al., 1998) has led to
extensive and commercially important international trade, with the species
being one of the most valuable medicinal exports from Africa (Cunningham et
al., 1997). From two initial brand-name products produced in France and Italy,
there are now at least 40 brand-name products using P. africana bark extract.
This has led to the over-the-counter retail value of the trade in P. africana
herbal preparations of well over US$220 million/yr (Cunningham et al., 1997)

and may be even higher today.

The discontinuous distribution of the species in montane “islands” over such a
wide geographical range almost certainly implies extensive genetic variation
among populations. This variation can be exploited in cultivation programs by
selecting populations that produce the most bark and have the highest
concentration of extract in bark. Molecular markers which have been
employed in previous studies on the species have shown a great partitioning of
genetic variation across geographical distance due to the wide scale but
disjunct distribution of P. africana in Afromontane forest islands (Barker et
al., 1994; Dawson and Powell, 1999; Muchugi et al., 2006). This suggests that
a considerable number of individual sites may be required for effective
conservation of genetic variation within the species. However, a more

complete picture of the existing genetic structure within the species range
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would facilitate development of national and international strategies for

conservation and sustainable use.

An understanding of the phylogeography and range-wide spatial genetic
structure of P. africana as revealed by molecular markers and the
corresponding correlation to phytochemical components would provide
essential data for the selection of gene sources for revegetation, planting at
appropriate densities and development of management programs. The
assessment of the spatial genetic structure within and between populations of
P. africana is a prerequisite for developing optimum management strategies of

this important genetic resource.

1.2 Statement of the problem

Prunus africana populations have experienced high commercial exploitation in
the past decades in various parts of its natural distribution. Recent studies on
the impacts of wild harvest on P. africana populations in Cameroon show that
the current exploitation is unsustainable (Stewart, 2001; Stewart, 2003a:
Stewart, 2003b) and debarking of P. africana often occurs within Afromontane
forest habitat of global conservation significance (Stattersfield et al., 1998;
Butynski and Koster, 1994). In addition to selective harvesting, trees are lost
due to general forest clearance for agriculture, since the distribution of P.
africana often coincides with regions of high human population density
(Dawson et al., 2000), and through climate change that restricts regeneration at

the edges of the species' natural range (Geldenhuys 1981 for South Africa). As
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a result, P. africana is listed under Appendix Il of the Convention on
International Trade in Endangered Species of Wild Fauna and Flora (CITES),
and various populations are considered as vulnerable according to International
Union for the Conservation of Nature and Natural Resources criteria (IUCN,

2004).

African governments are thus faced with the challenge of preventing this
decline continuing without negatively affecting the potential economic and
social benefits of P. africana. Concerted efforts at developing national and
international sustainable management interventions need to be implemented to
conserve this genetic resource. This has not been achieved to date due to the
limited knowledge of the species’ ecology, biology, distribution and genetic
diversity. In addition, limited knowledge on policies and practices necessary
for adopting preservation, conservation, and management appropriate for

sustainable exploitation has also played a key role.

A ‘conservation by cultivation’ approach has been recommended to forest-
dependant rural communities to capture the great genetic variation across the
species geographical range (Barker et al., 1994; Dawson and Powell, 1999).
However, this requires a proper supply of germplasm and, consequently, a
sound understanding of the spatial distribution of genetic variation and its
correlation with the content of important chemical compounds in the bark.
Various studies have implicated the existence of genetic differentiation among
populations (Dawson and Powell, 1999; Muchugi et al., 2006) and have

inferred the influence of gene flow on these genetic structures but to date there
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has not been a study inferring the phylogeography and genetic differentiation
among populations covering the geographic distribution range of the species
simultaneously in correlation with phytochemical components. Knowledge of
the phylogeography, extent of genetic variation and correlation to
phytochemical components will allow for better selection of which populations

to target for bark harvesting.

1.3 Justification

Prunus africana is a species of great commercial significance (Phillips and
Meilleur, 1998) due to the proliferation of bark products used for an increasing
demand for treatment of benign prostatic hypertrophy (BPH). Increasing
demand of P. africana bark has led to rapid decline of the species natural
populations. Thus, there is a need to develop alternative sources of P. africana
bark for use by small farmers as a cash-crop. Although cultivation by local
farmers is taking place in some countries (Franzel et al., 2009), all bark
entering the international market is from wild harvest. To prevent this decline
from continuing without inhibiting the potential economic and social benefits,
it is crucial to develop management policies and practices appropriate for

sustainable exploitation.

Molecular markers have been employed in previous studies and have shown a
great partitioning of genetic variation across geographical distance due to the
wide scale but disjunct distribution of P. africana in Afromontane forest

islands (Barker et al., 1994; Dawson and Powell, 1999). This suggests that a
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considerable number of individual sites may be required for effective
conservation of genetic variation within the species. However, the overall
picture of genetic variation through the species natural range is incomplete and
current findings do not allow comparing populations with respect to
phytochemical variations. This knowledge is important for conservation and
sustainable use of P. africana, whereby populations of known phytochemical
diversity can be used in planting programmes. This research employed the
cpDNA SSRs and nuclear SSRs to carry out a range-wide characterization of
the macro- and micro-spatial distribution of genetic diversity in the species and

assesed phytochemical differentiation across the species range.

1.4 Hypotheses

i. Phylogeography exists within natural populations of Prunus africana.
ii. Distinct patterns of population genetic structure exist among natural
populations of P. africana within Africa.

iii. P. africana exhibits intraspecific phytochemical diversity.

1.5  Objectives

151 Broad Objective

To elucidate phylogeography, population structure and phytochemical

diversity of natural populations of P. africana.



15.2  Specific Objectives

i. To investigate the phylogeography of 32 P. africana natural
populations within Africa using coDNA SSR markers.

ii. To study patterns of population genetic structure in 30 natural
populations of P. africana within Africa using nuclear
microsatellites and Bayesian methods.

iii. To evaluate the chemical diversity of phytochemical extracts of 20 P.

africana natural populations within Africa.
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CHAPTER TWO

LITERATURE REVIEW

2.1  Taxonomy, distribution and ecology of Prunus africana

2.1.1 Taxonomy

Prunus africana belongs to the large Rosaceae family designated by Kalkman,
(1988) as being a very distinct and isolated family. Twenty two groups of the
genera have been considered and these groups are related to the four
subfamilies (Spiraeoideae, Rosoideae, Maloideae and Prunoideae) of Schulze-
Menz, (1964). Thorne (1992) recognizes an additional subfamily, the
Quilajoideae, separating this from other genera placed in the Spiraeoideae and
preferring the name Amygdaloideae to Prunoideae. Recent phylogenetic
analysis based on sequence variation in the chloroplast encoded rbcL gene
(Morgan et al., 1994), supports the general integrity of three of Schluze-
Menz’s subfamilies: the Rosoideae, Maloideae and Amygdaloideae. In a study
restricted to the Amygdaloideae, Evans and Dickinson (1999) recognize
Exochorda (5 species), Oemleria (1 species), Prinsepia (3-5 species), Prunus
(ca 200 species) and probably Maddenia (3-5 species) as the genera in a

monophyletic Amygdaloideae.

The species of Prunus are divided between two subgenera, Padus and
Laurocerasus (Kalkman, 1988). Padus contains the deciduous species and
Laurocerasus contains the evergreen species. P. africana, the only African and
Madagascan species, is included in Laurocerasus as are all the Eurasian and

tropical Asian species of the genus. Unfortunately, P. africana has not been
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included in any study attempting to clarify relationships between different
species of Prunus using the power of modern molecular/genetic tools.
Inferences based only on morphology must be treated with reservations
considering the uniformity in features across the genus. P. africana displays
characteristics which suggest it may be rather isolated. It is the sole African
species and Kalkman's (1988) suggested migration path would reduce the
likelihood of recent ancestry shared with the species he found morphologically
similar. Though various antioxidants have been identified in different members
of the genus Prunus and found to be have anti-inflammatory, anticancer or
antiviral effects (e.g., Donovan et al., 1998; Takeoka and Dao, 2003; Ferretti et
al., 2010), it appears to be chemically distinctive — hence its pharmaceutical
importance. It is the largest of all the species of Prunus (Cunningham et al.,
1997) and its wood structure, too, is distinctive: “quite unlike any of the

European woods belonging to the same natural order” (Stone, 1924).

2.1.2 Distribution

There have been various speculations about the processes leading to the
current distribution of P. africana. Various migration paths have been inferred
based on the present distribution (Aubréville, 1976; Kalkman, 1988). While
Aubréville (1976) suggests a Laurasian origin of Prunus (only considering
subgenus Laurocerasus, which includes P. africana in his work) with
subsequent movement into Africa from the north-east, Kalkman (1988)
proposes a Gondwanian origin of species of the tribe Pruneae (containing the

genera Maddenia, Prinsepia and Prunus) with northwards movement along a



12

path starting in Australia, South America and Africa. Another open question is
the phylogeographical history of the species within Africa, which seems to be
strongly connected to past vegetation dynamics (White, 1983). Based on a
genetic study using RAPD markers, Muchugi et al. (2006) suggested that long
distant seed dispersal could have been responsible for the occurrence of P.
africana in outlying islands. In cooler periods P. africana could have migrated
along White's Southern Migratory Tract (SMT; White, 1983), which passes
through southern DRC, Zambia, northern Angola and Gabon (White, 1983,;
1993) (Figure 2.1). However, while the stepping stone model explained the
migration through the SMT, it could not explain the large genetic differences
observed among the west and eastern Kenya populations. Muchugi et al.
(2006) thus concluded that the Aubréville path of distribution was more likely,
supporting the fact that the rift valley could have acted as a barrier to gene

flow in cooler times.

With the exception of some disjunct populations, P. africana is confined to
‘High Africa’, extending from latitude 33°40°S in South Africa to latitude
11°55” N near the Gulf of Aden. Within ‘High Africa’ the species is restricted
primarily to mountains or volcanic regions, particularly the Great escarpment
in south-eastern Africa and the Eastern and Western Rift Valley systems and
Ethiopian Highlands of eastern Africa. The species can withstand mild or
infrequent frost, but not severe or prolonged frost. The range in southern
Africa, according to comments with voucher specimens, is between 600 m and
1,000 m but elevations as low as 60 m have been reported (Geldenhuys, 1981)

in the Bloukrans River Gorge, South Africa. Both the range in elevation
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(1,000-3,000 m) and the maximum elevation (3,500 m) are greatest in

equatorial Africa. P. africana is restricted to

Figure 2.1: Distribution of Prunus africana adapted from Hall et al., (2000).

mountainous terrain within High Africa and occupies a distribution typified by
a relatively temperate climate and mean annual rainfall from 500-700 mm

(high latitudes) to over 3,000 mm (low latitudes).
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2.1.3  Ecology

Prunus africana has often been recognized as a pioneer (e.g. White, 1983) or
early secondary (e.g. Geldenhuys, 1981) species. Such a status is consistent
with the view of Von Breitenbach (1965) that it is initially fairly fast growing:
mean annual height increment 0.6-0.8 m, presumably for South Africa.
Indications exist that the onset of flowering may be at an age below 10 years,
although commonly it appears to be later (Mbonyimana, 1988; White, 1983).
The early growth rate, early flowering and frequently reported association with
disturbance (Eggeling, 1940; Von Breitenbach, 1965; Geldenhuys, 1981) are
consistent with White's (1983) listing as a “nomad”, a term emphasizing
adaptations for easily reaching (and persisting in) new forest gaps. A
combination of nomadic behaviour and extended longevity explains why P.
africana so often occurs as sparsely distributed large individuals in closed
forest communities. The reproductive seasonality of P. africana differs within
the three zones. Within the equatorial zones it is year-round while in the North
and South it coincides with the cool dry conditions. The fruiting period seems
to be the 2-3 months following flowering and is usually associated with
rainfall. Figure 2.2 and 2.3 show slight morphological variation between fruits

from Madagascar and fruit from Lari, Kenya respectively. Fruits are red drupes



Figure 2.3: Prunus africana fruit from Lari, Kenya

with one seed. The flowers are always perfect and no unisexual functionality

has been reported although the state is known in other species of Prunus
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(Kalkman, 1965; Figure 2.4 ). The nature of the pollen grains, presence of
nectar and scent of flower suggest cross-pollination by animal vectors possibly
insects. However, the light weight of the pollen could result in some wind
pollination. The effectiveness of mechanisms and floral structure prevent self-
pollination (Hall et al., 2000). Despite its wide distribution in Africa and on
islands off-shore, there is little published information on the seed dispersal

process. Potential dispersal agents include animals and birds.

2.2 Phylogeography

Phylogeography is a study that uses genetic data to understand the history of
populations (Beheregaray, 2008). Most species display some degree of
population structure that can be interpreted in geographic and chronological
contexts. Deciphering spatial and temporal components of population structure
and interpreting the evolutionary and ecological processes responsible are
major goals of phylogeography. Afromontane forests are regions of high
biodiversity and harbour important ecosystems in Africa (Taylor, 2015). Using
Prunus africana as an example, the chain of events that have led to the current
distribution of species within the Afromontane forests could be elucidated.
Patterns of population genetic structure within plant species over a wide
distribution range are shaped by the integration of many factors (Yan et al.,

2009). Some of these are intrinsic to the species life history (breeding system,
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Figure 2.4: Perfect flowers of Prunus africana from Lari, Kenya

modes of seed and pollen dispersal, life form, gregariousness), whereas others
are perturbations induced by natural processes (ice ages, climatic stochasticity)
or human impact (habitat fragmentation, global change) (Heuertz et al., 2004).
Climatic fluctuations that could have happened in the past possibly as far back
as the Quaternary could have produced important changes in the distribution
ranges of many plant species and thereby strongly affected their large-scale

genetic structure (Debout et al., 2011).

2.3 Vegetation history

Afromontane forests are regions of great biodiversity and centres of endemism
(Hall et al., 2009). Long term environmental stability of these forests has been
proposed as a mechanism for the accumulation and persistence of species
during glacial periods, resulting in the diverse forests observed today (Finch et
al., 2009). However, significant climate changes which occurred within Africa

from the Last Glacial Maximum (LGM) to the present times caused
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considerable modifications of species ranges (e.g. Livingstone, 1975;
Castafieda et al., 2009). In comparison to latitudinal range shifts where a loss
of genetic diversity due to repeated bottlenecks occurs (Hewitt, 1996), range
shifts in mountain regions are less likely to affect genetic diversity. Here,
colonization occurs over much shorter distances (Ehrich et al., 2007) and
population sizes might be more stable (Ehrich et al., 2007). On the other hand,
African mountain massifs are characterized by their isolation from each other,
thus limiting gene flow and facilitating population subdivision and

independent evolution of montane forest species (Hewitt, 2000).

Unfortunately, past vegetation patterns can only be reconstructed partly by
pollen analysis due to lack of lake sediments, particularly in Central Africa.
Existing data suggest that during the LGM around 20,000 years BP montane
vegetation extended to wider areas of lower elevation not only in East Africa,
but also in northern Angola and south of the Democratic Republic of Congo
(Van Zinderen Bakker and Clark, 1962; Caratini and 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 through
tropical Africa, while at the same time montane vegetation disappeared from
these areas and very likely the distribution of montane species retracted to
higher elevations (Livingstone, 1975; Maley, 1991). The high similarities
found between East and West Africa montane forests in their insect, bird and
plant communities have long been suggested as evidence for a former
connection via lowland bridges (Hall, 1973; Moreau, 1966). In addition to

ecological indicators for past vegetation patterns, the genetic relatedness of
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populations of typical representatives of the Afromontane flora could improve

knowledge on the historical processes responsible for current distribution.

2.4 Population Genetics

Most of the theory of population genetics is concerned with the frequencies of
alleles whose substitution has a discontinuous effect on the phenotype of an
organism: the so called “major genes” which determine single locus Mendelian
polymorphisms (Powell, 1992; Jones et al., 1997). However, the majority of
phenotypic variation that is observed in populations is quantitative, determined
by many genes of individual small effect, whose expression is modified by the
environment (Mather and Jinks, 1982). Genes determining quantitative
characters are inherited in the same manner as major genes, differing only in
the magnitude of their individual effect on phenotype (Mather and Jinks, 1982;

Powell, 1992).

Genetic structure refers to the distribution of genetic variation within and
between populations. Population geneticists have long recognized that the
genetic diversity present in a taxon is generally hierarchically structured. In
addition to differences among individuals within any one population, variation
may be structured among populations within a given geographical region and
among populations from different geographical regions (Holsinger and Mason-
Gamer, 1996). The distribution of variation among populations is the result of
interactions among several evolutionary and biological factors such as

selection to varying environmental pressures, effective population size,
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breeding system and the ability of a taxon to disperse pollen and seed
(Hamrick, 1989). In general, selection should increase population
differentiation, as should genetic drift associated with small population sizes.
Though generalisations must be made with caution, species without-breeding
mechanisms and greater pollen or seed movement are likely to be less
differentiated than selfing species or those with restricted gene flow (Bonnin et
al., 1996). Levels and partitioning of genetic variation may differ significantly
among species with different geographic ranges, life forms and taxonomic
affinities (Loveless, 1992). Woody perennials generally possess more variation

at marker loci than short-lived plants (Loveless, 1992).

Traditionally, genetic resources have been characterized by a combination of
morphological and agronomic traits (Nei, 1975). The process is time
consuming as many of the morphological descriptors can only be assessed at
maturity (Wilde et al., 1992). Moreover these characteristics may be
influenced by environmental factors and may therefore not reflect true genetic
similarities or differences (Dawson et al., 1993). The effectiveness of this
approach alone to estimate genetic diversity and genetic structure has therefore
been questioned by several authors (Gottlieb, 1977; Brown, 1979; Russell et
al., 1993). Molecular and biochemical markers that are not subject to
environmental influences provide an opportunity to examine precisely the

genetic relationship between accessions (Wilde et al., 1992).
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2.5 Intraspecific phytochemical variations

Intraspecific variation of chemical compounds is common to many plant
species, and often shows defined spatial patterns, reflecting environmental
difference within the range of a species. Hence, chemical races among the
plant kingdom are often described and provide taxonomists with a powerful
tool (Bohm, 2009). One of the most probably cited examples of spatio-
chemical diversity in secondary metabolites, including its genetic background,
is the variation of cyanogenesis in Trifolium repens throughout Europe (e.g.,
Hayden and Parker, 2002 and references cited therein). Despite the vast body
of literature, spatio-chemical differences among populations in plants
providing natural products have only been occasionally described and studies
linking a spatial pattern in compound concentrations with genetic differences

among populations are even more limited.

Correlations between the metabolic contents and DNA fingerprints among
geographically distinct plant populations were reported for volatile oil
constituents in Ocimum gratissimum (Vieira et al., 2001), phenolic acids in
Fructus xanthii (Han et al., 2008) or essential oils in Primula ovaliformis (Ma
et al., 2005). However, Trindade et al., (2008) reported contrary results in
Thymus caespititius. In their study, the variation of volatile oils was not
associated with the genetic substructure of the populations; however, the study

was based on a very small sample of only 31 individuals.
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Disregarding whether the concentration of certain bark constituents derived
from P. africana may be linked to genetic data or not, knowledge on regional
variation of bark compounds is essential in order to optimize sustainable
utilization and conservation of this endangered tree species (Heywood, 2002).
A previous pilot study employing three regions of origin, i.e. Cameroon, Zaire
and Madagascar has already shown that the composition of P. africana extracts
depends on the origin of the bark (Martinelli et al., 1986). It is therefore
probable that P. africana would also exhibit intraspecific plant chemical

diversity, i.e., variation within and among populations.

2.6 Molecular markers

Morphological markers displaying Mendelian inheritance have been used for
quite a long time to characterize genetic variation. They provide valuable
insights into genetic relationships within and among natural populations of tree
species (Marley and Parker, 1993; Harrier et al., 1997), but their utility is
limited by environmental plasticity (Mather and Jinks, 1982). Molecular
approaches can provide a more detailed insight into the underlying genetic
diversity within and among populations, since analysis may be used to provide
data that delineate complex genetic structures that cannot be determined from

morphological studies alone, but are important for management of a taxon.

Currently, a variety of these molecular procedures provide unprecedented
power to explore the genomes of diverse plant populations including forest tree

species. These include biochemical markers such as isozyme markers (Jana
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and Pietzrak, 1988; Jelinski and Cheliak, 1992), DNA markers such as the

restriction fragment length polymorphisms (RFLP; Botstein et al., 1980) and
methods based on the polymerase chain reaction (PCR) (Vosberg, 1989) such
as random amplified polymorphic DNA (RAPD; Williams et al., 1990;Welsh
and McClelland, 1990), simple sequence repeats polymorphism (SSR; Tautz,
1989), amplified fragment length polymorphism (AFLP; Vos et al., 1995) and
restriction endonuclease cleavage of sequence-tagged sites (RFLP-PCR;

Tragoonrung et al., 1992).

2.6.1  Microsatellites (SSR)

Microsatellites markers (SSRs, simple sequence repeats) are becoming the
markers of choice for fingerprinting purposes due to their high polymorphism
and reproducibility, codominance, amenability to automation and high
transferability to other crosses and related species (Tautz, 1989; Bell and
Ecker, 1994; Guilford et al., 1997; Sosinski et al., 2000). Thus, individual SSR
genetic linkage maps can generally be used within a species and in related
taxa. SSR markers have been used for genetic linkage mapping (e.g., Bell and
Ecker, 1994; Xu et al., 1999), comparative mapping (Diwan et al., 2000),
merging maps across populations (Cregan et al., 1999a), genotype
identification and variety protection (Rongwen et al., 1995), quantitative trait
locus analysis, and MAS in breeding programs (Bradshaw et al., 1998) and in
enabling the study of contemporary gene flow as mediated by pollen and seeds
(Dow and Ashley, 1996; 1998); Streiff et al., 1999). SSRs have been

developed for many plant species, including rice (Panaud et al., 1996); Chen et
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al., 1997), maize (Senior et al., 1998), potato (Milbourne et al., 1998),

Arabidopsis thaliana L. (Bell and Ecker, 1994), barley (Ramsay et al., 2000),
soybean (Cregan et al., 1999b), tomato (Broun and Tanksley, 1996), cherry
(Cantini et al., 2001), peach (Cipriani et al., 1999; Sosinski et al., 2000), Citrus
spp. (Sankar and Moore, 2001), and peanut (Hopkins et al., 1999). However,
the high cost of initial isolation and characterization hinder their application in
many plant species. Several microsatellite markers have already been reported
in various Prunus species and found to be transferable within species, in other
genera belonging to the Rosaceae and even in other families. A high number of
nSSRs (approximately 185 in Dirlewanger et al., 2004) have been developed
and mapped in different Prunus species. A high proportion of these markers
are universal in Prunus species (e.g. Schueler et al., 2003) and some have

already been tested in P. africana (Farwig et al., 2008).

2.6.2  Chloroplast microsatellite markers (cpSSR markers)

Organelle genomes (chloroplast (cp) DNA and mitochondrial (mt) DNA) have
been intensively studied during the last decade to analyse haplotypic variation
and phylogeography in a wide range of plants. Among the Rosaceae tree
genera, Sorbus (Oddou-Muratorio et al., 2001), Prunus (Mohanty et al., 2001),
and Malus (Vornam and Gebhardt, 2000), among others have been studied
with organelle DNA. In all Rosaceae species, chloroplast genomes are
maternally inherited (e.g. Ishikawa and Shimamoto, 1992; (Matsumoto et al.,
1997); Oddou-Muratorio et al., 2001). The advantage of using cpoDNA markers

is that they provide information on the spatial distribution of genetic variation
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as a consequence of seed mediated gene flow. Further, the smaller effective
population size of cpDNA, compared with nuclear effective population size
(Birky et al., 1989), makes cpDNA particularly useful for detecting the
signature of founding events and other population bottlenecks associated with

invasion and range expansion (McCauley et al., 2003).

In phylogeographical studies, cpDNA markers can be used to test between the
effects of migration and mutation (Petit et al., 1993b). cpDNA marker
polymorphisms are especially apt for investigating population history that
occurred in the more distant past (Hewitt, 2000). Chloroplast markers,
however, could not be fully utilized for the assessment of closely related
chloroplast genomes until highly polymorphic genome regions were identified
(McCauley, 1995). Chloroplast simple sequence repeats (CpSSRS), i.e.
polymorphic mononucleotide repeats, were developed for such genetic
analyses in the 1990s (McCauley, 1995; Vendramin and Ziegenhagen, 1997).
This technology is based on highly polymorphic regions and has been used for
phylogeographical analyses of many trees species, for example Pinus (Afzal-
Rafii and Dodd, 2007), Hagenia (Ayele et al., 2009) and Adansonia digitata

(Pock Tsy et al., 2009)
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CHAPTER THREE

MATERIALS AND METHODS

3.1  Population sampling and DNA isolation

Leaf samples were obtained from 32 natural populations of P. africana
covering the main block of the species’ geographic range across sub-Saharan
Africa (Figure 2.1; Table 3.1). This included the West Africa region:
Cameroon (3 sites), Equatorial Guinea (Bioko) and Nigeria (1 site each); the
East Africa region: Kenya (9 sites), Tanzania (6 sites), Uganda (4 sites); and
the southern Africa region: Madagascar (3 sites), South Africa (2 sites) and
Zimbabwe (3 sites). From each population, leaf samples from 6 to 36 trees
were collected and dried with silica gel. Import, export and phytosanitary

certificates were obtained according to national and CITES regulations.

Herbarium samples were collected for future reference (Figure 3.1). 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 manufacturer’s instructions with slight modifications (Farwig
et al., 2008). DNA quality was determined by Ethidium bromide stained 1%
w/v agarose gel electrophoresis (Figure 3.2) and stored at 4° C. DNA quantity
was determined with a Nanodrop ND 1000 spectrophotometer (NanoDrop

Technologies).



Table 3.1: Description and location of the 32 populations of P. africana.
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No. Name of Population Code Country Longitude Latitude n

1 Ngashie-Mt Oku CA Cameroon 10.5092 6.2048 19
2 Lower Mann's Spring, Mt Cameroon CB Cameroon 9.1192 4.1346 19
3 Mt Danoua CcC Cameroon 11.9413 7.1871 20
4 Moka GQ Equatorial Guinea 8.6559 3.3625 18
5 Chuka, Central province KA Kenya 37.3645 -0.1798 20
6 Kinale, Central province KB Kenya 36.4151 -0.5278 19
7 Kapcherop, Cherangani Forest, Rift Valley KC Kenya 35.2161 1.0315 20
8 Kakamega Forest, Western Province KD Kenya 34.519 0.1415 20
9 Londiani, Rift Valley KE Kenya 35.1836 -0.2737 20
10 Ol Danyo Sambuk, Central Province KF Kenya 37.1501 -1.0744 19
11 Taita Hills, Coast Province KG Kenya 38.2088 -3.2462 20
12 Lari, Central Province KT Kenya 36.687 -1.0311 12
13 Kibiri forest, Western Province KS Kenya 34.8719 0.1502 16
14 Marovoay MA Madagascar 48.3069 -18.802 5

15 Lakato forest MB Madagascar 48.2779 -19.197 33
16 Antsahabiraoka MC Madagascar 49.2164 -14.402 18
17 Ngel Nyaki Forest Reserve, Nigeria NG Nigeria 11.0271 7.066 9

18 Mpumalanga SA South Africa 30.7306 -25.023 19
19 KwaZulu-Natal SB South Africa 30.2725 -29.287 17
20 Meru Catchment Forest TA Tanzania 36.8074 -3.2925 19
21 Kilimanjaro Catchment Forest Reserve B Tanzania 37.5237 -3.0036 17
22 Kindoroko Catchment Reserve TC Tanzania 37.6267 -3.7389 14
23 Shume/Magamba Catchment Forest Reserve TD Tanzania 38.2521 -4.7544 20
24 Kidabaga TE Tanzania 35.9296 -8.1101 15
25 Udzungwa TT Tanzania 36.7791 -7.7668 16
26 Kibale Forest Natural Park UA Uganda 30.357 0.5644 20
27 Kalinzu Forest Reserve UB Uganda 30.1101 -0.3742 20
28 Bwindi Forest uc Uganda 29.7754 -1.0476 19
29 Mabira Forest ub Uganda 33.015 0.3806 20
30 Nyanga National Park ZWA Zimbabwe 32.7401 -18.287 20
31 Cashel Valley Chimanimani ZWB Zimbabwe 32.8004 -19.578 20
32 Chirinda forest Reserve Chipinge ZWC Zimbabwe 32.695 -20.409 19
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Figure 3.1: Herbarium samples of Prunus africana from Kabale, Uganda

Figure 3.2: Ethidium Bromide-stained agarose gel (1% [w/v]) showing
Qiagen DNA extraction of 24 Prunus africana samples.

3.2  cpDNA Amplification and genotyping of the range wide study

Chloroplast DNA variation was analysed with three microsatellite loci
(cpSSR) originally characterised in Japanese plum (Prunus salicinia, primer
pairs TPSCP1, TPSCP5 and TPSCP10; S. Ohta et al. 2005) and two from
Sorbus (primer pairs rpsl6pm2 and trnT-Lpm1; Chester et al. 2007) (Table
3.2). PCR consisted of 1 puL (10-50 ng) total genomic DNA, 1 x PCR buffer,

0.2 mM
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Table 3.2: cpSSR primer sequences used for the phylogeographucal study.

Marker Location Repeat motif Primer sequence Ta (°C)

TPSCP1 rpl16 intron (Mo F: TTGAAAACGAATCCTAATG
R: ATTTTCTTTTTCCTTTGTATTATC

TPSCP5 atpB-rbcL (Ms FTTTCTATCTCATTGGTCCTT

intergenic R: ATTCGCTCTTGACAGTGAT

TPSCP10 rps16 intron (Mo F:GGTTTCTTTTGAGTTATTTGAG
R:CTTTTTTCTTATTCTTCCCCAAC

rpsl6pmz2 rpsl6 intron (ATCAA); F: CAACTTGAGTTATGAGGATAC 48
R: TCGGGATCGAACATCAATTGCAAC

trnT-Lpm1 trnT-L spacer (A)a(TA)2 F: CATTACAAATGCGATGCTCT 50

R: CGCTATATTAATAGGTATGTT
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dNTPs, 1.5 mM MgCly, 0.06-0.5 uM of fluorescence-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 deionised water. Reactions were run in 0.2-mL microtitre plate

wells (Greiner) overlaid with a drop of mineral oil (Sigma).

Amplifications were run on a PTC-200 thermocycler (MJ Research) using the
following heating profile: 3 min at 95°C (initial denaturing step), followed by
35 cycles of 30-60 sec at 94°C (denaturing step), 50 sec at 50°C (for TPSCP5,
rpslépm2, trnT-Lpm1) or 60 sec 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 CEQ 8000 Beckmann
Coulter Sequencer (Beckman-Coulter, USA; Figure 3.3) with an internal
standard to measure the size of amplified bands. A volume of 1-2 pL of
sample of each diluted PCR product was added to 0.4 pL of size standard in 35
pL sample loading solution. Differences in the sizes of products and the use of
different fluorescent labels allowed the analysis of two to three microsatellites

in a single run.
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Figure 3.3: Microsatellite genotyping using the CEQ 8000 Genetic analysis
system 9.0 (Beckman Coultier, USA)

3.3  nSSR genotyping and fragment analysis of range wide study

Nuclear variation was analysed with six microsatellite loci (nSSR) originally
characterised in wild cherry (Prunus avium L., primer pairs EMPaSO01,
EMPaS06 and EMPaS10; Vaughan and Russell, 2004) and peach (Prunus
persica, primer pairs U3 (UDP97-403) and U5 (UDP96-018); Cipriani et al.,
1999) and P2 (PS12A02); Sosinski et al., 2000) (Table 3.3). PCR consisted of
1 pL (10-50 ng) total genomic DNA, 1x PCR buffer, 0.2 mM dNTPS, 1.5-2.5
mM MgCl,, 0.04-0.2 uM of fluorescence-labelled forward primer and the
same of unlabelled reverse primer and 0.5-1.5 units of Platinum® Tag DNA
Polymerase (Invitrogen, USA). Volumes were made up to 10 pL with
autoclaved deionised water. Reactions were run in 0.2-mL microtitre plate

wells (Greiner) overlaid with a drop of mineral oil (Sigma). Amplifications
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Table 3.3: nSSR primer sequences employed in the population structure analysis.

Marker Repeat motif Primer sequence Ta°C
EMPaS01 (GA)g(GA)11 F: 5 CAAAATCAACAAAATCTAAACC 3’
R: 5" CAAGAATCTTCTAGCTCAAACC 3’
EMPaS06 (CT)12 F: 5 AAGCGGAAAGCACAGGTAG 3’
R: 5" TTGCTAGCATAGAAAAGAATTGTAG 3’
EMPaS010 (GA)2s F: 5 GCTAATATCAAATCCCAGCTCTC 3’
R’ 5 TGAAGAAGTATGGCTTCTGTGG 3’
U3 (UDP97-403) (AG)22 F: 5’CTGGCTTACAACTCGCAAGC 3’ 60
R: 5’CGTCGACCAACTGAGACTCA ¥’
U5 (UDP96-018) (AC)21 F:5’TTCTAATCTGGGCTATGGCG 3 60
R: 5’GAAGTTCACATTTACGACAGGG 3’
P2 (PS12A02) F: 5°GCC ACC AAT GGT TCT TCC 3’ 62

R: 5’AGC ACC AGATGCACCTGA ¥
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were run on a PTC-200 thermocycler (MJ Research) using the following
heating profile: 3 min at 95°C (initial denaturation step), followed by 35 cycles
of 30-45 sec 94°C (denature step), 45-90 sec at 48°C—64°C (primer variable
annealing step), 45 sec—2 min at 72°C (extension step) with an additional 8 min
at 72°C (final extension step). PCR products were analysed as described in

section 3.2.

For locus verification five individuals possessing homozygous alleles were
selected from every primer and amplified in a total PCR reaction of 50 pL. The
PCR products were cleaned using the Qiaquick PCR clean up kit (Qiagen,
Germany). The purified PCR products were sequenced on both the forward
and the reverse strand by the automated fluorescent cycle sequencing method,
using the Big Dye Terminator Ready Reaction Kit according to the

manufacturer’s instructions. (Applied Biosystems, Foster City CA, USA)

3.4 Intraspecific chemical diversity

3.4.1 Plant Material

Equal-sized bark disks were collected at 1.3 m above ground in 4 orientations
(N, E, S, W) of each tree (Figure 3.4). Samples were air-dried, stored in calico
bags and shipped to the Austrian laboratory. In total, 20 populations (20 trees
each) were sampled (Table 4.17, Figure 4.11). Genetic data were available for

all individually sampled trees (section 3.5.3.1).
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3.4.2 Bark processing
All four samples per tree were crushed through a coarse mill and further
processed by fine-milling. Five tree samples per population were randomly
selected and 50 grams of fine-milled bark was aliquoted out. A sixth sample
was prepared to form an aliquot mix of bark powder (5 gm each) originating

from all 20 trees from each population. This sample was called population mix.

3.4.3 Phytochemical analysis of the bark samples

In total, eight antioxidants probably having the most significant pharmaceutical
properties, i.e., ferulic acid, friedelin, n-docosanol, lauric acid, myristic acid, p-
sitostenone, B-sitosterol and ursolic acid were analysed. One g of the bark
powder was extracted with 20 ml of chloroform/methanol (80/20 v/v) in a 100
ml Erlenmeyer flask using an orbital shaker (180 min for 70 min). The
extracts were filtered through S&S 595'/, folded filters (110 mm diameter,
Schleicher & Schull, Dassel, Germany) into 24 ml glass vials and stored at

4°C.

A 1 ml aliquot of the raw extract was transferred into a 2 ml glass vial, put on a
heating plate (45°C) and evaporated to dryness under a gentle stream of
nitrogen. Residues were first dissolved in 50 pl dimethylformamide (DMF)
and shaken for 10 sec. Subsequently, 50 ul of the derivatisation reagent N-
Methyl-N-(t-butyldimethylsilyl) trifluoroacetamide (MTBSTFA) was added,
samples were shaken again for 10 sec and were left in an oven at 60°C for 60

min.



Figure 3.4: Bark samples harvesting from Prunus africana in Kabale, Uganda
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After derivatisation, 0.45 ml isooctane and 1 ml KH2PO4-Buffer (pH=7.00; 50

ml 0.1 M KH2PO4 mixed with 29 ml 0.1 M NaOH) were added and vials were
vortexed for at least 30 sec until the upper organic layer was clear.
Approximately 300 pl of the organic layer containing the analytes or their
derivates were transferred into a HPLC-microvial which was closed tightly and
analysed by a GC-MS-system (GC 6890N and MSD 5975b inert XI/CI,

Agilent, Santa Clara, USA).

Injection volume was 1 pl using splitless injection mode. Chromatographic
separation was carried out by means of an Agilent HP-5-MS column (30 m x
0.25 mm x 0.25 um), using Helium as carrier gas (1 ml/min) and a temperature
gradient (starting with 80 °C for 0.5 min, heating up to 340 °C with 25 °C/ min
and holding for 17 min). Analytes were detected using SCAN- and SIM-mode
simultaneously. For each compound one target ion was chosen as quantifier
ion namely m/z 257, 285, 365, 383, 412, 426, 471 and 627 used for lauric acid,
myristic acid, ferulic acid, n-docosanol, B-sitostenone, friedelin, B-sitosterol
and ursolic acid, respectively. The retention times and the area of the extracted
ion chromatograms (EIC) of the target ions (SIM-mode) were used for
quantification of the analytes, data of the SCAN-mode were additionally used
for verification by means of the spectra. For calibration of the GC-MS
instrument analyte mixtures containing isooctane between 2.5 pg/ml and 75
pg/ml per analyte were measured. Quantification of the target compounds in

the bark extracts was carried out by evaluating EIC-peak areas.
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3.5  Data Management and statistical analysis

3.5.1  Phylogeography and Population Structure revealed by cpSSR
3.5.1.1 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 rps16pm?2
and trnT-Lpm1 were found to contain two indels of 5 — 26 base pairs in the
flanking region. These indels were treated as two additional loci, namely
rpslépm2a and rpsl6pm2b, and trnT-Lpmla and trnT-Lpmlb. Additional
length variation at the locus rps16pm2 was not considered because it could not
be resolved to unique mononucleotide repeat variation. Sequences were

deposited in GenBank under the accession numbers HM749746 — HM749785.

Multi-locus haplotypes were constructed by combining single loci. The
number of haplotypes per population, the effective number of haplotypes, the
number of private haplotypes and haplotype diversity were calculated using
GENALEX 6.41 (Peakall and Smouse, 2006). To account for differences in
sample size, rarefaction analysis of haplotype diversity was undertaken using
CONTRIB (Petit et al., 1998), giving an improved estimate of haplotype
diversity and its standard error. Since mononucleotide microsatellites are
potentially prone to homoplasy (i.e., alleles can be identical in state but not
identical by descent due to repeated forward and backward mutations), linkage

disequilibrium (LD) among loci (including indels) was examined following
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Hale et al. (2004) using the statistic rq implemented in the software
MULTILOCUS 1.2 (Agapow and 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 Banfer et al., (2006). This
procedure 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.

3.5.1.2 Population structure and phylogeography as revealed by cpSSR

Total gene diversity (h) and average within population gene diversity (hs) were
calculated according to Pons and Petit (1995; 1996) using the software PERMUT
(http://lwww.pierroton.inra.fr/genetics/labo/Software). To test for the existence
of phylogeographic patterns, we compared the two measures of differentiation
Nst and Gst, which are based on ordered and unordered alleles, respectively.

Significance was tested on the basis of 1,000 permutations.
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To analyse relatedness among populations without a priori hypotheses, a
spatial analysis of molecular variance (SAMOVA) 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 differentiated from each other but include populations
which are geographically proximate. F-statistics (Fsc, Fst and Fcr) were
generated based on pairwise differences among haplotypes following an
AMOVA approach (Excoffier et al., 1992). The behaviour of the indices Fcr
and Fsc for different values of K were explored 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

=210 30.

3.5.1.3 Population history and coalescence as revealed by cpSSR

In order to relate the genealogical network to colonisation history and the
physical characteristics of Africa and its changes within the Holocene,
Bayesian coalescence modelling of past population splitting events were used.
The group structure defined by SAMOVA was used to identify the time and
sequence of divergence among regional groups. The software BATWING was
used to generate random samples from posterior distributions of a variety of
population genetic parameters, e.g. mutation rate, effective population size and
growth rate, based on coalescence theory (Wilson et al., 2003). Due to lack of
detailed knowledge on population demographics, a simple model of constant

population size, where the prior population size follows a uniform distribution
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within an interval of 10 to 10,000 individuals was used. Although diffuse,
these size limits cover the most plausible values for N, if neighbourhood sizes,
gene flow distances and densities typical for tropical trees (Hardy et al., 2006)
and other Prunus species (Schueler et al., 2006) are considered. Prior mutation
rates were set according to previous reports of chloroplast loci (Provan et al.,
1999). Two groups of loci, both following a gamma distribution were
specified: the indels rpsl6pm2a, rpsl6pm2b, trnT-Lpmla and trnT-Lpmlb
were set to priors of u = 8 x 10°, while the mononucleotide microsatellites
TPSCP1, TPSCP5 and TPSCP10 were set to priors of p = 3.2 x 10™ (Afzal-
Rafii and Dodd, 2007) because they showed higher variation. With these
priors, 55,000 samples in total were generated, from which the first 5,000 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.

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 populations with
a clear geographic distribution. To calculate estimates for the time of splitting
events, coalescent units given by BATWING were converted into years by
multiplying 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).
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3.5.2 Population structure and history of Prunus africana as revealed by

nuclear microsatellites (nSSR)

3.5.2.1 nSSR fragment analysis and diversity measures

Individual diploid genotypes were manually identified using CEQ 8000
Genetic analysis system 9.0 (Beckman Coultier, USA; Figure 3.3). Individuals
with missing data were omitted in order not to confound the observed genetic
structure. Data set was checked using the MICROSATELLITE TOOLKIT (Park,
2001) for identical genotypes and only one individual per genotype per
population was retained. The resulting number of individuals employed for
data analysis was 459 with individuals per population ranging from 3-31. The
microsatellite dataset was checked for the presence of null alleles and other
genotyping errors using the software program MICRO-CHECKER (Van

Oosterhout et al., 2004).

For each locus the observed allele frequencies and the observed (Ho) and
expected (He) levels of heterozygosity per population were calculated using
GENALEX version 6.41 (Peakall and Smouse, 2006). Deviations from HWE
were assessed using GENEPOP (Raymond and Rousset, 1995) as significant
heterozygote excess or deficiency using Markov Chain Monte Carlo
simulations with the following parameters; 10,000 dememorizations, 100
batches and 10,000 iterations. Genotypic linkage disequilibrium between loci
was also assessed in FSTAT version 2.9.3.2 (Goudet, 1995) for single
populations and across all populations using a Bonferroni correction. Allelic

richness with rarefaction to 10 individuals was also calculated using FSTAT.
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The presence of recent changes in population size as evidenced by
heterozygosity excess based on estimates of multilocus genotypes was tested
using the software BOTTLENECK version 1.2.02 (Piry et al., 1999),
implementing a Wilcoxon signed rank test and assuming a two-phased model
of mutation (95% stepwise and 5% multistep mutations, 15% variance among
multiple steps. Five sampling locations with less than 10 individuals (Table
4.6) were excluded from population diversity analysis, but were retained for

the Bayesian assignment and historic gene flow analysis described below.

3.5.2.2 Population differentiation

Global Fst and Rstwere calculated using ARLEQUIN 3.5 (Excoffier and Lischer,
2010). An unweighted pair group method arithmetic average (UPGMA)
dendrogram based Cavalli-Sforza and Edwards (1967) chord distances was
also produced, after creating 1,000 bootstrapped matrices in MSA (Dieringer
and Schlétterer, 2003) and using the computer programs NEIGHBOUR and
CONSENSE in the pHYLIP version 3.63 package (Felsenstein, 1989) for tree
construction. Additionally, principal coordinate analysis (PCoA) was used to
explore multivariate relationships among inter-individual genetic distances
(Nei's standard genetic distances; Nei, 1972) and to identify a set of reduced
dimension traits (e.g., PC eigen vectors). These analyses were conducted using
GENALEX 6.41. Consequently, analysis of molecular variance (AMOVA) was
used to investigate population differentiation at various levels of subdivision
defined by the groups detected by PCoA, UPGMA clustering and individual

based population assignment (see below), using both Fst and Rst in separate
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analyses (10,000 permutations, significance level 0.05). These computations

were performed by ARLEQUIN 3.5.

3.5.2.3 Individual based population assignment

Individual based population assignment methods were used to further analyse
population structure. In these computations all available samples were
included. The model-based Bayesian clustering method implemented in
STRUCTURE Version 2.3 (Pritchard et al., 2000) was used to infer clusters by
assigning individual multilocus genotypes probabilistically to a user defined
number K clusters or genepools (this is a simple approach for accounting for
genotypic ambiguity in studies of population structure i.e. null alleles and
errors in genotypic calling; Falush et al., 2007). If their genotypes indicated
that they are admixed they were assigned to two or more genepools. This
allowed for the detection of genotypes that are outliers in their sample of origin

and in fact belong to another genepool.

Using K values ranging from 2 to 30, a burn-in period of 200,000 and run
lengths of 500,000 iterations were chosen based on preliminary runs to
determine run parameters. Ten runs per K were performed on the total data set.
The average —In probability (In prop) of the data from multiple replicates of
each K was plotted to evaluate the rate of probability changes with increasing
values of K. The most likely number of clusters was inferred using Evanno et
al. (2005) AK statistics. The top 10 highest likelihood runs were then analysed

in cLumpp 1.0 (Jakobsson and Rosenberg, 2007) to create averages between
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different runs common to cluster analyses. The results of cLumPP were then

visualized in DISTRUCT 1.0 (Rosenberg, 2003).

3.5.2.4 Genetic barriers among populations

In order to examine genetic barriers between populations at continental and
regional scale, the software BARRIER 2.2 (Manni et al., 2004) was used. In this
approach computational geometry and a Monmonier’s maximum-difference
algorithm were combined to identify edges associated with high rates of
change in a genetic distance matrix. Mapped populations were linked into a
network using Delaunay triangulation (Delaunay, 1934) and a set of VVoronoi
polygons (Voronoi, 1908) was superimposed on the network. One hundred
bootstrapped Cavalli-Sforza and Edwards' pairwise relative genetic distances
matrices created in MSA were used for the computations. Each edge of the
Voronoi tessellation was associated with the estimated value of genetic
distance between the two populations. Finally, (Monmonier, 1973) maximum
difference algorithm was used to determine where breaks in gene flow occur.
This was done by placing a barrier perpendicular to the edge of the
triangulation that corresponds to the largest genetic distance. The barrier was
then extended across the adjacent edge of the network until the boundary

reached either the limits of the triangulation or a previously traced barrier.

3.5.2.5 Estimation of recent migration rates among regions.

To quantify average recent migration rates (last few generations) among

populations, a Bayesian approach implemented in the software BAYESASS 1.3



45

(Wilson and Rannala, 2003) was applied. This method makes no assumptions
of HWE within the sample, and is based on transient multilocus disequilibrium
in multilocus genotypes of migrants relative to the host population. It
calculates inbreeding coefficients for each population separately and the joint
probabilities are used to estimate recent migration rates (Wilson and Rannala,
2003). Since the accuracy of estimating population assignment or migration
rates with this approach depends on large population sample sizes and/or large
number of loci, populations with less than 10 individuals were omitted. A run
length of 5,000,000 generations, with 999,999 generations burn-in, sampling
frequency of 2000, with dp (maximum change of allele frequency) at 0.30, a
om of 0.15 (maximum change of migration rate), and JF of 0.15 (maximum

change in inbreeding coefficient).

The proportion of migrants (m) between geographic regions was calculated.
The method allows for arbitrary genotype frequencies within and calculates
separate inbreeding coefficients for each population, the joint probabilities of
which are used to estimate recent migration rates (Wilson and Rannala, 2003).
The first run used default settings with subsequent runs incorporating random
seed and delta values, the latter chosen to ensure that proposed changes
between chains at the end of the run were between 40 % and 60 %. This step is
recommended to ensure that neither chain mixing gets stuck on a local
maximum nor the chain slips out of the global maximum too easily (Austin et
al., 2004). Each data set was run five times to ensure consistency of results and

an average of the values for these runs were calculated.
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3.5.2.6 Likelihood estimates of the direction and magnitude of historic

gene flow

To estimate the direction and magnitude of gene flow between geographical
groups determined in STRUCTURE, the maximum likelihood (ML) approach of
Beerli and Felsenstein, (2001) implemented in MIGRATE version 3.2.7 (Beerli,
2010) was applied. The ML-model assumes that populations are at drift-
migration equilibrium, had constant size and migration between population
pairs occurred over the coalescent period (~4Ne generations). However, unlike
F-statistics, this method allows for the possibility of non-symmetrical
migration and differences in population sizes among populations, both

biologically realistic scenarios.

MIGRATE jointly estimates the mutation-scaled effective population sizes
(0=4Neu; 1 the mutation rates for diploid data) and the mutation-scaled
effective migration rates (M=m/u; where m is the immigration rate) between
geographical groups by estimating allele genealogies and then approximating
the sum of probabilities across possible genealogies using Metropolis-Hastings
Markov chain Monte Carlo (MCMC) sampling. MCMC concentrates the
sampling in areas of the coalescent space that contribute most to the final
likelihood and ignores genealogies that contribute little to the final likelihood
(Beerli and Felsenstein, 2001). The Brownian motion model for microsatellites
as an approximation of the ladder model (Ohta and Kimura, 1973) was used as
mutation model and equal mutation rates among loci were assumed. As a

search strategy 10 short chains with 5,000 recorded trees, followed by 3 long
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chains with 50,000 recorded trees, a burn-in of 20,000 and a sampling
increment of 100 was used. MIGRATE was run a minimum of four times per
data set to verify that final chains were estimating the same ML values for ®
(i.e., population size) and 4Nm (as determined by overlapping 95% confidence
intervals). For each run the random number seed, the starting values of ® and
ANm were changed. The first run estimated ® and 4Nm from Fsr values, and
subsequent runs incorporated the ML estimates of ® and 4Nm from the
previous run as the starting parameters. To avoid problems due to different
sample size among groups, a reduced random subset (37 individuals)
corresponding to the lowest group size of each population was used in a

parallel computation.

3.5.3 Intraspecific Phytochemical diversity
3.5.3.1 Genetic data

Genetic data were based on seven chloroplast (cp) microsatellites and six
nuclear (n) microsatellites as described in detail in section 3.2 & 3.3. Genetic
parameters, effective number of alleles in the chloroplast (Ne ¢) and nuclear
genome (Ne_n), unbiased expected haplotypic diversity (hc), unbiased expected
heterozygosity (He) as well as fixation index (Fis) were calculated using
GENALEX V. 6.41 (Peakall and Smouse, 2006). For correlations of chemical
distances to genetic distances, pairwise differentiation matrices were calculated
both for chloroplast and nuclear microsatellites. For the chloroplast data, ®pr,
the population differentiation for haploid loci was used, whereas Rsr, the

population differentiation for codominant markers assuming stepwise
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mutations was applied for the nuclear microsatellites. Both, @pr and Rst
estimate the proportion of pairwise differentiation among populations, relative
to the total differentiation using the analysis of molecular variance approach
developed by Excoffier et al., (1992) and extended by Peakall et al., (1995)

and Michalakis and Excoffier, (1996) to codominant data.

3.5.3.2 Statistical analysis

The measurements for ferulic acid, friedelin, n-docosanol, lauric acid, myristic
acid, B-sitostenone, f-sitosterol and ursolic acid were scored for 20 populations
along with those for the population mixes and the control samples. The
method detection limits (LOD) and method quantification limits (LOQ),
respectively, were calculated based on 20 total procedure blanks with LOD
three times the standard deviation and LOQ ten times the standard deviation of
mean blank concentrations (Table 4.18). The mean of the quantified chemical
compounds of the five single trees per populations were calculated to establish
an overview of relationships and then coefficients of variation within
populations were calculated to have a normalized comparison of variation.
Contents of different constituents were intercorrelated and correlated to
environmental conditions and tree size. If needed, significance was Bonferoni
corrected. ANOVA and a subsequent Duncan-test were used to test for
differences among populations. The proportion of variance within and among
populations were estimated by variance component analysis using restricted

maximum likelihood technique.
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In order to evaluate whether populations that show high variation also show
higher genetic diversity, the various measures of genetic diversity for
chloroplast and nuclear markers were correlated to the chemical coefficient of

variation within population.

To test for a geographical structure in the bark chemical data and to infer the
similarity of populations, matrices of pairwise chemical distances were
calculated for each single compound (Euclidean distance) and for the complete
spectra of substances using Ward's Jr., (1963) technique for joining substances.
In addition, discriminant analysis was carried out to reveal a matrix of
Mahabaloni-distances between populations as a basis for subsequent cluster
analysis. The various chemical distance matrices (for single compounds and all
compounds) were used to test for associations of geographical to genetic
distances (@pt and Rst, respectively) by Mantel tests. Significance was tested at
999 permutations using the Mantel procedure of GENALEX, v.6.41 (Peakall and
Smouse, 2006). Other statistical calculations were done by means of

STATISTICA (http://www.statsoft.de/)
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CHAPTER FOUR

RESULTS

4.1  Phylogeography and population structure revealed by cpSSR

4.1.1 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
to 4 alleles per locus and 19 alleles in total. The most variable cpSSR loci were
TPSCP1 and TPSCP10 with 4 alleles each, followed by TPSCP5 with 3

alleles.

Combination of loci resulted in 22 haplotypes in total (Table 4.1). The
predominant haplotype, HT1a (frequency 31%), occurred in 13 populations of
East and southern Africa. HT1m, the second most frequent haplotype
(frequency 14%), occurred only in populations of western Uganda and West
Africa (Figure 4.1). The genetic characteristics of chloroplast haplotypes in
populations are shown in Table 4.2. The number of haplotypes (Na) per
population ranged from one to four with an average of two, with populations

from the East Africa region harbouring the highest number of haplotypes. Nine
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Table 4.1: Haplotype construction and frequency in 32 Prunus africana populations
revealed by 4 cpDNA indels (Loci 1 — 4) and 3 cpDNA microsatellites (Loci 5 — 7).
Alleles are represented as 1 for presence of fragment and 2 for absence of fragment in
the case of the indels (Loci 1 — 4) and repeat numbers in the case of microsatellites
(Loci5-7).

Backbone Nt 1 2 3 4 5
Ntsubdivisiona b ¢ d e f g h i i k | m n o a b a b ¢ a a
1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 1 1 1 2 2
= 2 i1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1
g 3 i1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1
£ 4 i1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2
5 9 10 10 10 12 8 9 9 9 9 9 9 8 8 8 8 100 9 9 9 9 10
2 6 9 9 9 9 9 9 10 10 9 8 8 8 8 8 8 8 8 9 10 9 9 9
S 7 9 9 11 12 12 11 9 10 10 9 10 11 9 10 11 9 9 9 9 10 11 11
CA 1 18
CB 19
cc 20
GQ 7 1
KA 20
KB 1 4 3 11
KC 3 12 5
KD 20
KE 14 6
KF 7 12
KG 20
KS 15 1
KT 12
MA 4 1
MB 8 25
MC 18
NG 9
SA 13 6
SB 13 4
TA 10 9
B 4 1 7 5
TC 14
TD 16 4
TE 11 4
TT 12 1 3
UA 20
uB 20
++ UC 18 1
§ UD 13 7
E zZwA 20
2 ZWB 20
£ ZWC 19
Total 178 4 13 34 12 13 38 18 23 1 7 11 87 21 18 13 7 12 25 19 19 9

;Indel loci 1,2,3,4 are rps16pm2a, rps16pm2b, trnT-Lpm1la, and trnT-Lpm1b

MS Chloroplast microsatellite loci 5, 6, 7 are TPSCP1, TPSCP5, and
TPSCP10

TPopulations are Ngashle Mt.Oku (CA), Lower Mann's Spring, Mt. Cam (CB),
Mt.  Danoua & Equatorial Guinea (GQ), Chuka (KA), Kinale (KB),

Kap chercg) ), Kakamega (KD), Londiani (KE), Ol Danyo Sambuk (KF),

Taita (KG), Lari (KT), Kibiri forest (KS), Marovoay (MA), Lakato orest
(MB? Antsahabiraoka (MC), Nigeria (NG), Mpumalanga (SA), Kwazulu
Natal (SB), Meru (TA), Kilimanjaro (TB), Kindoroko (TCR Shume Magamba
TD), Ki abaga (TE), Udzungwa (TT), Kibale (UA), Kalinzu (UB), Bwindi
UCC)Mablra (UD), Nyanga (ZWA), Chimanimani (ZWB) and Chipinge
ZW
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Figure 4.1: 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 boundaries are also shown.

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 (He) of 0.728 was found in the

Tanzanian population from Mt. Kilimanjaro, followed by the Kenyan population

Kinale (He = 0.626).



Table 4.2: Description, location and haplotype diversity measures of investigated populations.
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No. Name of Population Code Country Longitude Latitude n Na Ne Np He

1 Ngashie-Mt Oku CA Cameroon 10.5092 6.2048 19 2 11 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 20 1 1 0 0.000 (0.000-0.000)
4 Moka GQ Equatorial Guinea 8.6559 3.3625 18 2 1.9 2 0.503 (0.064-0.755)
5 Chuka, Central province KA Kenya 37.3645 -0.1798 20 1 1 0 0.000 (0.000-0.000)
6 Kinale, Central province KB Kenya 36.4151 -0.5278 19 4 25 0 0.626 (0.098-1.053)
7 Kapcherop, Cherangani Forest, Rift Valley KC Kenya 35.2161 1.0315 20 3 2.3 0 0.584 (0.091-0.955)
8 Kakamega Forest, Western Province KD Kenya 34.519 0.1415 20 1 1 0 0.000 (0.000-0.000)
9 Londiani, Rift Valley KE Kenya 35.1836 -0.2737 20 2 1.7 0 0.442 (0.087-0.663)
10 Ol Danyo Sambuk, Central Province KF Kenya 37.1501 -1.0744 19 2 1.9 1 0.491 (0.068-0.737)
11 Taita Hills, Coast Province KG Kenya 38.2088 -3.2462 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 11 1 0.125 (0.106-0.188)
14 Marovoay MA Madagascar 48.3069 -18.802 5 2 15 0 0.400 (0.237-0.600)
15 Lakato forest MB Madagascar 48.2779 -19.197 33 2 1.6 1 0.379 (0.079-0.568)
16 Antsahabiraoka MC Madagascar 49.2164 -14.402 18 1 1 0 0.000 (0.000-0.000)
17 Ngel Nyaki Forest Reserve, Nigeria NG Nigeria 11.0271 7.066 9 1 1 0 0.000 (0.000-0.000)
18 Mpumalanga SA South Africa 30.7306 -25.023 19 2 1.8 0 0.456 (0.085-0.684)
19 KwaZulu-Natal SB South Africa 30.2725 -29.287 17 2 1.6 0 0.382 (0.113-0.574)
20 Meru Catchment Forest TA Tanzania 36.8074 -3.2925 19 2 2 1 0.526 (0.040-0.789)
21 Kilimanjaro Catchment Forest Reserve B Tanzania 37.5237 -3.0036 17 4 3.2 0 0.728 (0.060-1.256)
22 Kindoroko Catchment Reserve TC Tanzania 37.6267 -3.7389 14 1 1 0 0.000 (0.000-0.000)
23 Shume/Magamba Catchment Forest Reserve TD Tanzania 38.2521 -4.7544 20 2 15 0 0.337 (0.110-0.505)
24 Kidabaga TE Tanzania 35.9296 -8.1101 15 2 1.6 0 0.419 (0.113-0.629)
25 Udzungwa TT Tanzania 36.7791 -7.7668 16 3 1.7 0 0.425 (0.133-0.670)
26 Kibale Forest Natural Park UA Uganda 30.357 0.5644 20 1 1 0 0.000 (0.000-0.000)
27 Kalinzu Forest Reserve uB Uganda 30.1101 -0.3742 20 1 1 0 0.000 (0.000-0.000)
28 Bwindi Forest uc Uganda 29.7754 -1.0476 19 2 11 0 0.105 (0.092-0.158)
29 Mabira Forest ub Uganda 33.015 0.3806 20 2 1.8 2 0.479 (0.072-0.718)
30 Nyanga National Park ZWA Zimbabwe 32.7401 -18.287 20 1 1 0 0.000 (0.000-0.000)
31 Cashel Valley Chimanimani ZWB Zimbabwe 32.8004 -19.578 20 1 1 0 0.000 (0.000-0.000)
32 Chirinda forest Reserve Chipinge ZWC Zimbabwe 32.695 -20.409 19 1 1 0 0.000 (0.000-0.000)
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The relationship between haplotypes is demonstrated by the genealogical
network given in Figure 4.2. The backbone 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 HT1a
and HT1m are separated only by two mutational steps but are geographically
distributed 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.

4.1.2 Population structure and phylogeography

The total gene diversity (ht) of 0.886 (SE = 0.0376) was more than three times
higher than the mean within population diversity (hs) of 0.234 (SE = 0.0432),
suggesting high genetic differentiation among populations. This was also
demonstrated by the high levels of differentiation of ordered (Nst) and
unordered (Gst) alleles (0.840, SE = 0.0395 and 0.735, SE = 0.0481,
respectively). Nst was significantly higher than Gst (P < 0.01), indicating a

phylogeographic pattern for P. africana.
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SAMOVA revealed a continuous increase of Fcr values from K = 2 until K =
20, again demonstrating the high differentiation among populations. Fcr values
remained constant for K > 20 groups. Table 4.3 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 which
occasionally disappear. Finer lines show boundaries which appear only at
higher numbers 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. Interestingly, three populations from western Uganda group with
the West Africa stands rather than other geographically 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 Africa region, but within the mainland southern
region populations are much less differentiated. The distribution of molecular
variance to populations, populations within groups and groups is shown in
Table 4.4; with increasing K, variation among populations within groups

decreased and variation among groups increased.
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Figure 4.2: Genealogical network revealing 22 haplotypes constructed from
19 alleles obtained from 4 cpDNA indels (Loci 1-4) and 3 cpDNA
microsatellites (Loci 5-7) within 32 Prunus africana populations. Circle size
is representative of the number of individuals having each haplotype (see
Table 4.1).
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4.1.3 Population history and coalescence

The two most recent splitting events with a node support of more than 80%
were found to have occurred among populations of eastern and southern Africa
(Figure 4.3). 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 (BP) to 1,500 years BP for the second youngest split and from 6,500
years BP until today for the youngest split respectively (see Table 4.5 and
Figure 4.3). 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 splitting event to times between 1,400 years to
67,000 years BP (GT = 15: 2,700 to 125,000 years). The split between
Madagascar and all East and South African groups dates to the second and
third oldest splitting events (from 7,800 to 67,000 years BP using GT = 8 and
from 14,600 to 125,000 years using GT = 15) and receives a node support of
about 40%. Other potential splitting events at the second or third oldest
splitting event receive a node support of less than 20%, suggesting branching

among groups of ‘east’ and ‘west’” Africa occurred concurrently.
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Table 4.3: Genetic structure among Prunus africana populations analysed by SAMOVA. Increasing values of Fcr from K = 2 to 20 groups are
shown. The groupings for different values of K are indicated by line demarcations. Indicated groupings relate to geographic origin.

West Africa Region and Uganda MadaXascar Southern Region East Africa Region excl. Uganda
cT -~ N Y~
2 0.529 CA CB GQ CC UA UB UC NG UD MB MA MC SA SB ZWAZWBZWC TD TE TT KA KD KS KE KG TB KB TC TA KC | KF KT
4 0.595 CA CB GQ CC UA UB UC NG UDJMB MA MC SA SB ZWAZWBZWC TD TE TT KA KD KS KE KG TB KB|TC TA| KC KF KT
6 0.667 CA CB GQJCC UA UB UC NG UDJMB MA MC]SA SB ZWAzZWBzWC TD TE TT KA KD KS KE KG TB KB] TC TA] KC KF KT
8 0.700 CA CB GQJCC UA UB UC NGIUDJIMB MAIMCJSA SB ZWAZWBZWC TD TE TT KA KD KS KE KG TB KB|TC TAIlKC KF KT
10 0.743 CA CB GQJCC UA UB UC NGluD|MB MAIMCJSA SB ZWAZWBZWC TD TE TT KA KD KS KEJKG TB KBITC TAIKCIKF KT
12 0.745 CA CBJGQJCC UA UB UC NG UD]MB MA! MC] SA SB ZWAZWBZWC TD TE TT ] KAJKD KS KEJKG TB KB | TC| TA KCl KF KT
14 0.776 CA CBJGQJCC UA UB UC NG lubfmB|MA MC|sa sB zwazwBzwC TD TE TTJKAJKkD kS KEJkG TB| kB TA|TClKkclKkF KT
16 0.793 CA CBJGQJCC UA UB UC NG I UDfMB|MA MC]SA SB|lzwAzwBzwC TD TE TT]KAJKD KS KE]lkc TB|KBITA| TC 1 KC 1 KF KT
18 0.795 CA CBJGQJCC UA UB UC NG | UDfMB| MA MCJ] SA SB|ZWAZWBZWC| TD TE TT J KA KD KS| KEJ KG TB | KB I TA ] TC I KC I KF KT
20 0.825 CA | CBJGQJCC UA UB UC NG ! uD | MB MAI MC] SA SB|ZWAZWBZWC| TD TE TT ] KAJ KD KS| KE]JKG TB| KB ! TA| TC ! KC ! KF KT

Boundaries stable

Boundaries change occasionally

Boundaries change at K > 14
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Table 4.4: Analysis of variance of population structure of 32 Prunus africana
populations based on SAMOVA structure analysis using K = 2 to 20 groups.

K vg vpg vp Fsc Fsr Fcr
2 5289 386 8.47 0.82 0.92 0.53
4 50.49 282 12.3 0.7 0.88 0.6

6 6671  20.1 13.2 0.6 0.87 0.67
8 70.02 16.7 13.3 0.56 0.87 0.7

10 7271 13 14.3 0.48 0.86 0.73
12 74.17 10.9 14.9 0.42 0.85 0.74
14 7805  7.01 15 0.32 0.85 0.78
16 79.27 5.45 15.3 0.26 0.85 0.79
18 7951 491 15.6 0.24 0.84 0.8

20 825 1.91 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; Fsr, differentiation among populations; Fcr,

differentiation among groups of populations

Among remairing popuiation I

Between West group 2, Madagascar and all East/South groups [T B Oidest splitting event

' [ 2nd oldest splitting event
@ 3rd oldest splitting event
| & 4th oldest splitting event
O Youngest splitting event

Between West group 1, Madagascar and all East/South groups [T

Between all West and East/South groups [T

Between West group 2 & all East/South groups

Between all West groups and Madagascar [[IIIIITI 1
Between West group 1 & all East/South groups :

Between Madagascar and all East/South groups

Between West group 2 and Madagascar

Between West group 1 and Madagascar

Among all Westgroups [ RN

Among all East/South groups SN W SN S

Among East/South groups 4 & 6 ]

Among East/South groups 4 & 5 ]

0 20 40 60 80 100
Node support [%]

Figure 4.3: 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.
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Table 4.5: 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 (pt) are given.

Quantile 5% Mean Quantile 95% Std.dev.
Ancestral population size
N 3807 6419 9290 1663
Posterior mutation rates
u (loci 1-4) 1.94x 10 3.57x10° 574 x10° 1.18 x 10°
u (loci 5-7) 8.10 x 10° 12.06 x 10 16.93 x 10° 2.72x10°
- '— . — .. ________ — l: ................... l
; |— . _= ....... *. ............... l
- M P -t
t e — = = 1
h (3 > ]
r T T T T T 1 T 1 T 1 T 1 T T T T ¥ 1
0 20 40 60 80 100 120 140 160 180

Time before present (x102 years)

Figure 4.4: Time of population splitting events identified by coalescence
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 identifies the oldest event and the lowest one the youngest event.
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Figure 4.5: Hypothesised migration route of Prunus africana as deduced from
coalescence modelling and the observed phylogeographic — 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: 1a — migration from the Albertine Rift to West Africa
via a northern connection; 1b — southern migratory tract (SMT) following
White (1993); 2 — independent colonisation of West Africa via a northern
migration corridor and subsequent colonisation of the Albertine Rift from
West Africa. The grey arrow indicates ocean currents involved in the possible
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.
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4.2  Population structure and history as revealed by nuclear

microsatellites (nNSSR)

4.2.1 Nuclear microsatellite locus characterization and genetic diversity

Nuclear microsatellite markers exhibited a high level of polymorphism in P.
africana with 10-45 alleles per locus summing up to 142 alleles in total.
Nevertheless, a high level of divergence among populations was evident as
some populations were fixed for single alleles: populations SA (SAl), SB
(SA2) and MA (MGL1) did not show variation at locus U3, likewise SA (SA1)
and CA (CM2) were not polymorphic at locus U5, and population ZWC
(ZW3) was fixed at locus EMPaS01. Number of alleles, number of effective
alleles, observed and expected heterozygosity and fixation Index are shown in

Table 4.8.

Observed heterozygosity ranged from 0.352 in SA (SA1) to 0.808 in UA
(UG3) with an average of 0.622. Lower values were mostly found in the
southern population of Zimbabwe and South Africa, and in Madagascar. The
lower levels of genetic diversity are also reflected in measures of average
allelic richness, which ranged from 3.398 in SB (SA2) to 8.436 in KS (KE1).
The highest average values of allelic richness were found in East African
populations west of the Eastern Rift valley (Table 4.7 and Table 4.9). In many
populations, private alleles were detected, highlighting the strong regional
divergence among the populations of P. africana in Africa (Table 4.8). On the
regional level, populations from Madagascar and populations from Eastern

Africa (east of the Eastern Rift Valley), harboured the highest number of
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private alleles (nine). Also, East African populations west of the Eastern Rift
had many private alleles (eight), whereas other regions harboured less
(southern African populations: five; western African populations: three). The
frequencies of these private alleles were generally below 0.05, however, in
Madagascar three alleles at locus U5 had frequencies of 0.14, 0.11 and 0.23,
respectively; similarly, one allele in locus P2 occurred in a frequency of 0.31

in southern African populations.

Although several populations showed heterozygote deficiency or excess, only
few highly significant deviations from HWE (p < 0.001) were detected
(populations UD, KC and TT; Table 4.9). Deviations were probably caused by
the occurrence of null alleles, which affected all loci except locus P2 to a
varying degree (Table 4.9); however, these probably did not affect the further
analysis. No evidence for linkage disequilibrium between loci within
populations was found after sequential Bonferroni correction. Assuming a two-
phased mutation model, the Wilcoxon signed rank test implemented in
BOTTLENECK (p < 0.01) detected recent decrease in population size in southern
Africa (SA (SAl), SB (SA2), ZWC (ZW3)), Kenya (KA (KE5)), Uganda (UD

(UG4)) and Madagascar (MA (MG1)) (Table 4.7)
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Table 4.6: List of the 30 natural populations of Prunus africana analysed in this study

Code Population name Country Population Lonaitude Latitude Elevation N

GO GO1 Moka Equ. Guinea WG 8.6559 3.3625 1700 13
CcB CM1 Lower Mann's Spring, Mt Cameroon Cameroon WG 9.1192 4.1346 1600 20
CA CM2 Ngashie-Mt Oku Cameroon WG 10.5092 6.2048 2450 16
cC CM3 Mt Danoua Cameroon WG 11.9413 7.1871 1400 19
NG NG1 Ngel Nyaki Forest Reserve Nigeria WG 11.0271 7.066 1100 7

uc UG1 Bwindi Forest Uganda EG1 29.7754 -1.0476 1900 20
uB UG2 Kalinzu Forest Reserve Uganda EG1 30.1101 -0.3742 1500 20
UA UG3 Kibale Forest Natural Park Uganda EG1 30.3570 0.5644 1350 20
ubD UG4 Mabira Forest Uganda EG1 33.0150 0.3806 1250 20
KS KE1 Kibiri forest, Western Province Kenya EG1 34.8719 0.1502 1400 12
KD KE2 Kakamega Forest, Western Province Kenya EG1 34.5190 0.1415 1400 17
KC KE3 Kapcherop, Cherangani Forest, Rift Valley Kenya EG1 35.2161 1.0315 1900 18
KE KE4 Londiani, Rift Valley Kenya EG1 35.1836 -0.2737 1750 20
KA KE5 Chuka, Central province Kenya EG2 37.3645 -0.1798 3550 19
KT KE6 Lari, Central Province Kenya EG2 36.687 -1.0311 2250 5

KF KE7 Ol Danyo Sambuk, Central Province Kenya EG2 37.1501 -1.0744 1450 15
KG KE8 Taita Hills, Eastern Arc Kenya EG2 38.2088 -3.2462 900 18
B TZ1 Kilimanjaro Catchment Forest Reserve Tanzania EG2 37.5237 -3.0036 2000 11
TC TZ2 Kindoroko Catchment Reserve, Eastern Arc Tanzania EG2 37.6267 -3.7389 1750 6

D TZ3 Shume Magamba Forest Reserve, Eastern Arc Tanzania EG2 38.2521 -4.7544 1700 3

TA TZ4 Meru Catchment Forest Tanzania EG2 36.8074 -3.2925 2000 16
TT TZ5 Udzungwa, Eastern Arc Tanzania EG2 36.7791 -7.7668 1150 10
TE TZ6 Kidabaga, Eastern Arc Tanzania EG2 35.9296 -8.1101 2000 15
ZWA ZW1 Nyanga National Park Zimbabwe SG 32.7401 -18.2873 1800 19
ZWB ZW2 Cashel Valley Chimanimani Zimbabwe SG 32.8004 -19.5781 1350 13
ZWC ZW3 Chirinda forest Reserve Chipinge Zimbabwe SG 32.6950 -20.4090 1200 20
SA SAl Mpumalanga South Africa SG 30.7306 -25.0225 1300 18
SB SA2 KwaZulu-Natal South Africa SG 30.2725 -29.2872 1500 12
MA MG1 Marovoay Madagascar MG 48.2825 -19.1183 1100 31
MC MG2 Antsahabiraoka Madagascar MG 49.2164 -14.4015 1350 6

N, number of samples.
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Figure 4.6: Consensus tree based on 1,000 bootstrap replicates of Cavalli-
Sforza chord distance matrices of nuclear SSR data for 25 Prunus africana
populations. Numbers indicate bootstrap support for nodes.

4.2.2 Genetic differentiation and barriers to gene flow

Over all populations a high global Fst value of 0.27 was obtained. Population

differentiation taking into account allele size and a stepwise mutation model

was significantly higher with Rst value of 0.70; indicating a strong

phylogeographic pattern within the sample. Relationships among populations

based on a bootstrapped Cavalli-Sforza and Edwards (1967) chord distance

KE1
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matrix are shown in the UPGMA tree (Figure 4.6): the population from
Madagascar appeared central in the unrooted tree; South African and
populations east of the Eastern Rift VValley appeared close to each other, as did
populations from west Africa and west of the Eastern Rift Valley (with
population CC (CM3) on the same branch with these east African populations).
Despite geographic proximity, populations east and west of the Eastern Rift
were the most diverged on the tree. A similar result was obtained in the PCA
(Figure. 4.7); in this analysis population CA (CM2) from Cameroon clustered
with populations from East Africa west of the Eastern Rift, also these two

groups were not as clearly differentiated as the other groups.

Main barriers to gene flow as detected with BARRIER 2.2 are indicated in
Figure 4.8. The first barrier (91.8 % support) was found between Madagascar
and mainland Africa. The second barrier (54.8 % support) was found between
populations of east and west of the Eastern Rift Valley. The third barrier
between populations of West and East Africa was only weakly supported (34
%), similarly to all further barriers. Because of the strong regional structuring
of the dataset, a separate analysis of gene flow barriers was conducted within
the four groups that held more than two populations (Figure 4.8). In West
Africa, the most important gene flow barrier among populations (61 %
support) was detected between CB (CM1) and CA (CM2); in populations west
of the Eastern Rift the main barrier (55 % support) separated population UC
(UG1) from neighbouring populations; in populations east of the Eastern Rift
the sharpest break in allele frequencies was detected between population KG

(KES8) and all other populations (76 % support); in the Southern African group
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the strongest barrier (72 %) support was found between populations of South

Africa and Zimbabwe.

Table 4.7: Allelic richness (Rs; after rarefaction to 13 individuals) and number of
alleles (&) per locus and population in Prunus africana.

Wilcoxon
Pop.
Pop. code Na Ne Ho He F Ap Rs signed rank
group
test (TPM)
GQ (GQ1) WG 5.833 4.027 0.744 0.735 -0.074 2 5.388 0.2188
CB (CML1) WG 7.500 4.866 0.683 0.719 0.158 0 6.090 0.0156
CA (CM2) WG 6.167 3.730 0.531 0.647 0.174 * 0 5.287 0.0391
CC (CM3) WG 5.667 3.066 0.658 0.645 -0.051 2 4.681 0.0156
UC (UG1) EG1 8.667 5.334 0.733 0.771 0.015 * 1 6.789 0.0156
UB (UG2) EG1 7.833 4.530 0.692 0.726 0.042 0 6.094 0.0234
UA (UG3) EG1 8.167 4.807 0.808 0.722 -0.146 wx 0 6.588 0.2188
UD (UG4) EG1 7.833 5.521 0.658 0.775 0.158 k0 6.606 0.0078 2
KS (KE1) EG1 9.167 6.936 0.736 0.827 0.104 * 1 8.436 0.0156
KD (KE2) EG1 8.500 5.533 0.725 0.761 0.036 1 7.081 0.0234
KC (KE3) EG1 8.167 5.160 0.620 0.737 0.119 k] 6.696 0.0156
KE (KE4) EG1 8.000 5.441 0.692 0.763 0.073 wx 1 6.596 0.2813 2
KA (KE5) EG2 6.667 4.199 0.781 0.716 -0.130 0 5.662 0.0078 2
KF (KE7) EG2 4.667 3.200 0.711 0.616 -0.188 wx 1 4.247 0.0078
KG (KE8) EG2 4.667 2.794 0.491 0.547 0.098 * 1 4.079 0.0156
TB (TZ1) EG2 6.000 3.770 0.530 0.657 0.133 * 0 5.797 0.0156
TA (TZ4) EG2 5.500 3.423 0.604 0.629 0.019 1 4.928 0.0156
TT (TZ5) EG2 7.333 5.339 0.517 0.753 0.364 k] 7.333 0.0156
TE (TZ6) EG2 6.167 3.880 0.578 0.613 -0.011 0 5.499 0.0156
ZWA (ZW1) SG 5.167 3.284 0.632 0.612 -0.072 1 4.495 0.0156
ZWB (ZW2) SG 6.000 3.355 0.590 0.574 -0.067 3 5.389 0.0781 2
ZWC (ZW3) SG 4.000 2.688 0.575 0.540 -0.088 0 3.548 0.0078 2
SA (SA1) SG 4.500 2.937 0.352 0.430 0.182 wx 0 3.836 0.0078 2
SB (SA2) SG 3.500 2.597 0.417 0.467 0.048 * 0 3.398 0.0078 2
MA (MG1) MG 6.500 3.577 0.500 0.566 0.212 9 4.734 0.0078

N, no. of observed alleles; N., no of effective alleles; H,, observed heterozygosity; H., unbiased expected

heterozygosity; F, fixation index; *, **, *** deviation from HWE significant at the 0.05, 0.01 and 0.001 level,

respectively; A,, number of private alleles; R, average allelic richness; test for population bottlenecks based on the

Wilcoxon signed rank test under the two-phased model of mutation (95% stepwise, 5% multistep), ¢, significant at the p

<0.001 level.
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Figure 4.7: Principal coordinate analysis showing the multivariate
relationships of the Prunus africana populations along the first two axes which
explain a total of 67% variation. The first and second axes explain 50% and
17% of the variance, respectively. Population codes are as in Table 4.6).

4.2.3 Individual based population assignment

The results from the individual based assignment with admixture using
STRUCTURE are shown in Figure 4.9. Assignment coefficients to a specific
cluster were in general very high, bespeaking strong population differentiation.
Using the method of Evanno et al., (2005) Aln P (D) reached a maximum at
five groups, so that the grouping into five clusters was supported as the most
likely grouping: West Africa (WG), East Africa west of the Eastern Rift Valley
(EG1), East Africa east of the Eastern Rift Valley (EG2), Southern Africa (SG)

and Madagascar (MG). When K was set to 6 and 7, further clusters
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differentiating populations from West Africa and populations from East Africa
were detected, respectively (Figure 4.9); but these groupings showed less clear
ancestry coefficients. At the K value of 7, UC (UG1) showed heavy admixture
from the West African Cluster. Above a K value of 10, no biologically
meaningful splitting in the data set occurred. These five groups were also
supported by the results of the distance tree and PCA (Figures 4.6 & 4.7) and

thus were taken as the basis for further analyses.

In the AMOVA with Fst genetic differences were partitioned to 14.4 % among
groups, 12.6 % within populations among groups and 73.0 % within
populations; in the Rst based analysis inflated effects of mutation on regional
differentiation were evident as 62.5 % of variation was found among groups,
and 7.5 % within populations among groups, and only 30.0 % within

populations (Table 4.11)
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Table 4.8: Twenty-five natural populations of Prunus africana from the five
population groups ranked by mean allelic richness.

Pop. Region EMPaS01 EMPaSO6 EMPaS10 U3 us P2 Rs

Code Rs a Rs a Rs a Rs a Rs a mean
SB (SA2) SG 3 3 66 7 6 6 1 1 18 2 2 2 3398
ZWC (ZW3) SG 1 1 46 5 6.7 9 3 3 2 2 39 4 3548
SA (SAl) SG 2 2 63 8 93 11 1 1 1 1 34 4 3836
KG (KES8) EG2 29 3 44 5 6.1 7 16 2 42 5 54 6 4.079
KE (KE4) EG1 2 2 5 5 85 10 28 3 27 3 46 5 4.247
ZWA (ZW1) SG 2 2 8 9 81 10 2 2 25 3 44 5 4495
CC (CM3) WG 57 7 62 7 6.1 7 36 5 2 2 45 6 4681
MG (MG1) MG 27 3 6 8 2 2 15 2 7.7 11 86 13 4734
TA (Tz4) EG2 26 3 7 8 88 10 35 4 4 4 36 4 4928
CA (CM2) WG 6.1 7 82 10 68 8 3 3 1 1 66 8 5.287
GQGQL) WG 47 5 73 8 72 8 2 2 455 65 7 5388
ZWB (ZW2) SG 35 4 88 10 97 11 37 4 3 3 37 4 5389
TE (TZ6) EG2 27 3 85 10 83 9 19 2 4 4 77 9 5499
KA (KE5) EG2 46 5 54 6 10 13 28 3 45 5 6.6 8 5662
TB (TZ1) EG2 3 3 78 8 76 8 19 2 49 5 95 10 5.797
CB (CM1) WG 78 10 81 10 84 11 25 3 3 3 68 8 6.09
UB (UG2) EG1 46 5 72 10 93 14 2 2 38 4 95 12 6.094
UA (UG3) EG1 73 9 67 9 91 12 19 2 63 7 83 10 6.588
KE (KE4) EG1 72 8 5 6 11 14 2 2 55 6 91 12 6.59
uD (UG4) EG1 66 8 74 9 92 11 2 2 53 6 93 11 6.606
KC (KE3) EG1 79 9 8 10 91 12 2 2 29 3 10 13 6.696
UC (UGY) EG1 74 10 77 10 10 13 25 3 4 4 89 12 6.789
KD (KE2) EG1 72 9 81 9 13 16 2 2 46 5 81 10 7.081
TT (TZ5) EG2 3 3 8 8 15 15 2 2 4 4 12 12 7333
KS (KS1) EG1 76 8 85 9 13 14 2 2 65 7 13 15 8436
All 10 19 10 23 15 45 42 10 6.6 17 13 30 9.928

Rs, allelic richness per locus and population (after rarefaction to 10 individuals); a, number of alleles.

4.2.4 Recent Gene flow

Estimates of recent migration between populations obtained with BAYESASS
were relatively low, but differed (significantly) among the five regions (Table
4.12). In general, recent migration occurred mainly within population groups.
Only few estimates >1% suggested inter-group migration and this only applied

to migration between WG and EG1, and EG2 and SG, respectively. No
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evidence for recent migration between spatially close populations east and
west of the Eastern Rift Valley was found. While populations from West
Africa, Southern Africa and Madagascar (one population) showed evidence of
very little current gene flow among them, with average self-recruitment of
0.90, 0.83, 0.99, respectively, values were higher in populations of East Africa.
Within this region populations belonging to the EG1 on average showed the
highest level of recent migration among populations (self-recruitment average:
0.79), while populations bordering the eastern side of the Rift (KA (KE5) and
KF (KE7)) were mostly self-recruiting (0.88). Higher migration estimates
(0.78) were found in the populations from Tanzania (populations around
Mount Kilimanjaro), which also appeared to have a minor migration rate to
populations of the Southern range. The population from Madagascar had the
lowest migration rate of all populations; sharing of migrants within WG was

inferred only between CB (CM1) and the island population GQ (GQ1).

4.2.5 Historic gene flow

Historic rates of gene flow among groups derived from the coalescent
computations implemented in MIGRATE were similarly low and divergent
among regions (Table 4.13). Estimates of migration rates (given as scaled
migration rate M) were similar between computations involving the whole

dataset and a random subset (not shown). Estimates of M between Madagascar
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Figure 4.8: Sampling locations, group membership and barriers to gene flow
for 30 natural populations of Prunus africana (natural distribution range
indicated by grey shaded area). Broken lines indicate the Rift Valley System.
Colours indicate membership to genetic population groups. The main gene
flow barriers among regions as recovered in barrier are indicated by black bars;
barriers within regions are indicated by blue bars. The confidence of the barrier
is indicated in line thickness with strong lines indicating the best-supported
barriers

and the mainland populations were low. Historic gene flow appeared exclusive
between SG populations and EG2 populations. There was, opposed to the
results obtained for recent migration rates, evidence for moderate bidirectional
historic gene flow between populations east (EG2) and west of the Eastern Rift

Valley (EG1). The highest historic gene flow estimates were derived for
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populations west of the Rift valley (EG1) and West Africa (WG). The derived

direction of gene flow was primarily from EG1 to WG. Estimates of scaled
population size (6) were similar in EG1, EG2 and highest for MG, but
comparatively low for WG and SG. Estimates of & were similar for the
different computations, although in the random subset (smaller sample size) 6
for EG1 was about 20 times larger than estimated with the full data set.
However, the & estimates need to be interpreted cautiously, as sub-group
structure and observed deviations from model assumptions can influence

estimates (cf. Beerli and Felsenstein, 2001).
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Table 4.9: Null allele occurrence in 25 populations of Prunus africana.

Name of Population Pop.code Grou EMPaS EMPaS EMPaS U3 U5 P
1. Moka GQ(GQl) WG - - - - - _
2.Lower Mann's  Springg Mt CB(CM1) WG - - - Hxx - -
0.265
3. Ngashie-Mt Oku CA(CM2) WG - - - e _ _
0.326
4. Mt Danua CC(CM3) WG - - - - - -
5. Bwindi Forest UC (UG1l) EG2  *** - - - - -
0.1788
6. Kalinzu Forest Reserve UB (UG2) EG2  *** - - - - -
0.1988
7. Mabira Forest UD (UG4) EG2  *** - - - ek -
0.1646 0.140
8. Kibale Forest Natural Park UA(UG3) EG2 - - - - - -
9. Kibiri forest, Western Province KS(KE1) EG2 - - - - - -
10.Kapcherop, Cherangani Forest, KC (KE3) EG2  *** - - - el -
0.3242 0.251

11.Kakamega  Forest, ~ Western KD (KE2) EG2 - - - - - -
12. Londiani, Rift Valley KE (KE4)  EG2  *** - - - - -

13.01 Danyo Sambuk, Central KF(KE7) EG2 - - - - - -

14. Chuka, Central province KA (KE5) EG2 - - - - - -

15. Taita Hills, Coast Province KG (KE8) EG2 - - - - *k -
0.255

16. Kidabaga TE (TZ6) EG2 - R - R ~ B

0.1112

17. Udzungwa TT (TZ5) EG2 Hkk R _ - — _
0.2509 0.407 0.304

18. Meru Catchment Forest TA (TZ4) EG2 - - - - *xk -
0.178

19.Kilimanjaro  Catchment Forest TB (TZ1) EG2 - - - - *k -
0.247

20. Nyanga National Park ZWA SG - - - - - -

21. Cashel Valley Chimanimani ZWB SG - - - - - R

22. Chirinda forest Reserve Chipinge ~ ZWC SG - - - - - -

23. Mpumalanga SA (SA1) SG - - - - - R

24. KwaZulu-Natal SB (SA2) SG - - - - - -

25. Marovoay MA MG - Hokk - ke _ _

0.1274 0.163

*** significant null alleles detected, estimated frequency of null alleles after
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Table 4.10: Pairwise differentiation by Fsr among Prunus africana populations (below diagonal), and inter-population Nei’s unbiased genetic distance
(above diagonal).

GQ CB CA CcC uc UB ub UA KS KC KD KE KF KA KB KG TE TT TA B W  ZW ZW  SA SB MA

GQ - 047 067 069 063 066 051 050 041 042 046 044 130 120 068 147 104 105 125 114 185 161 144 198 204 192
CB 010 - 073 040 037 111 079 114 031 079 051 066 061 066 060 066 045 048 071 041 159 145 158 160 165 0.65
CA 013 014 - 066 098 087 089 118 08 132 101 094 178 143 037 183 110 090 135 161 192 254 114 372 347 153
CcC 012 008 015 - 043 094 074 100 061 084 079 05 09 103 030 097 061 086 094 065 145 145 138 131 135 0.72
ucC 009 006 014 007 - 050 054 062 027 047 031 044 063 084 057 052 059 065 071 052 169 166 172 169 193 082
uB 009 014 015 014 008 - 023 040 029 042 038 031 142 129 062 087 116 108 102 116 253 297 171 348 330 152
ub 007 012 013 011 0.07 004 - 025 023 030 034 026 119 113 051 130 117 099 128 108 206 205 162 225 203 144
UA 008 016 016 015 010 0.07 0.05 - 027 028 030 029 115 144 075 158 168 134 163 141 415 308 223 268 321 205
KS 0.06 007 013 009 004 005 004 006 - 008 006 009 057 060 054 065 056 044 068 052 282 242 173 264 251 085
KC 007 013 017 013 007 007 005 0.05 003 - 013 016 097 110 09 101 121 080 110 100 313 258 205 283 259 151
KD 007 009 015 012 0.05 006 0.05 006 002 003 - 019 075 082 077 09 100 068 092 079 283 240 176 220 234 113
KE 006 010 014 010 006 005 004 0.06 003 0.03 003 - 091 091 071 104 094 078 09 080 208 188 163 179 194 140
KF 018 010 023 016 011 018 016 018 010 016 013 014 - 017 112 062 082 038 042 031 182 171 125 169 191 0.87
KA 014 009 017 014 010 014 012 015 008 013 010 011 0.05 - 1.07 059 060 015 030 040 095 108 069 125 137 0.89
KB 011 011 010 008 009 010 008 012 008 013 011 010 017 014 - 112 092 090 142 109 172 200 135 240 326 113
KG 022 012 025 018 012 018 020 023 013 019 017 018 015 013 020 - 025 042 065 052 135 151 238 172 171 085
TE 017 009 019 013 011 018 017 021 011 018 016 015 015 012 016 007 - 034 073 054 094 107 156 131 122 083
TT 013 009 015 013 009 013 011 015 007 011 010 010 010 004 013 012 010 - 042 037 070 078 062 131 127 093
TA 017 011 020 015 010 015 016 019 010 015 013 014 010 0.07 018 015 015 0.09 - 023 105 111 076 107 117 1.09
B 017 007 021 012 009 017 016 020 010 016 013 014 007 0.08 017 012 011 0.09 006 - 125 103 089 123 102 0.79
ZW 019 019 024 019 017 021 018 022 018 021 020 018 024 015 021 024 019 013 019 020 - 011 039 034 042 329
ZW 020 020 027 021 019 023 020 024 019 022 021 020 025 017 024 026 022 015 021 021 004 - 053 038 053 256
ZW 020 021 022 021 020 021 019 023 019 022 020 020 024 015 021 032 027 015 017 020 013 016 - 069 052 283
SA 028 028 036 027 025 030 027 030 026 030 027 026 032 024 031 035 031 024 026 029 016 016 025 - 0.10 3.29

SB 027 027 034 026 025 028 025 030 024 028 026 025 031 023 031 034 028 023 02 026 016 019 021 006 - 321
MA 022 011 023 015 014 021 019 024 014 021 017 019 016 015 019 017 016 016 018 014 028 029 030 037 036 -
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Table 4.11: Results of analysis of molecular variance (AMOVA) from data of six
nuclear microsatellite loci of 25 Prunus africana populations from seven countries.
Groups correspond to the 5 biogeographic regions detected.

Fsr Rst
Source of variation Sum  of Variance Percentage Sum of Variance Percentage
squares components variation squares components variation
Among groups 320.96 0.39 14.44 508857.65  750.14 62.49
Among populations
266.36 0.34 12.57 66982.60 89.95 7.49
within groups
Within populations  1662.02 1.98 72.99 302357.47  360.38 30.02

Total 2249.33 271 878197.73  1200.47
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Figure 4.9: Population assignment using structure reveals 5 clusters. At 6 Clusters we see a division in the Tanzanian group and at 7
clusters Bwindi (UG1) clusters with Mt Danoua (CM3) and Nigeria (NG1)
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Table 4.12: Recent gene flow estimates (as rate of migration from population i into population j, average from five computations) among 25 populations
of Prunus africana; standard deviation in brackets. Rate of self-recruitment is shown in bold. Lines indicate the five regional groups. Values
below 0.01 not depicted.

Population j
GQ cB CcA cc uc UB. UA uD Ks KD KC KE KA KF. KG B TA TT TE ZWA ZWB ZWC SA B MA
Population i WG EGL EG2 SG MG
GQ 0.8598 0.0892 0.0141
(0.1403) (0.1003) (0.0283)
cB 0.0652 0.8627
(0.0799) (0.1443)
cA 09799
00023
cc 08933
(0.1198)
uc 0.8281
(0.0952)
uB 0.0440 0.8626 0.0115 0.0861 0.0395 0.0540 0.0579 0.0454
(0.0836) (0.1474) (0.0230) (0.1055) (0.0455)  (0.0702) (0.0826) (0.0907)
UA 0.8306
(0.1260)
up 00123 0.8543
(0.0162) (0.1408)
Ks 00173 00327 00310 0.7450 00398 00425 0.0452
(0.0283) (0.0654) (0.0621) (0.1089)  (0.0795) (0.0850) (0.0903)
KD 00242 00215 00516 0.8008 00838 00872
(0.0485) (0.0293) (00636) 01427 (0.1026) (0.1069)
KC 00160 00137 0.0494 0.6836
(0.0240) (0.0273) (0.0724) (0.0013)
KE 00212 0.0404 00138 00194 00252 0.7423
(0.0423) (0.0808) (0.0276) (00389 (0.0504) (0.1188)
KA 08502 0.0478 00429 00267 00490 0.0484 00171
(0.1449) (0.0726) (0.0859) (0.0343) (0.0773) (0.0422) (0.0342)
KF 00897 0.9024 00260 00357
(0.1098) (0.1144) (0.0343) (0.0445)
KG 08629 00037
(0.1466) (0.0073)
B 06031
(0.0004)
TA 00434 00743 0.8988 00277 00735
(0.0868) (0.0458) (0.1126) (0.0340) (0.0901)
™ 00126 0.7134 00371
(0.0252) (0.0382) (0.0742)
TE 0.7598
(0.1066)
ZWA 0.8633 0.0949 00438 0.0304
(0.1468) (0.0775) (0.0876) (0.0609)
zwB 0.6887
(0.0005)
zZwe 00182 00235 00445 00330 09845
(0.0063) (0.0040) (0.0889) (0.0660) (0.0008)
SA 00443 00351 09233 01218
(0.0887) (0.0633) (0.1202) (0.0609)
SB 0.6907
(0.0005)
MA 0.9900

(0.0003)
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Table 4.13: Results of historic gene flow analysis among population groups derived
from MIGRATE; 6 is the estimated mutation-scaled population size, M is the mean
estimated mutation-scaled migration rate (receiving populations in rows); upper and
lower 99.5% profile likelihood percentiles given in brackets. Values for M >1 in
bold.

M (m/p)
WG EG1 EG2 SG MG
0 (4Ncp) 1-> 2-> 3-> 4-> 5>
2.4562 2.6182 0.5895 0.1465 0.2266
WG X
(2.2561-2.6808) (2.3228-2.9376) (0.4542-0.7487) (0.0645-0.2315) (01480-0.3290)
4.3005 1.388 1.0171 0.1007 0.3796
EG1 X
(4.0447-4.5784) (1.2220-1.5681) (0.8767-1.1718) (0.0610-0.1547) (0.2966-0.4769)
3.803 0.0898 1.3086 1.5507 0.3543
EG2 X
(3.5489-4.0820) (0.0491-0.1486) (1.1290-1.5063) (1.3543-1.7653) (0.2647-0.4622)
2.7108 0.5901 0.2525 1.4215 0.0001
SG X
(2.4981-2.9483) (0.4586-0.7447) (0.1701-0.3579) (1.2102-1.6556) (0.0000-0.0171)
7.1183 0.2157 0.0655 0.1321 0.0023
MG X

(6.3558-8.0076) (0.1635-0.2778) (0.0389-0.1021) (0.0923-0.1819) (0.0000-0.0139)

4.3 Intraspecific chemical diversity

The average concentration [mg/kg w/w] based on 20 bulked population
samples (population mix) in increasing order was: lauric acid (18), myristic
acid (22), n-docosanol (25), ferulic acid (49), B-sitostenone (198), B-sitosterol
(490), and ursolic acid (743). Friedelin was not detected in any of the samples
above the limit of detection (7 mg/kg). Concentration of the other bark
constituents varied considerably among and within populations. However, both
for lauric and myristic acid the content in individual samples within certain

populations partly varied erratically. Due to the high variation of individual
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concentrations in these two analytes, they were not considered for further

analysis.

The variation in concentration among different populations of the other key
compounds studied is shown in Figure 4.9. Docosanol was found to be highest
in Ngashie Mt Oku (CA-Cameroon) followed by Kapcherop (KC-Kenya) and
lowest in Kidabaga (TE-Tanzania) followed by Moka (GQ-Equatorial Guinea)
with concentrations of 10 to 28 mg/kg. Ferulic acid was found to be highest in
Kinale (KB-Kenya) followed by Mpumalanga (SA-South Africa) and lowest in
Moka (GQ-Equatorial Guinea) followed by Kidabaga (TE-Tanzania) with
concentrations of 30 to 90 mg/kg. Content of ferulic acid in the samples was
significantly correlated to tree diameter (r = 0.23, p < 0.05) and annual
precipitation (r = -0.50, p < 0.025). Concentration of B-sitostenone was found
to be highest in Mt. Danoua (CC-Cameroon) followed by Lakato forest (MB-
Madagascar) and lowest in Chimanimani (ZW-Zimbabwe) followed by Bwindi
(UC-Uganda) with concentrations of 116 to 260 mg/kg. Concentration of Beta-
sitosterol was found to be highest in Chimanimani (ZW-Zimbabwe) followed
by Ngashie Mt Oku (CA-Cameroon) and lowest in Chuka (KA-Kenya)
followed by Kinale (KB-Kenya) and ranged from 349 to 583 mg/kg. Among
all compounds, the highest concentration was found for ursolic acid varying
between 317 and 2000 mg/kg. Concentration of ursolic acid was highest in the
Marovoay (MA-Madagascar) followed by Lakato forest (MB-Madagascar) and
lowest in Chimanimani (ZW-Zimbabwe) followed by Kidabaga (TE-
Tanzania). The concentration of ursolic acid was negatively correlated with the

diameter of the trees (r =-0.33, p<0.01).
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Figure 4.10: Mean chemical analyte concentration (mg/kg) of Prunus africana
individuals from 20 populations within the natural range of the species ranked
in ascending order. Populations that are connected with a horizontal line are
statistically not different. Respective vertical lines indicate standard errors
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Figure 4.11: Analysis of variance of chemical analytes in Prunus africana.
Estimates of relative variance components of each chemical analyte are shown.

From the analysis of variance of chemical analytes in P. africana carried out
(Figure 4.11), three constituents, ferulic acid, n-docosanol and B-sitostenone,
showed equivalent variation within and among population. The variation with
highest among population component, with roughly two thirds, was attributed
to ursolic acid, whilst the among population component for B-sitosterol

amounted to approximately 20 %.

Table 4.14: Correlations between the concentrations of different bark constituents of
Prunus africana. Asterisks indicate significance level (*** p <.001, ** p < .01,
*

p<.05

Docosanol  Lauricacid  Myristic acid ~ Sitostenone  Sitosterol  Ursolic acid

Ferulic acid .266 ** 118 175 -.153 -.041 114
Docosanol - 420%** -.315%** .508*** JBE7***  33Q***
Lauric acid .365%** -.294** =177 -.038
Myristic acid -.281%** -.198* -.053
Sitostenone .391%** .263**

Sitosterol 153
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The relative mean of various chemical compounds was estimated in order to
enable significant comparisons between populations (Figure 4.12). Here, the
maximum mean was used as the denominator and the relative fraction of each
analyte per population was obtained. Ursolic acid was found in very high
concentrations in two out of three Madagascan populations, while in most
other populations the concentration amounted to approximately 30% of the
maximum found in Marovoay (MA-Madagascar); this is the only sample
whose contents exceeded 50% of the respective maximum in all constituents.
On the other hand, in the Tanzanian sample Kidabaga (TE) very low relative

contents for all constituents were found.

H Ferulicacid B Docosanol = Sitostenone | Sitosterol 1 Ursolic acid

Relative Concentration

CA CC GQ UB UC UD KC KB KA TA T8 TC T TE ZW SA SB MA MB MC

Population

Figure 4.12: Relative mean of the various chemical compounds.

The correlation of haplotype and nuclear genetic diversity showed that content
variation of fB-sitosterol of the populations was significantly correlated to the
effective number of haplotypes (r = 0.63, p < 0.05) and haplotype diversity

(r = 0.66, p <0.05). Variation of ferulic acid was positively correlated to the
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fixation index Fis (r = 0.68, p < 0.05) (Table 4.15). Hence, association

between genetic diversity and chemical diversity was very small.

Table 4.15: Correlations between genetic parameters [Number of effective alleles
(Ne_c), unbiased haplotypic diversity (h¢), number of effective nuclear alleles (Ne_n),
unbiased expected nuclear heterozygosity (He), Fixation Index (Fis) of the
populations] and variation coefficient of five bark constituents of Prunus africana.
Asterisk indicates significance p < 0.05.

Genetic Ferulic Docosanol  Sitostenone  Sitosterol Ursolic
Parameter  acid acid

Ne ¢ -.20 24 .20 .63* -.05

he -.19 .25 17 .65 -.02
Ne n A1 24 .32 .04 .03

He .10 .29 .32 -.08 A1

Fis A8* -.05 -.10 -.04 41

The population cluster based on the content differences of bark constituents
was very weakly, but in certain cases significantly correlated with the
molecular phylogenetic structure (Figure 4.13). Significant correlations were
detected for chloroplast as well as nuclear data both for n-docosanol and
ursolic acid. When all constituents were considered for a single Mantel test,
both pairwise @pt for chloroplast and Rst for nuclear genetic differentiation
used as genetic distance resulted in weak, but significant correlations (Table

4.16).
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Table 4.16: Significance level of Mantel-tests between chemical and genetic
distances based on chloroplast (@er) and nuclear microsatellites (Rst), respectively.

Dpt Rst

Docosanol .032 .048
Ferulic acid 213 .202
Lauric acid 321 .094
Myristic acid 143 .094
Sitostenone 174 224
Sitosterol .293 412
Ursolic acid .026 .019
All constituents (Euclidean) .027 .010
All constituents (Mahaloboni) .046 .080
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Figure 4.13: Clustering of populations based on chemical distance



Table 4.17: Description and location of 20 populations of Prunus africana sampled.
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Name of Population  Code Country Longitude Latitude dbh (cm) Elevation asl Annual Annual
(m) MeanTemperature Precipitation mm

°C (Worldclim) ~ (Worldclim)
1. Ngashie Mt. Oku  CA Cameroon 10,50916 6,20489 58,36 2729,0 13,20 2088,0
2. Mt. Danoua CcC Cameroon 11,94175 7,18728 35,20 1731,8 19,14 1687,0
3. Moka GQ Equatorial Guinea 8,65631 3,36217 0,00 1510,4 20,56 2364.,4
4. Chuka KA Kenya 37,74682 -0,53182 69,50 1174,6 20,84 1021,0
5. Kinale KB Kenya 36,72654 -0,98154 50,10 2165,4 15,48 1176,8
6. Kapcherop KC Kenya 35,52572 1,06878 91,34 2720,6 13,46 11114
7. Marovoay MA Madagascar 48,30586 -18,80238 18,40 1062,2 18,76 1487,0
8. Lakato Forest MB Madagascar 48,27377 -19,21113 14,40 936,6 19,26 1705,4
9. Antsahabiraoka MC Madagascar 49,21566 -14,40023 28,60 1271,6 19,00 1430,0
10. Mpumalanga SA South Africa 30,77360 -24,92951 72,80 1474,0 16,30 926,2
11. KwaZulu Natal SB South Africa 30,27138 -29,28646 0,00 1566,2 13,30 888,6
12. Meru TA Tanzania 36,70766 -3,29235 75,80 1884,0 16,50 971,0
13. Kilimanjaro TB Tanzania 37,52374 -3,00349 77,66 1976,0 16,30 999,0
14. Kindoroko TC Tanzania 37,64340 -3,73895 66,83 1875,0 17,60 1005,0
15. Shume Magamba TD Tanzania 38,28784 -4,72057 84,72 1738,4 15,44 984,6
16. Kidabaga TE Tanzania 35,93016 -8,10947 64,20 1988,8 16,98 1052,0
17. Kalinzu UB Uganda 30,00184 -0,37422 59,88 1100,0 22,10 1015,0
18. Bwindi uc Uganda 29,77540 -1,04760 54,00 2264,4 15,26 1267,8
19. Mabira uD Uganda 33,01496 0,38061 53,58 1266,0 21,20 1319,0
20. Chimanimani YA Zimbabwe 32,80107 -19,57720 63,20 1343,2 17,06 11594
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Table 4.18: Estimates of LOD/LOQ by means of the signal to noise ratios of the
standards.

Bark Constituent LOD mg/kg LOQ mg/kg

Ferulic acid 1 4
Friedelin 7 24
Docosanol 0.3 1
Lauric acid 0.1 0.3
Myristic acid 0.1 0.3
Sitostenone 23 76
Sitosterol 0.8 3
Ursolic acid 45 150
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Figure 4.14: Prunus africana bark sampled throughout the natural range.
Different colours of the sampling sites indicate phylogeographic groups
(orange = West Africa, yellow = East Africa west of the Eastern Rift Valley,
green = East Africa east of the Eastern Rift Valley, purple = Madagascar, blue
=Southern Africa).
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CHAPTER FIVE

DISCUSSION, CONCLUSION AND RECOMMENDATTIONS

5.1 Discussion

511 Introduction

In this study the phylogeography of P. africana as a model species to derive
vegetation history of Afromontane forests was investigated, population
structure and history was elucidated and intraspecific chemical diversity
revealed. High population differentiation and significant phylogeographic
structure within the species were detected. This finding provides strong
evidence for a former migration corridor between ‘east’ and ‘west’ African
populations. However, evidence for the dislocation of a historic immigration
barrier to a more recent barrier to gene flow over several hundred kilometres
was found. Similarly, a pronounced variation in the concentration of selected
bark constituents was found among populations suggesting spatial genetic

effects are likely to be present.

512 Phylogeography and Population Structure revealed by cpSSR
5.1.2.1 Genetic diversity and population structure based on cpDNA

Compared to other tree species from Africa the observed differentiation among
populations (Gst = 0.735) is relatively high and comparable to that found in
Adansonia digitata (Gst = 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 (hs = 0.237) than in either Adansonia (hs =
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0.017) or Hagenia (hs = 0.079) maybe due to the lower sample size in these
studies. Overall multilocus linkage disequilibrium was highly significant (rq =
0.074, p < 0.002), indicating that homoplasy plays a minor role in explaining
the observed phylogeographic pattern in comparison to migration. Also,
tropical species from South America show similar high patterns of
differentiation, e.g. Cedrela odorata (Gst = 0.96; Cavers et al., 2004) and

Vouacapoua americana (Gst = 0.89; Dutech 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; hs = 0.33;
Mohanty et al., 2001), P. spinosa (Gst = 0.32; hs = 0.49; Mohanty et al., 2002)
and Sorbus torminalis (Gst = 0.33, hs = 0.39; Oddou-Muratorio et al., 2001).
Differences may be explained either by different seed dispersal mechanisms or
different population history. Seed dispersal mechanisms play a crucial role in
shaping distributions of haplotype diversity and genetic differentiation
(Dumolin-Lapégue et al., 1997; Demesure et al., 1996; Petit, Kremer, and
Wagner, 1993a; 2003). Farwig et al. (2006) listed 36 frugivorous birds and
mammals with body sizes of 10 to 80 cm as seed dispersers for P. africana.
These dispersers should facilitate short- and medium-distance seed dispersal at
least as efficiently as seed dispersers of Prunus species in Europe. Therefore, it
is probable that differences in the population history of P. africana and
European Prunus species are responsible for the stronger differentiation in the
former. European Rosaceous tree populations have been affected by ice ages

and recent (within the last 10,000 years) postglacial recolonization of central
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and northern European areas, whereas within the same period P. africana is
likely to have experienced only smaller altitudinal range shifts. In comparison
to latitudinal range shifts where a loss of genetic diversity due to repeated
bottlenecks can occur (Hewitt, 1996), range shifts in mountain regions occur
over much shorter geographic distances and population sizes may be more
stable, thereby maintaining diversity (Ehrich et al., 2007). The isolation of
mountain massifs from each other might limit gene flow and facilitate
differentiation of 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 differentiation patterns were found for
Afroalpine populations of Arabis alpina in a comparison to European and

Arctic populations (Ehrich et al., 2007).

5.1.2.2 Phylogeography of Prunus africana — migration and dispersal

within Africa

Mountain ranges which provide habitats for Afromontane species today were
formed within the late Pliocene and throughout the Pleistocene (Hedberg,
1994). During the Pleistocene, several Afroalpine species colonised Africa
from Asia through the coastal mountain ranges of the Arabian Peninsula (Koch
et al., 2006). According to Aubreéville (1976), P. africana could have followed
a similar path based on the putative Laurasian origin of the genus Prunus. The
current study was not able to provide data on the original immigration path of
P. africana into the African continent as populations are not extant in the

Arabian Peninsula and palaeoecological evidence is not available. However,
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current data provides the first significant insights into the population history of
P. africana within mainland Africa and its neighbouring islands, as a

significant signal for phylogeographic pattern was found.

Supported by Bayesian analysis where splitting events between Madagascar
and other African populations were estimated to be among the oldest,
populations from Madagascar were found to be genetically most distinct,
suggesting an early split from the main lineage. Since the separation of
Madagascar from Africa was completed 100 million years ago (long before P.
africana reached Africa), the colonisation of Madagascar may reflect early and
possibly unique dispersal events facilitated by birds or the southern Monsoon

drift or the Mozambique current (Figure 4.5).

On mainland Africa, a clear division between western populations (including
Ugandan populations east of the Albertine Rift valley) and stands in eastern
and southern Africa was detected. The haplotype sharing between West
African and Ugandan populations suggests 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, the data supports two scenarios: (i) a split
during southward migration of P. africana at the southern fringe of the
Ethiopian highlands (Figure 4.5, route 1) with migration of Albertine Rift
valley populations to West Africa (route la, 1b); or (ii) the independent
colonisation of West Africa via a north-western migration corridor and the
subsequent colonisation of western Uganda from West Africa (route 2). Both

scenarios imply that a strong barrier for gene flow has existed within East
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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 colonisation 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 HT1m. In contrast, the various
haplotypes found in East Africa have a deeper root with up to 5 mutations
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 contrast, further differentiation at the
Albertine Rift may have been prevented by regular seed exchange. The
colonisation from East to West could have been through either the SMT as
defined according to White (1981) or through a more northern direct
connection. The data suggest a more direct connection since 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 haplotypes 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 to the splitting

events between the ‘east’ and ‘west’ African populations. More data from
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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
colonisation 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 which must have been crossed, only
an extensive phylogeographic study of populations from Ethiopian highlands

could shed further light on this second hypothesis.

As key barriers to dispersal in the early population history of the species the
upper river Nile basin and the Lake Victoria basin is suggested, 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 radiocarbon 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 characterised 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 6,000 years BP, facilitating more semi-
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deciduous forest (Livingstone, 1975). Another reason 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 mountain ranges, such range shifts might have
supported the survival of populations during the unstable climatic history. The
data does 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, since in our case on either side of both branches of the
Rift similar chloroplast haplotypes occurred: HT1la east and west of the

Eastern Rift Valley, and HT1m east and west of the Albertine Rift.

The data on the close relationship between Albertine Rift and West African
populations of P. africana correspond 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 elevations connecting east and west African mountain
regions during the last glacial period, although Livingstone (1975) doubted
that such a belt existed. Based on data from palynological records from the last
15,000 years, Livingstone (1975) rather argued that forest 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.,
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2000). It is difficult to conclude whether such site conditions would have
allowed spread across a distance of around 2,000 km, but future genetic studies
of additional wide-spread Afromontane species should help to shed more light

on past montane vegetation belts.

The 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 splitting times for
events. There is for example considerable overlap between the three oldest
splitting events (Figure 4.3). Although the uncertainties in estimating
generation time, 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 generation times given in the literature (Hall et al., 2000), the time of
the population splits vary by a factor of 2 to 4. The overall time frame of the
simulations shows that the complete colonisation of the investigated
distribution of P. africana has most likely occurred within the last 100,000 to
180,000 years. On a global scale this time period is known as the last
glaciation period suggesting that the colonisation of eastern and western Africa

by P. africana occurred mainly during colder climatic episodes.



96

5.1.3  Population structure and history of Prunus africana as revealed

by nuclear microsatellites (nSSR)

While current patterns of genetic diversity in temperate northern regions have
been determined mainly by recolonization after the LGM, patterns are more
complicated in tropical areas that have not suffered total species disappearance
during glaciations. Rather, the patterns existing today are the result of several
cycles of climatic change (Fjeldsa and Lovett, 1997). The current results
indicate that — as suggested by White (1983) — the population history of P.
africana and the Afromontane forests in general is long and complicated and
probably started in the early Pleistocene (2.5 - 0.012 million yr BP). The
biogeography of the species thus is multifaceted and has been determined by
rare long-distance dispersal events coupled with constant migration at
intermediate geographic ranges, and strong gene flow barriers. The observed
patterns corroborate the main result of the cpDNA study (section 5.1.2 & 5.1.3;
Kadu et al., 2011). Comparing nuclear data with the cpDNA study, evidence
for the dislocation of a historic immigration barrier to a more recent barrier to
gene flow over several hundred kilometres is found, exemplifying the highly

dynamic environmental history of African highlands.

5.1.3.1 Genetic diversity and population differentiation

Within population genetic diversity (He) in P. africana was comparable to
other hardwood species, e.g. Fraxinus excelsior (Heuertz et al., 2004), or other
tropical species, e.g. Milicia excelsa (Dainou et al., 2010). Genetic diversity

differed among regions. Allelic richness was highest in populations of Kenya
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and Uganda west of the Eastern Rift. In these montane forests P. africana
appears to be in its optimal habitat as it forms a main component of
Afromontane forests there (White, 1983). Levels of genetic diversity were
lowest in populations of southern Africa and Madagascar. Population
bottlenecks were detected in populations of southern Africa, Kenya, Uganda,
and Madagascar; these were probably anthropogenic as severe deforestation
and changes in land use starting ca. 1000-2000 years BP have had dramatic

impact on Afromontane ecosystems (Gade, 1996; Finch et al., 2009).

Population differentiation with a global Fst of 0.27 and Rst of 0.70 was high,
reflecting the large and disjunct distribution area of the species and the strong
divergence among populations even within regions. This was highlighted by
the findings of the AMOVA (based on Fsr), as 14.4 % of the variation was
partitioned among regions and 12.6 % among populations within regions. A
very high value compared to other tree species (Petit et al., 2005). Stepwise-
mutations had as strong effect on population differentiation as shown by Rst
>> Fgr, indicating long-term isolation of groups. Also, the frequent occurrence
of private alleles and null alleles within regional samples underline the strong
divergence of populations. Null alleles might have affected the consecutive
analysis; however, the inference made is believed to be based on strong
evidence, and is corroborated by previous findings based on cpDNA markers

(section 5.1.2; Kadu et al., 2011).

Five main groups of populations were resolved in the analysis corresponding

to main biogeographic regions: Afromontane forests of Western Africa,
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Eastern Africa west of the Eastern Rift Valley, Eastern Africa east of the
Eastern Rift Valley, Southern Africa and Madagascar. This grouping was
supported by the UPGMA distance tree, PCA and the results of individual
population assignment. A similar pattern had been obtained for P. africana
from RAPD data by Dawson and Powell (1999), but the relationship between
WG and EG1 derived in that study was even closer; thus gene flow between
WG and EGL1 is shown to have been disrupted for a relatively short period, but

has allowed populations to diverge.

5.1.3.2 Recent patterns of migration

Estimates of recent migration rates between populations as detected in the
BAYESASS analysis showed that gene flow between populations has recently
been largely restricted in the Western and Madagascan groups. Given the
island nature of Madagascar the result is not surprising there, while in West
Africa gene flow was restricted to the island of Bioko (GQ; GQ1) and CB
(CM1), the nearest population from the mainland, and appeared disrupted
among the other mainland populations. A different pattern was observed in
East Africa, and in particular in EG1: here gene flow was estimated to
contribute to genetic diversity in most populations to a higher degree. On the
other hand, Kenyan populations east and close to the Eastern Rift Valley
appeared to be less connected (0.88; actually, the Eastern Rift was identified as
the second most important barrier for gene flow throughout the range of P.
africana), though some populations especially from the Eastern Arc appeared

to be better connected and also clearly were the original populations for the
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populations sampled in southern Africa, which were similar in self-
recruitment. These findings are in general agreement with the estimates of
population divergence obtained from cpDNA (section 5.1.2; Kadu et al.,
2011): western and eastern lineages diverged early, and the population
migration from EG1 to West Africa appears to be a relatively recent event,
while east of the Rift effects of fragmentation are more evident and appear to
be older as evidenced by the fixation of unrelated cp haplotypes in spatially
close populations (section 5.1.2; Kadu et al., 2011). The better connectivity
among Eastern Arc populations is probably associated to the more stable

climate in that region (Hamilton and Taylor, 1991; Finch et al., 2009).

5.1.3.3 The Rift valley as major gene flow barrier — major shift of a gene

flow barrier in East Africa

The situation in East Africa is remarkable in particular. While only one group
was supported in the other main geographic regions, East Africa holds two
major groups; also, the most evident genetic barrier on the mainland were
detected in this region. This result is in line with previous findings in the
species of Dawson and Powell (1999) and Muchugi et al., (2006). Historic
patterns of direction and magnitude of migration among regions and effective
population size over the coalescent period (4Ne generations) as investigated
using MIGRATE (Beerli and Felsenstein, 2001), corroborated some findings
from the other methods and provided important new insight into population
history. In contrast to estimates of recent gene flow, historic estimates indicate

low levels of gene flow between EG1 and EG2, giving evidence that during an
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(putatively colder) earlier period of the Pleistocene both groups exchanged
migrants. At the same time, all analyses (chord distance tree, assignment,
migration) support the strong divergence between western and eastern genetic
groups. Ancestral population size appears to have also been large in
populations of East Africa (both sides of the Eastern Rift), providing strong

evidence that this region was central for population differentiation and spread.

The divergent climatic conditions between East and West Africa probably best
explain the observed pattern: during the Pleistocene in West Africa the
montane vegetation descended to lowland areas - in particular as riverine
gallery forests - several times and thus probably allowed ample gene flow
between populations (Hamilton and Taylor, 1991). Accumulated evidence also
suggests that montane forests in the Albertine Rift had more constant climatic
conditions; e.g. Marchant et al., (1997), Marchant and Taylor, (1998), Jolly et
al., (1997) report that Afromontane forests were more or less stable in south-
west Uganda from at least 42,000 years until ca. 1000 years BP (start of human
influence). In contrast, the climate east of the Eastern Rift Valley was
generally dryer and more variable at least during the last 10,000 years, and
montane vegetation became sparse several times as exemplified by pollen
records (reviewed in White, 1983; Street-Perrott and Perrott, 1993; Elenga et
al., 2000), thus probably survived in smaller and more isolated populations
which led to higher population differentiation due to drift (UPGMA tree,

Figure 4.5; cpDNA, Kadu et al., 2011).
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In the Eastern Arc Mountains of Tanzania and Kenya (populations KE8, TZ2,
TZ5 and TZ6) the situation is different again, as that region is buffered against
extreme drought by orographic rainfall from the Indian Ocean (Hamilton,
1982; Lovett, 1993), which may also explain the better connectivity among
these populations inferred from recent gene flow estimates and the domination
of few chloroplast haplotypes in the region (Kadu et al., 2011). In addition to
climatic factors, also the geology of the region has most likely impacted the
population demography: in the Albertine Rift, volcanic activity has occurred
until ca. 40,000 years BP, very likely heavily impacting the forests occurring
on these volcanic mountains (Tolley et al., 2011). This disturbance factor may
further explain the observed pattern of relative genetic homogeneity in EG1,

due to repeated re-colonization from surrounding populations.

Interestingly, in the cpDNA analysis (section 5.1.2; Kadu et al., 2011),
populations on the west side of the Eastern Rift shared cp haplotypes with
eastern populations and not with western populations close to the Albertine
Rift (and other western clade populations). In this analysis, these populations
(UG4, KE1, KE2, KE3 and KE4) are shown to clearly cluster with populations
east of the Albertine Rift in nuclear microsatellites. At the same time estimates
of historic gene flow indicate low levels of gene flow between EG1 and EG2,
which currently appears fully disrupted. The results on nuclear data therefore
support a shift in gene flow barriers probably during the early to mid
Pleistocene: apparently the Eastern Rift Valley has replaced the Lake Victoria
basin as the main barrier to gene flow in Eastern Africa for the species since at

least the mid Holocene (cf. patterns of recent gene flow). Shifts in gene flow
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barriers have only been rarely reported, and this finding highlights the dynamic
environmental history of the continent and the evolutionary impact it has had

on shaping species’ genetic diversity.

In respect to population history, there are two possible scenarios to explain the
observed pattern: (i) population divergence between EG1 and EG2 took place
relatively recently, and these populations acted as “genetic bridges” for the
movement from east to west; consecutively gene flow was fully disrupted east
and west of the Eastern Rift Valley and the populations evolved separately; (ii)
divergence could be older and the estimated migration between groups could
reflect a more recent gene flow event, i.e. the observed pattern could support a
scenario that during a colder period, when Afromontane forests moved down
to lower altitudes (Jolly et al., 1997), gene flow by pollen was restricted to
occur only between populations on the western side of the Eastern Rift that
were actually descendants from populations (cp haplotype) east of the Eastern
Rift, and consecutively were becoming isolated from EG2 gene flow due to the
increasing aridity that affected the Eastern Rift during the Pleistocene
(Hamilton and Taylor, 1991). The current distribution of genetic diversity and
the strong divergence between western and eastern groups supports the latter

hypothesis.

On the other hand, evidence from cpDNA analysis rather supports the first
hypothesis, since the pattern of cp diversity in the western groups indicates a
relatively recent spread of the species with a single haplotype dominant both in

WG and EG1 indicating low founding population size and high impact of drift
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effects; though cp haplotypes currently dominating in WG and EG1 are not

closely related to haplotypes found in western Kenya/ eastern Uganda. Further
intense sampling is strongly suggested in the Rift Valley region and in
particular from Ethiopia - putatively the original region from where the species
migrated into Africa (section 5.1.2 and 5.1.3; Kadu et al., 2011) - to finally

resolve the group relationships.

The importance of the Rift Valley system as gene flow and dispersal barrier in
the species deserves special attention: apparently relatively recent gene flow
was possible across distances of more than 2000 km, but not across the 100 km
of savannah separating the mountainous areas east and west of the Eastern
Rift. The ecological reasons for this are intriguing, but are still mostly in the
dark. The Eastern Rift valley was found to be a major gene flow barrier in
several other Afromontane species, e.g. Arabis alpina (Assefa et al., 2007),
Lobelia gibberoa (Kebede et al., 2007), Hagenia abyssinica (Ayele et al.,
2009), Acacia senegal (Omondi et al., 2010), as well as a number of other
organisms (e.g., Nicolas et al., 2008; and references therein). Strong
population divergence between populations associated with the Eastern Rift
Valley was also observed in a recent study on Senegalia mellifera, a species of
the savannah (Ruiz Guajardo et al., 2010). There the striking breaks in allelic
patterns were attributed to selection due to site (soil) conditions. Trauth et al.,
(2005) report the existence of deep lakes in the Eastern Rift between 1.0 to 0.9
million years BP, which could also have acted as gene flow barriers for P.

africana affecting both pollen and seed dispersal by animals.
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The most likely explanation, however, are adaptations to climate
(precipitation) that may be more important in the moisture demanding P.
africana. The observed discordance between chloroplast and nuclear variation
further strengthens the indication of a selective component determining group
distribution, as nuclear variation reflects site adaptation better (cf. Petit et al.,
2001; Tsitrone et al., 2003), and obviously was influenced by gene flow to a

lesser extent than cytoplasmic variation.

5.1.3.4 Prunus africana populations in Madagascar

Madagascar holds the most diverged populations and as suggested by the
cpDNA analysis (section 5.1.2; Kadu et al., 2011) probably the colonization of
that island was the result of a single dispersal event that dates back to the
oldest splitting events within the species. This finding is in agreement with
previous studies showing very low rates of propagules exchange between
Madagascar and mainland Africa (Meve and Liede, 2002). The high estimated
ancestral population size also indicates long time isolation and independent
evolution for the population. The long-time climatic stability of this large
island has allowed undisturbed evolution and accumulation of a rich flora
(Vences et al., 2009). Madagascar must have been colonized very early by the
species and gene flow with mainland populations has most likely been very
low to non-existent. Further, the colonisation of Madagascar must have been
independent from the colonization of southern Africa, as indicated by the
lowest M estimate (Table 4.13) between these two groups. Sampling from the

Comoros Islands would be important to evaluate possible gene flow routes
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between mainland Africa and Madagascar. The evidence for recent population
decline due to recent fragmentation (as exemplified by the detected
bottleneck), but also morphological divergence (unpublished results)

strengthens the demand for the protection of these populations.

5.1.3.5 Derived populations in southern and western Africa

The results clearly show that the Southern African populations are derived
from the East African group (EG2) and that the founding population size for
these populations has been low compared to the other areas. The divergence
appears recent and at present probably mainly driven by drift (monomorphic
loci, private alleles). The fact that samples from that region were collected over
a relatively large geographic range but clearly clustered in the STRUCTURE
computations indicates that populations in this region have only recently
become fragmented and are probably derived from a single population
expansion event. A significant barrier to gene flow within the region was only

detected between populations from South Africa and Zimbabwe.

The MIGRATE analysis also sheds some light on the relationship between the
East and West African populations of the species. Historic migration estimates
between WG and EG1 populations west of the Eastern Rift (Uganda) were
strong especially from EG1 to WG; considering both these results and patterns
of diversity as well as the results from cpDNA analysis (section 5.1.2; Kadu et
al., 2011), colonization from east to west appears to be the most plausible

hypothesis. In fact, the only other study (to my best knowledge) scrutinizing
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gene flow patterns between West and East Africa is the study of Ackermann
and Bishop, (2010) on gorillas, where an opposite direction of migration was
inferred. Estimates of recent migration still indicate low levels of gene flow
between these regions in P. africana. Interestingly, the most similar
populations in WG were Bioko Island (GQ; GQ1) and CB (CM1), indicating
that the island population is a direct descendent of CB (CM1); while other
populations from that region recently appear in much less contact. Given the
long-term absence of the species north of the Congolian plateau and the
existence of satellite populations extant in the Congo, Zambia and Angola, the
southern migration corridor (sensu White/ Moreau) — south of the central
African rain forest region — may have served as migration corridor for this
movement. In addition, aridification of Africa during the Pleistocene has
driven forests south (Hamilton and Taylor, 1991), making this route of
migration even more plausible. Sampling from these areas (western Tanzania,
Zambia and Angola) would be needed to solve this question finally. Also,
future collections of P. africana from riverine populations in Southern Africa

and other regions appear promising.

5.1.4  Intraspecific chemical diversity

The average concentration [mg/kg w/w] of chemical constituents analysed
based on 20 bulked population samples (population mix) varied considerably
among and within populations with lauric acid (18) being the least and ursolic
acid (743) the most. Friedelin was not detected in any of the samples above the

limit of detection (7 mg/kg). This finding was quite surprising because this
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triterpenoid which is known for its anti-inflammatory effects (Antonisamy et
al., 2011) has been previously identified in P. africana bark extracts (Catalano
et al., 1984) as well as in P. lusitanica (Biessels et al., 1974) and P. turfosa
(Sainsbury, 1970). However, it is absent in P. serotina (Biessels et al., 1974).
The concentrations of the other seven bark constituents varied considerably
among and within populations. For both lauric and myristic acid, the content
in individual samples within certain populations partly varied erratically. Both
fatty saturated acids were previously reported in P. africana, but each with
very low relative compositions compared to other free fatty acids (Ganzera et
al.,, 1999). In P. amygdalus (Munshi and Sukhija, 1984) and Artocarpus
heterophyllus (Chowdhury et al., 1997) a similar proportion of lauric and
myristic acid was reported. However, Munshi and Sukhija (1984) found that
the concentration of both analytes decreased rapidly and eventually only traces
were found in developing kernels of almonds. An open question is, whether

genetic, environmental or even methodological factors are causing this pattern.

Content of Docosanol among populations strongly varied and differed
significantly. However, it was not affected by the environmental factors
studied. Data on natural variation of this long-chain alcohol are virtually not
existent. In crops, highly significant genotypic differences were observed
(Irmak et al., 2008) and Dunford and Edwards (2010) found content to be
significantly affected by the environment. Content of Ferulic acid was found to
be highest in Kinale (KB-Kenya) and lowest in Moka (GQ-Equatorial Guinea)
with concentrations of 30 to 90 mg/kg. Content of ferulic acid was

significantly correlated to tree diameter (r = 0.23, p < 0.05) and annual
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precipitation (r = -0.50, p < 0.025). Mpofu et al., (2006) showed that ferulic

acid concentrations in different wheat cultivars varied at sampling sites
differing in environmental conditions. This hydroxycinnamic acid is found in
many plants, has already been detected in P. africana bark (Fourneau et al.,
1996) and is also present in leaves of different Prunus species (Liakopoulos,
2001). It may effectively scavenge deleterious radicals and suppress radiation-
induced oxidative reactions (Kikuzaki et al., 2002). Although ferulic acid as a
component of lignocelluloses is found in many plants, it is unexpected that its
variation in natural plant population has not been studied yet. In wheat
(Triticum aestivum) cultivars, content variation showed significant difference
(Irmak et al., 2008), while environmental effects were considerably larger than

genotypic ones (Mpofu et al., 2006).

Content of B-sitostenone was found to be highest in Mt. Danoua (CC-
Cameroon) and lowest in Chimanimani (ZW-Zimbabwe) with concentrations
of 116 to 260 mg/kg. These concentrations are much lower than in B-sitosterol
(see below). Catalano et al., (1984) also found several fold lower
concentrations of sitostenone compared to sitosterol in P. africana bark
extracts. Beta-sitosterol was found in concentrations of 349 to 583 mg/kg.
Concentration was highest in Chimanimani (ZW-Zimbabwe) and lowest in
Chuka (KA-Kenya). These concentrations exceed those found in fruits and are
at least similar to avocado which is known as a very rich source of B-sitosterol
(Duester, 2001). Seeds of the soybean (Glycine max) (Yamaya et al., 2007),
also known as an important source contain less, but seeds of rapeseed

(Brassica napus) (Amar et al., 2009) contain 5-fold as much of this compound
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as the P. africana samples. This phytosterol mostly known for its cholesterol-
lowering activity (Satou, 2003) is believed also to have anti-cancer effects
(Awad and Fink, 2000). P. spinosa (Wolbis et al., 2001) as well as Moringa
oleifera (Anwar et al., 2007) having a high concentration of (-sitosterol are
known to be used for their diuretic properties in traditional medicine to

increase urine flow.

To the best of my knowledge data on genetic variation of B-sitosterol content
in natural plants is not at hand, however, both in Glycine max (Yamaya et al.,
2007) and Brassica napus (Amar et al., 2009) genotypic variation was high.
Content of p-sitosterol was independent of environmental conditions. This is
contrasted by findings in Glycine max. Varieties grown in warmer areas
produced seeds with higher sitosterol content than at colder sites (Yamaya et
al., 2007), however, with the P. africana samples no environmental effect on

the concentration was found.

Among all compounds, the content of ursolic acid was found to be the highest
with concentrations varying between 317 and 2000 mg/kg. This natural
pentacyclic triterpenoid carboxylic acid has been identified as the major
component in many traditional medicinal plants (for a recent review see Ikeda
et al., 2008) and serves as a basic material for synthesis of more potent
bioactive derivatives, such as anti-tumor agents (Ma et al., 2005). It is found
in many plants. For instance, it was reported in the peels of the loquat
(Eriobytrya japonica) fruits in comparable concentration as in the present

study. The concentration of ursolic acid was negatively correlated with the
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diameter of the trees (r = -0.33, p< 0.01). This finding is to be expected

because tree diameter is a good proxy for age and many triterpenoids,
including ursolic acid act as plant defences (Arnason and Bernards, 2010)
whose concentrations are likely to decrease with age as a result of reduced
pressure from herbivores. In Betula pendula, the concentrations of
triterpenoids declined roughly one hundred-fold from 1-year to 20-year old

trees demonstrating the antibrowsing effect of triterpenoids (Laitinen, 2003).

In order to facilitate efficient provenance selection or breeding it is essential to
know how much of the variation is found among and within populations. For
three constituents, ferulic acid, n-docosanol and B-sitostenone, the variation
could be equally attributed to the within and among components (Figure 4.11),
whilst the among population component for p-sitosterol amounted to
approximately 20 %. The variation with highest among population component,
with roughly two thirds, was attributed to ursolic acid. The high variation
among populations and the lacking effects of environment on concentration of
ursolic acid bespeak population genetic effects. Similarly to what was detected
in this study, the content of this component was found to vary considerably

among cultivars of Eriobotrya japonica (Zhou et al., 2011).

Concentration of different bark extracts were significantly intercorrelated
(Table 4.14). For certain constituent pairs a close correlation was to be
expected. Beta-sitostenone is an oxidized product of B-sitosterol and both
saturated fatty acids share a very similar chemical structure. Interestingly, the

content of n-docosanol was significantly correlated with all other tested agents.
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Thus, the concentration of n-docosanol in bark extracts can be used as a good
predictor of all agents studied. It is noteworthy that the content of n-docosanol
was negatively correlated with lauric and myristic acids, although the data of

both fatty acids must be considered with care (see above).

None of the molecular markers used in this study encode any of studied bark
constituents. However, haplotypic just as nuclear genetic diversity are a good
indicator of genetic drift. This evolutionary force affects the whole genome
equally and is only dependent on the gene frequencies and population size.
Genes associated with the direct or indirect syntheses of the antioxidants
studied are affected by this evolutionary force as are the molecular markers
used in this study. Thus, one may assume that the content variation is
correlated to genetic diversity (in the chloroplast and nuclear genome) and/or
to outbreeding, quantified as fixation index. Content variation of B-sitosterol of
the populations was significantly correlated to haplotype diversity and ferulic
acid was correlated to the fixation index Fis (Table 4.15). This indicates a
higher variation in ferulic acid concentration in populations with an increasing
excess of homozygotes compared to HWE. This could be the case if several
inbred lines, which differ in ferulic acid concentrations merged in the
populations or the findings were due to a Wahlund-effect. Regardless of the
true biological reasons, the association between measures of genetic diversity

and the variation in bark concentrations must be interpreted as weak.

Nuclear and cp-DNA microsatellites have shown a strong population

divergence among the Afromontane region and five main regions were
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identified as demonstrated in Figure 4.14. (1) West Africa, (2) East Africa

west of the Eastern Rift Valley, (3) East Africa east of the Eastern Rift Valley,
(4) Southern Africa and (5) Madagascar (section 5.1.2 & 5.1.3; Kadu et al.,
2011, Kadu et al., 2013). Genetic divergence between mainland African and
Madagascan populations, as well as between populations east and west of the
Rift Valley, was very pronounced. The population cluster based on the content
differences of bark constituents was very weakly, but in certain cases
significantly correlated with the molecular phylogenetic structure (Table 4.16;
Figure 4.10). It is especially noteworthy that significant correlations were
detected for chloroplast as well as nuclear data both for n-docosanol and
ursolic acid. Moreover, also when all constituents were considered for a single
Mantel test, both pairwise @pr for chloroplast and Rst for nuclear genetic
differentiation used as genetic distance resulted in weak, but significant

correlations.

5.2  CONCLUSIONS

In this study the phylogeography of P. africana was investigated as a model
species to derive vegetation history of Afromontane forests. Phylogeography
was found to exist within the 32 P. africana natural populations. Further,
populations were found to be highly differentiated and colonisation dynamics

revealed evidence of a former northern migration corridor.

Secondly, patterns of population genetic structure in 30 natural populations of

P. africana within Africa were studied and distinct divergent patterns were
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found to exist. Moreover, comparison of nuclear data with plastid data
provided evidence for the dislocation of a historical immigration barrier to a
more recent barrier to gene flow over several hundreds of kilometres,
exemplifying the highly dynamic environmental history of African highlands.

There were two strong barriers found be

Thirdly, the chemical diversity of phytochemical extracts of 20 P. africana
natural populations were evaluated and evidence of intraspecific chemical
diversity was demonstrated though the geographical pattern presented was not
very distinct. It is concluded that the molecular phylogeographic patterns is
reflected in the spatial patterns of certain bark constituents, notably in ursolic
acid.

Compare genetic and phytochemical date the correlations There were weak

correlations

5.3 RECOMMENDATIONS

The following recommendations are suggested:

i. Investigation of further aspects in colonisation dynamics requiring
sampling in the Ethiopian highlands and in the south-western/ central
African range. More data from populations sampled south of the Albertine
Rift and following the SMT would be needed to resolve the possibility of
migration route via SMT and verify lack of lineage mixing. Similarly,

sampling of P. africana riverine populations appear promising. Sampling
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from the Comoros Island would be important for evaluating possible gene-

flow routes from mainland Africa to Madagascar.

. Further intense sampling is strongly suggested in the Rift Valley region

and in particular from Ethiopia - putatively the original region from where
the species migrated into Africa, to finally resolve the EG1 and EG2 group
relationships.

To connect extant populations, planting of stepping stone populations is
suggested, which could be achieved within the framework of a scheme to
support the livelihood of the rural population in these countries, as the
demand for bark is rising and sustainable use needs to be established.

For in situ conservation, populations with high estimates of allelic richness
and population size should be given priority. The divergence among the
five detected groups putatively has led to site adaptation which needs to be
conserved. Ex-situ efforts need to take care not to mix populations east and
west of the Eastern Rift Valley, to avoid possible negative effects of
genomic divergence, e.g. due to outbreeding depression or disruption of
local selection-adaptation balance (Verhoeven et al., 2011). Data on spatio-
chemical diversity are expedient for a conservation strategy for African
cherry.

A careful analysis using GIS based methods is needed to identify regions
of urgent need for protection, which have not been covered by current
conservation efforts.

Investigations on this and other species with disjunct distribution in West
and East Africa (and the Rift Valley in particular) as well as other parts of

the continent are strongly encouraged to further elucidate the underlying
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processes. Promising candidates are suggested by (White, 1981), and
include Myrica salicifolia, Nuxia congesta, and Podocarpus latifolius.
If a conservation strategy focuses exclusively on molecular diversity,
populations in Kenya, Uganda and Tanzania will be prime regions since
Madagascan populations are not quite as diverse as the mainland
populations from East Africa. However, populations from Madagascar
feature a relatively high concentration of all bark constituents (Figure 4.12)
and, although it is unknown which role bark constituents may play for
adaptation, it is highly recommended to include Madagascan populations
into a pan-African conservation strategy. These island populations appear
also to be highly vulnerable due to bark overexploitation.

Further investigations are needed to cast more light on the
environmental factors affecting bark quality. To fully understand
opportunities for genetic gains through selection of populations and

individuals, genetic field tests are necessary.
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