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Abstract
Background  Osyris lanceolata (Hochst. & Steud.) (Santalaceae) is a multipurpose plant highly valued culturally 
and economically in Africa. However, O. lanceolata populations have rapidly dwindled in East Africa due to 
overexploitation and this is believed to cause further consequences on the species’ genetic diversity and structure 
within the region. Information regarding a species’ genetic diversity and structure is necessary for conservation but 
this is currently lacking for O. lanceolata in Uganda and Kenya. Lack of adequate scientific data hinders conservation 
efforts hence threatening the species survival and livelihoods. This study investigated patterns in genetic diversity 
and structure of O. lanceolata in Uganda and Kenya. Ten polymorphic microsatellite loci were used to genotype 210 
individuals: 96 from Ugandan and 114 from Kenyan populations.

Results  All populations were highly polymorphic (80–100% polymorphism). A genetic differentiation was found 
between Kenyan and Ugandan populations. The highest genetic differentiation was among individuals and the 
least among populations. The Kenyan populations showed higher genetic diversity than Ugandan populations. The 
Ugandan populations showed more marker deviations from Hardy-Weinberg equilibrium and inbreeding coefficient. 
Two populations showed evidence of going through a recent bottleneck. There was significant genetic differentiation 
and structuring at higher K values into larger clusters and observed admixture between populations. The populations 
were significantly isolated by altitude as opposed to distance and climatic variables. Main barriers were associated 
with altitude differences. The data supports the idea of long-distance gene-flow between high altitude populations in 
both countries.

Conclusion  The divergence in genetic structure suggests unrecognised taxonomic units within O. lanceolata 
which are characteristic to lower altitudes and higher altitudes including most Kenyan populations with divergent 
evolutionary patterns. Geographical barriers and environmental gradients could have influenced this genetic 
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Introduction
East African sandalwood (Osyris lanceolata, Hochst. 
& Steud., Santalaceae) is a valuable commercial species 
because of its aromatic wood and essential oils used in 
perfumery and pharmaceutical industries [1–4]. The spe-
cies is widely distributed in Africa, Asia, Europe and the 
Socotra Islands with an unknown origin [2–5]. It is used 
as medicine for candidiasis, malaria, diarrhoea, chest 
pain and fever in Africa [2, 6–8]. The oil has chemopre-
ventive properties for managing eruptive skin [9], inflam-
matory diseases, and urinary infections. The species bark 
and root have potential in phytoremediation [10], and 
they provide a red dye for skin tanning.

Osyris lanceolata is a dioecious plant, existing in two 
different sexual forms as male and female plant [11]. 
Being dioecious, it exhibits cross pollination, and its 
germination largely depends on dispersal by frugivo-
rous birds, mammals, and wind [1, 11–13]. The species 
has challenges in achieving successful pollination and 
usually assisted pollination enhances its success by over 
39% [12]. Osyris lanceolata has been characterised by 
lower rate of seedling recruitment due to seedling mor-
tality attributed to browsing and grazing, poor seed via-
bility due to fruit and seed destruction by pests such as 
Dismiqus sp [12]. In most cases, the species regenerates 
vegetatively through coppicing, and sprouting of its root 
tubers [12]. These biological attributes generally drive 
the species genetic diversity and structuring at local and 
regional scales.

The utilisation of O. lanceolata oils in the perfumery 
industries increased after a decline in the Indian (Santa-
lum alba) and Australian (Santalum spicutum) sandal-
wood populations in the 1990s, which shifted pressure 
to O. lanceolata populations in East Africa, leading to 
overexploitation of the species [3, 13]. Several reports 
of illegal trade and destructive harvesting (whole plant 
uprooting) of the species have been reported in African 
countries with no success in conservation strategies to 
date despite emerging initiatives to commercially propa-
gate the species by Kenyan farmers ( [1–3, 13–17]. How-
ever, such conservation initiatives have been hindered by 
a number of factors such as lack of propagation materials, 
poor identification of suitable provenances for propaga-
tion and the dwindling sources of the species germplasm 
in the wild habitats [7]. Unfortunately, such ex-situ initia-
tives for the species propagation on a commercial scale 
are still limited to very few countries (Kenya and Tanza-
nia) in East Africa, and completely non-existent in other 

countries such as Uganda, Sudan and Rwanda where the 
species occurs [2].

Osyris lanceolata populations are already being 
affected by multiple stressors, such as habitat loss 
through urbanisation and deforestation and uncontrolled 
timber harvesting for multiple purposes, such as charcoal 
production and construction material [12]. The increas-
ing demand for essential oils added extra pressure to O. 
lanceolata populations in Africa, hence threatening its 
survival [13]. In addition, certain aspects of O. lanceolata 
biology, such as seed germination failure, may contribute 
to a faster decline of this species, which has extremely 
lower levels of seed germination success in East Africa 
[12, 18–22]. Also, O. lanceolata is a hemiparasitic plant, 
and its survival, is also affected by the presence of hosts 
such as Rhus natalensis, which happens to be threat-
ened by multiple stressors such as nonregulated wood 
harvesting [12, 21]. Furthermore, the species conserva-
tion efforts have not been successful to date because of 
limited planting materials (seedlings), poor propagation 
techniques, unknown provenances, seedbanks and poor 
understanding of species ecology and genetics. In fact, 
O. lanceolata is one of the least genetically and ecologi-
cally studied species among African trees [2]. Even with 
the current rapid advancement in genetic technology [2, 
23], the species has limited genetic studies, particularly in 
East Africa and this hinders effective management strate-
gies due to over synonymisation and an unclear recogni-
tion of the species taxonomic units [2].

The destructive harvesting of O. lanceolata, which is a 
dioecious plant, also increases the risk of extreme varia-
tion in species sex ratios, population decline, and altera-
tions in dispersion, density, and distribution patterns. 
These factors can ultimately contribute to the reduc-
tion in genetic diversity with long-term consequences 
on species survival and resilience to changing environ-
mental conditions [22–24]. The diversity of alleles and 
genotypes provides a basis for species survival, evolu-
tion and genetic adaptive ability to change, hence mak-
ing populations more resilient to environmental changes 
[25]. Therefore, a decline in species genetic diversity 
would weaken the species’ evolutionary potential, resil-
ience, and adaptation, hence predisposing the species to 
a higher risk of extinction [25–30]. This loss of genetic 
diversity needs to be quantified to understand the spe-
cies genetic patterns and develop efficient conservation 
measures.

divergence, and such patterns may escalate the species microevolutionary processes into full allopatric speciation. 
Further investigations into the species’ genetic admixture and emerging taxonomic units are necessary to guide 
conservation strategies in the region.
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High-throughput sequencing technologies have facili-
tated the development of molecular markers such as 
microsatellites that are extremely informative in the 
assessment of population genetics and therefore evalu-
ate the impact of human activities on evolutionary pro-
cesses [31–33]. Due to their high mutation rate and 
mostly neutral nature, microsatellite markers are espe-
cially informative in retrieving genetic variation patterns 
within and among populations of the same species that 
result from demographic responses to anthropogenic 
and environmental impacts [25, 32]. The unravelling of 
species genetic diversity and structure explains popula-
tion dynamics and trends in evolutionary processes as a 
basis for sound conservation strategies [33]. It also helps 
to appreciate the extent to which the species genetic 
potential has been influenced by environmental gradients 
and geographical barriers to detect any developments in 
evolutionary processes such as speciation. Such investi-
gations are also important for a highly synonymised spe-
cies such as O. lanceolata to provide an understanding 
of evolutionary trends within the species over time [2]. 
For instance, analysis of spatial genetic structure helps 
to detect gene dispersal distance and the extent to which 
ecosystem disturbances influence the nonrandom dis-
tribution of genes in a population, leading to inbreeding 
and loss of genetic diversity [33].

Understanding the effect of anthropogenic bottlenecks 
and environmental gradients on species genetic diversity 
and structure is necessary to enhance conservation strat-
egies for a species. Therefore, genetic data and informa-
tion are needed to adequately understand what drives 
the species genetic adaptation potential and the present 
trends in genetic patterns to create informed conserva-
tion solutions. Due to its intense harvesting and eco-
logical value in East Africa, conservation actions of O. 
lanceolata are urgent in the region. However, there is 
a lack of information on the species genetic patterns 
that can efficiently guide conservation measures. This 
study was aimed at strengthening the species conserva-
tion efforts in East Africa by determining the patterns in 
genetic diversity and structure and whether such patterns 
are influenced by geographical isolation and altitude gra-
dient. Two specific objectives were addressed: (i) to char-
acterise the genetic diversity and structure patterns of O. 
lanceolata across populations in Uganda and Kenya and 
(ii) to determine the relationship between geographical 
distance and genetic distance, as well as the effect of alti-
tude on the species genetic structuring across its natural 
range in the two countries.

Materials and methods
Sampling
A total of seven populations, three from Uganda (Kar-
amoja subregion) and four from Kenya in the rift-valley 

region, were sampled for genetic analysis (Fig.  1). The 
Karamoja populations were Amudat, Nakapiripirit and 
Moroto. The Kenyan populations included Mt. Elgon, 
Baringo, Laikipia and Mau. Leaf samples were collected 
from adult Osyris lanceolata trees using a pair of scis-
sors, dried on silica gel in paper bags, and stored at room 
temperature until extraction of genomic DNA. A total 
of ninety-six (96) leaf samples from Uganda and one 
hundred fourteen (114) samples from Kenya were col-
lected. At each sampling point of the O. lanceolata tree, 
fresh leaves were picked from each of the four directions; 
North – to southward, and East – to westwards. The 
sampling interval from one sampling point to another 
was not consistent due to the highly patchy distribution 
of the species, but the pattern followed the nearest neigh-
bor approach, though not sampling aiming at collecting 
samples from the nearest individual, but a minimum dis-
tance of 20  m apart was maintained between sampling 
points. At each sampling site, coordinates were recorded 
by a GPS machine (Garmin). The voucher specimens 
of O. lanceolata genetic samples were wrapped in dry 
papers, well pressed and later deposited at Makerere Uni-
versity Herbarium, and Kenya Forestry Research Institute 
Herbarium (KEFRI) for further references. The list of 
herbarium accession numbers is provided (Appendix 1). 
The genetic analysis for all samples (Uganda and Kenya) 
was done at the Kenya Forestry Research Institute labs 
(KEFRI) at Muguga.

The detailed environmental variables of the sam-
pled populations and their coordinates are indicated in 
Table 1.

DNA extraction and PCR analysis
Total genomic DNA was extracted from dried leaf sam-
ples following the modified CTAB (acetyl-trimethyl-
ammonium-bromide) protocol [34]. The DNA samples 
were quantified using a nanodrop spectrophotometer 
(BioSpec-nano, Shimadzu Biotech, Hamburg, Germany) 
to check the concentration and purity. After quantifica-
tion, the samples were standardised to a working con-
centration of 10 ng/µl and stored at -20  °C until PCR 
analysis. Ten primer pairs developed by [23] for O. lan-
ceolata were used to genetically characterise the seven 
populations in this study (Table 2). PCRs were conducted 
in a final volume of 5 µl using a Qiagen multiplex PCR kit 
(Invitrogen, country) following the manufacturer’s guide-
lines in a Veriti™ thermal cycler (Applied Biosystems). 
Each primer mix was composed of three to four markers 
each labelled with a different fluorescent dye (Table 2).

A touchdown thermocycling program used by [23] was 
followed in PCRs. This was programmed as follows: ini-
tial denaturation at 95  °C for 15  min, then 10 cycles at 
94 °C for 30 s, 70 °C for 90 s, and 72 °C for 60 s. This was 
followed by 22 cycles at 94 °C for 30 s and 55 °C for 90 s. 
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Annealing starts at 570 C and decreases by 10 C for each 
cycle and elongation at 720 C for 1 min for 35 cycles. The 
final cycle was performed at 60 °C for 30 min. PCR anal-
ysis was performed using a Verit 96 Well Thermocycler 
(Applied Biosystems).

Fragment length analysis (FLA) was performed through 
capillary electrophoresis (CE) and scored against a 600 
Liz internal size standard using a genetic analyser (3500, 

Applied Biosystems, HITACHI, Japan). Gene Mapper 
5.0 software (Applied Biosystems, California, USA) was 
used to capture the genotypic data. To perform fragment 
analysis on a CE system, the fluorescently labelled prim-
ers were used to flank the O. lanceolata region or loci of 
interest and amplified by PCR before capillary electro-
phoresis. To prepare the CE, a special calibration with 
the corresponding matrix standard for the selected group 

Fig. 1  Geographic location of the 7 study populations of O. lanceolata in Uganda and Kenya. (Source: Open Street maps)
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of dyes was performed on the genetic analyser (Biosys-
tems) to allow accurate detection of the dye-labelled 
primers. Also, each unknown sample was mixed with the 
size standard and formamide before CE to allow sizing of 
the sample peaks and correct for injection variations.

The data analysis software provides a profile of the 
separation, precisely calculates the sizes of the frag-
ments, and determines the microsatellite alleles present 
in the sample. This is manifested in an electropherogram, 
which is a plot of DNA fragment sizes. The Fluorescently 
labelled fragments are separated by capillary electropho-
resis and sized according to an internal standard. The 
peaks correspond to the different color dyes that are all 
resolvable and sized along the x-axis. The red line indi-
cates low-level signals (noise) between the peaks.

Data analyses
To prevent biases due to differences of sampling size 
between populations, a rarefaction approach was imple-
mented for the calculation of population-based indices 
such as genetic diversity and differentiation estimates. 
This consisted of randomly subsampling 16 individuals 
(the lowest population size) for all populations. For the 
remaining analyses the whole data was used since these 
are individual based measures and the outcome is not 
affected by population sampling size.

GenAlEx software, version 6.51b2 [35], was used to 
assess the within- and among-population genetic diver-
sity parameters, such as the percentage of polymorphic 
loci, observed heterozygosity (Ho), expected heterozy-
gosity (He), Shannon information index (I), and genetic 
differentiation (FST). Rarefied allelic richness (Ar) was 
calculated with the program HP-Rare [36] Deviations 
from Hardy-Weinberg equilibrium (HWE) and linkage 
disequilibrium among loci were tested using Gene pop 
software, version 4.7.5 [37]. The significance of deviations 
was computed using the Markov chain method (1000 
iterations) [38]. Frequency of null alleles per marker and 
population was calculated with FreeNA [39]. Inbreeding 
coefficient (FIS) was calculated using FSTAT version 2.9.4 
[40]. The possibility that genetic variation was affected 
by recent bottlenecks was tested using the software 
BOTTLENECK assuming the infinite allele model [41]. 
This program assumes that populations that underwent 
bottlenecks have a significantly higher expected hetero-
zygosity than the expected under mutation-drift equilib-
rium. We tested if this difference was significantly larger 
than 0 using a one-tailed Wilcoxon test.

The population structural patterns were modelled using 
STRUCTURE software, version 4.5.7 [42]. The division 
between one to seven hypothetical populations (K = 1 to 
K = 10) was tested, and the best K value was evaluated by 
the deltaK criteria as implemented in Structure harvester 
[42]. STRUCTURE was run for 200,000 generations after 
a burn in period of 10,000 generations using the admix-
ture ancestry model, correlated allele frequencies and not 
considering site locations as prior. A total of 10 replicates 

Table 1  Sampling information of the seven populations of Osyris lanceolata. The annual rainfall and temperature provided were 
obtained from the respective weather stations for the sub-regions of Karamoja (Uganda) and Rift-valley (Kenya)
Population Country Sample

Size (n)
Longitude Latitude Altitude 

(m)
Mean annual 
rainfall (mm)

Mean 
annual 
tempera-
ture (°C)

Mau Kenya 30 36.08889 -0.607300 2288 1025.0 21.00

Laikipia Kenya 26 36.37124 -0.117420 2055 207.27 15.70

Baringo Kenya 30 35.78866 -0.396067 2040 635.00 25.00

Mt. Elgon Kenya 28 34.81058 1.152700 2007 1280.0 18.50

Moroto Uganda 20 34.759366 2.4524783 1754 800.00 20.60

Amudat Uganda 60 34.80616 1.484444 1434 154.45 24.99

Nakapiripirit Uganda 16 34.71965 1.869604 1401 156.53 25.33

Table 2  Osyris lanceolata microsatellites and their allele sizes
Primer 
code

Direction Primer sequence (5’to 3’) Prim-
er 
mixes

Al-
lele 
sizes 
(bp)

KFOL2 F
R

AGAATGTCATTTGAAGGCTCGA
CCTTTCCTCCGTTCTCCTG

1 178–
194

KFOL13 F
R

TCCGAGGAACAGGGACTCTT
AGCGAAGAACTCATGAGCGAA

1 139–
165

KFOL17 F
R

CATTGACGAATTGCATCCCGT
CGTGAAGTTCAGTGCAAACC

1 178–
220

KFOL24 F
R

CAACTCGATCGTGCATTGGC
TCCGCATATCCATTTGGCCG

2 219–
263

KFOL28 F
R

ATAAAGGCCCACGAGCTCAG
AACATCGCCATGCAGAACAG

2 245–
255

KFOL30 F
R

CTAAACTGTCAGGGCTTGCT
ATACCTTAGCTCCCGTTGCG

2 270–
306

KFOL37 F
R

TTTCTAGAGCTAACATACCTCT-
GAA
ATGACCTGGGTGCTTTGCTG

3 300–
340

KFOL42 F
R

AGGTCCTCCTGAGAAT
CATAGGGCTGTGATGCGTCA

3 315–
337

KFOL47 F
R

TTTGATCGTAAATTATAGATGTC-
CACA
CCCTTGCTTGATCTCCAGGTA

3 353–
387

KFOL48 F
R

GAGTGCATGGAATTATGTGTGCGT
TCGCCATGAGAAGGGTTACT

3 369–
393
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per K value were computed. The results per K value 
were summarised across replicates using the CLUMPAK 
server [43]. Pairwise FST was used as a measure of genetic 
differentiation between populations [44]. The parti-
tioning of the genetic variation among populations and 
regions was analysed using analysis of molecular vari-
ance (AMOVA) in GenAlEx ver.5.1b2 [35]. The statisti-
cal testing for significance of AMOVA was determined 
by random permutations or shuffling of data 9999 times. 
The presence of isolation by distance, climatic variables 
(temperature and rainfall) and altitude was evaluated by 
testing for correlation between distance matrices of these 
parameters and pairwise FST/(1-FST) using mantel tests 
as implemented in the R package ade4 [45]. The patterns 
of genetic structure among populations were visualised 
using principal coordinate analysis (PCoA). The exis-
tence of geographical barriers to gene-flow among pop-
ulations was tested using the software Barrier v2.2 [46]. 
To this end, a pairwise distance matrix based on Nei DA 
was calculated with Population 1.2.31 [47]. Based on the 
Structure analysis up to four barriers were tested. Con-
temporary geneflow were calculated using the migra-
tion rate estimates calculated with BayesAss3 [48]. The 
program ran for 20 M generations sampling every 100th 
after a burn in of 10 M generations. Mixing parameters 
for allele frequency and inbreeding coefficient had to be 
set to 0.2.

Results
SSR markers, allele frequencies and Hardy-Weinberg 
equilibrium (HWE) tests
Overall, the markers produced 127 alleles, with 29.729 
(SE = 1.582) as the mean number of alleles per locus. The 
primers KFOL17 (14 alleles) and KFOL24 (10 alleles) 
produced the highest number of alleles, while KFOL2 
produced 4 alleles. The private alleles constituted approx-
imately 22% (28 alleles) of the total alleles observed. 
All populations were highly polymorphic in a range of 
80–100% polymorphism.

The patterns in allele frequencies varied across popu-
lations with some locus showing relatively consistent 
patterns between Kenya and Uganda irrespective of the 
altitude gradient while other alleles showed completely 
dissimilar frequencies along the altitude gradient (some 
alleles were aligned to either high or lower altitude popu-
lations in Uganda and Kenya. Another category of alleles 
showed dissimilar frequencies across the two coun-
tries. For instance, locus KFOL23 showed large dispar-
ity in frequency between lower altitude populations of 
Amudat and Nakapiripirit, and higher altitude popula-
tions of Moroto, and the rest of the Kenyan populations. 
Over 90% of alleles at this locus (KFOL23) were absent 
in Amudat and Nakapiripirit, but had almost uniform 

frequencies in Moroto and all the Kenyan populations 
which are higher altitude zones.

KFOL30 had a relatively uniform pattern in frequency 
across the Ugandan and Kenyan populations while locus 
KFOL37 had distinct patterns of allele frequencies clus-
tered between low and high-altitude populations. For 
instance, Moroto and all Kenyan populations had simi-
lar pattern in allele frequency and richness while Naka-
piripirit and Amudat also had similar pattern in allele 
frequency and richness. KFOL42 locus had allele fre-
quencies and patterns in allele richness distributed or 
clustered along altitude gradient. KFOL 47 locus showed 
consistent pattern in allele frequency across all popula-
tions and altitudes. KFOL 48 was more characteristic 
in allele patterns along altitude gradient. Generally, the 
allele frequency patterns reflected presence of genetic 
differentiation along altitude gradients (low and high) 
and regions (Uganda and Kenya (Appendix 2).

Of the tests for deviation from HWE at each locus in 
each population, significant deviations were detected in 
10 of the tests. The genetic marker KFOL47 showed the 
highest number of populations (85.71%) with signifi-
cant deviations from HWE while KFOL37 had the least 
number of populations with significant deviations from 
HWE (28.57%) (Appendix 3, 4 and 5). In Kenya, Bar-
ingo showed 70% of the markers with significant devia-
tions from HWE, followed by Mau and Laikipia, with a 
proportion (40%) of markers showing deviations from 
HWE. Mt. Elgon had the lowest proportion of mark-
ers (10%) showing deviations from HWE, indicating a 
population with the most stable allele frequencies. Mt. 
Elgon showed no significant deviations from linkage dis-
equilibrium among loci, indicating random or indepen-
dent association of alleles at different loci. Mau, Baringo, 
and Laikipia showed significant deviations from link-
age disequilibrium among different loci. Among Ugan-
dan populations, Moroto had 80% of the markers with 
significant deviations from HWE, while Nakapiripirit 
had the least number of markers (30%) with significant 
deviations (Appendix 3, 4 and 5). Overall, most Ugandan 
populations showed more markers deviating from HWE 
than the Kenyan populations. Nakapiripirit population 
showed the least number of deviations while Moroto 
and Amudat showing the highest numbers of deviations 
from linkage disequilibrium (LDE). Across populations, 
two markers (KFOL42 and KFOL47) showed higher fre-
quency of null alleles (> 0.1) with Moroto the highest fre-
quency of null alleles for most markers (Appendix 6).

Genetic diversity
There were distinct patterns in genetic diversity within 
and between populations across environmental gradi-
ents in Uganda and Kenya. These patterns were gener-
ally clustered in relation to altitude levels, and producing 
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a dichotomy in genetic parameters among populations. 
Kenya populations were characteristic of higher altitude 
habitats than Ugandan populations in lower altitude 
areas. Across the two countries, mean allelic richness 
(Ar) was 3.985 and ranged from 3.9 to 5.87. The mean 
inbreeding coefficient was FIS = 0.18, with a range of 
0.060 to 0.410, indicating a deficit of heterozygosity. The 
mean expected heterozygosity was He = 0.606 ranging 
between 0.489 and 0.671, while the Shannon informa-
tion index (I) ranged from 1.064 to 1.499, with a mean of 
1.359 (Table 3).

Overall, the Kenyan populations showed higher genetic 
diversity than the Ugandan populations for all mea-
sures (Table  3). The average allelic richness in Uganda 
was lower (4.67) than Kenya (5.17). The same trend 
was observed for other genetic diversity measures. For 
example, average He in Uganda was 0.567 while in Kenya 
0.635. Variation was also found within each country. In 
Uganda, the Moroto population had the highest genetic 
diversity (Ar = 5.41, I = 1.492, and He = 0.671), while Amu-
dat had the lowest (Ar = 4.11, I = 1.064 He = 0.489). In 
Kenya, Baringo had a higher genetic diversity (Ar = 5.87, 
I = 1.499, He = 0.658), and Laikipia had the lowest 
(Ar = 3.9, I = 1.093, He = 0.573). The average inbreed-
ing coefficient (FIS) values for Uganda populations were 
higher (FIS = 0.2333) than those for Kenyan populations 
(FIS = 0.138). Expected heterozygosity for two popula-
tions, Laikipia and Nakapiripirit, was significantly higher 
than the expected under the mutation-drift equilibrium 

indicating that these populations underwent a recent 
bottleneck (Table 3, Appendix 7).

Genetic structure and differentiation
The patterns of genetic divergence determined through 
AMOVA showed 91% of the divergence within individu-
als of O. lanceolata and 1% was among the populations 
(Table 4).

Based on FST values, there was little to moder-
ate but significant genetic differentiation among most 
populations (Fsr = 0.118, p < 0.01), and among regions 
(Frt = 0.168, p < 0.01). However, great differentiation 
existed among individuals (Fst = 0.266, p < 0.01) (Appen-
dix 7 and 8). The greatest interpopulation differentiation 
occurred between Mt. Elgon and Amudat (FST = 0.248). 
Among the Kenyan populations, great differentiation 
existed between Baringo and Laikipia, and the least 
genetic differentiation existed between Mt. Elgon and 
Baringo. Amudat and Moroto showed the greatest dif-
ferentiation in Uganda, and the lowest occurred between 
Amudat and Nakapiripirit (Table 5 and Appendix 9).

The principal coordinate analysis (PCoA) results 
showed two main clusters among the seven popula-
tions. The first two coordinates explained 33.76% of the 
total observed variation, suggesting the existence of dis-
tinct genetic structures among the populations (Fig.  2). 
The first coordinate separated mostly individuals from 
different regions/countries. The Moroto and Baringo 
populations had different individuals who clustered with 
populations of both countries with distinct clustering 
compared to other populations. Basically, the Amudat 
and Moroto populations form two clusters, with Nakapi-
ripirit population spread out between the two. (Fig. 2).

Based on delta K variation, the best K value for the 
STRUCTURE analysis was two (K = 2) (Appendix 10 and 
11), clustering together the populations from the same 
country. The main exception was Moroto, which showed 
assignment to both clusters with some degree of admix-
ture. However, to a lower extent, some admixture was 
also observed in other populations, such as Amudat and 
Moroto. Some additional biologically meaningful clus-
tering was found up to K = 6, but the greatest structuring 

Table 3  Mean genetic diversity indices over all loci across populations
Population Ar I Ho He FIS Bottleneck (p-value)
Mau 5.53 1.463 0.637 0.655 0.06 0.25

Laikipia 3.90 1.093 0.506 0.573 0.15 0.00

Baringo 5.87 1.499 0.508 0.658 0.26 0.65

Mt. Elgon 5.37 1.472 0.623 0.652 0.08 0.62

Moroto 5.41 1.492 0.415 0.671 0.41 0.05

Amudat 4.11 1.064 0.421 0.489 0.17 0.90

Nakapiripirit 4.50 1.171 0.491 0.541 0.12 0.00

Mean 4.96 1.322 0.414 0.606 0.18
Ar: Allelic richness I: information index, Ho: observed heterozygosity, He: expected heterozygosity, and FIS: fixation index

Table 4  AMOVA results and genetic structure among O. 
lanceolata populations
Source Df SS MS Est.var (%)
Among regions 
(UG/KE)

1 79834.756 79834.756 281.235 3%

Among 
populations

5 98506.345 19701.269 77.535 1%

Among 
individuals

203 3136390.271 15450.198 7552.799 91%

Within individuals 210 72366.000 344.600 344.600 4%

Total 419 3387097.371 8256.168 100%
Df = degree of freedom; SS = sum of squares; MS = mean squares; Est.var; estimated 
variance component;
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occurred at K2 (Fig.  3). In summary, K = 6, shows that 
Laikipia and Mau are assigned to independent clusters; 
Baringo and Mt. Elgon share the same dominant cluster 
although with high degree of admixture with Mau and 
Amudat; individuals from Amudat and Nakapiripirit are 
assigned two clusters shared by both populations; and 
Moroto shows mixed assignment to the main Ugandan 
cluster and its own. The STRUCTURE analysis results are 
also consistent with the results from the PCoA (Fig. 2) as 
indicated in Fig. 3.

The distribution of genotypes among populations 
revealed the populations to have distinct genetic clusters 
assigned in relation to altitude. Some individuals of O. 
lanceolata species were observed to be characteristic of 
lower altitudes, and others, especially most of the Kenyan 
populations, were assigned to higher altitude habitats 
(Fig. 4).

The correlation between the pairwise FST matrix and 
the geographical distance for the pairwise comparisons 
among the 7 populations revealed no significant rela-
tionship (R2 = 0.057, p = 0.253). Similar patterns were 
revealed with temperature (R2 = 0.087, p = 0.111), rainfall 
(R2 = 0.039, p = 0.158). However, altitude revealed a strong 
and significant correlation with pairwise FST matrix 
(Appendix 12).

Possible geographical barriers identified were places 
in accordance with the Structure results (Appendix 13). 
The first barrier was placed between the Ugandan and 
Kenyan populations, which also corresponds to a differ-
ence of more than 500 m in altitude between Mt. Elgon 
and Amudat. The second barrier was placed between 
Moroto and the remaining Ugandan populations. This 
locality is also higher in altitude than the remaining two. 
The remaining two barriers were found between Kenyan 

Table 5  Pairwise population FST values for populations in Uganda and Kenya
Mau Laikipia Baringo Mt. Elgon Moroto Amudat Nakapiripirit

Mau 0.001 0.002 0.002 0.001 0.001 0.001

Laikipia 0.079 0.001 0.001 0.001 0.001 0.001

Baringo 0.044 0.077 0.134 0.002 0.001 0.001

Mt. Elgon 0.035 0.070 0.024 0.001 0.001 0.001

Moroto 0.086 0.113 0.069 0.078 0.001 0.001

Amudat 0.237 0.247 0.210 0.234 0.159 0.002

Nakapiripirit 0.212 0.245 0.192 0.216 0.138 0.072
The FST values are shown below the diagonal while significance is shown in the upper panel

Fig. 2  Principal coordinate analysis (PCoA) based on Nei‘s genetic distances for seven O. lanceolata populations
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Fig. 4  Distribution of genotypes in comparison to altitude and geographic location of population shown as cluster assignment in Structure. A, indicates 
the percentage of assignment at K = 2 sorted according to the altitude of the population location; B illustrates the proportion of Cluster assignment at 
K = 2 and K = 6 for the localities. (Source: GIS Open street map) and significant migration rates (arrows)

 

Fig. 3  Bar plots of proportional group membership for the 210 trees genotyped at nuclear microsatellite loci for K = 2 (optimum) and 6 (the highest 
showing biological meaningful results). Each bar represents a single tree, with color representing the proportion of ancestry derived from each group. 
Black lines indicate the division between populations
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populations isolating first Laikipia and second Mau from 
the remaining populations (Appendix 13).

We considered contemporary migration rates to be 
high when a proportion of migrants from a population 
originating from a second population were higher than 
0.1. This was found to be the case for migrants found in 
the populations of: Baringo and Mau originating from 
Mt. Elgon, Moroto originating from Laikipia, and Naka-
piripirit from Amudat (Fig. 4 and Appendix 14).

Discussion
Genetic diversity patterns
This is the first study to analyse the genetic diversity and 
structure of O. lanceolata in Africa using the species mic-
rosatellite markers (SSRs) developed in East Africa [23]. 
These markers were shown to be highly polymorphic and 
therefore informative for studying population genetic 
patterns of O. lanceolata. HWE deviations per marker 
across all populations may indicate genotyping errors due 
to null alleles and marker duplication. High prevalence of 
null alleles was found for two markers and some popula-
tions. Since null alleles are not equally distributed across 
the populations it is possible that some other biological 
factors are contributing to these deviations. These will be 
discussed below.

Based on the findings, the sampled populations showed 
relatively narrow ranges of genetic diversity (He = 0.49–
0.68, Ar = 3.9–5.87). A higher divergence in genetic diver-
sity was expected basing on the fact that the populations 
show clear genetic differentiation along divergent envi-
ronmental gradients with different historical overexploi-
tation regimes [49]. Similar levels of genetic diversity 
were found in other dioecious species such as Mercurialis 
perennis and several Ficus species, where genetic patterns 
are explained by stochastic events and sex ratios within 
the populations [50, 51]. Although the present study did 
not evaluate the impact of sex ratios on the genetic diver-
sity of O. lanceolata and because the species is a dioe-
cious plant [17], the sex ratio distribution could be an 
important factor influencing the observed variations in 
genetic diversities among and within the populations.

The findings pointing to higher genetic diversity in 
Kenyan populations than in Uganda are also consistent 
with earlier works reported by [23] and [24] despite the 
two studies using different markers. A study that used 
microsatellite markers [23] obtained higher genetic diver-
sity (He) for the Mt. Elgon population (He = 0.000–0. 902) 
[23], while the use of ISSR markers also revealed higher 
genetic diversity for Mt. Elgon and Baringo populations 
[24]. Interestingly, most populations that showed higher 
genetic diversity (Baringo, Moroto, Mau and Mt. Elgon) 
were under protected status as government conservation 
areas, and all these populations occur in higher altitude 
areas (> 2000  m.a.s.l.) (Table  1). The higher degree of 

genetic diversity in these populations could be attributed 
to the effectiveness of conservation areas in preserving 
the germplasm of endangered species than communal 
and private habitats. Control measures, such as restricted 
resource harvesting and monitoring resource use, infer 
higher comparative advantages to species protection 
than communal populations. The higher genetic diver-
sity across the four Kenyan populations could also be 
attributed to high levels of gene flow among populations 
[52], which is again supported by the fact that the highest 
migration rates were found between Kenyan populations. 
However, we cannot rule out the fact that SSR markers 
were developed for Kenyan O. lanceolata populations 
[23]. This might lead to ascertainment biases in genetic 
diversity estimates since the markers would preferably 
amplify Kenyan alleles [25, 49]. The high genetic diversity 
observed in Moroto may be a consequence of the high 
degree of admixture found in this population.

For the past ten years, O. lanceolata populations in 
Uganda and Kenya have experienced higher exploita-
tion levels that have led to significant declines in species 
abundance, density [2, 12, 18] and changes in allele fre-
quencies. Major disturbances included illegal destructive 
harvesting of O. lanceolata trees (uprooting whole plant 
– mainly female individuals), habitat clearing, destruc-
tion of host species for charcoal burning, timber, and fuel 
wood especially in Uganda [7, 12]. Such disturbances are 
expected to cause a decline in genetic diversity among 
individuals in the disturbed populations in addition to 
some populations being characteristic of lower altitude 
areas. Most Ugandan populations showed significant 
deviations from Hardy-Weinberg equilibrium in con-
trast to the Kenyan populations, which points to higher 
exposure to anthropogenic and ecological disturbances 
that might lead to significant loss of alleles from the 
population. The positive fixation index exhibited by all 
populations could be attributed to a lack of observed het-
erozygosity. Moroto and Amudat populations showed the 
highest number of markers deviating from HWE and the 
highest F values. Given that these populations showed 
substructure in both PCoA and STRUCTURE analysis, 
the higher deviations from HWE could be attributed to 
the Wahlund effect and not loss of genetic diversity. We 
found evidence of a recent bottleneck for the third popu-
lation from Uganda, Nakapiripirit, which may explain the 
deviation from HWE. Interestingly, evidence of bottle-
neck was also found for the Kenyan population of Laiki-
pia, the population with the least genetic diversity. The 
most likely explanation for these recent bottlenecks is 
overexploitation of O. lanceolata in both countries con-
tributing to the loss of genetic diversity. At long term this 
might have particularly drastic consequences to the spe-
cies populations in Uganda where the control measures 
for harvesting of O. lanceolata resources are limited.
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The overexploitation of O. lanceolata was detected ear-
lier in Kenya and measures were established in 2007 to 
protect the resource base through a presidential decree 
that banned harvesting and trade in O. lanceolata 
resources [3]. Most likely, the strict control of O. lan-
ceolata resource utilisation in Kenya shifted pressure to 
Ugandan populations to meet the illegal market demand 
for the species resources [12, 18]. Unfortunately, the lack 
of quick deterrent measures to curb the destructive har-
vesting of the species in Uganda could have severely led 
to loss of important alleles from the populations. The 
destructive harvesting of the species (uprooting of the 
whole plant) for a longer period of time could have played 
an important role in changing the genetic diversity levels 
in terms of allele frequencies among the Uganda popu-
lations, hence weakening the species genetic potential. 
Also, the level of genetic drift among and within O. lan-
ceolata individuals could have been higher in community 
habitats compared to habitats in protected areas such as 
Mt. Elgon in Kenya and Mt. Moroto and this supported 
by the lower genetic diversity in populations on commu-
nal habitats such as Nakapiripirit and Amudat than those 
in protected areas of Mt. Moroto which may explain the 
differing patterns in genetic diversity and deviations from 
HWE in these populations.

Genetic structure patterns
The seven populations were mainly structured into two 
major genetic clusters in relation to altitude gradients 
and some populations showed genetic admixture (Bar-
ingo and Moroto) between Uganda and Kenya. This was 
further supported by the PCoA clustering pattern along 
the first coordinate and high FST values between some 
populations of different countries, and the fact that 
AMOVA showed that groupings based on country of ori-
gin explained a higher proportion of the variation than 
those based on locality. The genetic structuring between 
Kenya and Uganda O. lanceolata populations could be 
attributed to ecological, evolutionary, and anthropogenic 
factors.

The presence of geographical barriers and environ-
mental gradients, such as differences in altitude, also 
influence genetic differentiation through the isolation of 
populations [53]. Geographically, the populations could 
be spatially isolated to the extent that dispersal mecha-
nisms cannot facilitate free interbreeding between O. 
lanceolata individuals in the two regions. Second, the 
O. lanceolata habitats in Uganda and Kenya are highly 
fragmented by geographical barriers, leading to con-
tinued inbreeding that is reflected in the high levels of 
fixation indices among the Kenyan and Ugandan popu-
lations. For instance, Mt. Kadam separates Nakapiripirit 
population from Amudat, Mt. Moroto, separates Moroto 
populations from Amudat and Nakapiripirit, and the 

long distance between Moroto and other populations in 
Kenya such as Baringo, Mau and Laikipia are barriers that 
obstruct continuous dispersal and flow of genes among 
the populations, hence leading to gradual differentiation, 
in absence of long-distance dispersal and geneflow. In 
addition, most Ugandan populations (Amudat and Naka-
piripirit) occurred in lower altitude areas (≤ 1500 m.a.s.l.) 
compared to Moroto (≥ 1700 m.a.s.l.), and Kenyan popu-
lations found at higher altitudes > 2000 m.a.s.l.) (Table 1). 
The difference in altitude creates variations in climatic 
parameters such as rainfall and temperatures (Table  1), 
which impact on the species’ eco-physiological and 
genetic adaptation potential to prevailing conditions.

The results obtained from the barrier analysis support 
the hypothesis that altitude plays an important role in 
restricting geneflow since the main barriers were places 
between populations having the highest altitudinal dif-
ferences (Appendix 13). Moreover, genetic distance was 
highly correlated with altitudinal distances. These varia-
tions in environmental gradients, such as altitude cou-
pled with geographic barriers that obstruct gene flow 
and dispersal may eventually lead to microevolution and 
allopatric speciation. Therefore, there is a possibility that 
sampled populations correspond to different subspecies 
of O. lanceolata that are gradually emerging out of O. 
lanceolata taxon due to environmental isolation but not 
yet recognised. Such subspecies could contribute to the 
observed differences and patterns in the genetic diver-
sity and structuring. This hypothesis needs to be tested 
with phylogenetic approaches using sequencing markers 
and supported by morphological data. An earlier study 
to understand the evidence of gene flow and selection 
in Santalum alba in different populations observed that 
natural barriers influence the fragmentation of habitats, 
which eventually disrupts gene flow among popula-
tions [54]. Another recent study also revealed that alti-
tude has a significant effect on the morphology of O. 
lanceolata and is one of the drivers to the species’ mor-
phological plasticity [12]. Additionally, the high level 
of anthropogenic disturbances exposed to the species 
habitats, including destructive harvesting of the species 
between Uganda and Kenya populations, have gradually 
contributed to significant variations in allele frequencies 
and genetic variations among populations, hence lead-
ing to genetic structuring. There are reports of illegal 
species exploitation in Moroto, Nakapiripirit, Amudat 
and among Kenyan populations before regulations were 
established by the Kenyan government [3, 14, 16].

Nevertheless, the data supports the existence of long-
distance dispersal as it is shown by relatively high migra-
tion rate between Laikipia and Moroto (Appendix 14), 
which can also explain the admixture pattern found in 
the latter. Long distance gene-flow has been observed 
among populations of Acacia senegal [55] and Santalum 
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alba [54]. In relation to populations in this study, long-
distance gene flow could result from deliberate transfer of 
O. lanceolata planting materials such as seeds and seed-
lings from Uganda to Kenya and Kenya to Uganda, hence 
causing admixture of genes between countries through 
genetic translocations. Thus, the genetic admixture could 
be attributed to the occurrence of long-distance dispersal 
or human-mediated translocation between isolated pop-
ulations, leading to the introduction of new genes from 
distant populations. Additionally, natural long-distance 
dispersal is possible through seed dispersal agents such 
as birds and mammals [55]. Natural admixture can be 
beneficial since it increases standing variation and forms 
new genotypes that can be useful in genetic improvement 
programs [54]. On the other hand, artificial admixture 
has been shown to break local adaptation and contribute 
to outbreeding depression [54]. Thus, it is important to 
further explore the processes contributing to the admix-
ture found in some of these populations, its effects on 
local populations, and the role of such processes in the 
conservation of O. lanceolata genetic resources.

The underlying pattern of genetic structure observed 
for the populations indicates the possibility of not yet 
recognised taxonomic units in the study populations. 
If that is the case, the split of O. lanceolata populations 
into two larger clusters and the assignment of some indi-
viduals within one population to two clusters point to 
the existence of one subspecies with a more westerly, 
low elevation and another, including most populations 
in Kenya, with an easterly, high elevation distribution. As 
we reviewed recently, O. lanceolata has a confusing tax-
onomy with extensive synonymisation and high morpho-
logical variation across a very wide distribution range [2]. 
The concept of treating all these individuals as one spe-
cies might be unsuitable, which might also include the 
possibility of smaller range species differentiation. This 
would also have implications in the interpretations of our 
results. For example, Moroto would be a contact point 
between these distinct taxa where they can interbreed.

This topic will be one focus of our future investiga-
tions considering sequence-based chloroplast markers. It 
is important to note that management would be signifi-
cantly impacted by the existence of cryptic subspecies. 
The correlation of structure with altitude indicates pres-
ence of ecological differentiation within the O. lanceolata 
taxon that needs to be considered in management strate-
gies. This is because, the definition of a management unit 
would therefore be more difficult, when highlighting the 
necessity of considering the suitable provenances to pro-
vide material for ex situ propagation and cultivation of O. 
lanceolata species.

Implications for O. lanceolata conservation
This study highlights areas with implications for the con-
servation of genetic resources of O. lanceolata in East 
Africa. The species genetic structure is clearly organised 
into two genetic units that should be conserved from 
extreme population disturbances. The presence of sig-
nificant levels of differentiation and structuring among 
populations in Kenya and Uganda requires strategic 
interventions to prevent adverse effects from continuous 
population differentiation, such as genetic diversity loss, 
reduction in population size, isolation and loss of the 
species’ ability to adapt and survive.

Although Ugandan populations showed slightly lower 
genetic diversity than most Kenyan populations, there 
are populations with higher genetic diversity such as 
Moroto that could serve as suitable provenances for 
boosting in situ and ex situ conservation programs. How-
ever, a better criterion for identifying suitable prove-
nances should take into consideration the true taxonomic 
identity, morphological traits, and ecological, genetic, 
and biochemical properties of the target populations to 
inform credible management decisions that will promote 
the conservation of desirable traits for the species. The 
two main genetic groups found are associated with alti-
tude variations that might translate in different adaptive 
traits. Thus, ex-situ activities should consider the diver-
gent adaptive potential of these two units that might have 
a maladaptive nature if translocated into non optimal 
conditions. In this scope Moroto, might be an important 
population to study since both units seem to coexist.

It is also important to evaluate if the genetic groups 
found show different biochemical properties such as oil 
yield, composition, and quality among the populations in 
East Africa. By identifying genotypes that are more fit to 
be cultivated, one can more efficiently pick germplasm 
for selective breeding. This would release the pressure 
from harvesting natural populations and hence guaran-
tee long-term conservation and sustainable use of the 
species.

Finally, the findings inferred evolutionary, anthropo-
genic and ecophysiological impacts on population genetic 
diversity and structure patterns of Osyris lanceolata in 
Uganda and Kenya. In fact, two populations were iden-
tified to have undergone a recent bottleneck and might 
require a more urgent conservation action. The high 
genetic divergence between some Ugandan and Kenyan 
populations should also be considered an opportunity 
for exploring further speciation within O. lanceolata and 
developing strategies to conserve a wide range of geneti-
cally diverse species (O. lanceolata) with a higher genetic 
potential for adaptation in a wide range of semiarid habi-
tats in Africa and beyond.
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Conclusions
This study investigated the genetic diversity and struc-
ture patterns of O. lanceolata across seven populations 
in Uganda and Kenya. There was evidence that Ugandan 
populations were more threatened than Kenyan popu-
lations due to genetic diversity loss. Population bottle-
necks, evolutionary processes within the species, and 
environmental gradients might be key drivers of species 
genetic structuring between Uganda and Kenya rather 
than isolation by distance. The observed evidence of 
genetic admixture and the causes and consequences of 
species fitness should be further investigated. Addition-
ally, the large genetic divergence between O. lanceolata 
populations in both countries should present an opportu-
nity for conservation of a wide range of the species gene 
pool. These results are important to guide conservation 
efforts. For example, priority in restoration efforts might 
be given to populations that have experienced recent bot-
tlenecks, and ex-situ programs should consider the dif-
ferent genetic units found and their potentially divergent 
adaptive ability.
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