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ABSTRACT

Soil microbiomes in forest ecosystems play a crucial role in serving as either sources
or sinks of nutrients by participating in activities such as decomposing organic
matter, cycling nutrients, incorporating humic compounds into the soil, and
facilitating the connection between plant and ecosystem functions. Prokaryotic
communities colonize numerous habitats within forests ecosystem; comprising litter,
deadwood, rhizosphere and bulk soil where populations are shaped by nutrient
availability and biotic interactions. This study determined the composition, diversity
and distribution of prokaryotes within selected forests ecosystem in Kenya. Thirty-
one (31) soil samples were collected from selected forests ecosystem in Kenya. To
identify the possible abiotic drivers for prokaryotic distribution, physiochemical
characteristics for the soil samples were analyzed. This was followed by total DNA
extraction, purity assessment, amplification and sequencing of the hypervariable
region (V4 - V5) of the 16S rRNA gene using Illumina platform. Demultiplexing of
high throughput sequence and statistical analysis was done using QIIME2 and R
programming language. Linear discriminant analysis (LDA) effect size (LEfSe) was
used to detect prokaryotic taxa that were differentially abundant within and between
soil samples. Biodiversity metrics (alpha diversity) and community structure
dissimilarity (beta diversity) were calculated using the vegan (version 2.5.7) and
phyloseq (version 1.16.2) packages in RStudio. The environmental drivers of
prokaryotic community structure were estimated using Redundancy analysis. The
meta data file and their associated sequence datasets from selected forests around the
globe were downloaded from publicly available databases and processed using the
QIIME2 pipeline as described above. From this study, the key prokaryotic
community drivers included sodium, silt, magnesium, calcium, potassium, pH and
carbon whereas aluminium, phosphorus, iron, clay and sand negatively influenced
diversity in both Principal Component Analysis 1 and Principal Component Analysis
2. A total of 1,944,316 high quality sequence reads were generated and clustered into
41,901 ASVs (Amplicon Sequence Variants) at 3% genetic distance. Taxonomic
classification of the obtained ASVs were assigned to a prokaryotic Kingdom, 2
Phyla, 120 Classes, 280 Orders, 450 Families, 873 Genera and 2313 Species within
selected forests ecosystem. Archaeal groups recovered from the obtained ASVs
within the selected forests ecosystem were distributed among seven phyla with
Crenarchaeota as the most abundant Archaeal phylum represented across all samples,
with 91.6% mean relative abundance. Analysis of sample alpha-diversity showed
that soils from Western and Taita Taveta regions had significantly different (P =
0.0124603) levels of Archaeal richness, Western and Aberdare regions soil
displayed Archaeal Shannon diversity index (P=0.00399513) but there were no
significant differences between bacterial communities displayed within various
forests ecosystems. However, beta-diversity analysis of soil samples from Western,
Aberdare and Taita Taveta regions revealed a significant difference (P = 0.0010998)
on bacterial and archaeal community structure (Bacteria R?>= 0.19; Archaea R? =
0.22). Samples from the different ecoregions showed significant differences (p-
value= 0.001998, R 2= 0.45) in soil physiochemical properties, specifically in soil
pH, soil texture, macro- and micro-nutrient composition and Enhanced Vegetation
Index-2. Taita Taveta forest soil were highly distinct from those obtained from the
Nairobi, Aberdare and Western regions. Nairobi and Western region soils exhibited

XV



the least variability. The examination of beta-diversity scores across these datasets,
utilizing the Bray-Curtis index, uncovered distinctions in the community structures
of forest soil microbiomes, partly influenced by their country of origin (R2 = 0.63; p-
value = 0.0098). The notable variations in composition between national datasets
were further corroborated by Linear Discrimination Analysis, which highlighted 177
taxa distributed disparately among the datasets. The study demonstrates that Kenyan
forest soils are unique and harbor potentially distinct soil microbiomes. However,
more studies on forest microbiome should be done with focus on revealing
vulnerability to possible future losses in forest soil microbial diversity and
productivity due to climate change.
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CHAPTER ONE
INTRODUCTION
1.1 Background Information

Soil microorganisms exist as single cells or as multi-cellular organisms and they can
only be seen under the microscope (Jacobsen et al., 2012). They are classified as
eukaryotes and prokaryotes, which help in regulation of plant productivity in nutrient
poor ecosystems where plant symbionts contribute in limitation of nutrients (Van Der
Heijden et al., 2008).

Kenyan forests are located in high potential areas in which more than 70% of the
population is settled (Bleher et al., 2006). Some of these forests are located within
Taita Taveta, Nairobi, Western, Aberdare and Mt. Kenya ecoregions. Mt. Kenya
forest reserve is located to the east of the Great Rift Valley, along Latitude 0’ 10’
south and longitude 37” 20’ east. It bestrides the equator in the central highland zones
of Kenya and situated in two Forest Conservancies and five forest management
zones. These include; Meru South, Nyeri, Meru Central, Embu in Eastern
Conservancy and Kirinyaga in Central Highlands Conservancy (Kilonzi & Ota,
2019). From this forest the areas of interest were Mt. Kenya Castle Kimunge,

Kyang’ondu, Kinondoni, Sirimon and Mt. Kenya State lodge.

The Aberdare Forest Reserve is located to the east of the Great Rift Valley, between
360 30’ E, 00 05’S and 360 55’E, 00 450S (Kilonzi & Ota, 2019) .1t’s situated within
Central Kenya in four counties, which include; Nyandarua, Nyeri, Kiambu and
Murang’a. Its climate ranges is determined by the altitude (Wambugu, 2018). Taita
Taveta region in southern Kenya ,is an area that is rich in biodiversity, comprising
Taita Hills in Chawia, Ngangao and Vuria (Abera et al., 2022).The Hills are part of
the Eastern Arc Mountains, known for their rich endemism, and represent one of the
world’s biodiversity hotspots (Platts et al., 2011). The hilltops are covered with
indigenous evergreen montane forest, forest plantations like Susua plantation,
agroforestry, and croplands (Pellikka et al., 2009). The lowlands are characterized

by Acacia-Commiphora thickets and shrublands, croplands, sisal farming, grassland,



and wildlife conservation areas harboring megafauna like elephants, giraffes, rhinos,
buffalos (Pellikka et al., 2018).

Western region comprised of Londiani junction, Mt. Elgon-Kapsokuong, Kitale
school, Moi Barack’s Eldoret, Eldoret Kapsabet junction, Equator and Kakamega
forest which is the only rainfall forest in Kenya and its notably abundant in
biodiversity but it faces the imminent risk of agricultural encroachment and various
other human activities that pose a threat to its ecological integrity (Otieno & Analo,
2012). This region holds considerable significance in Kenya as it ranks among the
country’s vital bird habitats, while also serving as an essential source of hub for
adjacent rural communities. These communities greatly rely on the area for a wide
array of natural offerings, including medicinal plants, food sources, timber and
various fibers (Otieno & Analo, 2012). For the Nairobi region, the areas of focus
included Ngubi, Muguga in Kiambu and Ngong hills as shown in Figure 3.1. The hill
iIs among the few significant wind resource areas near Nairobi (Nordman & Mutinda,
2016).

Forests ecosystem offer a wide array of habitats for bacteria such as soil, plant tissues
and surfaces, rocks and streams among others, though bacteria seem to be more
abundant in forest soil, litter and floor (Hardoim et al., 2015). However, other than
the pH which is the most important driver of bacterial community part of soil, factors
such as type of soil, climatic conditions, organic matter content, biotic interactions,
effect of vegetation and nutrient availability also affects the composition of bacterial
communities in the forests ecosystem (Prévost-Bouré et al., 2011). A study by
(Zechmeister-Boltenstern et al., 2011) revealed that tree species and composition
significantly influence the diversity, distribution, function and structure of microbial
communities in forests soil. This suggests the existence of crucial relationship
between above-ground and below-ground processes. Such information could be
utilized in the conservation of forests whose root network stabilizes huge amount of
soil, bracing the entire ecosystem’s foundation against water and wind erosion. Soil
erosion has been reported to trigger life threatening problems such as landslides and

dust storms that killed people in Pokot, Kenya (Krause & Nielsen, 2019).



The forests soil bacteria inhabit multiple habitats with certain properties such as
litter, deadwood habitat, rhizosphere and bulk soil where they are shaped by biotic
interactions and nutrients availabilities (Lladé et al., 2017). Therefore, novel species
might be present in different forests ecosystem and when bacterial taxa show a
preference for specific niches with particular nutrient contents and organic matter

quality, it indicates their ecological role or function (Fierer et al., 2007).

However, several factors such as soil type, cultivation practices and plant host
genotype are key drivers in shaping the unique soil microbial communities in forest
ecosystems (Lakshmanan et al., 2014). Therefore, the aim of this study was to
investigate the microbial ecology including the composition, diversity and
distribution of prokaryotes in specific forest soil ecosystems in Kenya. Additionally,
we sought to identify potential abiotic factors influencing the distribution of
prokaryotes. To place the obtained diversity in a global context, a comparison was
made with amplicon data from forest biomes worldwide. The study sought to
establish and document how Kenyan microbial diversity within forests ecosystem
differs across different ecoregions, unravel its uniqueness compared to northern
hemisphere thus the need to conserve. These forests have not been well studied, the

sampling sites are unique and mostly under government protection.

1.2 Statement of the Problem

Alterations in forest land use are believed to profoundly affect soil microbial
communities over an extended period (He et al., 2017). Because of their sensitivity
to changes in forest land-use, which may result in variations and extinctions of novel
species due to environmental influence, leading to loss of biodiversity, thereby
rendering the ecosystem more susceptible to disturbances and less resilient to

environmental shifts (Romaniuk et al., 2010).

Forest type conversion can induce a great shifts in soil microbial community through
abiotic and biotic factors as well as species makeup, above and below ground litter,
and quality and quantity of soil substrate, which are interconnected with the soil
microbial community (Krashevska et al., 2015) creating complex ecological

interactions that influence the diversity and distribution of prokaryotes.
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Moreover, tree species and composition strongly affect the structure and function of
the microbial communities in soil forest as suggested by (Weand et al., 2010). This is
an indication that, there is a strong relationship between above -and below-ground
processes that can affect the diversity and distribution on the forest soil microbial
communities (Li et al., 2014).

In addition, change in environmental variables like carbon, phosphorus, nitrogen,
climate, soil acidity and vegetation, has also been shown to be a strong influence of
soil microbial diversity and composition (Eldridge et al., 2017). Nonetheless, the
field of forest microbial ecology is firmly established, predominantly relying on
culture-dependent techniques with only limited utilization of molecular methods.
Consequently, there remains a significant gap in our understanding of forest
microbial ecology, despite its potential biotechnological importance.

1.3 Justification of the Study

Forest ecosystems are increasingly being challenged to withstand disturbances and
maintain their functions as the pace of change accelerates due to climate change and
other human activities. Microorganisms play a crucial role in supporting forest
ecosystem functions, and their recovery from disturbances is a key factor in
determining the overall resilience of ecosystems. However, despite the numerous
pressures associated with global environmental change, the impact of multiple
disturbances on microbial community stability and the subsequent effects on

ecosystem functions remain unclear and controversial (Philippot et al., 2021).

Therefore, it is necessary to explore potent soil microbes for efficient nutrient
recycling and to identify eco-friendly alternatives to reduce the use of chemical
fertilizers and their negative impacts. In this context, maintaining soil fertility and
crop productivity through natural microbial diversity could be the best approach to
enhance nutrient bioavailability and improve soil health and productivity (Prasad et
al., 2021).



In addition, forest soil microorganisms react to various impacts of climate change,
such as global warming, elevated CO2 levels, drought, anthropogenic nitrogen
deposition, increased precipitation, and flooding. Addressing these challenges poses
significant difficulties for researchers studying the soil microbiome. This review
highlights the current understanding of how climate change affects living soil
ecosystems in different forest climate-sensitive areas and the implications for
vegetation-soil-climate feedbacks to helps in developing adaptive management
practices to sustain forest health under changing conditions (Meena et al., 2023).
Therefore, this study demonstrates the importance of managing and conserving forest
ecosystems, enhancing soil health, mitigating climate change, and harnessing the

benefits of microbial processes for various applications.

1.4 Research Questions

1. How diverse are the prokaryotic communities and their population structure
within selected forests ecosystem?

2. What is the alpha and beta diversity of prokaryotic communities within
selected forests ecosystem?

3. How does the soil physicochemical parameters affect the prokaryotic
diversity within the selected forests ecosystem?

4. How does the Kenyan soil microbiome differ in reference to other selected

countries around the globe?

1.5 Hypothesis

1.5.1 Null Hypothesis

There is no significant variation in soil prokaryotic population structure within

selected forests ecosystem in Kenya

1.6 Objectives

1.6.1 General Objective



To determine the diversity, distribution and abundance of prokaryotic communities

within the selected forests ecosystem in Kenya

1.6.2 Specific Objectives

1. To evaluate the diversity and population structure of the prokaryotic
communities in the selected forests ecosystem in Kenya.

2. To determine the alpha and beta diversity of prokaryotic communities in the
selected forests ecosystem in Kenya.

3. To assess the effects of soil physiochemical parameters on prokaryotic diversity
within the selected forests ecosystem in Kenya.

4. To assess the uniqueness of soil microbial communities in Kenya compared to

the selected countries around the globe.



CHAPTER TWO
LITERATURE REVIEW
2.1 Microbial Diversity and Soil Functions

Microbes are unit or multicultural microscopic organisms and they are cosmopolitant
in their distribution. They are widely distributed in bodies of living plants, animals,
humans, mountains, water, hot springs, sea and soil (Jakobsson et al., 2014). The
pores and soil aggregates within and around them create microhabitats that support
different microbial communities (Bach et al., 2018). However, the differences in
quantity and chemisty of organic substrates within the macrohabitats are likely to
cause microbial comminity difference (Thies & Rillig, 2012). For instance, more
organic carbon and greater concentrations of less chemically complex and new
organic matter input are contained in large macroaggregates (Kong et al., 2005). The
environmental conditions within and between aggregates such as oxygen
concentration can also vary, resulting in diverse niches that habor different guids of

microoganisms (Stief et al., 2016).

Microbial activity, including the secretion of extracellular substances like
polysaccharides and proteins, helps in soil aggregation and stabilization. This
contributes to soil structure formation, preventing erosion and improving water
infiltration and retention (Ali et al., 2024). They play a key role in nutrient cycling

processes such as decomposition, mineralization, and nutrient uptake by plants.

Diverse microbial communities contribute to the efficient cycling of carbon,
nitrogen, phosphorus, and other essential elements in the soil. They possess a wide
range of metabolic capabilities, enabling them to degrade pollutants and
contaminants in the soil through processes such as biodegradation and
biotransformation (Sahu et al., 2017). However, high microbial diversity can
enhance the resilience of soil ecosystems to environmental disturbances such as
drought, pollution, and land-use changes. Diverse microbial communities are better
equipped to adapt and recover from disturbances, maintaining soil functions and
ecosystem stability (Griffiths & Philippot, 2013).



2.2 Indicators of Soil Conservation

Indicator organisms serve as microbial indicator species of soil quality since these
are very rare organism in the soil. For example, microbes involved in the process of
conducting nitrification are good candidates of indicator microbial species since
there are limited number of microbes that are involved in this process (Vermue et al.,
2013).

The indicator species provide early information in the soil degradation process so as
to assist in land management. This can be done by understanding of soil ecology
through research on all aspects that deal with forest soil as well as broadening the
taxonomic knowledge and relationship between the diversity of soil microorganism
and their ecological role, since there is over a thousand taxa of microorganisms in

each gram of soil (Everard et al., 2020).

2.3 Effects of Land Use on Soil Microbial Diversity

Use of the land can lead to change in soil nutrient cycle and soil microbial activity
through heat,water and other enviromental conditions which can change the soil
microbial community structure (Zhang et al., 2019).Through application of animal
manure and biosolids, wastewater treatment effluent and inappropriate disposal of
unused medicines, antibiotics are introduced into the soil which can alter the
structure and activities of micobial communities and the abundance of antimicrobial
resistance genes (Semedo et al., 2018). It has also been reported to alter microbial
community composition with the cascading effects on net N>O production, for
example when the bacterial: fungi ratio is high as a result of antibiotics exposure

incase the bacteria are selectively inhibited by the antibiotics (Semedo et al., 2018).

2.4 Factors Affecting Soil Microbial Diversity

2.4.1 pH

Soil pH is a measure of the acidity and alkalinity in soils and it ranges from 0-14,
with 7 being nutrial, below 7 acidic and above 7 alkaline (McCauley et al.,

2009).The pH influences soil-dwelling organisms which in turn, affects soil
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conditions and plant health. The slightly acidic conditions are enjoyed by most
plants, earthworms and microorganisms that convert nitrogen into forms that plants
can use (Brady et al., 2008).

2.4.2 Pesticide Effects on Microbial in Soil

Use of insecticides for the purpose of protecting the plants against harmful insects
and to increase the crop yield can also influence the physiochemical properties and
biological properties of soil, which will influence the number and metabolic activity
of the soil microbial communities (Filimon et al., 2015). For example, some
pesticides have depressive effects on microbial like the butachlor which reduce the
population of Azospirillum and aerobic nitrogen fixers in non-flooded soil. However,
some of the pesticides stimulate the growth of the microbes and others do not have
any effect at all, for example carbofuran stimulate increase in the population of
Azospirillium and other nitrogen fixing in flooded and non-flooded soil (Dunivin &
Shade, 2018).

2.4.3 Human Activity

Human agricultural practices like the addition of nitrogen and phosphorus to the soil
beneath grasslands as a source of fertilizer tend to shift the natural coomunities of the
soil microbial, tins may have unintended environmental consequences (Biederman &
Harpole, 2013). The release of high amount of antibiotics into water and soil, creats a

potential threat to all mirooganisms in the environment.

The relative abundance of different microbioal groups such as gram positive and
negative bacterias as well as the overal microbial biomass can be altered when high
amount of antibiotic are released into water and soil, creating a potential threat to all
microoganisms in the environment, since it changes their enzymatic activity and

ability to metabolize different carbon sources (Cycon et al., 2019).



2.5 The Significance of Soil Microorganisms
2.5.1 Role of Soil Microbes on Mineral Metabolism

The most active part of the soil is microbes that play an important role in
transformation and storage of various nutrients as well as decomposition of mineral,
organic matter and release of nutrients (Baldrian Petr et al., 2012). They can be
absorbed by providing a variety of nutrients and role of plant root systems (Sylvia et
al., 2005). Soil microbes have some effects in the agroecosystem, that is; they
promote inorganic element to flow through transformation and promotion of system
metabolic process and they can adjust as well as store soil nutrients since they
contain elements like P, N, and C which are regarded as effective P, N, C source
repositories (Vereecken et al., 2016). Also due to the activities of the soil microbes,
carbon and other mineral nutrient decomposition and cycling in soil ecosystems have
denominated (Chu, 2018).

2.5.2 Role of Soil Microbes in Soil Structure Formation

The soil environment is a complex system that has a variety of small environments
with different chemical and physical gradients as well as discontinuous
environmental conditions. However, soil microbes play an important role in soil
structure formation, in which they adapt to the micro-environment and interact with
the other parts of the soil to produce various interactions (Bickel et al., 2019). For
instance, Actinomycetes produce mycelia that allow soil particles to bind, proving the
content of it dominating in fertile soil than barren soil. In addition, different role of

microbes differ in different soil types (Ding et al., 2013).

The formation of soil structure is brought about by the combination of soil particles
which is as a result of separation of microbes, microbial extracellular
polysaccharides and the soil. Therefore, the formation and production of soil human
is brought about by the activity of organic matter during polymerization process,
which can reduce invasion of soil water for the maintenance of good soil aeration
(Totsche et al., 2018)

10



In addition, some of the soil microbes secrete gums, polysaccharides and
glycoproteins which help in glueing the soil minerals together creating soil structure
which is essential for plant growth.The fungal hyphae and plant roots ensure that soil

aggregates are further boundtogether (Aleklett et al., 2018).

2.5.3 Role of Soil Microbe in Soil Fertility

The different types of soil microbes are specialised in dicomposition of different
types of organic matter lead into conversion of everything into humus, which is a
dark brown-jelly-like substance that help the soil retain mosture and encourages the
formation of soil strucure as well. It also suppresses plant diseases and its molecules
are covered in negatively charged (anion) sites that bind to positively charged ions
(cations) of the plant nutrients hence forming an important componet of soils cation
exchange capacity (Kittredge, 2015).

The soil microbial communities such as bacteria are responsible in increasing soil
fertility and provide nutrients to the soil to help on plant growth. They also soften the
food in the seed, hence very important during the early stages of plant development
in agriculture. Also, there are certain pesticides that give benefits to the crops that are
developed using bacteria, for example; Bacillus thuringiensis (Babalola, 2010).
Further more, farmers depends heavily on certain microbes like bacterias that have
the ability to convert atmospheric nitrogen to ammonia. For example, Rhizobium
bacteria in the roots of legumes.The biological nitrogen fixation contribute to about
60% of the nitrogen fixed on earth as compred to 25% that is manufactured from the
fertilisers used during farming,which is expensive (Shridhar, 2012).

2.5.4 Role of Soil Microbes in Pest and Disease Control

The soil microbes help in pest and diseaes control, for example Bacillus thuringiensis
bacteria ,is useful in control of caterpillar pests of crops and some of its strain are
used in control of beetles and flies. The fungi, for example genus Trichoderma have
has been developed as the biocontrol agents against fungal diseases of the plants,
mainly roots disease (Sundh et al., 2012).
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2.6 Geospatial Data of the Selected Forests Ecosystem

Kenyan forests are located in high potential areas in which more than 70% of the
population is settled (Bleher et al., 2006). Some of these forests are located within
Taita Taveta, Nairobi, Western, Aberdare and Mt. Kenya ecoregions. Mt. Kenya
forest reserve is located to the east of the Great Rift Valley, along Latitude 0’ 10’
south and longitude 37’ 20’ east. It bestrides the equator in the central highland zones
of Kenya and situated in two Forest Conservancies and five forest management
zones. These include; Meru South, Nyeri, Meru Central, Embu in Eastern
Conservancy and Kirinyaga in Central Highlands Conservancy (Kilonzi & Ota,
2019). From this forest the areas of interest were Mt. Kenya Castle Kimunge,

Kyang’ondu, Kinondoni, Sirimon and Mt. Kenya State lodge.

The Aberdare Forest Reserve is located to the east of the Great Rift Valley, between
360 30’ E, 00 05°S and 360 55’E, 00 450S (Kilonzi & Ota, 2019) .It’s situated within
Central Kenya in four counties, which include; Nyandarua, Nyeri, Kiambu and
Murang’a. Its climate ranges is determined by the altitude (Wambugu, 2018). Taita
Taveta region in southern Kenya ,is an area that is rich in biodiversity, comprising
Taita Hills in Chawia, Ngangao and Vuria (Abera et al., 2022).The Hills are part of
the Eastern Arc Mountains, known for their rich endemism, and represent one of the
world’s biodiversity hotspots (Platts et al., 2011). The hilltops are covered with
indigenous evergreen montane forest, forest plantations like Susua plantation,
agroforestry, and croplands (Pellikka et al., 2009). The lowlands are characterized
by Acacia-Commiphora thickets and shrublands, croplands, sisal farming, grassland,
and wildlife conservation areas harboring megafauna like elephants, giraffes, rhinos,
buffalos (Pellikka et al., 2018).

Western region comprised of Londiani junction, Mt. Elgon-Kapsokuong, Kitale
school, Moi Barack’s Eldoret, Eldoret Kapsabet junction, Equator and Kakamega
forest which is the only rainfall forest in Kenya and its notably abundant in
biodiversity but it faces the imminent risk of agricultural encroachment and various
other human activities that pose a threat to its ecological integrity (Otieno & Analo,

2012). This region holds considerable significance in Kenya as it ranks among the
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country’s vital bird habitats, while also serving as an essential source of hub for
adjacent rural communities. These communities greatly rely on the area for a wide
array of natural offerings, including medicinal plants, food sources, timber and
various fibers (Otieno & Analo, 2012). For the Nairobi region, the areas of focus
included Ngubi, Muguga in Kiambu and Ngong hills as shown in Figure 3.1. The hill
is among the few significant wind resource areas near Nairobi (Nordman & Mutinda,
2016).

2.7 Vegetation Cover of the Selected Forests Ecosystem

High number of plant species, legumes, and natural vegetation types tend to support
soil microbial communities with higher function. There is a significant correlation
between the number of cultured bacteria and catabolic diversity of the bacterial

community (Han et al., 2007).

The Aberdare Ranges boast various vegetation zones such as the bamboo zone, the
dense closed-canopy forest area, and the sub-alpine and alpine vegetation regions.
The forest belt extends over a substantial portion of the range, with the majority of it
designated as forest reserves.However, the distribution of vegetation zones and
species is delineated by varying climatic zones and altitudes, primarily distinguished
by differences in vegetation structure, coverage, and composition (Njeri et al., 2018).

Mt. Kenya belongs to the series of volcanoes that occur along the fault lines of the
Rift Valley system. The vegetation is briefly summarized by describing the zonation
from the foothills upwards: Montane rain forests, Bamboo zone, Upper montane
forest, Ericaceous zone, Paramo, and Nival zone (Niemeld & Pellikka, 2004).
Because of abundant rainfall and minimal evaporation in the Taita Taveta forest
ecosystem, the hills nourish rivers and streams that flow into the lowlands. Natural
mist and secondary forests are common in the Taita Hills, alongside Arid and Semi-
Arid Lands (ASAL), which feature grasslands, woodlands, and shrublands hosting
Savannah species (Anyona & Rop, 2022). The Nairobi region boasted dense ground
cover comprising acacia trees, grass, shrubs and mixed forest whereas Weatern
region featured a diverse landscape of mixed forest with indegenous and exotic trees,

rainfal frorest, grassland, planted trees and a variety of mixed forest vegetation.
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Inconclusion, studying microbial diversity involves a range of methods to explore the
vast array of microoganisms inhabiting various environments, for example culture
based method where scientists isolate and culture microbes on various growth media
to study their diversity. It allows for detailed analysis of individual strains, though it
has limitations since many microbes cannot be cultured in laboratory conditions
(Wang et al., 2020).

The molecular techniques like the 16S rRNA sequencing is a method that targets the
conserved 16S ribosomal RNA gene present in bacteria and archaea. By sequencing
this gene, researchers can identify and classify microbes based on their genetic
diversity (Cowan et al., 2022).In addition ,next generation sequencing technique
such as Illumina sequencing, allow for high-throughput sequencing of microbial
DNA, enabling comprehensive analyses of microbial communities in various

environments.

Bioinformatics techniques like phylogenetic analysis which is used to compare
genetic sequences, researchers can reconstruct evolutionary relationships between
different microbial taxa, provinding insights into their diversity and evolutionary
history. The Operational Taxonomic Unit clustering groups similar sequences into
OTUs facilitate the analysis of microbial diversity within samples and alpha diversity
measures the diversity within a single sample whereas beta diversity compares the
diversity between diffent samples, providing insights into community composition
and structure (Tabish et al., 2013).
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CHAPTER THREE
MATERIALS AND METHODS
3.1 Study Site and Sample Collection

This study was conducted as part of a research consortium project that aimed to
conduct a comprehensive survey of soil chemistry and microbiology across various
regional and climatic zones in sub-Saharan Africa at a primary-scale (Cowan et al.,
2022). In Kenya, a microbiome survey of the soils within specific forests ecosystem
(Nairobi region, Taita Taveta region, Western region, Mt. Kenya Forest region and
Aberdare Forest region) was conducted, targeting forest regions for the study
(http://kws.go.ke/content/overview-0). Each sampling site was carefully documented
capturing data such as GPS location, elevation, vegetation present during sample
collection, slope, general soil characteristics and site description. ArcGIS 10.8.1
(Environmental Systems Research Institute software application, 2020) was used to
visualize and display the sample sites (Figure 3.1). The distribution and

characteristics of the selected forests used in this study are summarized in Table 3.1.
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Figure 3.1: Kenyan Forest Sites Where Soil Samples Were Collected.

The samples are indicated sequentially from K5 to K77 within the map. The point of

interest represents each sampling site.
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Table 3.1: Parameters of Sampling Sites Analyzed in this Study

Sample Forest Ecosystem Latitude (S) Longitude (E) Elevation (m) Vegetation (Time of Sampling) General site Description Weather (Time of Sampling)

K5 Chawia — Inside S03°29°09.42° E038°20°44.0° 1565 Highland mountain forest Dense forest Light shower, foggy and cloudy

K6 Chawia-periphery S03°28°55.42° E038°20°47.0° 1605 Busy plus pine trees Litter from pine, organic Drizzling, cloudy, foggy

K7 Susu plantation S03°26°31.7° E038°20°15.3” 1671 Eucalyptus plantation & wattle trees Red soil Thick clouds-foggy

K8 Ngangao — lower S 03°22°17.0° E038°20°34.0° 1760 Montane-Tropical Thick ground cover Over cast

K9 Ngangao — Upper S$03°22°19.2° E038°20°25.5° 1812 Mixed pine, Cyprus & indigenous tree Heavy litter from needle leaves Cloudy

K10 Vuria S 03°24.316° E038°20°17.66 1802 Montane Thick ground cover Sunny plus cloudy

K15 Ngubi S 01°05.769 E036°36.441° 2226 Thick ground cover, mixed forest Thick ground cover Cloudy, dry and cold

K16 Longonot S 00° 52.088’ E036°29.040° 2171 Acacia, grass and shrubs Gullies, eroded soil Windy, dry and sunny

K18 Londiani junction S 00° 10.078’ E035°39.254° 2435 Mixed forest Hilly with forest Cool and cloudy

K21 Kakamega 0°17°43.5°’N 34°46°24.2°E 1582 Rain forest Natural forest Cool and wet

K23 Arbadare - Kihinganda S 00° 42.893° E 036°44.805' 2700 Bamboo forest Thick litter -Bamboo leaf cover Cloudy, Cool and Wet

K24 Mt. Elgon-  NO0°51.49° E 034°42.10' 2069 Mixed forest with indigenous exotic trees  Hilly, rocky slopes and valleys Rainy
Kapsokwony

K25 Kitale School S0°59” 43.6'N 35°00°13.8’E 1914 Planted forest School and firming activities Sunny

K26 Moi Barracks Eldoret 0°37°56.2’N 35°10°24.5°E 1988 Grass land Rock with natural grasses Cloudy, Windy and dry

K27 Eldoret-Kapsabet N00° 08°28.4° E035°28°00.4> 2511 Natural forest Forest with native trees Cloudy and wet
junction

K28 Equator Londiani N0°00°00.0 E035°32°05.6° 2487 Mixed exotic Highly depleted forest Cloudy and Rainy

K29 Muguga — Kiambu S01°12.835 E036°38.549° 2036 Forest Thick ground cover Cloudy

K33 Aberdare Pesi - S00°06.055' E 036°32.189' 2499 Very thick natural forest with thick shrub ~ Thick indigenous vegetation Cool and cloudy
Ndaragwa

K34 Aberdare Tosha Forest S 00° 27.740' E 036°50.563' 2302 Indigenous forest Thick vegetation Cool evening’

K35 Mt. Kenya-Castle S 00° 24.490' E 037°18.682' 1894 Forest mountain ecosystem Thick ground and forest cover Rainy, cloudy and foggy
Kimunge

K36 Mt. Kenya - Irangi S 00° 20.832’ E 037°28.929' 2002 Indigenous mixed Thick ground cover Raining

K37 Mt. Kenya - S00°18'48.0" E 037°36'00" 1622 Indigenous mixed forest Invasive shrub Worm, cloudy and wet
Kyang'ondu
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K38
K39
K40

K42
K63

K66
K70

K71

K77

Mt. Kenya- Kinondoni
Mt. Kenya -Kinondoni

Mt. Kenya -
Kinondoni

Mt. Kenya - Sirimon
Aberdare-Githika
block

Mt. Kenya- state lodge
Ngong hills  nature
reserve

Ngong hills  Corner
Baridi

Menengai crater

S 00° 09.683°
S00°10.33°
S 00° 12.250°

$00°00.16’
S 00°45.020°

S 00° 19.089°
S 01°23.763’

S 01°26.842°

S 00°13.397°

E 037°26.769"
E 037°27.157"
E 037°29.658'

E 037°15.34'
E 036°47.879'

E 037°08.900'
E 036°38.254'

E 036°38.682'

E 036°03.010'

2950
2845
2363

2718
2368

2216
2394

2194

2056

Moorland Rose wood trees
Bamboo forest

Transition based

Thick bush-mixed shrub

Indigenous forest

Mountainous forest with podo tress

Shrubs and tall trees

Forest, grass & shrubs

Crater-shrubs patching on rocks

Grassy-moorland
Bamboo

Bushy - base of forest succession

Thick ground Cover
Thick forest

Thick forest
Grassy

Grassy and shrubs

Grass and bushes rocky volcanic

Rain showers, foggy and cloudy
Raining, cloudy and Foggy
Raining, cloudy and foggy

Cloudy and dry

Cool and Wet cloudy evening

Sunny, Cool-clean sky
Sunny, windy, clear sky

Sunny, windy, clear sky

Cloudy cool evening
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The sampling process involved retrieving four separate topsoil samples, each
weighing 200 grams, from a depth of 0-5 centimeters, at approximately 50 meters
apart within each site (Figure 3.2). To create each working sample, a composite of
four pseudo-replicate samples, each weighing 50 grams, was collected from the
corners of a one square meter virtual quadrant. Subsequently, each sample was
carefully placed in a separate Whirl Pak bag, labeled accordingly, and stored at 4°C

for both nucleic acid extraction and soil physiochemical analysis.

These samples were later categorized into specific regions based on their
geographical location on the Kenyan map as follows: Aberdare (Sample K23, K33,
K34, K63 and K77); Mt. Kenya (K35, K36, K37, K38, K39, K40, K42 and K66);
Nairobi (K15, K16, K29, K70 and K71); Taita Taveta (K5, K6, K7, K8, K9 and
K10) and Western region (K18, K21, K24, K25, K26, K27 and K28).
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Figure 3.2: Sketch Showing Sample Collection Strategy
3.2 Soil Physicochemical Characteristics

Soil physicochemical characteristics (Table 4.1) were analyzed following the
manufacturers procedure as outlined by AgriLASA (2004) protocol. Soil pH was
measured using the slurry method at a soil -to-water ratio of 1:2.5, and the pH of the
resulting supernatant was recorded using a calibrated bench top pH meter (Crison
Basic, +20, Crison, Barcelona, Spain). The concentrations of soluble and
exchangeable sodium (Na), potassium (K), carbon (C), magnesium (Mg), and
phosphorus (P) were determined using Mehlich 3 test (Mehlich, 1984). The
quantification of extractable ion concentration was carried out using high-
performance Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES)
instrument called SPECTRO Genesis manufactured by SPECTRO Analytical
Instruments GmbH & Co. KG from Germany, (Asgc1 et al., 2015). The soil particle
size distribution (sand/silt/clay percent) was determined using the Hydrometer
method (Bouyoucos, 1962). Total nitrogen (TN) and soil organic carbon (TOC) were
measured using the catalyzed high temperature combustion method, specifically the
Dumas method (Bremner, 1996). The Enhanced Vegetation Index-2 (EVI2) was
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obtained from the NASA Land Processes Distributed Active Archive Center’s (LP
DAAC) VIIRS Vegetation Indices dataset (Didan, 2018) with a resolution of 500

meters.
3.3 Prokaryotic DNA Extraction and 16srrna Gene Sequencing

Total DNA was extracted from soil samples using the DNeasy PowerSoil Kit
(QIAGEN, USA) following the manufacturer's instructions with slight modifications.
Before the final elution step, the elution buffer C6 was pre-heated to 55°C for 10
minutes, and the DNA was eluted using 70 pl of the elution buffer. Subsequently,
DNA concentration and purity were assessed using the Nanodrop 2000 (Thermo
Fisher, USA). Sequencing of the V4/V5 16S rRNA gene was carried out using the
515F (5-GTGYCAGCMGCCGCGGTAA-3) and 909R (5™
CCCCGYCAATTCMTTTRAGT-3’) primers, following a method described
previously (Caporaso et al., 2012; Cowan et al., 2022). Prior to library preparation,
the target regions were amplified using the Hot Star Tag Plus Master Mix Kit
(Qiagen, USA), and purification was conducted using calibrated Ampure XP beads
(Beckman Coulter Life Sciences, USA). Sequencing of the pooled samples were
carried out at MR DNA laboratory (www.mrdnalab.com, Shallowater, TX, USA)
using MiSeq 2 x 300 bp V3 instrument following the guidelines provided by the

manufacturer.
3.4 Sequence Analysis and Taxonomic Classification

The raw amplicon sequence reads obtained were filtered, trimmed, and clustered into
unique amplicon sequence variants (ASVs) using the QIIMEZ2 pipeline (Dacal et al.,
2022). Briefly, raw sequences were demultiplexed, quality checked and a feature
table constructed using Divisive Amplicon Denoising Algorithm 2 (DADAZ2)
pipeline (Callahan et al., 2016) within QIIME2 (Bolyen et al., 2019). The raw
sequences were denoised and chimeras removed. Sequences that were less than 200
base pairs in length after phred20- base quality trimming, as well as those containing
ambiguous base calls and homopolymer runs exceeding 6 base pairs, were excluded
from the analysis. Both forward and reverse reads were truncated at 324 base pairs.

Denoising statistics were calculated and representative sequences were selected to
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create the ASVs feature table. A total of 1,944,316 high quality sequence reads were
obtained, which were then clustered into 41,901 ASVs at 3% genetic distance
threshold. Representative sequences were aligned using MAFFT program
(Rozewicki et al., 2019) and highly variable regions were masked to reduce the noise
during phylogenetic analysis (Katoh et al., 2013). Phylogenetic tree was created and
rooted at midpoint on QIIME2 to help in downstream analysis. Taxonomic
classification of ASVs was done using QIIME feature-classifier (Bolyen et al., 2019)
against the untrained SILVA 138.1 (release 2022.2) (McLaren et al., 2021; Quast et
al., 2012). Demultiplexed high-quality sequence reads were curated and deposited in
the National Centre for Biotechnology Information (NCBI) Sequence Read Archive
(SRA), as BioProject ID: PRINA851255 and study accession numbers are available
for download at http://www.ncbi.nlm.nih.gov/bioproject/851255.

3.5 Data Processing of Amplicon Datasets from Other Countries

Sequence datasets from selected forests around the globe were downloaded from
publicly available databases (accession numbers at Table 3.1) and processed using
the QIIME2 pipeline as described above. Raw reads from the downloaded datasets
spanned the 16S rRNA gene hypervariable regions v3-v4, v4, and v4-v5, depending
on the study. To keep the sample sizes between countries comparable, a subset of
between 28 to 30 samples was chosen for each dataset (This was based on Kenyan
sample size 31(+ or -3). To accommodate the variable quality scores of the different
datasets, quality threshold was set to 20 and all reads were truncated at 220 bps.
After DADAZ2 processing, the resulting representative sequence file and ASV table
were merged with the Kenyan dataset. Read counts for the combined dataset ranged
from 10877 to 346157 reads (Figure 3.3). The merged representative sequence file
was taxonomically annotated using the un-trained SILVA database 138.1 (release
2022.2), (McLaren et al., 2021; Quast et al., 2012).
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Table 3.2: Accession Numbers from Publicly Available Databases of Different

Countries
Dataset
Number of

Bio project Country samples Reference
PRINA3150
18 Canada 30 https://doi.org/10.1093/femsec/fiw239
PRINA4310
64 China 30 https://doi.org/10.3389/fmich.201
PRINA7015 Czech
65 Republic 30 https://doi.org/10.1111/ele.13896
PRJEB38904 Estonia 30 https://doi.org/10.3389/fmicb.20
PRINA8236 https://www.ncbi.nlm.nih.gov/bioproject/?term=PRIJNA8
43 Finland 30 23643
PRINA2918
12 Kenya 31 https://doi.org/10.5281/zenodo.7827432 (This study)
PRINA5125
31 New Zealand 30 https://doi.org/10.1111/1462-2920.14792
PRINA5954
88 Switzerland 28 https://doi.org/10.3389/ffgc.2020
PRINA3088
72 USA 30 https://doi.org/10.1111/1462-2920.14303
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Figure 3.3: Read Counts for the Combined Dataset of Sequences Downloaded

from Publicly Available Databases.
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3.6 Statistical Analysis

ASVs table and associated metadata were exported from QIIME2 and imported to
RStudio for modification for analysis with the phyloseq package (version 1.36.0) in
RStudio (McMurdie & Holmes, 2013; Team, 2013). The taxonomy table was merged
with the feature table, and the relative abundance and bar plots were plotted using the
ggplot2 package (version 3.3.5) (McMurdie & Holmes, 2013; Team, 2013). The
normality of the dataset was first tested with the Shapiro-Wilk test (Royston, 1982).
The Kruskal-Wallis Rank Sum test (Hollander & Wolfe, 1973) was subsequently
used to calculate the significance of mean differences in soil variables between forest
soil samples (adj. p. value = 0.07176). Tukey post hoc analysis test (Armstrong &
Hilton, 2004) were used to compare significant differences between regions where
soil environmental variables were normally distributed (adj. p. value = 0.001657).

Significant differences in soil physicochemical characteristics were calculated using
the stats package version 3.6.2 (Team, 2021) in RStudio version 4.0.3 (RStudio,
2020). The distribution of soil physiochemical variables across different forest sites
was calculated on log-standardized data using the “decostand” function (Venables &
Ripley, 2002) from vegan package version 2.5.7 (Jari et al., 2020), which performs
principal component analysis of the data (PCA) (Venables & Ripley, 2002). The
resulting distance matrix between samples was plotted in a PCA plot, with the
projected direction and magnitude of the distribution for each variable plotted in a
separate loading plot. The hmisc (version 4.5) package (Team, 2021) was
subsequently used to evaluate Pearson correlations (Hollander & Wolfe, 1973)
between variables (adj. p-value < 0.01), which were plotted as a bubble graph using
the corrplot (version 0.9) package (Team, 2021).Biodiversity metrics (alpha
diversity) and community structure dissimilarity (beta diversity) were calculated
using the vegan (version 2.5.7) (Jari et al., 2020) and phyloseq (version 1.16.2)
(McMurdie & Holmes, 2013) packages in RStudio. Observed richness, Inverse
Simson (Chao et al., 2014) and the Shannon indexes (Shannon, 1949) were used as
metrics for alpha-diversity (Chao et al., 2014). The prokaryotic ASV table was split
into Archaea and Bacteria using the “subset taxa” function in phyloseq before

calculating the diversity indexes. Differences in alpha-diversity between designated
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regions were assessed as described for the soil physicochemical variables. Beta-
diversity index of each soil sample was calculated from the log-transformed ASV
tables using the “vegdist” function in vegan, based on Bray-Cutis distance estimation
method (Bray & Curtis, 1957). Ordination of the beta-diversity scores was plotted on
a principal component analysis plot (PCoA) (Jolliffe, 2002), and the significance of
beta-diversity dissimilarity between forest regions was calculated using
Permutational Mult ivariate Analyses of Variance (PERMANOVA) (Anderson,
2005) with 999 permutations. Comparison of beta-diversity distribution between the
samples of different countries datasets was also performed using the methodology

described above.

The environmental drivers of prokaryotic community structure were estimated by
Redundancy analysis (RDA) (McArdle & Anderson, 2001). The soil physiochemical
dataset was z-score standardized and tested for multicollinearity using the “vif”
function from the car (version 3.0.11) package (Dormann et al., 2013). The best
models for explanatory variables were calculated using forward step-wise regression
model selection method with the ordistep () function in the vegan package, with 1000
permutations, and significant variables with vif values above 10 were removed. The
significance of the best fitted models and each predictor variable in the model were
calculated using the ANOVA permutation test, (Legendre et al., 2011) with 1000
permutations. The relative taxonomic abundances of prokaryotic taxa were compared
between regions using Linear Discriminant Analysis (LDA) effect size (LEfSe)
algorithm (Segata et al., 2011) for high-dimensional biomarker discovery and
explanation of differentially abundant organisms. This analysis was implemented
using the package Microbiome Marker in RStudio (Cao et al., 2022) . Differences
were analyzed using Kruskal-Wallis sum-rank test (Kruskal & Wallis, 1952) to
detect significant differentially abundant taxa at genus level (adj. P value=
0.011541). The biological consistency was investigated using a set of pairwise tests
among genera using the Wilcoxon rank-sum test (Mann & Whitney, 1947)
(Wilcoxon, 1945), with an LDA threshold of 2. The same LDA method was used to

detect differently abundant taxa across the country datasets.
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3.7 Ethical Approval

Research authorization was obtained from the National Commission for Science,
technology and Innovation (NACOSTI)) and permission to conduct research in the
selected forests ecosystem, Access Permit, and Export Permit was obtained from the
Kenya Wildlife Service (KWS) and National Environmental Management Authority
(NEMA) while phytosanitary certificate was obtained from Kenya Plant Health
Inspectorate Authority (KEPHIS) (Appendix 1V, V, VI & VII).
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CHAPTER FOUR

RESULTS

4.1 Soil Physicochemical Properties for the Different Sites

In this study, prokaryotic community composition was assessed in 31 soil samples
collected from the selected forests ecosystem in Kenya. Soil physicochemical
properties and macro-environmental variables were used to interpret the microbial
community composition variations. The soil sample with the highest acidity was
from site K23 in the Aberdare region (Aberdare Forest, Gatare). Conversely, the
majority of the Taita Taveta area exhibited high acidity, except for site K10 (Vuria).
In contrast, the Nairobi, Western, and Mt. Kenya regions had alkaline soils, with the
sample from site K66 at Mt. Kenya being the most alkaline (Table 4.1).

The nutrients present in the sampling sites included C, K, Ca, Mg, Na, P, Mn, Fe,
and Al. Different sites exhibited high concentrations of various nutrients: site K33
had the highest carbon concentration at 8.31%; site K23 had a potassium
concentration of 21.06 Mg/Kg; site K25 had a calcium concentration of 85.68
Mg/Kg; site K7 had magnesium and sodium concentrations of 54.70 Mg/Kg and
23.63 Mg/Kg, respectively. Additionally, site K38 had a phosphorus concentration of
25.99 Mg/Kg; site K29 had a manganese concentration of 350.37 Mg/Kg; site K9
had an iron concentration of 34.20 Mg/Kg; and site K23 had an aluminum
concentration of 1938.67 Mg/Kg (Table 4.1). The various soil types—sand, silt, and
clay—were identified in different sampling sites with specific percentage
distributions. For example, sample K8 was composed of 92% sand, sample K29
contained 43% silt, and sample K28 consisted of 24% clay (Table 4.1).
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Table 4.1: Soil Physiochemical Characteristics as an Influence to Soil Prokaryotic Communities

Sample No. pH C% K (mg/kg) Ca(mg/kg) Mg (mg/kg) Na(mg/kg) P (mg/kg) Mn (mg/kg) Fe(mg/kg) Al(mg/kg) Sand (%) Silt (%) Clay (%)
K5 4.09 5.37 2.38 74.64 21.29 1.70 17.58 65.20 187.56 769.48 83 2 15
K6 453 3.13 249 77.15 18.40 1.97 9.63 15.18 218.82 1097.39 72 14 14
K7 3.75 4.96 14.75 6.91 54.70 23.63 3.82 8.79 201.52 1429.14 84 5 11
K8 497 2.85 1.66 82.59 14.81 0.93 9.62 39.50 110.16 942.03 92 2 6
K9 4.17 5.32 2.33 74.26 20.90 2.51 4.94 18.44 341.20 1202.48 89 2 9
K10 6.41 2.67 491 71.29 23.28 0.51 10.71 44.89 75.80 640.78 62 19 20
K15 6.33 2.61 6.65 76.27 16.57 0.51 1.36 142.45 105.12 382.72 32 47 20
K16 6.57 0.67 12.83 70.34 14.78 2.04 2.70 9.23 110.34 399.06 77 11 12
K18 6.23 2.2 6.02 75.03 18.05 0.89 1.45 170.62 112.95 527.64 40 41 20
K21 5.96 451 0.96 82.71 16.02 0.31 1.81 122.55 76.39 372.02 65 20 15
K23 3.42 6.57 21.06 41.49 23.80 13.65 11.28 7.17 251.99 1938.67 84 1 15
K24 6.41 2.15 2.67 71.36 25.59 0.37 2.50 71.90 85.08 370.97 56 23 21
K25 6.43 247 2.83 85.68 11.05 0.44 8.55 65.51 53.99 378.77 77 9 14
K26 5.72 1.66 8.70 60.74 29.32 1.25 1.81 125.35 68.75 782.02 50 29 21
K27 6.14 273 7.87 66.02 25.60 051 3.12 99.06 62.64 537.71 42 36 23
K28 5.01 3.09 7.95 71.40 19.87 0.78 6.30 152.00 100.63 853.52 34 42 24
K29 6.57 277 4.50 81.17 13.98 0.35 0.70 350.37 74.19 419.71 39 43 18
K33 6.84 8.31 453 70.65 24.57 0.25 9.94 142.83 56.18 207.55 63 17 20
K34 4.39 6.29 5.81 70.89 22.04 1.26 16.67 69.88 124.25 1680.56 75 5 20
K35 461 55 6.59 62.08 29.49 1.83 10.02 22.39 77.24 1890.99 63 22 15
K36 3.92 5.62 9.57 66.57 21.86 2.00 9.57 228.86 134.02 1395.40 72 7 21
K37 5.2 3.07 4.46 57.30 37.88 0.35 4.67 60.10 70.50 693.72 68 11 21
K38 5.37 3.48 5.92 81.86 11.64 0.58 25.99 41.91 145.38 959.44 67 15 18
K39 5.29 6.42 5.47 79.91 13.01 1.60 4.42 36.97 94.31 1705.09 58 20 21
K40 39 6.43 30.77 42.83 14.05 12.35 8.02 12.32 46.60 2196.58 46 30 24
K42 6.69 6.13 4.13 72.20 23.31 0.35 1.43 149.20 69.00 44151 18 68 14
K63 4.25 6.54 3.97 78.09 16.38 157 17.58 67.79 276.99 1634.29 60 6 34
K66 6.84 3.74 3.97 84.08 11.63 0.31 12.37 248.79 88.58 283.82 44 32 24
K70 6.37 4.14 4.89 75.33 19.29 0.50 42.17 119.14 120.74 820.01 32 45 23
K71 6.83 3.25 6.73 76.79 16.07 0.40 92.35 256.12 97.02 459.00 25 45 30
K77 6.56 478 3.82 81.52 13.60 1.05 0.65 26.90 155.65 1496.84 27 54 19
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4.2 Data Preprocessing

After demultiplexing, quality filtering, denoising and removal of potential chimeras,
a total of 1,944,316 high quality sequence reads (non-chimeric sequences) were
obtained from soil samples collected from selected forests ecosystem. Samples from
Mt. Kenya had the highest number of reads at 522,111, followed by Taita Taveta
with 487,935 reads, the Nairobi region with 337,373 reads, Western with 301,478
reads, and the least reads were from Aberdare, totaling 295,419. The number of input
sequences, filtered sequences, denoised sequences and non-chimeric sequences were

distributed into samples as shown in table 4.2.

Table 4.2: Distribution of High-Quality Sequences across Samples

Sample ID Raw Filtered % Raw Denoised Non- %non-
Sequences Sequences sequences Sequences  chimeric chimeric
passed filter Sequences  Sequences
K5 85544 82110 95.99 77410 74672 87.29
K6 100448 96249 95.82 90867 88435 88.04
K7 104387 99545 95.36 94723 90394 86.6
K8 135276 129263 95.56 121284 117657 86.98
K9 35826 34261 95.63 30605 29521 82.4
K10 101060 96677 95.66 88697 87256 86.34
K15 90273 86144 95.43 79542 77702 86.07
K16 101571 96597 95.1 89780 86921 85.58
K18 95254 91285 95.83 83651 82204 86.3
K21 72391 69314 95.75 63903 63156 87.24
K23 37053 35455 95.69 32700 31646 85.41
K24 14548 13939 95.81 11732 11698 80.41
K25 39688 38239 96.35 34262 33782 85.12
K26 53593 51315 95.75 46834 45988 85.81
K27 41098 39524 96.17 35201 34857 84.81
K28 35407 33986 95.99 30310 29793 84.14
K29 44352 42547 95.93 38381 37816 85.26
K33 76113 72845 95.71 66479 64809 85.15
K34 70828 68119 96.18 62753 61451 86.76
K35 78327 75057 95.83 69679 67789 86.55
K36 82735 79092 95.6 74393 72684 87.85
K37 67238 64513 95.95 59151 58228 86.6
K38 67270 64701 96.18 59080 57676 85.74
K39 79895 76792 96.12 70896 68584 85.84
K40 74286 70944 95.5 65794 63811 85.9
K42 76805 73794 96.08 67885 66581 86.69
K63 75786 72599 95.79 66384 63772 84.15
K66 76729 73562 95.87 67903 66758 87
K70 83146 79712 95.87 73125 71360 85.82
K71 74810 71467 95.53 66249 63574 84.98
K77 87659 84347 96.22 75675 73741 84.12
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These were clustered into 41,901 ASVs at 3% genetic distance. Composition and
diversity assessment of prokaryotic communities within the selected forests’
ecosystem displayed Vuria and Ngangao forests in Taita Taveta to harbor the highest
number of ASVs, 1838 and 1832 respectively. These were followed by samples
collected from Menengai Crater (1795), Londiani junction (1720), and Longonot
forest with 1648 ASVs (Table 4.3). Soils displaying the lowest number of ASVs
included Mt. Elgon Kapsokwony with 386, Aberdare-Kihinganda (639), Ngangao
upper forest (720), Kitale School (780) and Equator Londiani with 839 ASVs (Table
4.3).

4.3 Taxonomic Composition of Prokaryotic Taxa within Selected Forest

Ecosystems.

Composition and diversity assessment of prokaryotic communities within the selected
forests ecosystem displayed the 41,901 ASVs obtained from the high-quality
sequences to comprise of Bacteria (83.41%), Archaea (14.58%) and unassigned
phylum which scored 2.08% (Appendix 1). This suggests that members of bacterial
kingdom are the most abundant taxa within the selected forests ecosystem.
Taxonomic classification of the obtained ASVs were assigned to a Kingdom, 2
Phyla, 120 Classes, 280 Orders, 450 Families, 873 Genera and 2313 Species within
selected forests ecosystem (Table 4.3).

4.4 Bacterial Taxonomic Composition

To evaluate the diversity and population structure of the prokaryotes between the
different forest areas, linear discriminant analysis (LDA) effect size (LEfSe) was
used to detect prokaryotic taxa that were differentially abundant within and between
soil samples. In a comparison of samples from the five forest regions (Aberdare, Mt.
Kenya, Nairobi, Taita Taveta and Western), several taxa were identified as
differentially abundant (P adj.= 0.001998): 6 genera(Acidibacter, Burkholderia-
Caballeronia-Paraburkholderia,RCP2-54, Reyranella, RB41 and Occallatibacter) in
Taita Taveta, 4 (RB41,Rubrobacter,Gaiella and Acidibacter )in Nairobi,
3(Reyranella, Acidibacter and Burkholderia-Caballeronia-Paraburkholderia ) in Mt.

Kenya, 2 (Burkholderia-Caballeronia-Paraburkholderia and Acidibacter) in
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Aberdare region and RB41 in Western (Figure 4.1 a). The genus Acidibacter was
over-represented in Taita forest soils, possibly due to the acidic soil pH observed in
this region. RB41 was over-represented in western and Nairobi region.
Burkholderia-Caballeronia-Paraburkholderia taxa, which typically have a very
broad ecological diversity and metabolic versatility were the most abundant in
Aberdare Forest soils, while Reyranella was the most abundant in Mt. Kenya region
soil samples (Figure 4.1a).
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Figure 4.1 a and b: Lefse Plot at the Last Known Taxon of Prokaryotic
Communities within Soil Samples Collected from Selected Forest Regions. a
represents LEfSe analysis of Bacterial communities while b represents LEfSe
analysis of Archaea communities within soil samples collected from the five regions
in Kenya. The bars represent the effect size (LDA) for a particular taxon in each
forest region. The length of the bar represents a log10 transformed LDA score. The
colors represent the group in which that taxon was found to be more abundant
compared to the other groups. f _indicates that the ASV was not able to be classified

to a family while g indicates that the ASV was not able to be classified to a genus.

Bacterial groups were the most abundant within the forest’s ecosystem comprising of
34 Phyla (Appendix 1). These were further grouped into 104 Classes, 255 Orders,
418 Families, 835 Genera and 2238 species. Analysis of Bacterial diversity in forest
soil samples indicated the presence of 34 phyla, of which 12 were dominant (i.e.,
represented by >1% of ASV reads in at least 87% of the samples) (Figure 4.2a). The
most abundant of these was Proteobacteria (30.3% mean relative abundance),
followed by Acidobacteriota (23.4% mean relative abundance) and Actinobacteria

(13.1% mean relative abundance) (Figure 4.2a). Other major bacterial phyla included
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Myxococcota, Gemmatimonadota, RCP2-54, Firmicutes, Methylomirabilota, WPS-2,
Nitrospirota and the unknown bacterial phylum among others as shown in Figure
4.3.
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Figure 4.2 (a and b): Mean Relative Abundances of Prokaryotic Phyla across
Forest Soil Samples, together with the Number of Samples in which they Were
Identified (a- Bacteria) (b - Archaea). The phyla with mean relative abundance

scoring >1% and above red dashed line are dominant.
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Figure 4.3: Feature Prevalence of Major Bacterial Phyla within Soil Samples Collected from Selected Forests Ecosystem in

Kenya.
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Table 4.3: Distribution of High-Quality Sequences, ASVs and Prokaryotic Taxa within the Selected Forest Ecosystems

High

Sample Ecosystem quality '2‘%\2 Taxonomic classification Uncultured Top 3 Most abundant taxa at family level
sequences Phylum Class Order Family Genus Species néténﬂge
K5 Che_1W|a T 74672 1314 30 54 120 175 280 500 78 Amdopacterlae: Subgroup_2:Subgroup_2, Xanthobacteraceae
Inside and Nitrososphaeraceae.
K6 Chz_ina- 88435 1519 30 60 131 207 345 614 95 Xanthobacteraceae, Acn_dobacterlae: Sgb_group_Z:Subgropp_Z
periphery and Gammaproteobacteria_Incertae_Sedis: Unknown_Family.
Susu Acidobacteriae: Subgroup_2:Subgroup_2, Xanthobacteraceae
K7 plantation 90394 1174 30 %5 109 157 250 436 I8 and Gammaproteobacteria_Incertae_Sedis:Unknown_Family.
K8 Ngangao - 117657 1832 35 75 157 231 382 768 150 Xanthopacteraceae, Nitrososphaeraceae and
lower Chthoniobacteraceae.
Noanoao - Xanthobacteraceae,
K9 Ug e? 29521 720 25 45 99 143 226 364 67 Gammaproteobacteria_Incertae_Sedis:Unknown_Family  and
PP Acidobacae: Subgroup_2: Subgroup _2.
K10 Vuria 87256 1838 33 74 164 257 432 863 117 Nitrososphaeraceae, Xanthobacteraceae and Chitinophagaceae.
. Chthoniobacteraceae, Xanthobacteraceae and
K15 Ngubi 77702 1566 32 67 140 216 359 704 105 Chitinophagaceae.
Nitrososphaeraceae, Chthoniobacteraceae and
K16 Longonot 86921 1648 26 59 139 211 345 678 109 Chitinophagaceae.
K18 !_ond'lanl 82204 1720 3 71 156 235 402 808 107 Nitrososphaeraceae, Chthoniobacteraceae and
junction Xanthobacteraceae.
K21 Kakamega 63156 1213 31 66 139 209 326 622 86 Xanthobacteraceae, Nitrososphaeraceae, Chitinophagaceae
Arbadare - Acidobacteriae:Subgroup_2:Subgroup_2,  Xanthobacteraceae
K23 Kihinganda 31646 639 23 46 %0 113 164 265 49 and Gammaproteobacteria_Incertae_Sedis:Unknown_Family
K24 Mt Elgon - 11698 386 2 46 88 127 185 280 53 ngthobgoteraceae, Vicinamibacterales:  uncultured and
Kapsokwony Vicinamibacteraceae.
K25 SKcILac:gl 33782 780 24 55 114 175 274 487 54 Flavobacteriaceae, Xanthobacteraceae and Chitinophagaceae.
Moi .
K26  Barracks 45988 1000 26 51 111 171 289 502 86 Chthoniobacteraceae, Xanthobacteraceae and
Chitinophagaceae.
Eldoret
Eldoret- Xanthobacteraceae Chitinophagaceae and
K27  Kapsabet 34857 919 24 53 114 176 296 540 78 : ' phag
. - Chthoniobacteraceae.
junction
K28 Equat_or ) 29793 839 o4 50 107 171 297 498 80 Xanthopacteraceae, Chitinophagaceae and
Londiani Chthoniobacteraceae.
K29 mgﬁfgj T 37816 904 26 57 117 179 286 508 80 Nitrososphaeraceae, Xanthobacteraceae and Chitinophagaceae.
K33 Aberdare 64809 1370 28 63 141 211 353 698 102 Xanthobacteraceae, Nitrososphaeraceae and Chitinophagaceae
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High

Sample Ecosystem quality x%\?; Taxonomic classification Uncultured Top 3 Most abundant taxa at family level
sequences Phylum  Class Order Family Genus Species néténﬂge
Pesi -
Ndaragwa
K34 Aberdare 61451 1292 34 62 131 198 318 595 86 Xantho_bgcteraceae, Acidobacteriae: Subgroup_2:Subgroup_2
Tosha Forest and Chitinophagaceae.
Mt. Kenya - Xanthobacteraceae Acidobacteriae: ~ Subgroup_2  and
K35 Castle 67789 1355 30 66 136 205 342 620 87 - e : =
: Acidobacteriales:uncultured
Kimunge
K36 Mt. Kenya - 72684 1254 27 50 110 165 282 507 84 Xa_nthobactgra?eae, Amdf)bacterlales: uncultured  and
Irangi Acidobacteriae: Subgroup_2:Subgroup_2
K37 Mt. K?nya " 58228 1285 30 61 132 210 353 659 9 Xanthobacteraceae, Chitinophagaceae and Vicinamibacterales:
Kyang'ondu uncultured.
Mt. Kenya - Xanthobacteraceae, Chitinophagaceae and
K38 Kinondoni 57676 1305 33 70 141 216 347 682 89 Chthoniobacteraceae.
Mt. Kenya - Chitinophagaceae, Xanthobacteraceae and Acidobacteriae:
K39 Kinondoni 68584 1493 35 68 150 223 361 696 92 Subgroup_2:Subgroup, 2.
K40 Mt. Kenya - 63811 1238 34 75 138 193 304 531 81 Audob_acterlae:$ubgroup_2:$ubgroup_2, Xanthobacteraceae
Kinondoni and Acidobacteriales:uncultured
K42 I\/_It:Kenya © 66581 1408 28 56 127 206 368 702 97 Xanthopacteraceae, Chitinophagaceae and
Sirimon Chthoniobacteraceae
A.’b%dafe Acidobacteriae:Subgroup_2:Subgroup_2,  Xanthobacteraceae
K63 Githika 63772 1147 31 61 124 184 295 523 80 4 Acidob = les: —I' d =
block and Acidobacteriales:unculture
Mt.Kenya- Xanthobacteraceae, Nitrososphaeraceae and
K66 state lodge 66758 1204 27 62 133 203 321 606 92 Vicinamibacterales:uncultured
Ngong hills
K70 nature 71360 1321 26 61 131 200 347 436 95 Xanthobacteraceae Chitinophagaceae Nitrososphaeraceae
reserve
Ngong hills
K71 Corner 63574 1183 27 55 131 202 331 654 94 Chitinophagaceae Xanthobacteraceae and Nitrososphaeraceae.
Baridi
K77 Menengai 73741 1795 33 73 164 251 411 599 114 WD_2_101_sonI_group, Xanthobacteraceae and
crater Chitinophagaceae.

36



4.5 Archaeal Taxonomic Composition

Archaeal groups recovered from the obtained ASVs within the selected forests
ecosystem were distributed among seven (7) phyla namely; Crenarchaeota,
Euryarchaeota, Lainarchaeota, Micrarchaeota, Nanoarchaeota, Thermoplasmatota,
and Unknown Archaeal phylum (Appendix 189). The LEfSe algorithm identified
several differentially abundant archaeal taxa (P adj. = 0.001998) within the three
regions (Aberdare, Nairobi and Taita Taveta) each having a taxon (Figure 4.1 b).
Crenarchaeota was the most abundant Archaeal phylum represented across all
samples, with 91.6% mean relative abundance (Figure 4.2b). This phylum was further
grouped into two classes; Nitrososphaeria (77.1% mean relative abundance) and
Bathyarchaeia (0.2% mean relative abundance). The second was Thermoplasmatota
phylum and lastly Nanoarchaeota phylum. In a comparison of samples from the five
forest regions (Aberdare, Mt. Kenya, Nairobi, Taita Taveta and Western), several
taxa were identified as differentially abundant; 5 phylums (Crenarchaeota,
Thermoplasmatota , Nanoarchaeota, lainarchaeota and Euryarchaeota) in Taita
Taveta, 5 (Crenarchaeota, Thermoplasmatota, Nanoarchaeota, lainarchaeota and
Micrarchaeota) in Aberdare, 4 (Crenarchaeota, Micrarchaeota, Nanoarchaeota and
Thermoplasmatota) in Mt. Kenya and 2 (Nanoarchaeota and Thermoplasmatota) in
Nairobi region (Appendix ). Hierarchical clustering of samples at phylum level
revealed clustering of forest sites and prokaryotic taxa into two major groups where
one parent comprised more diversified groups as shown in Figure 4.4.
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Figure 4.4: Hierarchical Clustering of the Most Predominant Prokaryotic Taxa
at Phylum Level within the Selected Forests Ecosystem for Bacteria and
Archaea. The codes represent the datasets of the sampling sites.
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4.6 Alpha (a) Diversity of Soil Prokaryotic Communities

The prokaryotic taxa within each forest ecosystem were visualized using
rarefaction curves. A steep slope that flattened to the right was observed in the
rarefaction curves, indicating that a reasonable number of prokaryotic groups had
been sequenced and more intensive sampling was likely to yield only a few
additional species. The sampling curves tended to be asymptotic, denoting that

prokaryotic communities were relatively deeply sampled (Figure 4.5).

Diversity indices (Chaol, Observed, Shannon and Simpson) within samples grouped
as per the region showed that soils prokaryotes from Taita Taveta were highly
diverse for Chaol, Observed and Shannon except Simpson (Figure4.6), which is as a
result of one dominant genera (Acidibacter) that greatly outnumber other genera,
leading to low diversity followed by western region that was highly variable on
Shannon and Simpson but with low diversity on observed and chaol because only
one genera (RB41) that was present as the abundant which is as a result of low
estimated genera richness within the community (Figure4.6). Nairobi and Mt. Kenya
region had a moderate diversity alpha index whereas Aberdare Forest samples had
the lowest diversity of prokaryotes and this could be as a result of having a few
genera dominating the community, with little diversity overall (Figure 4.6). Analysis
of sample alpha-diversity showed Western and Taita Taveta regions soils to have
significantly different (P = 0.0124603) levels of Archaeal richness, while Western
and Aberdare regions soils displayed significantly different Shannon diversity
index (P = 0.0199513) (Figure 4.7 d, e and f). Although there were no significant
differences between bacterial communities displayed within various forests
ecosystems (Figure 4.7a, b, and c) soil samples under bamboo vegetation cover
within Mt. Kenya and Aberdare regions displayed lower diversity than the other

ecoregions.

39



1500
|

1000
I

Species

500
|

[ [ | | | | I
0 20000 40000 60000 80000 100000

Sample Size

Figure 4.5: Rarefaction Curves Indicating Level of Sequence Coverage of
Prokaryotic Communities within Soil Samples Collected from Selected Forests

Ecosystems in Kenya.
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Figure 4.7: (a - f): Alpha Diversity of Soil Prokaryotic Communities. a, b and ¢ Represent Diversity Indices (Observed, Shannon and

Simpson) of Bacterial Communities while d, e and f Represent Diversity Indices (Observed, Shannon and Simpson) of Archaea

Communities within Soil Samples Collected from the Five Regions in Kenya.
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4.7 Beta Diversity of Prokaryotic Communities

Principal Coordinate Analysis (PCoA) using unweighted UniFrac analyses on ASVs
and taxonomic composition showed highly significant differences (P= 0.006993)
between samples collected from various forests ecosystem. The samples were
grouped into five regions as shown in Figure 4.8c. There was an overlap of ellipses
between the forest’s ecosystem indicating that some sites harboured possibly related
prokaryotic or because of habitat heterogeneity where variations in habitat features,
such as microclimates, soil types, or topography, can create patches of suitable
habitat for multiple species, resulting in overlapping ellipses. Beta-diversity analysis
of soil samples from these regions showed a significant difference (P = 0.0010998)
on bacterial and archaeal community structure (Bacteria R?>= 0.19; Archaea R? =
0.22) (Figure 4.8 a and b).

a R2=0.19, p Value<0.01 b R2=0.22,pValue<0.

01 -

pe

ARagon
9 -e - M. Kooy
- Narotl Regon

' - o Torta Teweta

Yeaeyen Ragion

Figure 4.8(a, b and c): Principal Coordinate Analysis of Prokaryotic Diversity
Based on Bray-Curtis Index within Soil Samples. a represents beta diversity of
Bacterial community structure while b represents beta diversity of Archaea

community structure within soil samples collected from the five regions in Kenya. ¢
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Principal Coordinate Analysis of prokaryotic diversity based on weighted UniFrac

analysis within soil samples collected from selected forests ecosystem in Kenya.

4.8 Environmental Drivers of Prokaryotic Communities

Principal component analysis (PCA) was performed based on soil physiochemical
characteristics and prokaryotic taxa at order level to assess how environmental
variables shaped soil prokaryotic community structure. Each of the soil
physiochemical parameters were assessed on their ability to influence diversity
positively or negatively within sampling sites. The parameters Na, Silt, Mg, Ca, K,
pH and C were shown to have a positive diversity influence on both PC1 and PC2,
while Al, P, Fe, Clay and Sand negatively influenced both PC1 and PC2. Manganese
was displayed to have a positive influence on PC1 only (Figure 4.9).

A stepwise model building approach for constrained ordination models was used to
assess the potential environmental drivers of the prokaryotic communities within
forest ecosystems. Canonical correspondence analysis (CCA) ordination plots
showed that bacterial and archaeal community structures were significantly affected
by several soil physicochemical characteristics (P = 0.001034). Soil pH, Ca, K, Fe
and %N were shown as key drivers of bacterial community structure, while Na, pH,
Ca, P and %N were important factors in shaping archaeal community structure
within forest soils (Figure 4.10 a and b). The significant effect of nitrogen to
community structure is also consistent with the composition of soil microbiomes
described in this study, which were dominated by taxa potentially involved in
nitrogen fixation such as Cyanobacteria and Nitrospirota (Figure 4.1a).
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Figure 4.9: Principal Component Analysis of Soil Physiochemical
Characteristics that Drive Prokaryotic Diversity within Selected Forest
Ecosystems. The vectors points towards direction of increase in influence for a given
soil characteristic on diversity at order level. The red crosses represent prokaryotic

taxa distribution.
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Figure 4. 10 (a and b): Canonical Correspondence Analysis (CCA) Plots
Showing the Effect of Soil Physicochemical Characteristics and Plant Density
Index on Bacterial and Archaeal Communities at 99% Significance. The
percentage explained by various soil characteristics is expressed in the CCAL and
CCAZ2 axes and samples were color-coded on the plots according to forest regions. a
represents CCA of Bacterial communities while b represents CCA of Archaea

communities within soil samples collected from the five regions in Kenya.
4.9 Different Forest Soils in Kenya Have Unique Physicochemical Properties

In this study, 31 soil samples were obtained from forests ecosystems within the Taita
Taveta, Nairobi, Western, Aberdare and Mt. Kenya ecoregions. Samples from the
different ecoregions were shown to be significantly different (p-value = 0.001998,
R2=0.45) in terms of soil physicochemical properties, specifically in soil pH, soil
texture, macro- and micro-nutrient composition and Enhanced Vegetation Index-2
(EVI12) (Figure 4.11 a and b, Appendix 2a and b). Taita Taveta forest soils were
highly distinct from those of the Nairobi, Aberdare and Western regions (Figure 4.11
b). Conversely Nairobi and Western region soils exhibited the least variability
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(Figure 4.11 b). Several soil physicochemical properties were found to be correlated,

and thus could be considered as interdependent (Figure 4.11 c).
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Figure 4.11(a-c): (a) Principal Component Analysis (PCA) Biplot of Forest Soil
Samples According to their Physicochemical Properties. The influence of each
variable on sample distribution is represented by the arrows radiating from the center
of the PCA plot. (b): The sample clusters corresponding to different ecoregions are
highlighted within ellipses of the same color. (c) Pearson correlation plot between
measured soil physicochemical properties. Positive and negative correlations are
displayed in blue and red shades, respectively, while the size and intensity of matrix

circles is proportional to correlation coefficient between variables.
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4.10 Microbial Interactions

The relationship between various soil microbiomes was presented in an interaction
network based on the correlation of the top twenty most abundant prokaryotic taxa
(Figure 4.12). Eight classes were presented as the most associating prokaryotic taxa
within the co-expression network. The thick edges (with a distance of 0.0) represent
a close interaction between the prokaryotic classes. The nodes in green and blue
colors represent highly ubiquitous and co-occurring groups of Alphaproteobacteria
and Gammaproteobacteria taxa at class level. The edges with boldness ranging from
0.0 to 0.6 represent association co-dependence of different classes, where 0.0 and 0.6
show high and insignificance co-dependence, respectively. Among bacterial
communities, Candidatus udaeobacter, an uncultured genus of the class
Verrumicrobiae and Pseudolabrys genus from the family of Nitrobacteraceae, class
Alphaproteobacteria were shown to have the most interactions with other
prokaryotic genera (Figure 4.10). It was noted that uncultured prokaryotic taxa had
high interaction levels with other organisms within the association network
compared to the few known co-occurring genera; Bradyrhizobium, Pseudolabrys,
Acidibacter, Puia and RB41 involved in major networks in the forest’s environment
(Figure 4.12).
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Figure 4.12: Microbial Interaction Network within Soil Samples Collected from
Selected Forests Ecosystem. Each Node is represented by an ASVs Indicating

Individual Species.
4.11 The “Uniqueness” of Kenyan Forest Microbiomes

In order to address the question on whether Kenyan forest soils harbor unique
microbiome compositions, the phylogenetic datasets used in this study (Table 4.3)
were compared with datasets on forest soil microbiomes from other countries across
the globe (Table 3.2). Comparisons of the beta-diversity scores between these
datasets, based on Bray-Curtis index (Figure 4.13), revealed community structures of
forest soil microbiomes, to some extent, being distinguished by the country of origin
(R? = 0.63; p-value = 0.0098). The significant compositional differences between
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national datasets were reflected in the LDA comparison results, which identified 177

taxa differently distributed across the datasets (Appendix 3).
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Figure 4.13: Principal Coordinate Analysis (Pcoa) Ordination of the Bray-

Curtis Distance between Samples from Different Country Datasets.

Samples are colored according to country origin. The PERMANOVA significance
results on differences in beta-diversity according to country of origin are displayed in
the plot. Ellipses around the clusters of samples represent the predicted distribution

of points within each country group at a 95% confidence interval.
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CHAPTER FIVE
DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS
5.1 Discussion

Studies on forest soil microbiomes have enabled researchers to recognize and
appreciate the vast extent of microbial diversity, thanks to the recent advancements
in metagenomic studies. These studies reveal components within the interactive
assemblage of microorganisms that are often undetectable using standard culturing
techniques (Bull, 2004; Handelsman, 2004).

In this study, Sample K66 collected from Aberdare Forest colonized by Podocarpus
trees as vegetation cover (Table 3.1) clustered separately from other soil samples.
This could be attributed to the fact that Podocarpus species are extremely allergenic,
and have an Ogren Plant Allergy Scale rating of 10 out of 10 (Ogren, 2015).
Podocarpus leaves, stems, bark and pollen are cytotoxic and exposure to the pollen
could produce symptoms that mimic the cytotoxic side effects of chemotherapy.
Some species of Podocarpus have been used in systems of traditional medicine for
conditions such as fevers, coughs, arthritis, sexually transmitted diseases, and canine
distemper (Abdillahi et al., 2011; Ogren, 2015).

The Mt. Kenya region has the highest number of abundant ASVs at 10,542, followed
by Taita Taveta with 8,397, Western with 6,857, Nairobi with 6,622, and Aberdare
with the lowest number at 6,243. The abundant ASVs at Mt. Kenya and Taita Taveta
regions are integral to soil dynamics, providing essential ecosystem services that
support plant growth and soil health. However, while most contributions are
beneficial, careful management and monitoring are required to mitigate any negative
impacts from pathogenic or harmful microbial members like bamboo trees that has

an inherent natural barricade against bacteria that can lead to negative influence.

Sample K23 obtained from soils under bamboo vegetation cover within Aberdare
Forest, displayed a low number of ASVs (Table 4.3). This could be attributed to the

fact that bamboo trees has an inherent natural barricade against bacteria and
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therefore, most varieties of bacteria and bugs that attempt to thrive on bamboo plant
are eradicated naturally on contact (Afrin et al., 2012).These results, suggests that
bamboo grows so rapidly in nature due to its antimicrobial properties resulting from
steroids, saponins, tannins, polyphones and alkaloids which might be responsible for
broad antibiotic activity (Tao et al., 2018). Sample K10 followed by K8 obtained
from a montane vegetation, with thick ground cover, had high number of ASVs
(Table 4.3) that could be attributed to forest ecosystem with a broad range of
bacterial micro habitats such as foliage, wood of living trees, bark surface, ground
vegetation, roots and rhizosphere, litter, soil, deadwood, rock surfaces, invertebrates,
wetland or the atmosphere of which, each has its own specific features such as
nutrients availability or temporal dynamic and specific drivers that affect bacterial
abundance positively (Lladé et al., 2017). Forest ecosystems with indigenous
vegetation cover have been reported to improve soil quality thus increasing soil
water retention and abundance of certain microbial species (Backes, 2001). These
represent innate microbial consortium that inhabits soil and the surface of all living
things that has potential to biodegrade, bio compost, bioleaching, nitrogen fix,
improve soil fertility and production of plant growth hormone (Kumar & Gopal,
2015).

5.1.1 Abundance of Prokaryotic Taxa Within Selected Forests Ecosystem

The bacterial groups were dominant taxa within forests ecosystem. Proteobacteria
was the most abundant phylum across all samples, with a high relative abundance of
up to 44.98% whereas Crenarchaeota, an archaeal phylum was represented across all
forest soil samples. Other key phyla included Acidobacteriota, Actinobacteriota,
Bacteroidota, Planctomycetota, Verrucomicrobiota and Chloroflexi. Dominant
orders across all samples included Rhizobiales, Chitinophagales, Burkholderiales and

Vicinamibacterales (Figure 4.1).

Members of Acidobacteriota phylum have been reported as ubiquitous and dominant
in soil ecosystems, mainly thriving on acidic soils (Lauber et al., 2009).This is
evidenced in sample K7 collected from Susu plantation with Eucalyptus plantation

and wattle trees in highly acidic environment. These have been speculated to carry

52



out dynamic roles in ecological processes such as regulation of biogeochemical
cycles, decomposition of biopolymers, exopolysaccharide secretion, and plant
growth promotion (Kalam et al., 2020). In this study, Acidobacteriota members
included the family Acidobacteriae Vicinamibacterales across all samples, as
characterized by highly acidic pH of 3.75, 3.42, 3.92 and 3.90 in samples K7, K23,
K26 and K40 samples respectively (Table 4.1). Bacteroidota orders such as
Chitinophagales found within the forest soils are known to degrade complex organic
matter, such as chitin and cellulose (Rosenberg, 2014) while others have shown -

glucosidase activity (Bailey et al., 2013).

Alphaproteobacteria, Gammaproteobacteria and Betaproteobacteria whose orders
included Rhizobiales, Xanthomonadales and Rhodospirillales are well known for
nitrogen fixation, mineralization and denitrification (Werner & Newton, 2005).
Actinobacteriota members such as Frankiales and Thermoleophilia revealed in this
study are known to produce biological active secondary metabolites of industrial
importance like antibiotics, antifungal agents, antioxidants and insecticides (Chen et
al., 2019).

These results were similar to a previous findings where by five bacterial phyla;
Acidobacteria, Actinobacteria, Proteobacteria, Bacteroidetes and Firmicutes were
the most abundant taxa in most forest soils (Lauber et al., 2009). Archaeal
community was dominated by Thaumarchaeota, the genus Nitrososphaera, whereas
some sequences belonged to Euryarchaeota and Crenarchaeota phyla (Siles &
Margesin, 2016). Members of these phyla have been reported as major contributors
to soil biogeochemical processes within various ecosystems (Karanja et al., 2020).
Different microbial phylotypes perform varied functions within the forest ecosystem
that lead to a shift in diversity and abundance due to available nutrient sources and
their effect on the soil health. The pattern of major biomes, soil type, geology,
topography and vegetation are determinants of soil evolution within the forests.
Macroclimate variations within the Taita Taveta and Western region imply that each

forest harbors some degree of unique soil microbial genetic resource.
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Although most of the previous research on forest soil ecology has focused on fungi,
especially saprotrophic and mycorrhizal as the most abundant and diverse
communities within forest ecosystems (Baldrian, 2017; Uroz et al., 2016), there has
been an increased appreciation of the role of bacteria as the other major significant,
though less explored vital part of microbial community in forest soils (Baldrian Petr
2017). Previous research findings designate bacteria to commonly harbor genes
encoding plant cell wall-degrading enzymes and contribute significantly to
decomposition of organic matter (Berlemont & Martiny, 2015; Lopez-Mondéjar et
al., 2015). The bacterial phyla unveiled in the current study are similar to those
reported in, numerous bacterial strains previously isolated from forest soils and
described as capable of degrading cellulose, belonged to Proteobacteria,
Actinobacteria, Bacteroidetes and Firmicutes phyla (Eichorst & Kuske, 2012;
Stursova et al., 2012). In other studies, members of Bacteroidetes and Proteobacteria
phyla isolated from forest soils had Ton B-dependent receptors previously identified
as plant carbohydrate scavengers within these bacterial organisms (Eichlerova et al.,
2015).

The soil samples under investigation in this study were collected from 0-20 cm
depth, a soil profile characteristically comprising the organic horizon that results
from decomposition of litter-derived organic matter, thus demonstrating a mixture of
processed, plant-derived organic matter and soil components (Lopez-Mondéjar et al.,
2015). Previous studies indicate that bacterial communities are horizon specific when
studied along a sharp vertical stratification acquired from decomposition of litter-
derived organic matter and weathering of the mineral matrix, although a high level of
taxon overlap has been observed (Lopez-Mondéjar et al., 2015). For instance, 40 to
50% of all sequences obtained from the organic and mineral horizons in Quercus
Forest were dominated by Acidobacteria; together with members of Actinobacteria,
Proteobacteria and Bacteroidetes (LOpez-Mondéjar et al., 2015). In other separate
studies, Acidobacteria, Proteobacteria, and Actinobacteria were the most abundant
in organic horizon which have been proposed to preferentially utilize easily

accessible carbon substrates (Fierer & Jackson, 2006).
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5.1.2 Taxonomic Composition of Soil Microbiomes Across Kenyan Forest

Biomes

Members of Actinobacteriota phylum such as Frankiales and Streptomycetales are
known as nitrogen-fixing bacteria and may produce biologically active secondary
metabolites (Chen et al., 2019). The dominant bacterial phyla from the current study
were consistent with other studies within two forests sites, where bacterial ASVs
were assigned to 44 phyla, ten of which were; (Proteobacteria, Acidobacteria,
Verrucomicrobia, Firmicutes, Actinobacteria, Bacteroidetes, Planctomycetes,
Chloroflexi, WD272, and Gemmatimonadetes) comprised more than 90% of the
relative abundance in each library (Wei et al., 2018). Our results on bacterial
abundance were also consistent with several previous studies where Proteobacteria,
Acidobacteria, Verrucomicrobia, Firmicutes, Actinobacteria, Bacteroidetes,
Planctomycetes, Chloroflexi were the most abundant phyla (Bastian et al., 2009;
Janssen, 2006; Miyashita, 2015).

In particular, members of Proteobacteria and Acidobacteriota phylum are ubiquitous
and dominant in” soil ecosystems (Lauber et al., 2009). Members of these Phyla, such
as Anaeromyxobacter, Bradyrhizobium, Azospirillum, Ralstonia, Burkholderia,
Brevundimonas Rhodopseudomonas (Proteobacteria), Mycobacterium, Nocardia,
Amycolatopsis Thermobispora, Pseudonocardia, Brachybacterium, Frankia,
Conexibacter (Actinobacteria), Streptococcus, Lactococcus, and Enterococcus
(Firmicutes) carry out various key ecological processes such as regulation of
biogeochemical cycles, decomposition of biopolymers, exopolysaccharide secretion

and plant growth promotion (Kalam et al., 2020) .

The order Chitinophagales that were represented across all samples contains members
that are known to degrade complex organic matter, such as chitin and cellulose
(Rosenberg, 2014). The orders Rhizobiales, Xanthomonadales and Rhodospirillales
found in this study are also well known for nitrogen fixation, mineralization and
denitrification activities (Delmotte et al., 2009; Ivanova et al., 2000; Verginer et al.,
2010; Werner & Newton, 2005).
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Nitrososphaeria is a class from the Archaeal phylum, which includes many
ammonia-oxidizing taxa that have been identified previously in forest soil
microbiomes (Stieglmeier et al., 2014; Tourna et al., 2011; Wang et al., 2014; Wu et
al., 2017). These results are in agreement with previous studies where archaeal
communities in forest biomes were dominated by Nitrososphaera, (Saghai et al.,
2022; Siles & Margesin, 2016). Members of Nitrososphaera have been described as
major contributors to soil biogeochemical processes such as carbon, methane,
nitrogen and, sulfur cycle within many ecosystems (Dubey et al., 2015; Karanja et
al., 2020; Offre et al., 2013).

5.1.3 Alpha- and Beta- Diversity Analysis of Soil Prokaryotic Communities

Soils collected from the Taita Taveta region (Vuria and Ngangao) had the highest
number of observed prokaryotic taxa (Table 4.3). These forests are characterized by
a montane climate vegetation with thick ground cover (Pellikka et al., 2018). The
high number of ASVs could be attributed to a broad range of bacterial micro-habitats
associated with high nutrient availability besides other specific microbial diversity
drivers such as plant density and vegetation index that positively influenced bacterial
abundance (Llado et al., 2017).

We identified several differentially abundant archaeal taxa within the three regions
(Aberdare, Nairobi and Taita Taveta) using LEfSe algorithm each having a taxon.
The genus Acidibacter was over-represented in Taita forest soils, possibly due to the
low soil pH (Table 4.1) observed in this region. IMCC26256 was over-represented
in western region. Burkholderia-Caballeronia-Paraburkholderia taxa, which
typically have a very broad ecological diversity and metabolic versatility (Hussain et
al., 2019; Uroz et al., 2016) were the most abundant in Aberdare Forest soils, RB41
in Mt. Kenya whereas Rhodovastum was the most abundant in Mt. Kenya region soil

samples.

However, there was high prokaryotic variability observed within each region, an
indication of distinct microhabitats and microclimates in each forest region covered
in beta-diversity. Notably, the microbial composition of samples from the Taita

Taveta region showed a lower degree of overlap with other regions (Figure 4.11b),
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which mimics the soil chemistry differences observed between the regions. Taita
Hills comprise the northernmost part of the Precambrian Eastern-Arc Mountain
range, known for its rich biodiversity (Platts et al., 2011) and recognized as one of
the world’s 25 biodiversity hot-spots (Myers et al., 2000).

The highly significant (P < 0.01) richness and Shannon diversity index values for
samples from Western region forests could be attributed to the tropical nature of
forests within this region such as sample K21 (Kakamega forest) which is considered
an important biodiversity reservoir and the only remaining Guinea-Congolian
tropical rain forest in Kenya (Lung & Schaab, 2004). Kakamega forest is the largest
moist lowland forest ecosystem in Kenya, and has similar characteristics to Central
Africa equatorial forests (Pellikka et al., 2018). In other studies, shifts in bacterial
richness and diversity as well as community structure that comprised of
Proteobacteria, Acidobacteria, Actinobacteria, and Bacteroidetes significantly
correlated with several environmental and soil chemical factors, especially soil (Siles
& Margesin, 2016).

5.1.4 Factors in the Environment that Shape Soil Microbial Communities in

Kenyan Forest Ecosystems

Eight soil physicochemical parameters were identified as the most significant drivers
of microbial community structure across the forest’s ecosystem gradient. Silt was
shown as one of the key drivers of prokaryotic diversity within forest soils (Figure
4.11a). This could be attributed to the small nature of particles where filamentous
microbial groups have access to adequate surfaces to colonize and stabilize thus
adjusting the soil microclimate to support growth (Weber et al., 2016). In addition to
Na, the other important driver of the bacterial community composition within the
forest soils were pH, K, C, Ca, Silt and Mg which were positively modulated the
composition of prokaryotic communities (both PC1 and PC2), whereas Sand, P,
Clay, Fe and Al exhibited a negative influence on microbial diversity. Fe
concentration and soil texture are the major factors in shaping bacterial community
structures in some soils (Maundu & Tengnas, 2005). Soil pH possibly affected the

thermodynamics and kinetics of microbial respiration, thus shaping the microbial
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communities’ composition and function. In a study to determine impacts of soil
texture and associated properties to the diversity and composition of soil microbial
communities, genetic potential for degradation of organic compounds was higher in
finer textured soils than the coarse-textured soils (Xia et al., 2020). The significance
of soil texture, texture-associated pores and nutrient resource locality in regulating
microbial diversity and community composition were highlighted by identifying
sand, silt or clay preferred microbial taxa and characterizing mineral particle-
dependent genetic potential of organic carbon degradation and nitrogen cycling
(Curd et al., 2018; Lilly & Lin, 2004; Plante et al., 2006; Vos et al., 2013). Soil
texture was revealed as the second most important factor after soil pH in shaping the
soil microbial community, with relative abundances of some filamentous bacteria;
Actinobacteria and Chloroflexi significantly increasing with silt and/or clay content
(Hemkemeyer et al., 2018; Karimi et al., 2017; Sessitsch et al., 2001; Xia et al.,
2020) .

Manganese had a positive influence on PC1 only. Results of a previous study
demonstrated that the dominant tree species has a unique variable effect on soil
chemical and microbial biomass magnitudes where larger microbial biomass
concentrations revealed under Podocarpus experimental plots were attributed to
bacterial taxa (‘Yohannes et al., 2020). However, several soil physicochemical
properties were correlated, and thus could be considered as interdependent as per
Pearson correlation plot of measured soil physicochemical properties (Figure 4.8c).
For instance, the vegetation index (EVI2) was positively correlated with all the
measured soil nutrients, apart from phosphorus. This was similar to the previous
study where nutrient-rich forest soils are associated with high density plant growth
(Rocha & Shaver, 2009).

The soil samples used in this study were collected from 0-5 cm depth, which is
within the 0-20 c¢m soil profile characteristically comprising the organic horizon that
results from decomposition of litter-derived organic matter and representing a
nutrient-rich mixture of processed, plant-derived organic matter (Lopez-Mondéjar et
al., 2015). Low titratable phosphorus concentrations were possibly due to presence

of a high content of Al and Fe, which form oxides that fix phosphorus at the low
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pH’s associated with these soils (Kanyanjua et al., 2002; Neina, 2019). In this study,
the pH was positively correlated with EVI2+ but negatively correlated with C and N
content (Figure 4.8c). This result contradicts a previous study which concluded that
at higher soil pH levels, the mineralizable fractions of C and N increased, possibly
due to the direct effect of pH on microbial populations and their activities (Neina,
2019).

5.1.5 The Distinctiveness of Microbial Communities in Kenyan Forests

Kenyan dataset formed a distinct group with some degree of overlap with soil
microbiomes from China, Czech Republic, New Zealand and the USA (Figure 4.10).
This overlap could be a result of common plant cover between the sampled areas in
the different countries. Some forests in Kenya are known to harbor globally
distributed plant species such as bamboo (A. alpina), indigenous plant species found
within forests with highest floral diversity such as (Coffea fadenii, Juniperus procera
— African pencil cedar, Podocarpus falcatus, latifolius, Tabernaemontana stapfiana,
Ocotea usambarensis, Macaranga conglomerata, and Psychotria petit. Forests
harboring moderate floral diversity included Podocarpus, Dombeya, Croton
megalocarpus, whereas dryland species included Acacia species such as A. tortilis,
A. melifera, A. abyssinica, and A. polyacantha. Plantation species included
Eucalyptus grandis, E. saligna, E. camaldulensis and E. urophylla (Vaninsberghe et
al., 2015). It is also worth noting that the Kenyan dataset exhibited the highest
variability of beta-diversity scores, which reflect the variety of ecoregions sampled in

this study.

From the LDA comparison results of which the significant compositional differences
between national datasets were reflected, 178 taxa were distributed across the dataset
of which fourteen of these were dominated in Kenyan forest soils, including the
Archeal genus Nitrososphaera. Other over-represented genera with a potential
ecological relevance to Kenya forest soils included Bradyrhizobium, which is
positively associated with soil health (Vanlnsberghe et al., 2015). and Chitinophaga
which is a group of chitinolytic Myxobacteria known to control fungal populations in

the soil (Mehlich, 1984). Several of the taxa over-represented in Kenyan soil dataset
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belonged to uncultured groups of bacteria, including members of uncultured genera
TK-10 and EIllin606, an indication that Kenyan forest soils harbor a catalogue of
novel taxa. During development of bio-conservation strategies in these forest
regions, consideration of these distinct microbiomes with unique taxa should be

taken into account.
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CHAPTER SIX
CONCLUSIONS AND RECOMMENDATIONS
6.1 Conclusions

1. Taxonomic classification of the obtained ASVs were assigned to 1 Kingdom,
2 Phyla, 120 Classes, 280 Orders, 450 Families, 873 Genera and 2313
Species within selected forests ecosystem.

2. Western and Taita Taveta regions had significantly different (P=
0.0124603) levels of Archaeal richness, Western and Aberdare regions soil
displayed Archaeal Shannon diversity index (P=0.0199513) but there were
no significant differences between bacterial communities displayed within
various forests ecosystems.

3. Samples from the different ecoregions showed significant differences (p-
value=0.001998, R?=0.45) in soil physiochemical properties, specifically in
soil pH, soil texture, macro- and micro-nutrient composition and Enhanced
Vegetation Index-2.

4. The Kenyan dataset formed a distinct group with some degree of overlap with
soil microbiomes from China, the Czech Republic, New Zealand and the
USA, which could be a result of common plant cover between the sampled

areas in the selected countries.
6.2 Recommendations

Based on the findings from this study, the following key recommendations are

emphasized:

1. Employment of a combination of alpha diversity metrics, such as species
richness and evenness, to quantify the within-sample diversity of prokaryotic
communities in each forest ecosystem and utilize beta diversity measures,
such as Bray-Curti’s dissimilarity or UniFrac distances, to assess the
between-sample diversity and compare community compositions among

different forest sites.

61



2. Elucidation of the underlying ecological mechanisms driving microbial
community dynamics in Kenyan forests ecosystems.

3. Collaboration with researchers from other countries to provide valuable
insights into global patterns of microbial diversity and ecosystem functioning

across diverse forests ecosystem worldwide.
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Appendix I: Summaries of Phylum Level
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Appendix lla: Boxplots showing the differences in soil physicochemical properties of samples collected from the selected
ecoregions in Kenya (Al, C, Ca, Clay, ENV2, Fe, K and Mg).
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Appendix Il b: Boxplots Showing the Differences in Soil Physicochemical Properties of Samples Collected from the Selected

Ecoregions in Kenya (Mn, N, Na, P, pH, Sand and Silt).
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Appendix I11: Combined Sequence Datasets Read Counts Obtained from Selected Forests Around the Globe
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Acidimicrobiia_uncultured_uncultured

_uncultured
Pirellulaceae_uncultured
JG36-TzT-191
Pedosphaeraceae
Rhodanobacter
Subgroup_13
Opitutaceae_uncultured
Chloroplast

Lineage_lla
Acidobacteriaceae_(Subgroup_1)_uncultured
Edaphobaculum
FCPU426

Subgroup_2

Aquisphaera

RCP2-54

Roseiarcus
Acetobacteraceae_uncultured
Acidipila

Group_1.1c

Paenibacillus

0319-6G20
Simkaniaceae_uncultured
Gemmata

Tundrisphaera

Aquicella

Legionella

JG30a-KF-32

Gimesiaceae_uncultured
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Estonia
Estonia
Estonia
Estonia
Estonia
Estonia
Estonia
Estonia
Estonia
Estonia
Estonia
Estonia
Finland_forest
Finland_forest
Finland_forest
Finland_forest
Finland_forest
Finland_forest
Finland_forest
Finland_forest
Finland_forest
Finland_forest
Finland_forest
Finland_forest
Finland_forest
Finland_forest
Finland_forest

Finland_forest

3.770643
3.595737
3.558833
3.489879
3.369643
3.252949
3.226034
3.181594
3.123337
3.121794
3.059994
3.011947

4.84833
4.259652

4.11165
3.985683

3.82747
3.802661
3.533119
3.347716
3.283848
3.272134
3.205191
3.179691
3.178234

3.16242
3.124962
3.045269

2.15E-32
2.01E-31
1.06E-39
3.38E-24
2.23E-20
3.34E-36
7.91E-39
3.33E-24
7.40E-22
7.17E-25
2.16E-25
5.03E-36
9.71E-37
1.85E-46
2.93E-33
7.88E-32
2.71E-41
1.46E-34
4.83E-23
7.37E-28
7.89E-40
9.16E-36
9.69E-30
1.78E-31
4.17E-32
6.30E-38
3.14E-12
7.34E-22

2.15E-32
2.01E-31
1.06E-39
3.38E-24
2.23E-20
3.34E-36
7.91E-39
3.33E-24
7.40E-22
7.17E-25
2.16E-25
5.03E-36
9.71E-37
1.85E-46
2.93E-33
7.88E-32
2.71E-41
1.46E-34
4.83E-23
7.37E-28
7.89E-40
9.16E-36
9.69E-30
1.78E-31
4.17E-32
6.30E-38
3.14E-12
7.34E-22



marker111
marker112
marker113
marker114
marker115
marker116
marker117
marker118
marker119
marker120
marker121
marker122
marker123
marker124
marker125
marker126
marker127
marker128
marker129
marker130
marker131
marker132
marker133
marker134
marker135
marker136
marker137
marker138
marker139

Nitrososphaeraceae
Bradyrhizobium

RB41
Chitinophagaceae_uncultured
Ellin6067

Pir4_lineage

Terrimonas
Roseiflexaceae_uncultured
Steroidobacter

Pirellula

TK10

Chryseolinea

Chitinophaga

Niastella
Xanthobacteraceae_uncultured
Candidatus_Xiphinematobacter
HSB_OF53-F07

IMCC26256

Haliangium

JG30-KF-AS9
Ktedonobacteraceae_uncultured
Ktedonobacter

24-Nov

cvE6

Ellin516

Hyphomicrobium
CPla-3_termite_group
Anaeromyxobacter

Rhodomicrobium
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Kenya
Kenya
Kenya
Kenya
Kenya
Kenya
Kenya
Kenya
Kenya
Kenya
Kenya
Kenya
Kenya
Kenya
New Zealand
New Zealand
New Zealand
New Zealand
New Zealand
New Zealand
New Zealand
New Zealand
New Zealand
New Zealand
New Zealand
New Zealand
New Zealand
New Zealand

New Zealand

4.019443
3.992296

3.99105
3.612074
3.551251
3.456272
3.434053
3.370352
3.292553

3.26089

3.23013
3.085649
3.017387

3.00643
4.275655
4.095831
4.059941
3.877842
3.586306
3.502766
3.501946
3.334167
3.243162

3.17313
3.159073
3.103506
3.095726
3.064348
3.053495

2.21E-33
3.80E-39
8.93E-28
1.29E-39
9.53E-14
4.21E-27
3.15E-22
2.57E-21
1.25E-28
1.48E-22
7.20E-20
2.71E-24
5.47E-21
2.10E-35
3.56E-30
5.17E-36
3.96E-25
6.20E-21
1.75E-16
3.98E-34
3.02E-21
9.43E-13
2.40E-21
2.31E-33
5.51E-23
1.23E-19
3.47E-34
1.41E-27
2.19E-24

2.21E-33
3.80E-39
8.93E-28
1.29E-39
9.53E-14
4.21E-27
3.15E-22
2.57E-21
1.25E-28
1.48E-22
7.20E-20
2.71E-24
5.47E-21
2.10E-35
3.56E-30
5.17E-36
3.96E-25
6.20E-21
1.75E-16
3.98E-34
3.02E-21
9.43E-13
2.40E-21
2.31E-33
5.51E-23
1.23E-19
3.47E-34
1.41E-27
2.19E-24



marker140
marker141
marker142
marker143
marker144
marker145
marker146
marker147
marker148
marker149
marker150
marker151
marker152
marker153
marker154
marker155
marker156
marker157
marker158
marker159
marker160
marker161
marker162
marker163
marker164
marker165
marker166
marker167
marker168

AKYH767

SWBO02

Pedosphaeraceae_uncultured
WD2101_soil_group

ADurb.Bin063-1
Anaerolineaceae_uncultured
Rokubacteriales

SC-1-84

TRA3-20

Candidatus_Nomurabacteria
S-BQ2-57_soil_group

Chthoniobacter

Subgroup_7

Candidatus_Kaiserbacteria

MBNT15

Adb
Alphaproteobacteria_uncultured_uncultured_uncultured
SBR1031
Planctomycetales_uncultured_uncultured
Anaerolinea

KF-JG30-B3

Parcubacteria

CCMlla

RBG-13-54-9
Candidatus_Zambryskibacteria

OM190

Candidatus_Adlerbacteria
Thermodesulfovibrionia_uncultured_uncultured_uncultured

Gemmataceae_uncultured
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New Zealand
New Zealand
Swiss_forest
Swiss_forest
Swiss_forest
Swiss_forest
Swiss_forest
Swiss_forest
Swiss_forest
Swiss_forest
Swiss_forest
Swiss_forest
Swiss_forest
Swiss_forest
Swiss_forest
Swiss_forest
Swiss_forest
Swiss_forest
Swiss_forest
Swiss_forest
Swiss_forest
Swiss_forest
Swiss forest

Swiss_forest
Swiss_forest
Swiss_forest
Swiss forest

Swiss forest

USA

3.032064
3.01557
4.24903

4.201785

4.005691

3.896905

3.887235

3.826563

3.791144
3.76399

3.653539

3.620861

3.594516
3.51445

3.484571

3.447831

3.423257

3.383359

3.364045

3.350888

3.303144

3.300209

3.200941

3.153114

3.147815

3.117235

3.044237

3.022322

4.364538

2.92E-16
9.20E-18
3.09E-44
9.21E-42
1.58E-25
1.36E-16
1.08E-30
4.39E-23
1.39E-18
7.07E-48
4.33E-43
1.57E-21
1.99E-23
1.82E-44
1.53E-20
9.40E-26
1.92E-22
6.51E-20
6.33E-21
5.78E-19
1.24E-09
6.96E-33
2.94E-28
4.06E-17
1.01E-16
2.82E-22
4.38E-23
2.80E-11
2.22E-40

2.92E-16
9.20E-18
3.09E-44
9.21E-42
1.58E-25
1.36E-16
1.08E-30
4.39E-23
1.39E-18
7.07E-48
4.33E-43
1.57E-21
1.99E-23
1.82E-44
1.53E-20
9.40E-26
1.92E-22
6.51E-20
6.33E-21
5.78E-19
1.24E-09
6.96E-33
2.94E-28
4.06E-17
1.01E-16
2.82E-22
4.38E-23
2.80E-11
2.22E-40



marker169
marker170
marker171
marker172
marker173
marker174
marker175
marker176
marker177

WD260

Pajaroellobacter
Solirubrobacteraceae_uncultured
AD3

WPS-2

Obscuribacteraceae
Methylacidiphilaceae_uncultured
Acidocella

Diplorickettsiaceae_uncultured

92

USA
USA
USA
USA
USA
USA
USA
USA
USA

4.177342
3.733413
3.698867
3.564567
3.553667
3.537224
3.504631

3.28184
3.281512

1.71E-32
9.34E-35
2.57E-37
1.50E-19
2.76E-21
2.22E-32
2.83E-33
1.37E-23
2.31E-35

1.71E-32
9.34E-35
2.57E-37
1.50E-19
2.76E-21
2.22E-32
2.83E-33
1.37E-23
2.31E-35



Appendix IV: Prior Information Consent

PRIOK INFORMED CONSENT (PIC) TOR THE SURVEY. SAMPLING AND
COMIECTION O SOIL SAMPLES IN DIFFERENT AGRO-TCOLOGICAL ZONES
IN KENYA

THIS THor Informed Consent AGREEMENT in mnasde und enterind into his SO
day of s W s 2017 Dy and butween

The Provider
1L Kenya Wikdlife Sorvice (KWS)

The Users:
1 Tatra Taveia Unlversiny (TTLU)
2 Usiivessits of Mrotaris (L)

WIITNESSETHE

Acsoms to Blolog cal rosouroos ard  assocated Ko e
Muttituteral Fos comnmental | agroomants (MIEAS) ncluading bt nodt
Conventon on Bologival Divessity (OBLY), Nagoys Prowocol Intermation
Phatyt Genestle Sosmirces  Guar Food  and  Agncutture (ITHRCGRFA). C
Intermatiomal Teec e on Davdangenst Spectes (CITES), arcd Worka aatedion
Carpantranon Troo fes (tWIEPC) afmong others

Yarsvias
ra the

That parties o LN, CRTES, Nagoyae Protocol, TTIGREA are obdiged o compls st the
provisians of the conventions through thetr domestic legpisiathons, anmd as acoess Gy
eie PEECAT M b RSO RS rosonrcos e sabpect te 1Triar Intorimeed Conmer CPICTs vy
Mutuslly Agrews: Torme (S8TAT) berwven the providor and user

Monliming thur Kevrya“s Conartution 20040, A
of unternatiaral Cose and any trvaety e conw
woovan law

o 2051 amt 163 stato that the general rales
Sy ratitivdd DY Konva shall forem paare- oo

Rovogrusing thal accoss 1o Kanvae's Bologeal/genetic pumources o6 suinoct fo Acocess
prerorit from Nar sl Enviromment Manageroent Authorny (INEMAL rescaran chearanes
fram Natiwomal Cosnrmmssian for Scency, Teonnology and Innovatiun (N ACCYSTH 1y
Informed Coosot (PIC), Mutually Agreod Torme (MAT) and Maserial Transier
ARIoernent (NET A0 et resmiress  prenciclue. i cose of  wilalife baokogialseg
resanrces the ey providery o» Kanya Wikdiite Servive. EMOCA 2015 and A Jupal
mesticw Noe 160 ol TR ot WHLAT e (Consersationn Manaooament) Act 20010

_ he
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Recognizing tha! access to South Afncan resources are subjoct to the  Convention e
Biological Divery (CBD), the Bluprospecting, Access and Buenefit-Sharing (BABS: At
No. 10 of 2004) acd the Nagoya Protocol (Janaary 201%),

Whorves KWS s (he Competont Authority oo matters of wibdlife whire it manasges aod
consurves the coontry’s wildlife under the Wildlite Conservation and Management At
2013 .

Whereas KWS Cramts PIC on wildlife user nghty and it alwo administers Materal
Teanslor Agroements on all wildlife specimens on behall of the govermmaent and whaon
possible PIC on «(1dlifo i joinily granred berween the Wikdiifo Management Authoriry

landowners and | weal communities

Whereas TTU in on institution duly establinhed in lerms of the laws of the Ropublin o
Kenya, under Universities Act. 20120 No. 42 of 2012 whose mission s to produce
leaders and professionals in engineering  sclimee and  entreprencurship  theaugh
knowledge croatin, dissemination and application tor soce-economic development

Whervas, the I'riocipal Investigaton, including 'rof Hamadi [l Boga of the TTL o
Kenya and Proe Dos Cowan) of the (U o South Africa have Interest in surveving,
sampling and collecting specimens and samples for smicrobial brodiversaty Studi=

Whereas vanouws consultations betweent the mesiurces pravider (KWS) and Pancipal
Investigators hoo o« been carried out vip emails and phone calls

NOW THEREFORE, IT IS HEREBY AGREFD by the partios as fallows

I Amplemerntation of the Project tithed  The African Sotl Microbiology project: A
“low resolution’ microbial y survey of soils across sub-Saharan
Alriea” W relovant for addressing key biological research gaps in Kenva and
that tho collaboration o & key component of Research and Devolopaient
(RO, 1o project will throw Tight on key arcas including statys ot soil health
throug’s detection of crop, animal and human pathogens within the soils ami
sanll fesiility

N Knowlodge of crop, amimal and human pathogens in soll will generato wital
data nd information that will be useful In understanding ecological
funetios and blodiversity comservation scross the vanous agro-ocological
2ot 11 Kenva

e
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I Direswe Genaral
Aoy Wil s Seors e

gt Pladlversity wmhs 0%
RIS EEHII0N00 KENYA WILDLIFE SE e
e DO FRARICAS  CiNATA b 0 Box AGZAL - 00100, NN
At
Signaune @ AS— . 3(')‘()7"9.0‘ ?
SIGNED FOR THF RECIPIENT

Vive Chancelwe

Tsila Tasetn  wivessay
PO B 635 N0300. Vi
Tei « 284N 1926733
Tatnuadityegu o ke

_— www"» Ky<

S @ owe 27T 3~

Depmrtmens - Genetics
Umiversily of Prtuns
Hlatfiels 00 Mywsor

Ped: = 27 02 420 587)

las =~ 27 17 306870
baantasl gy o i gl wp Mg £

T R
Nigrmure. M“ (’l\"—n._. Dww: '7/“1"‘01} :

"

95



Appendix V: NEMA Access Permit to Genetic Resources

Third Schedule

Applicanon Reference No: NEMA/AGR/11 172018

Registration No. 85
Form of Access Permit

This permit is hereby granted to Taita Taveta University, Kenya P,O.Box 635-30300, Voi ienya.
¢/o CMEG_Laboratory, NWII_ Building, University of Protoria, Hatfield, Pretoria 0028 in
accordance with regulation 11 of the Environmental Management and Co-ordination (Conservation
of Biological Diversity and Resources, Access to Genetic Resources and Benefit Sharing) Requlations,

2006 for the collection of the foliowing genetic resources:

Not more than 8] soil samples, sach sample containing 200g { in 4 duplications)of seil for the
study of A low Resolution miczobial community survey of soils across Sub-Saharan Africa; The

African Microbiology, For EXPORT
Location: All Counties,

This permit is issued subject to the Regulations and all agreements concluded pursuant to its grant,
and may be suspended, cancelled or revoked should the holder breach any of those agreements and

the conditions of issue and those contained in the Regulations.

Taita Taveta University being the holder of this permil, including his agents and assignees,
undenake to abide by the conditions of this permit and to promptly reporn to the National
Environment Management Authority any matter that may prejudice the interests of Kenya and other
parties concluded pursuant to the grant of this permit.
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Appendix VI: KWS Authorization Letter and Renewal Letter

KENYA
WILDLIFE Y
seavice 01
I1SO 8001:2008 Certified

KWS/BRM/S001

20 August 2018

Dr. Anne Kelly Kambura

Taita Taveta University

P.0O.Box 635-00800

Vol

e-mall: annnderitug@gmail.com
mobile: 0721235147

Dsar @V - K-‘p‘ b 2, /
RESEARCH EXTENSION PERIOD

We acknowledge recaipt of your application requesting for research extension panod to
continue conducting research on a project titled: The African Soil Microbiology Project; A
‘low resolution' microbial community survey across sub-Saharan Africa The study will
continue generating vital data and information that will be useful in understanding ecological
functions and biodiversity conservation across the various agro-ecological zones in Kenya

We are pleased to inform you that you have been granted research extension 1o continue
conducting the study from Septembor 2018 — August 2019 upon payment to KWS research
extension fees of ksh.6000. During the research extension penod, you will continue abiding by
the sat KWS regulations and guidelines regarding the carrying out of research in and outside
protected areas. You will also be required to continue working closely with our Senior Scientist
in-charge of the Conservation Area whera the soil sampling activities will be carmied out.

You will submit a copy of your research findings to the KWS Director, Blodiversity Research and
Planning on completion of the study

You"gf)ném'ezq:)
,‘%ﬂ«—:%’

PATRICK OMONDI, PhD, OGW
Ag. DIRECTOR
BIODIVERSITY RESEARCH AND PLANNING

Copy to
- Senior Scientist, WCA, NCA, CRCA, MCA, ECA, CCA, TCA. SCA

P.O Box 40241-00100, Nalrobl, Kenya.
Tel: +254-020-2379407/8/9-15. Moblie: +254-735 663 421, +254-726 610 508/9.
Email: kws@kws.go. ke Website:www kv go ke
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KENYA
wiLoLIre S
senvice M
IS 90012008 Cortifiud

KWE/BRAMWSD0T
27 Jurm 2077

Praf Hamed) iod Bogs
Taia Tavetn Uriversity
" O Box A35-00800

I
e-mal hamadibogaiyahoo.com

PERMISSION TO CONDUCT TO CONDUCT RESEARCH ON MICROBIAL COMMUNITIES IN
KENYAN SOILS

We acknowiedge recaipt of your letter datea 21 June 2017 reguesting for poermisseon (©
cOnduct research on @ gropect Mied The African Soill Microbiology Project: A ‘low’

lut ' ity survey of soils across Sub-Saharan Africa’ The study will
wuneraie vital dete end infarmation that will be useful 0 understanding scologicsl functons and
Liodivaraily consarvation acroxes the vanous sgro-ecologicsl zomes in Kenys

We are planusd 1o mform you thel your teem of resescchers (hat includes Dr. Anne Kaelly
Kamburs wod Mre. Vitalin Wafuls Wekeaaa has Do granted goaomission o conduct the siuoy
from July 2017 — June 018 upon payment (o KWE institutiona! reseerch feus of Kah 12000
(Project resenrch) Howwver. you wifl obtain an Accexs Permd 1o Genetic Resaurces from the
National Enwvronment Management Authority (NEAMA) and Ressarch Clesrsnce from (he
National Comrrussion for Science Technology and innavaton (NACOSTH You wil also be
requirad (o obtain Prior informed conaent (FIC) and a Matenats Transfer Agreement IMTA)] from
ne genalic resource provider and & samples oxport panmdt from KWES in the event the samples
will Do anipped to South Africa for analysis

We loak forward 10 1he successiul Implemaniation of The progeci ana frudful outout from o

Yours <, x(gn.f»’

A

SAMUEL M. KASIKI, FhD, OGW
DEPUTY DIRECTOR

Copy o
- Director-General NIEMA
. Semor Scientist, Blo-prospecting/hatechnology

PO Bos 40241 00100, Nalrob, Keowwa. Yol «254-20- 2609233, «+254 20- 2609234
Wireless: +254-020-2379407-15, Moblle, +254-735 663 421, «254 726 610 S508/9 Fas +254.020 2661923
Email Mws s hiws o ke Website www hws go ke
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Appendix VII: NACOSTI Authorization letter

NATIONAL COMMISSION FOR SCIENCE,
TECHNOLOGY AND INNOVATION

Teleqdote + 254202213470, NACOSTL Uppor Kubote
2281329331087 12219420 O Walyaks Way

Fax 4253201 18245 318249 PO D 3003 3-00 100
Faull Sgadnaccatt pn de NAIROSLKENY A
Webaile  wusn miscostl po b

When neplying please quote

wet v0 NACOSTEIP/18/02166/18443 e 3™ April, 2018

Anne Kelly Kambura

Taita Taveta University College
P.O. Box 635-80300

VOL

RE: RESEARCH AUTHORIZATION

Following your application for authority 1o carry out rescarch on “A ‘Low Resolution
microbial community survey of soils across Sub-Saharan Africa,” | am pleased to
inform you that you have been authorized to undertake rescarch in all Counties for the
period ending 28" March, 2019,

.

You are advised 10 report 10 the County Commissioners and the County Directors of
Education, all Counties before embarking on the research project.

Kindly note that, as an applicant who has been licensed under the Science, Technology
and Innovation Act, 2013 to conduct research in Kenya, you shall deposit a copy of the
final rescarch report to the Commission within one year of completion. The soft copy
ol the same should be submitted through the Online Rescarch Information System.

—BONIFACE WANYAMA
FOR: DIRECTOR-GENERAL/CEQ

Copy to:

The County Commissioners
All Counties,

The County Directors of Education
All Counties.
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