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Genetic diversity of endangered sandalwood (Osyris
lanceolata) populations in Kenya using ISSR molecular
markers
KP Andiego a, OG Dangasukb, DW Odeec,d, FS Omondic, DF Otienob and BK Balozia

aDepartment of Forestry and Wood Science, University of Eldoret, Kenya; bDepartment of Biological Sciences,
University of Eldoret, Kenya; cBiotechnology Laboratory, Kenya Forestry Research Institute, Nairobi, Kenya;
dNERC Centre for Ecology and Hydrology, Bush Estate, Edinburgh, United Kingdom

ABSTRACT
Osyris lanceolata is an evergreen, drought tolerant tropical African
tree species belonging to the family Santalaceae. It is endangered,
owing to overexploitation for its essential oil used in cosmetics and
pharmaceutical industries. The study aimed at determining: (1) the
genetic diversity; and (2) the population genetic differentiation in
seven key O. lanceolata populations, representing its natural
distribution in Kenya. Genotype data for ISSR neutral molecular
markers were generated for seven populations of O. lanceolata. The
percentage of polymorphic loci (P), ranged from 51% (Wundanyi)
to 82% (Gwasii), with a mean of 65%. The mean number of
effective alleles (Ne) was 1.430, whereas the Shannon Information
Index (I ) mean was 0.263. Gwasii population was the most
genetically diverse followed by Mt Elgon and least was Wundanyi.
The coefficient of differentiation Gst was 0.343. Results of analysis
of molecular variance (AMOVA) showed that most of the genetic
variation (62%) in O. lanceolata resided within populations. Principal
coordinate analysis (PCoA) analysis showed that Baringo population
located in the Rift Valley was genetically distinct from the rest of
the populations. In conclusion, Gwasii, Mt Elgon and Baringo
populations should be delineated for in situ conservation, whereas
selection for ex situ conservation should target good trees from all
the populations.
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Introduction

Osyris lanceolata Hochst. and Steud. ex A. DC (African sandalwood) is a member of the
family Santalaceae in the Order Santalales (Teklehaimanot et al. 2003; Mwang’ingo et al.
2007; Machua et al. 2009). It is drought tolerant, grows on poor sites mostly on rocky
ridges, mountain slopes, margins of evergreen bushland, grasslands and thickets
(Machua et al. 2009; IUCN 2013). The Kenyan populations are small and scattered
along roads, farms, forest edges and bushlands. The species is a perennial one that can
survive for more than 50 years in its natural stand. The Kenyan populations are likely
to be more than 40 years old. Like other sandalwood trees species, O. lanceolata is
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dioecious and hemi-parasitic on the roots of host trees preferably Rhus natalensis (Krauss),
Dodonaea viscose (L) Jacq, Tecomaria capensis (Thunb.) Lindl, Catha edulis (Vahl) Forssk.
exEndl, Apodytes dimidiate E Mey exArn (Teklehaimanot et al. 2003; Mwang’ingo et al.
2007; Machua et al. 2009). The numbers of host species that can support the species
seem limited. In Eastern Africa, the species occurs in Kenya, Uganda, Tanzania,
Rwanda, Burundi, Eritrea and Somalia (Teklehaimanot et al. 2003; Mwang’ingo et al.
2007). Although in Southern Africa, it is found in Zambia, Malawi, Mozambique, Zim-
babwe and South Africa (Mwang’ingo et al. 2007; IUCN 2013). Other members of Santa-
laceae family, though of different genera, are distributed in Australia (Santalum spicatum,
S. lanceolatum), India and China (S. album) (Brand 1999; Hudson 2008; IUCN 2013) and
Pacific Islands (S. insulare) (Butaud et al. 2005).

In Kenya, O. lanceolata is endangered and its survival threatened, owing to overexploi-
tation for its valuable essential oils used for making perfumes, expensive cosmetics, medi-
cines and drugs (Teklehaimanot et al. 2003; Mwang’ingo et al. 2007; Machua et al. 2009).
This is because of high demand in developed countries for sandalwood products, occa-
sioned by the reduction in supply from Australia and India, the major world suppliers
(Mwang’ingo et al. 2003; Mwang’ingo et al. 2007). Illegal harvesters uproot the whole
tree for its trunk and roots, which are believed to contain more oil per unit weight
(Ruffo et al. 2002). Furthermore, preference is on female trees, which are believed to
have higher oil content than males. This disrupts the species reproduction capacity and
threatens its genetic pool (Ruffo et al. 2002; Mwang’ingo et al. 2007).

The situation is additionally worsened by the generally low natural regeneration,
growth and development of O. lanceolata (Mwang’ingo et al. 2007; Kamondo et al.
2014). In addition, the species has low recruitment and experiences reproductive failures
in its natural habitat (Mwang’ingo et al. 2 007; Kamondo et al. 2014; Mothogoane 2011).
Information on the genetic diversity of O. lanceolata would therefore be essential for for-
mulation of conservation strategies to mitigate the effects of reproductive failures, low
regeneration and recruitment.

In Kenya, although the species has been placed under presidential protection (Govern-
ment of Kenya, Legal Notice #3176 of 2007), so far no effort has been made to develop
management strategies for sustainable utilisation and conservation of O. lanceolata germ-
plasms, despite the fact that it is a source of livelihood for many people in areas where it
grows naturally. Currently, there is no any existing information of the species genetic
diversity status in Kenya. Genetic diversity is widely recognised as the key component
for the long-term survival, dynamics and evolution of any tree species hence information
on genetic status is an important component in management of genetic resources
(Ramesha et al. 2007; Rhian and Michael 2008). Furthermore, the information on
genetic diversity of plant species is a pre-requisite for the planning of in situ and ex situ
conservation strategies (Holsinger and Gottlieb 1991; Chiveu et al. 2009; Rhian and
Michael 2008).

The genetic diversity of plant populations has been assessed using morphological
characterisation, but later complemented by the use of isozymes (Dangasuk et al. 1997;
Dangasuk and Gudu 2000). However, these methods have proven to be slow and
inadequate to determine the genetic diversity among various plant populations (Xiao-ru
and Alfred 2001). Recently, molecular techniques have been applied to detect genetic
variability in various plant species (Porth and El-Kassaby 2014). Some of these widely
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applied molecular markers includes; Restriction Fragment Length Polymorphism (RFLP)
(Botstein et al. 1980), Amplified Fragment Length Polymorphism (AFLP) (Vos et al.
1995), Random Amplified Polymorphic DNA (RAPD) (Williams et al. 1990), Simple
Sequence Repeats (SSR) and Inter-Simple Sequence Repeats (ISSR) (Zietkiewicz et al.
1994; Awasthi et al. 2004), Single Nucleotide Polymorphism (SNP) (Nasu et al. 2002).

As a PCR-based marker, ISSR, is applicable to organisms from diverse genera and
because of the large number of primers available for analyses, it provides good overall
genome coverage (Williams et al. 1990; Zietkiewicz et al. 1994). They show dominant
inheritance and are useful in detecting genetic polymorphisms among accessions by gen-
erating a large number of markers that target multiple microsatellite loci distributed across
the genome and evolve rapidly (Gupta et al. 2008; Ansari et al. 2012). Furthermore, they
are easier to analyse (Ramesha et al. 2007; Patel et al. 2016) and unlike SSR markers, ISSR
markers do not require prior knowledge of the target sequences flanking the repeat regions
(Yang et al. 2012; Gaafar et al. 2014; Žukauskienė et al. 2014; Panda et al. 2015). The ISSR
makers are neutral, have higher annealing temperature and longer sequence and hence are
accurate and able to deduce variations in a species with wide geographical habitat variation
(Deshpande et al. 2001; Ramesha et al. 2007).

The objectives of this study were to determine: (1) the extent of genetic diversity, and
(2) the level of genetic differentiation among the Kenyan populations of O. lanceolata
using ISSR molecular markers in order to recommend a conservation strategy for the
species.

Materials and methods

Sample collections

Seven distinct Osyris lanceolata populations, namely Gwasii, Baringo, Mt Elgon, Kitui,
Wundanyi, Meru and Mau representing the natural distribution area of the species in
Kenya were sampled (Figure 1 and Table 1). Leaf samples were collected from up to 30
adult trees per population were dried on silica gel in plastic Ziploc bags and stored at
−70° C until DNA extraction.

DNA extractions

Nuclear DNA was extracted following the CTAB (cetyl-trimethyl-ammonium-bromide)
protocol described by FAO/IAEA (2002) with some modifications. Five grams of dry
leaf samples were ground into powder using a steel ball mill grinder (model Retsch
MM400, Hamburg Germany).

Six hundred µl of 1.5% freshly prepared and preheated (65 °C) CTAB extraction buffer
(CTAB 1 ml, PVP 2 ml, NaCl 2.8 ml, EDTA 0.4 ml, Tris 1 ml (100 mMTris-HCl, pH 8.3;
83 mM acetic acid), Mecarpto-ethanol 0.0 5 ml, Water 2.75 ml) was added to the leaf
powder. The mixture was vortexed gently for 1 minute then incubated in water bath at
65 °C for 1 hour with frequent gentle inversion of the tubes after every 20 minutes. The
mixture was left for 4 minutes to cool to room temperature and 600 µl of chloroform:
isoamyl alcohol (24: 1) added to it and mixed by gentle inversion to allow complete
denaturation of the proteins in the suspension.
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The mixture was centrifuged using a Hermle-microcentrifuge (model Eppendorf cen-
trifuge 5804R, Hamburg Germany) at 13 000 rpm at 5 °C for 10 minutes. Five hundred
µl of the upper, supernatant phase was transferred into fresh sterile Eppendorf tubes

Figure 1. Location of the seven sampled populations of Osyris lanceolata in Kenya.

Table 1. Collection site data of Osyris lanceolata populations in Kenya used in this study.

Population Longitude Latitude
Altitude
(m)

Mean annual
rainfall (mm)

Mean annual
temperature (°C)

Gwasii 34°10’ E 00°30’ S 1 600.7 1 100.0 26.0
Mt Elgon 34°43’ E 00°10’ N 2 007.4 1 280.0 18.5
Baringo 35°68’ E 00°50’ N 2 040.0 635.0 25.0
Kitui 38°00’ E 01°21’ S 1 185.4 775.0 25.0
Meru 37°34’ E 00°00’ N 1 427.7 1 440.0 20.7
Mau 35°16’ E 00°36’ S 2 288.0 1 025.0 21.0
Wundanyi 37°39’ E 01°10’ S 1 319.9 650.0 23.0
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marked accordingly using 1 000 µl micropipette, and 2/3 volume of isopropanol added
and mixed gently by inversion to precipitate the total nucleic acids. The mixture was
then refrigerated at −20 °C for 30 minutes to allow the extracted DNA to precipitate.

The precipitated DNA was centrifuged at 13 000 rpm for 10 minutes and the super-
natant discarded leaving DNA pellets at the bottom of the tube. The pellets were
washed twice in 70% ethanol. The ethanol was decanted and the DNA pellets air dried
for 3 hours. The pellets were re-suspended in 100 µl of TE buffer and incubated overnight
in a water bath at 55 °C to dissolve.

DNA standardization and quantification

The extracted DNA was quantified using a bio-photometer (Hamburg Germany). A total
of fifteen ISSR primers were used for screening for utility (Table 2).

ISSR-PCR amplification

The PCR thermo-cycler was programmed as follows: one cycle of 94 °C for five minutes
(Hot start step); 40 cycles at 94 °C for 30 seconds (denaturation step); a range between 45
and 47 °C (depending on the specific primer’s annealing temperature) for 45 seconds
(template annealing temperature step); 72 °C for 2 minutes (polymerization step); and
a final extension phase of 10 minutes at 72 °C (Williams et al. 1990).

Out of the 15 primers, six primers were selected (808, 809, 810, 811, 818 and 825).
These showed clear banding patterns, sufficient variation and high reproducibility
after rechecking the banding (Tables 1 and 2) PCR-ISSR amplification for the seven
populations, as shown in Table 2.

ISSR amplification was performed in a 25 µl volume containing 21 µl PCR mix, 3 µl
primer and 1 µl DNA. The final tube volume had concentration of each dNTP 200 µM
in 10 mM Tris-HCL buffer (pH 9.0 at room temperature), 50 mM KCl and 1.5 mM
MgCl2; 2.5 mM each of dATP, dCTP, dTTP, dGTP; 0.5 μm primer; DNA and 0.3 U
Taq polymerase. The PCR products were then electrophoresed in a 2.5% agarose gel for
2 hours and stained in ethidium bromide (0.8 mg ml−1). The gels were then visualised
under UV light and photographed using Kodak camera (Kodak MI MT). The presence
of DNA bands were compared with the standard 100 bp DNA mass ladder. Amplification
was repeated in the standardised conditions above and 90% banding similarity accepted
for scoring. Only well-stained visible bands were scored as binary data in MS Excel
sheet for analysis.

Table 2. Osyris lanceolata ISSR primer oligonucleotide sequences and annealing temperature Tm (°C).
Primer
Code

Primer sequence
5’→3’

No of fragments
amplified

No of polymorphic
fragments

Percentage of polymorphic
fragments (%)

808 AGAGAGAGAGAGAGAGC 13 3 23.1
809 AGAGAGAGAGAGAGAGG 16 6 37.5
810 GAGAGAGAGAGAGAGAT 15 5 33.3
811 ACACACACACACACACC 15 5 33.3
818 CACACACACACACACAG 20 10 50.0
825 ACACACACACACACACT 17 7 41.2
Mean 16 6 36.4
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Data analysis

Only well-stained visible polymorphic bands were scored for presence (1) or absence (0)
(Wendel and Weeden 1989). The binary matrix data file created was configured as an
input for the data analysis. The percentage of polymorphic loci (P),analysis of molecular
variance (AMOVA), Shannon Information Index (I), number of effective allele (Ne), and
coefficient of differentiation (Gst) were derived using PopGene version 1.32 (Yeh et al.
2000). The genetic distance (D) and the principal coordinates analysis (PCoA) were
derived using GenALEx software 1.61 (Peakall and Smouse 2012). A dendrogram based
on Nei’s unbiased genetic distance (Nei 1978) was generated using MEGA 4 software
(Tamura et al. 2007).

Results

Genetic diversity

The six ISSR primers used produced 96 fragments, with size ranging from 150 to 1 000
base pairs. A total of 36 polymorphic bands were produced, with anaverage of the 6 poly-
morphic loci. The largest number of polymorphic bands were amplified by primer 818
(10 bands) followed by primer 825 (7 bands). The least (3 bands) were amplified by
primer 808 (Table 2).

The number of observed alleles (Na) ranged fromWundanyi (1.229) to Gwasii (1.667),
with a mean of 1.429. The number of effective alleles (Ne) value ranged from 1.229 (Wun-
danyi) to 1.575 (Gwasii), with a mean of 1.430. The Shannon Information Index (I)
ranged from 0.232 for Kitui to 0.446 for the Gwasii populations, with a mean of 0.365.
The percentage of polymorphic loci (P%) ranged from 51% in Wundanyi to 82% in the
Gwasii populations, with a mean of 65% (Table 3).

Population genetic differentiation

An analysis of molecular variance (AMOVA), which indicated that majority of the genetic
variation was partitioned within populations (62%) compared with among populations
(Table 4). Similar results were obtained for the estimated coefficient of differentiation
(Gst), which was 0.3429 (p = 0.001), indicating that 34% of the total variation existed
among the populations, whereas the majority of the variations (66%) resided within the
populations (Table 5).

Table 3. Genetic diversity indices of seven Osyris lanceolata populations generated.
Population n Na Ne I P

Gwasii 30 1.667 1.575 0.446 82.29
Mt Elgon 30 1.635 1.552 0.372 78.13
Mau 30 1.375 1.405 0.307 62.50
Baringo 30 1.417 1.364 0.441 60.42
Kitui 20 1.302 1.427 0.232 59.38
Meru 20 1.375 1.401 0.307 59.38
Wundanyi 18 1.229 1.229 0.338 51.04

1.429 1.430 0.365 64.73
n = population size; Na = observed alleles; Ne = number of effective alleles; I = Shannon Information Index; P = percentage
of polymorphic loci
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Unbiased genetic distance between the seven populations ranged from 0.124
between the Gwasii and Mau populations to 0.333 between the Baringo and Kitui
populations. The populations had a mean genetic distance of 0.217. The Mau, Mt
Elgon and Gwasii populations appeared to be closer to each other, with a genetic
distance ranging from 0.124 to 0.185. The Baringo population was the most distinct,
and differentiated from the rest of the populations, with a genetic distance ranging
from 0.234 to 0.333. Wundanyi followed it, with a genetic distance ranging from
0.216 to 0.247. Similarly, the Baringo population was differentiated by a dendrogram
generated in MEGA 4 software, based on Nei’s unbiased genetic distance (Nei 1978)
(Figure 3 and Table 6).

The relationship among individuals and populations is summarised in the PCoA scatter
diagram. This analysis indicated a genetic overlap among six populations, whereas the
Baringo population was distinctively separate from the rest (Figure 2).

Discussion

Genetic variation of Osyris lanceolata among seven Kenyan populations

The number of effective alleles (Ne) observed in this study ranged from 1.229 inWundanyi
to 1.575 in Gwasii, with a mean of 1.430. This is lower than the Ne (1.86) observed from

Table 4. AMOVA for seven populations of Osyris lanceolata, based on variation at ISSR loci.

Source of variations df SS MS
Estimated
variance %

Among populations 6 1 241.291 206.882 7.698 37.9
Within populations 171 2 146.889 12.555 12.555 62.1
Total 177 3 388.180 20.253 100

Table 5. Coefficient of differentiation Gst in Osyris lanceolata across different loci using ISSR.
Primer Number of loci Ht Hs Gst

Primer 808 13 0.3911 0.2039 0.4714
Primer 809 16 0.3559 0.2713 0.2384
Primer 810 15 0.3605 0.2230 0.3680
Primer 811 15 0.4523 0.2884 0.3636
Primer 818 20 0.3369 0.2431 0.2696
Primer 825 17 0.3788 0.2487 0.3283
Mean 96 0.3765 0.2474 0.3429
Ht – genetic diversity, Hs – average genetic diversity within subpopulations, Gst – coefficient differentiation

Table 6. Nei’s unbiased genetic distance of Osyris lanceolata populations in Kenya.
Population Gwasii Baringo Mt Elgon Mau Wundanyi Kitui Meru

Gwasii 0
Baringo 0.254 (351.00) 0
Mt Elgon 0.129 (201.14) 0.259 (152.18) 0
Mau 0.124 (211.21) 0.234 (128.80) 0.158 (254.45) 0
Wundanyi 0.216 (561.15) 0.247 (521.38) 0.241 (660.39) 0.222 (401.35) 0
Kitui 0.189 (435.71) 0.333 (325.26) 0.212 (475.61) 0.175 (231.756) 0.294 (228.66) 0
Meru 0.147 (395.71) 0.290 (217.28) 0.183 (366.05) 0.185 (192.80) 0.212 (391.79) 0.245 (163.32) 0
Mean 0.177 0.270 0.197 0.183 0.231 0.234 0.2241

Numbers in parentheses are kilometres (km)
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A. senegal, a tropical tree that shares the same habitat with O. lanceolata using ISSR
markers (Chiveu et al. 2009). However, it was comparable with the Ne obtained from
other tropical tree species, such as Jatropha curcas Linnaeus (Ne = 1.407), using ISSR
makers (Gupta et al. 2008) and Michelia coriacea (Hung T Chang & BL Chen) Figlar
(Ne = 1.460; Zhao et al. 2012). using ISSR markers. Incidentally, contrary to the small
population sizes and their fragmentation, the mean number of observed alleles (Na =
1.429) is closely similar to the mean number of effective alleles (Ne = 1.430). This seems
to imply that the major factors endangering the survival of O. lanceolata in Kenya are eco-
logical and anthropogenic (e.g. habitat specialisation, fragmentation and overexploitation)
rather than genetic factors (Wu et al. 2014). The Shannon Information Index (I), which is
a measure of the degree of variation within populations, in this study ranged from Kitui
(0.232) to Gwasii (0.446), with a mean of 0.365 for the species. This is comparable with the
0.374 obtained in J. curcas populations in India based on ISSR markers, which was con-
sidered high (Gupta et al. 2008). In contrast, it was less than what was obtained for
M. coriacea (0.436) (Zhao et al. 2012), for Argania spinosa (L.) Skeels in Morocco
(0.460) (Naima et al. 2015) and the 0.430 for Pongamia pinnata (L.) Pierre a tropical
tree species in Brazil (Rout et al. 2009) all using ISSR markers. The percentage of poly-
morphic loci (P) obtained in this study ranged from Wundanyi (51%) to Gwasii (82%),
with an overall mean of 65%, which was comparatively similar to the 64% found in
S. spicatum an Australia tree species of the same family (Byrne et al. 2003), but lower
than the 76% for S. album in India, 87% for A. senegal in Kenya (Chiveu et al. 2009;
Patel et al. 2016), the 96% for M. coriacea in China (Zhao et al. 2012), the 77% for
J. curcas genotypes in India (Gupta et al. 2008), the 94% for P. pinnata in Brazil (Rout
et al. 2009), and the 79% for A. spinosa in Morocco (Naima et al. 2015) all using ISSR

Figure 3. Dendrogram based on the Nei unbiased genetic distance in 178 Osyris lanceolata individuals.

Figure 2. The principle coordinates analysis of 178 Osyris lanceolata individuals.
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markers. It may be concluded that comparatively the level of polymorphism obtained in
this study at species level is moderately high. This was supported by the fact that out of the
seven populations only two had high levels of polymorphism (Gwasii 82% and Mt Elgon
78%). The remaining five had moderately high polymorphism ranging from 51% in Wun-
danyi to 62% in Mau.

The distribution of the genetic index values among the populations does not show a
clear relationship with environmental parameters, such as altitude, mean annual rainfall
and mean annual temperatures. This is in agreement with Hamrick and Godt (1989),
who observed that geographic range was not significantly associated with variation
among populations or population differentiation. The pattern of genetic variation as por-
trayed by the genetic indices seems to be influenced by the observed population density
and size. For example, Gwasii and Mt. Elgon had large and high-density populations of
O. lanceolata, whereas Wundanyi had the smallest population with scattered individual
trees, to the extent that only 18 trees were sampled out of the target of 30 trees. A scenario
similar to the one observed in Wundanyi was encountered in Kitui and Meru, where only
20 trees out of a target of 30 per population were sampled. The density of the Baringo and
Mau populations was intermediate between that of the Mt. Elgon and Kitui populations,
which agrees with the finding of Hamrick (1984). Tropical tree populations, particularly
those that occur at high density, maintain a high level of genetic density. Low effective
population sizes lead to a loss of genetic diversity, because of genetic drift (Hamrick
1984; Wu et al. 2014).

Population differentiation in Osyris lanceolata

The Nei (1978) genetic distance (D) showed that the Baringo population, with a mean
genetic distance of 0.270, was genetically distinct from the rest of the populations.
Overall, the mean genetic distance of 0.215 was indicative of a high level of genetic
differentiation between the populations of O. lanceolata. Sebbenn et al. (2008) found
that long-term and selective logging resulted in loss of alleles and genotypes, which
increased the genetic distance. Gwasii was the least differentiated of the populations,
with a mean genetic distance of 0.177.

The PCoA cluster in this study discriminated the O. lanceolata populations into two
broad clusters, which have been affected by such factors as genetic drift, breeding
systems, population sizes, gene flow, evolutionary history and natural selection, but not
by geographic proximity. Cluster A consists of the Gwasii, Mau, Mt Elgon, Meru, Wun-
danyi and Kitui populations. In this cluster, the Wundanyi and Kitui populations occur
at relatively lower altitudes (1 185.4–1 319.9 m asl) and in conditions of low mean
annual rainfall (650–775 mm) and high mean annual temperatures (23–25 °C). These
populations are small in size and occur in semi-arid areas. Incidentally, they contain
the least amount genetic polymorphism (51.04–59.38%). The Gwasii, Mau, Mt Elgon
and Meru populations in the same cluster occur at higher altitudes (1 427.7–2 288 m
asl), where there is a high mean annual rainfall (1 025–1 440 mm) and relatively lower
mean annual temperatures (18.5–26 °C). They are located in the mountainous areas of
Kenya and have denser populations and the highest genetic polymorphism (59.38–
82.29%). Cluster B consist of the Baringo population only. This population occurs at a
high altitude (2 040 m asl) in an area with the lowest mean annual rainfall (635 mm)
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and high mean annual temperature (25 °C). This population is located within the Rift
Valley and apparently is physically isolated from the rest and has a moderately high
genetic polymorphism (60.42%). The uniqueness of the Baringo population concurs
with what was reported for A. senegal from Baringo by Chiveu et al. (2008 and 2009),
using RAPD and ISSR markers.

Based on an analysis of molecular variance (AMOVA), most of the genetic variation in
O. lanceolata resides within the populations (62%). This agrees with the findings of Love-
less and Hamrick (1984) for predominantly outcrossing plant species and is consistent
with results obtained for other tropical tree species, such as Acacia senegal 95% (Chiveu
et al. 2009), Acacia tortilis 76% (Olong’otie 1992) and J. curcas 69% (Gupta et al. 2008).
However, the lower value of 62% observed for O. lanceolata, could be attributed to the
smaller sizes of its populations, which consist largely of scattered individual trees in the
wild. This could likely result in plasticity of the outcrossing mating system of the
species, accordingly affecting the within population genetic diversity (Zhang et al.
2009). Similarly, the coefficient of differentiation Gst of 0.3429 observed suggests that
34% of the variation resides among populations and 66% resides within population,
which concurs with the AMOVA results.

Overall, the data showed a high genetic differentiation among the Kenyan O. lanceolata
populations. Reasons that have been advanced for higher levels of population differen-
tiation in tropical tree species include small population sizes with lower densities, more
widely scattered populations, that reduces gene flow and increases genetic drift, and
greater spatial variation in natural selection pressure (Bawa 1986; Liengsiri et al. 1995).
Other factors associated with high degree of genetic differentiation among populations
are mating systems and evolutionary and life history factors (Hogbin and Peakal 1999;
Zhao et al. 2012). Currently, most of the O. lanceolata populations in Kenya are of
small sizes and consist of scattered individual trees on rocky and/or mountainous sites,
which establish barriers for gene flow between them. In addition, habitat loss and frag-
mentation, overexploitation of the species and introduction of exotic species in the
natural environment where O. lanceolata occurs has led to subdivision of the populations
into smaller units and its imposed barriers to gene flow therefore leading to greater
differentiation. Compared with widespread taxa, many endangered species, such
as O. lanceolata, might become genetically differentiated, owing to their small population
sizes. This accords with the findings of Bottin et al. (2005) for Santalum austrocaledonicum
(Vieill.), a sandalwood endemic to New Caledonia and Vanuatu.

Limitations of the study

This study used ISSR dominant markers, which might not bring out the deviations in the
Hardy–Weinberg equilibrium, and consequently the level of population inbreeding cannot
be evaluated exclusively. Exclusive genetic differentiation observed in the population is
reliable considering the estimates by both AMOVA and Gst closeness. However, inbreed-
ing level could not be conclusively estimated based on the dominant markers used in this
study. The study concentrated on the genetic aspect and failed to consider quantitative
genetic information on the distribution of variation of the species. Variations in growth,
phenology and drought resistance among other quantitative genetic information would
have been important in guiding the species conservation strategies.
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Conclusions and recommendations

Osyris lanceolata populations in Kenya showed a moderate-high genetic diversity. The
Gwasii population had the highest genetic diversity by all criteria used and was followed
by Mt Elgon. The least genetically diverse was Wundanyi population with the rest being
intermediate. Most of the genetic variation was found to reside within than among popu-
lations. The Baringo population is completely differentiated and isolated from the rest of
the six populations. The seven Kenyan populations of O. lanceolata were differentiated
into two clusters according to their genetic relationships as opposed to geographic proxi-
mity. The Meru, Kitui, Wundanyi and Baringo populations are small and restricted popu-
lations and do not share alleles between themselves, which is indicative of isolation,
reduced gene flow and genetic drift. The results of this study therefore suggest strongly
that the Gwasii and Mt Elgon populations, which have the highest levels of genetic diver-
sity, should be delineated and managed as in situ conservation areas. An ex situ conserva-
tion program should be immediately initiated, targeting healthy trees from all the
populations. This should ensure conservation of full array of genetic diversity within
the species and restoration of the genetic potential necessary for its survival, adaptation
and evolution. A study on the growth, phenology and drought resistance variation in
the O. lanceolata population is required.
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