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Abstract

The world is old, full of diversity, and the history of all organisms that once lived on Earth is
recorded in the DNA of its descendants. The genomes of living organisms contain ancestral
information that, if analyzed, reveals the underlying mechanisms to explain an organism’s
evolutionary history. Therefore, it is crucial to study the whole genomes of highly diverse and
specialized groups of organisms that could help our understanding of the speciation process. The
continent of Africa is home to phenotypically diverse spiral-horned antelopes (genus Tragelaphus)
which have gone through a recent adaptive radiation. Previous studies on Tragelaphus have
argued that they comprise either nine or ten species based on mtDNA and nuclear DNA
respectively/chromosomal number difference. With the same mentioned molecular data, there is
discordance in their previously reconstructed species tree, placing species in different clades with
different markers. At the mtDNA level, the nyala (T. angasi) is sister to the bushbuck (T. scriptus)
making the mtDNA diversity polyphyletic within the bushbuck complex. The two bushbuck species
and other phenotypically similar non-sister Tragelaphus lineages lead to the suggestion by
scientists that some phenotypes evolved through convergent evolution. In this study, one whole
genome of each Tragelaphus lineage was sampled with the aim to analyze the genome-wide
relationship of these species by reconstructing their phylogenetic species tree. The study also
aims to assess the genome-wide levels of diversity and to assess whether there has been gene
flow between species which could have led to phylogenetic discordance among traditional
markers. The relationship was analyzed with non-model based PCA and biological model-based
IBS and maximum likelihood. All the methods used for structure analysis revealed the same
genomic structure and confirmed other studies showing that morphologically similar Tragelaphus
species were not most closely related at the genome level. The reconstructed genome-wide
species tree was used for the assessment of introgression between species. Most of the observed
gene flow was ancestral, the alleles of which are randomly kept in some lineages and passed
from generation to generation but lost in others. Therefore, | propose that some phenotypic
similarities between unrelated species could be due to high ancestral gene flow between these
non-sister lineages. To confirm this would require further investigation using more samples for

each species.

Keywords: Tragelaphus, Whole genome, evolution, speciation, convergent phenotype, Gene

flow.
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1.Introduction

1.1 Evolution and tracing lines of descent.

When one considers all the living things on the planet, the differences between them are most
striking. This is because there are forces at work to bring about evolution (Stephens 2004), which
is a continuous process of change. These forces of evolution are mutation, genetic drift, gene flow
and selection. Non-random mating may also be seen as another force of evolution but unlike other
forces mentioned above, it does not change the alleles frequency. Mutation alters the DNA of an
individual and brings about genetic variation (Nei 1983). These mutations are mainly due to the
response of individuals to the environment where natural selection will select the advantageous
mutation in coding regions to be passed on to the next generation or be eliminated from the
population (Nei 1983). Genetic drift was proposed by Fisher (1923) and Wright (1931) as a force
of evolution, it is a random chance of eliminating an allele from population (Lande 1976), so it has
neither high nor low fitness. All these changes in the genetic material are migrated in and out of

the population by gene flow, together bringing about evolution.

The concept of evolution is so important that nothing in biology makes sense if not in the eyes of
evolution (Dobzhansky 2013). Since every living organism originated through descent from a
common ancestor (Ayala 2009), so their lines of descent can be traced backwards in time towards
a common ancestor. Tracing lines of descent, in the presence of all four forces of evolution is the
main task of evolutionary biologists (Garamszegi 2014). This helps in understanding the world,
its living things, and how these interact with the environment in which they live. It is also important

to know such information in order to make better-informed conservation management decisions.

The lines of descent can be defined as the genetic make-up that individuals inherit from their
parents and which they in turn pass on to their offspring in an unbroken line. With each cycle of
replication, the inherited genetic material undergoes mutations and segregation which creates
variation (Gould 2002). Thus, offspring slightly differ from their parents. These mutations can be
affected in different ways. The new mutations can be affected by genetic drift in a way of keeping
or removing them from a population (Masel 2011). If the population is large enough new mutations
may become common in a population and having many alleles in a population means many lines
of descent in a population, making it difficult to trace back. As for small population, there is
increased chance that new mutations may be lost and not passed to the next generations,

increasing the rate at which lineages sort, thus makes it easier to trace lines of descent. Genetic
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drift affects the whole genome, meaning that the altered DNA will be passed on to next

generations.

The genetic changes are also affected by the environment the individuals live in. If the changes
in genetic make-up of the offspring help them to adapt better in their environment, there is a
greater probability that they survive to reproduce (increase fitness) thus passing on the essential
genetic changes to their offspring. These changes that help in adaptation and are passed, are
said to have been selected (Walsh 2000). This is the selection force of evolution which affects
only the part of the genome that increases survival fithess of the individual. All the changes that
may be adaptive and selected, may cause the formation of new species (speciation) in the next

generations.

The selective conditions causing speciation may promote constant and gradual change over time,
as suggested by Darwin (1859). It is generally accepted that in animals, the formation of new
species occurs mainly by mechanisms that hinder or stop gene flow between populations that are
diverging (Dobzhansky 1940) due to genetic drift and selection. Speciation can be divided into
different modes depending on the way in which gene flow is stopped. Ernst Mayr proposed that
new species arise when there is geographic barrier, that is the allopatric model, where new
species emerge when a biological population is separated by geography, preventing gene flow
between the separated populations (allopatric model) also further explained by Stanley (1975).
Peripatric speciation also proposed by Ernst Mayr in (1954) also prevents gene flow between
original and formed populations by a geographic barrier but in this case one population is smaller
than the other, the small population will be highly affected by genetic drift and loses its variability
(Barton 1996). When two diverging populations occupy part of (are parapatric) or all of (are
sympatric, Smith 1966) the same geographic space, gene flow may still be reduced if individuals
in a population develop different behaviors such as sexual selection (Darwin 1871) or any other

kind of hon-random mating.

Diverging species that are closely related and living in close proximity to one another
geographically may still have gene flow (Wagner 1873). This can even happen when a portion of
each population are in actual genetic contact, and the majority of individuals do not have frequent
contact. In such cases new species may arise where there is contact. This was seen in
salamanders species which was rapidly evolving in a short period of time (adaptive radiation), in
response to environmental changes (Niemiller 2008). The Tennessee cave salamanders thus
evolved from spring salamanders through divergence with gene flow (Niemiller 2008). In such

adaptive radiations, the new species generally arise when there has first been allopatric

2
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divergence that created phenotypic differences or adaptations, then followed by gene flow during
secondary contact (Schield et al. 2019). Another classic example of adaptive radiation is of
Darwin’s finches in response to the El Nifio phenomenon and glacial and interglacial cycles
(Lamichhaney et al. 2015). The finches evolved the adaptive functional beak morphology and
which throughout the radiation was being shared extensively (adaptive introgression) among the
finches leading to the formation of new species (Lamichhaney et al. 2015). This adaptive
introgression is witnessed also in the Heliconius butterflies (Pardo-Diaz et al. 2012) where mimicry
evolved from introgression of adaptive alleles (gene regulating wing pattern) from H. melpomene
to H. cydno, two different species known to have a strong barrier but exchange genes

occasionally.

The most recent animal adaptive radiations occurred during Plio-Pleistocene, during the rising
and falling of paleoclimate (Vrba 1995) and tectonic uplift (Pickford 1990). During this adaptive
radiation, speciation was at its most spectacular and the bovids underwent radiation into many
tribes, becoming more diverse and abundant amongst all herbivores (Du Toit and Cumming
1999). Tragelaphus forms part of the bovid radiation, wherein within this genus, there was great

diversification amongst species which led to what is seen today.

Gene flow in the form of adaptive introgression, admixture, or hybrid speciation destroys the
genomic structure created by genetic drift and selection, this makes tracing lines of descent more
complicated when diverging populations have not fully developed reproductive isolation
mechanisms and they come into secondary contact having gene flow, as described above. When
estimating the lines of evolutionary descent (reconstructing phylogeny) it is difficult to distinguish
between gene flow and conserved ancestral polymorphism, which is also known as incomplete
lineage sorting (ILS) (Tajima 1983; Zhou 2017) since the two phenomena show the same pattern
of shared diversity. When reconstructing a tree of admixed populations, they can be clustered in
intermediate positions between parental clades since they share great proportions of alleles with
both. Their branch lengths will be short and not very differentiated from either parental clade. This
might be one way to distinguish whether allele sharing between species is due to ILS or gene

flow.
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1.2 Reconstructing lines of descent (phylogenies)

Studying phylogenies before the 1970’s was mainly based on morphological traits of species, this
was first practiced by Carl Linnaeus the taxonomist. To trace the lines of descent, traits were
ordered in terms of similarities: However, similar traits or non-similar traits does not actually mean
the sharing or not sharing of common ancestor respectively. Only after the birth of systematics
and major advances in molecular genetics came in the 1970’s, was it possible then to determine
whether traits among species could be explained by homology or analogy. Homology refers to
the acquisition of traits from a common ancestor (Boyden 1947; Abouhef 1997), whereas
analogous traits are acquired through exposure to similar selective pressures, indicating that
species have independently evolved adaptive similarities (Boyde 1947). Homology and analogy
lead to the concept of divergent and convergent evolution respectively. Divergent evolution occurs
when a population of species is exposed to different selective pressures (Rosenblum 2006),
resulting in divergent traits, and convergent evolution occurs when populations of species are
exposed to similar selective pressures (Rosenblum 2006), resulting in analogous traits. The
above-mentioned evolution leads to the formation of new species from the existing which is known
as speciation. The acquisition of new traits in species must show functionality that makes them

adapt in their environment (Fisher 1985).

In 1904, Nuttall employed immunological test to deduce the relationship of human beings with
other primates. That was when the use of molecular data was introduced. But during the time of
Nuttall the molecular data used were proteins and they had their limitations, that is when in the
1980s DNA-based phylogenetics began to be used widely. Phylogeny could be reconstructed
simply by measuring pairwise distance of morphological characters or genetic data (DNA
sequence alignment). The use of genetic data is a modern and more reliable way of tracing the
lines of decent since the forces that structure these data are taken into consideration when

reconstructing phylogeny.

Harrison and Langdale (2006) explains how molecular data can be used to reconstruct
phylogenies by computers, where first step is to align the DNA sequences, which can be done by
different programs e.g Burrow-willer alignment (BWA) (Li and Durbin2009) and then employ the
phylogenetic analysis to get the comparative data in a right format to reconstruct a tree.
Phylogenetic analysis methods are different, with main methods being assessment of genetic
distance, where some includes maximum likelihood (ML) (Holder and Lewis 2003). The distance

method calculates the pairwise distances between sequences (identity by sequence) and the

4
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sequences that are most similar will cluster (Harrison and Langdale 2006), however this is
disadvantageous because reducing data into distances comes with loss of some information
(Holder and Lewis 2003) like the ancestral information, since it is only comparison of aligned
sequences. The maximum likelihood method will calculate the likelihood that the data set fits a
tree generated from the data set. In this method there should be a biological model specified that
best fits the DNA changes of sequences in data set (Harrison and Langdale 2006) to avoid bias
phylogenetic inferences (Posada and Crandall 2001). These biological models describe the
evolutionary changes of the DNA sequences from the simplest Jukes Cantor (JC) that assumes
similar rate of change between all nucleotides (Jukes and Cantor 1969) to the most complex
General time-reversible model (GTR) that assumes different rates of change. Confidence in the
reconstructed tree can be obtained by performing bootstrap analysis (Hillis and Bull 1993).
Bootstrap is statistically resampling the data with replacement, done a number of times to

estimate significance of the model (Silakari and Singh 2020).

1.3 Spiral-horned antelopes (Genus: Tragelaphus)

The spiral-horned antelopes (Tragelaphus), which are the focus group of this project, consist of
one of the more remarkable radiations within the Bovidae that occurred from the late Miocene-
early Pliocene (Hassanin and Douzery 1999). Tragelaphus belong to the Tragelaphini tribe and
are in the Bovidae family (Hassanin and Douzery 1999). The genus occurs solely in Africa, and
several species appear to be adapted to the different and changing environments of that
continent, leading to great phenotypic variation (Rakotoarivelo et al. 2019). Scientists suggest
that this variation has resulted from a combination of divergent evolution, when closely related
species or populations become phenotypically different from one another as they become
adapted to different ecological niches, and convergent evolution, where non-sister species or
populations evolve to become phenotypically similar to one another because they are exposed to
similar environment conditions (Moodley and Bruford 2007; Wronski and Moodley 2009; Willows-

Munro et al. 2005). This will be elaborated further in the next sections.

There is also a debate about how many (between 9 and 10) species the spiral-horned antelopes
comprise. The nine Tragelaphus Blainville recognized extant species are, Tragelaphus oryx
(eland), Tragelaphus imberbis (lesser kudu), Tragelaphus angasi (nyala), Tragelaphus derbanius

(giant eland), Tragelaphus strepciceros (kudu), Tragelaphus buxtoni (mountain nyala),

© University of Venda
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Tragelaphus spekei (sitatunga), Tragelaphus euryceros (bongo) and Tragelaphus scriptus
(bushbuck). However, Moodley et al. (2009) and Hassanin et al. (2018) suggested that the
bushbuck may comprise two species, the T. s. scriptus (kewel) and Tragelaphus s. sylvaticus
(imbabala). Moodley and Bruford (2007) revealed evidence of high levels of genetic diversity
within both bushbuck lineages which were polyphyletic on the mitochondrial level, with T. s.
scriptus occupying North-western part of Africa being sister with T. angasi (Moodley et al. 2009),
and T. s. sylvaticus occupying Africa’s South-eastern part being closely related to the clade
comprising T. euryceros—T. spekei (Moodley et al. 2009). Furthermore Moodley et al. (2009)
suggested that for the two lineages to be referred to using the two species names, their findings
must be corroborated with nuclear data and not only mtDNA. The bushbucks were later said to
comprise two species based on the different karyotype number (Hassanin et al. 2018), but these
findings need further investigations with genome level data, and with respect to the forces of

evolution acting upon them.

Despite not being very species rich, Tragelaphus species nevertheless possess large differences
in habitat preference, coiling of horns and sexual dimorphism in presence/absence of horns, body
size as well as coat colour (Kingdon 1982). Spiral-horned antelopes are found in almost every
habitat throughout sub-Saharan Africa (Matthee and Robinson 1999; Willows-Munro et al. 2005;
Moodley et al. 2009). Paragraphs below describes the distribution, adaptation as well as the

morphology of each Tragelaphus species.

Lesser kudu

T. imberbis occupies
African bushlands and
thickets in the peninsula
of northeast Africa
(Bock et al. 2014). Their habitat is

the dense thickets, and they are

mostly active at night and dawn.

Males reach about 95-105 cm at their

: ks S, shoulders and females

:’hOtO:kV‘ijhOZOO (http://whozoo.org), male and female  regch 90-100 cm (Estes 2020). In this spiral-horned
esser Kuau

antelope only the males have horns, and they have

two to two and a half twists. There is distinguishable sexual dimorphism (different characteristics

© University of Venda
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of sexes in the same species), one of which is male possession of horns and the males being

larger than females with their bodies weighing 92-108 kg and females 56-70 kg, respectively.

Nyala

Photo: Steve Cornish, 2007, male nyala

horns with females having no horns. The

T.
Lowveld vegetation in south-
eastern
Mozambique, South Africa,
Swaziland, and Zimbabwe) (Tello and
Van Gelder 1975). T. angasi shows
great sexual dimorphism having only
males with yellow tipped

angasi is found in

Africa  (Malawi,

males have an apron of long hair, and their =

bodies can grow to be 104 -121 cm tall and
weigh up to 58 kg (Tello and Van Gelder
1975). Young males have colour pattern like
that of a female and darkens to greyish-black
as they grow older (Tello and Van Gelder
1975) having 10-14 vertical, parallel white

stripes on the flanks. These stripes are

Photo: Bernard Dupont, 2011, female nyala

reduced on males as they grow older (Tello and Van Gelder 1975). Females are much smaller,

weighing 54-68 kg and standing 82-106 cm tall at the shoulder. They have bright chestnut-brown

colour, commonly confused with female bushbuck and they lack male’s hairy coat (Furstenburg

2002).
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Greater kudu

= T.strepciceros lives in thickets
dense woodlands throughout
eastern and southern Africa.

They show sexual dimorphism
with body size where males are larger
than females, with males weighing
between 190-315 kg and 120-215 kg in
females (Nersting and Arctande

Photo: Bernard Dupont, 2001, male greater
kudu 2001).

Amongst the Tragelaphus genus, T. strepciceros
males have the largest horns, known to reach
length of up to 180 cm and the females do not
possess horns. Mostert and Hoffman (2007)
referred to this species as the most magnificent of

Africa’s antelopes and Nersting and Arctande

Photo: Bernard Dupont, 2019, female greater kud
(2001) revealed that they are great demand of up & uet

trophy.

Common eland

T. oryx occurs throughout the

savanna woodlands of eastern and
southern Africa. It was suggested to
be the second largest of the spiral-
horned antelopes (Pappas 2002) having
males larger

than females.

The male grow

Photo: Bernard Dupont, 2018, male common
eland to a shoulder

height of 163 cm and 142 cm in females, thatis a 125-
178 cm range with weight range of between 340-

© University of Venda
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942 kg (Wronski et al. 2009) making it the largest of the Tragelaphus. The colour of their whole-

body coat is almost uniform (Pappas 2002).

Giant eland

Photo: Charle_s.J. Sharp, 2016, male giant eland

T. derbianius is distributed in
West
Saharan Africa and inhabits

and northern sub-

&
the Sudanian and Guinean "&I
savannas (Rakotoarivelo et al.
2019). This was said to be the
largest of the Tragelaphus

followed

by T.oryx (Pappas 2002). T. derbanius grow to a
shoulder height of 140-176 cm with the weight of 300—
907 kg. They have visible white spot on each cheek of

the T.derbanius (Pappas 2002).

Sitatunga

Photo: Fernando Losada Rodriguez, 2009, male
sitatunga

forests bordering river deltas (Furstenburg 1863). Their

. Africa,

T. spekei is adapted to

e
wetlands, with its distribution in N ‘
AT

W '

areas within the savannas of central,

the Congo Basin's lowland

forests, as well as near swamp

eastern, and southern Africa, and in West
where
populatons  are =

primarily found in

shoulder height and weight range are between 75-125 cm
and 40-120 kg respectively (Furstenburg 1863).
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7w The forest-savanna mosaics of West and
| Central African lowlands as well as the Kenya
highlands are home to the T. euryceros

(Kingdon 1982). They possess sexual
dimorphism where both males (~80 cm) and female
! have large, dark, blackish-brown horns which can
develop white or yellowish tip as they grow. These

Photo: . reddish-brown with white and black markings
oto: Joe Schneid,

2007, male bongo (Elkan 2003). T. euryceros are the largest of
the antelopes that live in the forest (Ralls 1978) with males larger
than the females. The number of stripes on each side of their bodies

is usually between 10 -15 (Ralls 1978).

Photo: Linda, 2010, female bongo
with her calf

Mountain nyala

§ T. buxtoniis
endemic to
the highlands
of  Ethiopia d
(Evangelista et
: al. 2007;
| Tadesse and Kotler 2014). :
‘ Tadesse and Kotler (2013) says :

grassland and woodland are the

two major habitats of T. buxtoni. Photo: KrisMaes, 2007, female mountain

Photo: KrisMaes, 2007, male
mountain nyala This species is listed as

endangered by the IUCN (Tadesse and Kotler 2013; Atickem et al.

nyala

2022), itis prey to the predators such as leopards (Tadesse and Kotler 2013). The T. buxtoni coat
color is tan grey and has distinctive white markings on their chest and face connecting the eyes
(Evangelista et al. 2007). They may also have a row of six to ten white spots visible in the middle

of the sides. They show sexual dimorphism in a way that adult males are significantly larger than

10
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adult females (Tadesse and Kotler 2013). The male weighs between 180-320 kg and females
between 150-200 kg (Malcolm and Evangelista 2005) with only males possessing horns
(Evangelista et al. 2007).

Bushbuck

T. scriptus is the most
widespread of the spiral-
horned antelopes
(Moodley et al. 2009) and
the smallest in size. Moodley and
Bruford (2007) collected T. scriptus

genetic data from museum samples,

and their data accounted for

Photo: Congo Forest Safari group, 2019, male kewel

all known phenotypic variation over the whole species
range. The study revealed that of the collected data, the genetic variation divides the species to

major  groups: - T A
Scriptus  (kewel) | ! : :
and  Sylvaticus
(imbabala). This
division (white

line on map) runs

almost along the
Photo: Bilal photography, 2019, female axis of Rift valley.
kewel In the Western-
Northern side of the valley is Scriptus and the
Eastern-Southern side is the Sylvaticus. The
bushbuck T. s. scriptus show shoulder height of
approximately 71 cm and can grow to be between the
sizes of 24 kg and 80 kg in weight (Furstenburg
1766). With the bushbuck T. s. sylvaticus showing
shoulder height of between 60-85 cm and weight of

between 25-65 kg (Furstengurg 1766).
11
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1.4 The evolution of the spiral-horned antelopes
1.4.1The fossil record

Hassanin and Douzery (2003) suggest that Tragelaphus is one of the grazing and browsing bovid
genera that went through several evolutionary radiations. The high divergence of Tragelaphus
which inhabit different habitats of the African continent is suggested to have started to occur
approximately 14 million years ago (Mya) when the global cooling peaked (Willows-Munro et al.
2005). As environments were changing the species had to adapt to new environments which led
to isolation of some species (e.g T.angasi and T. imberbis) whilst new species of the Tragelaphini
were being formed (speciation) co-inciding with the period of most recent adaptive radiations in

many mammals (Willows-Munro et al. 2005).

Approximately 14 Mya was when the tribe Tragelaphine diverged from other tribes of the Bovidae
(Willows-Munro et al. 2005). The fossils evidence for the genus Tragelaphus are found in a
number of late Miocene sites, possibly as early as 6.5 Mya (Gentry 2010). Some researchers
suggest that fossils species which are now extinct, may be ancestors to current species. Bibi
2011 presented the fossil of an extinct species (Tragelaphus moroitu) from the Mio-Pliocene (5-
23 Mya) with horns similar to T. angasi and T. spekei. Its horn morphology is thought to represent
the ancestral state from which all other Tragelaphus horn forms descended, these horns are
distinguished by three-quarter-whorl spiraling and are weakly inclined, having three well-

pronounced keels (anterior, posterolateral, posteromedial) (Bibi 2011).

During the Pliocene, another Tragelaphus species (Tragelaphus rastafari) existed (Blondel et al.
2018). This species existed until late Pliocene 2.8 Mya when it went extinct as a result of shifts in
global and regional environment, as well as biotic turnover and was replaced by Tragelaphus
nakuae (Bibi 2011). The T. nakuae fossil was found at Hadar and depicted that its females were
horned as observed in extant T. oryx and T. euryceros (Reed and Bibi 2011). T. nakuae was the
most regular occurring species at hominin sites during Plio-Pleistocene (1.8-5.3Mya) (Bibi 2011).
Its fossils show significant morphological variation over the duration of its survival and this species
has survived global and regional climatic and environmental changes. Knowing the morphological
relationships of extinct species, we can appreciate that Tragelaphus contained more variation in

its morphology than the current nine or ten species.

12

© University of Venda



()

o
- A
University of Venda

1.4.2 Morphological studies.

There have been morphological studies that attempted to reconstruct the evolutionary history of
Tragelaphus, with varying degrees of success. Amongst the extant species, evolutionary
relationship is controversial with different markers depicting different relationships. These are
detailed below. The earliest attempts were based on morphology. Morphology (phenotype) is the
result of both an individual's genetic makeup and the influence of their environment. It can
therefore be unwise to base evolutionary history only on morphological data. Nevertheless, before
the days of genetic data, morphology was the only means of reconstructing evolutionary

relationships

Previously by the 1970s, morphological study generally accepted relationships among spiral-
horned antelopes to be classified into three genera, based on their morphology (phenotype). The
three genera were Tragelaphus (containing T. strepciceros, T. imberbis, T. angasi, T. buxtoni, T.
spekei, and T. scriptus), Taurotragus (containing T. oryx and T. derbianus) and Boocercus (for T.
euryceros) (Ansell 1971 in Willows-Munro et al. 2005). A further morphological study by Kingdon
(1982) on the cranial similarities, placed T. spekei and T. angasi as sister taxa, as well as T.
imberbis and T. strepsiceros were placed as sister taxa. Gentry (1990) latter suggested that the
presence of horns in both sexes united the former genera Boocerus (T. euryceros) and
Taurotragus (T. oryx and T. derbanius). Beside uniting the two genera, it was suggested that the
genus Taurotragus is united with Tragelaphus due to the elands (T. derbanius and T. oryx) and
kudus (T. strepciceros and T. imberbis) having similar body conformation and pelt coloration. It
was also suggested to include the Boocerus genus within Tragelaphus due to the ability of T.
euryceros and T. spekei to hybridize in captivity (Tijskens 1968; Wilson and Reeder 2005). These
were later reconciled with molecular data to all belong to the genus Tragelaphus (Hassanin and
Douzery 1999; Matthee and Robinson 1999).

1.4.3 Molecular studies

Molecular studies came after the morphological studies, and they have employed many different
genetic markers. First, the molecular data was mitochondrial DNA (mtDNA) cytochrome b
sequences. The cytochrome b gene had been useful in resolving phylogenetic patterns among

various ruminant artiodactyls during the last 20-30 million years (Hassanin and Douzery 1999).
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Cytochrome b is a protein-coding gene that has been used for phylogenetic inferences mostly
because it is a mitochondrial gene, and it evolves at different rate among different lineages
(Castresana 2001). This gene has definitive alignment because of the high conservation of
sequence length across mammals which makes positional homology easy to discover (Irwin et
al. 1991), and there is great amount of data available about its structure and function (Howell
1989; Degli Espoti et al. 1993) in a phylogenetic context (Griffiths 1997).

Hassanin and Douzerry (1999) sequenced mtDNA cytochrome b of the following six Tragelaphus
species: T. euryceros, T. spekei, T. scriptus, T. oryx, T. strepsiceros and T. imberbis. Tragelaphus
imberbis was found to be basal-most by Hassanin and Douzery (1999). However, when Matthee
and Robinson (1999) conducted their study using the same mtDNA marker, they added data for
T. derbianus and T. angasi, and showed that the former was sister to T. oryx and the latter a basal

species together with T. imberbis.

Although neither study represented all Tragelaphus species, the mtDNA studies by Hassanin and
Douzery (1999) and Matthee and Robinson (1999) differed greatly from what was expected due
to morphology. Firstly, mtDNA strongly suggested that the tribe Tragelaphini has one genus:
Tragelaphus. In both the studies distance, parsimony and maximum likelihood phylogenetic
reconstructions supported a recent sister relationship between T. euryceros and T. spekei with T.
scriptus next most closely related, supporting Tijskens (1968); and Wilson and Reeder (2005)
suggestion to include the Boocerus genus within Tragelaphus due to the ability of T. euryceros
and T. spekei to hybridize in captivity. The mtDNA divergence estimates revealed that the two
species (T. spekei and T. euryceros) that differed most morphologically, were in fact the two most

closely related Tragelaphus taxa (Matthee and Robison 1999).

Additionally, T. spekei and T. angasi, which were suggested sister taxa based on similar cranial
features, were not monophyletic in the mtDNA phylogeny. Similarly, the two kudu-like phenotypes
T. imberbis and T. strepciceros which show marked morphological and dietary similarities, were
paraphyletic (Hassanin and Douzery 1999; Matthee and Robinson 1999). Finally, Hassanin and
Douzery 1999 found that their sequence for the common eland “Taurotragus oryx” clustered within
the diversity of other Tragelaphus species, suggesting that it should be better included within
Tragelaphus following previous results by Georgisdis et al. (1990) and Gatesy et al. (1997). Based
on the mtDNA, the arid environment adapted species (T. imberbis, T. angasi, T. strepciceros, T.
oryx, and T. derbianus) were the most basal and the species adapted to moist forest habitats (T.
euryceros, T. spekei, and T. scriptus) were derived (Matthee and Robinson, 1999).Later studies

added nuclear DNA data to help resolve the mtDNA-morphological topological conflict. A larger
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molecular data set was used with expectation to investigate the definite pattern and timing of
when speciation occurred within the group, as well as give insights on what could be driving
speciation in these African antelopes (Willows-Munro et al. 2005). Willows-Munro et al. (2005)
suggested that the incongruency of previous morphological and mtDNA studies was caused by
shared ancestral characters being fixed in only a portion of the descendants of polymorphic
ancestor, comparing with the contradicting nuclear DNA results found in the study, which is
portrayed below.

Willows-Munro et al. (2005) sequenced segments of four nuclear genes of all nine extant species,
that is all species mentioned in the two studies above with the addition of T. buxtoni. Selected
nuclear markers were previously used to illustrate evolutionary relationships among the
cetartiodactyla (Matthee et al. 2001), Leporidae (Matthee et al. 2004) and Bovidae (Matthee and
Davis 2001). The idea of using a greater number of genes for phylogenetic reconstruction was to
increase its resolution (Willows-Munro et al. 2005) and nuclear DNA has lower levels of

homoplasy and is possible to get information on rapid radiation events.

Nuclear data in this study was studied together with three mitochondrial genes (cytochrome b,
12S rRNA and 16S rRNA) of each species. The supermatrix topology (mtDNA and nuclear data)
in the study of Willows-Munro et al. (2005) showed the monophyly of closed forest species (added
species data T. buxtoni and T. euryceros, T. spekei, T. scriptus) which Matthee and Robinson
(1999) refer to as the derived moist habitat adapted species. Tragelaphus imberbis and T. angasi
were the most basal as in previous mitochondrial studies. These results also disagreed with the
morphological data, thus Willows-Munro et al. (2005) saw it reasonable to suggest that
morphological similarities i.e cranial similarities, presence of horns in both sexes, marked
morphological and dietary similarities are due to convergence and not common ancestry.
Tragelaphus genus is known to have gone through rapid evolutionary radiation (Willows-Munro
et al. 2005), and it has been revealed that different groups of animals experiencing several
evolutionary radiations can develop the same traits at the same time (Hassanin and Douzery
2003).

The most basal species (T. imberbis and T. angasi) both occur in dense dry woodlands and are
likely to have been isolated because of fragmentation of these habitats. Between 14.08 and 10.89
Mya there was an expansion of savanna grassland which promoted the evolution of open savanna
specialists like T. strepciceros as well as the two eland species (T. derbanius and T. oryx).
Approximately 7.31 Mya there was diversification of tropical/wet habitat adapted species which

are the closed forest group (T. buxtoni, T. euryceros, T. spekei and T. scriptus), this was due to
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more fragmentation of forest habitats. This raised a concern with the placement of T. strepciceros
which is always changing position on a tree based on markers used. Willows-Munro et al. (2005)
proposed that paleoclimatic shifts, vicariance, and the sudden availability of open niches on
African continent resulted in the rapid diversification of tragelaphids.

In a continent-wide phylogeographic study of the most widespread Tragelaphus species, the
bushbuck (T. scriptus), Moodley and Bruford (2007) described the two highly divergent bushbuck
MtDNA lineages which they called the Scriptus and Sylvaticus super lineages, each with very high
genetic diversity. Moodley et al. (2009) used mtDNA sequences to deduce the evolutionary
relationships between Scriptus and Sylvaticus by comparing them with those of other
tragelaphines. They used Tragelaphus mitochondrial cytochrome b dataset from GenBank, this
included all data from Willows-Munro et al. (2005), Hassanin and Douzerry (1999) and Matthee
and Robinson (1999) and sequenced the same mtDNA loci for Scriptus and Sylvaticus super
lineages identified by Moodley and Bruford (2007).

Moodley et al. (2009) showed that the two bushbuck super lineages were not monophyletic but
instead polyphyletic. The Scriptus super lineage was closely related to T. angasi and Sylvaticus
was sister to the T. euryceros and T. spekei clade. Willows-Munro et al. (2005) cytochrome b data
did not show this previously because their bushbuck data set only included the Sylvaticus super
lineage. Moodley et al. (2009) further suggested that bushbuck may comprise two species (T.
scriptus and T. sylvaticus). Hassanin et al. (2012) used mtDNA genomes to show the same
polyphyly of bushbuck super lineages, also suggesting they were separate species. The mtDNA
polyphyly of the bushbuck was again demonstrated with full mitochondrial genomes when Bibi
(2013) implemented fossil calibrations to account for changing rate of molecular evolution when
reconstructing the evolutionary history of Ruminantia. For the Tragelaphus clade, Bibi (2013) used

three fossil calibration points with the oldest being for crown Tragelaphus at 5.7 Ma.

The dates of Bibi (2013) differ from those of Willows-Munro (2005) described above. This is due
to the fact that Bibi (2013) used many (16) fossil calibration points considering morphological and
ecological characteristics of clades, assuming that crown Tragelaphus was 5.7 ma, whereas
Willows-Munro (2005) used a specified mutation rate and a Bayesian molecular clock, that
suggested the divergence of basal T. angasi and T. imberbis from other Tragelaphus to have
occurred 10.8 Mya. Bibi 2013 suggests that the higher diverse the species are, the higher the
possibility of their molecular rate of evolution, thus many fossil calibration points must be

employed.
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Furthermore, when Bibi (2013) also suggested that the bushbuck might be two separate species,
he cautioned that confirmation from the nuclear genome was still lacking. The mtDNA polyphyly
could have resulted from incomplete lineage sorting (Bibi 2013). He also suggested that
mitochondrial lineage introgression between geographically close non-sister taxa could also be a
possible explanation (Bibi 2013).

Two recent studies, Hassanin et al. (2018) and Rakotoarivelo et al. (2019), finally presented a
complete set data of Tragelaphus species (including both bushbuck lineages) at mitochondrial
and nuclear levels. Both papers revealed that the two bushbuck were monophyletic at nuclear
DNA. Since genetic drift must sort mtDNA into monophyly four times faster than nuclear DNA, it
is impossible for nuclear DNA to show monophyly and mtDNA from the same samples to show
ILS. Thus, for Scriptus bushbuck to be sister with T. angasi at the mitochondrial level, there must
have been gene flow between an early Scriptus bushbuck and a now extinct species that was

closely related to T. angasi.

Hassanin et al. (2018) showed a difference in karyotype number between Scriptus and Sylvaticus
bushbuck and suggested them to nevertheless comprise two species, despite their nuclear
monophyly. However, Rakotoarivelo et al. (2019) preferred to keep the two bushbuck as a single
species noting that the difference in chromosome number can be explained by centric fissions or
fusions which would not necessarily lead to reproductive isolation of the two bushbuck. This is
evidenced by the fact that both come into regular secondary contact along the African rift (white

line bushbuck distribution figure).

The complete set of Tragelaphus data raised another concern in the placement of T. strepciceros
species on the phylogenetic tree. Rakotoarivelo et al. (2019) showed mtDNA tree placing T.
strepciceros sister to T.buxtoni-T. spekei-T. euryceros-T. s. sylvaticus clade. On the nuclear gene
level Rakotoarivelo et al. (2019) still revealed the sister relationship of T.strepciceros with
monophyletic bushbucks and T.buxtoni-T. spekei-T. euryceros clade. Hassanin et al. (2018) on
the nuclear gene tree placed T. strepciceros as sister with T. derbanius-T. oryx clade and stated
that they are not certain with its placement. This has been an issue since the morphological
classification of data, Matthee and Robinson (1999) showed it as well as Willows-Munro et al.
(2005).

All the other studies so far point to a complex evolutionary history for Tragelaphus that involves
at least one known instance of gene flow (bushbuck hybridization). It is plausible that there was

more gene flow than we are aware of because the rapid radiation. This could explain why, aside
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from bushbuck, the placements of other species on the tree, such as T. strepciceros, vary
depending on the study and markers employed.

1.5 The benefit of whole genomes

As reviewed in the previous section, traditional markers provided interesting but limited
information with mitochondrial DNA only portraying the maternal history and nuclear DNA gene

fragments providing little genome-wide information.

There is development of high-throughput sequencing (Next-Generation Sequencing) producing
whole genomes in a large quantity (Goodwin et al. 2016). Some of the examples of technologies
being used now are short-read sequencing (e.g illumina) and long-read sequencing (e.g PacBio)
(McCombie et al. 2019). This development is aiding the advancement of bioinformatics tools to
handle large genomic data being generated for analyses (Purcell et al. 2007). Even when a single
genome is sequenced to low coverage, there are bioinformatic tools designed to handle it like the
software Analysis of Next Generation Sequence Data (ANGSD; Korneliussen et al. 2014). A
single sequenced genome also represents a significant proportion of the ancestral genomes of
the population. The evolutionary history of a species, both divergence due to genetic drift and
introgression due to gene flow, is faithfully recorded in the genome (Frantz et al. 2013) and there
is a growing number of analyses that can infer which parts of the genome have been affected by

which force.

Assessment of whole genomes will reveal if the Tragelaphus radiation occurred with a lot of gene
flow, which could be linked to the presence of convergent phenotypes. Gene flow could have
aided convergent evolution by the process of adaptive introgression, which is where one species
evolves an advantageous phenotype, but it is able to transmit this phenotype to another non-
sister species through gene flow. So, the second species did not evolve the phenotype by itself
but can enjoy the benefits of the phenotype because it obtained it through gene flow as seen in

Darwin’s finches (Lamichhaney et al. 2015) explained above.

Because of the possibility of extensive gene flow during the Tragelaphus radiation, the true
evolutionary lines of descent cannot be determined using traditional markers because they do not
have enough polymorphism to look far back in time with a high resolution. And they also do not

contain enough polymorphism to detect the possible events of gene flow that may or may not
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have occurred. It is thus important to study whole genomes which contains all genes, regulatory

sequences, and noncoding information of an organism (genetic materials contained within and

shared between organisms) to fully reconstruct the evolutionary history of Tragelaphus.

1.6 Problem statement and research questions

Despite mitochondrial and nuclear gene studies being published, there remain several

unanswered questions about the evolutionary history of the genus Tragelaphus. In this

dissertation, | will attempt to answer the following questions:

1.

What are the true lines of evolutionary descent relating the species within the genus
Tragelaphus?
How much gene flow has occurred throughout the Tragelaphus radiation?

Can the evolutionary history be recovered, even if gene flow was considerable?

1.7 Aims and objectives

The main aim of this dissertation is to reconstruct the evolutionary history of the genus
Tragelaphus for the first time using whole genomes.

The first objective to accomplish this aim is the reconstruction of the Tragelaphus species
tree, which is assumed to have occurred due to genetic drift.

The second objective is to quantify levels of genomic diversity in each Tragelaphus
species.

The third objective is to use the topology of the species tree to investigate gene flow events

during the Tragelaphus radiation.
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2.Methods

2.1 Samples

The study was conducted on ten Tragelaphus genomes, whose samples were acquired from
Zoos, museum collections and taxidermists (Table 1). Bos taurus (cow) which is available on the
Bovine Genome Database (genome available http://bovinegenome.org/?g=node/61)

(Shamimuzzaman 2020) and accessible on GenBank with accession number
GCA_000003055.5, was used as a reference genome and as an outgroup for downstream
analyses. The cow belongs to the bovines which are sister to the tragelaphines. This cow genome
was used as a reference for mapping since there was no available reference genome of the
Tragelaphus species. Galla et al. (2018) mentions that a reference genome from related species
can be used for discovery of SNPs, in our case the cow is a distant related species to
Tragelaphus. The cow’s genome was sequenced to chromosome level and had a total sequence
length of 2 670 123 310 bp, that is 30 chromosomes (2 660 906 405 bp) and 6336 bp of

unassigned scaffolds.

Table 1: Table showing the samples collected for the study, their location and type of collected

sample.
Common Species Type of sample | Total amount | Source Location
name collected of sample
extract (ng)

Imbabala T. s. sylvaticus | Dried skin 8131 Taxidermist, Eastern Cape,
South Africa South Africa

Kewel T. s. scriptus Skin DMSO 10944 Hans Assin Manso,
Siegismund, Central
Copenhagen Region of

Ghana
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Common Species Type of sample | Total amount | Source Location
name collected of sample
extract (ng)
Greater Kudu | T. strepciceros | Blood 1648 Gabrielle Z00
Stalder, FIWI,
Austria
Nyala T. angasi Liver 2561 Gabrielle Z0o
Stalder, FIWI,
Austria
Common T. oryx Liver 2301 Gabrielle Z0o
Eland Stalder, FIWI,
Austria
Giant Eland T. derbanius Skin EtOH 5939 Chinko Project | Central
African
Republic
Bongo T. euryceros Ear notches 7337 Paul Port Lympne
O'Donoghue, Z00o
United
Kingdom
Sitatunga T. spekei Skin (ear notch) | 11178 Jan Robovsky, | Prague Zoo
Czech
Republic
Mountain T. buxtoni Dried skin 12240 Powell Cotton | Ethiopia
Nyala Museum,
United
Kingdom
Lesser Kudu T. imberbis Blood 4080 Gabrielle Z00
Stalder, FIWI,
Austria
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2.2 Genome sequencing

DNA extraction, library prep and sequencing platform was performed at the University of Potsdam
as part of a PhD project by Ulrike Taron. However, | will describe the molecular steps here for
clarity. First the DNA was extracted from collected samples (Table 1) using DNA extraction
protocol known as batch method (Rohland et al. 2010) in a laboratory. The collected samples
were digested in an extraction buffer and incubated overnight. The supernatant was then added
to the binding buffer where DNA molecules bind to the silica surface then the mixture was
incubated under agitation for 3hours. The DNA was eluted with Tri-EDTA buffer from silica surface
which was dried first.

The extracts were then diluted (concentration: 15-27 ng/ul, Qubit) and sheared. Then the double
stranded, double indexed NGS libraries were prepared. Double indexing was to prevent
sequencing what is not the sample’s DNA (Henneberger et al. 2019) and to optimize DNA vyield
of the collected samples. Double strand library preparation was according to Henneberger et al.
(2019), where there was an extension of blunt-end adapters with fault on template DNA, these
adapters were extended to complete adapters during indexing pylymerase chain reaction (PCR).
TapeStation (DNA D1000 kit, Agilent) and Qubit were then employed to check the successful
library preparation and re-amplified to improve their quality. All libraries were filtered for fragment
size, and the size selected was of 541 bp average length, these are libraries with trimmed reads
for mapping. Sequencing was executed on an illumina NextSeq 500 system performing paired-

end sequencing with 150 cycles resulting in 300 analysed cycles.

2.3 Bioinformatics
2.3.1. Mapping

The cow reference genome was downloaded from the bovine genome database site (available
http://bovinegenome.org/?q=node/61). Then mitochondrial sequences (which gives maternal
known evolution and not needed in this study) were removed from the assembly using the grep
command by getting the line numbers where the mitochondria start and ends. The modified

reference genome without mitochondria was then indexed using SAMtools (Li et al. 2009). All
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short reads of all samples had the illumina adapter sequences removed using Cutadapt v1.8.1
(Martin 2011). Trimmed reads were then mapped to the cow reference genome without the
mitochondria using Burrow-willer alignment (BWA-MEM v0.7.15) with default parameters (Li and
Durbin 2009). The mapped reads were sorted by coordinates and the duplicates were removed
using SAMtools (Li et al. 2009). At that point the PhD student stopped her project for personal
reasons. The mapped reads (samples) were then sent as zipped Binary Alignment Map (BAM)
files to the University of Venda so that | may conduct the analyses for my Masters project.

2.3.2 Quality and removal of sex chromosomes

The first step | took was to download the BAM files then used Bcftools (Li 2011) to unzip the files.
During mapping there were unassigned data which | removed with Bcftools and remained with
only the assigned chromosomes which | needed to analyze. That was followed by the removal of
sex chromosomes from the unzipped BAM files. Because this data contains short read sequences

mapped to a reference genome, it makes it possible to filter the data (Benestan et al. 2016).

The sex chromosomes have smaller effective population size compared to the autosomes
therefore this has an impact of lower diversity within the genome (Ellegren 2009). The Y
chromosome is only paternal, with X chromosome passed by both male and female parents to
the offspring. Sex chromosomes were therefore removed from each sample using the software
suite Analysis of Next Generation Sequencing Data (ANGSD) by specifying a file with sex
chromosome regions. Then eleven genomes (BAM files) were listed in one text file (BAMLIST)
using ANGSD and with the same software the following flags were applied -doQsdist, -doDepth
and -doCounts. These flags are for outputting the base qualities, calculating read depth and

computing summery statistics respectively.

2.3.3 Converting BAM files to a multi-sample Variant Call Format (VCF) file

Converting BAM files was done with the aim to call variants in each sample (BAM) and do the
downstream analyses on variants. VCF format represents mutations (SNPs), insertions and
deletions (INDELS) against a reference genome (Garrison 2021). Bcftools (Li 2011) was used to

convert BAM files to VCF. The first step was to use bcftools mpileup command on each BAM file
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individually to extract genotype likelihoods for each sequenced base. The genotype likelihoods
were indexed using Bcftools and then the variants among them were called with the bcftools call
command, using the multiallelic caller which is more sensitive, and it was specified that the output
should be variants only of the Autosomes. This was done for all eleven genomes and after this |
had eleven VCF files, one for each genome. At the end, all eleven genomes were merged with
bcftools merge command to create one multisample VCF file.

2.3.4 Filtering multisample VCF for downstream analyses

To make sure that there were no indels on the multisample VCF file, they were removed with the
flag “—remove-indels” on bcftools (Li 2011) and the output was a multisample VCF without indels.
Indels were removed as they are the insertion or deletion of small nucleotides which alters the
length of genome sequence and may influence some analysis. The multisample VCF without
indels was then filtered further using Plink (Purcell et al. 2007). Whole genomes VCF files are
very big and require larger computer memory for analyses (Akgun and Demirci 2017), so they
were filtered (or down sampled) to reduce the size of the data, with cautions against over filtering.
The filter steps on plink were to filter for missing data, where the sites with missing data were
filtered by setting the genotyping rate of 90%, where only 10% missing data was allowed for any
given SNP. Then | filtered for minor allele frequency (maf 20.05) this meant that only single-
nucleotide polymorphism (SNPs) with maf greater or equal to 0.05 were kept. Filtering for missing
data and maf was crucial because there could have been errors during sequencing (Carson et al.
2014).

2.4 Evolutionary genomic analyses

In this study, different methods have been employed to determine the structure of the dataset,
with the aim to reconstruct phylogenetic species tree to understand the relationship of
Tragelaphus. A biological model free Principal component analysis (PCA) which is a statistical
method used to determine structure in the pattern of dataset (McVean 2009) was employed. This
method recognizes the main axes (principal components) of data variation and projects the
samples onto these components graphically. The components are determined so that, among all

available components, the projection of samples down the first principal component explains the
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most variation in the data (McVean 2009). PCA analysis was done to look at the structure of the
dataset without taking into consideration the biological processes that influence the sequences.
Although PCA is model free, it is good in identifying structure created by a variety of processes,
it is computationally fast, and it can visually arrange or separate samples.

Other methods employed in this study are Identity by sequence (IBS) and maximum likelihood
(ML), the two methods employ biological models. These methods take biological parameters like
mutation rate into consideration when inferring a tree (Felsenstein 1981) and that minimizes the
amount of time to infer nonoptimal trees (Holder and Lewis 2003). In IBS, the genetic distances
are calculated between given samples and compute a matrix out of them then a tree is computed
out of the distance matrix. In ML we work with the likelihood of a biological process occurring. The
two methods were employed because the analysis softwares that were going to be used
incorporate several biological models and use the one that best fit the data. Of the two methods,

ML employs bootstrapping and not IBS.

2.4.1 Principal Component Analysis (PCA)

The PCA is model free method for assessing the structure of data, meaning it determines the
relationship of the data by considering them as variables. The filtered multisample VCF was used,
and the cow genome was removed using vcftools (Danecel et al. 2011). It was removed because
its relationship with the Tragelaphus is known and does not provide any information that is
important for a PCA. If included, the first principal component will show the large differentiation of
the cow from the rest of the Tragelaphus species, which is already known and would represent
most variance of the dataset. After the cow was removed, plink was used to perform the PCA with
the flag “-pca” that calculated a variance-standardized relationship matrix and extracted the top
10 principal components (Appendix 1), the flag "--allow-extra-chr” was also used so that plink can

recognize the naming of chromosomes in the VCF file.
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2.4.2 Phylogenomic reconstruction
2.4.2.1 Identity by sequence (IBS) neighbor-joining species tree

The BAM files which were listed in a text file named BAMLIST (mentioned in 2.3.2) were used for
the first method to reconstruct a phylogeny that will draw closer to the species tree. This distance-
based reconstruction method was implemented with the Bos taurus as an outgroup to polarize
relationships among the Tragelaphus ingroup. This distance first requires an estimation of the site
frequency spectrum using the reference genome information to infer two alleles for each position.
This method was implemented in ANGSD, which then calculated the probability of each site of
being IBS and then computed an IBS distance matrix relating all eleven genomes in the BAMLIST.
The distance matrix was then converted into a nexus file and reconciled into a phylogenetic tree
using the neighbor-joining algorithm (Saito and Nei 1987) and then visualized using Figtree v1.4.3
(Rambaut 2010).

2.4.2.2 Maximum likelihood species tree

| also used the maximum likelihood (Felsenstein 1981) approach to reconstruct the Tragelaphus
species tree, since the IBS above does not provide bootstrap (Hoang 2018). This analysis was
carried out in IQTREE (Nguyen et al. 2014; Minh et al. 2020), which was developed specifically
to handle big high-throughput sequencing data for phylogenomic inference. IQTREE uses better
computational methods than previously existing approaches, testing a number (26 in this study)
of substitution models to determine the best fit model (Kalyaanamoorthy et al. 2017) before tree
reconstruction. This software also employs the ultrafast bootstrap procedure (Hoang et al. 2018),

which can quickly compute support values for each node on the tree.

Before, running the analysis, however, the genome alignment (VCF) file was further filtered for
linked sites (Linkage disequilibrium; LD). LD is a nonrandom linkage of alleles at two or more loci
and it tells us how forces of evolution (natural selection, genetic drift, recombination and mutation)
have structured the genome (Slatkin 2008). Since it was not clear how much linkage could affect
the phylogeny, | filtered the multisample VCF according to the following series of linkage
thresholds (r?): 0, 0.2, 0.5, 0.8 and 0.99 in sliding windows, and recoded the resulting VCF output

so that the original multisample VCF file was unchanged.

26

© University of Venda



()

o
*. University of Venda
Creating Future Leaders
@)

During all these r? filter runs the window sizes were kept to 50 kilobases (kb) with a step size of
10 kb. The greater the linkage threshold, the fewer linked sites were allowed. The number of
retained variants were recorded after each r? filter. Each of five r? filtered VCFs were then
converted into Phylip format using a Python script vcf2phylip.py and used as an input in IQTREE
to reconstruct five different species trees using maximum likelihood, specifying 1000 ultrafast
bootstraps iterations for each run. The Modelfinder (Kalyaanamoorthy et al. 2017) automatically
determined the best substitution model for each run, which was consistently the General time
reversible (GTR+F) and models each base independently of each other. In this model, F
represents the rate of a base changing to another, which is computed individually, where the state
frequencies of each base are computed from the provided alignments.

2.4.3 Heterozygosity and Nucleotide diversity (Pi)

Genome wide heterozygosity, which is the state of a diploid organism containing two different
alleles at a homologous locus, was calculated using ANGSD (Korneliussen et al. 2014). The
software employs genotype likelihoods. Using ANGSD software, the distribution of alleles for each
genome (with autosomes only) is called the site frequency spectrum (SFS), was calculated using
a sliding window 2000 kb in size. The output results were homozygous and heterozygous
positions for each window. To get an estimate of genome-wide heterozygosity-estimate, all
window estimates were averaged, and the number of heterozygous positions was divided by the

sum of homozygous and heterozygous positions.

To calculate the nucleotide diversity (P;) a multisample VCF file was used on Python scripts

created by Simon Martin (http://github/simonmartin/genomics_general). First the multisample

VCF was processed with the script parseVCF.py into geno format, that is a file of the genotypes,

then the popgenWindows.py (http:/github/simonmartin/genomics general) script was used to

calculate the Pjin window sizes of 50 kb and step size 25 kb. The script computed Pi for each
sample on a multisample VCF. The nucleotide diversity is the pairwise average number of
nucleotide differences between two DNA sequences in all possible pairs in the sample population
(multiple VCF).
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2.4.4 Introgression (gene flow)

With the previous uncertainty placement of species on the species tree, it was important that
introgression be assessed to identify potential non-sister secondary contact. Introgression was
calculated using four-taxon method known as ABBA/BABA (Durand et al. 2011) implemented in
the software Dsuite (Malinsky et al. 2022). The fourth position in this method is always the
outgroup since introgression is assessed within the ingroup taxa (positions 1-3). In this method
Introgression detection is based on a statistically significant imbalance in the number of sampled
discordant biallelic site patterns "ABBA" and "BABA." (Pease and Hahn 2015). Under a model of
genetic drift there should be an equal number of ABBA and BABA sites. More ABBA than BABA
means introgression between taxon in 2" and 3 position, more BABA than ABBA means

introgression between taxon in 15t and 3" position.

This software will calculate D-statistics between every combination of taxa in positions 1-3 of the
standard ABBA-BABA (Durand et al. 2011) test. However, many of these combinations will reflect
common ancestry, and not gene flow and to control for this, | specified the maximum likelihood
species tree topology so that Dsuite only returned those tests that tested for gene flow, contingent
on the topology of the species tree. To do this, the maximum likelihood species tree was converted
into Newick format using Figtree and then used as basis for the Dsuite geneflow analysis on the
multisample VCF file, also having specified the cow as the outgroup (position 4) for all ABBA-
BABA tests. One hundred and twenty (120) different trios were thus calculated, and the results
were recorded. To further identify excess sharing of derived alleles, correlated f4-ratio values
produced by Dsuite ‘Dtrios’ were interpreted by an F-branch (Malinsky et al. 2021) method
implemented in Dsuite. The F-branch method was performed having provided the Tragelaphus
species tree with the option ‘—tree’ to produce a gene flow heatmap. Dsuite outputs a lot of difficult-
to-interpret strongly correlated f values when f4-admixture ratio statistics are generated for
multiple subsets of samples within the same phylogeny (Malinsky et al. 2018), thus f-branch
creates an f-branch metric given a specific tree with hypothesized relationships to disentangle
correlated f4-ratio values and assign gene flow evidence to specific, presumably internal,

branches on phylogeny (Malinsky et al. 2021).
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2.4.5 Directional introgression

DFOIL (Pease and Hahn 2015) which detects introgression in a five-taxon phylogeny was used
to detect the direction of introgressions detected by DSUITE and whether introgression occurred
between ancestral lineages. First the fasta consensus files were created for each individual
genome using ANGSD. The five fasta files of interest according to the species tree were merged
with “cat” command into five taxon file, with the outgroup always fixed at fifth position (P5). When
merging fasta files according to the species tree, P1 and P2 must be monophyletic pair of taxa,
P3 and P4 must be monophyletic pair of taxa with the divergence of P3 and P4 having occurred
before the divergence of P1 and P2. Using Mvftools (Pease and Rosenzweig 2015) the merged
fasta files were then converted into mvf file with the command “ConvertFasta2MVF”. The mvf file
was then converted into three Dfoil's input files with the command “CalcPatternCount” on
Mvftools. Dfoil python script (dfoil.py) was then run on the correctly merged mvf file. Dfoil then
calculated four independent D statistics in sliding window (500kb window size) fashion which were

then combined before inferences were made.
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3.Results

3.1 Data filtering

Table 2 below shows the mapped reads and depth coverage of the autosomes BAM files
assessed by ANGSD for each Tragelaphus species ordered according to degree of relatedness
from results of structure (PCA, IBS and Maximum likelihood) from the most basal T. imberbis. The
coverage of the genomes range between 7 X and 13 X.

Table 2. A table showing mapped reads and depth coverage of autosomes BAM file.

Autosomal BAM Quality check
Sample Mapped reads BAM depth (X)
B. taurus 167722177 10
T. imberbis 213871511 13
T. angasi 147639863 9
T. strepciceros 145016702 9
T. oryx 127848578 7
T. derbanius 153114521 9
T. spekei 173910489 10
T. euryceros 140088040 8
T. buxtoni 190353150 12
T. s. scriptus 135516814 8
T. s. sylvaticus 127731885 8
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Below is table 3 which depicts the number of variants remaining after filtering the multisample
VCF from indels removal, minor allele frequency filtering to filtering for missing data. All these
filtering reduce the data to a more manageable size which decreases the computer memory
needed for downstream analyses.

Table 3: A table showing number of variants remaining after filtering out indels, minor alleles and

missing data.
Removal of indels, minor alleles and missing data by filtering
Filter #SNP Variants
Raw multisample VCF (no filter) 218057242
Indels removed 208044306
Maf filtering 181789590
Missing data filtering 141315256

3.2 Genomic structure

Principal component analysis plot (Figure 1) below is depicting the first five components which
accounts for about 70% (Appendix 1) of total data variation. The analysis depicts four major
clusters. The 1% component (PC1) defines the separation of the two basal-most species T.
imberbis and T. angasi from the other Tragelaphus. The 2" component (PC2) separates the T.
angasi from the rest of the Tragelaphus. In the 3™ component (PC3) there is a separation of
Tragelaphus, grouping them into a dry savanna cluster (T. strepciceros, T. oryx and T. derbanius)
with T. strepciceros closer to T. oryx and two closed forest groups comprising firstly T. spekei, T.
buxtoni and T. euryceros and secondly the two bushbuck (T. s. sylvaticus and T. s. scriptus).
Interestingly in 4™ component (PC4) T. strepciceros is seen being separated from the rest of the
Tragelaphus. 5" component depicts what 3™ component depicted, the grouping of dry savanna
species and closed forest species with two bushbuck clustered together but, unlike in PC3 T.

strepciceros is placed away from T. oryx in PC5.
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Figure 1. PCA plot of Tragelaphus genomic data. (A) 15t and 2" components. (B) 1%t and 3™

components. (C) 15t and 4" components. (D) 1% and 5" components. PCA which takes no

biological model into consideration was conducted on the genomic dataset of 141315256 SNPs

in PLINK having corrected for the missing data.
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The 1% model-based method results of reconstructing a species tree is depicted below (Figure 2).
The genetic distance-based method revealed what is depicted on 15t and 2" components of the
PCA, these are the different clades of species. On the Neighbor-joining tree below, the most
significant clades being: (1) The basal T. angasi and T. imberbis clade and (2) the clade of the
rest of the Tragelaphus. Where on the rest of the Tragelaphus clade, they were further placed
into two distinct clades: T. strepciceros-T. derbanius-T. oryx clade and T. spekei-T. euryceros-T.
buxtoni-T. s. scriptus-T. s. sylvaticus clade.

T buxtoni

J . suryceros

+ | spekei

+ | 5. soriptus

* [ s sylvaticus

I derbanius

I oryx

[ strepciceras

I angasi

I imbarbis

0. taurus

0.002

Figure 2. A neighbor Joining, identity by sequence (IBS) species tree generated by ANGSD.
Bootstrap resampling was not an option for this analysis. The tree is based on whole genomes
BAM files (218057242 SNPs) for all Tragelaphus and the cow (11 individuals total). The tree was
plotted in Figtree.v1.4.3 and the colors correspond with species colours in PCA as It gives the

relationship among species as depicted in PCA plot Figure 1.
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The maximum likelihood species tree (Figure 3) below was reconstructed with ultrafast bootstrap
and nodes had strong support of 100%. The ML tree depicted the similar relationship of species
as the IBS tree. On ML tree, it was showed that T. angasi and T. imberbis are the most basal and
the rest form a monophyletic clade. Furthermore, T. strepciceros-T. derbanius-T. oryx of the dry
savanna form their own clade, with T. strepciceros being a sister taxa to T. derbanius-T. oryx
clade. The other clade separated the bushbuck into their own monophyletic clade and the T.
spekei-T. euryceros-T. buxtoni clade with T. spekei as a sister to T. euryceros-T. buxtoni clade.

=t [ buxoni

00
J-_* I euryceras
100
+ [ spekal
g 100
+ [ 5 sorjptus
J
I.s. sylvaticus
e {00
—— | derbanius
100
— [ oryx

. strepeiceros

4 I. angasi

I imbarbis

+ § faurus

0.06

Figure 3. A maximum likelihood species tree generated from filtered multisample VCF (11
sequences) of 141315256 SNPs by IQtree which implemented the GTR+F (general time
reversible) model for unequal base frequencies and plotted on Figtreev1.4.3 showing the nodes

bootstrap support. The colors correspond with PCA (Figure 1) and IBS tree (Figure 2).
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The filtered multisample VCF (from Table 3) was further filtered with different linkage
disequilibrium (LD) pruning number (r?) in PLINK and the SNP variants remaining after filtering
with each r*> were recorded and depicted on table 4 below. It is evident that the higher the LD
number, the more variants are kept. For each r? pruned VCF output, an ML tree was generated
from that data (Appendix 2) and the best model as well as Akaike information criterion (AIC)
number of the models are depicted on the table below. ALL topologies for each r?> however were
too identical, depicting the same topology and more or less equal branch lengths. (Figure 3 and
Appendix 2).

Table 4: A table showing the number of SNP variants before and after VCF LD filtering for

reconstructing maximum likelihood tree.

Linkage disequilibrium threshold (r?) filtering

r? #SNP Variants ML Model #AIC

0 2084117 1646715589.3269
0.2 13404302 1646715589.3171
0.5 33546125 1646715589.2433
0.8 44982334 GTR+F 1646715589.2405
0.99 48169119 1646715589.2754

3.3 Genome-wide diversity

The figure (Figure 4) below shows genomic diversity of the Tragelaphus. Heterozygosity is the
proportion of a diploid organism that has two distinct alleles at a homologous locus, whereas
nucleotide diversity is the pairwise average number of nucleotide differences between two DNA
sequences in all possible pairs in the sample population. This was done in a sliding window and
averaged since variation may vary along the genome. Both heterozygosity and nucleotide

diversity of the sampled lineages correlates with the following order from highest to lowest: T.
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oryx, T. buxtoni, T. spekei, T.s. scriptus, T. s. sylvaticus, T. strepciceros, T. imberbis, T. euryceros,
T. derbanius to T. angasi
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Figure 4. Genomic diversity investigated by two independent measures of genetic diversity,
Heterozygosity (Blue) calculated by ANGSD, and Nucleotide diversity (Orange), independent
estimations were calculated on BAM files (Table 2) and VCF (141315256 SNPs) respectively.

3.4 Gene flow

The F-branch heatmap (Figure 5) below depict f4-ratio results generated by ABBA-BABA Dsuite
‘Dtrios’ showing gene flow signals to specific, possibly internal branches on a tree, since the test
was done relying on reconstructed species tree. The analysis showed that gene flow has occurred
between non-sister lineages. T. angasi showed stronger gene flow signals with T. scriptus and it
also showed strong signals with other Tragelaphus species. Gene flow signals with T. imberbis
was detected in very low levels. There are also signhals of gene flow between the T. buxtoni-T.
euryceros-T. spekei clade and the T. derbanius-T. oryx-T. strepciceros clade visible which is
depicted to be ancestral geneflow. Geneflow was also seen depicted between the ancestor of T.
derbanius-T. oryx and T. spekei, and furthermore, within the T. buxtoni-T. euryceros-T. spekei

clade, that is between T. euryceros and T. spekei. There are also slight gene flow signals shown
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between the ancestor of bushbuck and T. angasi as well as between: T. strepciceros with T.
angasi and T. imberbis, T. spekei with T. oryx and T. derbanius.
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Figure 5: Dsuite Fbranch heatmap based on 120 different possible species trios assessed for
introgression tests, identifying tree violating branches (internal branches of the tree, which could
be an indicator of gene flow with ancestral branch) and possible gene-flow events. The branch-
specific statistic fb identifies excess sharing of derived alleles between the branch of the tree on
the y-axis and the species on the x-axis. The Tragelaphus species tree was provided as a basis
for the branch statistic. Grey data points on the map correspond to tests that are not consistent
with the phylogeny. The intensity of the colour corresponds to the excess sharing of alleles

between species and descendants of branches.
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Below are the introgression results of Dfoil analysis (Table 5, Figure 6). The five-taxon
phylogenies with four in-group taxa (P1-P4) and an outgroup (O) that gave the highest proportion
of introgressed windows, depicting significant introgression. P12 represents an ancestral branch
of P1 and P2. From the presented table below, the tests correspond with the introgression arrows
on the schematic summary (Figure 6) results of Dfoil analysis. T. angasi showed significant
introgression with non-sister taxa. Some introgressions could not have occurred directly between
species because the species exist in different habitats but may be remnants of ancestral gene
flow. Thus, it was detected by Dfoil analyses, and the results are depicted below. In Table 5 and
Figure 6 it is shown that T. angasi had ancestral geneflow with the ancestor of bushbuck (Test 1,
Table 5), common ancestor of T. buxtoni-T. euryceros-T. spekei clade (Test 2), common ancestor
of T. derbanius-T. oryx-T. strepciceros clade (Test 3), ancestor of T. derbanius-T. oryx (Test 4),
and with ancestor of T. buxtoni-T. euryceros clade (Test 5). Ancestral introgression was also
found between the ancestor of T. derbanius-T. oryx and T. spekei lineage (Test 6), as well as
between the ancestor of T. derbanius-T. oryx and T. euryceros (Test 7). Directional introgression

between lineages (Test 8 and 9) was seen into T. angasi from T. scriptus and T. strepciceros.

Table 5: Five-taxon phylogenies with the highest proportion of introgressed windows which were

inferred using Dfoil analysis. The cow (Bos taurus) was used as the outgroup taxon (P5).

#Test | P1 P2 P3 P4 P5 Introgress
ion
1 T. s. sylvaticus | T. s. scriptus T.angasi | T. imberbis B. taurus | P12<P3
2 T. buxtoni T. spekei T.angasi | T.imberbis B. taurus | P12<P3
3 T. derbanius T. strepciceros | T. angasi | T. imberbis B. taurus | P12<P3
4 T. derbanius T. oryx T.angasi | T.imberbis B. taurus | P12<=P3
5 T. buxtoni T. euryceros T.angasi | T. imberbis B. taurus | P12<=P3
6 T. derbanius T. oryx T. spekei | T. buxtoni B. taurus | P12<P3
7 T. derbanius T. oryx T. buxtoni | T. euryceros | B.taurus | P12<P4
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#Test | P1 P2 P3 P4 P5 Introgress
ion

8 T.s.scriptus | T.s. sylvaticus | T. angasi | T. imberbis B. taurus | P1 = P3

9 T. derbanius T. strepciceros | T. angasi | T. imberbis B. taurus | P2 = P3

T. buxtoni

« T. Euryceros
+ T. spekei
+ T. scriptus

—— | 100
|..__. T. sylvaticus

10
e 1. derbanius
__\ .
—t T. 0ryx
10

- T. strepciceros

T. angasi

— 1 -
T. imberbis

B. taurus

0.06

Figure 6: Graphical summary of directional gene flow analyses using DFOIL onto the maximum
likelihood species tree. The arrows indicate gene flow occurring between non-sister lineages.
Orange bi-directional arrows show ancestral gene flow, and the blue arrows indicate the

directional gene flow between species lineages.
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4. Discussion
4.1 Consistency of genomic structure

All the genomic structure analysis done in this project were seen giving the same overall
evolutionary pattern of the genus Tragelaphus. From the model-independent PCA to model based
neighbor-joining and maximum likelihood. The whole genome data used reveals T. imberbis on
the 1% component of PCA method to be separated from the rest of the Tragelaphus, explaining
approximately 19% of the data (Appendix1) and the species trees depicts it being the most ancient
of the Tragelaphus looking at its longest branch length in ML tree (Figure 4; Appendix 2) and that
it diverged earlier than the rest.

I can say that the similar structures given by different methods depict the true genome-wide
species tree reconstructed for Tragelephus. Although it is known that evolution is driven by
different forces (Ackermann and Cheverud 2004) this revelation gives confidence about the
evolutionary history of genetic drift on the group. Genetic drift causes structure by random chance
of keeping or removing an allele in a population. The spiral-horned antelopes are diverse and
populate most habitat in sub-Saharan Africa (Rakotoarivelo et al. 2019) but their structure is seen
over and above gene flow that has been detected, meaning that genetic drift was strong. It is
possible that the ancestral effective population sizes of Tragelaphus populations might have been
small, leading to strong structuring. However, Pairwise Sequential Markovian Coalescent (PSMC)
(Li and Durbin 2011) could be employed to check the effective population size of Tragelaphus
using high coverage data. The PSMC method relies on the detection of regions of accumulated
heterozygous sites. Unfortunately, the data generated in this project was of low coverage thus

PSMC was not run to avoid inconclusive results.

4.2 Linkage correction

When correcting for linked sites, with application of different linkage thresholds (r?) for maximum
likelihood trees, this demonstrated that a high r? number allowed for more SNPs to be counted,
resulting in reduced linked sites. The remaining variants in each r? gave out consensus species

trees that were too identical (Appendix 2). LD filtering had very slight differences of branch lengths
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on the topologies (Appendix 2). LD was corrected for since whole genomes are large markers
that may give biased results (Kling 2015) due to strong linked loci. The Tragelaphus analyses
gave the same topology even when LD was accounted for. Thus, it builds further confidence that
the reconstructed tree is a phylogeny drawing closer to the true species tree. When generating a
tree in 1Qtree, since LD was accounted for, the AIC number was recorded to see how much
information was lost. | can say that LD has very little effect on this whole genome phylogenetic

reconstruction.

4.3 Comparison with previous studies

The genome-wide phylogenetic trees reconstructed in this study depicts that in the Tragelaphus
genus, T. imberbis and T. angasi are the most basal with all the other Tragelaphus forming two
clades, one of dry savanna and the other of closed forest species with the two bushbucks
monophyly in the closed forest species clade as was shown by the previous nuclear gene studies
(Willows-Munro et al. 2005; Hassanin et al. 2018; Rakotoarivelo et al. 2019). The species trees
in this study, supported by (Willows-Munro et al. 2005; Hassanin et al. 2018; Rakotoarivelo et al.
2019), does not only dispute (1) the mtDNA sister relationship of bushbuck T. s. scriptus to T.
angasi and (2) mtDNA paraphyly of bushbucks, but also differ from the previously reconstructed
trees using traditional markers with the placement of species within each clade mentioned above.
T. strepciceros was shown to belong to the closed forest species clade (Willows-Munro et al.
2005; Rakotoarivelo et al. 2019) whereas genome-wide data shows T. strepciceros belonging to
the dry savanna clade as sister to T. derbanius-T. oryx clade, this was shown also by mtDNA
(Willows-Munro et al. 2005; Bibi 2013; Hassanin et al. 2018). Furthermore, within the closed forest
clade previous traditional markers placed T. euryceros in close sister relationship with T. spekei
(Willows-Munro et al. 2005; Bibi 2013; Hassanin et al. 2018; Rakotoarivelo et al. 2019) and in the
genome-wide level, T. euryceros is sister to T. buxtoni with T. spekei sister to T. euryceros-T.

buxtoni clade.
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4.3.1 The placement of T. strepciceros

As mentioned above that genome-wide placement of species on a tree, was depicted also by the
non-model based PCA (Figure 1; components 15-4™), on that note in 3@ component of PCA, T.
oryx was close to T. strepciceros and later reconciled with T. derbanius in 4" component. The 3™
and 4™ component had approximately 13% and 12% (Appendix 1) variation respectively, which it
could be said that the difference is so small that a biological model could give a more definite
placement of these species. On the same note, it is also interesting that T. strepciceros was
placed further away from the same cluster and from all the Tragelaphus on the 4" component
(Figure 1), this could be the evidence of significant ancestral introgression of T. strepciceros with
other Tragelaphus species detected (Dfoil; Figure 5). The significant gene flow signal involving T.
strepciceros detected was with T.angasi (Figure 5; Table 5 Test 9), and non-significant with other

lineages, depicted in Dsuite (Figure 5).

The longer branch of the T. strepciceros on the ML tree (Appendix 2) suggests that T. strepciceros
is the older branch than all other Tragelaphus except of the most basal longer branched T. angasi
and T. imberbis, with T.derbanius and T. oryx as the youngest thus shorter branches. The long
branch of T. strepciceros and its separation in fourth component of PCA (Figure 1) may be
suggesting sharing of allele with ancient T. angasi (Figure 5; Table 5 Test 9) or slight sharing of
allele with T. imberbis (Figure 5), thus the previous placement of T. strepciceros in an intermediate

position between basal most species and the T. oryx (Willows-Munro et al. 2005).

4.4 Gene flow and convergent phenotypes

The level of introgression found in the Tragelaphus genus was great between non-sister lineages.
This could probably explain the uncertainty of previous studies to reconstruct evolutionary
relationships using traditional markers (as mentioned in the previous paragraphs) but could also
explain phenotypic convergence among these non-sister taxa within the genus. A lot of detected
gene flow was ancestral and between non-sister lineages. It could be suspected that during
speciation, these lineages must have not been reproductively isolated as they are now, and they
had secondary contact exchanging beneficial alleles. Interestingly, T. angasi showed more

ancestral gene flow with non-sister species but not its closely related sister taxa T. imberbis.
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Although this can be explained by the long branch lengths of these basal most species (distant
sister taxa).

There was strong allele sharing of non-sister lineages detected between T. angasi and T. s.
scriptus (Figure 5) which was shown to be the directional introgression from T. s. scriptus lineage
into the T. angasi lineage (Table 5; Figure 6). This raises concern of whether mtDNA of T. angasi
was introgressed into the bushbuck as previously suggested. Evidence of an ancestral gene flow
between the ancestor of bushbuck and T. angasi could have given the T. angasi-like mtDNA to
both bushbuck. This secondary contact must have occurred then before bushbucks diverged but
T. angasi-like mtDNA was kept in the Scriptus lineage and lost in Sylvaticus due to genetic drift
that happened after the ancestral gene flow event.

From the most basal T. imberbis F-branch (Figure 5) showed slight introgression with T.
strepciceros which could serve as an explanation that the two species T. imberbis and T.
strepciceros due to cranial similarities were morphologically placed as sister taxa (Hassanin and
Douzery 1999; Matthee and Robinson 1999) but are non-sister at the genome-wide level. But this
introgression could not be concluded as great evidence, as in F-branch (Figure 5) T. imberbis
also portrayed to have slight introgression with other lineages. T. strepciceros and T. angasi also
depicted signal of introgression. T. strepciceros was placed away from other species on a PCA
(Figure 1), and its placement on species tree was previously not certain, this could be because it
slightly shares alleles with other species in the Tragelaphus genus. It was evident in ABBA-BABA
(Figure 5) results, showing slight (non-significant) allele sharing between T. strepciceros and
T.buxtoni and non-significant ancestral alleles sharing of T. strepciceros with the ancestor of T.

buxtoni-T. euryceros-T. spekei was also depicted (Figure 5).

The phenotypes of T. spekei, T. buxtoni and bushbucks (closed forest group) generally resembles
the T. angasi (nyala-like) phenotype, and in this genome-wide study, the directional gene flow
results (Table 5 and Figure 6) showed that of the mentioned closed forest species, the ancestor
of T. spekei - T. buxtoni and ancestor of bushbucks had gene flow with non-sister T. angasi. Thus,
these multiple gene flow events with the T. angasi could explain the observed nyala-like
phenotype of the closed forest group. On the same group of the closed forest, T. s. sylvaticus, T.
euryceros and basal T.angasi show great levels of sexual dimorphism in coat color, this coat color
trait amongst these non-sister lineages could also be result of gene flow between T. angasi and
ancestor of the bushbuck (Table 5, Test 1), and T. angasi with ancestor of T. euryceros-T. buxtoni

(Table 5, Test 5) may explain the high levels of the same sexual dimorphism.
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Another convergent phenotype of non-sister taxa is the presence of horns in females and males
of T. euryceros, and monophyletic T. oryx-T. derbanius. Ancestral gene flow between these
species was slightly shown in f-branch analysis (Figure 5) and more clearly by Dfoil (Table 5: Test
7 and Figure 6). The ancestor of T.oryx-T.derbanius had gene flow with T. euryceros (Figure 5;
Table 5: Test 7 and Figure 6) this gene flow could also explain the large size trait of the T.
euryceros larger than other closed forest species but similar to that of the dry savanna T.oryx-
T.derbanius.

However, it is not known whether these convergent phenotypes are truly transmitted by gene flow.
To assess this, it would require looking at each segment introgressed between non-sister species
and investigate whether they contain genes responsible for these convergent phenotypes.
Although to do this analysis, it will require more genomes per species to accurately estimate the

site frequency spectrum of the species that will account for the species populations.

4.5 Genomic diversity

It must be noted that, gene flow destroys structure of a population, whereas genetic drift increase
diversity between isolated populations. The genome-wide diversity in this study showed that T.
angasi, that had gene flow with most of the Tragelaphus species has lowest genomic diversity
(Figure 4), this is expected since gene flow decreases structure. Most of the dry savanna group
including the basal T. imberbis had lower genomic diversity than some closed forest group
species. On average the closed forest group depict greater genome-wide diversity (with pi of
0.00126 and heterozygosity of 0.00190), than dry savanna (with pi of 0.00121 and heterozygosity
of 0.00183) species. Although, the overall genome-wide diversity of Tragelaphus, noting that there
were great signals of introgression between non-sister lineages cannot account for the whole
population. So, the level of diversity in this study could not conclusively explain the survival of the
Tragelaphus populations but more the quality of the data. More population whole genome data

for further and more clearer analyses.

It is evident in Table 2 that the BAM files had low coverage (Table 2), and although the ANGSD
software used to calculate heterozygosity was made to handle the low coverage data
(Korneliussen et al. 2014), it could be accepted that the trend of genome-wide diversity results
given, depicts the diversity trend within Tragelaphus populations. The ANGSD software only
calculates site frequency spectrum for each species (provided samples). Since in this project only

one sample of each species was sampled, the true genomic diversity of each species cannot be
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accurately estimated, thus cannot be concluded. Having highest heterozygosity simply mean that
the individual has more heterozygous sites. Furthermore, for nucleotide diversity which also gave
the same diversity trend as heterozygosity, was calculated along the genome (sliding window),
this was calculated with the knowledge and expectation of it varying along the genome, but
average diversity was taken to compare with heterozygosity. There were regions (windows) along
the genome with high diversity than others, which could be investigated and assessed whether
they are involved in adaptive introgression and selected amongst species. That (selection) could
be the next study.

5. Conclusion

Whole genomes provide a greater insight on the relationships of species. In this study
Tragelaphus whole genome species tree was reconstructed and more analyses (gene flow) to
get an insight on the relationship of unclear placement of some species in previous studies was
done. High ancestral gene flow between non-sister lineages was revealed, explaining the
incongruency of species trees previously reconstructed using traditional markers. The main
example of this is placing T. angasi with T. s. scriptus as sister taxa at mtDNA level, which | show
here was because of gene flow between the ancestor of both bushbuck and T. angasi. The nyala-
like mtDNA must have been lost on the Sylvaticus lineage due to genetic drift. The observed non-
sister gene flows may also explain the similar phenotypes of different lineages (convergent
phenotypes). It can be said that these lineages must not have been reproductively isolated during
speciation, and that enhanced greater levels of introgression between non-sister lineages.
However, a greater number of sequenced genomes in each species would give much greater
insight on evolution of this genus and would also allow looking at gene flow together with selection,

that is, which genes are being introgressed and/or selected for.
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7. Appendix

Appendix 1: A table showing the amount of variation in each principal components (PC) of the

graphs shown in figure 2.

Principal Components Variation (%)
First 18.88
Second 15.56
Third 12.73
Fourth 11.6
Fifth 1131
Sixth 8.62
Seventh 8.16
Eighth 7.66
Ninth 5.45
Tenth 0.03
Total 100
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Appendix 2:

Consensus trees generated with different linkage disequilibrium thresholds (r?) are displayed
below. They were analysed independently, and their branches were given different colours which
corresponds to other structure analyses (PCA Figure 1; IBS Figure 2) and their lengths (numbers
on tree). For each tree different numbers of SNPs according to r?filtering were used (see figure
legends).
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Appendix 2a: ML tree with r? of 0. The 11 sequences VCF input had 2084117 SNPs and from it,
a tree was generated by IQtree which implemented the GTR+F (general time reversible) model
for unequal base frequencies and plotted on Figtreev1.4.3. The numbers on tree depict branch
lengths which are slightly different from other trees of different r2. The nodes bootstrap support is
100% and not shown on tree for branch lengths visibility purpose. The branch colours correspond
with the branch length, PCA (Figure 1) and IBS tree (Figure 2).
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Appendix 2b: ML tree with r? of 0.2. The 11 sequences VCF input had 13404302 SNPs and from
it, a tree was generated by IQtree which implemented the GTR+F (general time reversible) model
for unequal base frequencies and plotted on Figtreev1.4.3. The numbers on tree depict branch
lengths which are slightly different from other trees of different r2. The nodes bootstrap support is
100% and not shown on tree for branch lengths visibility purpose. The branch colours correspond
with the branch length, PCA (Figure 1) and IBS tree (Figure 2).
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Appendix 2c: ML tree with r? of 0.5. The 11 sequences VCF input had 33546125 SNPs and from
it, a tree was generated by IQtree which implemented the GTR+F (general time reversible) model
for unequal base frequencies and plotted on Figtreev1.4.3. The numbers on tree depict branch
lengths which are slightly different from other trees of different r2. The nodes bootstrap support is
100% and not shown on tree for branch lengths visibility purpose. The branch colours correspond
with the branch length, PCA (Figure 1) and IBS tree (Figure 2).
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Appendix 2d: ML tree with r? of 0.8. The 11 sequences VCF input had 44982334 SNPs and from
it, a tree was generated by IQtree which implemented the GTR+F (general time reversible) model
for unequal base frequencies and plotted on Figtreev1.4.3. The numbers on tree depict branch
lengths which are slightly different from other trees of different r2. The nodes bootstrap support is
100% and not shown on tree for branch lengths visibility purpose. The branch colours correspond
with the branch length, PCA (Figure 1) and IBS tree (Figure 2).
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Appendix 2e: ML tree with r? of 0.99. The 11 sequences VCF input had 48169119 SNPs and from
it, a tree was generated by 1Qtree which implemented the GTR+F (general time reversible) model
for unequal base frequencies and plotted on Figtreev1.4.3. The numbers on tree depict branch
lengths which are slightly different from other trees of different r>. The nodes bootstrap support is
100% and not shown on tree for branch lengths visibility purpose. The branch colours correspond
with the branch length, PCA (Figure 1) and IBS tree (Figure 2).
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