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ABSTRACT

Uapaca kirkiana (Muell) Arg, is a popular fruit tree that grows in the wild and is
majorly found in the Miombo Woodland. It is popularly known as sugar plum or the
wild loguat by the English name. It is a species of plant in the Euphorbiaceae family.
U. kirkiana has been found to grow naturally south of the equator in Mozambique,
Tanzania, Burundi, Zambia, Malawi, Zimbabwe, Burundi, Angola and Democratic
Republic of Congo. There are 60 known species of the genus Uapaca. Increased
consumption and utilization of U. kirkiana has led to high demand for the fruit and
tree. Increased population and human activities have led to high pressure on land. As
a result, forest reserves and national parks have been cleared to create space for the
growing demand leading to loss of biodiversity. The domestication of U. kirkiana is a
more significant step towards the management and conservation of biodiversity.
Information on the amount as well as the distribution of genetic diversity is essential
in effective management of germplasm resources. However, minimal molecular
genetic evaluation on U. kirkiana has been carried out. The objectives of the research
were to assess the genetic diversity and population genetic parameters, genetic
relationships and population structure in U. kirkiana sampled from International
Centre for Research in Agroforestry gene bank locations. Leaf material from 500
samples of U. kirkiana were collected, air-dried and well-preserved using silica gel
then kept at —20 C till the extraction of DNA. The extraction of genomic DNA was
done using the Cetyl Trimethyl Ammonium Bromide method with variations.
Samples were then loaded onto 96 well plates and were sequenced at the Diversity
Arrays Technology Pty. Ltd Australia. Data analysis was conducted through R,
PHYLIP, and iTOL applications. The populations were divided into four groups by
discriminant analysis of principal components and in the Neighbor joining analysis
where cluster 1 had a total of 3 individuals, cluster 2 with 47, cluster 3 with 2 and
cluster 4 with 289 individuals. However, the grouping pattern did not correspond to
the geographical distribution of the plant. The overall genetic diversity was low with a
value of Ht=0.1040. Analysis of molecular variance results indicated a high genetic
density of 93.4% within samples and a lower genetic density of 1.3% between
populations. Since the population was divided into four clusters, it would be
economical to select a representative sample of each cluster to be preserved for
germplasm conservation. The genetic diversity was low across the populations which
may have been a result of the tree conservation strategy. The Germplasm conservation
unit at International Centre for Research in Agroforestry may want to use populations
that are genetically distant to increase diversity and enhance the long-term existence
of the fruit tree. Genetic information obtained from this study will be beneficial in the
domestication program and the genetic resources unit at the International Centre for
Research in Agroforestry. Further analysis of U. kirkiana accessions for sex markers
will lead to identification of the sex-specific markers at the molecular level and this
information will be helpful in selection of the most desirable.
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CHAPTER ONE

INTRODUCTION

1.1 Background information

Uapaca kirkiana is known as sugar plum or the wild loquat in its English name and is
major fruit tree found in the Miombo woodlands. U. kirkiana, is a species of a plant in
the Euphorbiaceae family. It is known by different scientific names including U.
homblei, U. goetzei, U. albida, U. banguelensis, and U. greenwayi. U. nitida, U.
paludosa (syn. U. guineensis) and U. sansibarica (syn. U. macrocephala) are close
relatives of U. kirkiana (Mwase et al., 2010). U. kirkiana occurs naturally south of the
equator in Mozambique, Tanzania, Burundi, Zambia, Democratic Republic of Congo,
Burundi, Malawi, Angola, and Zimbabwe. There are about 60 species in the genus
Uapaca and there is more diversity in the Zaire basin and the Southern region of

Miombo woodlands (Ngulube et al., 1995).

U. kirkiana, regarded as a fruit, is a crucial famine food in Tanzania used to make
sweet beer, jam or sweet meat. The roots are used to treat indigestion, the flowers are
utilised for honey production and the leaves are used as fodder. The wood is used to
make charcoal and items such as spoons, furniture and timber. Therefore, the wild
loquat has been identified to be a preferred fruit in the regions where it is found
because of its role in nutrition, economic empowerment, and food security. It is easy
to distinguish U. kirkiana from the related species because of its broad and feathery

leaves as well as the rounded crown (Orwa et al., 2009; Mwase et al., 2010).

Genotyping is one way through which difference in genetic makeup in an organism
can be determined. Through single nucleotide polymorphisms (SNPs) genotyping,

genetic variations between members of a species can be determined. Single nucleotide
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polymorphisms markers are plenty in the genome and bi-allelic. As such, SNPs
provide the highest accuracy when compared to other molecular markers. Therefore,
SNPs have been preferred for Quantitative Trait Loci (QTL) mapping and population
diversity studies (Mammadov et al.,, 2012). Genotyping is important in the
identification of the genetic traits of economic importance and beneficial in genomic
and marker-assisted selection. Knowledge of the genetic diversity as well as the
genetic structure of a plant is essential for crop improvement (Chen and Sullivan
2003). To genotype a germplasm identified by a broad set of SNPs may prove to be
costly. Therefore, next-generation sequencing techniques applied in genotyping use a
fraction of a genome. That way, much of the effort that would have been concentrated
on the large data set into finding polymorphic sites in a set of lines relevant in each
study. A subgroup of SNP markers is selected depending on the study and location in
the genome to create a basis for the analysis of all the selected SNPs at once (Sonah et

al., 2013).

Diversity array technology sequencing (DArTseq) is a genotyping system that utilizes
Next-Generation-Sequencing (NGS) platform in the discovery of markers. DArTseq
allows testing many samples at the same time and it helps in the analysis of samples
whose sequences are unknown (Huttner et al.,, 2005). Like Amplified Length
Polymorphism (AFLP), DArTseq reduces the DNA complexity in a sample to get a
genome representative. A typical DArTseq method consists of restriction enzyme
digestion and adapter ligation, then PCR amplification and finally, detection through
hybridisation. DArTseq can be used in genetic map construction, diversity analysis,
Quantitative Trait Loci (QTL) analysis, cultivar identification and genome profiling

(Appleby et al., 2009). When compared to other genetic markers like Single Sequence
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Repeats (SSRs), Diversity Arrays Technology (DArT) markers survey more loci per

reaction, and are therefore more suitable in the analysis of “orphan crop” species in
which molecular markers have not been developed or genetic information is

unavailable (Huttner et al., 2005; Hurtado et al., 2008 ).

1.2 Problem statement and justification

Indigenous fruit trees (IFTs) make more than 75% of the Miombo woodlands.
U. kirkiana fruits and products are most preferred by consumers (Akinnifesi et al.,
2002). A study by Kalaba et al. (2009) recorded biodiversity loss of IFTs in the
Miombo woodlands. There has been scarcity of U. kirkiana in the Miombo woodland
as result of charcoal burning and land clearing. Increased population and human
activities such as agriculture have led to increased pressure on land. As a result, forest
reserves and national parks have been cleared to create space for the growing demand.
According to Jinga et al. (2020) there will be a loss in U. kirkiana as a result of

climate change between the year 2050 and 2070.

There has been increased consumption and utilisation of Uapaca kirkiana, notably
among the low-income households (Mithoéfer and Waibel, 2003). This demand can be
met through the cultivation of the indigenous trees on farms. The International Centre
for Research in Agroforestry (ICRAF) began a domestication program for Uapaca
kirkiana in Southern Africa in order to conserve biodiversity, avoid losses due to
deforestation and provide a source of income to the rural community (Mithofer and

Waibel, 2003).

The domestication of U. kirkiana is a more significant step towards the management

and conservation of biodiversity. However, data on the amount and genetic diversity
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distribution is essential in the effective management of germplasm resources. Indeed,
a comprehensive genetic structure of populations is crucial for a sustainable
domestication strategy and such a genetic structure is not available now. Previous
studies conducted on U. kirkiana to assess the genetic difference were based on
AFLPs (Mwase et al., 2007; Mwase et al., 2010). Generally, minimal molecular
genetic evaluation on U. kirkiana has been carried out (Lengkeek et al., 2006).
Therefore, understanding the genetic characteristics of U. kirkiana will help determine
diversity and population structure, information that will be beneficial in the

domestication program as well as to the ICRAF Genetic Resources Unit.

1.3 Null hypothesis

i)  There is no genetic variability within U. kirkiana species under study

i) There is no systematic organization of the genetic variability in the U. kirkiana

species under study

1.4 Objectives
1.4.1 General objective
To determine genetic differences in Uapaca kirkiana (Miell) Arg. based on SNPs

generated through DArTseq.

1.4.2 Specific objectives

) To determine genetic diversity and population genetic parameters of
U. kirkiana (Muell) Arg. from selected locations in Africa.

i) To determine genetic relationships and population structure of U. kirkiana

(Mdell) Arg. from selected locations in Africa.
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CHAPTER TWO

LITERATURE REVIEW

2.1 Uapaca Kirkiana (Muell) Arg and other related species

U. kirkiana, an indigenous tree from sub-Saharan Africa, grows in hot and dry zones
of Tanzania, Mozambique, Zimbabwe, Malawi, Zambia, Burundi, southern
Democratic Republic of Congo (DRC) and eastern Angola (Ngulube et al., 1995).
Uapaca genus is composed of 60 species, 49 of which are found in tropical Africa and
the rest are restricted to Madagascar. U. kirkiana is classified into the family
Euphorbiaceae, clan Phyllanthoideae, subclan Antidesmeae, and as the only
representative of the subtribe Uapacinae (Ngulube et al., 1996). The primary relatives
of U. kirkiana are Pterocarpus angolensis, Brachystegia spp, Pericopsis angolensi,
Julbernardia, Parinari curatellifolia and other Uapaca species. U. kirkiana can be
identified from other Uapaca species by its distinctively wide, rugged leaves and
adjusted crown. U. kirkiana is dioecious with distinct male and female trees, and
unisexual inflorescences begin from axillary locations in the leaves or branchlets. The
spatial dispersions of male and female trees in characteristic populaces are generally

unreported (Ngulube et al., 1996).

2.2 How population diversity is measured in plant species

Genetic characteristics and demographic features define the variability of a population
(Luck et al., 2003). Richness, distribution, genetic diversity and size of a population
are the descriptive features of population diversity. While population richness
describes the number of populations in a locality, distribution explains how the
populations are spread out over an area. Populations can be uniform, clumped or

randomly distributed (Turchetto et al., 2016). The population size is determined by
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the number of individuals in a population. Genetic differentiation occurs within and
among populations and is determined by the amount of genetic diversity. The greater
the genetic diversity, the more adapted the population to the ecological changes (Jump

et al., 2009).

Several studies have utilised the above characteristics to assess the extent of diversity
within a group of individuals. In a study by Luo et al. (2019), assessment of genetic
diversity was done based on allele properties including expected heterozygosity (He),
polymorphism information content (PIC) and minor allele frequency (MAF). In
another study conducted by Baloch et al. (2017), genetic diversity was determined by
calculating the genetic distance among the landraces and then conducting a Neighbour
Joining (NJ) tree analysis based on the genetic distance matrix. On the other hand,
Mahboubi et al. (2020) assessed genetic variability based on PIC, genetic distance and

analysis of clusters using the NJ dendrogram.

2.3 Molecular markers and their role in genetic diversity

Molecular markers, also called DNA markers are sequences of DNA in a genome that
occur in different forms and can be identified by use of molecular techniques
(Avinash et al., 2014). DNA markers are classified into hybridization-based markers
and Polymerase Chain Reaction (PCR)-based markers. Restriction Fragment Length
Polymorphism (RFLP) represents a hybridization-based molecular marker. PCR-
based molecular markers consist of Amplified Length Polymorphism (ALP),
Amplified Fragment length Polymorphism (AFLP), Random Amplified Polymorphic
DNAs (RAPDs), Restriction Fragment Length Polymorphism (RFLP), Simple

Sequence Repeats (SSRs), Sequence Tagged Sites (STSs), Sequence Characterized
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Amplified Regions (SCARs), Start Codon Targeted (SCoT) and Microsatellites or

Short Tandem Repeats (STRs) (Kordrostami and Rahimi, 2015).

Molecular markers are further classified into those that can demonstrate
homozygosity or heterozygosity. Co-dominant markers show heterozygosity, while
dominant markers show homozygosity. RAPDs and AFLPs are dominant markers
while Inter-simple sequence repeats (ISSRs) SNPs, SSRs, STSs, RFLP and SCARs
are codominant markers (ldrees and Irshad, 2014). Other studies have classified the
PCR-based markers into those that are used for random genome profiling like AFLP,
RAPD, ISSR, SCARs, Resistance Gene Analogue Polymorphism (RGAP), and those
that target specific genome sites such as SNPs, GBS, DArT and microsatellites
(Grover et al., 2016). The study according to Dar et al. (2019) agrees with this
classification and in this study, there were three classes of molecular markers
including hybridization-based markers, PCR-based and sequence-based markers.
Most recent technologies such as genotyping by sequencing uncover the level of
genetic variation in an extraordinary way without having to sequence the entire

genome of a species (Porth and El-Kassaby, 2014).

Molecular markers have been used to provide information on the genetic
characteristics of plants which has helped to determine the distribution and the
amount of genetic variability within species and among populations. DNA markers
have also been used in fingerprinting and in developping linkage maps in plants. In a
study by Bakoumé et al. (2015), SSR markers were used to determine the genetic
diversity of the world’s largest oil palm (Elaeis guineensis Jacg.). The genetic
diversity was high with a mean allele per locus of 13.1 and 0.644 heterozygosity.

From the analysis, the population was divided into three clusters. In another study by
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Etminan et al. (2016), ISSR and SCoT markers were used to analyse genetic diversity
in durum wheat genotypes. The ISSR and SCoT markers were highly polymorphic at
98.7% and 100% respectively. In addition, the genetic variations were high within
populations with values of 90% for ISSR and 93% for SCoT markers. In a different
study by Pidigam et al. (2019), RAPD markers were used to determine the genetic
variation in yardlong bean (Vigna unguiculate (L.) Walp subsp. Sesquipedalis Verdc.
The RAPD markers were found to have 100% polymorphism and the population was

divided into five clusters.

2.4 Estimating the amount of genetic diversity in plants

Genetic diversity is made up of different traits that are inherited within same species.
Genetic diversity is a result of different alleles in a gene of dissimilar individuals that
lead to contrasting phenotypes (Ellegren and Galtier, 2016). Diversity is vital in plant
survival and improvement of crops. It is because of diversity that plants can adapt to
varied environments and withstand changing climates (Govindaraj et al., 2015).
Several factors influence genetic diversity including evolutionary forces such as
mutation, migration and genetic drift. These forces alter allelic frequency thereby
affecting genetic diversity. Domestication of plant species and inbreeding reduce
diversity whereas geneflow within populations, mutations and outbreeding increase
diversity (Ingvarsson and Dahlberg, 2019). Morphological, cytological and
biochemical markers have been used in the analysis of genetic diversity. However, as
a result of introduction of genomic tools, molecular markers have taken precedence

(El-Esawi, 2017).



9

To measure genetic diversity the Coefficient of Parentage (CoP) is determined where
a value of one and zero represent relation and unrelation respectively. Determination
of genetic distance between entities is another way of measuring diversity. When
genotypes have closely related genes the genetic distance between them is reduced
(Bhandari et al., 2017). Allelic diversity which is determined by Polymorphism
Information Content (PIC), percentage polymorphic loci, gene diversity (He) and
average number of alleles per locus can also be used to determine the extent of
genetic diversity. The diversity between and among populations is determined
according to Nei (1978), using the equation Ht = Hs + Dst where Hr is total observed
diversity; Hs is diversity within population; and Dsr is diversity between population.
F-statistics indices are used to determine the level of expected heterozygosity based
on the expression Fir = 1-Fis + 1- Fst, where variance of allele frequencies within
populations is (Fis), the allele frequencies variance between populations is (Fst), and
(Fir) is the inbreeding coefficient compared to the whole population (Pagnotta, 2018).
Multivariate statistics such as Principal Component Analysis (PCA), Principal
Coordinate Analysis (PCoA), Correspondence Analysis (CA), factor analysis, cluster
analysis and canonical analysis are some of the statistical analyses that can be used to

determine genetic diversity in plant species (Bhandari et al., 2017).

Various software packages most of which are based on multivariate statistics such as
Structure (Pritchard et al., 2000), GeneAlEx (Genetic Analysis in Excel), (Peakall and
Smouse, 2006), Arlequin (Excoffier and Lischer, 2010) and Discriminant Analysis of
Principal Components (DAPC) (Jombart et al., 2010) have also been used to
determine the allelic diversity in plant species using individual parameters. The choice

of each will depend on the data type, objectives and reproducibility (Pagnotta, 2018).
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2.5 Methods for determining population structure in plants

Population structure is the distribution of the total amount of genetic variations in a
population. Genetic variations within and among populations as well as their spatial
arrangement are considered when describing the structure of a population. Clustering
methods categorise and define individuals based on genetic relativeness (Chakraborty,
1993). Clustering is achieved by descriptive analysis and assigning of individuals in a
population to groups based on genetic distances and similarity indices (Rokach and

Maimon, 2005).

The four significant categories of clustering methods that have been applied in
population genetics studies include partitional, hierarchical, overlapping, and
ordination methods (Milligan and Cooper, 1987). The sequential agglomerative
hierarchical clustering method is amongst the popular clustering algorithms. In this
method, clustering starts with an individual assigned as a separate group. As the
clustering continues, two clusters are combined and the result is one cluster bearing

all the data (Rasmussen, 1992; Jombart et al., 2010).

Neighbour Joining (NJ) tree method is a sequential agglomerative hierarchical
clustering analysis. NJ tree is a distance-based evolutionary method where the
distance matrix from individuals within a population are used to build a phylogenetic
tree (Saitou and Nei, 1987). In several studies distance matrices have been used to
develop NJ tree to assess phylogenetic diversity of different plant species. In a study
according to Xiong et al. (2022) the NJ tree constructed from genetic distances
showed a clear pattern of segregation with four clades and four subclades. In this
study, there was consistency between the species relationship and all the other

accessions. In another study by Yang et al. (2016), the NJ tree was used to analyse the
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genetic relationships in 37 watermelon (Citrullus lanatus) genotypes. In this analysis
there were three clusters, and the genotypes in each of the clusters were consistent

with the place of origin.

Partitioning methods, also known as non-hierarchical clustering techniques, produce a
single data partition. For instance, K-means algorithm identifies the K-number of
clusters and then assigns each observation to the nearest mean while optimising
homogeneity measurements within groups and heterogeneity between clusters
(Natingga, 2017). Overlapping methods allow clusters to overlap and ordination
techniques select a proportion of data to represent in an entire dataset. Hierarchical
and non-hierarchical methods yield separate clusters that are non-overlapping

(Milligan and Cooper, 1987).

Discriminant analysis of principle components (DAPC) is a non-hierarchical
clustering method based on K-means algorithm that classifies and defines clusters of
individuals that are genetically related. Different studies have used DAPC method to
determine population structure. In a study by Deperi et al. (2018), the population
structure of a tetraploid potato panel was determined using DAPC. From the analysis,
five clusters were identified within the population. In a different study according to
Fatokun et al. (2018), DAPC method was used to identify and describe the population
structure of the world cowpea (Vigna unguiculata (L.) Walp.) germplasm collection.
The results indicated that there were three distinct clusters in the population. In a
study to assess the genetic diversity and population structure in White Yam
(Dioscorea rotundata Poir.), DAPC was used to validate model-based admixture
analysis. The DAPC clustering identified four groups that were in agreement with the

groups identified in the phylogenetic tree (Bhattacharjee et al., 2020).
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2.6 Population diversity studies in U. Kirkiana

Previous studies on U. kirkiana have been conducted to assess the genetic variability
based on AFLP. In a study according to Mwase et al., (2007), analysis of genetic
diversity in U. kirkiana obtained from Malawi revealed that there were three clusters
of subpopulations. The genetic diversity was moderate with a value of Gst =0.079.
Analysis of Molecular Variance (AMOVA) results showed that there was a high
genetic density of 92% within populations and a lower genetic density of 6.8% among
populations (Mwase et al., 2007). In a different study by Mwase et al. (2010),
morphological characteristics and AFLPs were used to study the genetic variation in
U. kirkiana samples collected from Zambia, Zimbabwe, Malawi and Tanzania. The
degree of differentiation ranged between Fst = 0.002 and Fst = 0.259. There was a
high genetic diversity within the individuals with a value of H mean = 0.256.
AMOVA results indicated that there was a high genetic density of 90.8% within
populations and a lower genetic density of 9.2% among populations (Mwase et al.,

2010).

2.7 Determination of genetic differences using DArTseq

Diversity Arrays Technology Pty. Ltd (Canberra, Australia) are the proprietary
owners of the DArT system. DArTseq is a high throughput sequencing approach that
was developed by the company. Through the multiple staged process, large samples
can be analysed at the same time to yield high-quality data (Kilian et al., 2012).
Through DArTseq two types of markers namely SilicoDArTs and SNPs are
generated. In the scoring of data SNP markers are codominant and are represented by
0 for homozygous reference allele, 2 for the homozygous alternate allele, 1 for

heterozygous allele and (-) for the missing value. SilicoDArT markers are dominant
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and are represented by (1) for the presence and (0) absence of a restriction fragment.
Calls with non-zero counts but too low counts to score confidently as (1) are
represented by (-). Therefore, SilicoDArT markers are considered the equivalent of

the AFLP markers (Sanchez-Sevilla et al., 2015).

DArTseq has been used to explore the genetic diversity and population structure of
various plant species in several studies. In a study by Yang et al. (2016) DArTseq was
used to determine the genetic diversity and population structure of core watermelon
(Citrullus lanatus). The genetic diversity in the watermelon genotypes ranged
between 0.03 and 0.5. The population was grouped into three distinct clusters that
were correlated with their point of origin (Yang et al., 2016). In a study by
Seyedimoradi et al., (2020), SilicoDArT markers obtained from DArTseq were used
to determine the genetic diversity and population structure of chickpea (Cicer
arietinum L.). In this study, the chickpea genotypes were found to have high genetic
diversity and the population was divided into four distinct clusters (Seyedimoradi et
al., 2020). From the study conducted by Adu et al., (2021) ,SilicoDArT and SNP
markers from DArTseq were used for analysis of population structure and genetic
diversity in cassava (Manihot esculenta Crantz). The genetic diversity was moderate
and the population was clustered into two subpopulations with a lot of admixture

(Adu et al., 2021).

2.8 The working principle of DArTseq
The markers used in Diversity Arrays Technology sequencing (DArTseq) are
polymorphic parts of the genomic DNA. The markers are recognized in a differential

hybridisation platform that has been designed for this process. These markers possess
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two observable alleles which are either dominant or co-dominant (Huttner et al.,

2005).

In the analysis of samples using the DArT technology, a discovery array is formed
from a subset of genomes representative of the relevant genome. The pool of genomes
collectively referred to as metagenome must undergo a level of complexity reduction
to reduce repetitive DNA, which otherwise would affect DArT sequences and are of
no significance to polymorphism. The discovery array then identifies polymorphic
DArT markers grouped into a genotyping arrangement. Individual clones from the
genomic representations are amplified and spotted onto glass slides to attain a
discovery array. There are labelled genomic presentations of individual genomes
earlier included in the metagenome pool; these are hybridized to discovery array and
polymorphic clones known as DArT markers. The DArT markers detected, as a result,
are placed into a genotyping array for routine genotyping work (Huttner et al., 2005).

DArT software is used to determine the intensities of hybridization during
sequencing. The level of genetic diversity within the metagenome pool determines the
efficacy of identifying DArT markers with polymorphism. The diversity arrays detect
polymorphism through variations in single base-pair that occur at the sites of
restriction endonucleases as well as deletions and rearrangements occurring within
DNA fragments (Wittenberg et al., 2007). Though DArT DNA polymorphisms,
deletions and insertions can be detected, DArTseq assays unselected populations of
fragments for quantifiable differences in hybridisation signal among input genotype

samples (Huttner et al., 2005).
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2.9 Imputation of missing values in DArTseq data

KDCompute is an online platform and an application developed by DArT PTY Ltd to
analyse, impute and process sequence data without intensive computing power.
Presence of missing data can lead to biasness and wrong conclusions in studies. As
such, it is necessary to find a solution towards the issue of missing data (Hunter and
Schmidt, 2004). Transcription, varying weather patterns, errors in measurement,
damaged and dead plants are some of the causes of missing values. To compensate for
the missing values, the missing data patterns must be established. These patterns help
determine the imputation method (Negash, 2015). Expectation-Maximization (EM),
Probabilistic Principal Component Analysis (PPCA), Singular Value Decomposition
(SVD) and Nonlinear Estimation by Iterative Partial Least Squares (Nipals) are some
of the imputation methods frequently used (John, et al., 2019). Small amounts of
missing data are accommodated by Nipals but not more than 5% missing data. While
SVD accepts high amount of missing data more than 10%, PPCA accommodates 10-
15% of missing data (Stacklies et al., 2007). Expectation-Maximization imputation
method uses an iterative algorithm to identify a parameter that utilizes the log

likelihood when there are missing values (Dempster et al., 1977).
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CHAPTER THREE

MATERIALS AND METHODS

3.1 Population samples and DNA extraction

Leaf material from 500 Uapaca kirkiana trees were randomly collected from
International Centre For Research in Agroforestry (ICRAF) gene bank locations in
Mozambique, Tanzania, Malawi, Zambia and Zimbabwe (Figure 3.1). From
Mozambique leaves were obtained from 80 trees. From Tanzania, Malawi and
Zimbabwe, leaves were collected from 100 trees in each country. From Zambia,
leaves were plucked from 120 trees. The leaf samples were preserved in silica gel
immediately after collection then shipped via courier to ICRAF headquarters in
Nairobi for analysis. On arrival the collected leaves were sorted, some leaves had
decomposed due to poor handling and storage and were discarded as they were no
longer viable for DNA extraction. The remaining leaf samples (470) were then stored
at -20°C till DNA extraction. The collected leaf sample size was determined by the

amount of quality genomic DNA obtained for use in genotyping.
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Figure 3.1: Geographical distribution of 342 accessions U. kirkiana according to
dartR results. Circles represent the sample location and colours indicate the country
where the samples were obtained. Pink is for Zimbabwe, Blue is for Zambia, Red is
for Malawi, Lime green is for Mozambique and Plain green is for Tanzania.
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Total genomic DNA was extracted from 100mg of each leaf sample using the CTAB
method according to Doyle and Doyle (1987). The leaves were obtained from old
trees which tend to have high levels of polyphenols. Therefore, the CTAB protocol
was modified to eliminate protein and secondary metabolites within sample and to
obtain pure genomic DNA with high concentration (Porebski et al.,1997). Agarose gel
electrophoresis (0.8%) was used to determine the approximate concentration and
quality of the extracted DNA (Sambrook et al., 1989). The purity of DNA was
determined using Thermo Scientific™ NanoDrop 2000 spectrophotometer under the
260/280nm and 260/230 column. Any DNA that did not have the 260/280nm ratio
ranging from 1.8 to 2.0 and 260/230 ration between 2.0 and 2.2 was discarded
(Lucena-Aguilar et al., 2016). The ability of the genomic DNA to amplify was
determined using restriction enzymes digests after which the resulting fragments were
analysed through PCR. This was necessary to eliminate contaminating nucleases and
because DArT platform utilizes the same procedure in obtaining the restriction
fragments. In the event that DNA could not be digested by restriction enzymes it was
counted that the same would happen at DArT Pty Ltd during analysis. Thus, such
DNA, degraded DNA, as well as those with short fragments, were eliminated. The
final DNA concentration in nanograms per microliter (ng/ul) required for the analysis
was measured using Thermo Scientific™ Qubit Fluorometer. Diversity arrays
technology Pty Ltd requires at least 50 ng/ul of DNA for sequencing. Therefore, DNA

concentration of less than 50 ng/ul was disregarded (Baloch et al., 2017).

3.2 DNA normalisation, library preparation, and sequencing
DNA samples of 20 pl and a concentration of 50-100 ng/pul were loaded onto four 96

well plates and sent to Diversity Arrays Technology Pty. Ltd (Canberra, Australia) for
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analysis. The DAIT sequencing steps are described in detail by Kilian et al. (2012)

and DArT Pty Ltd at www.diversityarrays.com. Here is an outline of the process: the
first step involved digestion of genomic DNA with a mixture of restriction enzymes to
allow selection of a part of the genome depending on outlined criteria for instance
size. As a result, polymorphic fragments that were relevant in the analysis of genetic
diversity were selected. The polymorphic fragments were then used to create a library
by cloning them into the Escherichia coli bacteria. The process was followed by
polymerase chain-reaction (PCR) which amplified the generated libraries. Amplicon
cleaning and evaluation through capillary electrophoresis was done and the resulting
fragments were sequenced creating a FASTQ file with sequence reads of polymorphic
fragments. Since there was reference no genome for U. kirkiana, the process was
repeated to include different reads from the library. SilicoDArT and SNP markers
were then identified based on different algorithms and the resulting data was

heterozygous and homozygous (Kilian et al., 2012).

3.3 Data management and statistical analysis

3.3.1 Processing of raw data and SNP calling

Initial data processing was done at DArT Pty Ltd, Australia using the
DArTsoft.v.7.4.7 to analyse images and score SilicoDArT and SNP markers. The data
presented from DArT Pty Ltd, Australia, was in two formats: SNPs and SilicoDArT
data sets in comma-separated values format. The data sets contained the parameters
explaining the quality of the markers. The Polymorphic Information Content (PIC),
call rate and reproducibility were used to explain allelic diversity. The sequences
obtained from DArT Pty Ltd were filtered for insignificant markers and genotypes

when generating the SNPs and SilicoDArTs. As a result, out of the 376 DNA samples



19
that were sent to DArT Pty Ltd for DArTseq, only 342 were reported. A table for the

list of samples that were analysed and reported by DArT Pty Ltd is shown (Table 3.1).
Assigned identities were the sample names used during analysis of data. Provenance
was the original collection point of U. kirkiana and laboratory identities were the

names assigned to the samples for sequencing.
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Table 3.1: Laboratory identity, assigned identity, provenance and country of origin of

U. kirkiana from Miombo woodland used in this study

LABID ASSIGNED ID PROVENANCE COUNTRY OF ORIGIN
2 1 Nyamukwarara Zimbabwe
4 2 Mbala Zambia

7 3 Lwilomelo Zimbabwe
10 4 Choma Zambia
11 5 Mapanzure Zimbabwe
16 6 Musana Zimbabwe
17 7 Nyamukwarara Zimbabwe
18 8 Choma Zambia
19 9 Lwilomelo Zimbabwe
22 10 Mbala Zambia
23 11 Choma Zambia
28 12 Serenje Zambia
29 13 Lwilomelo Zimbabwe
32 14 Musana Zimbabwe
33 15 Mapanzure Zimbabwe
34 16 Litende Malawi
35 17 Choma Zambia
36 18 Lwilomelo Zimbabwe
39 19 Mbala Zambia
40 20 Musana Zimbabwe
41 21 Murewa Malawi
42 22 Domboshawa Zimbabwe
43 23 Murewa Zimbabwe
44 24 Mapanzure Zimbabwe
45 25 Luwawa Malawi
46 26 Luwawa Malawi
47 27 Nyamukwarara Zimbabwe
48 28 Choma Zambia
49 29 Lwilomelo Zimbabwe



21

LABID ASSIGNEDID PROVENANCE COUNTRY OF ORIGIN
51 30 Lwilomelo Zimbabwe
53 31 Litende Malawi
55 32 Mapanzure Zimbabwe
56 33 Musana Zimbabwe
59 34 Luwawa Malawi
60 35 Gombea Tanzania
61 36 Musana Zimbabwe
63 37 Musana Zimbabwe
64 38 Mbala Zambia
65 39 Litende Malawi
66 40 Domboshawa Zimbabwe
67 41 Mbala Zambia
68 42 Lwilomelo Zimbabwe
69 43 Choma Zambia
70 44 Mbala Zambia
71 45 Musana Zimbabwe
74 46 Mbala Zambia
78 47 Luwawa Malawi
79 48 Lwilomelo Zimbabwe
80 49 Luwawa Zambia
81 50 Mbala Zambia
82 51 Domboshawa Zimbabwe
83 52 Lwilomelo Zimbabwe
84 53 Litende Malawi
86 54 Murewa Malawi
89 55 Nyamukwarara Zimbabwe
91 56 Choma Zambia
94 57 Litende Malawi
95 58 Luwawa Malawi
96 59 Litende Malawi
97 60 Gombela Tanzania
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LABID ASSIGNEDID PROVENANCE COUNTRY OF ORIGIN
98 61 Lwilomelo Zimbabwe
100 62 Litende Malawi
101 63 Kitwe Zambia
102 64 Iringa Tanzania
103 65 Kasama Zambia
104 66 Choma Zambia
105 67 Gombela Tanzania
106 68 Chipata Zambia
107 69 Choma Zambia
108 70 Chipata Zambia
109 71 Iringa Tanzania
110 72 Mbeya Tanzania
111 73 Mbeya Tanzania
112 74 Chipata Zambia
113 75 Chipata Zambia
114 76 Mbeya Tanzania
116 7 MUAP Malawi
117 78 Kasama Zambia
119 79 Kasama Zambia
121 80 Mpwapwa Tanzania
122 81 Chipata Zambia
123 82 Mbeya Tanzania
124 83 Serenje Zambia
125 84 Gombela Tanzania
126 85 Kyela Tanzania
127 86 Mbala Zimbabwe
128 87 Gombela Tanzania
129 88 Iringa Tanzania
130 89 Iringa Tanzania
132 90 Kitwe Zambia
134 91 Gombela Tanzania
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LABID ASSIGNEDID PROVENANCE COUNTRY OF ORIGIN
136 92 Kitwe Zambia
137 93 Serenje Zambia
138 94 Mpwapwa Tanzania
139 95 Serenje Zambia
140 96 Iringa Tanzania
142 97 Kasama Zambia
144 98 Kitwe Zambia
145 99 Gombela Tanzania
146 100 Zambia Zambia
147 101 Sumbawanga Tanzania
148 102 Kasama Zambia
149 103 Mpwapwa Tanzania
150 104 Mbala Zambia
151 105 Iringa Tanzania
152 106 Choma Zambia
153 107 Kasama Zambia
154 108 MUAP Malawi
155 109 Mbala Zambia
156 110 Kasama Zambia
158 111 Litende Malawi
159 112 Luwawa Malawi
161 113 Luwawa Malawi
162 114 Luwawa Malawi
163 115 Litende Malawi
164 116 Litende Malawi
166 117 Litende Malawi
167 118 Litende Malawi
168 119 Kasungu-MUAP Malawi
169 120 Luwawa Malawi
170 121 Sumbawanga Tanzania
171 122 Litende Malawi
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LABID ASSIGNEDID PROVENANCE COUNTRY OF ORIGIN
172 123 Gombela Tanzania
174 124 Mozambique Mozambique
175 125 Kyela Tanzania
176 126 Choma Zambia

177 127 Serenje Zambia

178 128 Choma Zambia

179 129 Mbeya Tanzania
180 130 Zambia Zambia

186 131 Mozambique Mozambique
187 132 Zambia Zambia

189 133 Chipata Zambia

190 134 Kitwe Zambia

192 135 Kitwe Zambia

193 136 Serenje Zambia

195 137 Zambia Zambia

196 138 Choma Zambia

197 139 Kitwe Zambia

198 140 Mozambique Mozambique
199 141 Iringa Tanzania
200 142 Sumbawanga Tanzania
202 143 Kyela Tanzania
203 144 Iringa Tanzania
204 145 Mozambique Mozambique
205 146 Mozambique Mozambique
206 147 Serenje Zambia

207 148 Mozambique Mozambique
210 149 Mpwapwa Tanzania
212 150 Mozambique Mozambique
213 151 Mozambique Mozambique
103AA 152 Kasama Zambia
104AA 153 Choma Zambia
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LABID ASSIGNEDID PROVENANCE COUNTRY OF ORIGIN
105AA 154 Gombela Tanzania
112AA 155 Chipata Zambia
114AA 156 Mbeya Tanzania
150AA 157 Mbala Zambia
29AA 158 Lwilomelo Zimbabwe
39AA 159 Mbala Zambia
48AA 160 Choma Zambia
51AA 161 Lwilomelo Zimbabwe
55AA 162 Mapanzure Zimbabwe
63AA 163 Musana Zimbabwe
T4AA 164 Sumbawanga Tanzania
T8AA 165 Luwawa Malawi
82AA 166 Domboshawa Zimbabwe
86AA 167 Murewa Zimbabwe
89AA 168 Nyamukwarara Zimbabwe
91AA 169 Choma Zambia
95AA 170 Luwawa Malawi
K107 171 Kasungu Malawi
K117 172 Phalombe Malawi
K13 173 Luwawa Malawi
K136 174 Mpwapwa Tanzania
K25 175 Kasungu Malawi
K35 176 Litende Malawi
K45 177 Phalombe Malawi
K47 178 Phalombe Malawi
K50 179 Litende Malawi
K52 180 Phalombe Malawi
K72 181 Choma Zambia
K79 182 Kasungu Malawi
K81 183 Kasungu Malawi
K87 184 Litende Malawi
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LABID ASSIGNEDID PROVENANCE COUNTRY OF ORIGIN
K93 185 Kasungu Malawi
K98 186 Serenje Zambia
M1 187 Serenje Zambia
M10 188 Choma Zambia
M101 189 Mbeya Tanzania
M102 190 Kasungu Malawi
M103 191 Mbeya-Nyoka Tanzania
M104 192 Mbeya-Nyoka Tanzania
M105 193 Mbeya-Nyoka Tanzania
M106 194 Gombela-Songea Tanzania
M108 195 Sumbawanga Tanzania
M109 196 Luwawa Malawi
M11 197 Serenje Zambia
M111 198 Murewa Malawi
M112 199 Luwawa Malawi
M113 200 Iringa Tanzania
M114 201 Chipata Zambia
M115 202 Mapanzure Zimbabwe
M116 203 Gombela-Songea Tanzania
M117 204 Mbeya-Nyoka Tanzania
M118 205 Sumbawanga Tanzania
M12 206 Mapanzure Zimbabwe
M120 207 Kasungu Malawi
M13 208 Murewa Malawi
M14 209 Kasungu Malawi
M15 210 Serenje Zambia
M16 211 Mbeya Tanzania
M17 212 Chipata Zambia
M18 213 Kasungu Malawi
M19 214 Kasungu Malawi
M2 215 Mbeya-Kyela Tanzania
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LABID ASSIGNEDID PROVENANCE COUNTRY OF ORIGIN
M20 216 Phalombe Malawi
M21 217 Mbeya-Kyela Tanzania
M22 218 Serenje Zambia
M23 219 Choma Zambia
M24 220 Murewa Malawi
M25 221 Mapanzure Zimbabwe
M29 222 Mapanzure Zimbabwe
M3 223 Mapanzure Zimbabwe
M30 224 Kyela Tanzania
M31 225 Kasungu Malawi
M34 226 Litende Malawi
M4 227 Murewa Malawi
M5 228 Serenje Zambia
M52 229 Kasungu Malawi
M53 230 Mapanzure Zimbabwe
M54 231 Choma Zambia
M55 232 Chipata Zambia
M56 233 Kasungu Malawi
M58 234 Murewa Zimbabwe
M59 235 Luwawa Malawi
M6 236 Nyamukwarara Zimbabwe
M60 237 Mpwapwa Tanzania
M62 238 Utete-Iringa Tanzania
M66 239 Gombela-Songea Tanzania
M67 240 Murewa Zimbabwe
M69 241 Chipata Zambia
M7 242 Murewa Zimbabwe
M70 243 Sumbawanga Tanzania
M72 244 Gombela-Songea Tanzania
M73 245 Murewa Zimbabwe
M74 246 Sumbawanga Malawi
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LABID ASSIGNEDID PROVENANCE COUNTRY OF ORIGIN
M75 247 Choma Zambia
M77 248 Mpwapwa Tanzania
M79 249 Mpwapwa Tanzania
M8 250 Nyamukwarara Zimbabwe
M80 252 Gombela-Songea Tanzania
M82 252 Utete-Iringa Tanzania
M83 253 Mbeya-Kyela Tanzania
M85 254 Mapanzure Zimbabwe
M86 255 Serenje Malawi
M87 256 Litende Malawi
M89 257 Kasungu Malawi
M9 258 Luwawa Malawi
M92 259 Mbeya-Nyoka Tanzania
M92AA 260 Mbeya-Nyoka Tanzania
M94 261 Choma Zambia
M95 262 Mbeya-Nyoka Tanzania
M97 263 Litende Malawi
M99 264 Choma Zambia
UK-M1 265 Chipata Zambia
UK-M103 266 Nyamukwarara Zimbabwe
UK-M104 267 Nyamukwarara Zimbabwe
UK-M109 268 Phalombe Malawi
UK-M110 269 Phalombe Malawi
UK-M112 270 Phalombe Malawi
UK-M117 271 Serenje Zambia
UK-M118 272 Serenje Zambia
UK-M119 273 Serenje Zambia
UK-M124 274 Sumbawanga Tanzania
UK-M125 275 Sumbawanga Tanzania
UK-M126 276 Sumbawanga Tanzania
UK-M127 277 Sumbawanga Tanzania
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LAB ID ASSIGNED PROVENANCE COUNTRY
ID OF ORIGIN
UK-M133 278 Utete-Iringa Tanzania
UK-M136 279 Utete-Iringa Tanzania
UK-M14 280 Choma Zambia
UK-M2 281 Chipata Zambia
UK-M20 282 Gombela-Songea Tanzania
UK-M25 283 Gombela-Songea Tanzania
UK-M26 284 Gombela-Songea Tanzania
UK-M29 285 Kasungu Malawi
UK-M3 286 Chipata Zambia
UK-M31 287 Kasungu Malawi
UK-M34 288 Kasungu Malawi
UK-M37 289 Kasungu Malawi
UK-M4 290 Chipata Zambia
UK-M42 291 Litende Malawi
UK-M44 292 Litende Malawi
UK-M48 293 Litende Malawi
UK-M51 294 Luwawa Malawi
UK-M56 295 Luwawa Malawi
UK-M58 296 Mapanzure Zimbabwe
UK-M6 297 Chipata Zambia
UK-M60 298 Mapanzure Zimbabwe
UK-M61 299 Mapanzure Zimbabwe
UK-M66 300 Mapanzure Zimbabwe
UK-M7 301 Chipata Zambia
UK-M71 302 Kyela Tanzania
UK-M78 303 Kyela Tanzania
UK-M8 304 Chipata Zambia
UK-M81 305 Mbeya-Nyoka Tanzania
UK-M84 306 Mbeya-Nyoka Tanzania
UK-M85 307 Mbeya-Nyoka Tanzania
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LABID ASSIGNEDID PROVENANCE COUNTRY OF ORIGIN
UK-M86 308 Mpwapwa Tanzania
UK-M90 309 Mpwapwa Tanzania
UK-M91 310 Murewa Zimbabwe
UK-M92 311 Murewa Zimbabwe
UK-M96 312 Murewa Zimbabwe
UK-M97 313 Murewa Zimbabwe
UK-zZz1 314 Chipata Zambia
UK-zZ12 315 Choma Zambia
UK-Z13 316 Choma Zambia
UK-zZ17 317 Iringa Tanzania
UK-Z18 318 Iringa Tanzania
UK-zZ20 319 Iringa Tanzania
UK-Z23 320 Iringa Tanzania
UK-z26 321 Kasama Zambia
UK-z27 322 Kasungu Malawi
UK-Z36 323 Kyela Tanzania
UK-Z37 324 Kyela Tanzania
UK-zZ38 325 Litende Malawi
UK-zZ42 326 Luwawa Malawi
UK-z43 327 Luwawa Malawi
UK-z49 328 Mbala Zambia
UK-zZ54 329 Mpwapwa Tanzania
UK-zZ55 330 Mpwapwa Tanzania
UK-Z56 331 Mpwapwa Tanzania
UK-Z60 332 MUAP Zambia
UK-Z64 333 Serenje Zambia
UK-Z66 334 Serenje Zambia
UK-z67 335 Serenje Zambia
UK-Z68 336 Serenje Zambia
UK-Z69 337 Serenje Zambia
UK-Z74 338 Zambia Zambia
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LABID ASSIGNEDID PROVENANCE COUNTRY OF ORIGIN

UK-Z77 339 Zambia Zambia
UK-Z78 340 Zambia Zambia
UK-Z79 341 Zambia Zambia
UK-Z86 342 Luwawa Zambia

Missing data was imputed on the KDCompute server at (https://kdcompute.igss-
africa.org/kdcompute/login). The analysis was based on four imputation methods
namely Expectation-Maximization (EM), Probabilistic Principal Component Analysis
(PPCA), Singular Value Decomposition (SVD) and Nonlinear iterative partial least
squares (Nipals). Each imputation method was run on the dataset with an additional
10% introduced missing values. The imputed introduced missing values were then
compared to the original data set to calculate a Simple Matching Coefficient (SMC).
The method with the highest SMC method was then used to impute the original data

set.

3.3.2 Statistical analysis

DartR (Gruber et al., 2018) R software package (R Core Team, 2017), was used to
convert the dataset to distance matrices with 1000 bootstraps (Gruber et al., 2018).
Through the g2phylip() function and 1000 bootstrap replicate, a matrix of genetic
distances between subpopulations was calculated to produce an input file for Phylip
application (Felsenstein, 2005). Phylip application was then used to derive a
neighbour-joining (NJ) dendrogram which was visualized on the interactive Tree of
Life (iTOL) application (Letunic and Bork, 2019). The genetic diversity was
calculated using the basic.stat() function in dartR package (Gruber et al., 2018) and

AMOVA was determined using poppr in R. Population structure was determined
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using discriminant analysis of principal components (DAPC) method (Jombart et al.,
2010) in the adegenet package (Jombart, 2008) for R software (R Core Team, 2017).
To identify the clusters in the dataset, find.clusters () function in DAPC was used
(Jombart et al., 2010). A specific maximum value of K=40 groups which is equivalent
to max.n.clust=40, was applied. While retaining the maximum number of all the
Principle Components (PCs), a graph of Bayesian Information Criterion (BIC) values
against cumulative values of K was plotted. Table.value() function was used to verify
whether all the actual subpopulations were retrieved by the method. The results
obtained from the discriminant analysis principle component were plotted using the
scatterplot() function to include the retained eigenvalues principal component
analysis. DAPC summary heatmaps of the first 50 individuals and all individuals in
the dataset were then plotted. The results of the heatmap were drawn in a composite
plot using the function compoplot(). The DAPC was cross-validated using xvalDapc()

function.
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CHAPTER FOUR

RESULTS

4.1 To determine genetic diversity and population genetic parameters of
U. kirkiana (Mdell) Arg. from selected locations in Africa

4.1.1 Evaluation of allelic diversity

DArTseq generated codominant 28393 SNPs in 342 accessions of Uapaca kirkiana
obtained from various locations in Malawi, Mozambique, Tanzania, Zambia, and
Zimbabwe. The mean average call rate was 50%. The overall average of the
polymorphism information content (PIC) of the reference and SNP allele was 0.1,
with values ranging between 0.003 and 0.5. The average reproducibility rate, which is
the proportion of technical replicate assay pairs for which the marker score was
consistent, was 99.95%. Out of the four imputation algorithms EM, PPCA, SVD and
Nipals; EM, PPCA and SVD had a simple matching coefficient (SMC) of 0.56, with

Nipals having the lowest SMC of 0.53 (Table 4.1)

Table 4.1: Imputation report for compensating missing values in the SNP data for

U.kirkiana

Imputation Methods Timings (minutes) Scores
EM 23.581 0.5637605
PPCA 4.160 0.5577847
SVvD 15.050 0.5550635

Nipals 2.370 0.5299328
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4.1.2 Assessment of phylogenetic relations

The neighbour-joining tree analysis classified the accessions into four clusters (Figure
4.1 and Figure 4.2). The first cluster was composed of a total of 3 individuals
(subgroup 1) from Zimbabwe and Tanzania. Cluster two contained 47 individuals
(subgroup 2) from Zimbabwe, Zambia, Malawi and Tanzania. Cluster three contained
2 individuals (subgroup 3) from Zambia. The fourth cluster consisted of 289
individuals (subgroup 4) from Zimbabwe, Malawi, Zambia, Tanzania and
Mozambique (Figure 4.1 and Figure 4.2). During the construction of the NJ tree, one
individual (7) an individual from Zimbabwe formed an outlier and therefore was

deleted from the tree.

Tree scale: 10

Figure 4.1: Neighbour joining tree created from 1000 bootstrap replicates for 341
U. kirkiana accessions. Based on the NJ analysis, there were four clusters that did not
correspond to the geographical location of the plant. Cluster 1 (green colour) had 3
individuals, Cluster 2 (yellow colour) had 2 individuals, Cluster 3 (Fuchsia colour)
had 289 individuals and cluster 4 had 47 individuals.
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Trie SCale: 10 br——

Subgroups
B Subgroup 1 (3 individuals)

Subgroup 3 (2 individuals)
B subgroup 4 (289 individuals)
B subgroup 2 (47 individuals)
Figure 4.2: Inverted Neighbour joining tree created from 1000 bootstrap replicates for
341 U. kirkiana accessions. Based on the NJ analysis, there were four clusters that did
not correspond to the geographical location of the plant. Cluster 1 (green colour) had
3 individuals, Cluster 2 (yellow colour) had 2 individuals, Cluster 3 (Fuchsia colour)

had 289 individuals and cluster 4 had 47 individuals.
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4.1.3 Determination of population genetics parameters

The heterozygosity (Ho) within populations was 0.0849. The fixation index (Fst) was
used to determine deviations from the Hardy Weinberg equilibrium. The overall Fst
within the populations was 0.0551, and the corrected fixation index (Fstp) was
equivalent to Fst. The overall gene diversity (Ht) was 0.1040, which was comparable
to the genetic diversity within populations (Hs) but higher than the gene diversity
among samples (Dst) that had a value of 0.0057. Even so, corrected overall genetic
diversity (Htp) was the same as the overall gene diversity and the corrected gene
diversity among samples (Dstp) was comparable to the gene diversity among samples.
The inbreeding coefficient per overall loci (Fis) was 0.1364 whereas the measure of

population differentiation (Dest) was 0.0065 (Table 4.2).

Table 4.2: Genetic diversity between and among populations of Uapaca kirkiana

Ho Hs Ht Dst Htp Dstp  Fst Fstp  Fis Dest

0.0849 0.0983 0.1040 0.0057 0.1041 0.0059 0.0551 0.0565 0.1364 0.0065

Legend: Ho: heterozygosity within populations, Hs: genetic diversity within
populations, Ht: overall gene diversity; Dst: gene diversity among samples; Htp:
corrected overall gene diversity; Dstp: corrected gene diversity among samples; Fst:
fixation index; Fstp: corrected fixation index; Fis: inbreeding coefficient per overall

loci; Dest: a measure of population differentiation.

4.2 To determine genetic relationships and population structure of U. kirkiana
(MUell) Arg. from selected locations in Africa

4.2.1 Determination of genetic relationships in populations

Analysis of molecular variance (AMOVA) is used to test whether there is significant
population structure or not. In this study, there was significant diversity among

samples (P>0.001). The distribution of genetic diversity was 1.3% between
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populations, 4.8% between samples within populations and 93.9% within samples.
The population differentiation statistics was 0.05 between samples within populations,
0.06 within samples, and 0.01 overall. The analysis of molecular variance (AMOVA)
results revealed a high genetic density within samples and a lower genetic density of

between populations (Table 4.3).

Table 4.3: Analysis of molecular variance in populations of U. kirkiana. Estimation
of P-value was based on 999 permutations. Legends: DF, degrees of freedom, SSD,

sum of squared deviations; MSD, mean squared deviation.

AMOVA DF SSD MSD Sigma % Statphi P
Between 4 207449  518.62  4.39 1.28 0.001
populations

Between 91 32208.84 35394 16.53 4.84 0.05 0.001
samples

within

populations

Within 96 30804.89 320.88  320.88 93.88 0.06 0.001
samples

Total 191 65088.22 340.78  341.80 100.0 0.01

4.2.2 Discriminant Analysis of Principal Components (DAPC)
From the find.clusters () function a graph of cumulative variance due to the PCA
eigenvalues was generated. The graph was used to determine the number of principle

components (PCs) to retain for use in the step of analysis (Figure 4.3).
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Figure 4.3: A graph of cumulative variance due to the PCA eigenvalues for DAPC

The number of PCs retained in the first step (325) were used to plot a graph of BIC
against K. This graph was used to establish the values of K. From the figure (Figure
4.4), there was a decrease of BIC values up to K=4 which led to the narrowing down
on the number of K values to use in the analysis as 4.

2300
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I
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0 10 20 30 40
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Figure 4.4: Value of BIC versus number of clusters for identifying K-values for
DAPC
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At the point of decrease of BIC values in the second graph, the curve formed an
elbow suggesting that four clusters should be retained. The output from find.clusters()
consisted of a list of statistics, including summary statistics (Kstat) of K=1 to K=40.
The Kstat values ranged from 2214.635 to 2311.317. The number of clusters
identified as well as the associated statistic were also included in the find.clusters()
output. Consequently, K=4 was listed and the Kstat value was found to be 2215.827.
Also, the assignment of all the individuals in the metapopulation to levelsl to 4 was
shown. Each level had varying individual sizes: level 1 had a total of 173 individuals,
level 2-52, level 3-102 and level 4-15 individuals. The actual groups in the
subpopulations were all well identified by the method where the actual
subpopulations were 341, and the inferred groups were 4. The output for find.clusters
was as follows: Kstat, stat, population levels and size A graph similar to
find.clusters() function was obtained from the dapc() function. Unlike K-means,
where too many PCs were profitable, a few PCs were retained in dapc(). The number
of PCs to retain were selected. A discriminant analysis eigenvalues plot was displayed

showing three linear discriminants which were all retained (Figure 4.5).

F-statistic

0 2000 5000

Linear Discriminants

Figure 4.5: Discriminant analysis eigenvalues showing three linear discriminants that

were retained and which accounted for 67.1% conserved variance
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The first 60 PCs of PCA were used representing a proportion of conserved variance of
67.1%. Cross-validation of the DAPC confirmed these values (Figure 4.9).

From the DAPC scatter plot, the overall population was divided into four clusters.
Individuals from cluster 4 were observed to spread along the y-axis. In the scatterplot,

the graph of the PCA eigenvalues was retained (Figure 4.6).
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Figure 4.6: DAPC scatterplot. Crosses indicate the centre of each group; a minimum
spanning tree indicates the actual closeness between subpopulations. Individuals are
represented as coloured dots.

A summary of the DAPC showed the probabilities of the membership based on the
discriminant functions that were retained. The summary of the DAPC was computed

as summary statistics in R and displayed as summary (dapc) (Table 4.4).

Table 4.4: Summary statistics of DAPC outlining the group size per cluster of
U. kirkiana

No.of  No of Assign per Prior group size Post group size
dimens subpopul population

ions ations

3 4 1 2 3 41 2 3 4 |1 2 3 4

1 1 1 17102 52 173 15 [102 52 173 15
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The summary (dapc) was composed of the number of dimensions, number of
subpopulations, the overall number of populations, and population size before and
after assignment. Whole numbers were observed after successful reassignment of
individuals to their clusters as was indicated in the assign.per.pop slot. The clusters
remained unchanged in size after reassignment. The summary (dapc) was used to
generate a heatmap for the first individuals in the dataset. The initial clustering before
DAPC was represented by the blue crosses which were consistent with the DAPC

classification as the crosses were within the red rectangles (Figure 4.7).

Clusters

Figure 4.7: A DAPC summary heatmap of the first 50 individuals of U. kirkiana in
the dataset

Heat colours are the membership probabilities; red is equivalent to one, and white is
equal to zero. Blue crosses are the initial clusters that were provided to DAPC. The
summary(dapc) was also used to plot a compoplot (Figure 4.8). The individuals in the
compoplot had membership probabilities of 100% in a cluster. There were no

individuals with less than 99% membership probability in a cluster.
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Figure 4.8: Composite plot of membership probability in each of the clusters

identified in DAPC
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4.2.3 Cross-validation of DAPC

When choosing the number of PCs for analysis, it is important to ensure that the
suitable number of PCs are selected. The choice of the appropriate number of PCs to
retain helps to include a greater source of variation in the data. DAPC cross-validation
makes it possible to determine that the number of PCs retained is enough. From the
DAPC cross-validation analysis, the number of PC’s achieving the highest mean
success were 60, and the number of PC’s achieving the lowest mean squared error

was 60 (Figure 4.9). Implying that retaining 60 PCs would account for the greatest

source of variation in this study, which was the case.
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Figure 4.9: DAPC cross-validation confirming the true number principle components

for achieving the highest mean
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CHAPTER FIVE

DISCUSSION

5.1 Assessment of allelic diversity

DAIT sequencing led to the discovery of 28393 SNPs from 342 individuals from
Uapaca Kirkiana. The markers had an average reproducibility of 99.95% and an
average call rate of 0.5%, which met the criteria for marker quality control, as
illustrated by Kilian et al. (2012). DArT SNPs are filtered for insignificant markers
and genotypes at DArT Pty. However, too much filtering would result in loss of
significant markers (Gruber et al., 2019). An initial analysis was conducted on EM,
PPCA, SVD and Nipals algorithms to determine the best method for imputing the
original dataset. A comparison of the SMC from the four methods of imputation
showed that EM was the highest-scoring method. As such, EM was the preferred
method of imputation for the original dataset. The markers did not have chromosome
information as this was the first time that Uapaca kirkiana was being sequenced. The
SNPs were highly polymorphic with a PIC value ranging from 0.003 to 0.5 suggesting

that the markers were genetically diverse (Avolio et al., 2012).

5.2 Assessment of genetic parameters and relations

SNPs provide accurate genomic data compared to other markers and thus have been
used in genome level profile studies (Mammadov et al., 2012). Information derived
from SNP data, including genetic diversity and population structure, is vital in crop
improvement, germplasm conservation and crop management (Rios, 2015). In this
study, low levels of genetic diversity indices were observed. There was low
differentiation among populations as was shown in AMOVA, low Dest and low Fst

levels of 0.0065 and 0.0551, respectively implying that there is low genetic diversity
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and low population differentiation. The low genetic diversity may, in part, suggest
that there is high gene flow within populations. There was a high genetic density of
82% within populations signifying high genetic differentiation. According to Pongratz
et al. (2002), gene flow restrictions between populations lead to high genetic
differentiation. Consequently, a restricted gene pool can lead to a decrease in diversity

which is detrimental to the survival of the population (Giles et al., 1998).

Plant breeding has been shown to have an impact on genetic diversity by increasing
crop uniformity in the field. In a study by Rauf et al. (2010), the domestication of
plants led to losses in genetic diversity. Uapaca kirkiana one of the indigenous fruit
trees that have been domesticated (Akinnifesi et al., 2002), could suggest that the loss
of genetic diversity is due to breeding. Further, the inbreeding coefficient per overall
was low levels of inbreeding within a population (Szczecinska et al., 2016), leading to
a deduction that the observed low levels in Dest and Fst statistics could be largely due

to the small population size evident in the domesticated trees (Furlan et al., 2012).

5.3 Determination of population structure

Population structure is a metapopulation resulting from individuals that are assembled
into local populations depending on genetic differences shared (Woodruff, 2001).
Parametric and nonparametric approaches infer the population structure and
individuals’ allocation to subpopulations (Alhusain and Hafez, 2018). DAPC is a non-
hierarchical clustering technique used to classify and define individuals based on
genetic relativeness (Jombart et al., 2010). Analysis of the population structure
through DAPC vyielded four clusters that were well defined based on their genetic
make-up arising from the individuals. The results were comparable to the four-

clustered dendrogram that was obtained using the Neighbour-joining (NJ) clustering
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analysis. However, the assignment of individuals between the Neighbour joining
method and the DAPC differed. In the NJ dendrogram, the subpopulations were
assigned into distinct groups. However, in the DAPC the populations were assigned to
a cluster one individual at a time. Moreover, the cluster sizes in the two methods were
not identical. The difference in the assignment of individuals in both methods is as a
result of different algorithms that are used in the two methods of clustering. DAPC
uses K-means clustering whereas NJ clustering uses the Ward method which is an
agglomerative hierarchical clustering method (Rasmussen, 1992; Jombart et al.,
2010). In comparison, K-means is a partitioning non-hierarchical method that
identifies the K-number of clusters and then assigns each observation to the nearest
mean, while optimising homogeneity measurements within groups and heterogeneity

between clusters (Natingga, 2017).

The DAPC method for population structure analysis is dependent on PCA to reduce
the dimension of data and linear discriminant analysis. The number of PCAs to be
retained as well as the quality of the resulting DAPC are confirmed through cross-
validation of the DAPC. The ideal number of PCs to retain in the DAPC are those that
are linked to the lowest mean squared error (Jombart and Collins, 2015). From this
study, the number of PCs associated with the means squared error was 60, which were
the actual number of PCs selected from the onset of DAPC analysis. Therefore, the
cross-validation results confirmed that the number of PCs retained in the analysis was
optimum. From the DAPC heatmap and compoplot, individual membership
probability in a cluster was 100% implying that the clusters were well defined and

there was no admixture within the population.
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CHAPTER SIX

CONCLUSIONS AND RECOMMENDATION

6.1 Conclusions

DArT sequencing of SNPs identified polymorphic markers and revealed diversity
among the populations that were analysed. The U. kirkiana population was structured
and composed of four clusters. As such, it would be economical to select a
representative sample of each cluster to be preserved for germplasm conservation.
There was a high genetic density within populations and a lower genetic density
among populations. The genetic diversity was low across the populations, which may

have been as a result of the tree conservation strategy.

6.2 Recommendation

e The germplasm conservation unit at ICRAF may want to use populations that are
genetically distant to increase diversity and enhance the long-term survival of the
fruit tree.

e Further analysis of U. kirkiana accessions for sex markers will lead to the
identification of the sex-specific markers at the molecular level, and this
information will be helpful in the selection of the most desirable varieties for

conservation purposes.
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APPENDICES

Appendix 1: Find.clusters () output showing how individuals were assigned into
clusters in DAPC. 1, 2, 3, and 4 values in the table indicate the clusters. The value
above the cluster number is the identity of the individual.
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Appendix 2: Distribution of U.kirkiana samples in the four subgroups from the NJ
analysis. The subgroups were made up of individuals from different countries. The
samples in subgroups did not correspond to the area of location

Group 1 Group 3
Sample Provenance Country of Sample  Provenance Country
ID Origin ID of Origin
30 Lwilomelo  Zimbabwe 29 Lwilomelo Zimbabwe
33 Musana Zimbabwe 31 Litende Malawi
35 Gombea Tanzania 34 Luwawa Malawi
36 Musana Zimbabwe
Group 2 40 Domboshawa Zimba_lbwe
41 Mbala Zambia
Sample Provenance Country  of .
D Origin 43 Choma ngbla
. 45 Musana Zimbabwe
44 Mbala Zambia . .
) ) 48 Lwilomelo Zimbabwe
49 Lwilomelo  Zimbabwe 50 Mbala Zambia
51 Domboshawa  Zimbabwe
Group 3 52 Lwilomelo Zimbabwe
Sample Provenance  Country 61 Lwilomelo Zimbabwe
ID of Origin 158 Lwilomelo Zimbabwe
1 Nyamukwarara Zimbabwe 160 Mbala Zambia
2 Mbala Zambia 161 Lwilomelo Zimbabwe
3 Lwilomelo Zimbabwe 162 Mapanzure Zimbabwe
4 Choma Zambia 163 Musana Zimbabwe
5 Mapanzure Zimbabwe 164 Litende Malawi
6 Musana Zimbabwe 165 Luwawa Malawi
8 Choma Zambia 168 Nyamukwarara Zimbabwe
9 Lwilomelo Zimbabwe 169 Choma Zambia
10 Mbala Zambia 170 Luwawa Malawi
11 Choma Zambia 220 Murewa Malawi
12 Serenje Zambia 238 Utete-Iringa Tanzania
14 Musana Zimbabwe 260 Mbeya-Nyoka Tanzania
15 Mapanzure Zimbabwe
17 Choma Zambia
18 Lwilomelo Zimbabwe
19 Mbala Zambia
22 Domboshawa  Zimbabwe
23 Murewa Zimbabwe
25 Luwawa Malawi
26 Luwawa Malawi
27 Nyamukwarara Zimbabwe
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Group 4 Group 4

Sample  Provenance Country Sample  Provenance Country
ID of Origin ID of Origin
13 Lwilomelo Zimbabwe 80 Mpwapwa Tanzania
16 Litende Malawi 81 Chipata Zambia
20 Musana Zimbabwe 82 Mbeya Tanzania
21 Murewa Malawi 83 Serenje Zambia
24 Mapanzure Zimbabwe 84 Gombela Tanzania
28 Choma Zambia 85 Kyela Tanzania
32 Mapanzure Zimbabwe 86 Mbala Zimbabwe
34 Luwawa Malawi 87 Gombela Tanzania
37 Musana Zimbabwe 88 Iringa Tanzania
38 Mbala Zambia 89 Iringa Tanzania
39 Litende Malawi 90 Kitwe Zambia
42 Lwilomelo Zimbabwe 91 Gombela Tanzania
46 Mbala Zambia 92 Kitwe Zambia
47 Luwawa Malawi 93 Serenje Zambia
53 Litende Malawi 94 Mpwapwa Tanzania
54 Murewa Malawi 95 Serenje Zambia
55 Nyamukwarara Zimbabwe 96 Iringa Tanzania
56 Choma Zambia 97 Kasama Zambia
57 Litende Malawi 98 Kitwe Zambia
58 Luwawa Malawi 99 Gombela Tanzania
59 Litende Malawi 100 Zambia Zambia
60 Gombela Tanzania 101 Sumbawanga  Tanzania
62 Litende Malawi 102 Kasama Zambia
63 Kitwe Zambia 103 Mpwapwa Tanzania
64 Iringa Tanzania 104 Mbala Zambia
65 Kasama Zambia 106 Choma Zambia
66 Choma Zambia 107 Kasama Zambia
67 Gombela Tanzania 108 MUAP Malawi
68 Chipata Zambia 109 Mbala Zambia
69 Choma Zambia 110 Kasama Zambia
70 Chipata Zambia 111 Litende Malawi
71 Iringa Tanzania 112 Luwawa Malawi
72 Mbeya Tanzania 113 Luwawa Malawi
73 Mbeya Tanzania 114 Luwawa Malawi
74 Chipata Zambia 115 Litende Malawi
75 Chipata Zambia 116 Litende Malawi
76 Mbeya Tanzania 117 Litende Malawi
77 MUAP Malawi 118 Litende Malawi
78 Kasama Zambia 119 Kasungu- Malawi
79 Kasama Zambia MUAP




Group 4 Group 4
Sample  Provenance Country Sample  Provenance Country
ID of Origin ID of Origin
120 Luwawa Malawi 167 Murewa Zimbabwe
121 Sumbawanga  Tanzania 171 Kasungu Malawi
122 Litende Malawi 172 Phalombe Malawi
123 Gombela Tanzania 173 Luwawa Malawi
124 Mozambique Mozambique 174 Mpwapwa Tanzania
125 Kyela Tanzania 175 Kasungu Malawi
126 Choma Zambia 176 Litende Malawi
127 Serenje Zambia 177 Phalombe Malawi
128 Choma Zambia 178 Phalombe Malawi
129 Mbeya Tanzania 179 Litende Malawi
130 Zambia Zambia 180 Phalombe Malawi
131 Mozambique Mozambique 181 Choma Zambia
132 Zambia Zambia 182 Kasungu Malawi
133 Chipata Zambia 183 Kasungu Malawi
134 Kitwe Zambia 184 Litende Malawi
135 Kitwe Zambia 185 Kasungu Malawi
136 Serenje Zambia 186 Serenje Zambia
137 Zambia Zambia 187 Serenje Zambia
138 Choma Zambia 188 Choma Zambia
139 Kitwe Zambia 189 Mbeya Tanzania
140 Mozambique Mozambique 190 Kasungu Malawi
141 Iringa Tanzania 191 Mbeya-Nyoka Tanzania
142 Sumbawanga  Tanzania 192 Mbeya-Nyoka Tanzania
143 Kyela Tanzania 193 Mbeya-Nyoka Tanzania
144 Iringa Tanzania 194 Gombela- Tanzania
145 Mozambique Mozambique Songea
146 Mozambique ~ Mozambique 195 Sumbawanga  Tanzania
147 Serenje Zambia 196 Luwawa Malawi
148 Mozambique ~ Mozambique 197 Serenje Zambia
149 Mpwapwa Tanzania 198 Murewa Malawi
150 Mozambique ~ Mozambique 199 Luwawa Malawi
151 Mozambique ~ Mozambique 200 Iringa Tanzania
152 Kasama Zambia 201 Chipata Zambia
153 Choma Zambia 202 Mapanzure Zimbabwe
154 Gombela Tanzania 203 Gombela- Tanzania
155 Chipata Zambia Songea .
. 204 Mbeya-Nyoka Tanzania

156 Mbeya Tanzania .
157 Mbala Zambia 205 Sumbawanga Tfanzanla

. 206 Mapanzure Zimbabwe
159 Mbala Zambia 207 Kasungu Malawi
166 Domboshawa  Zimbabwe
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Group 4 Group 4
Sample  Provenance Country Sample  Provenance Country
ID of Origin ID of Origin
208 Murewa Malawi 248 Mpwapwa Tanzania
209 Kasungu Malawi 249 Mpwapwa Tanzania
210 Serenje Zambia 250 Nyamukwarara Zimbabwe
211 Mbeya Tanzania 251 Gombela- Tanzania
212 Chipata Zambia Songea
213 Kasungu Malawi 252 Utete-Iringa Tanzania
214 Kasungu Malawi 253 Mbeya-Kyela  Tanzania
215 Mbeya-Kyela  Tanzania 254 Mapanzure Zimbabwe
216  Phalombe Malawi 255 Serenje Malawi
217 Mbeya-Kyela  Tanzania 256 Litende Malawi
218 Serenje Zambia 251 Kasungu Malawi
219 Choma Zambia 258 Luwawa Malawi
221 Mapanzure Zimbabwe 259 Mbeya-Nyoka  Tanzania
222 Mapanzure Zimbabwe 261 Choma Zambia
223 Mapanzure Zimbabwe 262 Mbeya-Nyoka — Tanzania
224 Kyela Tanzania 263 Litende Malawi
225 Kasungu Malawi 264 Choma Zambia
226 Litende Malawi 265 Chipata Zambia
297 Murewa Malawi 266 Nyamukwarara Zimbabwe
298 Serenje Zambia 267 Nyamukwarara Zimbabwe
229 Kasungu Malawi 268 Phalombe Malawi
230 Mapanzure Zimbabwe 269 Phalombe Malawi
231 Choma Zambia 270 Phalombe Malawi
232 Chipata Zambia 271 Serenje Zambia
233 Kasungu Malawi 272 Serenje Zambia
234 Murewa Zimbabwe 213 Serenje Zambia
235 Luwawa Malawi 274 Sumbawanga  Tanzania
236 Nyamukwarara Zimbabwe 215 Sumbawanga  Tanzania
237 Mpwapwa Tanzania 276 Sumbawanga  Tanzania
239 Gombela- Tanzania 277 Sumbawanga  Tanzania

Songea 278 Utete-Iringa Tanzania
240 Murewa Zimbabwe 279 Utete-Iringa Tanzania
241 Chipata Zambia 280 Choma Zambia
242 Murewa Zimbabwe 281 Chipata Zambia
243 Sumbawanga  Tanzania 282 Gombela- Tanzania
244 Gombela- Tanzania Songea

Songea 283 Gombela- Tanzania
245 Murewa Zimbabwe Songea
246 Sumbawanga  Malawi 284 Gombela- Tanzania
247 Choma Zambia

Songea
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Group 4 Group 4

Sample  Provenance Country Sample  Provenance Country
ID of Origin ID of Origin
285 Kasungu Malawi 325 Litende Malawi
286 Chipata Zambia 326 Luwawa Malawi
287 Kasungu Malawi 327 Luwawa Malawi
288 Kasungu Malawi 328 Mbala Zambia
289 Kasungu Malawi 329 Mpwapwa Tanzania
290 Chipata Zambia 330 Mpwapwa Tanzania
291 Litende Malawi 331 Mpwapwa Tanzania
292 Litende Malawi 332 MUAP Zambia
293 Litende Malawi 333 Serenje Zambia
294 Luwawa Malawi 334 Serenje Zambia
295 Luwawa Malawi 335 Serenje Zambia
296 Mapanzure Zimbabwe 336 Serenje Zambia
297 Chipata Zambia 337 Serenje Zambia
298 Mapanzure Zimbabwe 338 Zambia Zambia
299 Mapanzure Zimbabwe 339 Zambia Zambia
300 Mapanzure Zimbabwe 340 Zambia Zambia
301 Chipata Zambia 341 Zambia Zambia
302 Kyela Tanzania 342 Luwawa Zambia
303 Kyela Tanzania

304 Chipata Zambia

305 Mbeya-Nyoka Tanzania

306 Mbeya-Nyoka Tanzania

307 Mbeya-Nyoka Tanzania

308 Mpwapwa Tanzania

309 Mpwapwa Tanzania

310 Murewa Zimbabwe

311 Murewa Zimbabwe

312 Murewa Zimbabwe

313 Murewa Zimbabwe

314 Chipata Zambia

315 Choma Zambia

316 Choma Zambia

317 Iringa Tanzania

318 Iringa Tanzania

319 Iringa Tanzania

320 Iringa Tanzania

321 Kasama Zambia

322 Kasungu Malawi

323 Kyela Tanzania

324 Kyela Tanzania




