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Dissertation summary

The suni (Nesotragus moschatus) is a very small and secretive animal distributed in the eastern
parts of Africa, from Kenya south to St. Lucia in South Africa. This antelope can also be found on
small islands off the Tanzanian coast. The species is a habitat specialist associated with dense
woodland, including the fragmented sand forests of southern Africa. To date six different subspecies
have been described based on phenotypical features as well as distribution; since no genetic

evidence was considered, there is uncertainty regarding the validity of these taxa.

From phylogenetic studies performed to date, Nesotragus batesi was identified as the closest relative
to the suni and they appear to be distantly related to the impala (Aepyceros melampus). A
karyological study performed on captive suni individuals found cryptic variations and several

cytotypes. Hybridization between the subspecies (N. m. akeleyi and N. m. zuluensis) could have
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contributed to the variety of chromosome numbers, as well as the decrease in fertility and increase
in perinatal mortality. In addition to taxonomic uncertainties, the status and behavioural ecology from

different parts of the species’ range need to be investigated.

In my MSc | focussed on assessing the phylogenetic relationship between some of the suni
subspecies as well as the degree of connectivity between fragmented woodland and forest patches
(with emphasis on South Africa and southern Mozambique). A total of 64 samples (dung and tissue)
from South Africa (Tembe Elephant Park (TEM), Ndumo Game Reserve (NDU), Phinda Private
Game Reserve (PHI) and Tshanini Nature Reserve (TSH)), Mozambique and East Africa (Mnemba
Island) was analysed. With the use of phylogenetic analysis of the mitochondrial cytochrome b gene
and population analyses based on five microsatellite markers, | was able to identify two Evolutionarily
Significant Units in southern and eastern Africa, as well as two possible Management Units in
southern Africa. In addition to this, some degree of structuring was identified for the South African

localities, however, finer scale resolution is needed.

Within this dissertation | allocated one chapter solely for genetic non-invasive sampling, in which |
have shown that DNA extraction, PCR amplification and genotyping of highly degraded dung
samples are possible. To this end, | made use of 95 degraded suni dung samples to compare two
extraction kits (NucleoSpin DNA Stool kit, Macherey-Nagel and QIAamp DNA mini stool kit, Qiagen),
of which the NucleoSpin DNA Stool kit performed the best. With this | was able to develop guidelines
for optimizing DNA extraction and PCR amplification specifically for highly degraded small dung
samples. In addition, | identified and optimized 16 microsatellite markers for future use in finer

ecological-scale suni research.
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Preface

This dissertation presents the results obtained in my MSc which was a population genetics study
focussed on the suni, Nesotragus moschatus, found in the eastern parts of Africa. In this dissertation
I made use of non-invasive sampling (dung) as well as population genetics approaches to investigate
the genetic diversity and population structure of suni in South Africa, Mozambique and Mnemba
Island. This dissertation includes a literature review, two research chapters and a short concluding
chapter summarising the main findings in this research as well as some future research questions
generated by these findings. The three main chapters were written as stand-alone manuscripts and
contain some repetition. The referencing style used in this dissertation follows the journal

Conservation Genetics and a single reference list is presented at the end of the document.

Chapter 1 represents a literature review which focusses on various topics in conservation genetics
and genomics, species, conservation units and population processes. | furthermore discuss some
current background available on the suni including its taxonomy, subspecies, distribution, habitat
and conservation status. | also highlight some of the different studies performed to date on this
species and mention some of the topics which need further investigation. Thereafter | briefly discuss
the approaches used in the two research chapters and provide some background pertaining to non-

invasive sampling. Lastly, | introduce the research questions addressed in the present study.

Chapter 2 In this chapter | investigated the use of genetic non-invasive sampling with the focus on
highly degraded, small dung samples. | made use of two dung extraction kits, the NucleoSpin DNA
Stool kit (Macherey-Nagel) and the QlAamp DNA mini stool kit (Qiagen), to compare the success of
DNA extraction and subsequent molecular analyses. With the use of suni dung samples, | was able
to identify the best extraction kit (NucleoSpin DNA Stool kit, Macherey-Nagel). Besides this | adapted
its protocol and obtained better quality DNA. Thereafter, microsatellite markers for the suni antelope
were meticulously selected and optimised. | was thus able to develop guidelines for optimizing PCR

amplification specifically for highly degraded dung samples from a small mammal.

Chapter 3 reported the first population genetics study performed on the secretive suni found in the
eastern parts of Africa, including areas such as South Africa, Mozambique and Mnemba Island. |
made use of genetic non-invasive (dung) sampling methods along with conservation genetics
approaches to study some of the suni subspecies. With the use of the mitochondrial cytochrome b
gene sequences and microsatellite genotypes, phylogenetic relationships, haplotypes, connectivity
and population structure were assessed. | was able to identify two Evolutionarily Significant Units in

eastern and southern Africa, as well as two possible Management Units in southern Africa.

In Chapter 4 | highlight some of the main findings of my MSc study. | also discuss some of the key

future questions that were raised from this study and how they can contribute to future conservation.
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Abstract

The suni is a very small and secretive antelope found in the eastern parts of Africa. Many different
subspecies have been described however, currently only four are formally recognised. In this
literature review | discuss several topics covering conservation genetics, genomics, species and
conservation units. Additionally, | discuss details regarding genetic diversity and how it could enable
one to study connectivity between populations and identify population structure. Subsequently, |
focus on the background of the suni, including its phylogeny, conservation status, subspecies,
distribution and previous studies performed. Finally, | dedicated a small section discussing the
different approaches (software, genetic markers and material) that were used in this study, including

a detailed discussion on non-invasive sampling (dung) as well as its advantages and disadvantages.

Introduction

Extinction rates are on the rise and the impact of human activities is a major contributor (Festa-
Bianchet and Apollonio 2003). Species are overexploited and in some cases their habitats are being
destroyed and decreased thus having an overall negative impact on their future persistence (Ehrlich
1991; Caughley 1994). Conservation biology has been a growing field since the 1980s (Festa-
Bianchet and Apollonio 2003). Although the goals for conservation are very broad, these include the
preservation of genetic diversity in species to ensure they maintain the ability to adapt and persist if
environmental changes do occur (Festa-Bianchet and Apollonio 2003). Over the past decade climate
change has been a prominent field of interest, amongst others raising concern over coastal regions
(McMichael et al. 2006). With the predicted rise in temperature, sea levels could increase by more
than a metre, impacting many coastal communities and habitats (McMichael et al. 2006; Collier et
al. 2008). Coastal eastern Africa is also a concern, as this area contains highly diverse and
threatened forest ecoregions (WWF). Maputaland, in the northeast of KwaZulu-Natal (KZN) in South
Africa is part of this coastal belt; its unique sand forests are young but highly biodiverse (Kirkwood
and Midgley 1999). One of its often-overlooked mammalian habitat specialists, is the suni
(Nesotragus moschatus (von Dueben, 1846)).

The suni is a very shy, secretive animal found in enclosed dense woodlands of East Africa and
unique sand forests of southern Africa (Skinner and Chimimba 2005; Frost and Carnaby 2015). This
species is spread over the eastern part of Africa and more specifically distributed in a long stretch
from the eastern part of KZN north to the south-eastern part of Kenya (Skinner and Chimimba 2005;
Frost and Carnaby 2015). Several subspecies along with their distributions have been described
however, all were based on phenotypical features with no genetic information taken into account
(Ansell 1971; Kingdon and Largen 1997; Frost and Carnaby 2015). In addition to this the current
status of this species has been listed as of Least Concern on the IUCN Red List (IUCN SSC Antelope
Specialist Group 2016). Nevertheless, the Red List of Mammals of South Africa, Lesotho and
Swaziland has listed the species as Endangered (Hunnicutt et al. 2016), highlighting the need for

more local research on the species.
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Coupled with this, current genetic information available for this species is very limited. The few
studies performed include karyotypic differences of two of the subspecies and phylogenetic
relationships of the species (Kingswood et al. 1998; Matthee and Robinson 1999). According to
phylogenetic studies unexpected information came to light. These studies showed that N. batesi was
N. moschatus’ closest relative however, both of them were clustered as distant sister taxa of the
impala (Aepyceros melampus), separate from other Neotragini (Matthee and Robinson 1999;
Barmann and Schikora 2014). The latter authors suggested that N. batesi and N. moschatus should
be recognized in the genus Nesotragus, as they are not monophyletic within Neotragus. The study
by Kingswood et al. (1998) was performed on captive individuals in which cryptic genetic variations
between subspecies were identified (Kingswood et al. 1998). This study revealed a variety of diploid
numbers, 2n = 52-56 in the suni (Kingswood et al. 1998). They showed that the diploid numbers
2n =52 and 2n = 56 belonged to N. m. akeleyi and N. m. zuluensis respectively (Kingswood et al.
1998). The intermediate karyotype numbers were likely due to hybridization occurring between these
subspecies. Gathering additional conservation genetics data on suni, including assessing genetic
diversity across different spatial scales, would add to our understanding of the relationships within
the species and connectivity between isolated habitat patches. These data would be valuable in
formulation of conservation plans for the species.

In this literature review | cover various topics such as conservation genetics and genomics,
species and conservation units. In addition to this | discuss the role of genetic diversity and how it
could be used to identify connectivity and population structure. Thereafter, | focus on the background
of the species, covering phylogenetic relationships, subspecies, distribution, habitat and previous
studies conducted on the species. Finally, | discuss the investigative tools (software, genetic markers
and material) used in this study, including a thorough discussion on non-invasive sampling (dung),

the advantages as well as the problems which could be experienced.

Conservation genetics and genomics

Conservation genetics as a discipline developed as part of the growing interest in conservation
biology since the 1970s (Frankham 2010a, b). The main aim of this field was and remains to
understand and determine the underlying processes that cause the extinction of species (Hedrick
and Hurt 2012). Conservation genetics contributes to both the evolutionary and ecological scale
within conservation biology and thus adds to the development of more effective management plans
(Hedrick and Hurt 2012). In the 1990s the IUCN and the Convention on Biological Diversity (CBD,
1992) formally recognized the importance of conservation of biological diversity and suggested that
biodiversity should be considered at three different levels: genes, species and ecosystems (McNeely
et al. 1990). Since these early periods, the field has contributed to the conservation of many species
(captive, endangered and wild populations), as well as highlighted several key issues such as

taxonomy, conservation units and inbreeding.
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Even though conservation genetics is still relevant and useful in studies, there are some
limitations to this approach, one of which is the number of neutral markers that can be used (Ouborg
et al. 2010). This limitation has led to unresolved questions, e.g. what are the mechanisms
responsible for the link between neutral and adaptive genetic variation? Or, what is the correlation
between population size and the level on non-neutral genetic variation (Frankham 2010b; Ouborg et
al. 2010)? Due to the advent of whole genome sequencing and genotyping-by-sequencing (Ouborg
et al. 2010) conservation genetics has now transitioned to conservation genomics. This field of study
is still expensive and not necessary or appropriate in all cases, but it is believed that it will become
applicable for answering future research questions since more markers can be used and sequencing
costs are decreasing (Allendorf et al. 2010; Frankham 2010a).

In the paragraphs above, brief descriptions were given regarding conservation genetics and
genomics. As mentioned earlier there are two different approaches towards addressing genetic
guestions in conservation. Conservation genetics mainly consists of three major goals: The first of
which is to ensure that populations’ genetic diversity remains high and that inbreeding occurs at very
low levels (Woodruff 2001; Frankham et al. 2002). This takes into account that genetic drift and
inbreeding are potential threats in small populations. Therefore the conservation genetics approach
(Fig. 1.1a) focuses on the relationships between population size and neutral variation, keeping in
mind that the relationship with fitness is based on the assumption that neutral marker variation is
indicative of selectively important variation (Ouborg et al. 2010). Secondly, to investigate any
uncertainties in the taxonomy of particular species and in such a manner identify appropriate
conservation management units; this is discussed below (Frankham et al. 2002; Frankham 2010a).
Thirdly using molecular genetic techniques and approaches to understand species biology
(Frankham et al. 2002; Frankham 2010a).

Population size Environment
Genetic drift Inbreeding Selection
N
Squences Gene expression
variance

\/

Fitness

Fig. 1.1 Diagram illustrating the different relationships considered in the a) conservation genetics (white) and
b) conservation genomics approach (grey). Adapted from Ouborg et al. (2010)
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The conservation genomics approach (Fig. 1.1b) on the other hand evaluates the relationships
between population size and both neutral and selective variation (Ouborg et al. 2010) making use of
sequence variation and how this affects expression, and thereby incorporating potential selection
effects that could occur (Allendorf et al. 2010; Ouborg et al. 2010). Additionally conservation
genomics allows the assessment of genotype-phenotype-environment interactions (Allendorf et al.
2010; Ouborg et al. 2010). One of the advantages of conservation genomics is the fact that more
markers can be analysed at the same time allowing coverage of the entire genome (Allendorf et al.
2010; Ouborg et al. 2010). In doing so more parameters (such as effective population size, gene
flow, introgression) can be estimated with precision and less bias, making the estimates more
reliable (Frankham 2010a, b; Ouborg et al. 2010).

Other advantages of conservation genomics include opportunities to study multi-locus effects,
such as selective sweeps and distinguishing between neutral and non-neutral markers (Frankham
20104, b; Ouborg et al. 2010). Loci subjected to natural selection and involved in speciation can also
be identified (Frankham 2010a, b). Coupled with this, genes which are functionally important such
as those responsible for environmental and genetic stress, as well as genes and pathways involved
in adaption and inbreeding can also be identified with conservation genomics approaches (Allendorf
et al. 2010; Ouborg et al. 2010). The technigues such as marker-based genotyping, reduced
representation sequencing and whole genome sequencing make conservation genomics more
applicable than conservation genetics (Allendorf et al. 2010). Figure 1.2 depicts a summary of the

different factors that can be addressed between the two approaches (Allendorf et al. 2010).

—'( Population size ‘ ‘ Population structure ‘

I

Migrationrates ‘

/

Hybridization
Genetic drift ‘ ‘ Inbreeding ‘
——— | toualscaption |

‘ Loss of genetic diversity ‘ Genotype-by—enwronment Local adaption
interactions

| 1 J

‘ Loss of adaptive variation ‘ Inbreeding depression ‘ ‘ Outbreeding depression ‘
\ Demographicvital rates ‘ /
|

‘ Population growth or viability ‘

Fig. 1.2 Flow diagram representing interacting factors which can be found in the conservation of natural
populations. White blocks indicate interacting factors which can be identified by traditional methods and the
grey blocks indicate factors determined with conservation genomic approaches. Adapted from Allendorf et al.
(2010)

By knowing the current status of a species it can enable conservation managers to use the

information gathered and design management strategies to reduce extinction risk (Frankham 2010a,
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b). In the event where no investigation has been done regarding a species’ population status,
concerning genetic variation, there is no way in saying whether or not a species is a viable population
or that it will exist in future generations. Thus, by studying conservation genetics we can predict
(albeit not with complete accuracy) future outcomes of populations and species (Woodruff 2001;
DeSalle and Amato 2004, Frankham 2010b).

Species and conservation units

What is a species?

According to Woodruff species can be described as fundamental units of evolution and taxonomic
classification (Woodruff 2001). Even though it might seem like a very simple concept this is not the
case. For many years there has been a big debate regarding how to define a species, which in the
end resulted in many different species concepts arising (De Queiroz 2007). Many authors opt to use
a combination of principles underlying different species concepts, to define species (De Queiroz
2007). In addition to this, species can now also be distinguished by using a multi-gene approach i.e.
using multiple loci or different genes, which has increased species delimitation success (Dupuis et
al. 2012). However, due to using a single mitochondrial DNA (mtDNA) gene, for this study | adopted
the Phylogenetic Species Concept (PSC) (De Queiroz 2007). The PSC defines a species as an
irreducible group of members which is monophyletic, contains exclusive coalescence alleles and

who all possess shared qualitative, fixed differences (De Queiroz 2007).

Conservation management units

At a meeting of the Zoological Society of Philadelphia in 1985 problems with subspecies definitions
in the context of conservation were highlighted. Subsequently, Ryder (1986) provided an overview
of the key questions raised and introduced the concept of Evolutionarily Significant Units (ESUs) as
a more appropriate unit for conservation below the species level. The questions which were raised
were: Which gene pools should be preserved?; Which species should become the focal point of
concern and which could be neglected?; How many individuals are needed in order for the population
to maintain enough genetic diversity over a period of time?; Which subspecies represented
populations which possessed genetic attributes important for current and future generations (Ryder
1986)?

Ryder described ESUs as “subsets of the more inclusive entity, which possess genetic attributes
significant for the present and future generations of the species” (Ryder 1986). Moritz subsequently
advocated that conservation was about how to measure genetic diversity, identify evolutionarily
divergent units and to assess conservation value of populations or areas (Moritz 1994a), hence
emphasizing historical population structure and mtDNA phylogeny (Moritz 1994b). However,
prioritising management just based on mtDNA diversity was inappropriate (Moritz 1994a).
Consequently Moritz suggested quantitative criteria for ESUSs, in that they needed to show reciprocal
monophyly for mtDNA haplotypes, as well as significant allele frequency differences at nuclear loci

(Moritz 1994a). Crandall et al. (2000) on the other hand were completely against conservation units
6
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and mentioned that the ESU concept should rather be abandoned(Crandall et al. 2000). Instead they
suggested that a more holistic concept of species, consisting of populations with varying levels of
gene flow due to genetic drift and natural selection should rather be used (Crandall et al. 2000).

In addition to ESUs Moritz suggested adding another classification unit called a Management Unit
(MU), below ESUs (Fig. 1.3). This was done so that populations that were demographically distinct
could be identified and managed in such a manner so that it could ensure the viability of a larger
ESU. All of which were based on the fact that significant differences could be present in allele
frequencies, in both nuclear and mitochondrial loci, irrespective of what phylogenetic analysis
showed (Moritz 2002).

ALLELE FREQUENCIES
POPN. ESU MU
1 5 0 5 4] 0 a
2 4 0 6 o] 0 0 ]
3 o 4 0 B 0 0 ]
4 ¢] 0 Q o} 5 5 ] 3

- o e e e e e e e e -

Fig. 1.3 Diagram illustrating a theoretical allele distribution among four populations indicating both the allele
frequencies and phylogenetic relationships present relative to the described definitions of Evolutionarily
Significant Units (ESU) and Management Units (MU). Within this tree populations 1 and 2 do have similar allele
frequencies and form part of the same MU. Whereas with the 3rd and 4th population fixed differences are
present when compared to populations 1 and 2. Nevertheless only population 4 shows phylogenetic
separation. Therefore, population 1, 2 and 3 forms part of the same ESU, whereas population 4 can be
considered a separate ESU. Reprinted from Moritz (1994a) with permission.

Although these definitions created a large debate for the past three decades, all the authors who
created these definitions (Table 1.1) were trying to achieve the same goal: identify sections of
species whose divergence can be determined by placing different emphasis on the evolutionary
forces that played a role at different times (Fraser and Bernatchez 2001). In order to reach common
ground between all the new definitions regarding the ESU concept, Fraser and Bernatchez (2001)
came to the conclusion that every definition that was created (Table 1.1) possessed strengths which
are counterbalanced to some extent by weaknesses. Thus, it is important to note that the approaches
may work in varying situations much better than others. Therefore ESUs should be evaluated on a
case-by-case basis, rather than attempting to use one universal definition. In their opinion it is better
to combine these different definitions than to create more and not get to the end goal which is

conserving the species (Fraser and Bernatchez 2001). Even though I concur with the latter authors,
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for the purposes of assessing diversity in the suni, | adopted Moritz's quantitative criteria as a

precautionary first step towards identifying conservation units in the species.

Table 1.1 Evolutionarily Significant Unit (ESU) criteria since Ryder (1986), adapted from Fraser and
Bernatchez (2001).

Author(s) ESU criteria

(Ryder 1986) “Subsets of the more inclusive entity species, which
possess genetic attributes significant for the present
and future generations of the species in question”

(Waples 1991) “A population or group of populations that:

(i) is substantially reproductively isolated from other
conspecific population units; and (ii) represents an
important component of the evolutionary legacy of
the species”

(Dizon et al. 1992) “Populations or groups of populations demonstrating
significant divergence in allele frequencies”

(Avise and Moritz 1994) “Sets of populations derived from consistently
congruent gene phylogenies”

(Moritz 1994b) “Populations that:

(i) are reciprocally monophyletic for mtDNA alleles;
and

(i) demonstrate significant divergence of allele
frequencies at nuclear loci”

(Vogler and Desalle 1994) “Groups that are diagnosed by characters which
cluster individuals or populations to the exclusion of
other such clusters”

(Crandall et al. 2000) “Abandon term ESU for more holistic concept of
species, consisting of populations with varying levels
of gene flow evolving through drift and selection”

(Fraser and Bernatchez 2001) “A lineage demonstrating highly restricted gene flow
from other such lineages within the higher

organizational level (lineage) of the species”

Genetic diversity and its importance in conservation genetics

One of the factors that allows us to answer so many questions regarding species is genetic
diversity/variation. To elaborate, genetic variation could for example provide information regarding
the health of a species or in some cases help delineate different species or lineages. According to
Lacy (1997), genetic diversity can be classified at two different levels: individual and population level.
At individual level genetic diversity can be determined by the percentage of loci which are

heterozygous (Lacy 1997). Whereas at the population level genetic diversity is defined by either the
8
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number of distinct alleles per locus or by the percentage of loci that are polymorphic (Lacy 1997).
Due to high throughput sequencing and genotyping more information on genetic variation can now
be gathered in less time (Allendorf et al. 2010). According to Schldtterer (2004) there are several
methods that can be used to evaluate variation but the ones that stand out from the rest are DNA
sequencing, single nucleotide polymorphisms (SNPs) and microsatellite genotyping. Highly variable
markers such as microsatellites and SNPs are preferred due to their utility in assessing individual
and population level variation (Bruford and Wayne 1993; Brumfield et al. 2003; Zhang and Hewitt
2003; Selkoe and Toonen 2006).

Ever since genetic diversity was identified as a core factor in conservation, it has been utilised a
lot more, like in cases where populations had to be evaluated (Woodruff 2001; Frankham 2010a). In
addition to this, a positive correlation between genetic variation and population viability have also
been identified (Lacy 1997; Woodruff 2001; Keller and Waller 2002). This connection between
genetic diversity and viability is really important for conservation, the reason being that if viability of
a population/species is very low it could be used as an indicator showing that the population/species
is close to extinction (Lacy 1997). The question can then be raised: how does genetic variation
influence the viability of a population?

The way in which genetic variation contributes to the viability of a population is through genetic
erosion especially in small populations (Lacy 1997; Woodruff 2001; Ouborg et al. 2010). Genetic
erosion refers to the decrease in genetic variation due to processes such as genetic drift and
inbreeding (Woodruff 2001). Genetic drift can be defined as the random fluctuations in allele
frequencies over time which can lead to the loss of adaptive alleles and the fixation of deleterious
alleles (Lacy 1997; Ouborg et al. 2010). Inbreeding on the other hand refers to the process in which
close relatives breed with each other causing an increase in the homozygotes of the population
which in the end reduces the overall genetic diversity (Pusey and Wolf 1996; Keller and Waller 2002;
Ouborg et al. 2010).

Moreover, these two processes are quite common and can be found in both captive and wild
animals. With all things considered there is no mammal that have not shown inbreeding occurring
(Lacy 1997). In many cases of inbreeding it has been found that low variation can cause the fitness
of individuals to decrease hence, affecting the viability of the population (Lacy 1997; Frankham et al.
2001; Keller and Waller 2002). These events are observed more often in small populations especially
when they are isolated with no gene flow causing weak alleles to become fixed through genetic drift
(Keller and Waller 2002). In addition, inbreeding is associated with a reduction in resistance to
pathogens and parasites (Lacy 1997). When genetic diversity decreases the ability of the population
to adapt to environmental change also decreases (Lacy 1997; Keller and Waller 2002). The reason
being that if genetic diversity decreased due to inbreeding, it would have meant that most of the
alleles were lost, creating the opportunity for the remaining alleles to become fixed (Lacy 1997,
Woodruff 2001). Once this occurs adaption might not be possible, especially if the allele which was

core for adaptation were lost during inbreeding. Not only will the decrease in genetic diversity affect

9
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adaptability, it will also decrease the animals growth rate and fertility (Lacy 1997; Woodruff 2001).
More importantly, the longer inbreeding continuously takes place, the more homozygotes will
increase causing deleterious alleles to be continuously fixed, resulting in inbreeding depression
which manifests as a reduction in viability and fecundity of the population (Pusey and Wolf 1996;
Woodruff 2001).

For this reason, determination of inbreeding in populations is essential for conservation genetics
since it can help in the management plans of captive, as well as wild animals’ persistence. In order
to reduce inbreeding managers can make use of purging (Hedrick 1994; Garcia-Dorado 2012) and
genetic rescue (Tallmon et al. 2004). With use of genetic rescue new beneficial gene variations are
introduced from outside populations for genes which have undesirable variations (Frankham et al.
2011; Hedrick and Garcia-Dorado 2016). Outbreeding on the other hand can be described as the
event in which two unrelated individuals are mated together (Woodruff 2001). In an attempt to
increase genetic diversity this was applied to different animal species and the results were quite
contradicting (Woodruff 2001; Frankham 2010b; Frankham et al. 2011). Some unsuccessful
breeding rescue attempts have been the result of outbreeding depression. If two distantly related
individuals of the same species are mated, the male and female genomes may be too divergent,
causing the offspring to have genetic disorders or being infertile (Woodruff 2001; Frankham et al.
2011). Moreover, it has been proposed that chromosomal differences, adaptive differences present
between the two individuals mated, bottlenecks and genetic drift were some of the mechanisms
responsible for outbreeding depression occurring (Frankham et al. 2011).

In all the work done pertaining to conservation genetics, creating effective management plans
that maintain genetic diversity are vital (Woodruff 2001; Frankham 2010b). By doing this it could
increase a population’s chance of survival and persistence in the future which is a main concern in
biodiversity conservation. However, it is important to note that even though genetic variation is a
good indicator of a populations’ status, other factors such as environment and social interactions can

also play a role and should be taken into consideration.

Population processes

In order to understand what population processes are and how they play a role in conservation
genetics it is important to first know what a population is. Over the years many different definitions
regarding populations have been described (Table 1.2). Although they may differ in some way they
do have some similarities in that they emphasize cohesive processes which unites individuals within
a population (Waples and Gaggiotti 2006). Biological definitions of a population can be grouped into
two different paradigms: ecological and evolutionary (Andrewartha and Birch 1986). In the
evolutionary paradigm the cohesive forces are mainly genetic and focusses on reproduction hence,
describing a population as a group of individuals (same species) which co-occurs in space and time

having the opportunity to interact with one another (Waples and Gaggiotti 2006). Whereas in the

10



Table 1.2 A representation of different population definitions, adapted from Waples and Gaggiotti (2006)

Population definitions

Reference

Ecological paradigm

“A group of organisms of the same species occupying a particular space at a particular time”

“A group of individuals of the same species that live together in an area of sufficient size that all requirements for
reproduction, survival and migration can be met”

“A group of organisms occupying a specific geographical area or biome”

“A set of individuals that live in the same habitat patch and therefore interact with each other”

“A group of individuals sufficiently isolated that immigration does not substantially affect the population dynamics or

extinction risk over a 100-year time frame”

Evolutionary paradigm

“A community of individuals of a sexually reproducing species within which matings take place”

“A major part of the environment in which selection takes place”

“A group of interbreeding individuals that exist together in time and space”

“A group of conspecific organisms that occupy a more or less well-defined geographical region and exhibit reproductive
continuity from generation to generation”

“A group of individuals of the same species living close enough together than any member of the group can potentially

mate with any other member”

Statistical paradigm
“An aggregate about which we want to draw inference by sampling”
“The totality of individual observations about which inferences are to be made, existing within a specified sampling area

limited in space and time”

(Krebs 1994; Roughgarden et al. 2014)

(Huffaker et al. 1984)

(Lapedes 1978)
(Hanski 1998)
(McElhany et al. 2000)

(Dobzhansky 1970)
(Williams 1966)
(Hedrick 2000)
(Futuyma 1998)

(Hartl and Clark 1989)

(Snedecor and Cochran 1967)
(Sokal and Rohlf 1969)

11
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ecological paradigm cohesive forces are largely demographic, placing the emphasis on the co-
occurrence of individuals allowing them to interact demographically. Therefore, defining a population
as a group of individuals (same species) that lives in a close proximity to one another so that any
member of the group can potentially mate with another member (Waples and Gaggiotti 2006).

Scientists study populations by evaluating the interaction between individuals, as well as with the
environment (Tarsi and Tuff 2012). This includes demography (Lebreton et al. 1992) which is the
study of populations making use of statistical measures and demographic parameters (Tarsi and
Tuff 2012). This allows population ecologists to evaluate a populations’ characteristics and how
these change over time (Lebreton et al. 1992). These parameters include aspects such as birth
rates, population size and density, sex ratios, as well as factors which can influence population
growth (Dodge 2006).

Given these definitions of a population, population processes are considered as those that can
influence a population’s genetic variation and viability, including inbreeding, outbreeding, genetic
drift, gene flow, mating systems, natural selection and adaptation (Woodruff 2001; Frankham 2010b;
Ouborg et al. 2010). Many of these processes are interlinked. In conservation genetics both within
and between population processes are important. Processes within a population largely deal with
current and historical demography (e.g. changes in effective population size), as well as local
adaptation, whereas processes between populations relate back to population structure which is
determined by the extent of connectivity and gene flow among sub-populations.

Connectivity

According to Kool et al. (2013) connectivity is the outcome of the relationships or dependence among
or between different populations that can be separated spatially or temporally. Depending on the
population structure of a species, natural connectivity or changes in connectivity can affect the
persistence of the sub-populations. Connectivity can also be defined as the process in which material
(e.g. genes, gametes, individuals) are exchanged between populations, affecting the demography
of the population(s) (Cowen and Sponaugle 2009). The study of connectivity enables linking a variety
of topics in ecology and evolution (Kool et al. 2013), such as the development of population genetic
structure (Kool et al. 2011), dispersal and migration (Lowe and Allendorf 2010) and source-sink
dynamics (Figueira and Crowder 2006). In addition, information on connectivity can add value
especially when there are conservation decisions that need to be made regarding reserve network
design (Cerdeira et al. 2010) and restoration (Raeymaekers et al. 2008). These aspects are
important since there is a need for reliable information regarding the distribution and connectivity of
populations that affect species persistence (Cushman et al. 2013). In order to ensure future
existence of a species it is important to maintain and maximize the connectivity between protected
areas located in fragmented landscapes (Wegmann et al. 2014).

Even if gene flow is low and does not contribute significantly in a demographic context, it can still

play a vital role in the maintenance of genetic diversity (Woodruff 2001; Lowe and Allendorf 2010).

12



&
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

@ YUNIBESITHI YA PRETORIA

The determination of gene flow between populations is thus important. Moreover, if population sizes
are very small and gene flow between populations is absent this can cause highly structured isolated
populations which may in the end experience inbreeding depression causing a reduction in genetic
variation (Woodruff 2001; Ouborg et al. 2010). Whereas, if populations that are genetically very
distinct exchange genes, outbreeding depression may occur (Frankham et al. 2011).

Population structure

Population structure can be considered along a continuum ranging from panmixia to highly structured
populations (Fig. 1.4) (Waples and Gaggiotti 2006). Panmixia refers to random mating in populations
(Forbes and Boyd 1997). This can only take place if there is a high degree of connectivity between
sub-populations to ensure high levels of gene flow (Woodruff 2001). If animals are highly mobile this
enables them to disperse over long distances, causing high levels of gene flow between sub-
populations, resulting in low levels of differentiation between the sub-populations (Boulet et al. 2007).
Highly structured populations on the other hand are sub-populations which are entirely isolated with
no or very limited gene flow (Waples and Gaggiotti 2006).

d

Isolation Panmixia

Divergence

Fig. 1.4 Population structure along a continuum ranging from random mating to complete independence
between sub-populations. Each group of green patches represents a group of sub-populations with different
degrees of connectivity: a) Highly structured populations; b) populations with modest connectivity; c)
substantial connectivity; and d) panmixia (random mating). The rectangle indicates the hypothesized
population structure of suni between forest patches. Adapted from Waples and Gaggiotti (2006)

Along the continuum (from high to low gene flow) several other forms of population structure have
been identified, such as isolation-by-distance, stepping-stone patterns, metapopulations, or
mainland-island models (Kessler and Shnerb 2015; Hernandez et al. 2016). A metapopulation can
be defined as a group of sub-populations of the same species, variously connected occurring in the
same geographical area, allowing the exchange of individuals through dispersal and migration
(Woodruff 2001; Allendorf et al. 2010). Therefore, a metapopulation typically functions as a single
population sustaining extinction and recolonization over time. The stepping-stone model allows in
each generation an individual population to exchange migrants with many other populations in close
proximity but the effective population size essentially remains the same (Kimura and Weiss 1964).
The mainland-island model refers to a mainland patch or population which is surrounded by multiple
small populations within the dispersal distance (Harrison and Taylor 1997). This allows for source-

sink dynamics in which the mainland population is the source providing the emigrants and the small
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surrounding populations are the sinks or net recipients of immigrants (Harrison and Taylor 1997,
Lowe and Allendorf 2010). This creates a rescue effect, which allows the small populations to gain
genetic diversity and persist in the future (Harrison and Taylor 1997).

Through inferring parameters such as effective population size, population splits and migration
rates we are able to identify spatial structure, as well as gene flow between populations and thus the
underlying population structure using some of the best available software (Woodruff 2001; Kool et
al. 2013; Greenbaum et al. 2016; Petkova et al. 2016; Bradburd et al. 2018). This further contributes
to the identification of ESUs and MUs which can guide decisions regarding translocations and
management (Woodruff 2001; Coates et al. 2018).

Background on suni (Nesotragus moschatus)

Phylogeny

The suni is a member of the Bovidae family which comprises of both buffalo and antelope species
(Ferndndez and Vrba 2005). Some of the oldest bovid fossils have been discovered in France and
sub-Saharan Africa, with roughly the same age, suggesting a likely origin of approximately 23 MYA
(Matthee and Davis 2001). These fossils create uncertainty with regards to where this family
originated from however, other studies based on allozyme divergence suggests that the Bovidae
originated from Africa (Georgiadis et al. 1990).

The Bovidae is a highly diverse family which consists of a few tribes and subfamilies. Molecular
markers and morphological features have been used to identify the relationships amongst the tribes
and subfamilies (Fig. 1.5 and 1.6). Interestingly, the subfamily Antilopinae was thought to include the
tribes Antilopini and Neotragini (Gatesy et al. 1997; Matthee and Robinson 1999), of which the
Neotragini tribe consisted of the small antelopes (genera Ourebia, Oreotragus, Madoqua,
Raphicerus, Neotragus, Nesotragus and Dorcatragus). However, the relationships among the
members of the Neotragini are not well resolved since some phylogenies clustered the current genus
Nesotragus (previously Neotragus) with the impala (which is classified in its own subfamily) (Matthee
and Robinson 1999; Matthee and Davis 2001). In addition to this a more recent study have been
performed on all three Neotragus species (N. batesi, N. moschatus and N. pygmaeus) (Barmann
and Schikora 2014). The results from this study indicated that N. moschatus and N. batesi were
closely related but that N. pygmaeus had no close relationship with either one of them and the
authors thus suggested that the genus name Nesotragus should be resurrected for both Nesotragus

moschatus and Nesotragus batesi which was previously given by von Dueben in 1846.
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Fig. 1.5 Parsimony tree based on the mtDNA cyt b gene of 38 bovid taxa. Suni is clustered as a distant sister
taxon of the impala. Bootstrap values are indicated at nodes. Reprinted from Matthee and Robinson (1999)
with permission.
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Fig. 1.6 Combined phylogenetic trees based on nuclear genes and mtDNA of 34 bovid taxa. It is suggested
that the suni is a unique lineage and cannot be clustered within any of the subfamilies. Bootstrap values are
presented at the nodes, with numbers above the diagonal branches representing parsimony values; those
below the branches indicate neighbor-joining and maximum likelihood support. Subfamilies are represented
as follow: black square = Bovinae; # = Hippotraginae; black circles = Alcelaphinae; white squares = Caprinae;
* = Reduncinae; O = Antilopinae; diamond = Cephalophinae; ? = uncertain status. Reprinted from Matthee and
Davis (2001) with permission.
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Subspecies

In total six different subspecies (N. m. moschatus (Zanzibar)), N. m. livingstonianus, N. m. akeleyi,
N. m. deserticola, N. m. kirchenpaueri and N. m. zuluensis ) have been described over the years,
based on phenotypical features and geographic distribution (Fig. 1.7) (Ansell 1971; Kingdon and
Largen 1997; Frost and Carnaby 2015). However, since the boundaries between these subspecies
are not clearly delineated, no subspecies were assessed in the most recent IUCN Red List (IUCN
SSC Antelope Specialist Group 2016). Nevertheless, the regional Red List of Mammals of South
Africa, Lesotho and Swaziland does acknowledge the presence of two subspecies (N. m.
livingstonianus and N. m. zuluensis) in southern Africa (Hunnicutt et al. 2016).

Subspecies:
B N. m. kirchenpaueri
B N. m. akeleyi
B N. m. moschatus

N. m. deserticola

N. m. livingstonianus
B N. m. zuluensis

Fig. 1.7 Distribution map of the six described suni (Nesotragus moschatus) subspecies (Ansell 1971; Skinner
and Chimimba 2005; Groves and Grubb 2011; Frost and Carnaby 2015).

The majority of subspecies described are phenotypically very similar with small differences
present in their coat colour. These differences may not be significant since environmental factors
could cause changes in the physical appearance of animals (Lillycrop and Burdge 2014). One study
on captive individuals have identified some cryptic genetic variations between subspecies. A
karyological analysis performed on 38 captive-born suni in North American Zoos, revealed a variety
of diploid numbers, 2n = 52-56 (Kingswood et al. 1998). These variations between the cytotypes are
due to two centric fusions of chromosomes 4;19 and 18;22 (Kingswood et al. 1998).

With the use of pedigree records, additional karyotyping of the captive individuals and previous
results (Seluja et al. 1985; Robinson et al. 1997), the study was able to show that the diploid numbers
2n = 52 and 2n = 56 belonged to N. m. akeleyi and N. m. zuluensis respectively (Kingswood et al.
1998). According to these results, as well as the karyological analysis of parent and offspring
comparisons, it was hypothesized that the cytotype variations 2n = 53, 54 and 55 were all due to
hybridization between the two subspecies (Kingswood et al. 1998). Yet, there are still some
uncertainties whether or not these variations are indeed due to hybridization, or if there are fixed
chromosomal differences that occur in the wild (Kingswood et al. 1998). Previous studies on
antelopes and cattle have revealed that centric fusions can cause an increase in perinatal mortality
as well as a decrease in fertility within heterozygous offspring (Dyrendahl and Gustavsson 1979;
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Benirschke et al. 1984). This type of research regarding reproduction has not yet been done in suni.
Hence, with all of above taken into account the study hypothesized that centric fusions might have
been the reason for the decrease in fithess, but caution had to be taken since factors such a
inbreeding, which could also increase mortality rates, were not taken into account (Kingswood et al.
1998).

Due to the lack of knowledge concerning suni reproduction, uncertainties regarding causes of
cytotype variations and the fact that the study was based on captive-born individuals, this necessitate
further investigation especially since the results of the study (Kingswood et al. 1998) indicated that
reproductive breakdown was possibly taking place in captivity. Moreover these cryptic genetic
variations are important and should be taken into consideration during practices such as captive
breeding, translocations and reintroductions because if ignored this species could be affected
negatively in the future (Kingswood et al. 1998; Gibson and Reed 2008). Due to this and the interest
of the suni subspecies it would be advised that N. m. akeleyi and N. m. zuluensis be managed as
two separate units until new information has come to light which could help in the management and

conservation of the species (Kingswood et al. 1998).

Distribution

The suni is widely spread over the eastern parts of Africa; the currently understood distribution is
depicted in Fig. 1.7 (Skinner and Chimimba 2005). More specifically these animals are distributed in
a long stretch from the eastern part of KZN north to the south-eastern part of Kenya, hence covering
regions such a Malawi, Zimbabwe, Tanzania, Mozambique and South Africa (Ansell 1971; Skinner
and Chimimba 2005; Frost and Carnaby 2015). Due to the secretive nature of the species and rarity
of sightings in parts of the distribution, the full extent of the species’ distribution and abundance is
not currently known. As mentioned earlier all subspecies are phenotypically very similar leading to
uncertainty in the status, boundaries and distributions of each subspecies. It has been suggested
that N. m. kirchenpaueri can be found in Tanzania and on Mount Kenya along with N. m. moschatus
and N. m. akeleyi respectively (Ansell 1971; Groves and Grubb 2011). In addition to this N. m.
zuluensis is said to be distributed in north-eastern KZN, southern Mozambique and the south-eastern
parts of Zimbabwe (Ansell 1971; Skinner and Chimimba 2005). N. m. moschatus on the other hand
can be observed in East African areas such as the forests on Kilimanjaro, the Aberdares, Mount
Kenya and a coastal region in Tanzania and Zanzibar (Ansell 1971; Frost and Carnaby 2015). Lastly
in Malawi, Zimbabwe, Mozambique and north-eastern Africa the subspecies N. m. livingstonianus
can be found (Ansell 1971; Frost and Carnaby 2015).

Description

These animals are very small with an average height of 36.2 cm and approximate weight of 5.3 kg
(Fig. 1.8) (Skinner and Chimimba 2005; Groves and Grubb 2011). Their bodies are compact with
slender legs, a short neck and broad head (Skinner and Chimimba 2005; Frost and Carnaby 2015).
In addition their coat colour ranges from a light to a rufous brown, which appears to be darker on the
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back than on the sides and legs of the animal (Skinner and Chimimba 2005; Frost and Carnaby
2015). Their belly, chin, throat and inside of their legs are white with black rings around the eyes and
above their hooves (Skinner and Chimimba 2005; Frost and Carnaby 2015). They also have a broad
black band on their faces which stretches from their nose to a point between their eyes (Skinner and
Chimimba 2005) and a noticeable continuously flickering short tail (Frost and Carnaby 2015).
Prominent periorbital glands can also be observed which are responsible for producing a sticky
product that are used by males to mark their territories (Skinner and Chimimba 2005; Frost and
Carnaby 2015). Coupled with this only the males can be observed having horns which on average

are 8 cm long and ridged for the majority length of the horn (Frost and Carnaby 2015).

Fig. 1.8 Image of a suni antelope (Nesotragus moschatus) (Megan Loftie-Eaton, http://vmus.adu.org.za/)

Suni habitat and niche

In order to understand the niche of the suni, it is important to first understand the habitat that the
species occurs in, its conservation status and how these factors are linked. Africa is very rich in
biodiversity and consist of various biomes, for example South Africa alone consists of seven biomes
(Rutherford and Westfall 1994; Mucina and Rutherford 2006). The biomes in relation to the
distribution of the suni are shown in Fig. 1.9. The species has been recorded from four different
biomes, namely the tropical and subtropical moist broadleaf forest, the tropical and subtropical
grasslands, savannas and shrublands, the flooded grasslands and savannas and lastly the deserts
and xeric shrublands. However, it is important to note that the outline indicating the suni’s distribution
(Fig. 1.9) should not be interpreted as a continuous distribution, but rather as the possible borders
of the species discontinuous distribution.

As shown in Fig. 1.7 and Fig. 1.9 the suni’s distribution expand over several countries and
different biomes. In Kenya e.g. suni can be found in dry forest, woodlands, grasslands and riverine
forests (Hoppe 1977; Hoppe et al. 1983; Rovero et al. 2005). Whereas in Tanzania they inhabited
coastal savanna and forests (Treydte et al. 2005), in Malawi they were found in short grasslands,
miombo woodlands and afromontane forests (Byrne et al. 2019) and lastly in the savanna and sand
forests of Mozambique (Prins et al. 2006). However suni can also be found on Mnemba Island which
is 4.5 km off the northeast tip of Unguja Island (one of the main islands of Zanzibar archipelago)
(Fiske 2011) which consists of Caussuarina forest associated with sand dunes and sandy beaches
(Fiske 2011). In South Africa, the focal point of this study, suni can be seen in habitats such as sand

forests, woodlands and lowveld riverine forests however, suni show preference towards the sand
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forest over woodlands in South Africa as well as in Mozambique (Prins et al. 2006; Belton et al. 2008;
Ramesh et al. 2016).

Tropical and Subtropical Moist Broadleaf Forests
' Tropical and subtropical grasslands, savannas, and shrublands
j Flooded Grasslands and Savannas
Mangroves
Montane Grasslands and Shrublands
| Deserts and Xeric Shrublands

Fig. 1.9 The distribution of different biomes across East and Southern Africa. Colours correspond to the
different biomes. The dark blue line represents the boundaries of the suni distribution (Olson et al. 2001).

Sand forests in southern Africa are mainly found in KZN and Mozambique, distributed in a broad
and highly fragmented belt (Chytry et al. 2008), with Maputaland particularly rich in forest dwelling
species (Smith et al. 2008). It consists largely of dense evergreen thickets, which could grow up to
15 m, creating tall enclosed canopies as well as a well-developed shrub-layer with high density stems
(Matthews et al. 2001; Gaugris et al. 2004; Chytry et al. 2008). The ground on the contrary is sparsely
covered with a few mixed grasses and herbs (Matthews et al. 2001; Gaugris et al. 2004; Skinner and
Chimimba 2005). In addition to this sand forests are made up of patches containing the above
mentioned, with each patch surrounded by grassland communities creating borders for both plant
and animal species (Fig. 1.10) (Matthews et al. 2001).

Although these sand forests are said to be dense, animals such as nyala (Tragelaphus angasii)
and elephant (Loxodonta africana) have been shown to decrease the density of these forests (Belton
et al. 2008; Ramesh et al. 2016). In addition to this other factors such as uncontrolled extraction of
wood for woodcraft and fuel have also added to the decline in habitat density (Chytry et al. 2008).
Due to the above mentioned factors the sand forest have become more fragmented and has a

conservation status of critically endangered (Mucina and Rutherford 2006; Chytry et al. 2008). This
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plays an important role, especially since suni is dependent on the habitat and if the habitat becomes
more fragmented, it could cause a decline in the population which could ultimately lead to local
extinction (Brooks et al. 1999; Laurance et al. 2002; O'Connor and Kuyler 2009). Moreover,
fragmentation could cause a decrease in the habitat area along with an increase of distance between
patches (Brooks et al. 1999; Laurance et al. 2002), which in the end could prevent dispersal from
occurring (Renjifo 1999; Laurance et al. 2002; Jewitt et al. 2015).

Fig. 1.10 a) Sand forest in Tshanini Nature Reserve (JP Bloomer) and b) grassland borders found surrounding
the forest patches in Tembe Elephant Park (M Swanepoel)

Since sand forests are highly threatened due to fragmentation (more than in its natural fragmented
state) it is critical for more research to be performed especially since studies have shown that habitat
loss and land cover are some of the biggest drivers of biodiversity loss (Sarukhan et al. 2005; Jetz
et al. 2007). In addition to this it has also been shown that habitat specialists are affected more by
habitat fragmentation than are generalists (Manne and Pimm 2001). Through studying the genetic
diversity of suni over different spatial and temporal scales, more insight can be gained into their

association with different habitat types and the impact of changes in these habitats.

Age of South African and Mnemba Island suni

Since the suni is an understudied species, very little information is currently available regarding
their history/age in South Africa. Due to this, other information for example age of habitats can be
used to estimate the age of the suni species in South Africa. Moreover, as discussed earlier suni are
habitat specialists and are found more associated with the sand forest habitat in South Africa. Due
to this | will making inferences on the age of the species in South Africa with means of the information
gained from the sand forest. According to Matthews (2005), Maputaland coastal plains consists of
three dune cordons and one dune field. Cordon three can be found distinctly throughout most of
Maputaland covering areas such as NDU and TEM dating back to 3 million to 125 000 BP (Matthews
2005). Therefore, allowing me to hypothesize that the maximum time for the suni species to have
been present in South Africa to be approximately 3 million to 125 000 BP.
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The suni found on Mnemba Island on the other hand is a very recent population. In the year 1991
three suni were first introduced to the island and have grown dramatically in numbers ever since
(Fiske 2011). Since then four translocation events to Jozani forest have taken place with the most
recent known translocation, of 96 individuals, in 2011 (Fiske 2011). These translocations were
deemed necessary in order to reduce the risk of overgrazing especially since suni reproduces very
quickly (Fiske 2011).

Suni diet

With regards to food, suni utilizes a variety of food sources and have been recorded to utilise 70
different items in Mozambique (Prins et al. 2006). However suni have also shown some preference
towards dicotyledonous leaves in Kenya (Hoppe et al. 1983) and in most cases a high preference
for fresh fallen leaves (Lawson 1986; Lawson 1989). In addition to this they also make use of fruits
such as figs, flowers and growing tips of shoots however, they are not dependent on these items
(Lawson 1989; Skinner and Chimimba 2005). In other instances, these animals have also been
observed eating mushrooms in KZN (Heinichen 1972; Skinner and Chimimba 2005). All of these
foods provide soluble plant sugars as well as other substances which are necessary for their
nourishment (Lawson 1989; Skinner and Chimimba 2005). They are rarely seen drinking water due
to the majority of their water intake coming from moisture of their food (Lawson 1986; Lawson 1989).
With regards to their diet on Mnemba Island it has been found that suni does consume Guettarda
speciosa (Mkungu wa pwani) and Tetraceara boivaniana (Pumba za paka) however this was only
based on a three-day observation study period (Fiske 2011).

Population size and conservation status
Determining population estimates for suni have not been easy due to their patchy occurrence and
shy nature (Hunnicutt et al. 2016). In addition to this, studies have also shown that the sand forests,
which they favour in South Africa, are currently highly fragmented and could cause the populations
to become more isolated (Jewitt et al. 2015; Hunnicutt et al. 2016). According to the IUCN Red List
the suni is classified as Least Concern with an approximate population size of 365,000 individuals
(IUCN SSC Antelope Specialist Group 2016). However, a recent study using dung abundance
counts has shown a dramatic decline in suni populations in both Tembe Elephant Park and Mkhuze
Game Reserve (Hunnicutt et al. 2016). Furthermore, a decline of > 50% in population size was
observed over more than three generations in a previously identified sub-population, which was the
largest in their local assessment area (Hunnicutt et al. 2016). Additionally, the authors estimated that
in South Africa populations can consist of 440-4890 individuals and sub-populations of 62-750
mature individuals. Due to these observations it was decided to list the suni as regionally
Endangered based on their decline, restricted area of occurrence and the lower limits of population
and sub-population size ranges (Hunnicutt et al. 2016).

The observed decline in the South African suni population can be due to a variety of threats.

Different authors have emphasized the roles of poaching and predators in decreasing suni numbers
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(Lawson 1986; Skinner and Chimimba 2005). These predators include martial eagles (Polemaetus
bellicosus), crowned eagles (Stephanoaetus coronatus), pythons (Python sebae), leopard (Panthera
pardus), jackal (Canis aureus) and spotted hyena (Crocuta crocuta) (Skinner and Chimimba 2005;
Frost and Carnaby 2015). In addition to this, it has also been suggested that human impact could
have been a contributing factor to habitat reduction and fragmentation hence, making it likely one of
the biggest reasons for the recent species decline (Lawson 1986). Furthermore an increase in habitat
utilization by big animals such as nyala and elephant also tend to reduce the density of the shrubs
making suni more vulnerable to predation (Matthews et al. 2001; Skinner and Chimimba 2005; Belton
et al. 2008; Hunnicutt et al. 2016; Ramesh et al. 2016). This overgrazing can lead to permanent
changes in the sand forest which is not ideal for local suni persistence (Gaugris et al. 2004; Gaugris
and Van Rooyen 2007).

In order to promote the persistence of suni, different measures have been put in place, with
conservation areas playing a significant role in the species’ conservation. In most parts of the suni’s
distribution, conservation parks have been created, for example Aberdares National Park (Kenya),
Lengwe National Park (Malawi) and Maputo Game Reserve (Mozambique) (Gaugris et al. 2004,
Frost and Carnaby 2015). The largest suni population in South Africa can be observed in Tembe
Elephant Park (Gaugris et al. 2004; Hunnicutt et al. 2016). This park has a very high woodland
density which is advantageous for the suni's existence. Unfortunately the vegetation density have
been decreasing due to larger animals (Gaugris et al. 2004; Hunnicutt et al. 2016).

Even though conservation parks do contribute to the protection of the suni population other
methods, such as conservation genetics studies, can also help increase their future chances of
persistence (Allendorf et al. 2010; Frankham 2010b). With the use of genetic studies scientists are
able to determine conservation units, population status, connectivity, genetic variability and

outbreeding depression (Allendorf et al. 2010) that will add value to future management plans.

Behavioural ecology

Behavioural ecology can be defined as the study of how natural selection shapes behaviour (Raven
and Johnson 1986). This is an important factor to be studied since adaption in behaviour can
increase the survival of an organism and in such a manner increase their fithess (Tuomainen and
Candolin 2011). During environmental changes, traits can evolve through genetic drift, gene flow
and natural selection. Some of the questions asked regarding behavioural ecology pertain to the
physiology behind the behaviour observed, the function of the behaviour and whether or not it is
advantageous (Raven and Johnson 1986).

Although knowledge of suni behaviour is limited, a few studies have revealed habits that are
relevant in studying the conservation genetics of the species (Lawson 1986; Lawson 1989; Somers
et al. 1990; Frost and Carnaby 2015). It was observed that 77% of suni can be found individually,
12% in pairs and 11% in families (consisting of a male, female and offspring) but, due to the density

of shrubs these values might be incorrect since observation is quite difficult (Lawson 1986). The
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species has been shown to use middens, which are communal defecation and urinal spots. With
regards to the pairs, if a female used a midden, the male will follow and defecate on the exact spot,
again adding to marking his territory (Skinner and Chimimba 2005).

Future fine-scale genetic studies utilizing the markers developed in the present study, would add
valuable insight into suni population density (by being able to identify individual suni), relationships
between suni in local habitat patches (relatedness and social structure), as well as connectivity over

small to medium spatial scales (determining what represents a suni demographic unit/population).

Investigative tools

Microsatellite markers
From many articles, it has been shown that genetic markers can be used to answer different
conservation genetics questions (Boulet et al. 2007; Allendorf et al. 2010; Ouborg et al. 2010;
Allendorf 2017). Genetic markers can be defined as short DNA sequences with a known physical
location on chromosomes (Benavides and Guénet 2012). These markers then act as points of
variation which could help one identify individuals, populations and in some cases even cells (Bruford
and Wayne 1993; Jarne and Lagoda 1996; Ramodn-Laca et al. 2018). These genetic markers also
create the opportunity to determine genetic diversity for example in antelope (Pinto et al. 2015). In
most studies the choice of marker depends on the characteristics of the marker, as well as the study
species’ characteristics. There are multiple genetic markers today that can be used for molecular
studies including allozymes, microsatellites, simple sequence length polymorphisms (SSLP), single
nucleotide polymorphisms (SNPs) and many more (Selkoe and Toonen 2006; Al-Samarai and Al-
Kazaz 2015; Grover and Sharma 2016). However, this study only made use of microsatellites and
mtDNA. The reasoning behind the use of microsatellites is discussed in the section below.

Microsatellites, also known as short tandem repeats (STRs), are short DNA sequences which can
consist of one to six nucleotides which are repeated multiple times (Selkoe and Toonen 2006). The
number of nucleotides present in the repeat (repeat unit) determines the different classes, for
example mono-, di-, tri- and tetranucleotides, which can be found. Microsatellites are widely spread
in eukaryotic genomes and are highly polymorphic since the number of repeats can vary between
individuals (Bruford and Wayne 1993). These sequences/repeat units can be repeated between five
to forty times due to various aspects such as mutation rate (Selkoe and Toonen 2006). The main
mechanism by which repeat variation is generated is replication slippage, leading to the gain or loss
of repeat units (Ellegren 2004). The flanking regions are typically conserved sequences within
species and are unique for each locus (Schlétterer 2000), enabling the design of locus-specific
primers flanking the repeats. However, insertions and deletions may also occur in the flanking
regions altering the allele sizes by different increments, leading to homoplasy (Grimaldi and Crouau-
Roy 1997).

Microsatellite markers have been one of the most popular marker to use in population studies
during the years 2000-2015 (Morin et al. 2004; Chistiakov et al. 2006; Narum et al. 2008; Vali et al.
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2010) due to their polymorphic characteristics and informative nature (Payseur and Cutter 2006) yet,
ever since the discovery of Single Nucleotide Polymorphisms (SNPs) the use of microsatellites have
declined. This could be explained by the fact that SNPs are less expensive, have a high throughput
during analysis, has a lower mutation rate and a simple underlying mutation model (Morin et al.
2004). In some articles it has also been briefly mentioned that SNPs might become the chosen
marker instead of microsatellites (Al-Samarai and Al-Kazaz 2015; Vieira et al. 2016). However these
authors (Al-Samarai and Al-Kazaz 2015; Vieira et al. 2016) also believe that even though the latter
might occur, microsatellite markers will still be used since they have other advantages.

To elaborate microsatellites are highly rich in genetic variation compared to other markers
(Schlétterer 2004; Payseur and Cutter 2006; Selkoe and Toonen 2006; Vieira et al. 2016) and can
be amplified from low quality DNA such as in the present study (lower than what is necessary for
SNPs) (Grover and Sharma 2016). In addition microsatellite markers are also highly informative
since they are inherited in a codominant Mendelian fashion (Abdul-Muneer 2014) allowing these
markers to have a high resolution for individual identification, relatedness and parentage assignment
(Morin et al. 2004; Harrison et al. 2014). Furthermore evolutionary history as well relationships (Vieira
et al. 2016) can be studied by determining estimates such as bottlenecks, kinship and migration
rates with the data obtained from microsatellites (Selkoe and Toonen 2006; Du et al. 2016; Miller et
al. 2016; Vieira et al. 2016; Radhika et al. 2018; Shi et al. 2019). To date no microsatellite markers
have been developed specifically for the suni. However, a study has shown that microsatellite
markers of other bovids can be used on suni (Engel et al. 1996). Hence, the present study made
use of many microsatellite markers developed in other bovids (Miller et al. 2016), as well as ones

previously tested in a pilot study focussed on suni (Reitmann 2008).

Genetic non-invasive sampling and its applications

DNA recovery from dung samples
Non-invasive sampling has become an attractive method to use in answering questions about
species in the wild (Chiou and Bergey 2018). This is possible since many different types of material
could be used, for example dung, urine, or hair from mammals (Kohn and Wayne 1997). However
dung samples have become the most used source overall (Fernando et al. 2003; Bourgeois et al.
2019), following the first successful PCR on dung DNA (Hdss et al. 1992). This method utilises the
epithelial cells present on the outer layer of the dung samples to extract DNA (Flagstad et al. 1999).
This type of sampling has also become the most used since so many obstacles are experienced
during more invasive sampling such as tissue and blood collection. Moreover obtaining samples
from wild animals could be difficult especially in the event of large animals which need to be
tranquilised/restrained or in small and elusive animals which are hard to find (Beja-Pereira et al.
2009; Bourgeois et al. 2019). By making use of the less invasive method, cost of handling the animals
could be reduced as well as enable scientists to obtain samples without hurting or encountering

animals in the field (De Bondi et al. 2010; Ramon-Laca et al. 2018). Another advantage of this
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method is that researchers are now able to answer more questions about animals in the wild and
make valuable contributions to the field of conservation genetics of wild populations (Schwartz et al.
2007; Allendorf and Luikart 2009; Gray et al. 2014; Caragiulo et al. 2015). Questions regarding
connectivity, migration rates, genetic diversity and relatedness can now be answered for species
which were hard to study previously (HOss et al. 1992; Morin et al. 1994; Kohn and Wayne 1997;
Schwartz et al. 2008; Beja-Pereira et al. 2009; Ferreira et al. 2018; Proenca-Ferreira et al. 2019). In
addition to this a study have also shown that making use of dung abundance counts are more
accurate to estimate population numbers compared to other methods such as camera trapping
(Guschanski et al. 2009; Mondol et al. 2009; Hedges et al. 2013; Ferreira et al. 2018).

Due to this, interest have grown with regards to non-invasive sampling and although being used
extensively in the study of large animals, the approach has not been adopted as a general method
in studying small and elusive animals (Ferreira et al. 2018; Bourgeois et al. 2019; Proenca-Ferreira
et al. 2019). Instead this method has been mostly used in larger mammals (Ferreira et al. 2018) such
as elephants (Fernando et al. 2003; Bourgeois et al. 2019), big horn sheep (Wehausen et al. 2004),
reindeer (Flagstad et al. 1999), wild ass (Costa et al. 2017), brown bears (Murphy et al. 2003), Bengal
tigers (Bhagavatula and Singh 2006), gaur, banteng (Riviére-Dobigny et al. 2009), baboons (Chiou
and Bergey 2017; Chiou and Bergey 2018), goats and lynx (Ramon-Laca et al. 2015). A few studies
have been performed on small animals such as abbotts duiker (Bowkett et al. 2009), foxes (Piggott
2004), bush tailed rock wallabies (Piggott 2004), otters (Hajkova et al. 2006; Lampa et al. 2007) and
cabrera’s vole (Ferreira et al. 2018; Proenga-Ferreira et al. 2019). The more limited application of
this approach for smaller mammals might be due to the ease experienced during the search of bigger
animals compared to smaller animals.

Despite the fact that DNA can now be successfully extracted from dung samples, non-invasive
sampling still has some problems with regards to the quantity and quality DNA extracted (Ramén-
Laca et al. 2015; Chiou and Bergey 2018; Bourgeois et al. 2019). Environmental factors such as UV-
rays and rain could cause degradation of the sample if it was exposed, thus resulting in low quality
DNA yield (Fernando et al. 2003; Kovach et al. 2003; Piggott 2004; Hajkova et al. 2006; Jeffery et
al. 2007; Wultsch et al. 2015). Therefore, it is better to collect some of the freshest samples possible,
reducing the chances of exposure. Aside from degraded samples being a drawback, samples could
also be influenced further down during PCR. Since dung of bovids consist of plant material containing
pigments, RNA and polysaccharides these could all act as PCR inhibitors during amplification
(Litvaitis and Litvaitis 1996).

With all of the above taken into account it could be said that all of these factors can cause
complications ranging from PCR amplification difficulty, allelic drop out and a high risk of genotyping
errors (Fernando et al. 2003; Lampa et al. 2007; Chiou and Bergey 2018; Ramén-Laca et al. 2018;
Bourgeois et al. 2019). Due to this, multiple different studies have been performed in order to improve
protocols of existing extraction kits (Ramoén-Laca et al. 2015; Costa et al. 2017), sampling methods
used (Ramén-Laca et al. 2015; Bourgeois et al. 2019) and reducing cost regarding this type of work
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(Fernando et al. 2003; Ferreira et al. 2018; Bourgeois et al. 2019). However, very few studies have
been done where specific extraction and PCR protocols have been designed for highly degraded
and exposed samples from small mammals.

Even though different challenges could be experienced, many different extraction kits are
currently available which could reduce difficulty, making genetic non-invasive sampling much more
appealing (Wehausen et al. 2004). All of these kits have been specifically designed to extract high
guality DNA from dung samples however one kit (QlAamp DNA mini stool kit from Qiagen) has
become the favourite amongst them all (Ramon-Laca et al. 2015; Chiou and Bergey 2017; Chiou
and Bergey 2018; Bourgeois et al. 2019). This kit is very well-known for its good results and have
proven to be successful in many different species (Kovach et al. 2003; Wehausen et al. 2004; Costa
et al. 2017). Hence, supporting its use for DNA purification in suni dung samples in preparation for

downstream genetic analyses.

PCR amplification and genotyping

As mentioned earlier successful DNA extractions from dung samples can be performed but factors
such as sample degradation as well as PCR inhibitors can affect PCR amplification (Fernando et al.
2003; Lampa et al. 2007; Chiou and Bergey 2018; Ramon-Laca et al. 2018; Bourgeois et al. 2019).
Both these issues can influence the success rate of amplification and as a result cause genotyping
errors such as allelic drop out and false alleles (Ramén-Laca et al. 2018; Bourgeois et al. 2019).
Thus, it has been advised to genotype each sample multiple times in order to reduce genotyping
error, as well as perform analyses to ensure that the null allele frequency are low (Pompanon et al.
2005).

During the sampling process many different samples are collected and due to this the chances
are highly likely that a different species’ dung could also be collected, for example red duiker
(Cephalophus natalensis) instead of suni. In a recent study it was shown that most of the
identification errors that took place where due to similar sized species that co-occurred (Spitzer et
al. 2019). Thus, it is critical to ensure that the samples used in further down analyses are in fact of
the correct species. A previous study has shown that amplification and sequencing of mtDNA (12S)
can be used to distinguish between dung of ungulate species (Van Vliet et al. 2008). The
mitochondrial cytochrome b (cyt b) gene is an alternative, more variable gene that can be used since
a large number of bovid cyt b sequences are available (Matthee and Robinson 1999; Ntie et al. 2010;
Gaubert et al. 2015) and has been proven successful in a pilot study on suni (Reitmann 2008).

With the use of PCR amplification of the cyt b gene the fragments obtained could be sequenced
and finally compared to the data available on NCBI (https://www.ncbi.nlm.nih.gov) by making use of
a BLAST search (Altschul et al. 1990). The advantage of using a cyt b barcode is that the sequences
generated for suni can also be used in downstream analyses of haplotype and nucleotide diversity
as well as the phylogeographic patterns between sampling sites. In addition to this, collecting

multiple samples could also cause resampling of the same individuals’ dung. Due to this it is
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important to make use of a highly variable marker such as microsatellites to help identify different

individuals (Jarne and Lagoda 1996; Bhagavatula and Singh 2006; Ramon-Laca et al. 2018).

Analytical approaches and software

The present study made use of DNA sequences for species identification and downstream
phylogenetic and gene genealogy analyses making use of software such as MEGA (Kumar et al.
1994; Tamura et al. 2011) and TCS (Clement et al. 2000). The mtDNA sequence data together with
microsatellite genotypes, were used to determine how distinct the sampled subspecies are. Many
studies have applied this approach and have been able to construct phylogenies based on the
sequence differences detected (Holder and Lewis 2003; Tamura et al. 2011).

In addition to this the data generated through microsatellite amplification and genotyping were
analysed using multiple different software programs (Montgelard et al. 2014). Parameters included
linkage disequilibrium (LD), genetic differentiation (Fst), null allele frequencies, number of alleles
(Na), observed and expected heterozygosity (Ho and Hg), private alleles (Pa), allelic richness (Ar)
and inbreeding coefficients (Fis). Genetic distances between subspecies as well as variation
within and between sampling sites were determined in order to identify the genetic population
structure of the species (Boulet et al. 2007; Ouborg et al. 2010; Kool et al. 2013; Eastwood
et al. 2016).

Research questions

From this review it was clear that the suni has been understudied and that a number of aspects could
inform the conservation genetic management of the species. In this dissertation, | addressed the
following questions:

(1) How can currently available DNA extraction kits be optimized for extraction from highly degraded,
small dung pellets for subsequent amplification of mitochondrial DNA and microsatellite loci?;

(2) What are the phylogenetic relationships between suni from sampling locations thought to
represent N. m. moschatus, N. m. livingstonianus and N. m. zuluensis?;

(3) What is the degree of connectivity between the different suni populations in southern Africa
across small to medium scales?

The overarching aim was to provide a foundation for future in-depth studies and to make a

contribution to the identification of conservation units for management of the species.
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Chapter 2 Optimization of markers for DNA sequencing and
microsatellite genotyping of suni DNA extracted from dung,
blood and tissue samples

Note that aspects of this chapter will be published - Swanepoel M, Klopper AW and Bloomer P.
Optimization of dung DNA extraction for sequencing and microsatellite genotyping in an elusive small

forest antelope. Target journal: Conservation Genetics Resources.
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Abstract

Many different studies have been performed on dung samples, all of which have shown DNA
extraction, PCR amplification and genotyping to be possible. However, many past studies
investigated large mammals and few targeted smaller species, such as forest antelope. In this study
| made use of two extraction kits, the NucleoSpin DNA Stool kit (Macherey-Nagel) and the QlAamp
DNA mini stool kit (Qiagen), to compare the success of DNA extraction and subsequent molecular
analyses. With the use of 95, degraded suni (Nesotragus moschatus) dung samples | found that the
NucleoSpin DNA Stool kit (Macherey-Nagel) performed the best. In addition to this | also improved
its protocol and obtained better quality DNA. In downstream optimization (i) a short cytochrome b
barcode could successfully distinguish suni dung from co-distributed red duiker dung, (ii) molecular
sexing was optimized and (iii) multiple microsatellite markers from other bovid species tested on the
suni, with 16 loci identified for potential genotyping of suni. The observations from the present study
compliments other non-invasive genetic studies, making use of highly degraded, small dung samples

as DNA source material.

Introduction

The field of conservation genetics makes valuable contributions to the study of animal populations
in the wild (Schwartz et al. 2007; Allendorf and Luikart 2009; Gray et al. 2014; Caragiulo et al. 2015).
However, obtaining material from wild animals for genetic analyses can be challenging, such as in
instances where study species are large and have to be physically restrained/tranquilized, or when
species are elusive and rarely observed (Beja-Pereira et al. 2009; Bourgeois et al. 2019).
Nevertheless, non-invasive sampling enables scientists to overcome these challenges and the cost
of animal handling, in addition to lessening the disturbance to the animals in their natural habitats
(Beja-Pereira et al. 2009; De Bondi et al. 2010; Ramdn-Laca et al. 2018). Despite these advances,
non-invasive sampling still has some drawbacks with respect to the quality and quantity of DNA
obtained, requiring extensive optimization to ensure accurate genotyping (Chiou and Bergey 2018;
Bourgeois et al. 2019). Several studies have aimed to improve protocols for existing extraction kits
(Ramodn-Laca et al. 2015; Costa et al. 2017). However, few studies have been able to optimize
extractions and amplification of mitochondrial and nuclear DNA on degraded samples. In the present
study the focus was on optimizing protocols for DNA extraction and subsequent DNA sequencing
and microsatellite genotyping from small, often highly degraded dung samples.

Non-invasive studies utilize many different sample types, such as hair, dung and feathers (Kohn
and Wayne 1997). Dung is a commonly used source and have become a good alternative (Fernando
et al. 2003; Bourgeois et al. 2019) ever since the first successful PCR on dung samples was
demonstrated (Hoss et al. 1992). The approach has mostly been used on larger mammals (Ferreira
et al. 2018). Since smaller species are elusive and infrequently observed, obtaining their fresh dung

samples is also challenging.

29



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

Genetic non-invasive sampling (gNIS) methods have advanced (Chiou and Bergey 2018) and
offer many benefits compared with invasive methods. Samples are obtained without disturbing or
causing stress to the animal (Beja-Pereira et al. 2009; De Bondi et al. 2010). Aspects such as
relatedness, genetic diversity, kinship and dispersal can now also be answered for species that are
challenging to study (Héss et al. 1992; Morin et al. 1994; Kohn and Wayne 1997; Schwartz et al.
2008; Beja-Pereira et al. 2009; Ferreira et al. 2018; Proenca-Ferreira et al. 2019). Population
censuses can be done more accurately when using this method instead of invasive methods e.g.
live-trapping (Guschanski et al. 2009; Mondol et al. 2009; Hedges et al. 2013; Ferreira et al. 2018).

Coupled with all the above benefits, DNA extraction kits optimized for dung samples have made
the gNIS method more attractive (Wehausen et al. 2004). Performing extractions from dung material
have always been a challenge but due to the newest kits on the market, dung extraction has become
less of a struggle. From the variety of kits currently available for these types of extractions only one
extraction kit appears to be preferred (Ramon-Laca et al. 2015; Chiou and Bergey 2017; Chiou and
Bergey 2018; Bourgeois et al. 2019). The QlAamp DNA mini stool kit from Qiagen is particularly
well-known for its capabilities and has proven to be successful in many mammal species, such as
lagomorphs (Kovach et al. 2003), bighorn sheep (Wehausen et al. 2004) and equids (Costa et al.
2017) . Even though it is possible to extract DNA from dung, multiple studies have pointed out
difficulties that can be expected in downstream methods when working with dung extracted DNA
(extracted with no specific kit) (Taberlet et al. 1999; Morin et al. 2001; Vigilant 2002).

These difficulties are the main reasons why this methodology has not yet been widely adopted
(Fernando et al. 2003; Ramoén-Laca et al. 2015; Bourgeois et al. 2019). One of the biggest challenges
is obtaining sufficient concentrations of high-quality DNA from dung samples (Ramén-Laca et al.
2015; Chiou and Bergey 2018; Bourgeois et al. 2019). In the first instance DNA quality is affected
by the fact that samples cannot always be collected immediately after defecation. Prior to collection
samples could have been exposed to environmental factors such as the sun and moisture (Fernando
et al. 2003; Kovach et al. 2003; Piggott 2004; Hajkova et al. 2006; Jeffery et al. 2007; Wultsch et al.
2015). These factors lead to degradation or complete removal of the intestinal epithelial cells on the
outer surface of the pellets. Under some environmental conditions, dung is very quickly exposed to
saprophytes or coprophagous species. In addition to these environmental factors, PCR inhibitors
originating from for example the plant material in the diet of herbivores, can cause problems including
PCR amplification failure and allelic drop out or false alleles leading to genotyping errors (Fernando
et al. 2003; Lampa et al. 2007; Chiou and Bergey 2018; Ramoén-Laca et al. 2018; Bourgeois et al.
2019).

In an attempt to correct for artefacts that may result from lower quality DNA, many dung DNA
based studies have advocated for repeated extractions and repeated genotyping of samples, but
this is time consuming and adds to the costs of analysis (Goossens et al. 1996; Fernando et al.
2003). Another obstacle that can be encountered during gNIS is resampling. This occurs when
multiple samples are inadvertently collected from the same individual. Hence, it is advised to use
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highly variable markers such as microsatellites, to help identify different individuals (Bhagavatula
and Singh 2006; Ramén-Laca et al. 2018). However, resampling can become valuable when the
number of individuals and movement patterns in a species are being investigated.

Many studies have contributed to overcoming the challenges of gNIS. For example, DNA
extraction protocols have been altered (Ramon-Laca et al. 2015; Chiou and Bergey 2017; Costa et
al. 2017; Chiou and Bergey 2018) so that DNA yield could be improved. Oher studies have changed
their sampling method, making use of swabs, in order to only collect the critical section of the sample
thereby reducing exposure to or co-extraction of PCR inhibitors (Ramon-Laca et al. 2015; Bourgeois
et al. 2019). Furthermore studies have also tried to reduce the cost associated with these analyses
(Fernando et al. 2003; Chiou and Bergey 2017; Chiou and Bergey 2018; Ferreira et al. 2018;
Bourgeois et al. 2019). However, very few studies have exclusively focussed on highly degraded
and exposed samples.

In this chapter | aimed to develop guidelines for optimization of DNA extraction and PCR
amplification specifically for highly degraded, small dung samples. The main goal of this study was
to show what changes could be made at different stages of handling such degraded material. |
focused on extractions, mitochondrial DNA cytochrome b amplification, molecular sexing,
microsatellite locus selection, amplification and fragment analysis. This chapter also gives some
insight into how 16 microsatellite markers were selected for subsequent investigation of the genetic

diversity of suni populations (Chapter 3).

Materials and methods

Sample collection

Dung sampling, representative of the distribution of suni in north-eastern South Africa, took place in
four different nature reserves: Tembe Elephant Park (TEM), Tshanini Nature Reserve (TSH), Ndumo
Game Reserve (NDU) and Phinda Private Game Reserve (PHI), all of which are in the northern part
of KwaZulu-Natal (KZN). Additional samples were collected in Mozambique (MOZ) (tissue samples)
and Mnemba Island (MNE) (dung samples). The different sampling localities are shown in Fig. 2.1
and sample information given in Table 2.1 and Table S2.1. For the first two nature reserves
mentioned earlier transects were not used during sample collection. Instead previously identified
localities in TEM and TSH, from pilot studies done in 2008 and 2013, were used as sampling starting
points. From those points two to five researchers spread out and collected any fresh material that
was available and recorded the location. This method was chosen to ensure that the whole area was
covered. In some rare instances, suni tracks were used to locate suni dung. Due to rain during the
sampling period, the sand was wet, enabling the field sampling team to identify and follow tracks in

a much more effortless manner. By doing this the freshest samples possible were collected.
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Fig. 2.1 Distribution map of suni subspecies and sampling localities. The subspecies shown in bold are the
four currently recognised subspecies (Ansell 1971; Skinner and Chimimba 2005; Groves and Grubb 2011;
Frost and Carnaby 2015).

Table 2.1 Tissue and dung samples collected from different locations used during extraction protocol testing

Location # Samples Sample type

MOZ 19 Tissue
TEM 18 Dung
NDU 20 Dung
PHI 24 Dung
TSH 19 Dung
MNE 14 Dung
Total 114

Unfortunately for NDU no GPS coordinates were available to use as starting locations. Instead
the game rangers of NDU indicated where suni were last observed and these observations were
used as starting points. Sample collection in the field was conducted in the exact same manner as
discussed earlier. Once enough samples were collected at a site the next sampling site was
identified/chosen by moving 200-400 m further down the road searching for samples on both sides.

This method was conducted over 5.53 km.

32



i A

The collection at PHI and MNE on the other hand was done in a different manner than above;
instead three different sampling sites of approximately 600 m x 600 m were sampled. At each site,
the area was divided into 16 grids of 150 m x 150 m, of which each grid was sampled for 45 min,
searching for the freshest samples available. In summary, each grid was sampled every 24 hours,
resulting in each grid being sampled at least three to four times.

During the collection of dung samples, pellets were chosen according to freshness, as well as
size. The appearance of suni dung is very similar to other small antelopes’ dung e.g. red duiker
(Cephalophus natalensis), in which case they only differ in pellet size. This can be observed in
Fig. 2.2. Pictures, as well as size, freshness and locality of each sample were recorded. Throughout
sampling sterilized tweezers were used to collect the suni dung pellets (five to ten) and placed into
either empty collection tubes or tubes containing 70% EtOH. All samples were kept in an icebox until

it could be stored in a freezer.

Fig. 2.2 Comparison of different dung samples, a) suni dung pellets and b) red duiker dung pellets

Tissue samples from MOZ in the form of ear clippings were provided by individual trophy hunters
(qualified to shoot suni under legal permit conditions at concessions). Samples were collected by
making use of sterilised blades and tweezers in between each tissue sample collected and placed
into 5 ml tubes containing coarse salt and stored at room temperature. Sample collection was done
with ethical clearance given by the Ethics Committee of the University of Pretoria (EC040-16).

From all of the above it could be noted that there were multiple samples collected in the different
areas mentioned previously. In this study where different extraction protocols were tested | made
use of 95 dung samples and 19 tissue samples. The different extraction protocols used are
discussed in more detail below.

Sample preparation

Each type of sample required different extraction protocols to be performed. For dung samples two
different extraction protocols were compared in order to identify which kit provided the best quality
DNA and at what conditions each kit performed optimally. Once the best kit was identified, that kits’
protocol was optimised so that the specific type of samples collected during this study could be
extracted with the aim of obtaining the highest possible quality and quantity DNA. This is important
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to note since the majority of samples collected in this study were not the freshest, which could as a
result cause difficulty in downstream steps such as PCR. Hence, it was very important to work
carefully with each specific sample.

Preparation of samples for extraction varied since the samples were collected and stored in
different ways (as explained above). Samples stored in 70% EtOH were placed in a petri dish
covered by a new piece of paper towel. This step was included to enable the EtOH to evaporate and
the dung pellets to dry. Samples not collected in EtOH did not undergo this step. In general, two
pellets were used for each extraction. In some instances where the pellets were a lot bigger, only
one pellet was used. Epithelial cells were then recovered from the pellets by scraping the outside
layer and weighing the scrapings (approximately 60-70 mg) before placing them in an Eppendorf
tube.

All extractions were performed in a sterilized environment with no other lab procedures taking
place at the bench other than extractions. Between extractions the bench as well as the gloves were
cleaned with 70% EtOH. All extractions were performed making use of tweezers and scalpel blades
that were sterilized with 96% EtOH and flamed between samples. A new separate petri dish was
used for each new extraction to ensure that no cross contamination of samples could take place. All

these steps were included to lower the risk of contamination.

DNA extraction from dung samples

The first kit tested was the QIAamp DNA mini stool kit (Qiagen). This is one of the most utilised kits
for dung extractions, producing credible results. These results include high quality and quantity DNA
yield, but the use of this kit can be time consuming and expensive. The second kit tested was the
NucleoSpin DNA Stool kit (Macherey-Nagel). This kit is still very new on the market and is also
designed with specialised protocols particularly focussing on work done on different types of dung
samples e.g. origin (carnivore or herbivore) and type (dry or medium water content). The next section
focuses on how each kit was tested and what alterations had to be made to each kit for optimal
results.

QIlAamp DNA mini stool kit: Samples was prepared as above, and DNA was extracted from the
pellets following the manufacturer’s instructions with only one modification. An additional overnight
incubation step was added after the pellet scrapings were placed into a 2 ml Eppendorf tube and
1.6 ml of stool lysis buffer (Buffer ASL) was added. These samples were then vortexed continuously
for 1 min until the whole sample was thoroughly homogenized and placed in the incubator overnight
at 65°C. Subsequent steps indicated problems regarding the DNA concentration (low) and changes
were made. More specifically in cases where extractions were already performed indicating very low
concentrations, decisions were made to rather spin the samples down and evaporate them at the
same time using the Savant Svc-100h SpeedVac Concentrator (Gemini BV). This was done to
increase their final concentration and finally eluting the pelleted DNA in 50 pl of water (Sabax). Later

samples were only eluted in 60 ul of elution buffer (EU buffer) instead of 200 pl.
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Even though the above alterations made a difference during extractions, problems were still
occurring. Consequently, other alterations as suggested by Costa et al. (2017) were implemented.
These included the addition of Proteinase K, as well as additional wash steps during the extraction
procedure. These steps were included to reduce the amount of inhibitors present in the extracts and
to increase the amount of DNA recovered. The final protocol followed with the QlAamp DNA mini
stool kit including all the steps and alterations that were made is illustrated in Fig. 2.3.

Once the first round of extractions was completed, samples were analysed on a 1% agarose gel
followed by quantification of the nucleic acid concentration and purity ratios using the NanoDrop
1000 (Thermo Fisher Scientific) (Desjardins and Conklin 2010). Nanodrop readings are not very
accurate with degraded samples thus, it was decided to amplify the cytochrome b (cyt b) gene to
test whether DNA could be successfully amplified. The PCR consisted of a 25 pl reaction volume,
containing the following: 1X PCR Buffer (Separation Scientific), 2.5 mM MgCl, (Separation
Scientific), dNTP mixture (200 uM of each) (Promega), 0.1 pug/ul BSA (Roche diagnostics), 1 U of
Super-Therm Tagq DNA Polymerase (Separation Scientific), 10 pM of each suni cyt b F107 and suni
cyt b R573 primer, 3 ul of template DNA and Sabax® water (Adcock Ingram) to the final volume of
25 pul. These PCR reactions were then carried out in the ABI 2720 Thermo Cycler with the following
conditions: 94°C for 5 min, 38 cycles of 94°C for 30 sec, 53°C for 30 sec, 72°C for 30 sec, followed
by a final extension of 72°C for 7 min and a holding step at 4°C. Amplified PCR products were then
analysed on a 1% agarose electrophoresis gel using GelRed (Biotium, Anatech Instuments) staining
along with a 100 bp DNA ladder (The Scientific Group).

Nucleospin® DNA stool kit: DNA was extracted from the dung pellets according to the
manufacturers’ instructions including some minor alterations. For this study in particular | made use
of the protocol which was specialised for samples that are very hard and dry. For each extraction
the pellets’ outer scrapings were placed into a NucleoSpin® bead tube and 500 pl of lysis buffer
(Buffer ST1) and 500 pl of distilled water (Sabax®) were added. These tubes were then shaken
horizontally for 2-3 seconds to ensure that the sample and lysis buffer was completely mixed.
Samples were then placed into an incubator at 70°C for 5 min followed by homogenisation of the
samples. This was done by agitating the samples in the vortex adapter (Multi-tube holder of Scientific
Industries) for 10 min at room temperature. From this step on the remainder of the manufacturer’s
instructions were followed. In the final step 75 pl of elution buffer (SE buffer) was added to the column
and incubated at room temperature for 30 minutes before being centrifuged. The volume of elution
buffer was later reduced to 40 pl to increase the concentration of the DNA obtained. Once the
extractions were completed, samples were analysed and checked with agarose gels, Nanodrop and
PCRs similar to that of the previous kit. In addition, each sample was also quantified using the

Qubit ® 2.0 kit (Invitrogen) following the manufacturers’ recommendation.
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Remove outer layer of dung sample

|

Fill 2ml Eppendorf tube with sample, add 1.6 ml ASL lysis buffer
and 16 pl of Prot K (20 mg/ml)

|

Homogenize and incubate overnight at 56°C, with agitation

|

Centrifuge at 1500 g for 3 min and transfer supernatant

|

Add InhibitEX tablets, homogenize, incubate for 2 min at room
temperature and centrifuge for 3 min at 1500 g

|

Transfer 600 pl to an Eppendorf tube, add 24 pl Prot K (20 mg/ml) and
500 pl AL (blood lysis buffer)

Homogenize and incubate for 1 h at 60°C

|

Add 500 pl of cold ethanol

|

Transfer the solution to a spin column and centrifuge at 6000 g for
1 min (repeat this step until all the volume has passed through

—

Sample with light colour extract Sample with dark colour extract

| |

Add 500 pl of AW1 and Add 500 pl of AW1 and
centrifuge 1 min at 6000 g centrifuge 1 min at 6000 g
(repeat twice)

| |

Add 500 pl of AW2 and Add 500 pl of AW2 and
centrifuge 3 min at 6000 g centrifuge 3 min at 6000 g
(repeat twice)

| |

Add 40 pl of warm elution buffer and incubate at room temperature
for 30 min, centrifuge 1 min at 6000 g in a new Eppendorf tube

Fig. 2.3 Extraction protocol using the QIAamp DNA mini stool kit from Qiagen. Adapted from Costa et al.

(2017)
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In summary, this study was mainly focussed on degraded samples, therefore only working with
the two above mentioned extraction kits. Even though both kits yielded DNA of good quality and
guantity, it was decided to continue with the Nucleospin DNA stool kit since it was the least altered,

fastest and most cost-effective kit to use.

DNA extraction for tissue samples
For tissue samples DNA was extracted from 25 mg of tissue using the Animal Tissues Spin-Column
Protocol (Qiagen) as recommended by the manufacturer. DNA was eluted in 200 pl of elution buffer

(Buffer AE) and quantified using the Qubit ® 2.0 kit following the manufacturer’'s recommendation.

Species identification using mtDNA

To confirm the species of the sample (tissue and dung), a small section of mtDNA (476 bp of
cytochrome b), was amplified and sequenced using the primers indicated below (Table 2.2). These
primers were designed and tested during a pilot study (Reitmann 2008) which showed successful
identification of suni and red duiker. PCR amplifications were carried out in 25 pl reactions containing
1X PCR Buffer, 2.5 mM MgCl,, dNTP mixture (200 uM of each), 0.1 pg/ul BSA, 1 U of Super-Therm
Taqg DNA Polymerase, 10 pM each of forward and reverse cyt b primer (Table 2.2), 5 pl of template
DNA and Sabax® water added to the final volume. PCR reactions were carried out in the ABI 2720
Thermo Cycler with a denaturing step at 94°C for 5 min. Samples were then subjected to 38 cycles
of 94°C for 30 sec, 53°C for 30 sec and 72°C for 30 sec. It was then followed by a final extension
step of 72°C for 7 min and a holding step at 4°C. PCR products were analysed on a 1% agarose
electrophoresis gel using GelRed staining along with a 100 bp DNA ladder.

Table 2.2 Primers used for mtDNA cytochrome b gene amplification of Nesotragus moschatus

Primer name Primer sequence (5°-3’)
Suni cyt b F107 TCCTAGGCATCTGCCTAATCC
Suni cyt b R573 TGCTGCGATGATAAATGG

PCR reactions with optimized products at 467 bp were then precipitated by adding 90 pl 96%
EtOH, 10 pl distilled water and 0.05 M NaAc to the PCR product. It was then followed by a
centrifugation step (20 000 g for 20 min) and removal of supernatant. The remaining pellet was then
washed with 90 pl 70% EtOH and centrifuged for 10 min at 20 000 g. The supernatant was then
removed, the pellet left to dry at room temperature and eluted in 20 pl distilled water once it was dry.
Precipitated samples were visualised on a 1% agarose gel. Diluted cycle sequencing reactions
(0.5X) were set up with the BigDye™ Terminator v.1.1 and v.3.1 5X Sequencing Buffer (Thermo
Fisher Scientific) following manufacturer’s instructions. Cycle sequencing reactions of 10 pl were set
up using 3 pl of precipitated PCR product. Cycle sequencing reactions were carried out on the ABI
2770 Thermo Cycler following conditions stated in the users guidelines. Products were then run on

the ABI 3500xlI automated sequencer (Applied Biosystems). Both forward and reverse cyt b
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sequences of individual samples were aligned in CLC Main Workbench v.8.1 (Qiagen Bioinformatics)
and compared against the available data on NCBI using BLAST (Altschul et al. 1990) to confirm the
likely species identity of the sample.

Microsatellite marker selection

No microsatellite primers specific for suni is available. For this reason, | decided that it would be the
best alternative to make use of markers that were previously tested on suni material during a pilot
study in 2008. This pilot study in particular selected markers that amplified consistently and were
found to be polymorphic in other bovids such as caprine, gazelle, impala and ovine. | then tested 16
of these previously tested markers (including one sex marker) on both dung and blood samples of
which only 11 amplified (including one sex marker).

PCR amplification reactions (final volume of 5 pl) consisted of 0.6 X multiplex mix (Qiagen
Multiplex PCR Master Mix), 1 pM of each forward and reverse primer and 2.5 pl of template DNA.
Using the ABI 2720 Thermo Cycler the PCR reactions were carried out with the following conditions:
95°C for 15 min, 40 cycles of 94°C for 1 min, 60°C for 1 minute and 30 sec followed by a final holding
step at 4°C. PCR products were then examined on a 1% agarose gel as before and further analysed
for amplification success by Genescan analysis. Making use of the ABI 3500xI automated sequencer
GENESCAN software all PCR amplicons were separated by size with the GENESCAN LIZ 500
(ABI™/ Life Technologies) marker. Subsequently only five (four microsatellites and one sex marker)
of the eleven markers tested were selected for further analysis according to criteria such as
amplification success and presence of visible peaks after fragment separation.

In addition to this other microsatellite markers available at the Veterinary Genetics Laboratory
(VGL), at the University of Pretoria, were also tested on five freshly extracted dung extracts and one
blood sample. These primers that were designed for different bovids including cattle, impala,
wildebeest, sable antelope, goat and sheep were previously tested in other species (eland, gazelle,
gemsbok roan, buffalo), and were found to amplify consistently with different polymorphism levels
(Miller et al. 2016). A total of 43 microsatellite markers (including one sex marker) that were
polymorphic in other bovids were tested in the suni at the VGL. In order to obtain the best possible
markers for this study three separate rounds of tests and evaluation were found necessary. In the
first round of testing markers were amplified in multiplex following the exact same PCR set up as in
Miller et al. (2016). PCR reactions were carried out in the ABI 2720 Thermo Cycler with the following
conditions: 95°C for 15 min, 35 cycles of 95°C for 45 sec, 60°C for 45 sec, 72°C for 1 min, followed
by 72°C for 60 min and a final holding step at 4°C. These products were then checked and analysed
as above. After the first round of testing | reduced the 43 markers to 19 (only microsatellites)
according to amplification success and peak height. All the marker’s peaks had to be higher than
100 fluorescent units in order to be eligible for further testing.

These 19 markers were then amplified for a second time in which the PCR amplifications were

carried out in 10 pl reactions consisting of 0.6 X multiplex mix, 2 ul of template DNA, Sabax® water
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to the final volume and forward and reverse primer (final concentrations in Table S2.2). PCR
reactions were carried out with the following conditions: 95°C for 15 min, 35 cycles of 95°C for 45
sec, 60°C for 45 sec, 72°C for 1 min and 30 sec, followed by 72°C for 60 min and a final holding step
at 4°C. Successful amplicons were then analysed as above and only markers that presented signs
of polymorphism (two or more alleles) were kept for further analysis. This reduced the 19 markers to
14. A third and final round of testing was performed as in round two but on eight additional dung
samples. As a result, only nine of the 14 microsatellite markers were selected according to the
polymorphism criteria.

Lastly three other microsatellite markers were added to the list resulting in a total of 16
dinucleotide microsatellites (four from the pilot study in 2008, nine from VGL and three from a second
pilot study in 2013) and one sexing marker for further analysis. These three markers were previously
investigated during a pilot study that took place in our laboratory in 2013. These markers selected
showed a lot of potential since they amplified consistently and were highly polymorphic. The final list
of microsatellite markers can be observed in Table 2.3. Once the list of markers was finalised,
multiplex manager v.1.2 (Holleley and Geerts 2009) was used to create two groups of multiplexes.
The first panel consisted of eight markers and the second panel of nine (Fig. 2.4). Take note that the
fluorescence labels of each marker in Table 2.3 were the final colours used when ordered, not the
labels shown in Fig. 2.4. To observe all the markers tested and used in this study please refer to
Table S2.3.

Microsatellite- and sex marker optimization

The labelled microsatellite markers as well as the sex marker were tested separately on tissue
extractions to ensure optimal amplification. This was done by setting up PCRs (final volume 10ul)
consisting of 1X PCR Buffer, 1.5 mM MgCl,, dNTP mixture (200 uM of each), 0.2 pg/pl BSA, 2.5 units
of Super-Therm Taqg DNA Polymerase, 10 pM of each forward and reverse primer, 2 ul of template
DNA and Sabax® water added to the final volume. The selected amplification conditions consisted
of 95°C for 7 min, 35 cycles of 95°C for 30 sec, locus-specific annealing temperature for 30 sec,
72°C for 30 min, followed by 72°C for 7 min and a final holding step at 4°C. Annealing temperatures
recommended by the labelled primers’ manufactures (ABI™/ Life Technologies) were used and
therefore each marker had a different annealing temperature, indicated in Table S2.3.

From the above PCR protocol, not all of the markers amplified initially. To improve amplification
success of these markers, gradient PCRs were set up for each in which case the initially tested
annealing temperatures above were both decreased and increased by two degrees. Once this
alteration was made some markers still did not amplify optimally. In order to improve specificity and
the strength of amplification, temperatures were then increased further until the optimal temperature

was identified.
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Table 2.3 Final set of dinucleotide microsatellite markers and one sexing marker (Amelogenin) used in this study

Marker Forward Primer 5'-3' Reverse Primer 5'-3' Reference Fragment size Label Panel
range
CT07 CTACCTGGGAAACCCATAT GTGTCTTTGTTGGTTTCTGCCATACAA (Rged et al. 2011) 110-125 FAM 2c
INRAOO6 AGGAATATCTGTATCAACCTCAGTC CTGAGCTGGGGTGGGAGCTATAAATA (Vaiman et al. 1992) 100-130 VIC 2c
SRCRSP24 AGCAAGAAGTGTCCACTGACAG TCTAGGTCCATCTGTGTTATTGC (Yeb et al. 1997) 140-160 VIC 1b
ETH10 GTTCAGGACTGGCCCTGCTAACA CCTCCAGCCCACTTTCTCTTCTC (Toldo et al. 1993) 220-230 PET 2c
BM2113 GCTGCCTTCTACCAAATACCC CTTCCTGAGAGAAGCAACACC (Bishop et al. 1994) 140-156 NED 2c
TGLA53 GCTTTCAGAAATAGTTTGCATTCA ATCTTCACATGATATTACAGCAGA (Barendse et al. 1994) 156-170 VIC 2c
SPS115 AAAGTGACACAACAGCTTCTCCAG GTGTCTTAACGAGTGTCCTAGTTTGGCTGTG (Mommens et al. 1998) 260-280 FAM 2c
1206 ATTAGGAAAAGCAATGTGAATGG GTGTCTTCACTCCTGTATTCTGCCTGG (Huebinger et al. 2006b) 150-165 PET 2c
SRCRSP8 TGCGGTCTGGTTCTGATTTCAC CCTGCATGAGAAAGTCGATGCTTAG (Bhebhe et al. 1994) 230-240 VIC 1b
OARCP26 GGCCTAACAGAATTCAGATGATGTTGC GTCACCATACTGACGGCTGGTTCC (Ede et al. 1995) 140-150 NED la
ILST87 AGCAGACATGATGACTCAGC CTGCCTCTTTTCTTGAGAGC (Kemp et al. 1995) 130-140 PET la
SPS113 CCTCCACACAGGCTTCTCTGACTT CCTAACTTGCTTGAGTTATTGCCC (Roeder et al. 2001) 143-155 FAM la
TGLA122 CCCTCCTCCAGGTAAATCAGC AATCACATGGCAAATAAGTACATAC (Georges and Massey 119-155 FAM 2d
1992)
INRA63 ATTTGCACAAGCTAAATCTAA CC AAACCACAGAAATGCTTGGAAG (Vaiman et al. 1994b) 180-210 NED 1b
BM757 TGGAAACAATGTAAACCTGGG TTGAGCCACCAAGGAACC (Bishop et al. 1994) 180-190 PET la
F10 TGTCCAGCAGCTTCACCATTACGCC GCCTTCATGATCTTGTCGATCCACT (Dietz et al. 1992) 215-245 VIC 2d
AMELOGENIN CAGCCAAACCTCCCTCTGC CCCGCTTGGCTTGTCTGTTGC (Weikard et al. 2006) 215; 260 FAM la

The number (1 and 2) refers to the two different panels designed. The letters a, b, ¢ and d indicate the further division of the panels when it was necessary.
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Fig. 2.4 Designed multiplex panel for 16 dinucleotide microsatellite markers and one sexing marker (Amelogenin) using Multiplex Manager v.1.2
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The initially planned panels above (Fig. 2.4) were both separated into two separate panels
(Table 2.3) thus, resulting into four different panels, each panel with their own separate annealing
temperature. PCRs were then set up as stated above with the exception that 10 pM of each forward
and reverse primer present in each respective panel was added. Amplification conditions were the
same as above except for the annealing temperatures which were different for each panel: panel 1a
60°C, panel 1b 54°C, panel 2c 52°C and panel 2d 60°C.

Once PCR amplification was completed, plates for Genescan analysis was set up according to
manufacturer’s instructions using the GENECAN LIZ 500 standard and changing the amount of PCR
product added. This was performed in two different ways. The first setup only consisted of PCR
products produced in single PCR reactions. Each panel's markers (PCR products) were pooled
together. In each event only 1 pl of each markers’ PCR products were added to the plate. For the
second setup, which only consisted of PCR products produced by multiplexes, panel 1a and 1b were
pooled together and the same for panel 2c and 2d. This was done by only adding 1 pl of each panels’
PCR products e.g. 1 pl of panel 1a and 1 pl of panel 1b being added to the plate. Each sample was
then analysed by Genescan analysis making use of the ABI 3500x| automated sequencer and
GENESCAN software as above.

From the results obtained it was noted that the first setup, which consisted of the markers
amplified in single PCR reactions pooled together, performed a lot better than the second setup
based on the number of markers that amplified successfully (multiplexes pooled together). This led
to the decision to continue with the single PCR setups instead of multiplexes. From this step forward,
single PCR reactions were set up but resulted in inadequate amplification and therefore had to be
optimized further. This was done by using multiplex mix instead of the above-mentioned polymerase
with the same amplification conditions as earlier. These PCRs consisted of 0.6 X multiplex mix, 2 pl
of template DNA, Sabax® water to the final volume and 10 pM of each forward and reverse primer.

Coupled with this, further optimization on dung samples was also necessary. It initially started
with the exact same steps as was optimized for tissue samples. In the case where certain markers
did not amplify as was necessary, changes were made such as temperature increase and decrease,
as well as replacing the polymerase with multiplex mix were performed. This was a long tedious
process and since the markers’ PCR setup and conditions differed a lot, a decision was made to test
the effect of Hot Start Taq (Invitrogen™ Platinum™ || Taq Hot-Start DNA polymerase, Thermo Fisher
Scientific).

In short, PCR reactions were set up using the Invitrogen™ Platinum™ Il Tag Hot-Start DNA
polymerase protocol as stated in the manual. The PCR conditions consisted of 94°C for 2 min, 35
cycles of 94°C for 15 sec, locus-specific annealing temperature for 15 sec, followed by 72°C for 30
min and a final holding step at 4°C. This was performed in the SimpliAmp™ Thermal Cycler (ABI
Thermo Fisher Scientific). For the markers which did not amplify immediately with this protocol, PCR
reactions were performed again but now using the suggested annealing temperature in the protocol.

Again, if amplification still did not occur, a gradient PCR was set up between 50°C and 62°C at 2°C
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intervals. This was done so that the optimal binding temperatures could be identified. From this step
onwards, microsatellite markers with the same binding temperatures, as well as multiplex panel were
amplified together. Hence, reverting back to the multiplex panels only for the markers with the same

binding temperatures.

Results and discussion

Sample quality

In the past three decades gNIS has developed substantially, creating opportunities to do research
on wildlife not previously possible (Kovach et al. 2003; Chiou and Bergey 2018; Ramoén-Laca et al.
2018). Currently gNIS is being implemented on various animals, big and small (Ferreira et al. 2018),
overcoming hurdles such as invasive sampling and the cost connected to it (Ferreira et al. 2018).
Although it has been a developing field, problems are still experienced such as low quality DNA yield
(Flagstad et al. 1999; Riviére-Dobigny et al. 2009; Chiou and Bergey 2018; Bourgeois et al. 2019)
and PCR amplification (Fernando et al. 2003; Ramén-Laca et al. 2018), all due to the samples type
(Hajkova et al. 2006), age (Kovach et al. 2003; Piggott 2004), collection climate (Piggott 2004;
Hajkova et al. 2006), season (Kovach et al. 2003; Piggott 2004), species (Kovach et al. 2003) and
their diet (Murphy et al. 2003). These studies came to the conclusion that the freshest samples
should be used in studies (Kovach et al. 2003; Piggott 2004; Lampa et al. 2007; Riviére-Dobigny et
al. 2009; Reddy et al. 2012). Due to this evaluation, for this study only the freshest samples were
collected daily for PHI and MNE, however, this was not always possible for the other reserves. Thus,
the same problems as was stated in the above-mentioned articles were experienced.

Moreover, on agarose gels differences in quality and concentration could be observed in the DNA
extracted from the different reserves (Fig. 2.5). Yet, the nanodrop readings were very low and similar
for all making it uninformative. Furthermore, TEM samples (all old) presented clear solid bands with
very little smears present whereas PHI and MNE (all fresh) presented with very faint bands and large
smears. Cyt b PCR reactions (Fig. 2.6) were also set up for all the extracts shown in Fig. 2.5.
Samples from PHI and TEM both yielded the same difficulty and success during amplification. Thus,
despite the lower quality DNA extracts from PHI, samples were still good for amplification.
Genotyping results obtained from eight microsatellite markers tested on suni dung (Table 2.4) also
indicated similar results as another article, showing that sampling methods influence genotyping
success (Piggott 2004). Markers were considered successful, once genotypes could be identified. A
clear difference can be observed in the genotyping success rate once the type of samples (tissue or
dung) are considered at the >75% success rate for the markers that amplified. Additionally, | also
observed an increase in genotyping success from old (35%) to fresh (62%) samples, similar to what

another article (Piggott 2004) has found.
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Fig. 2.5 Agarose gels representing DNA extractions of samples from three different nature reserves: a) PHI
b) TEM and c) MNE Island using the Nucleospin® DNA stool kit (Macherey-Nagel). *- lanes with 100 bp DNA
ladder for both the top and bottom sections of each separate gel

12 3456 789101112 1 2 3 4 5 6 7 8
: ! F

a b
Fig. 2.6 Agarose gels representing amplicons of the cyt b gene from three different nature reserves: TEM
(lanes a2-7), PHI (lanes a8-10 and al4) and MNE (lanes b2-6 and b10-16). 100 bp DNA ladder = lanes a1,
al3, bl and b9. Positive control = lanes all and b7. Negative controls = lanes al2 and b8.

Table 2.4 Comparison of genotyping success over different nature reserves, sample types and freshness
using eight microsatellite loci.

Nature reserve Sample type n Percentage of individuals of which:
(state)
>50% markers amplified  275% markers amplified

MOZ Tissue (Fresh) 19 100 100

MNE Dung (Fresh) 12 100 58.33
PHI Dung (Fresh) 12 100 66.67
TEM Dung (Old) 14 92.86 42.86
NDU Dung (Old) 11 90.91 27.27

n- number of individuals
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This study has shown that sample collection does play an important role as was expected (Kovach
et al. 2003; Piggott 2004; Hajkova et al. 2006; Lampa et al. 2007). Samples that were collected in a
fresh state definitely had a higher chance of successful DNA extraction and subsequent
amplification. Even though the PCR amplification of the cyt b gene did not clearly support this, overall
it could be concluded that the fresher the sample is at collection, the better the chances are for the
sample to amplify with ease and to obtain more accurate results. Older samples might require more

repeats yet, accurate and complete results can still be generated.

DNA extractions

Comparison between kits

From multiple articles it has been pointed out that degraded dung samples can yield lower quality
and quantity DNA during extraction (Kovach et al. 2003; Hajkova et al. 2006; Wultsch et al. 2015).
Due to this, many different kits have been developed specifically for the use of dung samples.
Additionally articles have also compared some of these available kits (Bhagavatula and Singh 2006;
Lampa et al. 2007; Puechmaille et al. 2007) however, none used the Nucleospin® DNA stool kit from
Macherey-Nagel with the focus on degraded samples. Coupled with this, many studies have been
using a variety of dung extraction kits yet, all were utilised on some of the freshest samples (Van
Vliet et al. 2008; Bowkett et al. 2009; Reddy et al. 2012; Ramén-Laca et al. 2014; Ramén-Laca et
al. 2015; Ramon-Laca et al. 2018; Proenga-Ferreira et al. 2019), with limited cases including highly
degraded samples (Lampa et al. 2007; Bourgeois et al. 2019). The Qiagen kit is one of the most
utilised kits to date (Kovach et al. 2003; Wehausen et al. 2004; Costa et al. 2017; Chiou and Bergey
2018; Bourgeois et al. 2019). Additionally, the results obtained in a pilot study previously done in our
laboratory (Reitmann 2008) also supported this choice with an additional incubation step, similar to
what was proposed by Costa et al. (2017), who improved the protocol further. For these reasons this
study compared the Nucleospin® DNA stool kit (Macherey-Nagel) and the QIAamp DNA mini stool
kit (Qiagen) with the use of highly degraded dung samples.

At first the DNA extracts (Fig. S2.1a) produced from the Qiagen kit indicated a clear band of high
molecular weight however, the PCR bands were very faint (Fig. S2.1b). These were improved after
concentrating the samples (Fig. S2.1c) yet, some samples still didn’t amplify, even when BSA was
added. Nevertheless, with the use of additional wash steps (Costa et al. 2017) the quality of DNA
extracted improved, as was expected. The Macherey-Nagel kit on the other hand only needed one
alteration (reduction in elution buffer used) to obtain good quality DNA. In fact, this alteration was
only necessary in a few instances. In Fig. 2.7 the comparison between the Qiagen kit (including
incubation and wash steps) and the Macherey-Nagel kit (reduced elution buffer) can be observed.
Here both kits performed well however, the low-quality samples could explain why the Qiagen kit
didn’t perform as in other studies (Costa et al. 2017; Bourgeois et al. 2019). This could be said since
the Qiagen kit has mainly been used on the freshest samples (Ramon-Laca et al. 2015; Ramoén-

Laca et al. 2018; Bourgeois et al. 2019) and has been designed for the general use of extracting
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from dung samples. This is in contrast with the Macherey-Nagel kit that has specifically designed
protocols for different types of samples (old versus fresh). This may explain why the Macherey-Nagel
kit required fewer alterations to generate good quality DNA instantaneously with highly degraded

samples.

.- ’ -

Fig. 2.7 Agarose gel images of DNA extractions and cyt b PCR amplifications illustrating a comparison
between the NucleoSpin DNA Stool kit (Macherey-Nagel) and the QlAamp DNA mini stool kit (Qiagen). a)
DNA extracts from the Qiagen kit, b) DNA extracts from Macherey-Nagel kit, ¢) PCR amplicons from DNA
extracted with Qiagen kit, d) PCR amplicons from DNA extracted with Macherey-Nagel kit. *- lanes with 100 bp
DNA ladder, positive (+) and negative (-) control.

DNA quantification
Even though the Macherey-Nagel extraction kit performed well, some samples still did not amplify
the first time during PCR amplification. In order to resolve this samples were both quantified with a
Nanodrop and Qubit. Initially DNA extracts looked very promising (Fig. 2.7a, b) yet the Nanodrop
readings (Table S2.4) were not as expected (Desjardins and Conklin 2010). Instead DNA
concentrations were low and ranged between 29-33 ng/pl (Table S2.2). Coupled with this the
260/280 ratios were adequate, but the 260/230 ratios were a lot lower than expected (Desjardins
and Conklin 2010). These ratios could indicate that other organic contaminants might be present
(Desjardins and Conklin 2010). This would be expected given the diet of species of interest (Lawson
1989), the starting material and how these two factors can affect PCR amplification (Fernando et al.
2003; Murphy et al. 2003).
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Due to the inconsistent PCR amplifications and Nanodrop values not being informative enough,
the relationship between Nanodrop and Qubit values, respectively, with the PCR strength of the
same samples were investigated (Table 2.5). Here a positive correlation between the Nanodrop and
Qubit values with PCR strength was expected however, no apparent relationship was observed
(Fig. 2.8). As a result, DNA extractions were immediately followed by PCR amplification instead of
guantifying the extracts. For this reason, DNA concentrations could not be standardised specifically
for the use in PCR reactions. Hence, PCR reactions were set up with a pre-established volume of
DNA instead of using DNA concentration, which generally generated bands at the expected sizes in

this study.

Table 2.5 Comparison of Nanodrop values, Qubit values and PCR amplification strength

Sample ID DNA concentration (ng/ul) PCR strength
Nanodrop value Qubit values
210 8 4.32 3
216 12.9 1.82 1
217 9.5 4.76 2
219 19.3 6.46 2
221 13.8 4.46 2
225 12 3.88 3

1-Average (very faint PCR bands), 2-high (bright PCR bands) and 3-very high (very bright PCR bands)
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Fig. 2.8 Scatter plots of PCR success and DNA concentration determined by a) Nanodrop and b) Qubit.

Species identification

Since this study made use of dung samples, it was important to determine whether the samples
collected were of the correct species. A few previous articles did suggest samples to be genetically
tested since there is an increased chance of collecting other species’ dung (Van Vliet et al. 2008;
Ramon-Laca et al. 2014; Spitzer et al. 2019). Moreover, a mitochondrial gene, cytochrome b was
suggested for the purpose of species identification (Reitmann 2008). No PCR optimization was
necessary however, some difficulty was experienced in cases where the samples were older and
more degraded, which was expected (Kovach et al. 2003). In the event where samples yielded
adequate quality and quantity DNA, amplification occurred successfully producing an amplicon of

467 bp similar to what was found in another study performed on suni (Reitmann 2008) (Fig.2.7c, d).
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During the confirmation/sequencing and BLAST step the same observations were made as in
other studies focussed on ungulates (Van Vliet et al. 2008; Spitzer et al. 2019). Not only the species
of interest (suni) dung was collected, red duiker was also collected due to the similar appearances
of the dung in the field. Of all the samples sequenced | was able to assign 81.74% of the samples
to a species (suni or red duiker) of which 91.49% was assigned to suni and only 8.51% to red duiker
(Table S2.1). The remaining 18.26% could not be assigned to a species due to low quality
sequences. Inclusion of the cyt b PCR and species identification step did not only identify samples

which were adequate for genotyping, but also identified samples which were of the correct species.

Marker selection

For this study microsatellite marker selection and optimization was very important since these
markers were intended for use in a population study on suni antelope (see Chapter 3). Only a few
microsatellite markers have been tested in suni making use of dung samples (Reitmann 2008).
Hence, for this study only the most variable markers (Kolodziej et al. 2012), as advised, had to be
identified and optimised (Ogliari et al. 2000). Optimization is not only done to obtain accurate data
for this species, but also performed to reduce the amount of time and cost necessary especially
since dung samples can cause amplification failure and genotyping error (Chiou and Bergey 2018;
Ramon-Laca et al. 2018; Bourgeois et al. 2019). Furthermore heterologous markers could also
increase the chances of non-amplification (Barbara et al. 2007; Narina et al. 2011).

The markers tested on tissue samples all amplified very well during the microsatellite marker
identification and selection phases. However, some markers did amplify better than others as can
be observed in Fig. 2.9. This could be expected due to the cross-species amplification of
microsatellites (Barbara et al. 2007; Narina et al. 2011). Even though the intensity of the bands were
different for each marker this did not appear to negatively impact genotyping. The electropherogram
of marker BM757, with the lightest bands compared to the others, clearly showed that good quality
scoring of fragments could still be performed even if the bands were faint (Fig. 2.9a, b). Additionally,
dung samples were also included and did not always amplify, allowing identification of only the
markers which had a higher chance of amplification. Even though these markers were identified with
dung samples during the test phases, it is important to note that this phase was performed with the
freshest dung samples, as well as other solutions and polymerases which were not used later in the
study. Different polymerases (Wolffs et al. 2004) and fresh dung samples (Kovach et al. 2003;

Piggott 2004) can have a big influence on the amplification success.
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Fig. 2.9 a) Agarose gel comparing the PCR amplification of three microsatellite markers performed on tissue
samples. Lane 1: 100 bp DNA ladder, lane 2 and 3: BM415 samples, lane 4: BM415 positive control (blood
sample), lane 5: BM415 negative control, lane 6 and 7: SRCRSP24 samples, lane 8: SRCRSP24 positive
control, lane 9: SRCRSP24 negative control, lane 10: BM757 sample, lane 11: BM757 positive control and
lane 12: BM757 negative control. b) an electropherogram of the sample in lane 11.

Marker optimisation

Optimisation of amplification and genotyping of tissue samples did not take much time. These
markers were also amplified in multiplex but did not perform as well as pooled single reactions.
Instead markers done in single reactions increased 21-36% of data that was generated compared
to multiplexes (Table 2.6), giving a clear indication that further PCR amplifications had to be
performed in single reactions especially in dung samples which had a higher chance of non-
amplification and genotyping errors (Chiou and Bergey 2018; Ramon-Laca et al. 2018; Bourgeois et
al. 2019). The sex marker (Amelogenin) on the other hand amplified the most successfully and
consistently out of all markers tested, even when the type of Tag was changed.

Table 2.6 Comparison of amplification success in tissue samples for markers amplified in single reactions as
well as multiplex reactions. A total of 14 microsatellite markers were evaluated.

Sample # Markers amplified and Percentage of markers
scoreable amplified and scoreable (%)

Tissue Multiplex 6 43

Tissue Single reactions 11 79

Positive control Multiplex 7 50

Positive control single reactions 10 71

With regards to types of samples used, a clear difference was observed concerning the
amplification success as found in other studies (Fernando et al. 2003; Bhagavatula and Singh 2006).
All markers amplified more effectively and at a higher intensity for all tissue samples in comparison
to dung samples. One such example can be observed for the microsatellite marker BM2113
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(Fig. 2.10). All the tissue samples in this figure, as well as the positive control (blood sample)
amplified successfully for this marker, with only two dung samples that amplified. Since the exact
same PCR conditions were applied for all of these samples, these results confirmed that sample
type influence amplification success (Fernando et al. 2003; Bhagavatula and Singh 2006).

2 34 56 8
“Bs a8
= 256

s =

1314 1516 17 18 19 20 21 22

-

Rsallils

Fig. 2.10 Comparison of PCR amplification of the microsatellite marker, BM2113, in tissue and dung samples.
Lanes 1 and 13: 100 bp DNA ladder, lanes 2-7, 10-12 and 14-20: dung samples, lanes 8-9: tissue samples,
lane 21: positive control and lane 22: negative control.

In addition to this the results generated here also indicated that the quality of genotyping results
can also be affected by sample type (Fernando et al. 2003; Bhagavatula and Singh 2006) (Fig. 2.11).
Moreover, in the case of dung samples, identifying the peak shapes of the microsatellite markers
were difficult due to stutter, as well as non-specific amplification peaks, not to mention the very low
RFUs observed. In contrast for tissue samples each marker’s shape could be easily identified with
acceptable RFUs. In Fig. 2.11 a difference can be observed in the peak shape as well as the RFU
height. The tissue samples had peaks above the size standard whereas the dung samples’ peaks
were below the size standard, making these difficult to score.

With further investigation, the genotyping results (low RFUs, inconsistent peak shapes and non-
specific amplification) indicated that the annealing temperatures optimised in tissue samples could
not be optimally used in dung samples. By doing a gradient PCR with Super-Therm Taq the ideal
annealing temperatures were identified for dung samples (Fig. 2.12). Yet once it was applied on
more samples, amplification failure took place even when multiplex mix was incorporated using the
newly found annealing temperatures. The incorporation of Platinum Hot Start Taq on the other hand
significantly increased amplification success especially once it was tested on multiple individuals for
all markers. Not only was | able to show that it improved the PCR success in dung samples, | was
also able to amplify two markers in the same reaction. However, multiplexing with Platinum Hot Start

Taq was only considered once markers were optimised at the same annealing temperatures.
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Fig. 2.11 Electropherograms of the marker INRA6 (two blue peaks between 120-150 bp) in a) a dung and
b) blood sample
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Fig. 2.12 Gradient PCR in dung samples for marker OARCP26 with normal Tag. *- lanes with 100 bp DNA
ladder, positive (+) and negative (-) control.

With the addition of BSA in PCR reactions performed on dung samples, the contrary to what
another study found was observed (Reitmann 2008). BSA unfortunately did not make any difference
to these markers’ amplification success. The polymerase was also changed (Super-Them Taq to
multiplex mix), in which case the amplification success of some samples did increase yet, this was
only observed for a few markers (Fig. 2.13). This can be observed in Fig. 2.13 which clearly shows
that multiplex mix can improve PCR amplification (INRA6) however, it can also have no affect (1206).

As a result of the optimization steps in the present study, it can be suggested that the following
steps should be followed in order to obtain consistent results across markers when amplifying DNA
from dung samples. First, only freshly extracted dung should be used, this reduces the chances of
non-amplification and genotyping errors (Kovach et al. 2003; Piggott 2004; Bourgeois et al. 2019).
Secondly, use samples which vary in age (old and fresh) during the gradient PCR to identify the

optimal annealing temperatures. As mentioned earlier using tissue samples can only be misleading.
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However, tissue samples can be considered as a positive control but should not be used as an
indication as to which annealing temperatures are best in dung samples; only dung samples’
amplification results should be considered. Once the optimal temperature for each marker has been
identified in dung, markers which had the same annealing temperatures, as well as multiplex panels
can be amplified together. These markers can subsequently be pooled together with all of the other

single amplified markers for fragment analysis.

Fig. 2.13 PCR amplification for markers 1206 (top) and INRAG6 (bottom) with the use of multiplex mix in dung
samples. * - 100 bp DNA ladder, positive (+) and negative (-) control.

Conclusion

In this study | have shown and discussed how difficult working with dung samples can be, especially
if they are not the freshest. Additionally, this study has also shown the important role sampling can
play in downstream steps e.g. PCR, emphasizing the importance of using only the freshest samples.
Two extraction kits were compared, and both produced credible results, yet the NucleoSpin DNA
Stool kit was considered to be more optimal for suni dung DNA. | was able to optimize amplification
of microsatellite markers for dung and tissue samples. These microsatellite markers were
subsequently further tested in suni and only six were successfully optimised (discussed in Chapter
3). The observations in this study, specifically for highly degraded dung samples, can be valuable

for similar studies in other taxa.

52



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

4
&

s‘ UNIVERSITEIT VAN PRETORIA

A 4

Supplementary material

Table S2.1 Tissue and dung samples collected from different locations used for extraction protocol testing.
Unknown = quality of sequence was too low to identify its species

No. Individual Origin Species Sample type Sample collection
date

1 4 MOz Suni Tissue 2017/11/20

2 6 MOz Suni Tissue 2017/11/20

3 11 MOz Suni Tissue 2017/11/20

4 12 MOz Suni Tissue 2017/11/20

5 13 MOz Suni Tissue 2017/11/20

6 14 MOz Suni Tissue 2017/11/20

7 21 MOZ Suni Tissue 2017/11/20

8 22 MOz Suni Tissue 2017/11/20

9 24 MOz Suni Tissue 2017/11/20
10 27 MOZ Suni Tissue 2017/11/20
11 32 MOZ Suni Tissue 2017/11/20
12 33 MOz Suni Tissue 2017/11/20
13 34 MOz Suni Tissue 2017/11/20
14 35 MOz Suni Tissue 2017/11/20
15 36 MOz Suni Tissue 2017/11/20
16 42 MOz Suni Tissue 2017/11/20
17 43 MOZ Suni Tissue 2017/11/20
18 44 MOz Suni Tissue 2017/11/20
19 46 MOz Suni Tissue 2017/11/20
20 101 TSH Unknown Dung 2016/11/13
21 103 TSH Suni Dung 2016/11/13
22 105 TSH Unknown Dung 2016/11/13
23 108 TSH Red duiker Dung 2016/11/13
24 109 TSH Unknown Dung 2016/11/13
25 111 TSH Unknown Dung 2016/11/13
26 112 TSH Unknown Dung 2016/11/13
27 115 TSH Unknown Dung 2016/11/13
78 116 TSH Unknown Dung 2016/11/13
29 118 TSH Suni Dung 2016/11/13
30 119 TEM Suni Dung 2016/11/14
31 128 TEM Suni Dung 2016/11/14
32 129 TEM Suni Dung 2016/11/14
33 134 TEM Suni Dung 2016/11/14
34 136 TEM Suni Dung 2016/11/14
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35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73

137
144
145
147
149
153
155
156
157
158
159
160
162
164
165
166
167
169
170
172
174
176
177
178
180
181
183
185
186
187
188
191
194
196
197
199
201
203
205

TEM
TEM
TEM
TEM
TEM
TSH
TSH
TSH
TSH
TEM
TEM
TEM
TEM
NDU
NDU
TSH
TSH
TSH
TSH
TSH
TEM
TEM
TEM
TEM
NDU
NDU
NDU
NDU
NDU
NDU
NDU
NDU
NDU
NDU
NDU
NDU
NDU
NDU
NDU

Suni
Suni
Suni
Red duiker
Suni
Suni
Suni
Unknown
Suni
Suni
Suni
Suni
Suni
Suni
Unknown
Red duiker
Unknown
Unknown
Suni
Unknown
Unknown
Suni
Unknown
Suni
Suni
Suni
Suni
Suni
Unknown
Suni
Unknown
Red duiker
Suni
Red duiker
Suni
Suni
Suni
Unknown

Suni

Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung

2016/11/14
2016/11/14
2016/11/14
2016/11/14
2016/11/14
2016/11/15
2016/11/15
2016/11/15
2016/11/15
2016/11/16
2016/11/16
2016/11/16
2016/11/16
2016/11/17
2016/11/17
2016/11/15
2016/11/15
2016/11/15
2016/11/15
2016/11/15
2016/11/16
2016/11/16
2016/11/16
2016/11/16
2016/11/17
2016/11/17
2016/11/17
2016/11/17
2016/11/17
2016/11/17
2016/11/17
2016/11/17
2016/11/17
2016/11/17
2016/11/17
2016/11/17
2016/11/17
2016/11/17
2016/11/17
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74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
920
91
92
93
94
95
96
97
98
929
100
101
102
103
104
105
106
107
108
109
110
111
112

207
208
209
210
211M
211
216
217
218M
218
219
221
225
337
338
339
340
341
342
343
344
345
346
347
348
611
614
615
616
617
619
621
622
633
636
639
640
648
663

NDU
NDU
NDU
PHI
MNE
PHI
PHI
PHI
MNE
PHI
PHI
PHI
PHI
MNE
MNE
MNE
MNE
MNE
MNE
MNE
MNE
MNE
MNE
MNE
MNE
PHI
PHI
PHI
PHI
PHI
PHI
PHI
PHI
PHI
PHI
PHI
PHI
PHI
PHI

Red duiker
Suni
Unknown
Suni
Suni
Unknown
Suni
Suni
Suni
Unknown
Suni
Suni
Suni
Suni
Suni
Suni
Suni
Suni
Suni
Suni
Suni
Suni
Suni
Suni
Suni
Red duiker
Red duiker
Suni
Suni
Suni
Unknown
Suni
Suni
Suni
Suni
Suni
Suni
Suni

Suni

Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung

2016/11/17
2016/11/17
2016/11/17
2016/09/03
2016/11/02
2016/09/03
2016/09/03
2016/09/03
2016/11/02
2016/09/03
2016/09/03
2016/09/03
2016/09/03
2016/11/02
2016/11/02
2016/11/02
2016/11/02
2016/11/02
2016/11/02
2016/11/03
2016/11/03
2016/11/03
2016/11/03
2016/11/04
2016/11/04
2017/08/22
2017/08/23
2017/08/24
2017/08/28
2017/08/28
2017/08/29
2017/09/04
2017/09/05
2017/09/24
2017/09/25
2017/09/27
2017/09/27
2017/10/02
2017/10/05

55



113 671 PHI
114 674 PHI

Suni Dung
Suni Dung

2017/10/06
2017/10/06

Table S2.2 Selected primers from VGL with their final primer concentrations

Marker

Final concentration (uM)

BM2113
BM4028
BM719
CSSM19
CTO03
CTO7
CT13
DIK20
D5S2
ETH10
1206

19
ILSTO028
ILST26
INRA23
INRAG
SPS115
TGLA126
TGLA263

0.08
0.06
0.06
0.06
0.05
0.1
0.1
0.12
0.12
0.1
0.2
0.1
0.05
0.08
0.08
0.08
0.1
0.1
0.1
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Table S2.3 Microsatellite loci tested in suni. Ta = Annealing temperatures for only the final 16 microsatellites and sex marker chosen

Marker Forward Primer 5'-3' Reverse Primer 5'-3' Reference Ta (°C)
32HDZ688 CCGAGGAGGAGAAAAAGGTC TGTTGTGTAATCATCAGTCCCC (Huebinger et al.
2006b)
32HDZ707 CATTCCCTGGCCACTGTC CAAGGGGATAGTGATGGAAAG (Huebinger et al.
2006b)
33HDZ496 GTTTTTCCAGATGGTATTTTCCTC GTATTCGGCTGAAGGGACC (Huebinger et al.
2006a)
33HDZ749 GTGTGCCATGCTTCTCTATCTG GTGTGTGAGACGAGGTGCAAG (Huebinger et al.
2006a)
AMELOGENIN CAGCCAAACCTCCCTCTGC CCCGCTTGGCTTGTCTGTTGC (Weikard et al. 2006) 60
BM1818 AGCTGGGAATATAACCAAAGG GTGTCTTGTGTCTTAGTGCTTTCAAGGTCCATGC  (Bishop et al. 1994)
BM1824 GAGCAAGGTGTTTTTCCAATC GTGTCTTCATTCTCCAACTGCTTCCTTG (Bishop et al. 1994)
BM2113 GCTGCCTTCTACCAAATACCC CTTCCTGAGAGAAGCAACACC (Bishop et al. 1994) 60
BM3205 TCTTGCTTCCTTCCAAATCTC GTGTCTTTGCCCTTATTTTAACAGTCTGC (Bishop et al. 1994;
Van Hooft et al. 1999)
BM3517 GTGTGTTGGCATCTGGACTG GTGTCTTTGTCAAATTCTATGCAGGATGG (Bishop et al. 1994;
Van Hooft et al. 1999)
BM4028 ACGGAAGCAGCATCTCTTAC GTGTCTTATGGAAACATGGTCTCCTGC (Bishop et al. 1994;
Van Hooft et al. 1999)
BM415 GCT ACAGCCCTTCTGGTT TG GAG CTA ATC ACC AAC AGC AAG (Bishop et al. 1994)
BMS4008 CGGCCCTAAGTGATATGTTG GAAGAGTGTGAGGGAAAGACTG (Kappes et al. 1997)
BM719 TTCTGCAAATGGGCTAGAGG GTGTCTTCACACCCTAGTTTGTAAGCAGC (Bishop et al. 1994;
Van Hooft et al. 1999)
BMB757 TGGAAACAATGTAAACCTGGG TTGAGCCACCAAGGAACC (Bishop et al. 1994) 60
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BOLA DRBP1 ATGGTGCAGCAGCAAGGTGAGCA GGGACTCAGTCTCTCTATCTCTTTG (Creighton et al. 1992)
BRY GGATCCGAGACACAGAACAGGCTGC TTGATCAAGCTAATCCATCCATCCTAT (Schwerin et al. 1992)
CSRM60 AAGATGTGATCCAAGAGAGAGGCA GTGTCTTAGGACCAGATCGTGAAAGGCATAG (Barendse et al. 1994)
CSSM19 TTGTCAGCAACTTCTTGTATCTTT GTGTCTTTGTTTTAAGCCACCCAATTATTTG (Moore et al. 1994)
CSSM66 AATTTAATGCACTGAGGAGCTTGG GTGTCTTACACAAATCCTTTCTGCCAGCTGA (Barendse et al. 1994)
CT03 CCATTCTAATGGGACCCTTG GTGTCTTAGCACCCAACGAAACTAACC (Roed et al. 2011)
CT07 CTACCTGGGAAACCCATAT GTGTCTTTGTTGGTTTCTGCCATACAA (Roed et al. 2011)
CT08 CAGGGTGAAGGAAGTCAGAAA GTGTCTTGGGTCACCATTACCACCTTTT (Roed et al. 2011)
CT10 CCTCTTTGCCCTGTTCTTCA GTGTCTTGGTATTGGTGACCACCTGCT (Roed et al. 2011)
CT12 GATCAATGCTTGCAAATCCA GTGTCTTGACAGGCAAACAGTGATTGAAA (Roed et al. 2011)
CT13 TTTACCGTCTGAGCCACACA GTGTCTTCCAGAGCAGAATTTTGAGCA (Roed et al. 2011)
DIK20 AACCAGTAATCGTGAGAGGA GTGTCTTAAGAAAGTCCCTACCATGAG (Inoue et al. 1995)
D5S2 TACTCGTAGGGCAGGCTGCCTG GTGTCTTGAGACCTCAGGGTTGGTGATCAG (Toldo et al. 1993)
ETHO3 GAACCTGCCTCTCCTGCATTGG GTGTCTTACTCTGCCTGTGGCCAAGTAGG (Toldo et al. 1993)
ETH10 GTTCAGGACTGGCCCTGCTAACA CCTCCAGCCCACTTTCTCTTCTC (Toldo et al. 1993)
ETH225 GATCACCTTGCCACTATTTCCT ACATGACAGCCAGCTGCTACT (Steffen et al. 1993)
F10 TGTCCAGCAGCTTCACCATTACGCC GCCTTCATGATCTTGTCGATCCACT (Dietz et al. 1992)
1122 CAGCGTACCCTTCAGAAGCA GTGTCTTGACCCAATGACCCAAAACCAT (Huebinger et al.
2006b)
114 CCTGCAGTGATTTTCTCAAGGC GTGTCTTAAGGGAAAGGCTGATGCTAC (Huebinger et al.
2006b)
1206 ATTAGGAAAAGCAATGTGAATGG GTGTCTTCACTCCTGTATTCTGCCTGG (Huebinger et al.

2006b)
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1264

1701

1707

19

ILSTO028
ILST26
ILST6
ILST87
INRA23
INRAS
INRAG
INRAG3
OARCP26
RMO067
SPS113
SPS115
SRCRSP24
SRCRSP7

SRCRSP8

GAGACCCCAAAGCCCACATT

ACTCTTCTGGCTCAAATAATACTGC

ATTCCCTGGCCACTGTCTTG

AAGGTGGGATGTTAGGCAGC

GCCTAACTAAGTTATTGAGATGACACA
CTGAATTGGCTCCAAAGGCC
TGTCTGTATTTCTGCTGTGG
AGCAGACATGATGACTCAGC
GAGTAGAGCTACAAGATAAACTTC
TTCAGGCATACCCTACACCACATG
AGGAATATCTGTATCAACCTCAGTC
ATTTGCACAAGCTAAATCTAA CC
GGCCTAACAGAATTCAGATGATGTTGC
TGAGTAATGCAATAGATACAGTAT
CCTCCACACAGGCTTCTCTGACTT
AAAGTGACACAACAGCTTCTCCAG
AGCAAGAAGTGTCCACTGACAG
TCTCAGCACCTTAATTGCTCT

TGCGGTCTGGTTCTGATTTCAC

GTGTCTTGTTGCCATGATGTTTTGCTTTG

GTGTCTTGCGGGCAAGTTCTTTACCAC

GTGTCTTAAGGGGATAGTGATGGAAAGCC

GTGTCTTCTCCTCTCCCTCCCTCTTCC

GTGTCTTAAAATTAGTTCATACCCTTGCATGT
GTGTCTTAAACAGAAGTCCAGGGCTGC
ACACGGAAGCGATCTAAACG
CTGCCTCTTTTCTTGAGAGC
GTGTCTTTAACTACAGGGTGTTAGATGAACTC
GTGTCTTAAATATTAGCCAACTGAAAACTGGG
CTGAGCTGGGGTGGGAGCTATAAATA
AAACCACAGAAATGCTTGGAAG
GTCACCATACTGACGGCTGGTTCC
GCTTTGGCCATATGAAGAGCTTT
CCTAACTTGCTTGAGTTATTGCCC
GTGTCTTAACGAGTGTCCTAGTTTGGCTGTG
TCTAGGTCCATCTGTGTTATTGC
GGTCAACACTCCAATGGTGAG

CCTGCATGAGAAAGTCGATGCTTAG

(Huebinger et al.
2006b)

(Huebinger et al.
2006b)

(Huebinger et al.
2006b)

(Huebinger et al.
2006b)

(Kemp et al. 1995)
(Kemp et al. 1995)
(Brezinsky et al. 1993)
(Kemp et al. 1995)
(Vaiman et al. 1994a)
(Vaiman et al. 1992)
(Vaiman et al. 1992)
(Vaiman et al. 1994b)
(Ede et al. 1995)
(Kossarek et al. 1993)
(Roed et al. 2011)
(Mommens et al. 1998)
(Yeb et al. 1997)
(Bhebhe et al. 1994)

(Bhebhe et al. 1994)
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SRCRSP9

TGLAO57

TGLA122

TGLA126

TGLA159

TGLA263

TGLAS53

TGLA73

AGAGGATCTGGAAATGGAATC

GCTTTTTAATCCTCAGCTTGCTG

CCCTCCTCCAGGTAAATCAGC

CTAATTTAGAATGAGAGAGGCTTCT

GCATCCAGGGAACAAATTACAAAC

CAAGTGCTGGATACTATCTGAGCA

GCTTTCAGAAATAGTTTGCATTCA

GAGAATCACCTAGAGAGGCA

GCACTCTTTTCAGCCCTAATG

GTGTCTTGCTTCCAAAACTTTACAATATGTAT

AATCACATGGCAAATAAGTACATAC

TTGGTCTCTATTCTCTGAATATTCC

GTGTCTTTTTATTTCGAATCTCTTGAGTACAG

GTGTCTTTTAAAGCATCCTCACCTATATATGC

ATCTTCACATGATATTACAGCAGA

CTTTCTCTTTAAATTCTATATGGT

(Engel et al. 1996)

(Barendse et al. 1994;
Van Hooft et al. 2000)

(Georges and Massey
1992)

(Bishop et al. 1994)

(Barendse et al. 1994;
Van Hooft et al. 2000)

(Mommens et al. 1998;
Van Hooft et al. 2000)

(Barendse et al. 1994)

(Georges and Massey
1992)
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Fig. S2.1 Agarose gels of a) DNA extracts, b) cyt b amplifications before and c) cyt b amplifications after
increasing the DNA concentration with the SpeedVac concentrator. All extractions were performed with the
Qiagen extraction kit *- lanes with 100 bp ladder, positive (+) and negative (-) control.

Table S2.4 Nanodrop readings of DNA extracted with the two extraction kits (NucleoSpin DNA Stool kit and
the QIAamp DNA mini stool kit)

Sample  DNA concentration  260/280 260/230

ID (ng/ul)

118 30.67 2.07 0.31
129 29.88 2 0.29
153 29.13 2.09 0.29
164 30.51 2.05 0.31
173 30.25 1.9 0.32
199 32.86 2.04 0.35
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Chapter 3 Conservation genetics of the suni antelope

Nesotragus moschatus von Dueben, 1846
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Abstract

Very little information is currently available for the suni (Nesotragus moschatus) especially
concerning the valid subspecies taxonomy as well as how suni populations are connected. In this
study | made use of genetic non-invasive sampling methods along with conservation genetics
approaches to study a few of the suni subspecies. With the use of 67 dung and 19 tissue samples,
collected over eastern and southern Africa, | performed the first population genetics study on the
suni making use of five microsatellite markers amplified in 64 individuals. In addition, phylogenetic
relationships were also assessed with the use of the mitochondrial gene, cytochrome b, in 70
individuals (dung and tissue samples), consisting of 63 short and 7 long fragments, along with
published sequences. Two Evolutionarily Significant Units were identified in eastern and southern
Africa, as well as two possible Management Units in southern Africa. In South Africa alone, limited
geographic structuring was identified, indicating that gene flow is likely still occurring in the highly
fragmented sand forests of Maputaland. The discoveries made in this study provide valuable insights
that can be considered in future conservation management plans designed for the suni as well its
habitat.

Introduction

Since the 1970’s conservation genetics as a discipline developed along with the growing interest in
conservation biology (Frankham 2010a, b). The main objective of this field of study was and remains
to comprehend and determine the processes causing species extinction (Hedrick and Hurt 2012).
Conservation genetics contributes information on evolutionary and ecological scales and hence, to
the development of effective management plans (Hedrick and Hurt 2012). However, it was not until
the 1900s that the Convention on Biological Diversity and the IUCN (CBD, 1992) formally recognized
the role and importance of biological diversity within conservation. Biodiversity overall is an
invaluable source of information and by conserving it, it can provide a society with a wide variety of
goods and services (Council 1999). Biodiversity should be considered at three different levels:
genes, species and ecosystems (McNeely et al. 1990).

Moreover, conservation genetics focuses on three major concepts: The first is to ensure high
levels of genetic diversity along with low levels of inbreeding (Woodruff 2001; Frankham et al. 2002);
secondly, to investigate any uncertainties or discrepancies present in the taxonomy and in such a
manner identify appropriate conservation management units (Frankham et al. 2002; Frankham
2010a); thirdly, utilising molecular techniques and approaches to understand species biology
(Frankham et al. 2002; Frankham 2010a). Thus, current species and population status are
determined, which in the end can enable conservation managers to design better management
strategies (Frankham 2010a, b). In the event where no research has been performed on population
status and genetic variation of a species, limited information about the species’ viability and adaptive
capabilities would be available, making it difficult to create effective management plans. One such

species is the suni Nesotragus moschatus von Dueben, 1846.
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Nesotragus moschatus forms part of the Bovidae family, which includes the buffalo and antelope
species (Fernandez and Vrba 2005). The subfamily Antilopinae previously included the tribes
Antilopini and Neotragini (Gatesy et al. 1997; Matthee and Robinson 1999), although recent
classifications treat the Antilopinae and Neotraginae as separate subfamilies (IUCN 2016). The
relationships among members of the Neotragini (small antelopes of the genera Ourebia, Oreotragus,
Madoqua, Raphicerus, Neotragus and Dorcatragus) are not very well resolved however, a recent
study has shown that N. batesi and N. moschatus formed a monophyletic group not closely related
to N. pygmaeus. Thus, the authors recommended resurrecting the genus Nesotragus, first described
by von Dueben in 1846, for N. moschatus and N. batesi (Barmann and Schikora 2014). This
recommendation has since been adopted by the JUCN (2016) and is the treatment followed in the
present study.

The suni is a very shy and secretive animal and can be found in the eastern parts of Africa, from
Kenya south to KwaZulu-Natal in South Africa (Skinner and Chimimba 2005; Frost and Carnaby
2015) (see Fig. 1.7). A population of suni can also be found on Mnemba Island ever since three suni
were first introduced in 1991 (Fiske 2011). Since then the suni populations have been growing in
such a way that four translocations was deemed necessary to avoid the risk of overgrazing (Fiske
2011). This species is usually associated with enclosed canopy woodlands and dense sand forest
patches (Skinner and Chimimba 2005). However suni have been found mostly restricted to the sand
forests in South Africa and Mozambique (Prins et al. 2006; Belton et al. 2008; Ramesh et al. 2016).
Hence, enabling me to use this relationship between suni and sand forests to estimate the time when
suni entered South Africa. To summarise no information is currently available as to when the first
suni arrived in South Africa yet, with the use of the sand forests age (Matthews 2005) it can be
hypothesized that the maximum time the suni could have inhabited South Africa is between 3 million
to 125 000 BP.

Coming back to its habitat, sand forests are highly fragmented and could also cause the suni
populations to become more isolated (Jewitt et al. 2015; Hunnicutt et al. 2016). Due to its elusive
nature it is very rare to observe this animal in the field and thus the estimated population numbers,
stated to be 365 000 individuals, likely represents an overestimation (IUCN 2016). In addition to this,
the conservation status for this species on the Global Red List (2016) and the Regional Red List
(2016) has been declared as of Least Concern and Endangered, respectively (Hunnicutt et al. 2016).
The regional (assessed for mammals of South Africa, Lesotho and Swaziland) status was recently
changed from Least Concern to Endangered due to the drastic decline in population numbers during
a study performed on dung abundance counts in both Tembe Elephant Park and Mkhuze Game
Reserve (Hunnicutt et al. 2016).

Several subspecies have been described (Ansell 1971; Wilson and Reeder 2005; Groves and
Grubb 2011), but the distinction between these still remains questionable. Currently only four of the
subspecies, N. m. kirchenpaueri, N. m. moschatus, N. m. livingstonianus and N. m zuluensis are
recognized (Skinner and Chimimba 2005; Groves and Grubb 2011; Frost and Carnaby 2015;
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Hunnicutt et al. 2016) (see Fig. 1.7). Furthermore, all of the above mentioned subspecies were
classified according to morphological differences such as size and hair patterns, with no genetic
background taken into consideration (Groves and Grubb 2011). Nonetheless, one study did utilise
genetic information from captive suni individuals. It was discovered that some subspecies differed in
diploid chromosome numbers (2n = 52-56) of which 2n = 52 and 2n = 56 belonged to N. m. akeleyi
and N. m zuluensis respectively (Kingswood et al. 1998). The study also concluded that the cytotype
variations 2n = 53, 54 and 55 observed had to be due to hybridization between the two subspecies
in captivity (Kingswood et al. 1998). These hybridization events were suggested to result in an
increased perinatal mortality as well as a decrease in fitness of those individuals (Kingswood et al.
1998). This may reflect the development of reproductive barriers between some of the subspecies
and emphasizes the importance of studying the phylogenetic relationships between suni subspecies,
as well as their genetic diversity and population structure.

Due to all of the above, this study was conducted on six different populations covering both the
eastern and southern parts of Africa (Mnemba Island (MNE), central Mozambique (MOZ), Tembe
Elephant Park (TEM), Tshanini Nature Reserve (TSH), Ndumo Game Reserve (NDU) and Phinda
Private Game Reserve (PHI)). Samples (dung and tissue) were collected from each site of which the
majority consisted of dung samples. As described in Chapter 2 good quality DNA could be extracted
from dung samples and these extracts could be used for phylogenetic and population analyses.

The main aims of the present chapter were (1) to determine the phylogenetic relationships
between suni subspecies (thought to represent N. m. moschatus, N. m. livingstonianus and N. m.
zuluensis) and (2) to identify the degree of connectivity between the different suni populations,
especially across the naturally fragmented range of the species in southern Africa. These analyses
enabled me to identify conservation units within suni, as well as to assess the diversity and

distribution of one of the suni subspecies.

Materials and methods

Sample collection and selection

For this study non-invasive sampling (of dung) took place at various sites across the species’
distribution (Fig. 3.1). Localities in South Africa included the following nature reserves: TEM, TSH,
NDU and PHI (Fig. 3.1b). Since suni have such a shy and secretive nature, obtaining fresh dung
only occurred on rare occasions. In addition to this dung samples were also collected on MNE,
Tanzania. During sampling, different approaches were used at each site, detailed in the methodology
section of Chapter 2. Coupled with the dung samples, fresh material (tissue) was also collected from
a hunting concession in MOZ (Fig. 2.1 and 3.1a). A total of 67 dung- and 19 tissue samples were
used during this study (Table S3.1). Sample coordinates for each reserve was plotted to select only
a few samples (approximately 20) per reserve to cover the entire sampling area in each reserve. A

minimum distance of 80 m between samples was chosen to minimise resampling of the same
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individuals. Information regarding the samples used per locality can be observed in Table 3.1 and
Table S3.1.

Mozambig®z

Lubombo
Ndumbo Tembe

hﬂozarqbnque

Zimbabwe

Tshanini

'

N\C&'Tj‘ ‘Pshamm

Phi nlb a

Fig. 3.1 Google earth images showing the fragmented nature of the forests between the different sampling
localities (red pins) in a) southern Africa and b) South Africa (KZN)

Table 3.1 Tissue and dung samples used for sequencing (mtDNA cytochrome b) and microsatellite genotyping

over six different localities in eastern and southern Africa

Location # Samples  Sample type
Mozambique 19 Tissue
Tembe 16 Dung
Ndumo 13 Dung
Phinda 19 Dung
Tshanini 7 Dung
Mnemba 12 Dung
Total 86

DNA extractions and species identification

DNA extractions for all dung samples selected were performed by using the Nucleospin® DNA stool
kit (Macherey-Nagel) following the manufacturer’s instructions with a few alterations (see Chapter
2). Moreover, | made use of the protocol specifically designed for samples that are very hard and
dry. For each extraction the pellets’ outer scrapings were placed into a NucleoSpin® bead tube and
500 pl of lysis buffer (Buffer ST1) and 500 pl of distilled water (Sabax®, Adcock Ingram) was added,
respectively. Tubes were then shaken horizontally for 2-3 seconds to ensure that the sample and

lysis buffer was completely mixed. Samples were then placed into an incubator at 70°C for 5 min
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followed by a homogenisation step. This was achieved by making use of a vortex adapter (Multi-
tube holder of Scientific industries) and agitating the samples for 10 min at room temperature. From
this step onwards, the remainder of the manufacturer’s instructions were followed with only the DNA
elution step changed. In this step each DNA extraction was eluted in 40 pl of elution buffer (buffer
SE) by adding it to the column and incubating it at room temperature for 30 min followed by
centrifugation at 13000 g for 1 min. DNA extractions on tissue samples (25 mg) were performed
using the Animal Tissues Spin-Column Protocol (Qiagen) as recommended by the manufacturer.
For species identification, a part of the mitochondrial DNA (mtDNA) cytochrome b (cyt b) gene
(467 base pairs (bp)) was amplified with the primers shown in Table 2.2. Amplification and
sequencing were performed as described in Chapter 2. Individual’s cyt b sequences were then
aligned in CLC Main Workbench v.8.1 and compared against the data available on NCBI, making
use of the BLAST search (Altschul et al. 1990) to confirm the species of origin. Only the samples
confirmed to be of suni origin were retained in the study (other samples were identified as red duiker

and stored for future analyses).

Phylogenetic relationships and haplotype network

In order to assess the phylogenetic relationships longer fragments of the cyt b gene was deemed
necessary. Two separate fragments (Fig. 3.2) of the cyt b gene were amplified and sequenced using
the primers indicated below (Table 3.2). Amplification of one large fragment is very difficult to obtain
when working with degraded dung samples, therefore two smaller fragments were amplified. These
were performed on seven chosen samples (2 PHI, 2 MOZ, 1 TEM, 1 NDU, 1 MNE) which were
previously identified as suni and amplified very well during the species identification step. PCR
reactions were set up using the Invitrogen™ Platinum™ |l Taq Hot-Start DNA polymerase (Thermo
Fisher Scientific) protocol as stated in the manual. For each PCR reaction 2 pl of template DNA were
used since DNA quantification was uninformative (see Chapter 2). PCR reactions were carried out
in the ABI 2720 Thermo Cycler (Thermo Fisher Scientific) with a denaturing step at 94°C for 5 min.
Samples were then subjected to 38 cycles of 94°C for 30 sec, 50°C for 30 sec and 72°C for 30 sec.
It was then followed by a final extension step of 72°C for 7 min and a final holding step at 4°C. PCR
products were electrophoretically analysed on 1% agarose gels using GelRed (Biotium, Anatech
Instuments) staining; a 100 bp DNA ladder (The Scientific Group) was included for confirming the
size of the amplicons.

PCR reactions with optimized bands were then precipitated by adding 90 pl 96% EtOH,
10 pl distilled water and 0.05 M NaAc to the PCR product. It was followed by a centrifugation step
(20 000 g for 20 min) and removal of the supernatant. The remaining pellet was then washed with
90 ul 70% EtOH and centrifuged for 10 min at 20 000 g. The supernatant was removed, and the
pellet dried at room temperature and eluted in distilled water. Precipitated samples were visualised
on a 1% agarose gel. Diluted cycle sequencing reactions (0.5X) were set up with the BigDye™

Terminator v.1.1 and v.3.1 5X Sequencing Buffer (Thermo Fisher Scientific) following the
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manufacturer’s instructions. Cycle sequencing reactions of 10 pl were set up using 3 pl of
precipitated PCR product. Cycle sequencing reactions were carried out on the ABI 2770 Thermo
Cycler following conditions stated in the users guidelines. Products were separated on an ABI 3500x!
automated sequencer (Applied Biosystems). Both the forward and reverse sequences, of each pair

of primers, of individual samples were aligned in CLC Main Workbench v.8.1 (Qiagen).

Sunicyt b F107 > L15408 >

Cytochrome b

<H15149 <H15915

[
non-overlappingregion

(~259 bp)

Fig. 3.2 lllustration of the two primer pairs used to amplify two separate cyt b gene fragments, separated by a
non-overlapping region of approximately 259 bp. Primer positions are labelled according to the human mtDNA
sequences (Kocher et al. 1989).

Table 3.2 Two primer pairs used for the amplification of separate cyt b fragments in suni

Primer name Primer pair Primer sequence (5°-3’)

Suni cyt b F107 1 TCCTAGGCATCTGCCTAATCC
H15149 1 GCCCCTCAGAATGATATTTGTCCTCA
L15408 2 ATAGACAAA.ATCCCATTCCA

H15915 2 TCTCCATTTCTGGTTTACAAGAC

The seven longer sequences along with NCBI reference sequences (Table S3.2) for
N. moschatus, N. batesi and Neotragus pygmaeus were all aligned in MEGA v.7 (Tamura et al.
2011) using ClustalW. Sequences were then truncated to a fragment of 1034 bp. With the use of
MEGA the best model for these sequences was determined; the best fit model based on the AIC
and likelihood ratio test was the Hasegawa-Kshino-Yano (HKY) model with Gamma distribution (G).
Evolutionary relationships were determined by creating a Maximum Likelihood tree (HKY + G) in
MEGA using all sites. In conjunction a pairwise distance matrix using the Maximum Composite
Likelihood model with Gamma distribution was also constructed with all 12 sequences to determine
the percentage sequence divergence. In addition to this a haplotype network was also drawn with
TCSv.1.21 (Clement et al. 2000). This was done with the use of 70 cyt b gene sequences (produced
during species identification), covering six locations, along with NCBI reference sequences of suni
(Table S3.2). These sequences were aligned and truncated (254 bp) in MEGA in order to create a

homogeneous dataset which could be used for drawing a haplotype network in TCS.
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PCR optimization and amplification of microsatellites and one sex marker

No microsatellite markers specifically designed for suni was available for this study. Instead | made
use of microsatellite markers developed for or used in other species such as goat, sheep, gazelle,
impala, wildebeest, sable antelope, roan, eland, cattle, gemsbok and buffalo. These markers were
all tested and selected in a specific manner, discussed in Chapter 2, so that only the most variable
and easily amplifiable markers were chosen. As a result, a total of 16 dinucleotide microsatellites
markers were selected for further analyses (Table 2.3) and with the use of Multiplex manager v.1.2
(Holleley and Geerts 2009) two separate multiplexes were designed. One panel contained eight
markers and a second panel contained nine (including the sex marker) (Fig. 2.4).

The 16 microsatellite markers along with one sex marker were each tested separately on tissue
and dung samples (see Chapter 2). The markers that did not amplify successfully or consistently
were removed from further testing. The remaining markers were further tested in multiplex as in
Fig. 2.4 but regrettably did not work as expected. Instead markers were amplified in single reactions
followed by co-loading of the PCR products during plate preparations for Genescan. In short, PCR
reactions were set up using the Invitrogen™ Platinum™ |l Taq Hot-Start DNA polymerase protocol
as stated in the manual. The PCR conditions consisted of 94°C for 2 min, 35 cycles of 94°C for 15
sec, the optimized annealing temperature for 15 sec, followed by 72°C for 30 min and a final holding
step at 4 °C. This was performed in the SimpliAmp™ Thermal Cycler (ABI Thermo Fisher Scientific).
The annealing temperature differed for each marker and can be observed in Table 3.3. Markers
which had the same annealing temperature and occurred together in the original multiplex panels
were amplified together. In addition to this it is also important to note that for the majority of samples
2-3 PCR repetitions were performed, however the seven repetitions suggested by
(Taberlet et al. 1996) were not reached since consistent genotypes were obtained.

Once PCR amplification was completed, plates for Genescan analysis was set up with LIZ 500
size standard (ABI™/ Life Technologies) and Hi-Di™ Formamide (ABI™/ Life Technologies)
according to manufacturer’s instructions with the amount of PCR product added being altered.
Alternatively, each panels’ markers (PCR products) were pooled together as follows: 1 ul of each
marker’s PCR products were added directly to the Genescan plate. The PCR products were then
separated with the ABI 3500xI Genetic Analyser along with the GeneScan™ LIZ 500 size standard.
The results generated were analysed using GeneMapper software v.4.1 (Rinehart 2004). Markers
that were not polymorphic or did not amplify consistently were eliminated, ending with six

microsatellite markers that were successfully optimised for this study (Table 3.3).

Scoring, binning and comparing microsatellites

From the data generated, standard bins and reading rules were developed for each individual
marker. In order to ensure accurate scoring, all the data obtained was manually checked after
GeneMapper automatically scored each individuals’ genotypes. With the use of peak heights

(requirement of at least 100 RFUSs), stutter peaks and peak shapes, each marker was consistently
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Table 3.3 Final set of 16 dinucleotide microsatellite markers and one sexing marker used in this study. Grey = Optimised and remaining markers

Marker Panel Forward Primer 5'-3' Reverse Primer 5'-3' Reference Label Ta
CTO7 2 CTACCTGGGAAACCCATAT GTGTCTTTGTTGGTTTCTGCCATACAA  (Rged et al. 2011) FAM 56
INRAOO6 2 AGGAATATCTGTATCAACCTCAGTC CTGAGCTGGGGTGGGAGCTATAAATA  (Vaiman et al. 1992) VIC 57
SRCRSP24 1 AGCAAGAAGTGTCCACTGACAG TCTAGGTCCATCTGTGTTATTGC (Yeb et al. 1997) VIC 58
ETH10 2 GTTCAGGACTGGCCCTGCTAACA CCTCCAGCCCACTTTCTCTTCTC (Toldo et al. 1993) PET 53
BM2113 2 GCTGCCTTCTACCAAATACCC CTTCCTGAGAGAAGCAACACC (Bishop et al. 1994) NED 56
TGLASL3 2 GCTTTCAGAAATAGTTTGCATTCA ATCTTCACATGATATTACAGCAGA (Barendse et al. 1994) VIC 50
SPS115 2 AAAGTGACACAACAGCTTCTCCAG GTGTCTTAACGAGTGTCCTAGTTTGGC (Mommens et al. 1998) FAM 52
TGTG
1206 2 ATTAGGAAAAGCAATGTGAATGG GTGTCTTCACTCCTGTATTCTGCCTGG (Huebinger et al. 2006b) PET 52
SRCRSPS8 1 TGCGGTCTGGTTCTGATTTCAC CCTGCATGAGAAAGTCGATGCTTAG (Bhebhe et al. 1994) VIC 50
OARCP26 1 GGCCTAACAGAATTCAGATGATGTTGC GTCACCATACTGACGGCTGGTTCC (Ede et al. 1995) NED 56
ILST87 1 AGCAGACATGATGACTCAGC CTGCCTCTTTTCTTGAGAGC (Kemp et al. 1995) PET 53
SPS113 1 CCTCCACACAGGCTTCTCTGACTT CCTAACTTGCTTGAGTTATTGCCC (Roeder et al. 2001) FAM 58
TGLA122 2 CCCTCCTCCAGGTAAATCAGC AATCACATGGCAAATAAGTACATAC (Georges and Massey FAM 58
1992)
INRAGB3 1 ATTTGCACAAGCTAAATCTAA CC AAACCACAGAAATGCTTGGAAG (Vaiman et al. 1994b) NED 58
BM757 1 TGGAAACAATGTAAACCTGGG TTGAGCCACCAAGGAACC (Bishop et al. 1994) PET 54
F10 2 TGTCCAGCAGCTTCACCATTACGCC GCCTTCATGATCTTGTCGATCCACT (Dietz et al. 1992) VIC 60
AMELOGENIN 1 CAGCCAAACCTCCCTCTGC CCCGCTTGGCTTGTCTGTTGC (Weikard et al. 2006) FAM 56
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scored to ensure the best possible accuracy. In order to reduce genotyping error, each individual
was genotyped at least three times for each marker. Once all were scored and binned each locus
was evaluated separately according to the number of alleles present over all suni individuals tested
and compared to what was recently found in other ungulate species (Miller et al. 2016; Van Wyk et
al. 2018). In addition to this, each sample’s genotype was compared to the rest in order to identify
the different individuals within each nature reserve (i.e. to ensure that, based on the set of markers,

there were no identical genotypes), reducing the risk of working on the same sample.

Marker selection and power

Before any further downstream analyses were performed, markers were checked to ensure that they
were adequate for this study. This included loci being tested for linkage disequilibrium (LD) with the
use of Genepop v.4.7 (Raymond 1995). Thereafter markers were tested for genotyping errors such
as null alleles, allelic dropout and false alleles with the use of Micro-checker v.2.2.3 (Van Oosterhout
et al. 2004). In the case where null alleles were detected the same data set was assessed by FreeNA
(Chapuis and Estoup 2006) to determine whether these markers’ null allele frequencies could be
corrected, if not the markers were removed.

The final set of markers were then tested for statistical power with the use of Powsim v.4.1 (Ryman
and Palm 2006). For this analysis, only the data of individuals with complete genotypes were used.
This was performed to assess the power these loci possessed to detect a specific level of genetic
differentiation (Fst) between populations. By making use of both the Fisher's exact test and chi-
square test (1000 burn-ins, 100 batches and 1000 iterations) a wide variety of Fsr values were
evaluated. This was done using the same effective population (Ne = 1000) and changing the number
of generations of drift (t = 20, 45, 50, 55, 60, 100), as well as the sample sizes to either the same for
all (n = 9) or different (n = 11, 19, 12, 9 and 11). The percentage of significant outcomes (a = 0.05,
1000 runs) for the selected range of Fsts’ generated by Powsim was used to determine the power
of the loci to detect a specific level of genetic differentiation. Lastly the power of the loci to identify
individuals, as well as siblings were tested by Cervus v.3.0 (Kalinowski et al. 2007) using only the

data for individuals with complete genotypes.

Genetic diversity and statistics

Summary statistics for each locality was determined using Genepop. The diversity indices for each
locus were done using Cervus and HP-RARE (Kalinowski 2005) to calculate allelic richness within
each locality. To assess the levels of gene flow present, Nm values were deduced from the Fsr
according to the Wright’s island model of population structuring (Wright 1931) using the expression
Fst = 1/(1+4Nm)

Genetic structure and connectivity
In order to assess the genetic structure over all five different localities, the generated dataset over

all five selected loci had to be reduced first. This was done by removing individuals who had more
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than 60% of their data missing. Overall this dataset finally consisted of 64 individuals (11 MNE, 19
MOZ, 12 TEM, 10 NDU and 12 PHI) for which only 15% of the data was missing. With the use of
STRUCTURE v.2.3.4 (Pritchard et al. 2000) all runs performed for the five mentioned localities, were
assessed using an admixture model with correlated allele frequencies with parameters set to a burn
in period of 100 000 and 500 000 sampled MCMC steps, with K set from 1 to 6 possible clusters, at
20 iterations each. In order to determine the most probable number of clusters present, the results
obtained in STRUCTURE were further analysed with Structure Harvester (Earl 2012) available
online. In conjunction with this, GenALex v.6.5 (Peakall and Smouse 2006; Smouse and Peakall
2012) was used to construct a Principal Coordinates Analysis (PCoA) plot to assess the genetic
similarity amongst all of the individuals using the pairwise genetic distance (Codom-genotypic).

In the case of assessing the genetic structure of only the South African (SA) localities (TEM, NDU
and PHI) the same parameters were used as above for STRUCTURE with K = 1 to K = 4 possible
clusters. With the use of Structure Harvester, the results obtained in STRUCTURE were used to
evaluate the most probable number of clusters present. In addition to that, Geneland v.4.08 (Guillot
et al. 2005), a package run in R, was also used for a spatially explicit analysis. It was used to assess
the genotype data for K = 1 to K = 4 possible populations. With the use of the correlated allele
frequency model, 10 independent runs were performed with a 100 000 MCMC steps, a thinning
value of 100 and a burn in period of 200. In addition to this GenALex was used to perform both PCoA
and spatial autocorrelation analysis. The spatial autocorrelation analysis was conducted to
determine the maximum distance in which genetic similarities between different pairs of suni
individuals can be found. The spatial autocorrelation coefficient (r) was assessed at each distance
class (10, 20, 30, 40, 50, 60, 70, 80, 90, 100 and 110 km) against the null hypothesis (no correlation
present between geographic and genetic distance) with the parameters set at 9999 permutations
and 9999 bootstraps.

Identifying ESUs and MUs

For this study | decided to combine two previously described definitions (Moritz 1994b; Fraser and
Bernatchez 2001) created for conservation and use these to identify potential ESUs and MUs.
Moreover | tried to recognise conservation units (ESUs and MUs) by identifying reciprocal
monophyletic groups present in the mtDNA of suni (Moritz 1994b). In addition conservation units
were also identified by searching for lineages which demonstrated highly restricted gene flow from

other lineages using both nuclear and mitochondrial DNA (Fraser and Bernatchez 2001).

Results

DNA extractions and species identification

In the event where red duiker samples were identified, these samples were removed from further
analyses. In this study a total of 86 suni DNA samples (19 tissue and 67 dung) were extracted
successfully. The results obtained for some of these samples can be observed in Chapter 2. In

addition to this all of these samples were successfully amplified and sequenced for the cyt b gene
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(467 bp). Overall, not all extractions and PCR amplifications worked instantaneously and had to be

repeated (see Chapter 2).

Cytochrome b analysis

Evolutionary relationships between all selected samples were investigated by generating a
phylogenetic tree (Fig. 3.3) including NCBI reference sequences (Table S3.2), as well as a pairwise
distance matrix (Table S3.3). From the results obtained a clear separation was observed between
the southern (SA and Mozambique) and eastern African (MNE) samples with bootstrap values of
57% and a 5-6% sequence divergence (Table S3.3). These results indicate two ESUSs. In addition to
this, the MOZ samples (thought to represent N. m. livingstonianus) unexpectedly clustered together
with the South African samples (N. m. zuluensis) (bootstrap value of 70%). Due to the lack of
statistical support for reciprocal monophyly, these regions may represent separate MUs but not
ESUs. All South African localities clustered together with high bootstrap support (95%).
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55[—= N. m. zuluensis
PHI.1
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- TEM
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61 ~MOZ.1

86 LMoz.2
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78 N.
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Neotragus pygmaeus

Nesotragus batesi

0.020

Fig. 3.3 Phylogenetic tree based on part of the mtDNA cyt b gene (1034 bp) in suni individuals from five
locations (including NCBI sequences).

A haplotype network was drawn so that different haplotypes as well as how each of them were
connected could be identified. From the samples analysed, 12 different haplotypes were identified
from the short cyt b sequences (Table 3.4). Once sequences from NCBI were added to the list the

number of haplotypes increased to 16 (Fig. S3.1 and Table S3.4). Moreover, one common ancestral
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haplotype was identified for three of the SA nature reserves (TEM, NDU and TSH) (Fig. 3.4). In
addition, locality-specific haplotypes, connected to the previously mentioned haplotype, were
identified for MOZ and PHI (Fig. 3.4). MNE also had a locality-specific haplotype but could not be
connected at the 95% cut-off level (Fig. 3.4).

Table 3.4 Different cyt b haplotypes present in six localities in southern and eastern Africa. n = Number of
individuals with a specific haplotype.

Haplotype n Location
1 21 NDU, TEM, TSH
2 5 MOz
3 4 MOz
4 8 MOz
5 1 MOz
6 1 TEM
7 1 TEM
8 1 TSH
9 4 NDU
10 11 PHI
11 1 PHI
12 12 MNE

Fig. 3.4 Haplotype network of cyt b sequences in six localities in eastern and southern Africa. The white
numbers inside each circle/ block corresponds to the haplotype number shown in Table 3.4, with the size of
each circle proportional to the number of individuals displaying that specific haplotype. White
block/circles = size scale with black numbers indicating number of individuals. Rectangle = haplotype with the
highest frequency in southern Africa. Blue = MOZ, Pink = TEM, Red = TSH, Yellow = NDU, Purple = PHI and
Green = MNE.
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Microsatellite marker optimization and amplification

Microsatellite markers had to be optimised to ensure that only the best performing, and polymorphic
markers (more than 2 alleles) were used in the population analyses section of this study. In the end
only six of the initial 16 microsatellite markers remained. Markers F10 and ETH10 were removed
from the panel due to false alleles that lead to initial classification as polymorphic markers. In the
case for markers BM757, INRA63 and TGLA53, these markers were removed due to inconsistent
amplification. Markers CT7, INRAG, 1206, SRCRSP8 and ILST87 on the other hand either did not
amplify in highly degraded samples or amplified non-specifically.

In conjunction with the selected markers, a sex marker (Amelogenin) was also added to this study.
By doing this, each samples’ sex could be determined, which in turn adds more value to population
analyses, as well as contribute to the current knowledge on suni social structure and behaviour.
During the amplification process, this marker amplified 95% of the time but, all samples analysed
presented two peaks at the expected fragment sizes. This led to the inference that every sample
analysed was a male individual, which is highly unlikely. Molecular sexing in suni thus needs further
optimization that could not be done within the scope of the present study. For more information
regarding selection and optimization of all markers please refer to Chapter 2.

Microsatellite validation, genotyping and comparison

All microsatellite markers used in this study were validated and scored consistently throughout to
reduce genotyping errors. Four (SPS113, BM2113, OARCP26 and TGLA122) of the six
microsatellite markers used, presented prominent stutter peak patterns making scoring very easy.
Although the majority of the markers had these prominent stutter peaks this was not the case for
marker SRCRSP24 who had inconsistent allele peak shapes throughout this study (Fig. S3.2). To
reduce genotyping errors from occurring for this marker, alleles were scored with reading rules
designed here and applied consistently. Marker SPS115 (dinucleotide repeat) on the other hand
scored very easily in the beginning due to its shape, but caution had to be taken since some alleles
appeared to differ by one base pair instead of the expected two base pair difference for a dinucleotide
repeat. For this study a total of 67 samples were successfully genotyped at six microsatellites
(Table S3.5). Due to missing data only 64 and 62 of these samples were used respectively in the
analyses where five or six loci were considered (Table S3.5).

From the data available only 16 individuals’ (complete genotypes) data were used during the
assessment of diversity indices in Cervus (Table 3.5). Both the results shown in Table 3.5 as well as
in Fig. S3.3 clearly show that all microsatellite markers used in this study were polymorphic. From
the results generated by Cervus it can be observed that allele numbers per locus ranged from 3-9
(mean =5.83) across all six loci. For all of the markers it was observed that heterozygosity was lower
than what was expected and could be due to null alleles being present. The null allele results
generated by Cervus clearly showed that null alleles should be expected in three (OARCP26,
SRCRSP24 and SPS113) of the six markers. Marker SRCRSP24 presented a very high null allele
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frequency (Fnull) of 0.7938. In addition to this only two of the six markers were in HWE and one test
could not be performed since there were too few individuals present for the program to proceed for

that locus.

Table 3.5 Diversity indices generated by Cervus for 16 selected individuals from all different localities

Locus Na n Ho He HWE F(Null)
OARCP26 7 16 0.375 0.778 * 0.3443
SRCRSP24 3 16 0.063 0.567 ** 0.7938
SPS113 6 16 0.375 0.774 * 0.3451
SPS115 6 16 0.563 0.823 NS 0.1657
BM2113 9 16 0.625 0.865 Nd 0.1385

TGLA122 4 16 0.438 0.712 NS 0.2197

n = Sample size, Na = Number of alleles, Ho = Observed Heterozygosity, He = Expected Heterozygosity,
F(null) = Null Allele Frequency and HWE = Hardy-Weinberg Equilibrium (NS = Not Significant, Nd = Not
Determined, * P<0.05, ** P<0.01)

Lastly genetic diversity in the suni antelope was also investigated by comparing the number of
alleles found here in suni for each locus to those previously found in other ungulates (Miller et al.
2016; Van Wyk et al. 2018) (Table 3.6). From all the loci analysed in suni only two, OARCP26 and
BM2113, had more than the average number of alleles for that specific locus found across seven
different ungulates (Table 3.6). The other markers generally showed similar results found in one or
more of the other ungulates.

Table 3.6 Comparison of number of alleles found in suni (this study) and combined data of other previously

studied ungulates (Miller et al. 2016; Van Wyk et al. 2018). * = not available, Imp = Impala, Roa = Roan,
Buf = Buffalo, Sab = Sable, Gnu = Wildebeest, Ela = Eland and Gem = Gemsbok.

Marker # of alleles present Mean # alleles # of
per locus alleles
Imp Roa Buf Sab Gnu Ela Gem Suni
SPS113 6 6 * 12 * 10 8 6.8 6
TGLA122 13 * * * 7 * * 10 4
OARCP26 * * * * 3 * * 3 7
SRCRSP24 * 6 * 5 11 * * 7.3 3
BM2113 * 8 * 8 6 * 14 55 9
SPS115 * * 15 * * * 3 7.5 6

Marker selection and power analysis

Before any population analyses could be performed, all the markers had to be checked to ensure
that the power for downstream inferences was suitable for this study. From Table 3.5 it was noted
that null allele frequencies were high for some of the markers and was again confirmed when all data
were analysed with Micro-checker (Table 3.7). Markers OARCP26 and SRCRSP24 both identified
in Cervus for null alleles, again presented Fnull > 0.3. Interestingly all the samples collected from

TEM and NDU also showed high Fnull over five loci. The markers were also tested for linkage
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disequilibrium and no significant results were observed. Based on null allele frequency, only five of
the six markers were deemed suitable, with marker SRCRSP24 being removed. These five markers
were then lastly tested for statistical power, resulting in a 95% probability of these markers being
able to detect genetic structure for any Fsr> 0.0223 (Fig. 3.5). Since all pairwise Fsrvalues generated
by Genepop (Table 3.8) were above 0.0223 this gave a clear indication that these five loci had the
statistical power to detect levels of differentiation within the larger dataset. Furthermore, Nm values
were calculated and ranged between 0.26 and 1.87 with some location pairs exhibiting Nm values
of higher than 1 (Table 3.8), suggesting that gene flow are occurring under this model: TEM vs. NDU
and PHI and TEM + NDU vs. PHI. In addition to this, Cervus also showed that these five loci had a
mean polymorphic information content (PIC) value of 0.7745, a probability to identify individuals at
9,2 x 10”7, as well as a probability to identify siblings at 6,9 x 1073,

Table 3.7 Null allele frequencies generated for all genotyped individuals with the Oosterhout test in Micro-
checker. (NS = Not Significant, ND = Not Determined, * P<0.01, ** P<0.001)

Marker MNE MOZ TEM + NDU PHI
OARCP26 0.3086NP 0.027 NP 0.2445** 0.092Ns
SRCRSP24 -0.4226 NP -0.0318NP 0.3055NP OND
SPS113 0.0253ND 0.0213Ns 0.2444** 0.1184 NP
SPS115 0.1441N\P -0.2302 NP 0.2989** -0.2929 NP
BM2113 QNP -0.0006 NS 0.2353* 0.0527 NP
TGLA122 0.1959NS -0.0609 NP 0.0722Ns -0.142Np

Power

01 |

O 1 1 1 1 ]
0.01 0.0223 0.0247 0.0271 0.032 0.0368

FsT

Dif-Chi Dif-Fisher e==@== Sagme-Chi ===@== Same-Fisher ====-= 0.95

Fig. 3.5 Statistical power comparison of five microsatellite loci to detect a predefined level of genetic
differentiation (Fst). Dashed line indicates a 95% probability of detecting genetic structure with approximate
Fst values of 0.02254 and 0.0334 respectively when using the same or different sample sizes. Dif = Different
sample sizes, Same = Same sample sizes, Chi =Chi-square approach and Fisher = Fisher's exact test
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Table 3.8 Pairwise Fst and corresponding Nm values between different suni localities based on five
microsatellite loci. Fst and Nm values are shown above and below the diagonal, respectively. Nm values above
1 are shown in bold.

MNE MOZ TEM NDU TEM + NDU PHI
MNE 0.3738 0.3515 0.3876 0.3163 0.4858
MOz 0.42 0.2509 0.3241 0.2451 0.4017
TEM 0.46 0.75 0.1212 0.1306
NDU 0.39 0.52 1.81 0.2104
TEM +NDU  0.54 0.77 0.1178
PHI 0.26 0.37 1.66 0.94 1.87

Genetic diversity and structuring of suni samples over all populations

From the data generated in Genepop the observed (Ho) and expected heterozygosity (He) over all
five localities respectively ranged from 0.2449-0.6506 and 0.4620-0.7533 (Table 3.9). All localities’
inbreeding coefficients (Fis), except for MOZ and PHI, were higher than 0.25, with MNE having the
highest value of 0.47 (Table 3.9). In addition to this, private alleles were relatively low for all localities
with PHI having no private alleles present (Table 3.9). MOZ on the other hand had seven private
alleles which was relatively higher than the rest of the localities number of private alleles (Table 3.9).
Allelic richness was also very low over all localities ranging from 2.37-3.71 (Table 3.9). These results
overall indicate low levels of genetic diversity and possible inbreeding occurring within each location.

Table 3.9 Summary statistics of five localities based on five microsatellite loci generated in Genepop, GenALex
and HP-RARE

Population n Pa Ar Ho He Fis

MNE 12 4 248 0.2449 0.4620 0.4700
MOZ 19 7 3.24 0.6506 0.6380 -0.0197
TEM 13 4 3.71 0.4107 0.7533 0.4548
NDU 9 4 325 0.4000 0.6359 0.3710
PHI 12 0 237 0.4375 0.5083 0.1394

n = Sample size, Pa = Private alleles, Ar = Allelic richness, Ho = Observed heterozygosity, He = Expected
heterozygosity and Fis = Inbreeding coefficient

The PCoA plot generated by GenALex for 64 suni samples (five different localities) is depicted in
Fig. 3.6. Three major clusters can be observed, with MNE forming the first cluster, MOZ the second
and TEM, NDU and PHI together forming the third cluster (Fig. 3.6). All three clusters were well
defined with the second cluster consisting of all MOZ samples, as well as one TEM sample (Fig. 3.6).
The two axes shown in the PCoA plot cumulatively explain 31.95% of the overall variance found in
the genotypic data. In addition to this all genotypic data (64 individuals) were analysed in
STRUCTURE to see if the same results as in Fig. 3.6 was obtained. The bar plots of each individual’s
assignment probability (q) for K= 2, K =3 and K =4 can be observed in Fig. 3.7. From these results

the most probable number of clusters present is K = 3 (Fig. 3.7), with the first cluster consisting of
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all MNE samples, the second cluster formed by all the MOZ samples and the third cluster made up
of all South African samples (TEM, PHI AND NDU), although some samples from TEM and NDU
assigned to more than one cluster (g < 0.8). The Delta K (Evanno et al. 2005) showed the largest
value at K = 2 whereas the log probability of the data indicated K = 4 as the most likely number of
clusters (Fig. S3.4a, b). Once MNE was removed delta K showed the largest value at K = 2 whereas

the log probability of the data indicated K = 3 as the most likely number of clusters (Fig. S3.4c, d).
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Fig. 3.6 Principal Coordinates Analysis (PCoA) plot clustering 64 suni individuals from five different localities
based on genetic distances between genotypes at five microsatellite loci
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Fig. 3.7 STRUCTURE results depicting individual-based clustering of 64 suni individuals from five localities
based on genotypes at five microsatellite loci for K = 2, K = 3 and K = 4 clusters. Each vertical bar along the
X-axis represents an individual and the Y-axis is the probability of assignment (q) to K clusters. Location was
not specified as prior in the analysis. Localities are arranged from north to south.
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Spatial analysis and genetic structure of the South African localities

In order to determine the degree of connectivity between SA localities as well as the structure
present, a few different analyses had to be performed. The first of which was a PCoA plot generated
in GenALex. The graph obtained does not show clear separation of individual genotypes from the
three localities (Fig. 3.8). The axes from the PCoA plot explain approximately 34.3% of the variance
observed in the genotypic data. In the interest of the previous results obtained the same data were
evaluated in STRUCTURE, which identified K = 2 as the most possible number of clusters present
(Fig. 3.9). The first cluster consisted of only PHI samples and the second consisted of both TEM and
NDU samples, of which about a third of TEM and NDU samples assigned to the first cluster (PHI) or
indicated assignment to both clusters. Coupled with this, Geneland analysis was also performed,
indicating K = 3 as the most probable number of populations across all SA samples with a 56%
confidence over all ten runs (Fig. S3.5). In addition to this the posterior probabilities graphs in
Fig. 3.10 supports this by identifying three clusters. The first cluster consisted of TEM and PHI, the
second cluster of the remaining TEM samples and the third cluster consisting of NDU. Lastly, a
spatial autocorrelation analysis was performed to determine the maximum distance in which related
individuals could be found. From Fig. 3.11 it could be seen that a positive correlation was identified

between genetic and geographic distances for less than 18 km.
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Fig. 3.8 Principal Coordinates Analysis (PCoA) plot clustering 34 suni individuals from three different localities
in South Africa based on genetic distances between genotypes at five microsatellite loci.
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Fig. 3.9 STRUCTURE results depicting individual-based clustering of 34 suni individuals from three localities
in South Africa based on genotypes at five microsatellite loci for K = 2 and K = 3 clusters. Each vertical bar
along the X-axis represents an individual and the Y-axis is the probability of assignment (g) to K clusters.
Location was not specified as prior in the analysis. Localities are arranged from north to south
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Fig. 3.10 Maps of posterior probabilities of population membership at K = 3, based on 34 sunis’ microsatellite
genotypes at five loci from three South African localities. The black dots represent the different sampling
localities while the white-yellow colour indicates a high probability of population membership and the orange-
red colour indicates a low probability of population membership. Contour lines indicate posterior probability.
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Fig. 3.11 Spatial autocorrelation analysis in suni populations from South Africa. The correlogram indicates the
correlation coefficient (r) at various distance classes (km). Dashed lines U and L indicate the upper and lower
confidence limits.

Discussion

In this study the main aims were to assess the phylogenetic relationships between three suni
subspecies and, to investigate the connectivity between separated forest patches in northern
KwaZulu-Natal as well as Mozambique. With the use of 64 (dung and tissue) samples collected from
MNE (Tanzania), central MOZ and northern KwaZulu-Natal | was able to identify two Evolutionarily
Significant Units (ESU), as well as two possible Management Units (MU) in the suni. In addition to
this | also studied the genetic diversity within the five localities and investigated the spatial structuring
between the southern Africa locations. The results obtained in this study have been informative and
will add value to the conservation management of the species. Moreover, no other genetic study has
been performed on the suni focussing on the subspecies using wild populations, or to perform

population analyses.

Implications of using dung DNA analysis

Since there is so little known about the suni, its subspecies and population connectivity (broad and
fine scale), the species was an important focal species for conservation genetics analyses. One of
the reasons why there is so little known about this animal is because of its very shy and secretive
nature, thus making it very difficult to find and study (Frost and Carnaby 2015). Nevertheless, recent
studies have shown that the usual material (blood and tissue) used for genetic studies does not have
to be a limitation for wildlife studies anymore (Chiou and Bergey 2017; Chiou and Bergey 2018).
Animals can now be studied in the field without observing or hurting them by just collecting their
dung samples (Bourgeois et al. 2019). Although this might sound very promising and straightforward,
most studies that utilised this sampling method were on large animals (Ferreira et al. 2018;
Bourgeois et al. 2019).

While it might seem strange for this method being utilised mostly in big animals this could be due
to the ease experienced in finding large animals and following them to collect fresh dung samples.
Whereas with small mammals, this is not the case. In the present study | experienced exactly this
because as mentioned earlier the species is very shy and if samples were only collected when the

animals were observed | would have very limited data. Thus, | had to search all possible patches
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intensively to find some samples, and consequently the material was not always the freshest.
Various environmental factors such as UV rays and rain could also have affected the quality of these
samples (Kovach et al. 2003; Piggott 2004; Wultsch et al. 2015). With this in mind, as well as the
fact that the TEM and NDU samples were not always the freshest samples collected, the high null
allele frequencies observed (for TEM and NDU) could potentially be explained by allelic drop-out
since the environmental factors affected DNA quality and downstream analyses (Kovach et al. 2003;
Jeffery et al. 2007; Wultsch et al. 2015). Yet, other factors such a sample size (Pruett and Winker
2008) could also explain the high null allele frequencies observed. However, this will be discussed

later.

Microsatellite and sexing markers

The markers used in this study were all meticulously selected and tested in Chapter two. Within this
chapter, 16 microsatellite markers were tested further and additional marker filtering was necessary
to prevent any biases in the analyses (such as large amounts of missing data). Due to this decision
only six microsatellite markers remained along with a sexing marker. In the results it was observed
that even though the sex marker did amplify at the expected sized alleles, all individuals evaluated
were inferred to be males. This seems unlikely and hence, further optimization (using known sex
individuals from captive populations or other observational data) is needed. In addition, the locus
should be cloned and sequenced in some of the known-sex individuals, to design a more optimal
primer set for application to the wild suni population.

The six microsatellite markers on the other hand could be reliably amplified and genotyped but
created some concern once their null allele frequencies (Fnull) were estimated. Three of the six
markers presented with relatively high Fnull (>0.34) and was therefore further investigated. The
marker SRCRSP24 which had the highest value in Cervus (0.7938) and second highest in Micro-
checker (0.3055), provided justification to remove this marker from further population analyses.
Redesign of the primers may improve resolution at this locus. Marker OARCP26 also showed some
concern in the MNE population (Fnull = 0.3086) but, since there were no missing data and because
this population is on a separate island, it would be expected that the genetic diversity to be lower. It
was decided to keep OARCP26 in the analyses since such high values were not observed in other
localities. Values of 0.2 < Fnull < 0.3 were observed in the TEM and NDU populations for five of the
six markers. Although these results could be due to lower DNA quality, as seen in Chapter 2, each
sample was genotyped at least three times to reduce allelic drop out and false alleles from occurring.

With the above considered only five of the six microsatellite markers were retained for further
analyses. These markers were then tested for their statistical power and were considered
appropriate for broad and finer scale genetic analyses. Many studies performed in wildlife forensics
make use of six to ten microsatellite markers (Kolodziej et al. 2012) and the aim of my study was to
optimize at least 10 loci. Nevertheless a study done on dung samples in boars have shown that a

minimum of four microsatellites can be used to perform individual identification, especially in closely
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related individuals (Kolodziej et al. 2012). Additionally it has also been shown that potential
genotyping error can increase with an increase of microsatellite markers (Taberlet and Luikart 1999)
hence, minimizing microsatellite markers can be one way of reducing genotyping errors (Kolodziej
et al. 2012). Going forward it is recommended that the number of variable microsatellite markers are
increased instead of increasing the number of samples (Landguth et al. 2012), especially when

landscape genetic inferences are being made.

Genetic diversity of the suni

With the results obtained for standard summary statistics (including Ho, He and Fis), | observed that
the genetic diversity present in suni is very low. Since the scoring was done consistently the results
obtained is reliable hence, sample type and environmental factors can be excluded as possible
reasons for the low levels of diversity. Moreover these low levels of genetic diversity found in MNE,
TEM, NDU and PHI, located at the edges of this species’ distribution, does not come as a surprise
especially since such populations do show lower levels of genetic diversity compared to more
centrally located (within species distribution) populations (Hardie and Hutchings 2010). A second
explanation could be the sample sizes having an effect (Pruett and Winker 2008). MOZ had 6-10
more samples than the other locations allowing it to have a possible effect on genetic diversity levels.
In addition to this MNE is an isolated population on Mnemba Island and SA at the edge of the suni
distribution hence, the low variability observed could be due to small Ne and the founder effect
(Sonsthagen et al. 2017). However, the chances for this being true for SA might be slim since it is
hypothesized that suni only moved into SA 3 million to 125 000 BP. The last possible reason could
be due to cross-species amplification which could have played a significant role. This can be said
since this study made use of markers not designed for suni, increasing the chances of non-
amplification therefore resulting in null alleles and low genetic diversity observed. The suni is not
phylogenetically closely related to any of the species whose genomes have been mined for
microsatellite loci (Matthee and Robinson 1999; Matthee and Davis 2001). Future research should

thus aim to mine the suni genome for polymorphic markers.

ESUs and MUs in the suni antelope

To date, very few studies have been performed on the suni, except for phenotypes, habitat,
distributions, food resources and behaviour (Ansell 1971). Suni subspecies descriptions have been
based on phenotype and distribution only (Ansell 1971). In previous studies six different suni
subspecies have been described, of which only four are currently recognised (Ansell 1971; Wilson
and Reeder 2005; Groves and Grubb 2011). One genetic study performed on captive individuals,
identified a variety of cytotypes and came to the conclusion that mating between different suni
subspecies could be the reason for the increased perinatal mortality, as well as increased infertility
they observed (Kingswood et al. 1998). This raises questions about the distinctiveness of the

subspecies.
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Since subspecies delineation is challenging, units such as Evolutionarily Significant Units (ESUs)
and Management Units (MUs) were created to provide an objective method which can help prioritise
conservation below the taxonomic level of species (Ryder 1986). Results based on mtDNA
sequences and microsatellite markers unfortunately weren’t consistent. According to the mtDNA
sequences a genetic distinction between the East African and southern African suni were observed,
however this split only had a bootstrap value of 57%. Whereas with microsatellite data
(STRUCTUTRE) K = 2 clustered MOZ and MNE together and SA on its own. Nevertheless, when
K =3 was performed MOZ, SA and MNE clustered on their own. Hence due to the latter, the
reciprocal monophyly in mtDNA, haplotype network and the significant differences found in nuclear
allele frequencies it could be said that Mnemba Island should be considered a separate ESU from
the southern African lineage.

With regards to MUs | reanalysed the results within each of the ESUs identified, which in this case
was only for the ESU identified in southern Africa, where multiple populations had been sampled.
The results obtained in the PCoA plot along with STRUCTURE results for the five populations
indicated a clear separation between MOZ and the SA populations. This split was also supported by
the phylogenetic tree which had a bootstrap value of 70% for MOZ and South Africa as well as a
divergence of 0.8-1.2%. Hence, indicating that MOZ could be a distinct MU.

Some interesting observations were also made once the STRUCTURE, PCoA plot, Geneland
and phylogenetic analyses results were looked at for the SA localities only. Overall it can be deduced
that PHI, TEM and NDU should be seen as one MU. Although some analyses clustered them all
together (PCoA and STRUCTURE), other analyses (STRUCTURE and Geneland) distinguished
them as separate clusters. However, the ways in which TEM, NDU and PHI were separated did not
show consistency between the different analyses. | therefore suggest that these three groups (PHI,
NDU and TEM) should currently be treated as one MU, although PHI is geographically separated
from the other two reserves and with an increase in markers and samples, may represent a unique
MU.

Even though identifying ESUs and MUs was an important part of this study, any information
gathered regarding the subspecies could also add value. According to the results obtained from the
haplotype network and phylogenetic tree the overall comparison between the two were very similar
except for one difference, the position of the NCBI sequence for N. m. livingstonianus was not
consistent overall. This sequence could be found in the haplotype network grouped together with the
MOZ samples whereas in the phylogenetic tree this sequence could be found separate from MOZ.
This could be explained by the fragment lengths which were used to do these analyses (254 bp for
the haplotype network and 1034 bp for the phylogenetic tree) and from this as well as the bootstrap
value (61%) supporting this separation, it could be said that the results of the phylogenetic tree for
now should be considered as final in this study.

Due to this decision the following observation should also be taken into account. According to

the described distributions of the different suni subspecies (Ansell 1971; Skinner and Chimimba
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2005; Groves and Grubb 2011; Frost and Carnaby 2015) it would be expected that samples taken
immediately south of the Zambezi river would represent N. m. livingstonianus. However, the MOZ
samples which were taken south of the Zambezi River did not cluster along with the NCBI sequence
of N. m. livingstonianus, instead it clustered along with N. m. zuluensis. This may indicate that the
available information on the distribution of the subspecies is incorrect or that they represent
synonyms. Unfortunately, no information about the NCBI sequence’s (N. m. livingstonianus)
sampling locality is available. Additional sampling from the type localities of the subspecies and
especially sampling from parts of northern Mozambique, as well as increasing fragment lengths

would resolve the current uncertainties discussed above.

Degree of connectivity across South African suni localities

Studying both genetic connectivity as well as structure can provide information about the processes
occurring in different populations. Moreover, reliable information regarding the distribution and
connectivity of populations have become valuable since it could affect species persistence,
especially for those found in fragmented landscapes (Cushman et al. 2013; Wegmann et al. 2014).
Due to the above-mentioned facts it was important to study the genetic connectivity as well as
structure present in the suni populations since their habitat in South Africa consists mostly of sand
forest (Matthews et al. 2001; Gaugris et al. 2004; Skinner and Chimimba 2005; Frost and Carnaby
2015), which is highly fragmented (Eeley et al. 1999; Jewitt et al. 2015; Hunnicutt et al. 2016), placing
the emphasis on maximised connectivity and maintenance between these fragmented landscapes.
In addition to this, the status of the suni has also been declared regionally as endangered according
to the Red List of Mammals of South Africa, Lesotho and Swaziland (Hunnicutt et al. 2016),
emphasising the importance of studying the SA populations.

For all the SA locations it could be said there are moderate levels of connectivity present since
there are very few genotypes that overlap in the PCoA plot generated for the SA locations only. Low
numbers of private alleles (especially in PHI) and the low confidence level in identifying three clusters
in Geneland, appear to be indicative of ongoing gene flow between the different reserves. In addition,
the results obtained in STRUCTURE (SA only), as well as the haplotype network indicated some
separation. The results of both analyses grouped NDU and TEM together with PHI clustering on its
own. The grouping of NDU and TEM can be expected since the minimum distance needed for
correlation between genetic and geographic distance is approximately 18 km and the maximum
distance between the furthest samples in TEM and NDU was 22 km apart. Hence, supporting the
grouping observed. In addition to this, the Fsr values were lower compared to the broader scale
comparisons, ranging between 0.1212-0.2104, indicating gene flow between all populations; the
highest levels of gene flow were inferred between TEM vs. NDU and NDU + TEM vs. PHI.

Some degree of structure can thus be observed in the SA populations but that they should rather
be taken as one MU present based on the current analyses. It should be advised that generating

more complete genotypes, using more loci and decreasing the Fnull would better inform future

86



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

conservation decisions for the SA reserves. Even so, these results improved the understanding of
the structure present in the suni populations of South Africa and what factors need to be taken into

consideration in future decision making.

Conclusion

In conclusion, this was the first population genetics study performed on suni, in which | was able to
identify two ESUs present in southern and eastern Africa, as well as two possible MUs. In addition,
the study revealed some structuring between localities in SA, with finer scale resolution needed by
including larger samples sizes and additional markers. The discoveries made in this study are
important and can be considered in conservation management plans designed in future. Future
studies should also increase the number of localities, not studied in this chapter, and include
investigation of the karyotypes present in wild individuals for each subspecies previously described.
By doing this, potential reproductive barriers could be identified and the conservation efforts for the

species improved.
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Table S3.1 Suni samples used for sequencing (cytochrome b) and genotyping over six different localities in

eastern and southern Africa

No. Individual Origin Species Sample type  Genotyped Collection
date

1 4 MOz Suni Tissue Yes 2017/11/20

2 MOz Suni Tissue Yes 2017/11/20

3 11 MOz Suni Tissue Yes 2017/11/20

4 12 MOz Suni Tissue Yes 2017/11/20

5 13 MOz Suni Tissue Yes 2017/11/20

6 14 MOz Suni Tissue Yes 2017/11/20

7 21 MOz Suni Tissue Yes 2017/11/20

8 22 MOz Suni Tissue Yes 2017/11/20

9 24 MOz Suni Tissue Yes 2017/11/20
10 27 MOz Suni Tissue Yes 2017/11/20
11 32 MOz Suni Tissue Yes 2017/11/20
12 33 MOz Suni Tissue Yes 2017/11/20
13 34 MOz Suni Tissue Yes 2017/11/20
14 35 MOz Suni Tissue Yes 2017/11/20
15 36 MOz Suni Tissue Yes 2017/11/20
16 42 MOz Suni Tissue Yes 2017/11/20
17 43 MOz Suni Tissue Yes 2017/11/20
18 44 MOz Suni Tissue Yes 2017/11/20
19 46 MOz Suni Tissue Yes 2017/11/20
20 103 TSH Suni Dung No 2016/11/13
21 118 TSH Suni Dung No 2016/11/13
22 119 TEM Suni Dung No 2016/11/14
23 128 TEM Suni Dung Yes 2016/11/14
24 129 TEM Suni Dung Yes 2016/11/14
25 134 TEM Suni Dung Yes 2016/11/14
26 136 TEM Suni Dung Yes 2016/11/14
27 137 TEM Suni Dung Yes 2016/11/14
28 138 TEM Suni Dung No 2016/11/14
29 144 TEM Suni Dung Yes 2016/11/14
30 145 TEM Suni Dung Yes 2016/11/14
31 149 TEM Suni Dung Yes 2016/11/14
32 153 TSH Suni Dung No 2016/11/15
33 155 TSH Suni Dung No 2016/11/15
34 156 TSH Suni Dung No 2016/11/15
35 157 TSH Suni Dung No 2016/11/15
36 158 TEM Suni Dung Yes 2016/11/16
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37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77

159
160
162
164
165
170
176
178
180
181
183
185
187
194
197
199
203
205
208
210
216
217
219
221
225
337
338
339
340
341
342
343
344
345
346
347
348
615
616
617
621

TEM
TEM
TEM
NDU
NDU
TSH
TEM
TEM
NDU
NDU
NDU
NDU
NDU
NDU
NDU
NDU
NDU
NDU
NDU
PHI
PHI
PHI
PHI
PHI
PHI
MNE
MNE
MNE
MNE
MNE
MNE
MNE
MNE
MNE
MNE
MNE
MNE
PHI
PHI
PHI
PHI

Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung
Dung

Yes
Yes
Yes
Yes
No
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
No
Yes
Yes
No
No
No
No
No
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No

2016/11/16
2016/11/16
2016/11/16
2016/11/17
2016/11/17
2016/11/15
2016/11/16
2016/11/16
2016/11/17
2016/11/17
2016/11/17
2016/11/17
2016/11/17
2016/11/17
2016/11/17
2016/11/17
2016/11/17
2016/11/17
2016/11/17
2016/09/03
2016/09/03
2016/09/03
2016/09/03
2016/09/03
2016/09/03
2016/11/02
2016/11/02
2016/11/02
2016/11/02
2016/11/02
2016/11/02
2016/11/03
2016/11/03
2016/11/03
2016/11/03
2016/11/04
2016/11/04
2017/08/24
2017/08/28
2017/08/28
2016/09/04
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78 622 PHI Suni Dung Yes 2017/09/05
79 633 PHI Suni Dung Yes 2017/09/24
80 636 PHI Suni Dung Yes 2017/09/25
81 639 PHI Suni Dung Yes 2017/09/27
82 640 PHI Suni Dung Yes 2017/09/27
83 648 PHI Suni Dung Yes 2017/10/02
84 663 PHI Suni Dung Yes 2017/10/05
85 671 PHI Suni Dung Yes 2017/10/06
86 674 PHI Suni Dung Yes 2017/10/06

Table S3.2 NCBI sequences and the codes used in the phylogenetic tree in Fig. 3.3

NCBI sequence NCBI accession Code used in the phylogenetic tree
(cytochrome b mitochondrial gene) number

Neotragus moschatus livingstonianus AF022069.1 N. m. livingstonianus

Neotragus moschatus from Tanzania FJ959387.1 N. m. moschatus

Neotragus moschatus zuluensis AF022051.1 N. m. zuluensis

Neotragus batesi KJ193408.1 N. batesi

Neotragus pygmaeus JF728777.1 Neotragus pygmaeus
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Table S3.3 Pairwise distance matrix of cyt b gene sequences (1034 bp) in selected individuals representing each location along with NCBI reference sequences.
N. m. z = N. m. zuluensis, N. m. | = N. m. livingstonianus, N. m. m = N. m. moschatus and N. b = N. batesi

PHI.2 PHI.1 MOZ.1 MOz.2 | TEM NDU MNE N. m N. m. | N.m.m | N.b
PHI.2
PHI.1 0.000
MOZ.1 0.012 0.010
MOZ.2 0.011 0.008 0.004
TEM 0.004 0.003 0.012 0.011
NDU 0.001 0.000 0.010 0.008 0.003
MNE 0.054 0.053 0.054 0.051 0.056 0.053
N.m. z 0.004 0.004 0.018 0.017 0.008 0.005 0.059
N. m. | 0.029 0.028 0.034 0.032 0.033 0.031 0.060 0.033
N.m. m 0.048 0.046 0.048 0.046 0.050 0.047 0.013 0.049 0.054
N. b 0.155 0.157 0.153 0.158 0.150 0.158 0.151 0.158 0.181 0.148
Neotragus pygmaeus | 0.117 0.122 0.132 0.127 0.122 0.123 0.128 0.138 0.149 0.148 0.222
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12 21

Fig. S3.1 Haplotype network of 74 suni individuals over six locations based on the cyt b gene. The white
numbers inside each circle/ block corresponds to the haplotype number shown in Table S3.4, with the size of
each circle proportional to the number of individuals displaying that specific haplotype. White
block/circles = size scale with black numbers indicating number of individuals. Rectangle = haplotype with the
highest frequency. Blue = MOZ, Pink = TEM, Red = TSH, Yellow = NDU, Purple = PHI, Green = MNE and
Black = NCBI reference sequences

Table S3.4 Different haplotypes present over various locations, including NCBI sequences based on cyt b
sequences of the suni samples

Haplotype N Location/ NCBI accession number

1 21 NDU, TEM, TSH

2 5 MOz

3 4 MOZ

4 8 MOz

5 1 MOz

6 1 TEM

7 1 TEM

8 1 TSH

9 4 NDU

10 11 PHI

11 1 PHI

12 12 MNE

13 1 FJ959386.1 (Neotragus moschatus from Mozambique)
14 1 AF022069.1 (Neotragus moschatus livingstonianus)
15 1 AF022051.1 (Neotragus moschatus zuluensis)

16 1 FJ959387.1 (Neotragus moschatus from Tanzania)
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Fig. S3.2 Genotyping results presenting the unusual peak shape for the dinucleotide microsatellite marker
SRCRSP24
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Table S3.5 Genotypic data over six loci in all individuals genotyped. a = 5 loci analyses (all except SRCRSP24), b = 6 loci analyses (all markers)
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Pop Sample Analyses OARCP26 SRCRSP24 SPS113 SPS115 BM2113 TGLA122
used in

MOZ aandb 0 0 150 150 147 147 253 266 131 149 155 161
MOZ aandb 0 0 150 150 147 151 265 266 137 145 155 157
MOZ 11 aandb 133 133 150 150 147 151 253 266 145 153 155 155
MOZ 12 aandb 133 133 150 150 147 147 266 268 145 153 155 161
MOZ 13 aandb 133 133 150 150 147 151 253 266 145 153 155 155
MOZ 14 aandb 133 133 0 0 139 147 266 268 131 155 0 0
MOZ 21 aandb 133 139 150 150 147 147 253 266 131 149 155 161
MOZ 22 aandb 133 139 150 150 147 147 265 266 137 145 155 155
MOZ 24 aandb 129 129 150 150 151 151 253 266 153 153 155 155
MOZ 27 aandb 133 133 150 152 147 149 253 266 135 153 147 147
MOZ 32 aandb 150 150 143 147 266 267 131 145 155 161
MOZ 33 aandb 150 150 139 151 266 266 145 145 0 0
MOZ 34 aandb 150 150 143 151 266 266 145 145 155 155
MOZ 35 aandb 133 143 150 150 145 145 253 268 145 153 155 161
MOZ 36 aandb 133 141 0 0 149 151 266 266 0 0 155 155
MOZ 42 aandb 0 0 150 150 147 151 265 266 137 149 149 155
MOZ 43 aandb 133 133 150 150 147 147 266 266 131 155 0 0
MOZ 44 aandb 0 0 0 0 143 147 265 266 145 145 155 163
MOZ 46 aandb 133 139 150 150 147 151 253 266 137 145 0 0
MNE 337 aandb 133 133 0 0 143 151 260 260 141 141 0 0
MNE 338 aandb 133 133 0 0 145 149 0 0 141 141 149 149
MNE 339 aandb 135 135 148 150 145 145 260 260 141 141 0 0
MNE 340 aandb 133 133 148 150 145 149 259 260 141 141 0 0
MNE 341 aandb 133 133 150 150 145 149 0 0 141 141 149 159
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Fig. S3.3 Frequency and allele sizes of alleles present at each marker for all different localities. Popl = MNE, Pop2 = MOZ, Pop3 = TEM, Pop4 = NDU and Pop5 = PHI
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Fig. S3.4 Structure harvester results. a) Represents the log probabilities of the possible number of clusters
present in eastern and southern Africa, b) Delta K graph indicating two possible clusters in eastern and
southern Africa, c) Represents the log probabilities of the possible number of clusters present in only southern
Africa and d) Delta K graph indicating two possible clusters in only southern Africa.
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Fig. S3.5 Results generated in Geneland. a) Results from the MCMC iterations and b) Showing the most
probable number of clusters K = 3, for 3 different South African populations from the MCMC iterations.
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Chapter 4 Concluding remarks

Over the years the suni antelope (Nesotragus moschatus) had various subspecies described, each
according to phenotypical features as well as the geographic regions in which they were found.
However, to date uncertainty remains as to which subspecies exist, where they are distributed, and
which ones should be recognised. According to the IUCN Red List there is approximately 365,000
suni (IUCN SSC Antelope Specialist Group 2016) with the current conservation status at of Least
Concern (IUCN SSC Antelope Specialist Group 2016) and Endangered on the Red List of Mammals
of South Africa, Lesotho and Swaziland (Hunnicutt et al. 2016). In addition, very little genetic
research has been performed on suni; one study highlighted chromosomal variations being present
between subspecies, raising the concern about possible hybridization between these subspecies in
the wild, should there be lower fithess due to chromosomal differences (Kingswood et al. 1998).

In the present study, | aimed to characterize the differences between suni subspecies especially
ones from south of the Zambezi River, as well as investigate the degree of gene flow taking place
between the populations found in that region. In order to achieve these aims | had to make use of
non-invasive methods (dung sampling) which enabled me to compare two extraction kits and
consequently showing that the NucleoSpin DNA Stool kit (Macherey-Nagel) performed the best. This
led to the development of an optimized extraction protocol for difficult samples. Besides this, this
study allowed formulation of guidelines on how to optimise microsatellite markers not developed for
the studied species, with the use of highly degraded faecal samples.

In conjunction with this, a key result is the identification of two Evolutionarily Significant Units
(ESU) (Mnemba Island and southern Africa) and two possible Management Units (MU)
(Mozambigue and South Africa) in southern and eastern Africa with the use of population genetic
approaches. Population structure within South Africa on the other hand was also examined and
showed limited structure, suggesting that gene flow is taking place between Tembe Elephant Park
(TEM), Ndumo Game Reserve (NDU) and Phinda Private Game Reserve (PHI). Apart from this, low
genetic diversity within suni was also observed. However, this observation could be due to the fact
that most of the locations included in the present study occurred on the edges of the species’
distribution, where lower levels of diversity may be expected (Hardie and Hutchings 2010).

Although the results obtained in this study were ground breaking, some limitations were
experienced. To elaborate one of these were the number of microsatellite markers used in this study.
Initially 16 microsatellite markers were identified however only five of them were applied during the
population genetics analyses. This was due to non-amplification, difficulty scoring and low
polymorphism which could be explained by low quality samples, heterologous amplification and low
numbers of samples. Hence, it is suggested that the suni genome be sequenced and mined for
polymorphic markers and to apply those on more and high-quality samples.

Small sample sizes were another limitation. Making use of small sample sizes during population

studies are not ideal since the data generated could give a false impression about what is actually
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taking place within the species. Lower number of alleles, than what was present, might be identified
which could create the impression that the population has low genetic diversity and possible
inbreeding. Due to this it is advised that more samples from each locality and even sampling across
localities should be included in future studies. In addition, sampling range as well as the distribution
covered in this study were also very limited. From the results of this study it is advised that the
sampling range be broadened, e.g. in Mozambique specifically in such a way that more samples are
collected north of the Zambezi River. Coupled with this, samples from other localities in Africa should
also be included since it could add additional insight into the suni antelope’s current subspecies and
distribution.

Lastly, as previously mentioned, sample quality also played an important role in this study’s
observations. Moreover, this factor was the reason why the number of samples that were evaluated
in each location was so low. Initially several samples were evaluated however, these had to be
reduced to the numbers shown in this dissertation due to amplification difficulty. In the end, only the
individuals with complete genotypes were analysed to avoid biases and | recommend that only the
freshest dung samples should be used.

Aside from these limitations, this study was able to achieve its goal and has impact in the broader
context. In the first place, gene flow within South Africa was identified which means that good
conservation management will be necessary to ensure that gene flow remains between the isolated
reserves. However, other results obtained here could also be taken into consideration so that the
current conservation management plans of this species could be improved. Additionally, this study
also forms the first foundation layer of work on the population genetics of this species, which could
only add to future studies as well as the limited current knowledge of this species. Moreover, the
possible ESUs and MUs identified in this study can be investigated further to either confirm or
disprove what was found. Hence adding information to the species current situation. Also, the
microsatellite markers identified in this study created a starting point, which can be broadened by
optimizing these markers further in suni as well as adding other markers which haven’t been tested
in this study. Future work on the latter could improve accuracy and add value to the conclusions
drawn from the genetic data it provides.

With this said, the opportunity for more research on suni has opened up e.g. karyotypic studies
can be performed on all of the suni subspecies present in the wild hence, providing more information
which could aid to translocating and mixing of subspecies, especially if this become necessary for
future breeding. Coupled with this, more population genetics studies on the confirmed subspecies
or ESUs could also be done enabling one to evaluate genetic diversity, create better management
plans and predict the species resilience to environmental changes. Future studies could also focus
on a more geographical scale by doing a finer scale population genetics study along with camera
trapping and dung counts. By implementing the above mentioned it will allow one to collect data over
a broader context and finally obtain additional information about the suni’s habits, abundance, social

structure and connectivity on a finer scale. Performing research on these types of topics is really
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important for suni reason being that the present knowledge of this species is very limited and by
doing this, things such as species extinction as well as possible imbalance within the sand forest

ecosystem can possibly be prevented.
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