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ABSTRACT 

Trichilia emetica Vahl. Commonly known as Natal Mahogany (Family: Meliaceae) is a 

multipurpose tree of high ecological and socio-economic value across sub-Saharan 

Africa. In Kenya, however, its genetic resources remain largely uncharacterized. Current 

knowledge focuses mainly on ethno medicinal uses, photochemistry, and propagation 

biology, with no molecular data available to describe its genetic diversity or population 

structure. Without molecular information, it is difficult to determine whether populations 

are genetically connected or isolated, whether inbreeding is occurring, or whether genetic 

erosion is already underway. Although T. emetica is globally classified as Least Concern, 

localized population declines in Kenya indicate that its genetic base may already be 

narrowing, reducing its adaptability to environmental change. This lack of molecular 

insight is a major barrier to designing evidence-based conservation, restoration, and 

domestication strategies. This study sought to (i) characterize phenotypic variation of T. 

emetica using eight quantitative morphological traits across six natural populations in 

western Kenya and (ii) determine the genetic diversity and population structure of six 

natural populations of T. emetica in western Kenya using Inter-Simple Sequence Repeat 

(ISSR) markers. A total of 120 leaf samples were collected from Bungoma, Kakamega, 

Kisumu, Siaya, Vihiga, and Nandi counties.  The morphological analysis revealed 

substantial variation across populations, with tree height, diameter at breast height, crown 

diameter, flower length, seeds per fruit, seed length, and seed dry weight differing 

significantly (p < 0.05). Variation within populations (67.33%) exceeded that among 

populations (32.67%), and clustering consistently distinguished Nandi as a separate 

group, Bungoma–Kakamega as another, and Kisumu–Siaya–Vihiga as a third. At the 

molecular level, 171 fragments were amplified, 162 of which were polymorphic, 

corresponding to a polymorphism rate of 94.65%. Diversity indices revealed Nei’s gene 

diversity (H) of 0.34 and Shannon’s index (I) of 0.51, with Nandi exhibiting the highest 

diversity and Kisumu–Siaya the lowest. Analysis of Molecular Variance (AMOVA) 

indicated that 65% of the genetic variation was distributed within populations and 35% 

among them. Principal coordinates analysis and Nei’s genetic distance dendrograms 

confirmed three genetic clusters, with Nandi being genetically isolated. This study is one 

of the first to assess the genetic diversity of T. emetica in Kenya, demonstrates that the 

species maintains considerable diversity despite fragmentation. Therefore, conservation 

strategies should prioritize in situ protection of genetically distinct populations such as 

Nandi, while safeguarding all populations to preserve intra-population diversity. Ex-situ 

measures, including representative sampling for seed banks and nurseries, are 

recommended to complement in situ strategies. Future research should expand to other 

ecological zones and integrate adaptive trait analyses to support domestication, breeding, 

and sustainable utilization of this valuable species. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Background information  

Forests and tree genetic resources provide critical ecosystem services, sustain 

biodiversity, and support human livelihoods. They supply timber, non-timber forest 

products, medicinal compounds, and oils, while also governing climate pollution through 

carbon isolation, maintaining hydrological cycles, and conserving soils (Hu et al., 2022). 

At the heart of these functions lies tree genetic diversity, which is pivotal to the resilience 

of populations facing threat such as habitat loss, climate variability, and overexploitation 

(Mugula et al., 2023). Conservation biology emphasizes the safeguarding of genetic 

resources as a cornerstone for sustainable use, ecological stability and long-term 

adaptability. 

In the midst of tropical tree families, the Meliaceae stands out for its combined economic 

and ecological importance. Comprising over 50 genera, including Khaya, Swietenia, 

Aglaia, and Trichilia, this family harbours species that provide valuable timber and 

diverse ecosystem services. Within this group, Trichilia emetica (Vahl.), commonly 

known as Natal mahogany, is particularly notable for its multipurpose value (Figure 1). 

The T. emetica tree provides high value timber, oils such as ‘mafura oil’ and ‘mafura 

butter’, and bioactive compounds with both medicinal and industrial applications 

(Matakala et al., 2004; Perumal et al., 2020; Aldholmi et al., 2024). Nutritionally, its seed 

oil, rich in palmitic and oleic acids, is comparable in quality to palm and olive, 

highlighting its potential in pharmaceutical and cosmetic industries (Tsomele et al., 2021; 
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Tsomele, 2022; Aldholmi et al., 2024). The species also plays an integral role in 

conventional therapy, where it’s roots, leaves, barks, and seeds are used to cure diseases 

such as malaria, jaundice, fevers, and pigmenation disorders (Gavamukulya & Kiwuka, 

2020; Mugayi & Mukanganyama, 2024). Beyond these direct uses, T. emetica contributes 

to agroforestry systems by enriching soils, providing shade, and supporting pollinators, 

thereby contributing to ecological resilience and sustaining rural livelihoods. 

 

Figure 1. Trichilia emetica growing in its natural habitat in western Kenya.  

Photo by Elias Sirma, on 2nd of December 2024. 
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Ecologically, T. emetica is well adapted to diverse environments ranging from coastal 

forests, riverine ecosystems, and miombo woodlands to agroforestry systems where it 

provides shade, soil fertility, and habitat for pollinators (Khumalo et al., 2002; Kisepa et 

al., 2024). In Kenya, T. emetica is found in ecologically diverse zones including Kisumu, 

Bungoma, Kakamega and Nandi forests in the west, and Arabuko-Sokoke and coastal 

forests in the east (PROTA et al., 2025). These ecological ecosystems are growingly 

terrorized by anthropogenic pressure from agricultural expansion, deforestation, and 

land-use change, accelerating habitat degradation and fragmentation (Maroyi, 2017). 

Although the species is globally classified as Least Concern, localized population 

declines have been observed, raising concerns about genetic erosion, reduced population 

connectivity, and declining adaptive potential (A., Oyama, 2016). Propagation challenges 

further compound this risk, as recalcitrant seeds resist conventional storage and ex-situ 

conservation methods (Kioko et al., 2005; Gebashe, 2015). Collectively, these pressures 

threaten both the ecological functions and socio-economic benefits that T. emetica 

provides. 

 

Trichilia emetica It plays a significant ecological role in dry and moist forest ecosystems 

where it helps to establish the canopy structure, nutrient cycling, and habitat stability 

(Kenya Forestry Research Institute [KEFRI] 2021). It offers good-quality timber, which 

is valued to make furniture and construction, and its bark, seeds and leaves are also used 

in traditional ethnomedicine to treat fever, gastrointestinal disorders, and infection of the 

skins (Oyedeji-Amusa et al., 2021; Chebii et al., 2022). T. emetica also contains bioactive 

metabolites like limonoids, triterpenoids, and flavonoids, which have antimicrobial, 
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antioxidant, and anti-inflammatory effects (Tsomele et al. 2021; Aldholmi et al. 2024). 

Furthermore, its seed oil possesses good lipid profile with excellent oxidative stability, 

and could be a future nutraceutical and cosmetic ingredient source (Oyedeji-Amusa et al., 

2021; Mabaso et al., 2025), and is proving to have an emerging economic payoff as a 

pharmaceutical and cosmetic industry feedstock. 

 

Morphological and phenological variation between the populations of T. emetica, such as 

leaf form, canopy architecture, fruit and seed size, and flowering time, has been reported 

in different ecological zones, which may be evidence of local adaptation and phenotypic 

plasticity (Akweni et al., 2021; KEFRI 2021; Tsomele et al., 2021). However, the existing 

literature on morphological diversity is restricted to T. emetica population from South 

Africa, with limited or no comparable data available from other regions across its 

distribution range. Consequently, there is insufficient understanding of how 

morphological traits vary among populations occurring in different ecological and 

climatic conditions, especially in East Africa. This gap limits the ability to relate observed 

morphological differences to underlying genetic variation or environmental adaptation 

processes and no studies has been carried out to assess population-level morphological in 

this species.  

Although morphological and phenological variation indicates possible genetic 

differentiation, no population-level molecular analysis of T. emetica has been conducted 

to confirm this. Molecular studies on other genera of Meliaceae, such as Khaya (Bouka 

et al., 2022), Swietenia (Alcalá et al. 2015; Limongi Andrade et al. 2022), Cedrela (Finch 

et al. 2022), Azadirachta and Melia (Rawat et al., 2018); Cui et al., 2023), and Toona (Nie 



5 
 

et al., 2025), using molecular and morphological markers have revealed cryptic species 

boundaries, population differentiation, and adaptive divergence influenced by ecological 

and anthropogenic pressures. These findings demonstrate that habitat fragmentation, 

selective logging, and ecological gradients can lead to loss of genetic diversity and 

increased differentiation among populations. 

Molecular markers give a precise means of revealing genetic diversity and population 

structure in forest trees, in particular, when the phenotypic variation is influenced by 

environmental factors. Co-dominant markers like simple sequence repeats (SSRs) and 

single-nucleotide polymorphisms (SNPs) offer high and accurate resolution of alleles but 

are expensive to carry out and require relatively large amount of genomic resources 

(Alicandri et al., 2022; Faria et al., 2024). On the contrary, dominant multilocus markers 

like Inter Simple Sequence Repeat (ISSR) remain affordable and applicable to non-model 

and under-studied species (Viswanathan et al. 2018; Borah et al. 2021; Le and Le 2024). 

Specifically, ISSR prove to be invaluable since they are reproducible, do not need prior 

sequence information, and produce high polymorphic loci that enable one to make precise 

estimation of the genetic variation and differentiation. They were shown to be able to 

identify population structure and gene flow in Meliaceae species, such as Melia dubia 

(Rawat et al., 2018). Even though ISSRs are not able to differentiate between 

homozygous and heterozygous loci, which is not advantageous as co-dominant markers, 

their high reproducibility and applicability in low-cost genotyping make them a 

reasonable genomic tool in genetic conservation and management (Alicandri et al., 2022). 

Without genomic resources in T. emetica, the ISSR markers will prove useful and helpful 
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as a means to the end of creating a baseline level of knowledge about its genetic diversity 

and population structure. 

1.2 Statement of the problem  

Trichilia emetica remains poorly studied in terms of its morphological and genetic 

diversity. Though observable variation does exist for some of the traits such as leaf form, 

canopy structure, fruit and seed size, and flowering time, no systematic morphological 

characterization has been undertaken in Kenya or the East African region. The few 

diagnostic morphological features presently used for taxonomic identification are mostly 

influenced by environmental conditions and hence unreliable for distinguishing variation 

at the population level. These features limit the understanding of true morphological 

diversity and adaptive variation within the species. In addition, no molecular studies have 

been conducted to confirm if the observed phenotypic variation reflects underlying 

genetic differentiation or population structure. This knowledge gap is critical, considering 

the fact that the species occurs in fragmented habitats that are increasingly being degraded 

due to anthropogenic pressures, yet its genetic connectivity, isolation, or erosion at the 

population level is not known. In this connection, integrated morphological and molecular 

data have not been developed to understand its population variability, hence limiting the 

formulation of appropriate conservation, restoration, and domestication strategies for T. 

emetica. 
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1.3 Justification of the study 

This study provided a scientific and practical basis for understanding and managing the 

morphological and genetic diversity of T. emetica. By investigating the morphological 

variation at the population level across a range of ecological zones, it identified diagnostic 

traits, patterns of adaptive variation, and the relationship of observable phenotypic 

differences to environmental conditions and potential genetic differentiation. The 

establishment of a morphological and molecular baseline data at the population level in 

Kenya brought into view the genetic structure, population connectivity, and levels of 

diversity of this species to allow for the detection of genetic variation and the 

identification of populations that are resilient. The integration of morphological and 

molecular data improved the reliability of conservation, restoration, and domestication 

strategies by ensuring that seed sourcing, propagation, and reforestation programs were 

based on genetically and phenotypically diverse materials. The findings also informed the 

development of enhanced propagation protocols, supported selection of superior 

genotypes for economic uses, and informed policy decisions aligned with national 

biodiversity priorities and global frameworks such as the Convention on Biological 

Diversity and the Sustainable Development Goals. The study strengthened the scientific 

basis for the conservation of T. emetica, maintenance of its adaptive potential, and its 

promotion toward realizing ecological and socio-economic benefits through sustainable 

utilization. 
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1.4 Objectives of the Study 

1.4.1 General Objective 

To determine the genetic diversity and population structure of T. emetica in western 

Kenya, in order to inform evidence-based conservation and sustainable species utilization 

strategies. 

1.4.2 Specific Objectives 

1. To characterize phenotypic variation of T. emetica using a set of eight quantitative 

morphological traits across six natural populations in western Kenya 

2. To determine the genetic diversity and population structure within and among six 

natural populations of T. emetica in western Kenya using Inter-Simple Sequence 

Repeat (ISSR) markers, generating molecular data and diversity indices. 

1.5 Research hypotheses 

1. (H1) Phenotypic variation among T. emetica populations in western Kenya differs 

significantly across eight quantitative morphological traits. 

2. (H1) Genetic diversity within and among T. emetica populations in western Kenya 

are significant and exhibits measurable population structure as revealed by ISSR 

markers.  
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Overview of the family Meliaceae 

The Meliaceae, commonly known as the mahogany family, is a diverse and economically 

important group of flowering plants comprising approximately 50-60 genera and over 

600 species, predominantly distributed in tropical and subtropical ecosystems (Muellner 

et al., 2010; Koenen et al., 2015). Members of this family are mostly trees, with some 

shrubs, and share characteristic features such as pinnately compound leaves and small 

flowers that give rise to varied fruit types (Oballa,2022).  Beyond their taxonomic 

diversity, Meliaceae species are ecologically integral: they provide canopy cover, regulate 

microclimates, and contribute to nutrient cycling and habitat heterogeneity, thereby 

sustaining tropical forest biodiversity. 

The family is also universally acknowledged for its commercial significance. High-value 

timbers from Swietenia macrophylla and Khaya senegalensis dominate international 

furniture and veneer markets, while non-timber products, such as neem (Azadirachta 

indica) extracts, have revolutionized biopesticide development (Isman et al., 2020). These 

examples demonstrate the family’s unique position at the interface of ecology and 

commerce. However, this same value has driven widespread exploitation. Overharvesting 

of Swietenia and Khaya has resulted in severe population declines, leading to their listing 

under the Convention on International Trade in Endangered Species (CITES) and 

prompting concerns over the long-term sustainability of tropical hardwood resources 

(Grogan et al., 2014). 
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From a conservation perspective, Meliaceae exemplify the paradox of tropical resource 

use: while they offer irreplaceable ecological and economic services, they are 

simultaneously among the most threatened by logging, agricultural expansion, and 

climate-driven habitat loss. Thus, understanding genetic diversity and population 

dynamics across different genera is imperative for depicting conservation approaches that 

reconcile utilization with long-term survival. 

2.2 Genus Trichilia within Meliaceae  

The genus Trichilia belongs to the family Meliaceae, which comprises more than 70 

species of trees and shrubs that are widely distributed across tropical and subtropical 

regions of Africa, the Americas, and parts of Asia, with distinct centers of diversity in the 

Neotropics and Afro-Madadascar regions (Muellner-Riehl and Rojas-Andrés,2022). 

Species within this genus inhabit diverse ecological zones ranging from moist lowland 

forests and riparian areas to dry savannah woodlands, demonstrating remarkable 

ecological adaptability and morphological plasticity (Orwa et al., 2009).  

2.3 Taxonomy and subspecies differentiation of Trichilia emetica 

Trichilia emetica Vahl., commonly known as Natal mahogany, is the most widespread 

and socio-economically significant member of the genus. The species exists in two 

subspecies: T. emetica subsp. emetica and T. emetica subsp. suberosa (Degen B, 2022). 

The former is distributed from Eritrea and Ethiopia to South Africa, while the latter occurs 

from Senegal to Uganda (Szukala, 2025) The two subspecies co-occur around Lake 

Victoria, where hybridization is possible (Huang, 2024) Morphologically, 

subsp. suberosa is generally smaller, sometimes shrub-like, and characterized by corky-
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barked twigs and lax inflorescences, whereas subsp. emetica tends to assume larger tree 

forms (Hardy, 2022) 

2.4 Ecological distribution and habitat adaptation 

The wide distribution of T. emetica across Eastern, Central, and Southern Africa, 

demonstrates its ecological versatility. It thrives in riparian zones, savannas, and farmland 

margins, where it contributes multiple ecological services, including soil stabilization, 

microclimate regulation, and biodiversity support through its dense crown architecture 

(Orwa, 2014). Natural regeneration occurs both from seed and vegetative suckers, but 

successful establishment is strongly influenced by canopy cover and the availability of 

seed trees (Faria et al., 2024) 

 Seed dispersal is facilitated by water and frugivorous birds, particularly hornbills 

(Azevedo, 2024) 

The species prefers well-drained, rich soil and high groundwater levels, growing well at  

altitudes from 0 to 1,450 meters above sea level. In dry areas, it is typically found in  

riparian areas (along riverbanks), while in higher altitudes, it is a component of high  

forests (Heuertz, 2020). 

Trichilia emetica are found at major localities of community forests in Kenya, riparian  

areas in Bungoma, vihiga and Siaya in Western Kenya. In Kisumu the species is found  

along the shores of Lake Victoria. (Hines, 2020)  
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Research shows that T. emetica populations in Kenya have been drastically reduced 

within major community forests management regions that had greater abundance due to 

its over exploitation (Osewe, 2022) 

2.5 Reproductive Biology and Propagation 

Trichilia emetica has complex reproductive biology, with influence both from 

environmental and genetic factors. Generally, the species is dioecious, with separate male 

and female trees, although bisexual flowers have been reported in some cases, 

demonstrating a certain degree of sexual plasticity (Muellner-Riehl & Rojas-Andrés, 

2022). Flowering phenology varies geographically, with southern African populations 

flowering between August and October and fruiting from December to March, while East 

African populations, including those in Tanzania and Kenya, flower from July to 

November and fruit between February and April (Handa, 2015; KEFRI, 2021). 

Pollination is generally entomophilous, with bees and other small insects being attracted 

to the fragrant flowers, which are rich in nectar. Fruit set and seed production are often 

irregular and vary among individual trees and years, with seed yields ranging from 45–

65 kg per tree, although yields as high as 180 kg have been reported under favorable 

conditions (Kamala & Rao, 2009). Upon maturity, fleshy capsules dehisce, showing seeds 

covered by a red sarcotesta, attractive to birds and mammals, which are key dispersal 

agents (Pennington, 2016; Akweni et al., 2021). 

 

 

 



13 
 

Seeds of T. emetica (Figure 2) are recalcitrant; losing viability rapidly when dried and 

thus need to be sown immediately after harvest (Medhi, 2006). Removing the sarcotesta 

through maceration or washing enhances germination by reducing fungal contamination 

and seed dormancy (Kabir & Webb, 2008). Vegetative propagation via stem cuttings, 

grafting, and air-layering has been successful and provides an alternative for maintaining 

elite genotypes and ensuring plantations of uniformity (Benjamin & Michael, 2018; 

KEFRI, 2021). These attributes make T. emetica a promising candidate for any 

restoration, agroforestry, and commercial propagation programs towards its sustainable 

utilization and genetic resources conservation. 

 

Figure 2. Ripe seeds of T. emetica (Photo by Elias Sirma, on 2nd of December 

2024). 

2.6 Influence of dioecy and sexual plasticity on genetic diversity in Trichilia emetica 

Dioecy, described as the presence of separate male and female individuals, is one of the 

major reproductive strategies that shapes plant population genetics and adaptation. It 
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enforces obligate outcrossing and thereby maintains high intrapopulation genetic 

diversity with minimal inbreeding in comparison with self-compatible or monoecious 

systems (Muyle et al., 2021). This mating system enhances genetic variation across 

dioecious taxa and strengthens selection on adaptive traits- a scenario that promotes 

population resilience to environmental change (Muyle et al., 2021). Functional dioecy is 

common among Meliaceae and other tropical tree families, sustained by animal-mediated 

pollen and seed dispersal that maintain local gene flow. The magnitude of this effect 

depends, however, on dispersal distance, population size, and landscape connectivity 

(Montalvão et al., 2021). 

 

Sexual plasticity, which is occasional occurrence of bisexual flowers or individuals in 

predominantly dioecious species, adds further complexity. Some selfing or geitonogamy 

may take place, giving reproductive assurance when mates or pollinators are scarce 

(Khanduri et al., 2021). Though such flexibility can be stabilizing in small or isolated 

populations, it reduces effective outcrossing and within-population genetic diversity, 

albeit slightly. When rare, however, bisexuality has more of an adaptive buffering against 

reproductive failure with little consequence for genetic structure. 

 

At wider spatial scales, strict dioecy along with limited dispersal generally results in 

enhanced interpopulation genetic differentiation due to reduced gene flow. The 

occasional occurrence of bisexuality can modify this pattern by introducing heterogeneity 

in mating systems, amplifying differentiation where selfing predominates or reducing it 

where bisexual individuals promote pollen-mediated connectivity. Comparable 
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reproductive mosaics in Salix myrsinifolia and Cedrus deodara create spatially variable 

patterns of genetic diversity driven by demography and habitat fragmentation (Mirski et 

al., 2017; Khanduri et al., 2021). 

 

In T. emetica, predominant dioecy likely promotes high intrapopulation diversity through 

outcrossing, similar to what is seen in other Meliaceae taxa, such as Trichilia spp. and 

Swietenia macrophylla, where animal-mediated pollen dispersal maintains high gene 

flow and genetic diversity (Morellato, 2004; Sebbenn et al., 2012). The reported sexual 

plasticity (occasional bisexual flowers) may permit local selfing or geitonogamy in the 

case of fragmented or pollinator-limited populations. This would mean different mating 

outcomes across its range: some populations maintain high genetic variation while others 

may be more differentiated because of isolation and reduced outcrossing. These dynamics 

emphasize the need for integrated studies combining morphological and molecular data 

in order to estimate effective outcrossing rates, sex ratios, and dispersal distances, which 

shape the genetic diversity and structure of T. emetica (Muyle et al., 2021; Montalvão et 

al., 2021; Mirski et al., 2017; Morellato, 2004; Sebbenn et al., 2012). 

2.7 Growth performance and ecological interactions 

Growth performance varies with ecological conditions: trees attain reproductive 

maturity within 6–8 years under optimal environments but may take up to 20 years in 

shaded sites (Ling, 2014). The species coppices readily after felling, and its leaves are 

consumed by herbivores, including livestock and wildlife, as well as the larvae of 

Charaxes butterflies (Anil, 2012). Such ecological interactions emphasize its role in 

sustaining both biodiversity and livelihoods. 
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2.8 Socioeconomic and ethnobotanical significance 

Economically, T. emetica is a multipurpose species with both subsistence and commercial 

applications. Its timber, though moderately light, is valued for furniture and carving. 

Seeds yield “mafurra oil,” widely used in cosmetics, soaps, and wood finishing, with 

potential as a biofuel feedstock (Erasmus et al., 2020). Ethnobotanical commentary points 

out its medicinal importance: almost every plant part is used in conventional solutions for 

diseases such as malaria, fever, and gastrointestinal disorders (Maroyi, 2017). Recent 

surveys in Western Kenya further identify it as the foremost frequently traded medicinal 

species, though unsustainable harvesting, especially of roots and bark, raises concern 

about long-term viability (Chirchir et al., 2024). 

 

2.9 Conservation status and research imperatives 

Although currently categorized as Least Concern on the (IUCN) Red List (BGCI, 2018), 

T. emetica faces significant local pressures from habitat fragmentation, market demand, 

and destructive harvesting practices. This paradox—global abundance masking localized 

decline, reflects a conservation dilemma common to many tropical multipurpose tropical 

trees. Genetic erosion and structural population decline are likely outcomes if 

unmanaged. Therefore, studies on the species’ phenotypic variation, reproductive 

ecology, and genetic diversity is not only educationally important but also essential for 

sustainable utilization. Understanding intra- and inter-population variation provide the 

empirical basis and scientific foundation for guiding conservation strategies, regulating 

harvests, and prioritizing populations for restoration and agroforestry integration. 
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2.10 Importance of Genetic Diversity in Forest Tree Conservation 

Genetic diversity constitutes the foundation of species’ adaptability and long-term 

survival. It represents the primal matter for natural selection, enabling populations to 

respond to changing environmental conditions such as climate change, habitat 

fragmentation, and emerging pests and diseases (Biodivers, 2023). Populace with high 

genetic changeability possess a broader range of traits, which increases the possibility 

that some characters will survive, reproduce, and sustain population continuity under 

novel or extreme conditions. Conversely, small or genetically uniform populations are 

more vulnerable to stochastic events, inbreeding, and genetic drift, which collectively 

erode adaptive potential and increase extinction risk (Frankham, 2015). 

The adaptive significance of genetic diversity is particularly evident under rapidly 

shifting selective pressures. For instance, climate change alters temperature, rainfall, and 

soil moisture regimes. Population with broad genetic variation is more likely to harbour 

individuals with traits suited to such changes, thereby buffering ecosystem against 

instability (Oncogene, 2017).  However, genetic diversity singly, is unable to guarantee 

persistence. Adaptive success also depends on population size, rate of environmental 

change, reproductive biology, and extent of gene flow among populations (Dermatol, 

2017). These factors commulatively dictate whether genetic variation can be translated 

into functional adaptation. 

Beyond species survival, genetic diversity fuels ecological resilience and continued 

delivery of ecosystem services. Diverse populations contribute to ecological stability by 

maintaining forest functions such as carbon sequestration, hydrological regulation, and 
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soil health necessary for human livelihoods and profitable areas namely agriculture, 

forestry, and medicine (Integr. Agri, 2017).  For multipurpose species such as T. emetica, 

conserving genetic diversity ensures biological sustainability besides the preservation of 

traditional knowledge, cultural values, and economic uses associated with the species.  

A large gene pool acts as a buffer against environmental variability, facilitating ongoing 

evolution and enabling populations to withstand ecological disturbances (Zang, 2016). 

Assessing genetic diversity and genetic structure is therefore a central step in conservation 

planning, as it clarifies the species’ demographic status, identifies the drivers of decline, 

and guides the prioritization of populations most critical for protection (Chen et al., 2012).  

In contexts where conservation resources are limited, such prioritization is essential to 

maximize the impact of interventions.  

2.11 Morphological Variation in T. emetica and related genera in Meliaceae family 

Trichilia emetica is a medium to large tropical evergreen or, depending on local 

conditions, a deciduous tree. The mature individuals usually reach as high as 30 m, with 

cylindrical boles around 80 cm in diameter (Treviño-Garza, 2012). It has imparipinnately 

compound leaves with 2–6 pairs of leaflets, while its inflorescence bears dehiscent 

capsules that contain 2–6 seeds covered with a scarlet sarcotesta (Pennington, 2016). On 

the whole, with a growth rate of approximately 1–2 m annually, this species represents 

an important part of reforestation and agroforestry systems (Ling, 2014). 

Morphological diversity is salient within T. emetica and related species of Trichilia in the 

Meliaceae family, reflecting genetic differentiation and environmental adaptation. 

Populations show striking variation in leaf shape, hairiness of leaflets, fruit stalk length, 

and architecture of crown and canopy. These attributes often follow ecological gradients 
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such as rainfall regime, soil fertility, and habitat type. For instance, T. dregeana has 

smooth leaflets with short fruit stalks, whereas T. emetica generally has hairy leaflets and 

elongated pedicels (Stefano, 2014). Such inter- and intra-specific morphological 

differentiation gives important taxonomic clues and suggests adaptation to different 

ecological conditions. 

 

Apart from species identification, morphological variability in T. emetica is also a proxy 

of ecological plasticity: diameter at breast height (DBH), crown form, and reproductive 

output vary with resource availability, disturbance regimes, and competition intensity 

(Zuidema et al., 2009; Hernández-Díaz et al., 2008). Field observations show that 

anthropogenic pressures, especially selective logging and seed harvesting, have altered 

morphological patterns by removing larger and reproductively superior individuals, thus 

leaving the size-class distributions with skewed representations and reduced 

representation of optimal growth forms (Zuidema et al., 2009). 

 

Morphological traits in Meliaceae result from both genetic control and phenotypic 

plasticity, which is the ability of the genotype to alter the phenotypic expression of a trait 

in reaction to environmental conditions (Tlaxcala-Méndez et al., 2016). In T. emetica, this 

morphological plasticity is manifested through variation in leaf morphology, growth rate, 

and tree crown structure across different ecological zones (Cunha et al., 2013). Thus, this 

flexibility enables the species to persist under variable environments and hence 

contributes to its wide geographical distribution. However, the exact degree to which such 
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morphological traits have a genetic basis or are environmentally determined remains 

unclear. 

 

Work on related genera, such as Khaya (Bouka et al. 2022), Swietenia (Alcalá et al. 2015; 

Limongi Andrade et al. 2022), Cedrela (Finch et al. 2022), and Melia (Rawat et al., 2018) 

indicates that the morphological divergences in Meliaceae reflect underlying genetic 

differentiation and adaptive responses to local environments. Comparable studies for T. 

emetica are few, thus limiting the understanding of the species with respect to 

evolutionary adaptation and taxonomy. This makes morphological diversity in T. emetica 

a very important but hardly studied aspect of its biology, which requires combined 

morphological and molecular analyses in order to elucidate its adaptive significance and 

conservation value. 

 

2.12 Inter- Simple Sequence Repeats  

Inter-Simple Sequence Repeat (ISSR) has now become one of the most useful and cost-

effective molecular marker systems for assay genetic diversity, population structure, and 

evolutionary relationships in plants, especially non-model tropical trees such as Trichilia 

emetica. The technique amplifies genomic regions between microsatellite loci using 

primers anchored in simple sequence repeats, generally 16 to 5 base pairs long. This 

produces a multilocus banding profile that reflect genome-wide polymorphisms without 

requiring prior sequence information (Viswanathan et al. 2018; Borah et al. 2021; Le and 

Le 2024). 
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ISSRs are based on a single primer with di-, tri-, or tetra-nucleotide repeats targeting the 

inter-repeat regions across the genome (Borah et al., 2021). The longer primers and higher 

annealing temperatures used lead to greater reproducibility compared to Random 

Amplified Polymorphic DNA (RAPD) markers and maintain simplicity at low cost (Le 

and Le, 2024). High discriminatory power due to multiple polymorphic loci appearing 

from one reaction is suitable for population genetics, gene mapping, and provenance 

identification in both wild and cultivated species. 

Although co-dominant markers such as Simple Sequence Repeats (SSRs) and Single-

Nucleotide Polymorphisms (SNPs) allow for even finer allelic resolution, they are rather 

expensive to develop and rely on extensive genomic data (Alicandri et al., 2022; Faria, 

Souza & Oliveira, 2024). In contrast, ISSRs do not require any prior genomic information 

and as such still offer the most practical option to genetic characterization of under-

studied forest trees. Their multilocus nature enables them to sample genomic variation, 

hence assessing both diversity and population differentiation (Viswanathan et al., 2018; 

Borah et al., 2021; Le and Le, 2024). 

 

2.13 Application of ISSRs in dissection of genetic diversity and population 

structures in trees 

ISSR markers have among the widely used DNA markers within forest tree population 

genetics, assessing genetic diversity, population structure, and gene flow dynamics. The 

multilocus and genome-wide nature of ISSR markers is able to detect polymorphisms 

across both coding and non-coding regions, making them particularly effective in long-

lived woody taxa where recombination and mutation accumulate over time (Borah et al., 
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2021). Because most forest trees have large genomes and are reproductively complex, 

ISSRs offer a practical and cost-effective alternative to sequence-based methods like 

SSRs or SNP genotyping, while still capturing the evolutionary and demographic signals 

underlying genetic variation. 

Among the Meliaceae family, ISSR markers prove to be of particular importance. For 

example, in Melia dubia, a tropical timber species which is widely spread. clear 

population structure and gene flow across its natural range were revealed using an ISSR-

based approach (Rawat et al., 2018). High genetic differentiation among populations 

along with a high proportion of polymorphic loci indicated the joint effect of restricted 

seed dispersal and human-mediated fragmentation on genetic connectivity. These 

findings are in line with patterns in other Meliaceae members, such as Swietenia 

macrophylla and Khaya anthotheca, where ISSR and SSR studies revealed high diversity 

within-populations, due to outcrossing mating systems, extensive pollen-mediated gene 

flow, and large effective population sizes that mitigating the effects of genetic drift 

(Limongi Andrade et al., 2022; Bouka et al., 2022). 

Beyond Meliaceae, population genetic structures were successfully dissected using ISSR 

across a wide range of forest taxa with different ecological and reproductive attributes. 

For example, in Pinus sylvestris, Sheikina and Romanov (2024) showed high levels of 

polymorphism through the use of ISSR markers, which clearly distinguished genetic 

clusters along geographic and climatic gradients. Andiego et al. (2023) reported in in 

Kenyan Osyris lanceolata, an endangered hemiparasitic tree, that ISSRs revealed both 

strong within-population diversity and moderate population differentiation, reflecting 

restricted dispersal along with habitat fragmentation. Similar results were obtained in the 
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studies of Parashorea chinensis and Robinia pseudoacacia, where ISSRs showed high 

levels of polymorphism and revealed genetic structuring related to ecological variation 

and historical population isolation. These studies further emphasize the power of ISSR to 

elucidate fine-scale population structuring even in species with contrasting reproductive 

biology and dispersal mechanisms. 

SSR-based studies also show consistent patterns between ecological context, population 

size, and genetic variation in forest trees. Populations from continuous or well-connected 

forests would usually exhibit a high Shannon's diversity index and high percentages of 

polymorphic loci, reflecting good gene flow and low genetic drift-for example, 

Memecylon subcordatum (Viswanathan et al., 2018), Osyris lanceolata (Mugula et al., 

2023), and Pinus sylvestris (Sheikina & Romanov, 2024). On the other hand, populations 

that are more exposed to fragmentation or selective logging often show increased genetic 

differentiation and lower allelic richness. These trends collectively indicate that the 

strength of ISSR markers is not just for detecting polymorphism but also for shedding 

light on the ecological and demographic processes that influence genetic diversity across 

heterogeneous landscapes.  

In summary, ISSR markers have shown high efficiency in dissection of genetic diversity 

and population structure in forest trees, including species of Meliaceae. Their 

reproducibility, inexpensiveness, and capability of revealing multilocus genetic variation 

make them particularly suitable for conservation genetic studies in tropical species where 

genomic data are limited. Consistent evidence of high within-population diversity and 

moderate to strong interpopulation differentiation across diverse taxa adds credence to 
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their utility in guiding management, conservation, and sustainable use strategies of forest 

genetic resources.  

 

2.14 Genetic and Morphological Studies on Trichilia and Related Species 

Despite the importance of the Meliaceae family, genetic research on this family is not 

well‐developed. The low genome contiguity of A. indica, which was obtained with HiSeq 

short Illumina reads (Krishnan et al., 2016; Kuravadi et al., 2015), limited its utility for 

downstream genomic research, and the chromosome‐level genome of Toona sinensis 

provided limited information on phylogeny and genetic variation (Ji, 2021). Recently, a 

chromosome‐level genome of A. indica was assembled to reveal terpene biosynthesis, 

and the results revealed that most A. indica‐specific terpene synthase (TPS) genes and 

cytochrome P450 (CYP) genes were located on chromosome 13 (Du et al., 2022).  

Nonetheless, many questions related to Meliaceae features have not been resolved and 

require attention. In general, the high‐quality genomes of A. indica and M. azedarach and 

the genome resequencing of many other related species would help clarify the 

phylogenetic relationship of Meliaceae members. A wide and complete investigation 

would help to uncover the genetic mechanisms behind the special features of the 

Meliaceae family, including timber quality and limonoid biosynthesis. Additional studies 

on T. emetica focused on the allometry of and seeds biomass (Akweni et al., 2021). This 

assessment of plant populations based on their girth, and size-class distribution revelas 

voluminous information about the plant’s population structure, which helps indicate 

survival chances of plants in one size into next size class (Cunningham, 2021).  The 

numbers of individuals in each tree size classes can help generate baseline data critical in 
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understanding the changes of population structure of a species occur over time (Martin, 

2015). The information on plant population regeneration trend is very valuable in resource 

management and sets a basis for planning of sustainable forest management practices. 

For conservation and proper management of the existing Trichilia, the present study may 

need to investigate size-class distribution and regeneration status of the cultivar in 

disturbed forest types for it to establish the impact of human disturbance on the species’ 

population structure.  

2.15 Natural selection, local adaptation, and sustainability 

Natural selection is a fundamental evolutionary process that continually shapes the 

genetic composition of populations by favoring individuals with traits that enhance 

survival and reproductive success. Over time, this process increases the average fitness 

of individuals within populations. Some adaptive traits -such as resistance to widespread 

diseases—confer advantages across multiple environments, whereas others provide 

benefits only under specific ecological conditions, a phenomenon known as local 

adaptation. Understanding the extent and mechanisms of local adaptation is critical for 

conservation and management because it enhances the evolutionary potential and 

adaptive capacity of species in the face of environmental change (Aitken & Bemmels, 

2016). 

 

In both forest restoration and reforestation, the integration of knowledge concerning local 

adaptation has become imperative. Genotypes from local provenances often give better 

survival rates, health, and growth performance compared to those from distant 

populations because of their evolutionary adjustment to local climatic and edaphic 
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conditions (Aitken & Bemmels, 2016). On the other hand, failure to consider local 

adaptation can reduce the success in restoration, characterized by poor establishment and 

hence a waste of resources. Leger and Baughman (2014) pointed out the effect in the 

Great Basin, where poorly adapted indigenous plant materials have resulted in poor 

seedling establishment despite enormous investments. 

Although there has been considerable research into adaptive variation among 

economically important temperate species, such as Quercus species (oaks) (Thomson et 

al., 2010; Plomion et al., 2016), the indigenous tropical tree is poorly understood beyond 

its taxonomy and observational descriptions. Most tropical tree species, although 

ecologically or economically important, are not well characterised genetically. This is a 

critical knowledge gap because many of the threatened tree species, which are in decline 

genetically, are those with minimal commercial attention and whose documented 

potential is limited. 

Unsustainable exploitation of forest resources in Africa has resulted in widespread 

deforestation, habitat fragmentation, and land degradation. In this regard, countries like 

Nigeria and others in the continent have suffered extensive loss of forests, decline in soil 

fertility, and unsustainable management of natural resources. According to the United 

Nations (2019), most tropical trees remain undomesticated and are still mainly sourced 

from the wild for medicinal purposes, food, or other commercial uses. However, these 

trees have vast potential to contribute to the pharmaceutical, cosmetic, food, and 

manufacturing industries. According to Akinnifesi et al. (2017), over 1,000 tree species 

have been listed as Critically Endangered by the IUCN (Oldfield, 2018), hence the 

pressing need for the protection of forest genetic resources. 
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Deforestation continues to accelerate the loss of these vital species. The Millennium 

Ecosystem Assessment (2015) reported a 50% global reduction in forest cover over the 

past three centuries, with 90% of forests already lost in 29 countries. The FAO (2016) 

estimated annual deforestation rates of 160,000 km² between 1990–2000 and 130,000 

km² between 2000–2010, with an ongoing net loss of 6.5 million hectares of natural 

forests annually. Between 2000 and 2012 alone, tropical forests in Africa, Asia, and South 

America declined by an area equivalent to that of Spain (Hansen et al., 2017). Sub-

Saharan Africa and South America remain the most affected regions (United Nations, 

2017). 

Unsustainable exploitation of forest resources in Africa has resulted in widespread 

deforestation, habitat fragmentation, and land degradation. In this regard, countries like 

Nigeria and others in the continent have suffered extensive loss of forests, decline in soil 

fertility, and unsustainable management of natural resources. According to the United 

Nations (2019), most tropical trees remain undomesticated and are still mainly sourced 

from the wild for medicinal purposes, food, or other commercial uses. However, these 

trees have vast potential to contribute to the pharmaceutical, cosmetic, food, and 

manufacturing industries. According to Akinnifesi et al. (2017), over 1,000 tree species 

have been listed as Critically Endangered by the IUCN (Oldfield, 2018), hence the 

pressing need for the protection of forest genetic resources. 

2.16 Research gaps  

Meliaceae family encompasses woody tree species that are very useful for timber 

provision and ethnomedicine services. However, most of the members of this family are 

taxonomically under-documented, which can be been prudent in realizing their vast 
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potentials. Past floristic studies of genus Meliaceae reveal overlaps in basic 

morphological traits for example number of lateral leaves, like shape, size and number of 

leaflets. Literature has demonstrated that little research has been conducted on taxonomic 

properties of not only T. emetica but also other members of Melieceae such as A. indica, 

Cederella odorata, K. grandifoliola, and Khaya sensegalensis especially their anatomical 

properties.  

Trichilia emetica, is a green tree of Meliaceae family, that grows about 21 m in height 

when fully grown, and has proved to have good adaptations and responds well to the 

requirements of urban greening. T. emetica species was based on pragmatism due to its 

characteristics and adaptability, such as fast growth, ever greenery and wider crowns that 

enable them achieve green space offering ecosystem services in the cities (Akweni et al., 

2021). However, like many other species in urban setting, knowledge gap on the T. 

emetica species growth quantitative parameters and structure limiting understanding of 

the extent of species diversity within and among populations for complete ecosystem 

services provision exist. For example, various tree structures such as girth, height, crown 

size and shape determine the services (e.g., carbon sink and shade) provided by urban 

trees. The information is important because, ultimately, the ecosystem services expected 

from urban greening can be enhanced or limited by planning, type and management of 

the species (Pretzsch et al., 2015).  

To reveal plant diversity, the methods currently employed encompass not only research 

into agro-biological traits but also biochemical-molecular assays. The inter-simple 

sequence repeats (ISSR) technique is one of the DNA assay methods widely used in 

genetic diversity studies, genetic evolution and systematic specification, and gene 
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mapping. The current study was aimed to assess individual plants of T. emetica varieties 

for morphological traits, quality parameters and genetic diversity in order to establish the 

correlations between the ISSR markers and characteristics of agro-biological traits.  

In summary, existing research underscores substantial morphological variability within 

T. emetica and its congeners, much of which reflects adaptation to diverse ecological 

conditions and anthropogenic influences. However, significant gaps remain unaddressed 

especially regarding the genetic basis of this variation, its role in shaping population 

resilience, and its integration with conservation strategies. Addressing these gaps through 

combined morphological and molecular approaches will be essential to understand 

evolutionary processes within the genus and to design effective management 

interventions for T. emetica and related Meliaceae species. 
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CHAPTER THREE 

METHODOLOGY 

3.1 Study Area and Sample Collection 

A field study was conducted in six populations namely Bungoma, Kakamega, Nandi, 

Kisumu, Siaya, and Vihiga counties representing the entire natural distribution of the 

species in western Kenya having different ecological variability across altitude, rainfall, 

temperature, and ecological zones. Twenty mature trees samples were examined per site, 

each spaced at least 50 meters apart to minimize the likelihood of sampling closely related 

individuals. 

 

Figure 3. Location of the six sampled populations of Trichilia emetica in western 

Kenya. (Generated by Elias Sirma using ArcGIS Software) 
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The sites spanned altitudes ranging from 1,131 m in Kisumu to 2,047 m in Nandi, thereby 

covering lower midland to upper highland agro-climatic zones (Table 1; Figure 1). 

Annual rainfall also varied substantially, from 1,102 mm in Bungoma to 2,155 mm in 

Siaya, while the average temperatures for the year ranges from 20.3 °C in Bungoma to 

23.9 °C in Vihiga. Bungoma (mid highland) and Kakamega (mid highland) represent 

cooler, high-rainfall sites, while Kisumu and Siaya (lower midland) reflect relatively 

warmer, moderate-rainfall environments. Vihiga (lower midland) combines higher 

elevation with relatively high rainfall, whereas Nandi (upper highland) represents the 

highest elevation population with cooler conditions and significant precipitation. 

 

By spanning this ecological mosaic, the sampled populations provide a robust framework 

for examining phenotypic and genetic diversity within T. emetica. The variation in 

altitude, temperature, and rainfall across agro-climatic zones creates natural gradients that 

are likely to influence both morphological expression and genetic structure. Thus, this 

sampling criteria guarantees that the study captures not only overall diversity patterns as 

well as the potential role of local adaptation in shaping population differentiation. 
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Table 1. The characteristic of the geographic areas of T. emetica populations 

identified in western in Kenya. 

P
o
p

u
la

ti
o
n

 

T
r
e
e
s 

se
le

c
te

d
 

A
lt

it
u

d
e
 

L
a
ti

tu
d

e
 

(N
o
r
th

) 

L
o
n

g
it

u
d

e
 

(E
a
st

) 

A
n

n
u

a
l 

T
e
m

p
e
r
a
tu

r
e
 

(˚
C

) 
A

n
n

u
a
l 

r
a
in

fa
ll

 (
m

m
) 

A
g
r
o
c
li

m
a
ti

c
 

z
o
n

e
 

Bungoma 

20 1,700 

0˚34'10.290

0 

34˚33’30.1536 20.3 1102 
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Kakameg

a  

20 1,950 0˚17'0.00 34˚45’0 22.0 2100 
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highland 

Kisumu 

20 1,131 0˚5'30.12" S 34˚46’4.64 23.0 1250 

Lower 

midland 

Siaya 

20 1,525 0˚3'45.46 34˚17’16.11 23.4 2155 

Lower 

midland 

Vihiga 

20 1,800 0˚3'0.00 34˚43’30 23.9 1900 

 Mid 

highland 

Nandi 

20 2,047 0˚10'0.00 35˚09’00 22.0 2000 

Upper 

highland 

 

3.2 Tree Sample Design and Sample Collection 

 Purposive sampling design was employed with each population to ensure unbiased 

representation of trees across the ecological amplitude of the sites. Sampling followed a 

line transect of 300-500 m, along which individual tress were selected at interval of 50 m 
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to minimize the likelihood of sampling close relatives or clustered individuals. Each 

candidate tree located within the established distance threshold and meeting the inclusion 

criteria of having a diameter at breast height (DBH) greater than 10 cm was selected for 

measurement and leaf sample collection. Young healthy leaf sample were plucked from 

every tree for DNA analysis in laboratory using ISSR markers. Leaf samples were 

carefully packaged in sterile collection bags, labeled with population and tree identifiers, 

and refrigerated for subsequent transfer to the laboratory. These samples were later 

availed for DNA extraction. polymerase chain reaction (PCR) amplification using Inter-

Simple Sequence Repeat (ISSR) markers was then ran. This model ensured spatially 

representative sampling and also provided high-quality genetic material necessary for 

robust assessment of intra- and inter-population genetic diversity. 

3.3 Quantitative Data Generation  

A total of 20 mature trees were sampled in each of the six populations, yielding 120 

individuals across the study area. For each sampled tree, both vegetative and reproductive 

structures were collected to generate quantitative data. Tree traits recorded in the field 

included total height (measured in meters using hypsonometer), diameter at breast height 

(DBH) of trees, measured in centimeters using a diameter tape at 1.3 m above ground), 

and crown diameter (measured in centimeters using crown spread equipment) and height 

measured in meters using bole height. These traits provided baseline information on 

population structure and growth form. 
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In addition, 20 fully expanded leaves and 20 fruits were harvested per tree and transported 

to the laboratory for detailed morphological measurements.   Leaf length and width, fruit 

length and diameter, and related attributes were measured in centimeters using a metric 

ruler. The number of seeds per fruit was recorded. To obtain seed weight data, a bulk of 

1,000 seeds per population was oven dried at 27 °C for 48 hours until a constant weight 

was obtained and noted.   

This multi-trait dataset, encompassing tree architecture, leaf morphology, fruit 

characteristics, and seed metrics, provides a comprehensive basis for assessing 

phenotypic variation within and among T. emetica populations. The integration of 

vegetative and reproductive traits ensures that both ecological adaptability and 

reproductive potential are captured, thereby strengthening the link between 

morphological diversity and potential adaptive strategies in different ecological zones. 

3.4 DNA Extraction, Standardization and Quantity Determination 

Extraction of genetic material was done from young, healthy leaves of T. emetica using a 

modified cetyltrimethylammonium bromide (CTAB) protocol as described by 

FAO/IAEA (2002). Approximately 0.5 g of fresh leaf tissue was weighed, ground with 

CTAB buffer using a mortar and pestle. About 100 mg of polyvinylpolypyrrolidones 

(pvpp) was then added to crush sample to remove polyphenolic compounds. 

Six hundred microliters (600ul) of 1.5% CTAB extraction buffer (100 mM Tris-HCl, pH 

7.5; 1.4 mM EDTA, pH 8.0; 1% CTAB) preheated to 60 °C, and supplemented with 0.75 

µl of B – β-mercaptoethanol to prevent oxidative damage. To improve DNA quality, 100 

mg of polyvinylpolypyrrolidone (PVPP) was added during grinding to remove 
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polyphenolic compounds commonly found in woody plants. The homogenous aqueous 

was incubated, gentle agitated at 60 °C for 20 minutes, followed by chloroform: isoamyl 

alcohol (24:1, v/v) extraction to denature proteins. After centrifugation at 13,000 rpm for 

25 minutes, the upper aqueous phase was carefully transferred to a new tube, treated with 

10% CTAB, and re-extracted with chloroform: isoamyl alcohol. 

DNA was precipitated by adding 2/3 volume of chilled isopropanol, gently mixed, and 

incubated until nucleic acids became visible as filaments. The DNA pellet was recovered 

by centrifugation at 5,000 rpm for 20 minutes, washed twice with 70% ethanol to remove 

salts and impurities, and air-dried at room temperature for approximately 3 hours. The 

dried pellet was again placed back in 100 µl of NaCl-TE buffer and incubated overnight 

at 55 °C to enhance solubilization. 

3.5 Purification of the extracted DNA 

Purification of genomic DNA followed the FAO/IAEA (2002) protocol with 

modifications to remove RNA and residual contaminants. Co-precipitated RNA was 

broken down using RNase A prepared as a 10 mg/ml stock in Tris-HCl buffer (pH 7.5, 1 

mM NaCl). An aliquot of 2 µl RNase A was then added to each sample DNA, which was 

incubated at 65 °C for 3 hours to ensure complete RNA degradation. DNA was 

subsequently precipitated by adding 250 µl of cold 96% ethanol and stored overnight at 

–20 °C. Samples were centrifuged at 7,000 rpm for 15 minutes, the supernatant carefully 

discarded, and the pellet washed with 70% ethanol. A second centrifugation at 7,000 rpm 

for 5 minutes was performed before air-drying the pellet for 3 hours. Finally, the purified 

DNA was re-suspended in 100 µl sterile distilled water (SDW) and incubated at 55 °C 
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overnight to enhance solubilization. This purification step ensured high-quality DNA 

suitable for downstream molecular analyses. 

3.6 DNA Quantification  

Quantification and quality assessment of DNA were performed using a BioPhotometer 

with double-stranded DNA (dsDNA) detection. DNA samples were diluted in Tris-EDTA 

(TE) buffer at a ratio of 2:100 µl, and absorbance was measured at 260 nm against a blank. 

Working samples were further diluted (1:9; DNA: PCR-grade water) and verified through 

electrophoresis. For gel analysis, 5 µl of diluted DNA was loaded into 2% agarose gels 

prepared in 0.5× Tris-Borate-EDTA (TBE) buffer. Bromophenol blue loading dye was 

added to track migration, and a low DNA mass ladder (Invitrogen) was included as a 

quantitative reference.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Gel showing DNA quantification profile 
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Electrophoresis was conducted at 100 V for a period of 1 hour, after which agarose gels 

were stained using ethidium bromide, rinsed, and visualized using a Kodak MI MT gel 

documentation system. DNA band intensities were compared against the reference ladder 

to assess concentration and integrity (Figure 2). This dual approach, spectrophotometric 

and gel-based quantification, ensured accurate standardization of DNA samples for 

polymerase chain reaction process. 

3.7. PCR Amplification  

The PCR was used to amplify Inter-Simple Sequence Repeat (ISSR) loci. Amplification 

reactions were conducted in 25 µl volumes containing 30 ng/µl of template DNA, 0.2 

mM of each dNTP, 1.5 mM MgCl₂, 2 U of Taq DNA polymerase, 10× PCR buffer, and 

Milli-Q water. Reactions were performed in an Eppendorf Master Cycler Gradient 

(Germany) conditioned as follows: initial denaturation process at 94 °C for 1 minute, 

followed by 39 cycles of denaturation process at 94 °C for 30 seconds, primer-specific 

annealing at 45–61 °C for one minute, extension at 72 °C for two minutes, and a final 

extension process at 72 °C for five minutes. Amplified products were mixed with 

bromophenol blue loading dye and separated on 2% agarose gels in 1× Tris-Acetate-

EDTA (TAE) buffer at 50 V for 2.5 hours. Gels were visualized using a Herolab 

(Germany) gel documentation system. 

To validate DNA concentration and standardize template quality, uncut, unmethylated 

lambda (λ) phage DNA (20 ng/µl) was used as an external reference. Serial dilutions of 

λ DNA (40–200 ng) were electrophoresed alongside test samples to compare band 

intensities and sizes. This ensured reliable standardization of DNA concentrations to 10–

30 ng/µl prior to ISSR amplification. Fifteen (15) ISSR primers anchored at the 3' end 
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were screened for their ability to generate reproducible and polymorphic banding 

patterns. Primers yielding clear and scorable bands were retained for genetic diversity 

analysis, ensuring robust assessment of variation and population differentiation among 

the six T. emetica populations. 

3.8 Data analysis  

3.8.1 Morphological data analysis  

Quantitative morphological characters were initially tested for normality and 

homogeneity of variance to authenticate the assumptions of parametric tests.  ANOVA 

was performed by employing IBM SPSS Statistics for Windows, version 28 (IBM Corp., 

Armonk, N.Y., USA) to quantify the extent of variation both within and among the six T, 

emetica populations. When notable variation was identified at p < 0,05, Duncan’s 

Multiple Range Tests (DMRT) was applied to separate means and identify population-

level differences in trait expression. Variation within and between population variations 

was further assessed using the Coefficient of Variations (CV %), providing an index of 

phenotypic diversity.  

To evaluate overall patterns of morphological similarity, multivariate analysis based on 

Euclidean distances was performed. A dendrogram was constructed using the (UPGMA), 

which allowed visualization of clustering relationships inside the populations based on 

combined morphological traits. This integrative approach ensured robust quantification 

of phenotypic diversity and identification of trait-based population differentiation. 
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3.8.2 Molecular data analysis  

Scoring of ISSR profiles was restricted to clear well-resolved and reproducible 

polymorphic fragments.  Fragments were recorded (1) as present or (0) as absent 

following the binary scoring matrix (Wendel and Weeden 1989). The resulting binary 

data matrix was input as the basis for genetic diversity and population structure analysis.  

Basic population genetic variables were analysed in POPGENE version 1.32 (Yeh et al., 

2000), including (P), Shannon Information Index (I), number of effective allele (Ne), and 

the coefficient of differentiation (Gst). To partition genetic variation in populations, 

AMOVA) was performed in GenALEx version 1.61 (Peakall and Smouse, 2012) 

providing a robust measure of how diversity is distributed across hierarchical levels.  

To further explore genetic relationships, pairwise genetic distances (D) were calculated 

based on Nei’s unbiased genetic distance (Nei, 1978). These distances were used to 

construct a dendrogram under the (UPGMA) in MEGA version 4.0(Tamura et al., 2007), 

enabling visualization of population clustering patterns. Complementary multivariate 

analysis was conducted using Principal Coordinates Analysis (PCoA) in GenALEx 

version 1.61 (Peakall and Smouse, 2012) to reveal the spatial distribution of genetic 

variation and confirm clustering trends.   This integrated analytical framework, combining 

population genetic indices, hierarchical variance partitioning, distance-based 

phylogenetic reconstruction, and multivariate ordination, ensured a comprehensive 

evaluation of genetic diversity and population structure in T. emetica. 
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CHAPTER FOUR 

RESULTS 

4.1 Morphological Variations 

Quantitative assessment of eight morphological traits across six populations of T. emetica 

in western Kenya revealed substantial variation among individuals. Table 2 presents the 

range, mean, standard deviation (SD), and coefficient of variation (CV %) for each 

parameter measured. Tree height (HETG) ranged from 13.0 m to 26.3 m, with a mean of 

23.97 m and a CV of 41.77%. Diameter at breast height (DBH) varied widely, ranging 

from 32.10 cm to 57.34 cm, with a mean of 48.58 cm and a CV of 43.98%. Crown 

diameter (CROD) measurements extended from 4.00 m to 8.90 m, yielding a mean of 

7.71 m and a CV of 32.41%. Stem count (STEC) was relatively uniform, with values 

consistently recorded as 1.00, accompanied by a SD of 0.38 and a CV of 45.70%. 

Reproductive traits also exhibited measurable variability. Flower length (FLLG) ranged 

between 1.10 cm and 1.96 cm, with a mean of 1.82 cm and the lowest coefficient of 

variation (62.57%). The number of seeds per fruit (SPF) varied from 3.00 to 5.00, with a 

mean of 3.6 and a relatively high CV of 64.94%. Seed length (SDL) ranged from 1.20 cm 

to 1.70 cm, with a mean of 1.45 cm and a CV of 61.62%. The dry weight of 1,000 seeds 

(DSWG) exhibited the widest proportional variation, ranging from 1.71 kg to 1.81 kg, 

with a mean of 1.76 kg and the highest CV at 65.12%. 
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Overall, the coefficient of variation values indicated that DSWG, SPF, and SDL exhibited 

the highest levels of variability among populations, while CROD showed the lowest 

relative variation. Across all measured parameters, the average coefficient of variation 

was 46.46%, highlighting the existence of notable morphological diversity within the 

sampled populations of T. emetica. 
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Table 2 Quantitative morphological parameters of T. emetica populations in 

western Kenya. 

Parameters Range Mean SD  CV % 

HETG (m) 13.0 - 26.3 23.97 1.22 41.77 

DBH (cm) 32.10 - 57.34 48.58 2.30 43.98 

CROD (m) 4.00 - 8.90 7.71 1.31 32.41 

STEC (n) 1.00 - 1.00 1.00 0.38 45.70 

FLLG (cm) 1.10 - 1.96 1.82 0.19 62.57 

SPF (cm) 3.00 – 5.00 3.6 2.43 64.94 

SDL (cm) 1.20 – 1.70 1.45 2.56 61.62 

DSWG (kg) 1.71- 1.81 1.76 1.98 65.12 

    46.46 

KEY: HETG= height; DBH= diameter at breast height; CROD= crown 

diameter; STEC= stem count; FLLG= flower length; SPF = Seeds per fruit; 

SDL= Seed length; DSWG= 1000 seed dry weight; SD= Standard deviation; 

CV= coefficient of variations 

The mean values of eight morphological parameters measured in T. emetica across six 

natural populations are shown in Figure 2.  Across the populations, Nandi had the highest 

means in most traits, including tree height (17.4%), DBH (17.2%), flower length (17.2%), 

seeds count per fruit (17.3%), and seed length (17.6%). Bungoma consistently followed 

with comparatively higher means across the same parameter. In contrast, Kisumu had the 

lowest parameter means with exception in crown diameter (17.4%), Stem count (16.6%).  

Kakamega, Siaya, and Vihiga populations showed intermediate values across most 
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parameters, with each population displaying unique trait-specific means that positioned 

them between the extremes recorded in Nandi and Kisumu. Overall, the figure illustrates 

clear differences in mean morphological values among the six populations, with evident 

variation across both vegetative (height, DBH, crown diameter) and reproductive (flower 

length, seed number, seed length, seed weight) traits. 

 

Figure 5. Mean values of eight morphological parameters of T. emetica populations 

in western Kenya 

The estimated variance components revealed that 32.6% of the total morphological 

variation was accounted for by differences among populations, whereas a higher 

proportion, 67.33%, was explained by variation within populations (Table 3).  
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Table 3. ANOVA showing morphological variation of T. emetica portioned into 

within and among populations 

Source of Variation SS Df MS 

Estimated 

variance % 

Among populations 1.1744 5 0.2349 9.9104 32.67 

Within populations  67.2261 118 9.6037 21.7336 67.33 

Total 68.4005 13 

 

31.6440 100.00 

Table 4 shows the ANOVA results for eight morphological parameters measured in T. 

emetica across six natural populations in western Kenya. The results indicate that seven 

of the eight traits: height, DBH, crown diameter, flower length, seeds per fruit, seeds 

length, and dry seed weight showed statistically significant variations among the 

populations at p= 0.05. In contrast, stem count parameter did not considerably vary among 

populations at p= 0.05. 
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Table 4. ANOVA for eight morphological parameters of T. emetica across six 

populations in western Kenya. 

Parameter Sum of squares Df F P 

HEGT 435.860 5 5.728 * 0.016 

DBH 196.043 5 25.551* 0.010 

CROD 139.877 5 21.422* 0.011 

STEC 31.375 5 2.787 ns 0.127 

FLLG 115.059 5 32.031* 0.050 

SPF 186.179 5 36.720* 0.030 

SDL 230.954 5 1.611 * 0.088  

DSWG 0.352 5 1.205 * 0.091  

KEY: HETG= height; DBH= diameter at breast height; CROD= crown diameter;  

STEC= stem count; FLLG= flower length; SPF = Seeds per fruit; SDL= Seed  

length; DSWG= 1000 seed dry weight. * - represents significant parameters. 
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Table 5 presents the portioning of mean values for the eight morphological parameters 

of T. emetica across the six populations in western Kenya where the ANOVA detected 

significant differences.  For tree height, three distinct groupings were observed,  

Table 5. Partitioning of means for morphological parameters of T. emetica across 

six populations in western Kenya. 

Population/Parameter Nandi Bungoma Kakamega Kisumu Siaya Vihiga SE 

HEGT 
23.97b 23.59a 23.74a 23.73c 23.65 c 23.79a 0.192 

DBH 
49.58b 48.82a 48.63a 47.53 c 47.98 c 48.28 c 0.138 

CROD 
7.14 c 7.05a 7.17c 7.73b 7.73b 7.73b 0.062 

FLLG 
1.90 a 1.89 b 1.87 b 1.80 c 1.84 c 1.86 b 1.079 

SPF 4.19 a 
4.18 b 4.12 b 3.94 c 3.96 c 4.10 b 0.971 

SDL 1.95 a 
1.91 b 1.87 b 1.74 c 1.78 c 1.85 b 2.453 

DSWG 1.73 a 
1.69 b 1.65 b 1.59 c 1.59 c 1.70 a 0.256 

Mean with the same letter are similar statistically (P<0.05). HETG= height; DBH= diameter at breast 

height; CROD= crown diameter; STEC= stem count; FLLG= flower length; SPF = Seeds per fruit; SDL= 

Seed length; DSWG= 1000 seed dry weight; SE= standard error. Superscript letters denote grouping of 

DMRT. 

Bungoma, Kakamega and Vihiga clustered together with similar mean values, while 

Nandi formed a separate cluster, and Kisumu, and Siaya grouped into a third cluster with 

lower mean values.  For DBH, Nandi was differentiated as a single cluster with the highest 

mean, Bungoma and Kakamega formed the second cluster, while Kisumu, Siaya, and 
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Vihiga grouped into a third cluster with comparatively lower means. CROD partitioned 

the populations differently:  Nandi with Kakamega grouped together, Bungoma formed 

an independent cluster, while Kisumu, Siaya, and Vihiga clustered into another group 

characterized by larger mean crown diameters. The reproductive parameters: FLLG, SPF, 

SDL, and DSWG showed consistent grouping patterns. In each case, Nandi formed a 

distinct cluster with the highest mean values.  Bungoma and Kakamega were grouped 

together, while Kisumu, Siaya and Vihiga consistently formed a third cluster with lower 

mean values. Handy exception was noted in the case of DSWG, where Vihiga aligned 

with Nandi rather than grouping with Kisumu and Siaya. These results demonstrated that 

Nandi population was consistently distinct across most parameters, while Bungoma and 

Kakamega tended to cluster together. Kisumu, Siaya, and Vihiga generally formed a 

separate grouping, although Vihiga shifted clusters depending on the trait examined. 

The hierarchical cluster analysis of combined morphological parameters of T. emetica 

populations revealed clear patterns of population differentiation (Figure 4).  The 6 

populations were divided into three major clusters. The first cluster comprised Kisumu 

and Siaya, which exhibited the closet morphological similarity, with Vihiga branching 

closely to this subgroup. The second cluster grouped Bungoma and Kakamega together, 

indicating their shared morphological affinities. The third cluster was represented solely 

by Nandi, which stood apart as a distinct group, reflecting marked divergence from the 

other populations.   
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Figure 6. Hierarchical clustering based on combined morphological parameters of  

T. emetica across six populations in western Kenya. 

4.2 Molecular Genetic diversity 

The genetic diversity of T. emetica was assessed using 15 ISSR markers. The 15 primers 

yielded scorable bands as shown in figure 5. Table 6 provides details of the fifteen marker 

codes, primer sequence, melting temperature (Tm), annealing temperature (Ta), and 

number of amplified fragments, polymorphic fragments, percentage polymorphism (%), 

and the scope of amplified fragment sizes.  Across all primers, a total of 171 DNA 

fragments were intensified ranging in size from 169 to 2,060 base pairs (bp). Of these, 
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162 were polymorphic, corresponding to an overall polymorphism rate of 94.65%. The 

polymorphic fragments numbers per primer ranged from 7 to 18.  

Table 6.  Fifteen ISSR marker codes, sequence, melting and annealing temperature, 

percentage polymorphism, and amplification range in T. emetica. 
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UBC -809 AGAGAGAGAGAGAGAG

G 
46.6 50.0 10 10 100 315-389 

UBC -810 GAGAGAGAGAGAGAGAT 42.9 45.0 19 18 94.74 224-1420 

UBC -811 GAGAGAGAGAGAGAGA

C 
43.3 45.0 13 11 84.62 183-1388 

UBC -813 CTCTCTCTCTCTCTCTT 45.0 50.4 8 7 87.5 190-1265 

UBC -823 TCTCTCTCTCTCTCTCC 47.5 50.0 8 7 87.5 213-1705 

UBC -840 GAGAGAGAGAGAGAGA

YT 
45.8 47.0 17 16 94.12 175-1390 

UBC -845 CTCTCTCTCTCTCTCTRG 43.4 47.0 8 8 100 470-1155 

UBC -847 CACACACACACACACAR

C 
54.2 53.0 9 9 100 275-1367 

UBC -855 ACACACACACACACACY

T 
60.2 61.0 10 9 90.0 169-1368 

UBC -857 ACACACACACACACACY

G 
57.1 58.0 7 7 100 276-1895 

UBC -864 ATGATGATGATGATGAT

G 
51.2 52.0 12 12 100 290-1487 

UBC -880 GGAGAGGAGAGGAGA 49.0 44.7 15 15 100 178-2060 

UBC -888 BDBCACACACACACACA 52.3 55.4 16 15 93.75 201-1654 

UBC -890 VHVTGTGTGTGTGTGTG 51.8 52.0 8 7 87.5 221-679 

UBC -891 VHVGTGTGTGTGTGTGT 51.8 55.0 11 11 100 216-1672 

Total    171 162 94.65  

According to these results, all the primers revealed high polymorphism ranging from 

84.62 to 100% with average of 94.65%. The primers UBC -810 generated the highest 

number of fragments, producing 19 total fragments of which 18 were polymorphic, with 

amplification sizes spanning 224-1,420 bp.  UBC -840 also generated a relatively high 

number of polymorphic fragments (16 out of 17 total), with amplification ranging from 
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175-1,390 bp. Primers, including UBC-809, UBC -845, UBC -847, UBC -857, UBC 864, 

UBC-880, and UBC -891, yielded 100% polymorphism, though with varying number of 

total fragments. 

 

Figure 7. Gel electrophoresis pattern of Bungoma population using primers UBC 

(864) 

By contrast, primers UBC-813, UBC-823, UBC-857, and UBC-890 amplified the fewest 

polymorphic bands, each producing only 7 out of 8 bands (or fewer in the case of UBC-

857). Fragment size ranges also varied by primer, with UBC-880 amplifying the broadest 

size range (178–2,060 bp), while UBC-855 and UBC-809 amplified narrower ranges 

(169–1,368 bp and 315–389 bp, respectively). Overall, the combined set of primers 

provided a wide distribution of amplified bands and high levels of polymorphism across 

the six populations studied, confirming the efficiency of the ISSR markers in generating 

reproducible and diverse banding patterns. 
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Genetic diversity indices generated from six populations of T. emetica were presented in 

Table 7. Number of observed alleles (Na) changed across populations, ranging from 0.656 

both Kisumu and Siaya to 1.625 in Nandi, with an overall   mean of 1.021. Standard errors 

(SE) for Na ranged from 0.133 in Nandi to 0.178 in Vihiga, indicating differences in allele 

richness across populations. The number of effective alleles (Ne) showed a narrower 

range, with the lowest value observed in Siaya (1.166) and the highest in Nandi (1.404). 

The mean Ne across all populations was 1.237. Corresponding SE values ranged between 

0.055 (Vihiga) and 0.067 (Nandi).  

The Shannon Information Index (I) also varied among populations. The lowest value was 

observed in Siaya (0.149), followed closely by Kisumu (0.157), while the highest index 

was detected in Nandi (0.358). The mean Shannon Index across the six populations was 

0.220, with SE values ranging from 0.042 in Vihiga to 0.052 in Bungoma. Gene diversity 

(He) values varied from 0.098 in Siaya to 0.237 in Nandi, with an average of 0.145. The 

unbiased expected heterozygosity (uHe) followed a similar trend, ranging from 0.100 in 

Siaya to 0.243 in Nandi, with an overall mean of 0.148. The percentage of polymorphic 

loci (P %) exhibited marked differences among populations, with the lowest (31.25%) 

reported in Kisumu and Siaya populations, while the highest of 78.31% detected in Nandi. 

The overall mean percentage of polymorphic loci across all populations was 48.96 %, 

with an associated SE of 8.94 (Table 7). 
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Table 7. Genetic diversity indices of six T. emetica populations in western Kenya 

generated using ISSR. 

Populations 
 

N Na Ne I He uHe %P 

Bungoma 

Mean 20.000 0.781 1.249 0.207 0.142 0.146 34.38 

SE 0.000 0.166 0.065 0.052 0.036 0.037 
 

Kakamega 

Mean 20.000 1.531 1.293 0.289 0.183 0.187 75.00 

SE 0.000 0.149 0.059 0.044 0.032 0.032 
 

Kisumu 

Mean 20.000 0.656 1.181 0.157 0.106 0.109 31.25 

SE 0.000 0.166 0.057 0.047 0.032 0.033 
 

Siaya 

Mean 20.000 0.656 1.166 0.149 0.098 0.100 31.25 

SE 0.000 0.166 0.056 0.044 0.030 0.031 
 

Vihiga 

Mean 20.000 0.875 1.169 0.161 0.102 0.104 43.75 

SE 0.000 0.178 0.055 0.042 0.030 0.030 
 

Nandi 

Mean 20.000 1.625 1.404 0.358 0.237 0.243 78.31 

SE 0.000 0.133 0.067 0.048 0.035 0.036 
 

Mean  
  

1.021 1.237 0.220 0.145 0.148 48.96 

SE        8.94 

Note: Na = number of observed alleles; Ne = number of effective alleles; I = 

Shannon’s Information Index; He = Nei’s gene diversity; uHe = unbiased expected 

heterozygosity; %P = percentage of polymorphic loci. BG= Bungoma, KK= 

Kakamega, KSM= Kisumu, SY = Siaya, VHG= Vihiga, NA =Nandi. 
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4.2.1 Molecular genetic differentiation 

The analysis of molecular of variance (AMOVA) portioned genetic diversity of T. 

emetica into components attributable to variation among and within the six populations 

(Table 8; Figure 6).  Variation within and among populations accounted for 65% and 

35%, respectively.   

Table 8. Analysis of molecular variance for six T. emetica populations based on ISSR 

loci. 

The estimated coefficient of differentiation (Gst) across the six populations of T. emetica 

was 0.2675 (p = 0.001), indicating that 27% of the total variation was attributable to 

differences among populations, while the remainder was distributed within populations 

(Table 9).  At the locus level, Gst values varied across the 15 ISSR primers. The highest 

coefficient of differentiation was observed at locus UBC888 (Gst = 0.457), followed 

closely by UBC890 (Gst = 0.4403) and UBC813 (Gst = 0.414). Other loci with relatively 

high Gst values included UBC809 (0.3506), UBC845 (0.3498), and UBC864 (0.3415). 

By contrast, loci such as UBC811 (0.042), UBC855 (0.052), and UBC880 (0.0811) 

exhibited comparatively low differentiation among populations. 

 

Source df SS MS Est. Var. % 

Among Pops 5 140.717 28.143 1.288 35% 

Within Pops 114 272.4 2.389 2.389 65% 
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The corresponding gene flow estimates (Nm=2.39) also displayed wide variation. Loci 

with high Gst values generally had lower Nm estimates, for example, UBC888 (Nm = 

0.5941) and UBC890 (Nm = 0.6357). Conversely, loci with lower Gst values related with 

higher Nm estimates, such as UBC811 (Nm = 11.4) and UBC855 (Nm = 9.1154). The 

average across loci confirmed moderate population differentiation with Gst = 0.2675, 

supported by locus-specific values ranging between 0.042 (UBC811) and 0.457 

(UBC888). 
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Table 9. Coefficient of genetic differentiation across different loci of T. emetica 

using ISSR primers 

Locus Sample Size Ht Hs Gst Nm* 

UBC809 120 0.2887 0.1875 0.3506 0.9259 

UBC810 120 0.4861 0.3367 0.3074 1.1264 

UBC811 120 0.0165 0.0158 0.042 11.4 

UBC813 120 0.2432 0.1425 0.414 0.7076 

UBC823 120 0.2188 0.1558 0.2876 1.2384 

UBC840 120 0.4994 0.3567 0.2859 1.249 

UBC845 120 0.4499 0.2925 0.3498 0.9294 

UBC847 120 0.2778 0.255 0.082 5.5976 

UBC855 120 0.2778 0.2633 0.052 9.1154 

UBC857 120 0.1528 0.1283 0.16 2.625 

UBC864 120 0.4999 0.3292 0.3415 0.9642 

UBC880 120 0.1388 0.1275 0.0811 5.6667 

UBC888 120 0.4988 0.2708 0.457 0.5941 

UBC890 120 0.4988 0.2792 0.4403 0.6357 

UBC891 120 0.4888 0.3125 0.3606 0.8865 

    0.2675  

Note: MC= Marker code, Ht = total genetic diversity; Hs = within- 

 

population genetic diversity; Gst = coefficient of genetic differentiation; 

  

Nm = estimate of gene flow. 
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4.3 Genetic Variations among populations   

The principal coordinates (PCoA) based on ISSR marker data revealed patterns of genetic 

relationships among the six populations of T. emetica (Figure 5).  The first two 

coordinates detailed the largest proportion of genetic variation and clearly distinguished 

certain population from one another. The Nandi population was positioned distinctly apart 

from the other groups along both coordinate 1 and Coordinate 2, indicating its separation 

from the remaining populations. The Vihiga population showed partial overlap with 

Nandi, even though it still maintains some degree of distinction. In contrast, the other 

populations displayed varying levels of overlap. Siaya and Kisumu clustered closely 

together, showing overlap within the same coordinate space. Similarly, Kakamega and 

Bungoma exhibited considerable overlap, forming another cluster. Despite these 

overlaps, the overall scatter revealed structured variation among populations, with certain 

groups forming compact cluster while others remained spatially distinct. 
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Figure 8. Principal coordinates analysis of 120 individuals in six populations of T. 

 emetica in western Kenya based on ISSR markers. 

The unbiased genetic distances among the six T. emetica populations are presented in 

Table 10. Pairwise Nei’s genetic distances ranged from 0.0236 to 0.2399, while 

corresponding values of genetic identity ranged from 0.7867 to 0.9767. The shortest 

genetic distance was found to be between Vihiga and Kisumu (0.0236), indicating their 

close genetic proximity, followed closely by Siaya and Vihiga (0.0259). Conversely, it 

was the highest between Bungoma and Nandi (0.2399), demonstrating substantial 

differentiation between these populations.   
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Nandi showed high distances from most other populations, including Bungoma (0.2399), 

Siaya (0.1494), and Vihiga (0.1494). However, it was comparatively closer to Kakamega 

(0.1354).   Bungoma also exhibited notable divergence from Kisumu (0.1286) and Siaya 

(0.1640), while maintaining greater genetic affinity with Kakamega (0.0262). 

Table 10. Nei's genetic identity (above) and genetic distance (below) among six 

populations of T. emetica in western Kenya. 

ID                         Bungoma Kakamega Kisumu Siaya Vihiga Nandi 

Bungoma **** 0.9742 0.8793 0.8487 0.833 0.7867 

Kakamega    0.0262 **** 0.9417 0.9097 0.9015 0.8734 

Kisumu 0.1286       0.0601          **** 0.9714     0.9767     0.8759     

Siaya 0.1640       0.0946        0.0291       **** 0.9744     0.8612     

Vihiga 0.1827       0.1037        0.0236      0.0259       **** 0.8612     

Nandi 0.2399       0.1354        0.1325      0.1494      0.1494       **** 

The dendrogram derived from Nei’s unbiased genetic distances further illustrates this 

relationship (Figure 8).  Three primary clusters were evident. The first cluster grouped 

Siaya, Vihiga, and Kisumu, reflecting their relatively low pairwise distances. The second 

cluster grouped Bungoma and Kakamega, reconcilable with their observed high genetic 

identity (0.9742).  Nandi formed the third cluster, standing unique from all other 

populations, hence, in agreement with observed relatively high genetic distance values. 
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Figure 9. Dendrogram based on the Nei’s unbiased genetic distance showing genetic 

clustering of 120 individuals in six populations of T. emetica. 
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CHAPTER FIVE 

DISCUSSION 

5.1 Morphological Variations  

The study revealed substantial morphological variability in T. emetica across six natural 

populations in western Kenya, with higher variation observed within populations (67.3%) 

than among them (32.7%). This finding align with classical population genetic theory, 

which posits that long-lived, predominantly outcrossing tree species tend to maintain 

greater variability within populations than between them (Loveless & Hamrick, 1984). 

High within-population variation has in fact been reported in other Meliaceae species 

such as Swietenia macrophylla and Melia azedarach (Gillies et al., 1999; Khan et al., 

2022), underscoring that morphological heterogeneity is a consistent feature of tropical 

tree populations. 

Among the traits studied, reproductive parameters, including flower length, seeds per 

fruit, seeds length, and seeds dry weight, exhibited the greatest variability, while 

vegetative parameters such as tree height and DBH also varied significantly among 

populations. High variability in reproductive characters has been archived in other forest 

trees where reproductive organs are sensitive to both environmental and genetic 

influences (Athena et al., 2014; Jones et al., 2009). The significant partitioning of traits 

into three major clusters (Nandi alone; Bungoma and Kakamega together; and Kisumu, 

Siaya, and Vihiga forming a third cluster) suggests geographic structuring of 

morphological diversity. This clustering pattern parallels observations in other species 
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where morphological groupings mirror geographic proximity and shared ecological 

conditions (Andiego et al., 2022; Tsomele et al., 2021). 

The distinctiveness of Nandi, which exhibited the highest mean values across most 

morphological traits, is notable. Its location in the Rift Valley, often described as a 

biogeographic barrier influencing gene flow (Dangasuk, 2001; Chiveu et al., 2008), likely 

contributes to this differentiation. Similarly, the clustering of Bungoma and Kakamega 

may translate from phylogenetic gene flow from these populations before habitat 

fragmentation in Kakamega forest. The Kisumu–Siaya–Vihiga grouping reflects their 

geographic proximity and potential for pollinator-mediated or animal-mediated dispersal, 

consistent with the species’ known reproductive ecology (David et al., 2014). 

Overall, the morphological results highlight that T. emetica maintains considerable intra-

population variability, suggesting phenotypic plasticity and potential for adaptation to 

diverse ecological conditions, while also reflecting geographic influences on 

morphological divergence. 

5.2 Genetic Variation  

The populations of T. emetica from western Kenya showed high mean percentage of 

polymorphic loci (94.65%), demonstrating discriminative power of ISSR markers to 

detect genetic variation. The high level of polymorphism observed in this study is line 

with 91.7% reported in Melia dubia (Rawat et al. 2018), 95-97% in Pinus sylvestris 

(Sheikina and Romanov 2024), 80-100% in Osyris lanceolata (Mugula et al. 2023) and 

higher than 63.8% and 46-76% in Parashorea chinensis and Robinia pseudoacacia (Li et 

al. 2024; Uras et al. 2024), respectively, which shows the potential of ISSR in dissecting 

genetic diversity in tree species. The 100% polymorphism observed in several ISSR 



62 
 

primers such as UBC-809, UBC-845, UBC-847, UBC-857, UBC-864, UBC-880, and 

UBC-891 indicates that ISSR tool is highly effective in detecting genetic variation in the 

T. emetica populations. Borah et al. (2021) also reported ssimilar reliability of ISSR 

markers in showing high levels of genetic polymorphism in Illicium griffithii, further 

confirming their effectiveness in analyzing intra-specific variation in tree species.  

 

The fragment sizes of amplifications ranged from 169 to 2060 bp further reinforcing the 

suitability of ISSR markers for assessment of genetic diversity in tree species and 

demonstrates wide genome variability among the T. emetica populations. Such high 

variation in fragment size shows the presence of several polymorphic loci distributed 

across the genome of T. emetica populations, indicating high allelic diversity, in line with 

its wide ecological distribution over lowland, mid-altitude, and highland habitats (Chebii 

et al. 2022; Osewe et al. 2022). Similar findings have been reported in Khaya anthotheca 

(Bouka et al. 2022) and Cedrela odorata (Finch et al. 2022), where wide ecological 

distribution was associated with high intra-specific polymorphism, indicating that tropical 

tree species with extensive habitats have large effective population sizes and diverse 

genetic backgrounds. The variation between primers in the percentage of polymorphism 

and the sizes of amplifications may indicate possible underlying differences in genome 

structure or localized selection pressures operating throughout T. emetica populations. 

These results are in line with recent findings in other forest trees such as Acacia Senegal, 

Parashorea chinensis, Juniperus spp., and Anadenanthera colubrina, where variation 

among ISSR primers in the percentage of polymorphism and fragment sizes was 
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attributed to differences in genome structure and localized environmental influences 

(Omondi et al., 2023a; Xu et al., 2024; Al-Yasi and Al-Qthanin, 2024).  

The diversity indices in this study show the existence of genetic heterogeneity among the 

populations of T. emetica in western Kenya. Nandi population displayed the highest 

diversity indices (Na = 1.63; Ne = 1.40; He = 0.24; I = 0.36; %P = 78.31%), indicating 

substantial allelic richness, evenness, and heterozygosity. These indices demonstrate that 

the Nandi population may be maintaining a large effective size and experiences high gene 

flow, with reduced human activities, which allow preservation of higher genetic 

variability.  These findings are line with the previous ISSR and SSR-studies showing 

relatively high within-population diversity attributed to large, continuous populations, 

extensive gene flow, and open pollination systems that facilitate allelic exchange and 

reduced genetic drift in Meliaceae trees species such as Melia dubia (Rawat et al., 2018), 

Swietenia macrophylla (Limongi Andrade et al., 2022) and Khaya anthotheca (Bouka et 

al., 2022). Congruent with the results in this study, populations of Memecylon 

subcordatum (Viswanathan et al. 2018), Osyris lanceolata (Mugula et al. 2023), Pinus 

sylvestris (Sheikina and Romanov, 2024) also had both high Shannon’s diversity indices 

and percentage of polymorphic loci, demonstrating the influence of population size and 

ecological integrity in determining within-population genetic variation.  

 

In contrast, Siaya and Kisumu T. emetica populations showed a lower diversity index (Na 

≈ 0.66; He ≈ 0.10; %P = 31.25%), indicating reduced allelic variation and possible genetic 

erosion. The reduced allelic richness and heterozygosity in Siaya and Kisumu correspond 

with documented pressures of deforestation, agricultural expansion, and unsustainable 
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resource extraction in western Kenya (Kogo et al., 2019; Rotich and Ojwang, 2021; 

Chebii et al., 2022; Osewe et al., 2022). Similar trend where habitat fragmentation and 

land-use change contributed to reduction in genetic diversity and gene flow in tropical 

tress species (Soares et al., 2019). A reduced gene diversity in isolated or heavily 

exploited populations has also been reported in Melia dubia (Rawat et al., 2018), Khaya 

anthotheca (Bouka et al., 202) and Swietenia macrophylla (Limongi Andrade et al., 

2022). Bungoma, Kakamega, and Vihiga populations had moderate diversity indices (He 

= 0.14–0.19; I = 0.21–0.29; %P = 43-75%), indicating partial preservation of genetic 

diversity, reflecting their position along a continuum of anthropogenic distance and 

ecological connectivity. Therefore, the Bungoma-Kakamega-Vihiga populations may 

still be exchanging genes through fragmented corridors or remnant trees in agricultural 

landscapes, a pattern observed in Tabebuia rosea (Ruiz-González et al., 2023) and Acacia 

senegal (Omondi et al., 2023), where exchange of genes among isolated or remnant 

populations has been maintained despite fragmentation of the habitats. 

 

Population differentiation and structure of T. emetica 

The populations of T. emetica in western Kenya showed a structured yet genetically 

diverse pattern, influenced by limited gene flow. Sixty-five percent of the total genetic 

variation was observed within populations and 35% among the populations (ΦST = 0.35), 

showing moderate to high genetic differentiation. The Gst value (0.27, p = 0.001) 

reinforced this pattern, indicating that while diversity of alleles is preserved within the 

populations, a significant percentage of variation is spread among them. In comparison 

with other Meliaceae species, T. emetica displayed higher population differentiation than 

Khaya anthotheca (FST = 0.12) and Swietenia macrophylla (ΦST = 0.28), meaning that 
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gene flow is restricted across its populations in western Kenya (Alcalá et al., 2015; Bouka 

et al. 2022). Similar reduction in gene flow due to habitat fragmentation has been reported 

in plant populations (Cheptou et al., 2017).  

 

The differentiation indices in this study (ΦST ≈ 0.35; Gst ≈ 0.27) corresponded well with 

a mean gene flow estimate of Nm = 2.39, reflecting moderate connectivity, sufficient to 

reduce genetic drift but insufficient to homogenize populations completely. This balance 

demonstrates that the populations of T. emetica may be undergoing semi-independent 

evolutionary processes, with geographic isolation and environmental gradients acting as 

filters to exchange of genes. Rajarajan et al., (2024) reported comparable trends of genetic 

differentiation and population structuring that is influenced by environmental 

heterogeneity in Azadirachta indica and Melia azedarach, reinforcing the view that 

ecological variation drives genetic structuring within the Meliaceae. Similar levels of 

gene flow and spatial structuring have been reported in Acacia senegal (Omondi et al., 

2023), Khaya anthotheca (Bouka et al. 2022), and Swietenia macrophylla (Limongi 

Andrade et al., 2022), where fragmentation and ecological discontinuities have produced 

moderate differentiation despite ongoing genetic connectivity. Variation in Gst values 

(0.04-0.46) across ISSR loci further demonstrated unevenness of genetic differentiation 

across the genome, differing levels of mutation, selection, or gene exchange among loci. 

Primers such as UBC-809 and UBC-864, which had intermediate Gst values, may have 

captured genomic regions undergoing partial isolation, while highly differentiated loci 

like UBC-888 likely reflect regions of genome under selection or low recombination. This 

trend is in line with findings in Melia dubia (Rawat et al., 2018) and Juniperus excelsa 
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(Al-Yasi and Al-Qthanin, 2024), where ISSR markers effectively revealed localized 

allelic divergence in response to ecological isolation and restricted pollen flow. 

 

The PCoA and the UPGMA analyses supports these molecular patterns. These analyses 

showed three different genetic clusters: (i) Siaya–Vihiga–Kisumu, (ii) Bungoma–

Kakamega, and (iii) Nandi. The similarity between UPGMA and PCoA underline the 

strength of these relationships and their ecological basis. The first two principal 

coordinates accounted for the majority of total variance and delineated populations along 

ecological gradients from lowland to highland zones, reflecting the regional topography 

and rainfall patterns of western Kenya. 

 

The T. emetica population from Nandi occupied the first coordinate axis and had the 

highest Nei’s genetic distances, ranging from 0.13 to 0.24, and had the least genetic 

distances of between 0.79 and 0.88 relative to other populations. This variation in 

classification can be linked to its ecological and geographical isolation in the highlands, 

where reduced pollen and seed dispersal, coupled with differences in climatic conditions, 

support genetic divergence. Previous studies showing distinct genetic differentiation 

connected to topographic and ecological discontinuities has been reported in Swietenia 

macrophylla from fragmented Mexican forests (Alcalá et al., 2015), Osyris lanceolata in 

East Africa (Mugula et al., 2023), and Parashorea chinensis across Southeast Asia (Li et 

al., 2024; Xu et al., 2024). 
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In contrast, the populations of T. emetica from Siaya, Kisumu, and Vihiga) displayed very 

low genetic distances, which ranged from 0.02 to 0.03, and high identity values greater 

than 0.97, pointing a recent common ancestry or ongoing gene flow preserved through 

landscape connectivity such as riverine corridors or agricultural mosaics. These findings 

mirror the weak spatial structuring reported in Cedrela odorata across Neotropical 

lowlands (Finch et al., 2022) and Sonneratia caseolaris in coastal Vietnam (Le and Le, 

2024), where gene flow remains relatively unrestricted in connected habitats. On other 

hand, Bungoma and Kakamega clustered in a moderately distinct category, likely 

sustained by partial connectivity through remnant mid-altitude forest corridors. The small 

Nei’s distance of 0.03 observed between these two populations and their close grouping 

on the dendrogram support the presence of ongoing but reduced gene flow across 

fragmented forest patches. 

5.3 Comparative analysis of morphological and molecular data sets 

Morphologically, T. emetica populations were highly variable in both vegetative and 

reproductive traits, while the average coefficient of variation reached 46.46%. Tree 

height, DBH, crown diameter, and seed traits showed significant variation (p = 0.05), 

reflecting wide phenotypic plasticity, which may be modified by ecological gradients, 

resource availability, and genetic constitution. Variance partitioning showed that 67.33% 

of morphological variation was partitioned within populations, while 32.6% was 

partitioned among populations, an indication that most trait variation resides within sites 

in agreement with widespread gene flow and environmental adaptability. Cluster analysis 

resulted in three major morphological groupings: i) Nandi forming a distinct cluster with 

high trait means, ii) Bungoma–Kakamega with intermediate values, and iii) Kisumu–
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Siaya–Vihiga forming the low-trait cluster. The pattern observed reflects ecological 

differentiation driven by environmental gradients and anthropogenic pressures, which 

probably promoted genetic isolation. 

 

In contrast, ISSR molecular data, generated from 15 primers producing 94.65% 

polymorphism, conferred a similar but more accurate perspective of genetic structure. 

The high %P of 78.31% and Nei’s gene diversity He = 0.24 in the Nandi population 

demonstrate the maintenance of allelic richness and effective outcrossing, while dioecy, 

animal pollination, and high habitat integrity have likely contributed to this trend. On the 

other hand, the lower diversity measures in Siaya and Kisumu (%P = 31.25%; He = 0.10) 

indicate genetic erosion that may be linked to habitat fragmentation, deforestation, and 

human disturbance (Kogo et al., 2019; Rotich & Ojwang, 2021; Chebii et al., 2022). The 

fixation index ΦST = 0.35 revealed that the populations were substantially but not entirely 

differentiated genetically, confirming moderate gene flow (Nm = 2.39) across the 

populations. The molecular pattern of clustering was similar to the morphological pattern, 

grouping into three major genetic clusters: Siaya–Kisumu–Vihiga, Bungoma–Kakamega, 

and Nandi—suggesting consistent population structuring across the data type. 

 

Cumulatively, these findings indicate that while morphological data yield valuable 

estimators of adaptive variation, molecular markers such as ISSR provide greater 

sensitivity in the quantification of genetic diversity and population structure. The 

concordance of morphological and molecular patterns of clustering confirms the 

reliability of population differentiation in T. emetica. A close correlation between 
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morphological divergence and molecular distance matrices could therefore be anticipated 

to reflect deeper genetic isolation and narrow connectivity among populations in 

disturbed habitats. Thus, the combination of morphological and molecular assessments 

allows for the highlighting of a full suite of dynamics in diversity and is crucial for 

formulating efficient conservation strategies. Indeed, such approaches have been 

recommended for other tropical tree species, such as Swietenia macrophylla (Limongi 

Andrade et al., 2022), Khaya anthotheca (Bouka et al., 2022), and Melia dubia (Rawat et 

al., 2018), where agreement among marker types has served as a useful tool for guiding 

restoration and breeding programs. 

 

In the present study, morphological and molecular analyses show complementary insights 

into the genetic diversity of T. emetica. Morphological traits underline the adaptive 

flexibility and ecological differentiation of the species, while the ISSR markers reveal 

their genetic underpinning. Integration of the two emphasizes the potential of 

reproductive biology, ecological integrity, and gene flow for maintaining genetic 

heterogeneity as the basis for resilience and sustainability in the T. emetica populations 

of western Kenya. 

 

5.4 Implications in conservation and sustainable use 

The ISSR genetic patterns in this study have important conservation and sustainable 

management implications for T. emetica populations in western Kenya. The high level of 

polymorphism (94.65%) and the finding that 65% of the total variation occurs within 

populations indicate that substantial local genetic diversity still exists. This within-
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population diversity is vital for maintaining adaptive potential and ensuring long-term 

evolutionary resilience, particularly under increasing environmental and anthropogenic 

pressures. Given projections of shifting climatic zones and increased habitat stress, 

maintaining such genetic diversity is crucial for forest resilience and adaptive response 

(Konrad et al., 2025). However, the relatively high population differentiation (ΦST = 

0.35; Gst = 0.27) shows that genetic resources are unevenly distributed, highlighting the 

need for population-specific conservation strategies rather than a uniform management 

approach. Similar to patterns reported in fragmented alpine and tropical plant systems, 

where restricted gene flow and local adaptation demand site-specific conservation actions 

(Cheptou et al., 2017; Soares et al., 2019), these findings emphasize that the management 

of T. emetica should account for regional ecological and genetic distinctiveness. 

 

Populations such as Nandi and Kakamega, which exhibited the highest gene diversity (He 

= 0.24 and 0.18, respectively) and the greatest percentage of polymorphic loci, represent 

genetic reservoirs essential for the species’ survival. These populations should be 

prioritized as core units for in situ and ex situ conservation, serving as key sources for 

seed collection and the establishment of genetic resource banks. Similar conservation 

initiatives integrating molecular diversity and population structure have been conducted 

for Vitellaria paradoxa in Côte d’Ivoire (Attikora et al., 2024), highlighting the 

importance of conserving genetically diverse populations as reservoirs for breeding and 

restoration. In contrast, populations from Siaya and Kisumu, which recorded low gene 

diversity (He = 0.10–0.11) and only 31.25% polymorphic loci, are vulnerable to genetic 

erosion and stochastic loss. These populations require genetic enrichment through 
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assisted regeneration, enrichment planting, and controlled exchange of germplasm from 

genetically richer populations to prevent further decline in adaptive capacity (Donkpegan 

et al., 2020). The moderate fixation index (ΦST = 0.35) and variable Gst values among 

ISSR loci (0.04 -0.46) reflect limited genetic exchange between populations. From a 

conservation perspective, this underscores the importance of preserving and restoring 

gene flow corridors between fragmented forest remnants. Conservation planning should 

prioritize connectivity conservation, linking genetically related populations such as 

Bungoma-Kakamega and Kisumu -Vihiga -Siaya to sustain pollen and seed dispersal. 

Establishing community-based forest restoration zones that utilize genetically diverse and 

locally adapted materials can help stabilize population structures and mitigate ongoing 

isolation. Furthermore, the clear delineation of populations into three genetic groups: (i) 

Siaya-Vihiga-Kisumu, (ii) Bungoma-Kakamega, and (iii) Nandi, provides a strong 

foundation for conservation and seed zoning. Such genetic zoning supports Kenya’s 

forest seed production and certification systems, ensuring that restoration initiatives use 

materials compatible with the adaptive traits of each ecological region (FAO, 2025). 

Integrating this molecular data into forest restoration policy will enhance seed sourcing, 

prevent maladaptation, and strengthen reforestation programs aligned with the Bonn 

Challenge (IUCN, 2011), the UN Decade on Ecosystem Restoration (2021-2030), and 

Sustainable Development Goal 15 (Life on Land) (FAO 2025). Such integration is 

needed, given evidence that human activities are eroding genetic diversity and threatening 

species persistence (Soares et al., 2019; Omondi et al., 2023). 
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5.5 Limitations of the study 

The present study provides the first population-level morphological and molecular 

baseline data about the genetic diversity and population structure of T. emetica in Kenya. 

In this study, morphological characterization focused essentially on quantitative traits, 

such as height, diameter at breast height, crown dimensions, and seed traits, reflecting 

environmental conditions and phenotypic plasticity rather than purely genetic 

differentiation. While these traits are valuable in terms of ecological adaptability, they do 

not provide a good representation of variation that is heritable. Therefore, employment of 

qualitative morphological traits, such as leaf shape, floral features, or fruit morphology, 

in future studies is recommended, as this will help to better capture stable, genotype-

dependent variation and increase congruence with molecular data. 

 

The analysis, using fifteen ISSR markers, showed a high level of polymorphism-a 

minimum of over 94%-and delineated T. emetica populations into distinct clusters 

corresponding with ecological stratification. Although the sample size of 20 individuals 

per population was quite sufficient to detect the general pattern of genetic diversity, finer 

intra- and inter-population variation may not have been captured. The dominant nature of 

ISSR markers has limited the distinction between homozygous and heterozygous loci, 

hence constraining the exact estimation of heterozygosity, inbreeding coefficients, and 

allelic richness. 

Because ISSRs are dominant and target non-coding DNA regions, they have limited 

information on adaptive loci. However, recent chloroplast genomic studies in the 

Meliaceae family have demonstrated significant interspecific and adaptive variation that 
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is useful in phylogenetic and evolutionary inference (Nie et al., 2025). Integration of 

chloroplast genomic data with co-dominant nuclear markers such as SSRs and SNPs 

would increase the precision of heterozygosity, inbreeding, and estimates of adaptive 

diversity (Bouka et al., 2022; Limongi Andrade et al., 2022; Faria et al., 2024). In general, 

while the ISSR markers provided useful baseline molecular data for the assessment of 

genetic variation and population differentiation, the integration of plastid and co-

dominant markers, as well as the inclusion of qualitative morphological traits, would yield 

a more comprehensive understanding of the genetic structure, adaptive evolution, and 

conservation priorities of T. emetica. 
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CHAPTER SIX 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusion 

1. T. emetica populations in western Kenya exhibit significant phenotypic variation 

across the eight quantitative morphological traits assessed, with higher variation 

occurring within populations than among them. The analysis revealed three 

distinct clusters: Nandi as a phenotypically unique group, Bungoma and 

Kakamega as a closely related cluster, and Kisumu, Siaya, and Vihiga forming 

another cluster, reflecting both ecological and geographical structuring.  

2. Molecular analysis using ISSR markers demonstrated high genetic diversity in 

populations, with most variation residing within populations. Gene flow was 

evident among geographically proximate populations, such as Siaya - Kisumu and 

Bungoma- Kakamega, while Nandi remained genetically distinct. These findings 

confirm a structured but interconnected population system with localized genetic 

differentiation.  

6.2 Recommendations 

1. The Nandi population, which harbors the highest genetic diversity and a distinct 

genetic structure, should be prioritized for in situ conservation. Targeted 

interventions, such as preventing habitat degradation will help preserve this 

critical genetic reservoir. 

2. Since substantial genetic diversity is observed within populations, conservation 

strategies must extend to all six populations studied. Both in situ protection of 

natural habitats and ex situ measures, such as seed banks and controlled 
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propagation, is necessary to safeguard the full spectrum of species genetic 

diversity while ensuring the species’ adaptability under changing environmental 

conditions 

6.3 Areas to consider in future Studies 

1.  At the policy level, these findings should inform county governments (e.g., 

Kakamega, Bungoma, Nandi, Kisumu, Siaya, and Vihiga) and national agencies 

such as the Kenya Forest Service (KFS) in designing localized conservation action 

plans. Integrating T. emetica into existing frameworks like the Forest Conservation 

and Management Act (2016) and national tree-planting campaign (15 billion trees 

by 2032) will ensure sustainable management; align conservation efforts, and 

anchor climate change and biodiversity targets of Kenya as a country. 

2. Community-based conservation programs should be strengthened by incorporating 

T. emetica into agroforestry and restoration initiatives, particularly in areas 

experiencing population decline. Promoting its multiple economic uses (timber, 

oil, medicine) through sustainable harvest guidelines will enhance local livelihood 

and reduce unsustainable exploitation pressures. 
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