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CHAPTER ONE

GENERAL INTRODUCTION AND LITERATURE REVIEW

1.1. GENERAL INTRODUCTION

Pangolins are a unique order of Mammalia since they are the only mammal species
which are covered in keratin scales across their body (Herklots 1937; Heath &
Coulson 1998). These animals elicit a spherical defence posture to protect their head
and extremities from predators (Grassé 1955; Kingdon 1971; Heath 1992a).
Pangolins are myrmechophages and feed on a specialized diet of ant and termite
species. This behaviour is considered to be an important ecological factor as some
authors claim the pangolins maintain these invertebrates’ population numbers (Heath
1992b; Chao 2002; Whitfort 2012; Pietersen et al. 2016a).

There are eight extant species of pangolin (order Pholidota), comprising one family,
Manidae, and two sub-families (Gaudin et al. 2009). Four species are found in Asia,
and fall under one genus, Manis, within the sub-family Maninae. The remaining four
species are situated in Africa under the sub-family Smutsiinae. The African pangolins
are further divided into two genera, based on their niche preferences. The genus
Smutsia was assigned to the two ground-dwelling pangolin species known as
Temminck’s pangolin (Smutsia temminckii) and the giant pangolin (Smutsia
gigantea). The remaining two arboreal species were assigned to the genus
Phataginus, which includes the black-bellied pangolin (Phataginus tetradactyla) and

white-bellied pangolin (Phataginus tricuspis) (Gaudin et al. 2009).

Pangolins are under numerous threats globally, ranging from the illegal wildlife trade
and Muthi demand to electrocution on game fences (Bréautigam et al. 1994; Swart et
al. 1999; Soewu & Adekanola 2011; Pietersen et al. 2014a, 2019a). It is estimated
that more than 10 000 individuals are being illegally traded annually and in 2014
studies indicated that more than a 1 000 000 individuals have been traded within the
last decade (Davies 2014; Hance 2014; Sutter 2014a,b; Friedman 2016). Due to the
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increased trade of pangolin products, all eight species were up-listed in 2019 on the
International Union for the Conservation of Nature (IUCN) Red List of Threatened
Species. In 2016 they were up-listed to Appendix | of the Convention on International
Trade in Endangered Species of Fauna and Flora (CITES) (CITES 2016; Heinrich et
al. 2016; IUCN 2016; Pendharkar 2016; Challender et al. 2019b,c; Pietersen et al.
2019a,b; Schoppe et al. 2019; Ingram et al. 2019; Mahmood et al. 2019; Nixon et al.
2019).

Limited research has been performed on the complete order Pholidota with
reference to ecology and population genetics. Of the eight species, the four African
pangolins are the least studied, especially in Western and Central Africa. However,
selected studies have been undertaken on Temminck’s pangolin in the southern
African distribution range with regards to ecology and conservation genetics
(Jacobsen et al. 1991; Pietersen 2013; Du Toit 2014; Du Toit et al. 2014; Pietersen
et al. 2014a, 2019a; Hassanin et al. 2015; Gaubert et al. 2016).

The current study entailed a series of molecular analyses of Temminck’s pangolin
(Smutsia temminckii) populations in southern Africa for potential geo-referencing.
Markers employed included mitochondrial loci (mtDNA) and Short Tandem Repeats
(STRs). The results were expected to provide more insight regarding population
structure and genetic diversity. This study also included a phylogenetic assessment
using full mitochondrial genomes of all four African pangolin species, with the main
objective to classify African pangolins on a genus level. These data, along with future
research and validation of these markers for forensic purposes, will contribute to
enhanced detectability of confiscated samples originating from Africa. It will also aid
in creating an improved framework for conservation and management of confiscated
individuals with regards to husbandry in captive environments and reintroduction into
nature (Crozier 1997).
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1.2. OVERVIEW OF PANGOLIN TAXONOMY AND BIOLOGY

Pangolin scales consist of keratin and overlap with each other while having sharp
edges protruding outwards (Tong et al. 1995, 2007; Meyer et al. 2013). Apart from
rolling into a ball when threatened, they also move their tail from side to side, while
being rolled up, which allows the sharp edges of the scales to injure the predator
(Grassé 1955; Kingdon 1971; Heath 1992a).

These mammals are predominantly myrmecophagous and feed on selected ant and
termite species which they obtain by breaking termite- and ant nests open using their
large claws located on the forelimbs (Gebo & Rasmussen 1985; Skinner &
Chimimba 2005; Davit-Béal et al. 2009). This selective feeding ecology contributes
to the extreme difficulty in keeping pangolins in a captive environment since they do

not adapt well to an artificial diet (Heath 1992a; Yang et al. 2007).

These animals are solitary, predominantly nocturnal with a select few showing
diurnal behaviour (Pagés 1975; Richer et al. 1997; Pietersen 2013; Ingram et al.
2019). Pangolins have small toothless jaws with a long sticky tongue (equivalent to
% to % of the body length) protruding from the abdominal cavity to reach into ant and
termite tunnels and used to access their food source (Doran & Allbrook 1973;
Dickman & Richer 2001; Davit-Béal et al. 2009). They rely mostly on their well
developed olfactory senses rather than their eyesight to locate food (Dickman &
Richer 2001).

The female pangolin produces one pup per breeding season, with twins in
exceptional cases, which are carried on the mother’s dorsal side, either on the back
or tail (Van Ee 1966, 1978; Jacobsen et al. 1991; Soewu & Adekanola 2011).
Another notable observation regarding pangolins is their ability to swim; as they are
reported to be relatively strong swimmers (Fang 1981; Skinner & Chimimba 2005;
Yang et al. 2007).
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1.2.1. ASIAN PANGOLIN SPECIES

The Asian pangolins are divided into four different species, namely: the Chinese
pangolin (Manis pentadactyla; Linnaeus 1758), Malayan/Sunda pangolin (M.
javanica; Desmarest 1822), Philippine pangolin (M. culionensis; De Elera 1895) and
Indian pangolin (M. crassicaudata; Geoffroy 1803). A physical trait that disnguishes
Asian pangolins from their African counterparts is the presence of hair bristles
between the dorsal scales (Herklots 1937; Dickman & Richer 2001). They also have
prominent external ear pinnae; in contrast to the scarce or indistinctive pinnae in the
African species (Emry 1970; Kingdon & Hoffmann 2013).

1.2.1.1. CHINESE PANGOLIN (M. PENTADACTYLA)

The Chinese pangolin is defined by its helmeted appearance, small scales, large ear
pinna as well as a narrowing tail towards the distal end (Figure 1.1a) (IUCN-SSC
2020a). They are distributed in the southern parts of China and surrounding
countries including Nepal, Bhutan, India, Bangladesh, Myanmar, Lao People’'s
Democratic Republic, Thailand, Vietham, China, Hong Kong and Taiwan (Figure
1.2). The Chinese pangolin is known to occur at high altitudes such as the hills and
mountains in the southern and western parts of it distribution range, however, they
are also found at lower altitudes in forest habitats in Hong Kong and the north

eastern parts of their distribution range (Challender et al. 2019c).

Although the Chinese pangolin has the ability to climb trees, they are predominately
a ground-dwelling species with solitary, nocturnal behaviour (Heath & Vanderlip
1988). They are also reported to be occasionally crepuscular. These pangolins
maintain large home ranges, containing multiple rotating burrows, and feed primarily
on ants and termites by digging long burrows which serves as both access to food
and shelter (Allen & Coolidge 1940; Heath & Vanderlip 1988). Their habitat includes
primary and secondary tropical forests as well as limestone, bamboo, broad-leaf and
coniferous forests. They are also reported in grasslands and agricultural fields

(Gurung & Singh 1996). Chinese pangolins are known to produce one pup
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(occasionally two) in the spring and also reported to be good swimmers (Allen &
Coolidge 1940; Heath & Vanderlip 1988).

1.2.1.2. MALAYAN/SUNDA PANGOLIN (M. JAVANICA)

The Malayan pangolin is slightly larger than the Chinese pangolin with fewer rows of
scales across its back and a longer tapered prehensile tail (Figure 1.1b). They also
have shorter forelimb claws to aid in their arboreal lifestyle (IUCN-SSC 2020b). The
Malayan pangolin has the largest distribution range in southeast East Asia (Figure
1.2) including Myanmar, Lao People's Democratic Republic, Thailand, Vietham,
Cambodia, Malaysia, Singapore, Brunei Darussalam and Indonesia (Schlitter 2005;
Wu et al. 2005).

This pangolin species is mostly ground-dwelling, however, they also spend a
significant amount of time in trees either foraging or looking for shelter. Malayan
pangolins are known to find shelter either in or at the base of trees and occasionally
burrow on the ground. They use their prehensile tail to aid in climbing trees to access
ant nests, but also feed on termites (Challender et al. 2019b). The Malayan pangolin
is a solitary nocturnal animal which are known to occupy primary and secondary
forest habitats as well as lowland dipterocarp forests. They are also found in
cultivated areas such as gardens, oil palm and rubber plantations as well as close to
human settlements (Nowak 1999; Azhar et al. 2012). These pangolins species are

believed to produce one pup after a gestation period of around 130 days.

1.2.1.3. PHILIPPINE PANGOLIN (M. CULIONENSIS)

The Philippine pangolin is known as the Asian pangolin with the largest amount of
scale rows distributed on the dorsal side (Figure 1.1c). The scales are also smaller in
size compared to the Malayan pangolin and these animals have a shorter head and
torso to tail length ratio (IUCN-SSC 2020c). As suggested by their name, the
Philippine pangolin is endemic to the Philippines (Figure 1.2), with sightings reported
in Palawan and adjacent islands such as Busuanga-, Coron-, Culion- and Dumaran
Island (Heaney et al. 1998; Widman et al. 2004).
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They are found in lowland primary and secondary forests, grasslands and mixed
mosaics such as agricultural- and scrublands (Heaney et al. 1998; Esselstyn et al.
2004). Very little information is available regarding the behaviour, ecology and
biology of this species, but they are believed to be myrmecophageous, feeding on
ants and termites similar to the other pangolin species (Schoppe et al. 2019).
Although limited information is available regarding their breeding patterns, the
available literature suggest they follow the same trend as the Malayan pangolin with
one pup born after an estimated gestation period of 120 days (IUCN-SSC 2020c).

1.2.1.4. INDIAN PANGOLIN (M. CRASSICAUDATA)

The Indian pangolin is the largest of the four Asian pangolins with significantly larger
scales distributed on the dorsal side of the body compared to the other three species
(Figure 1.1d). They are fossorial with large forelimb claws used in digging of
burrows, similar to the Chinese pangolin (IUCN-SSC 2020d). The Indian pangolin is
predominantly distributed in South Asia (Figure 1.2) including Nepal, Pakistan, India
and Sri Lanka (Schlitter 2005; Srinivasulu & Srinivasulu 2012).

They are solitary, nocturnal and predominantly ground-dwelling although they are
reported to be arboreal in some habitats. They use their large forelimbs for burrowing
as well as for climbing trees along with their prehensile tail (Prater 1971; Roberts
1977; Tikader 1983; Heath 1995). They are known to access a variety of habitats
such as tropical forests, open land, grasslands and degraded habitat in close
proximity to villages (Mahmood et al. 2019). The Indian pangolins are also reported
to be well adapted in modified habitats as long as their primary food source, ants and

termites, are available.

During the mating season, both sexes share the same burrows, which consist of
shelter under large rocks or burrows with concealed entrances made from dirt
(Prater 1971; Roberts 1977; Tikader 1983). The female pangolin gives birth to one
pup (although twins have been reported) after a gestation period of 165 days
(Mahmood et al. 2019).
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1.2.2. AFRICAN PANGOLIN SPECIES

The African pangolin species are divided into two distinct groups, namely ground-

dwelling and arboreal, with conspicuous dissimilarities.

The arboreal pangolins include the black-bellied pangolin (P. tetradactyla; Linnaeus
1766) and white-bellied pangolin (P. tricuspis; Rafinesque 1821), which are
characterized by their small body size compared to the ground dwelling pangolins,
and significantly longer and slender tail which can be twice their body length. They
also have short forelimbs and claws along with a prehensile tail containing tail pads
which aid in the climbing of trees. Furthermore, they have hair on the ventral side of
their bodies, an irregular arrangement of scales on the dorsal side and large eyes.

The ground-dwelling species are the giant pangolin (S. gigantea; llliger 1815) and
Temminck’s pangolin (S. temminckii; Smuts 1832), which are much larger in size
compared to the previous group, with broader and slightly shorter tails. They also
lack tail pads and are more adapted for a fossorial lifestyle, with larger forelimbs and
claws for foraging. The ground-dwelling species also have an arranged scale pattern
on the dorsal side of the body in comparison to the arboreal species (Kingdon &
Hoffmann 2013; IUCN-SSC 2020e,f,g,h).

1.2.2.1. TEMMINCK’S PANGOLIN (S. TEMMINCKII)

Temminck’s pangolin is reported to be the second largest of the extant pangolin
species, after its counterpart the giant pangolin, with an average weight of 12 kg and
with the largest individual recorded to date weighing 19 kg (Figure 1.1e) (APWG
2020a). They are also known to have the widest recorded distribution range in Africa.
Their distribution ranges from Chad descending southwards through eastern Africa,
into southern Africa (Figure 1.2). The range countries include Chad, Central African
Republic, South Sudan, Uganda, Kenya, Rwanda, Tanzania, Zambia, Malawi,
Mozambique, Zimbabwe, Botswana, Namibia and South Africa (Pietersen et al.
2019a)
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Temminck’s pangolin is a ground-dwelling fossorial species inhabiting abandoned
burrows from other burrowing animals such as the aardvark (Herklots 1937; Heath &
Coulson 1997b; Coggins 2003; Skinner & Chimimba 2005; Tong et al. 2007,
Pietersen et al. 2014b).

They are solitary and predominantly nocturnal, with large distribution ranges
containing multiple burrows used on a rotational basis (Jacobsen et al. 1991; Heath
& Coulson 1997a, 1997b). Being the only bipedal species of pangolin, the front
forelimbs are highly adapted to digging into hardened termataria and compact soil in
search of prey (Steyn et al. 2018). Although they are predominantly nocturnal,
reports indicate diurnal activity as well, especially in young animals and in adults
during the winter months, when they are prone to be more active during daytime
(Pietersen et al. 2016a).

They inhabit a variety of different habitats including arid, mesic and semi-arid
environments such as savannah and woodland as well as floodplain grassland,
rocky slopes and sandveld (Coulson 1989; Skinner & Chimimba 2005; Pietersen
2013). Temminck’s pangolin are absent from Karroid veld, Highveld grassland and
coastal regions as well as tropical and coastal forests. They are sometimes found on
livestock and wildlife farms, but are absent from areas where crop farming occurs
(Pietersen 2013). Temminck’s pangolin is entirely myrmecophagous, with a selective
eating habit based on specific ant and termite species. This discriminating practise
contributes to the selection of suitable habitat based on the specific food source
availability (Jacobsen et al. 1991; Swart 1996; Swart et al. 1999; Elsner et al. 2016;
Pietersen et al. 2016b). Although they are mostly water independent, they have been
observed to utilise free-standing water sources when these are available (Stuart
1980).

Temminck’s pangolin reach maturity at two years of age and the males start
breeding from the age of six to seven years. The females reach sexual maturity
earlier at three to four years and have an estimated gestation period of 105-140
days. They usually produce one pup annually, but have been observed to only
reproduce a pup every second year (Pietersen et al. 2016a).
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1.2.2.2. GIANT PANGOLIN (S. GIGANTEA)

The giant pangolin is the largest of the African species, weighing up to 35 kg (Figure
1.1f). They are also the rarest species in Africa, with few reported sightings (APWG
2020b). They are mostly distributed in West and central Africa (Figure 1.2) including
Senegal, Gambia, Guinea-Bissau, Guinea, Sierra Leone, Liberia, Cote d’lvoire,
Ghana, Cameroon, Central African Republic, Equatorial Guinea, Gabon, Republic of
the Congo, Democratic Republic of the Congo, Uganda and Tanzania (Grubb et al.
1998; Kingdon & Hoffmann 2013; Nixon et al. 2019).

The giant pangolin is a ground-dwelling, solitary and nocturnal species occurring in
lowland, tropical and swamp forests as well as forest savannah habitats. They are
prone to hiding in burrows or underneath plant debris or uncovered tree roots and
feed predominantly on ants and termites (Kingdon & Hoffmann 2013; APWG 2020b).
The available literature suggests that they are highly dependent on water and only
produce one pup annually (Pietersen 2013). Gathering information and performing
population censuses is challenging as they have a scattered distribution range
(Brautigam et al. 1994). Therefore, the information regarding the ecology and

behaviour of this species is sparse.

1.2.2.3. BLACK-BELLIED PANGOLIN (P. TETRADACTYLA)

The black-bellied pangolin is unique amongst the African pangolin species as it has
the shortest body of all extant species with the longest tail length, consisting of 46-47
vertebrae. This makes it the record holder for the mammal with the longest tall
(Jentink 1882; Kingdon & Hoffmann 2013). They are dark in colour with yellowish
and dark brown scales and is covered with dark hair on the ventral side (Figure 1.1Q)
(Rahm 1956; Kingdon & Hoffmann 2013). They are mostly found in western and
central Africa (Figure 1.2) including Sierra Leone, Liberia, Céte d’lvoire, Ghana,
Nigeria, Cameroon, Central African Republic, Equatorial Guinea, Gabon, Republic of
the Congo and Democratic Republic of the Congo (Ingram et al. 2019).
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The black-bellied pangolin, unlike other pangolins, is predominantly diurnal with
some level of nocturnal activity noted (Challender et al. 2019a). Foraging during the
day may prevent feeding competition with the white-bellied pangolin (Pappin 2012;
Kingdon & Hoffmann 2013; APWG 2020c). Although both black- and white-bellied
pangolins are arboreal species, the black-bellied pangolins spends more time in
trees compared to the white-bellied pangolins. They inhabit trees of tropical-, moist
riverine- and swamp forests where they feed on ants, termites and other small
invertebrates (Pappin 2012; APWG 2020c; IUCN-SSC 2020f). These animals
occasionally descend from the trees to drink water. Although very little information is
available on this species, black-bellied pangolin females are believed to produce one
pup after a gestation period of around 140 days (Pagés 1970, 1972; Pappin 2012;
APWG 2020c; IUCN-SSC 2020f).

1.2.2.4 WHITE-BELLIED PANGOLIN (P. TRICUSPIS)

Of all the African species, the white-bellied pangolin is the most frequently
encountered species with high densities in Gabon and Nigeria (Figure 1.1h) (Pagés
1975; Angelici et al. 1999; Kingdon & Hoffmann 2013). They are found in most
central, western and eastern African countries (Figure 1.2) such as Guinea-Bissau,
Guinea, Sierra Leone, Liberia, Coéte d’lvoire, Ghana, Togo, Benin, Nigeria,
Cameroon, Central African Republic, South Sudan, Equatorial Guinea, Gabon,
Republic of the Congo, Democratic Republic of the Congo, Uganda, Kenya,
Rwanda, Tanzania, Zambia and Angola (Kingdon & Hoffmann 2013; Pietersen et al.
2019b).

The white-bellied pangolin is primarily a nocturnal species, similar to both ground-
dwelling species and in contrast to its counterpart, the black-bellied pangolin.
Although they are classified as an arboreal species, previous reports suggested they
also spend a significant amount of time on the ground (Pagés 1975; Pietersen et al.
2019b). They are found in moist tropical lowland forests and secondary growth
habitats as well as dense woodlands along waterways (Kingdon 1971; Gaubert
2011; APWG 2020d). They are also sometimes found in primary and secondary
rainforests, altered forests and farmlands (Angelici et al. 1999). However, according
to (Akpona et al. 2008), the difference in habitats doesn’t seem to affect population
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densities, indicating some level of adaptability for different habitat modifications. This
species is also myrmecophageous, feeding only on ants and termites. Their breeding
pattern is thought to be continuous throughout the year, with one pup born after a
gestation period of approximately 150 days (Kingdon & Hoffmann 2013).

1.2.3. THE CONSERVATION STATUS OF PANGOLINS

Following the significant escalation of illegal trade of pangolins over the last few
years, all eight extant species have shown a decline in population numbers, with
extinctions already recorded within each species’ historical distribution range
(Challender et al. 2019b,c; Ingram et al. 2019; Mahmood et al. 2019; Nixon et al.
2019; Pietersen et al. 2019a,b; Schoppe et al. 2019).

The first assessment for the IUCN Red List of Threatened Species was performed in
1996, when only seven pangolin species were recognized (Chinese, Malayan,
Indian, Temminck’s, giant, black-bellied and white-bellied). The three Asian species
and Temminck’s was listed as Lower Risk/Near Threatened (LR/NT) while the other
three African species were listed as Lower Risk/Least Concern (LR/LC). The

Philippine pangolin was only recognised as a separate species in 1998 (Table 1.1).

Table 1.1. IUCN Red List of Threatened Species indicating the different statuses assigned to the

order Pholidota over several evaluations according to specific years.

Species IUCN Red List IUCN Red List IUCN Red List IUCN Red List
P (1996) (2008) (2014) (2019)

Chinese pangolin, Near Critically

Manis pentadactyla Threatened Endangered Endangered NA

Malayan/Sunda Near Critically

pangolin, M. javanica Threatened Endangered Endangered NA

Philippine pangolin, Near Critically

M. culionensis NA Threatened Endangered Endangered

Indian pangolin, Near Near

M. crassicaudata Threatened Threatened Endangered NA

Temminck’s pangolin, Near

Smutsia temminckii Threatened Least Concern Vulnerable NA

Giant pangolin,

S. giggme% Least Concern Thr’(;l:tirned Vulnerable Endangered

Black-bellied pangolin, Near

Phataginus tetradactyla Least Concern Threatened Vulnerable NA

White-bellied pangolin, Least Concern Least Concern Vulnerable Endangered

P. tricuspis

11
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(b) ..

Figureh 11 The eight extant pangolin‘ species. (a) Chinese pangolin, Manis pentadactyla (Jason S C Chin,
www.pangolinsg.org); (b) Malayan/Sunda pangolin, M. javanica (Joel Sartore, PhotoArk, www.pangolinsg.org);
(c) Philippine pangolin, M. culionensis (Katala Foundation, www.pangolinsg.org); (d) Indian pangolin, M.
crassicaudata (Zeeshan Merchant, www.pangolinsg.org); (e) Temminck’s pangolin, Smutsia temminckii (Darren
Pietersen, www.africanpangolin.org); (f) Giant pangolin, S. gigantea (Ugandan Wildlife Authority,
www.africanpangolin.org); (g)  Black-bellied  pangolin, Phataginus  tetradactyla  (Alexis  Kriel,

www.africanpangolin.org); (h) White-bellied pangolin, P. tricuspis (Maxwell Boakye, www.africanpangolin.org).
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Figure 1.2. Distribution map of the eight extant pangolin species namely Giant pangolin, S. gigantea (Nixon et al. 2019); Temminck’s pangolin, S.
temminckii (Pietersen et al. 2019a); Black-bellied pangolin, P. tetradactyla (Ingram et al. 2019); White-bellied pangolin, P. tricuspis (Pietersen et al.
2019b); Malayan/Sunda pangolin, M. javanica (Challender et al. 2019b); Chinese pangolin, Manis pentadactyla (Challender et al. 2019c); Indian pangolin,
M. crassicaudata (Mahmood et al. 2019); Philippine pangolin, M. culionensis (Schoppe et al. 2019).
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In 2008, the IUCN re-evaluated the Red List Status of all eight pangolin species
(inclusive Philippine pangolin) and up-listed all the species (Table 1.1). The Chinese-
and Malayan pangolins were up-listed to Endangered (EN) status while the
Philippine-, Indian-, giant- and black-bellied pangolins were up-listed as Near
Threatened (NT). Temminck’s pangolin and the white-bellied pangolin were up-listed

to Least Concern (LC).

Due to an increase in the illegal pangolin trade over the years, from both Africa and
Asia, the IUCN once again performed a re-evaluation of the Red List status of all
eight pangolin species, and in 2014 a decision was taken to up-list all the species
(Table 1.1). The Chinese and Malayan pangolins were up-listed to Ciritically
Endangered (CR) while the Philippine and Indian pangolins were up-listed to
Endangered (EN), as most of the illegal trade was limited to Asia. The African

species were all up-listed to the same status of Vulnerable (VU).

In 2019, the latest assessment was done and three of the pangolin species were
further up-listed. These species include, the Philippine pangolin which were up-listed
to Critically Endangered (CR) and both the white-bellied and giant pangolin were
listed as Endangered (EN). The remaining five species statuses remains the same
(Challender et al. 2019b,c, Ingram et al. 2019; Mahmood et al. 2019; Nixon et al.
2019; Pietersen et al. 2019a,b; Schoppe et al. 2019).

In 1995, all pangolins were listed under Appendix Il of the Convention on
International Trade in Endangered Species of Fauna and Flora (CITES) at the 9
Conference of Parties (CoP9) (CITES 1995, 2017a). However, due to the increase in
illegal trade, all eight pangolin species were transferred to CITES Appendix | at the
17t Conference of Parties (CoP17), which prohibit worldwide trade in any of the
pangolin species, applicable from January 2017 (Dixon & Weiskotten 2016; IUCN
2016; Rohr 2016; Swails & McKenzie 2016; CITES 2017b).

14
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1.2.4. THREATS TO PANGOLIN POPULATIONS

Pangolin population numbers across all eight species are rapidly declining due to a
number of anthropogenic threats. These threats include illegal trade and over-
utilization, electrocution on game fences, habitat loss and deforestation as well as

road mortalities (Pietersen et al. 2016a).

1.2.4.1.ILLEGAL TRADE AND OVER-UTILIZATION

Pangolins are one of the of most intensely affected illegally traded mammal species
globally, with an estimated 10 000 individuals being trafficked annually (Davies 2014;
Sutter 2014a; Pendharkar 2016). This poses a significant threat to these species, as
all eight pangolins species are traded on an unsustainable level to supply the
demand. Due to this unsustainable demand, the Chinese- and Malayan pangolins
face extinction with drastic declines in their population numbers and have therefore
been up-listed to Critically Endangered on the IUCN Red List of Threatened Species
as indicated above (Challender et al. 2019b,c).

However, this restriction has not reduced the severe demand for pangolin and
pangolin related products, as alternative sources were sought to supply the demand.
These sources included a shift in focus to the remaining two Asian pangolin species
(which were consequently up-listed to Endangered status), as well as the four
species distributed in Africa. The illicit trade in pangolins and pangolin parts has thus
significantly contributed to the decline in population numbers of all eight pangolin
species (Challender et al. 2019b,c; Ingram et al. 2019; Mahmood et al. 2019; Nixon
et al. 2019; Pietersen et al. 2019a,b; Schoppe et al. 2019).

Asian trade: Pangolins are sought after as a delicacy in certain Asian restaurants,
where the meat as well as the blood and foetuses are used in a variety of dishes and
sold at an exclusive price. Various other body parts are also utilized for use in
traditional medicine, especially the scales, which are considered the most valuable
part of the animal. The scales are grounded into a powder and prescribed for a
number of ailments (Fang & Wang 1980).
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African trade: While being targeted to supply the Asian markets, the African pangolin
species also face numerous threats in their local range states where they are utilised
for the bush-meat trade and Muthi markets (Brautigam et al. 1994; Sodeinde &
Adedipe 1994; Alves & Rosa 2005; Chakravorty et al. 2011; Boakye et al. 2014,
2015, 2016). They are thought to be the most commonly used animals in traditional
medicinal practices by traditional healers (Soewu & Ayodele 2009; Boakye et al.
2014, 2015). For these purposes, none of the animal’s body parts goes to waste with
everything, inclusive the scales, tongue, blood, claws, bones, meat and internal
organs utilized for various treatments for a variety of ailments (Sodeinde & Adedipe
1994; Soewu 2008; Soewu & Ayodele 2009; Soewu & Adekanola 2011).

The bush-meat trade also show an increase, with pangolins harvested and sold as a
popular meat source. Studies have indicated that pangolins are being harvested in
Africa at an unsustainable rate and as a result, these species could also face
extinction of populations, similar to the Chinese- and Malayan pangolins (Boakye et
al. 2016; Pietersen et al. 2016a).

1.2.4.2. ELECTROCUTION

In addition to the global threat of pangolin over-exploitation for illegal wildlife trade,
Temminck’s pangolin populations are exposed to a greater threat in southern Africa.
Private game- and livestock farms utilize electrified fences to protect their livestock
against predators as well as to keep the livestock contained within a particular area
(Beck 2008; Pietersen et al. 2014a). However, this poses a threat to pangolins that
are being electrocuted on the lower wires of the game fences. Electrocution happens
as a result of the reflex instinct of pangolins when threatened or hurt to roll into a ball
for protection. They curl around the electric wire and receive continuous pulse
shocks until death ensues (Beck 2008; Pietersen et al. 2014a). Recent studies
estimate fence mortalities to be in the region of between 377-1028 individuals
electrocuted annually, which contribute to an estimated 2-13% decline in South

African pangolin populations every year (Pietersen et al. 2016a).
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1.2.4.3.ADDITIONAL THREATS

In addition to the threat that pangolins face from illegal trade, there are several other
factors that further contribute to the population decline of these mammals, albeit to a
lesser extent. In this regard, two notable threats are habitat destruction and

deforestation, as well as road mortalities (Pietersen et al. 2016a).

Habitat loss and deforestation: The distribution and dispersal of all pangolin species
are shaped by their specialized and specific dietary requirements, as they naturally
occur in habitats where the food source is abundant (Sodeinde & Adedipe 1994;
Yang et al. 2007). Pangolin habitats have shown a global decline across all species,
resulting from habitat loss as a result of agriculture and livestock farms, urbanization
and deforestation (Sodeinde & Adedipe 1994; Yang et al. 2007; Whiting et al. 2011,
Pietersen et al. 2016a).

They are known to be important pest control agents as they feed primarily on ant and
termites, thereby controlling the population numbers of these insects (Heath 1992b;
Whitfort 2012). Reports suggest an individual pangolin can consume more than 70
million, possibly a billion, of these invertebrates annually (Chao 2002; Pietersen et al.
2016a). However, pangolins are rarely found in areas where crop agriculture and
urbanisation is dominant, as their food source is largely rendered unavailable
(Pietersen et al. 2016a). This also applies to various forest areas where
deforestation occurs and their habitat and food source is demolished (Challender et
al. 2019b,c; Ingram et al. 2019; Mahmood et al. 2019; Nixon et al. 2019; Pietersen et
al. 2019a,b; Schoppe et al. 2019).

Road mortalities: As pangolins are solitary animals by nature, juvenile pangolins -
upon reaching maturity - disperse across vast distances in search of new home
ranges (Pietersen et al. 2016a). This migration brings them in contact with roads and
as a result leads to a significant number of fatalities every year. In South Africa, an
estimated 280 individuals fall victim to this threat annually (Pietersen et al. 2016a).
While less pronounced than fatalities incurred through electric fences and illegal

trade, this number may be an under-estimation as few mortalities are reported and
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the carcasses are removed from the roads by scavengers or for the bush-meat and

illegal trade markets (Pietersen et al. 2016a).

1.3. CONSERVATION GENETICS OF PANGOLINS

The order Pholidota is one of the most sparsely studied mammal orders, with little to
no information available regarding some of the species in terms of behaviour,
ecology and population genetic structure. Through the use of genotypic methods, the
population structure of pangolins can be unravelled, providing greater insight into the

evolutionary history that underpins their biology and behaviour.

Genetic data will aid in identifying specific populations and population boundaries, or
provide information on differences between species, in order to further develop
effective conservation strategies. To date, limited molecular studies have been
undertaken on the pangolins due to their scarceness, low numbers and nocturnal
behaviour. Nevertheless, a variety of molecular markers (nuclear and mitochondrial)
have been designed to determine various population genetic parameters of pangolin
species (see below). Of the eight extant species studied, the Chinese, Malayan and
Temminck’s pangolins currently have the most genetic data available. The remaining
five pangolin species have some genomic data available in the form of partial

gene/loci sequences.

1.3.1. PREVIOUS STUDIES OF EVOLUTION OF THE ORDER PHOLIDOTA

A series of studies have investigated several genes associated with unique
characteristics to determine the origin of features unique to the pangolin order from
an evolutionary perspective (Meredith et al. 2014; Choo et al. 2016; Yusoff et al.
2016; Ma et al. 2017; Opazo et al. 2017). These gene groups included the genes
associated with hair development and immunity in mammals as well as hormonal

influences using Transcriptomes.

In the latter investigation, the authors focussed on these gene groups as the

pangolins have a unique body coverage of keratin scales as opposed to hair. These
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studies were performed on the Malayan pangolin (Choo et al. 2016; Yusoff et al.

2016) as well as the seven remaining pangolin species (Choo et al. 2016).

Choo and authors (2016) also investigated the genes associated with vision, as
pangolins have limited eyesight. These authors used representatives of all eight
pangolin species and compared them to various other mammalian species (Choo et
al. 2016).

Since pangolins are myrmegophagous, they are adapted to a toothless feeding
lifestyle, where the sticky tongue becomes a necessity to the diet of these animals.
Various studies have investigated the gene group associated with the development
and formation of teeth and subsequently, the loss of teeth in various groups of
animals. As pangolins are edentate, various authors investigated the loss of teeth
genes in the Chinese pangolin (Meredith et al. 2014; Choo et al. 2016), Malayan
pangolin (Choo et al. 2016; Opazo et al. 2017) and the remaining six pangolin
species (Choo et al. 2016), which were compared to other toothless species. In
2017, Ma and authors sequenced 22 538 transcripts in the Malayan pangolin
associated with myrmegophagy (Ma et al. 2017). Of these transcripts, 3 373 new
genes were identified and of these 1 459 were annotated. The authors also found
969 genes to be associated with olfactory transduction and 75 genes linked to
metabolism (Ma et al. 2017).

1.3.2. TAXONOMIC CLASSIFICATION OF PANGOLIN SPECIES

Phenotypic classification uses morphological characteristics to describe organisms
and divide those into different species and even sub-species. This was initially the
preferred method for identification of specimens; however, the limitations arrived with
accessioning cryptic species of which many have the same morphological traits, but
were genotypically separate species. Subsequently, this led to genotypic
classification becoming a necessity for assisting in the identification of closely related
and cryptic species (Knowlton 1993; Jarman & Elliott 2000; Hebert et al. 2003;
Savolainen et al. 2005; Papes & Gaubert 2007; Kress & Erickson 2008).
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1.3.2.1. TAXONOMIC DELINEATION

The taxonomic classification of pangolins has been under debate for a number of
years, and is still not fully resolved. This is due to a lack of discriminating
morphological and molecular data (Pocock 1924; Emry 1970; Mckenna & Bell 1997,
Gaudin & Wible 1999; Nowak 1999; Wilson & Reeder 2005).

The first genus described for the extant pangolins was the genus Manis (Linnaeus
1758), which was proposed as the universal genus for all extant pangolin species
globally (Linnaeus 1758; Nowak 1999; Wilson & Reeder 2005). However, the genera
Phataginus (Rafinesque 1821) and Smutsia (Gray 1865) were later described, which
were assigned to the African pangolins as sub-genera. The name Phataginus has
been ascribed to the arboreal pangolins and the ground dwelling pangolins has been

designated as Smutsia.

Later authors suggested two genera for the pangolins, namely Manis for the Asian
pangolins and Phataginus for the African pangolin species (Corbet & Hill 1991), with
Smutsia as sub-genus for the ground pangolins and Uromanis for the black-bellied
pangolin. The taxonomy was later changed to four genera, with Manis assigned to
the Asian pangolins, Smutsia for the African ground pangolins, Phataginus for the
white-bellied pangolin and Uromanis for the black-bellied pangolin (Kingdon 1997;
Mckenna & Bell 1997).

In 1999, Gaudin and Wible published research suggesting all eight pangolin species
be assigned to three genera, namely Manis for the Asian pangolins, Phataginus for
the arboreal African pangolins and Smutsia for the ground-dwelling African pangolin
species (Gaudin & Wible 1999). This nomenclature was also supported by
Koenigswald (1999).

In 2009, Gaudin and co-authors re-assessed this nomenclature of pangolins from
examining entire skeletons for osteological characteristics and concluded that all
extant pangolin species can be assigned to the three genera mentioned above.
These authors also concluded that the two African genera, Phataginus and Smutsia,

form a monophyletic group and should be re-assigned to a separate sub-family,
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Smutsiinae, which still fall under the one family Manidae (Gaudin et al. 2009).
However, some authors still show preference for one genus, Manis, for all extant
pangolin species (Gaubert & Antunes 2005; Gaudin et al. 2006; Botha & Gaudin
2007; Gaubert et al. 2016).

1.3.2.2.GENOTYPIC CLASSIFICATION

Currently, various DNA sequencing technologies are available to aid biologists in
studying a broad range of applications in a fast, precise, manageable and cost-
effective way. Some of these applications include techniques such as cloning and
breeding, pathogenic analysis in the identifying of pathogenic genes as well as

comparative population and evolutionary studies (Liu et al. 2012).

A variety of molecular techniques such as DNA hybridization, restriction enzyme
digestion, random PCR amplification, species-specific PCR primer and DNA
barcoding were developed as different genotyping approaches (Hayashi et al.
1985; Irwin et al. 1991; Cano et al. 1993; Esposti et al. 1993; Collura & Stewart
1995; Brown et al. 1996; Birstein & DeSalle 1998; Burgener & Hibner 1998). DNA
sequencing can be broadly classified into two main branches using either

mitochondrial DNA (mtDNA) or nuclear DNA (nDNA) sequence comparisons.

MITOCHONDRIAL MARKERS

Mitochondrial DNA (mtDNA) is found in the mitochondria of the living cells of
Eukaryotic organisms. Each mitochondrion carries two to ten copies of mitochondrial
DNA, with an estimated 100 mitochondria found inside a single mammalian cell
(Robin & Wong 1988). Mitochondrial DNA is estimated to form one to two percent of
all DNA available inside a cell (Yang et al. 2014).

Due to the abundance of mitochondria and mitochondrial DNA copies in each cell, it

has become an established method in a variety of molecular analysis. These

analysis include phylogenetics and evolutionary studies (Gibb et al. 2007; Lei et al.
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2010), species identification for forensic purposes (Seo et al. 2015; Mwale et al.
2017) as well as kinship analysis of the maternal lineage (Seo et al. 2015).

Mitochondrial DNA can be isolated from hair shafts, scales and bones which in turn
make identification of species from confiscated scale or bone samples possible (Seo
et al. 2015; Du Toit et al. 2016; Mwale et al. 2017). Mitochondrial DNA is also known
for a high mutation rate and low recombination, which results in variability that
enables the study of animal lineages and subsequent evolutionary analysis through
reconstructing population- and species histories (Martin & Palumbi 1993; Rand 1994,
Mindell et al. 1996; Bi & Sokouri 2015; Seo et al. 2015). This variability also aids in

maternal lineage traceability, over several generations (Seo et al. 2015).

Whole mitochondrial DNA genomes or mitogenomes are more informative,
compared to partial gene analysis, in determining phylogenetic and taxonomic
characteristics of species. To date, reference mitogenomes for seven of the extant
pangolin species are available on Genbank: S. temminckii; S. gigantea; P. tricuspis;
P. tetradactyla; M. pentadactyla; M. javanica and M. crassicaudata (Arnason et al.
2002; Qin et al. 2012; Du Toit et al. 2014; Hari & Siew Woh 2015; Hassanin et al.
2015; Hari et al. 2016; Gaubert et al. 2018)*.

Prior to the work by (Du Toit et al. 2014), two mitogenomes for black-bellied pangolin
(Arnason et al. 2002) and the Chinese pangolin (Qin et al. 2012) already existed in
the database. However, various studies utilising partial mtDNA loci determined that
these two mitogenomes were wrongly ascribed to the respective species and these
should rather be included with the white-bellied and Malayan pangolin species
respectively (Olayemi et al. 2011; Hassanin et al. 2015; Hari et al. 2016).

(*The work from Gaubert et al. (2018) was published subsequent to the second research paper,
mitogenomes of the four African pangolin species. It is not included here since it forms part of the
thesis where it is discussed in detail. See Chapter 3).

The phylogenetic placement of the order Pholidota within the Eutherian tree has
been the subject of a number of studies utilizing the comparison of sequenced
mitogenomes. From these studies it was evident that the orders Carnivora and

Perisodactyla formed a monophyletic group, with Pholidota, contrary to the expected
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grouping with Xenathra (Arnason et al. 2002; Du Toit et al. 2014; Gaubert et al.
2018).

Y-CHROMOSOME MARKERS

The Y-chromosome gene (Sry) is a locus responsible for sex determination in
mammalian species and is located as a single copy on the Y-chromosome of male
animals (Pamilo & O’Neill 1997). Analogous to mitochondrial DNA, which is
maternally inherited, the Y-borne gene is paternally inherited. This gene is also
responsible for the development of bipotential embryonic gonads to form the male
reproductive organs, the testes (Yu et al. 2011). The use of Y-chromosome markers
for phylogenetic purposes is advantageous when determining dispersal and

migrating patterns in male individuals of a population.

In 2011, Yu and co-authors sequenced the Y-chromosome (Sry) of the Formosan
pangolin (Manis pentadactyla pentadactyla), which is a sub-species of the Chinese
pangolin. The aim of the latter study was to further elucidate the taxanomic
placement of Pholidota in the Eutherian tree. The results suggested that pangolins
are phylogenetically closer to Carnivora and Perrisodactyla and share a Laurasian
origin rather than grouping with the order Xenarthra. The study also concluded that
the orders Pholidota and Xenarthra share similar characteristics, which can probably
be ascribed to convergent evolution rather than the two orders being related and

sharing a common ancestor (Yu et al. 2011).

In 2016, Gaubert and co-authors published research using various nuclear and
mitochondrial genes and loci, including the Y-chromosome (Sry) gene, in order to
describe various white-bellied pangolin populations in Africa. However, the results
were less reliable compared to the results from mitochondrial loci as inconsistent
patterns of population differentiation were observed using the Y-chromosome gene
(Gaubert et al. 2016). To date, no further studies have been conducted utilising the

Y-chromosome for any of the remaining six pangolin species.
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WHOLE GENOME DNA ANALYSIS

In general, only one or a few genes or gene segments were traditionally used to
determine phylogenetic relations, which can lead to a distorted view of the
phylogenetic structure of populations (Brown et al. 1979; Moore 1995; Zardoya &
Meyer 1996; Springer et al. 2001). Whole mtDNA genomes are more reliable since
there are more positions (bases) available to reflect variation between species,
and this greatly improves the resolving power during analysis (Cao et al. 1994,
2000; Cummings et al. 1995; Zardoya & Meyer 1996; Ingman et al. 2000). The
same is true for whole nuclear genome assemblies, as it allows any gene group or
chromosome to be studied and aids in comparison studies between different

species or individuals on a genomic level.

To date, only two of the extant pangolin species have whole genome data available,
at a level where the genome was sequenced and annotated (Choo et al. 2016; Tan
et al. 2016; Zhihai et al. 2016; Hu et al. 2020). Choo and co-authors published
annotated genomes for the Chinese pangolin (M. pentadactyla) and the Malayan
pangolin (M. javanica). Although the genomes are not completely assembled, large
scaffolds exist with multiple protein coding gene identities determined. These authors
successfully identified 20 298 genes in the Chinese pangolin and 23 446 genes in
the Malayan pangolin. Pertaining to the above, 3 465 gene variants were found to be
unique to the Chinese pangolin and 4 958 gene variants for the Malayan pangolin,
indicating the significant level of divergence between these species. During the
annotation of the genomes, the authors also found 1 152 genes which seem to be
unique to the order Pholidota, as they were absent in the other species used for

comparison (Choo et al. 2016).

In 2020, Hu and authors published a paper which compared the whole genomes of
the Chinese and Malayan pangolin, a more in-depth and robust analysis compared
to Choo et al. (2016). The authors used the previous assembled scaffolds as
guidelines to assemble the whole genomes of the two species (Hu et al. 2020). They
found 21 785 genes in the Malayan pangolin and 23 865 genes in the Chinese

pangolin which were slightly more than reported in the previous study.
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1.3.3. GENETIC DIFFERENTIATION AMONG AND WITHIN SPECIES

Species identification has been successfully demonstrated in numerous studies,
utilising partial mtDNA regions to determine species identities, especially during

confiscation of illegally traded animals such as pangolins.

1.3.3.1 DNA BARCODING APPLIED TO PANGOLIN SCALE TRACEABILITY

Confiscated samples (scales, bush-meat, whole specimens) created a need for a
reliable and rapid method to distinguish between the different pangolin species in

order to trace origin and to determine which species are targeted frequently.

Currently, five mitochondrial loci exist to aid in reliable identification of confiscated
samples across the eight pangolin species. These markers are: the cytochrome c
oxidase | (Col) locus which has been successful in identification of S. temminckii;
S. gigantea; P. tetradactyla; P. tricuspis; M. javanica and M. culionensis (Du Toit
2014; Gaubert et al. 2015; Hassanin et al. 2015; Zhang et al. 2015; Luczon et al.
2016; Mwale et al. 2017; Mason et al. 2019; Hu et al. 2020); the cytochrome b
(Cytb) locus for all extant pangolin species excluding M. culionensis (Hsieh et al.
2001; Olayemi et al. 2011; Wirdateti 2013; Du Toit 2014; Gaubert et al. 2015, 2016;
Hassanin et al. 2015; Kumar et al. 2016b; Tan et al. 2016; Mwale et al. 2017; Zhang
et al. 2020; Hu et al. 2020); the control region in S. temminckii; S. gigantea; P.
tetradactyla; P. tricuspis; M. p. pentadactyla and M. javanica (Hsieh et al. 2011; Du
Toit 2014; Hassanin et al. 2015; Gaubert et al. 2016; Mwale et al. 2017); 16S rRNA
for S. temminckii; P. tricuspis; M. javanica and M. crassicaudata (Gaubert et al.
2015; Hassanin et al. 2015; Kumar et al. 2016b); and 12S rRNA for S. temminckii; P.

tricuspis and M. javanica (Gaubert et al. 2015; Hassanin et al. 2015).
1.3.4. GENETIC ASSIGNMENT OF INDIVIDUALS TO POPULATIONS
Various techniques have been developed for the assignment of individuals to source

populations. These are based on both mitochondrial DNA as well as nuclear DNA

research and include sequencing of genes, Simple Tandem Repeats (STRs), Single
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Nucleotide Polymorphisms (SNPs) and Restriction Site Associated DNA Markers
(RAD).

1.3.4.1.PARTIAL DNA ANALYSIS (SEQUENCING OF SPECIFIC REGIONS)

Several studies have utilised both mitochondrial DNA (mtDNA) and nuclear DNA
(nDNA) markers to determine population structure of pangolins, in the context of

locating source populations.

MITOCHONDRIAL DNA

The utilization of mitochondrial loci for phylogeographic identification of pangolin
populations is useful in determining the geographic origin of individuals as well as
revealing population differentiation and diversity. To date, phylogeographic
studies, using specimens with known identities and from known localities, have

been completed for two African pangolin species utilizing various mtDNA loci.

The first phylogeographic study was performed by Du Toit (2014), who studied
three mtDNA regions (Col, Cytb and control region) for Temminck’s pangolin in
order to determine patterns of phylogeographic relationships and genetic
differentiation among southern African populations. This author found low levels of
genetic diversity among and between populations which indicated a high level of
gene flow between these populations. As a result, determining geographic origin of
individuals of this species was not possible. Du Toit (2014) recommended that

future studies should also include nuclear markers and SNPs.

In 2016, Gaubert and co-authors sampled various white-bellied pangolins in Africa
and used phylogenetic data and differences between populations to determine the
origin of confiscated bush-meat samples. The results indicated that there were
significant levels of genetic differentiation between all the identified populations
and this will aid in determining the geographic origin of confiscated samples
(Gaubert et al. 2016).
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NUCLEAR DNA

Nuclear DNA markers are a valuable source of information, since various parts of the
genome, or the entire genome, can be studied and compared between different
individuals, populations or species. As indicated above, phylogeography can also be
performed using a variety of nuclear DNA markers in addition to mitochondrial

markers, in order to obtain a more accurate view of population structure.

To date, only one study included nuclear markers to aid in the identification of
population structure in a pangolin species, with such data published for the white-
bellied pangolin (Gaubert et al. 2016). These authors used the genes intron 7
fibrinogen (FGB7), titin (TTN) along with a series of mtDNA genes and the Y-
chromosome gene (Sry), as indicated above. The results showed that these nuclear
markers, including Sry, were less effective in determining the precise number of

populations in the white-bellied pangolin when compared to the mtDNA markers.

1.3.4.2.SHORT TANDEM REPEATS (STRS)

Short Tandem Repeats (STRs), also referred to as Simple Sequence Repeats
(SSRs) or microsatellites are variable repeat motives in the genome, usually with
high heterozygosity levels and multiple alleles. These alleles consist of a variety of
motifs, from dinucleotide to tetra-nucleotide repeats (Ellegren 2004). Microsatellites
are popular molecular makers since these loci have a relatively high mutation rate.
This allows microsatellites to be utilised in a variety of studies such as differentiation
between individuals within as well as between various populations (Ellegren 2004,
Luo et al. 2007). Other analysis also include studies of linkage mapping, linkage-
disequilibrium (Ohashi & Tokunaga 2003), relatedness through parentage testing,

disease discoveries and forensic application (Ellegren 2004).

In 2007, Luo and co-authors designed a series of 32 species-specific microsatellite
markers for the Malayan pangolin (M. javanica). These authors tested these markers
on the Chinese pangolin (M. pentadactyla) as well as the white-bellied pangolin (P.

tricuspis), with a success rate of 84% (27) and 52% (18) respectively. The study
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compared these species in order to determine phylogeography, evolutionary- and
population genetic statuses. The results indicated an estimated heterozygosity
ranging from 0,321 to 0,708 for the three species and presented the first nuclear

data for any of the pangolin species (Luo et al. 2007).

In 2013, 14 of the original 32 markers from Luo et al. (2007) were tested on
Temminck’s pangolin (S. temminckii) samples with limited success, since these
markers were developed and optimized for the Asian pangolins (De Beer 2013). As
evident in Luo’s study, only 50% of the markers showed a success rate when tested
on the white-bellied pangolin and the even lower success rate in Temminck’s
pangolin meant that results were not robust enough for reliable analysis. In 2020,
Sun et al developed 10 species specific microsatellite markers for the Chinese
pangolin that could be successfully utilized for forensic purposes in species

identification as well as between different individuals and siblings (Sun et al. 2020).

To date, no microsatellite data exists for the remaining two Asian pangolin species.
In 2020, Aguillon and co-authors published an additional 20 species specific STRs

for the white-bellied pangolin (Aguillon et al. 2020)*.

(*The second chapter of this thesis, first research chapter, involves the development of STR for S.
temminckii with demonstrated cross amplification capability for the remaining three African pangolin
species. Although there is an overlap with Aguillon et al. (2020) regarding the STR for white-bellied
pangolin, the aim of the research papers were different and the studies done simultaneously where
the STR for S. temminckii was published prior to the work from Aguillon et al. (2020). It is not included

here since it forms part of the thesis where it is discussed in detail.)

1.3.4.3.SINGLE NUCLEOTIDE POLYMORPHISMS (SNPS)

Single Nucleotide Polymorphisms (SNPs) are single base variations where at least
one nucleotide is exchanged for an alternative nucleotide in different individuals at a
specific location in the genome (Shastry 2002). These SNPs are used in genotype
calling where the individuals have to display at least one base variation (Nielsen et
al. 2011). This makes detection of rudimentary polymorphism between different
genomes feasible. There is an estimated nine million SNPs found in a single
organism, which cover around 90% of their genome (Kwok et al. 1996; Collins et al.
1999; Rocha et al. 2006). These SNPs can occur as frequently as every 250-1000
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base pairs (bp) across the genome (Kwok et al. 1996; Collins et al. 1999; Shastry
2002; Rocha et al. 2006). Due to the abundance of SNPs in the genome, it has
become one of the most valuable genetic markers for detection of differentiation in
populations and species, using a selection of markers across the genome without
sequencing the whole genome (Shi et al. 2009).

Currently, SNP analysis have only been reported for three of the Asian pangolin
species, Chinese (M. pentadactyla), Malayan (M. javanica) and Indian (M.
crassicaudata) pangolins (Li et al. 2017; Kumar et al. 2018; Hu et al. 2020). Li and
authors (2017) designed 21 SNP markers for the Malayan pangolin which could be
used in subsequent studies. In 2020, Hu and authors published an article where >20
000 000 and >21 000 000 SNPs were developed for the Malayan and Chinese
pangolin respectively (Hu et al. 2020). The results found that there were two
distinctive groups present in both the Malayan and Chinese pangolins which could

be traced to 300 and 130 thousand years ago respectively (Hu et al. 2020).

With regards to the Indian pangolin, mtDNA SNPs were developed for three gene
regions: Cytb, 16S rRNA and 12S rRNA (Kumar et al. 2018). The authors used
references from online sources to obtain data for six of the extant pangolin species.
The only species which didn’t have any data available was the Philippine pangolin
(M. culionensis). The study reported SNPs which were present in all seven species:
25 SNPs for Cytb, 15 SNPs for 16S rRNA and 19 SNPs for 12S rRNA. Sequence
variation in the Cytb gene was found to be the highest (Kumar et al. 2018).

1.3.4.4.RESTRICTION SITE ASSOCIATED DNA MARKERS (RAD)

Compared to whole genome based studies, restriction enzyme based methods, in
the form of Restriction Site Associated DNA (RAD) techniques, are cost effective and
simpler since only a subset of the genome of interest is targeted (Miller et al. 2007,
Baird et al. 2008; Van Tassell et al. 2008; Elshire et al. 2011; Ali et al. 2016). These
techniques allow for the simultaneous sequencing of a greater sample size by
creating a multiplex of all the samples in a single reaction. This in turn reduce the
cost per individual for sequencing (Baird et al. 2008; Hohenlohe et al. 2010; Etter et
al. 2011).
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The RAD techniques utilizes restriction enzymes for targeting a subset of
homologous loci which allows for SNP discovery across several individuals
simultaneously (Davey et al. 2011; Trebbi et al. 2011; Peterson et al. 2012; Graham
et al. 2015). Therefore, this technique is beneficial for studies consisting of large
population sizes in conservation, ecological, evolutionary and agricultural
applications (Poland & Rife 2012; Davey et al. 2013; Narum et al. 2013). To date, no
reported studies have been performed on any of the pangolin species utilising RAD

sequencing for SNP identification.
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1.4. AIMS AND OBJECTIVES

1.4.1. AIMS OF THE STUDY

The overall aim of this study was to develop molecular markers — both nuclear and
mitochondrial — to establish a geo-referencing framework of Temminck’s pangolins in
southern Africa. From this information, the population structure and relationship with
other pangolin species will be unravelled. In addition, an aim was to also have insight
into aspects of the genetics of the remaining three African pangolin species. This
study is part of an extended project in support of increasing molecular data
availability for all four African pangolin species. Understanding the population
structure will aid in better and more accurate conservation strategies to protect these
animals from the illegal wildlife trade and possible extinction, by enabling positive

identification of confiscated samples intercepted from illegal wildlife trafficking.

1.4.2. OBJECTIVES OF THE STUDY

a) Design and optimize species-specific Short Tandem Repeats (STRs) markers for
Temminck’s pangolin (S. temminckii). The hypothesis is to obtain species specific

markers with cross-amplication in the remaining African pangolin species.

b) Sequence the whole mitogenomes of all four African pangolin species to perform
a comprehensive molecular comparison and to resolve the taxonomy of the
family Manidae. The hypothesis is to clearly differentiate between the three
pangolin genera using mitogenomic data and provide further support to the

recent morphological studies.

c) Geo-referencing of Temminck’s pangolin (S. temminckii) populations in southern
Africa using both Short Tandem Repeats (STRs) and three mitochondrial loci.
The hypothesis is to differentiate between different sample localities using
samples with known and unknown origin. This will aid forensic cases In
determining better release sites for the confiscated animals and in turn provide

support for conservation strategies to be properly implemented.
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1.5. STRUCTURE OF THE THESIS

A publication format with papers (published or publishable) is used for the research
chapters encompassing each study objective. An oversight of the relevant published
literature is presented and precedes the rest of the chapters (Chapter 1). The last
chapter consists of a synopsis and discussion of the results in a concluding chapter
(Chapter 5)

The papers generated and representing the different chapters are as follows:

1. Chapter 2: Du Toit, Z., Dalton, D.L., Du Plessis, M., Jansen, R., Grobler, J.P.
and Kotzeé, A. 2020. Isolation and characterization of 30 STRs in Temminck’s
pangolin (Smutsia temminckii) and potential for cross amplification in other
African species. Journal of Genetics, 99, doi.org/10.1007/s12041-020-1176-0.

2. Chapter 3: Du Toit, Z., Du Plessis, M., Dalton, D. L., Jansen, R., Grobler, J. P.
and Kotzeé, A. 2017. Mitochondrial genomes of African pangolins and insights
into evolutionary patterns and phylogeny of the family Manidae. BMC
Genomics, 18: 746-758.

3. Chapter 4: Phylogeography of Temminck’s pangolin (Smutsia temminckii)

populations in southern Africa using a georeferencing approach. Unpublished.
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CHAPTER TWO

ISOLATION AND CHARACTERIZATION OF 30 STRS IN
TEMMINCK’S PANGOLIN (SMUTSIA TEMMINCKII) AND POTENTIAL
FOR CROSS AMPLIFICATION IN OTHER AFRICAN SPECIES

2.1. INTRODUCTION

The mounting pressure of pangolin populations due to illicit trade and poaching
(Heinrich et al. 2016; Pietersen et al. 2016a), prompted us to find suitable genetic
techniques to aid forensic investigations. Short tandem repeats (STRs) are
considered to be the preferred marker in studies such as assessing divergent
lineages and evaluating population genetic structure which can subsequently
contribute to conservation management (Ellegren 2004; Luo et al. 2007). To date,
STR markers have been developed for the Malayan pangolin (Asia) M. javanica (Luo
et al. 2007), which displayed cross-species amplification in Chinese pangolin (M.
pentadactyla) and white-bellied pangolin (Luo et al. 2007). However, no STR
markers are reported to amplify in all African species. The aim of this study was to
isolate and characterise polymorphic STRs for Temminck’s pangolin using Next
Generation Sequencing (NGS) and to determine cross-amplification potential in the

remaining species (S. gigantea; P. tetradactyla and P. tricuspis).

2.2. MATERIALS AND METHODS

Samples from 32 Temminck’s pangolin from the Northern Cape Province, South
Africa, nine and ten samples respectively from black-bellied and white-bellied
pangolins from Ghana and ten giant ground pangolins, from a confiscated batch from
Hong Kong, with an unknown origin were used. All samples were stored at the NZG
Biobank, National Zoological Garden (NZG). DNA was isolated from tissue or blood
samples using the QIAamp Micro Kit (QIAGEN, Novato, CA, U.S.A.) along with the
respective manufacturers’ protocol. Scale samples were processed according to the
protocol of (Du Toit et al. 2016) using the PrepFiler™ Forensic DNA Extraction Kit
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(Thermo Scientific, Massachusetts, U.S.A.) following the manufacturer’s protocol for
hair samples. The DNA was quantified on a Qubit v3.0 Fluorometer (Thermo

Scientific, Massachusetts, U.S.A.).

One Temminck’s pangolin blood sample was used for NGS and a rapid run was
performed on the lllumina HiSeq 2500 (lllumina Incorporated, San Diego, CA,
U.S.A)) using the TruSeq DNA LT Sample Prep Kit (lllumina Incorporated, San
Diego, CA, U.S.A)). The quality of the data was evaluated using the software
packages FastQC v0.11.7 (Andrews 2010) and Trimmomatic v0.36 (Bolger et al.
2014) was implemented to edit and trim the data by removing poor quality sections
and adapters. The program Tandem Repeats Finder v4.09 (Benson 1999) was
utilized to identify regions comprising di-, tri- and tetra nucleotide repeats of > eight
repeats in length. The unique loci, consisting of di-, tri- and tetra repeats, were
identified and primer pair flanking regions was designed using BatchPrimer3 v1.0
(You et al. 2008) software.

Polymerase Chain Reaction (PCR) amplification was performed in multiplex
reactions with a total reaction volume of 12,5 ul, consisting of Taqg DNA Polymerase
Master Mix Red (Ampligon A/S, Odense, Denmark), forward and reverse primers
(0,25 uM each) from multiple loci and 50 ng genomic DNA template. The conditions
for the PCR amplification were as follows: denaturation at 94°C for 5 min, followed
by 30 cycles of denaturation at 94°C for 30 sec, annealing at 45-55°C for 30 sec and
extension at 72°C for 1 min, followed by final extension at 72°C for 40 min. PCR
products were run against a Genescan™500 LIZ™ internal size standard on an ABI
3500 Genetic Analyzer (Applied Biosystems, Inc., Foster City, CA, U.S.A)).

Samples were genotyped using GeneMapper v5.0 software (Applied Biosystems,
Inc., Foster City, CA, U.S.A.). MICRO-CHECKER v2.2 (Van Oosterhout et al. 2004)
was used to detect possible genotyping errors, allele dropout and null alleles. The
number of alleles per locus (A), observed heterozygosity (Ho), and unbiased
heterozygosity (Hz) were calculated with GenAlEx v6.5 (Peakall & Smouse 2012),
while Arlequin v3.5 (Excoffier & Lischer 2010) was used to test for deviations from

expected Hardy-Weinberg (HW) proportions in genotypes and to evaluate loci for
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gametic disequilibrium. Associated probability values were corrected for multiple

comparisons using Bonferroni adjustment at a significance level of 0,05.

2.3. RESULTS

The NGS rapid run generated more than 10 000 reads containing STRs, of various
repeat lengths, from which 40 were identified for further analysis. A total of 30 out of
the 40 loci tested, amplified consistently (Table 2.1) in Temminck's pangolin.
Annealing temperatures ranged from 45-55°C for all loci. The number of alleles
ranged from 2 to 12, with an average of 4,4 alleles per locus. The mean Ho ranged
from 0,00-0,968 and He values ranged from 0,11 to 0,75. No evidence of linkage
disequilibrium was observed for the analysed loci. However, six markers deviated
from Hardy-Weinberg equilibrium following Bonferroni correction, which may suggest
population substructure or the presence of null alleles (Table 2.2).

Table 2.1. Primer sequences of 30 STRs isolated for Temminck’s pangolin, S. temminckii.

Locus Primer sequence forward (5'-3') Primer sequence reverse (5-3’) Repeat Annealin
motif g temp

4]
PAN_01 CAGCTGAACACTGAACACAGAA AGAGCAAGGCAGAGCATTTG (GGM)12 55
PAN_02 TAGAGGCTGTGAGCAGGTTC GAGGGGATTATGCCAGGAAG (TCC)o 48
PAN_03 ACTTTCCATCCCAAGCCTCT GGTGGAGAGCGCTAATCAGT (GA)13 48
PAN_05 TTTTCCCCTGTGGAATGTGT TTTGCGTAAAGTCCCTAGCA (GAT)11 48
PAN_06 CACACAGTAGGGCTCTGCAA CAACACATCACCTGACAGCA (TGAA)10 48
PAN_07 CTTCTCCCACCTGACCTCCT CACTTAAGATTTTGGGGCTCA (CT)1s 48
PAN_08 CCTCCAGTGTATGTGCGAGT CCACGGCAAGAACCATTC (CA)1s5 48
PAN_10 AAAATGGACACAGAGGCATT ACATTGTGATGTGGACCAGTG (TC)1a 48
PAN_11 ACTCGGGTTGTGGGAACAT CCAGTCCTTGCTGCTCCTAT (GT)1s 55
PAN_12 TAGTTCACACACATGGGAAGTT TGTTATCCTTGCCTCCTGACTT (GGA)9 48
PAN_13 AGCTCCCTGAAGAACCTGCT CTAGTGCCTGGCCCAACA (TCCA)o 50
PAN_15 GTCCTCAAACTCCTCCGACA CTGGGGTCCTGTCATCCTG (CTC)9 50
PAN_17 CCCTGTGAAAAATGGAGACC CTGGTGGCATTATAAGCCTTG (GT)1s 45
PAN_18 GCACCTGTGGGTAGTTCCAT GCATATGGACAAGGCAGGAG (CT)13 55
PAN_19 GAGCATCTATGTTTAGACTGTTCTGC TGGGCAGAGACCAAGACTGT (GT)1s 50
PAN_20 TTTGGGCACAAGTGATCCTA GAGTCAAGACAGGGCCAGTG (AC)14 50
PAN_21 AGACGGAAGCCCAAGAGG CCAGAAATGGAAGTTCAGTCC (CAC)9 50
PAN_23 TTCCCATTATGCGACTAGGA TGCCCCAAATCCAATACTGA (GAG)9 55
PAN_24  AGAAAGGTTCTTGGGGCATT AGACCATAAGCTCCCTGAAGAA (TGGA)12 55
PAN_26 GGAGATACCAAGGCAAAAAGAA GGACCATCTGGTCAAATGAGA (AG)14 55
PAN_27 GCTGTTGGCTGGTTACAGGT CTATGTGTGGGTGTGGGTGT (CA)13 55
PAN_28 CCACCTTTAACCTCAGGGCTA CACTCCCCTTAACCCATCAA (TGAA)11 50
PAN_29 ACCTTACGCACCTGGAAGAC AATTCTTGCCTCAGCTCTGC (GT)ar 45
PAN_30 TCATATTCATGTGATGTGATGAGG AAGGCTGCTGCGGTAGAAC (GAG)s 45
PAN_31 CTTCAGTCATCCGTCCGTCT CACTTGACACAGTGCCTTGC (TCCA)s 45
PAN_32 TCTGAATGATGCCAAGGAGA TGGCTCTGCAGATTTTCTCA (TG)14 45
PAN_35 GCCTACACTTGCGTGTGAAA TTCCATCGGTGTGATGATTG (CA)13 55
PAN_36 GGCAGACTTTACCAATGAAGC AACCATAATGTTGATCATGTAATTG (TTG)s 55
PAN_37 GTCTTCAGCCCACAGTCAGC TCAAGCTTTCAATAGTCGTCCA (TGGA)10 55
PAN 38 GAAGCCAACAATATCCAATGC TCGTATTCTCTCAGATAACCCTTTG (AC)17 55

F, forward primer; R, reverse primer.
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Cross-species amplification was successful in the three African pangolin species
using PCR conditions as described above. However, amplification was not achieved
for the following markers: PAN_28 in S. gigantea, PAN_29 in P. tetradactyla and P.
tricuspis and PAN_36 in P. tricuspis. In addition, 16 (53%) of the markers were
identified as monomorphic, including PAN_ 2, PAN_3, PAN_5, PAN_6, PAN 7,
PAN_10, PAN_11, PAN_12, PAN_13, PAN_15, PAN_18, PAN_20, PAN_24,
PAN_28, PAN_30, PAN_32 and PAN_38 (Table 2.3).

Table 2.2. Characterization of 30 STRs in Temminck’s pangolin, S. temminckii.

Locus GenBank Size range Na He Ho HWE Null
accession (bp) alleles
number

PAN_01 MN477255 69-118 5 0,813 0,552 il None
PAN_02 MN477256 85-139 2 0,344 0,285 ns None
PAN_03 MN477257 89-121 7 0,688 0,713 ns None
PAN_05 MN477258 98-113 4 0,531 0,546 ns None
PAN_06 MN477259 97-130 4 0,719 0,655 ns None
PAN_07 MN477260 91-117 4 0,969 0,558 ok None
PAN_08 MN477261 88-114 5 0,438 0,576 ns None
PAN_10 MN477262 84-106 3 0,313 0,366 ns None
PAN_11 MN477263 119-187 5 0,844 0,734 ns None
PAN_12 MN477264 89-122 5 0,531 0,418 ns None
PAN_13 MN477265 87-123 5 0,742 0,748 ns None
PAN_15 MN477266 105-117 3 0,313 0,382 ns None
PAN_17 MN477267 131-187 12 0,625 0,729 ok None
PAN_18 MN477268 99-121 7 0,844 0,772 ok None
PAN_19 MN477269 105-189 4 0,774 0,674 ns None
PAN_20 MN477270 96-146 8 0,688 0,688 ns None
PAN_21 MN477271 97-129 2 0,156 0,144 ns None
PAN_23 MN477272 111-122 3 0,313 0,389 el None
PAN_24 MN477273 77-116 5 0,844 0,759 ns None
PAN_26 MN477274 91-142 4 0,594 0,534 ns None
PAN_27 MN477275 93-124 9 0,793 0,719 ns None
PAN_28 MN477276 109-157 3 0,344 0,330 ns None
PAN_29 MN477277 118-142 5 0,844 0,720 ns None
PAN_30 MN477278 86-106 2 0,219 0,285 ns None
PAN_31 MN477279 72-136 2 0,500 0,430 ns None
PAN_32 MN477280 61-103 2 0,438 0,451 ns None
PAN_35 MN477281 96-136 7 0,733 0,820 * None
PAN_36 MN477282 63-111 2 0,000 0,117 el None
PAN_37 MN477283 86-120 2 0,406 0,359 ns None
PAN_38 MN477284 80-120 5 0,500 0,599 ns None

Na, number of alleles; Ho, observed heterozygosity; He, expected heterozygosity; HWE, significant deviation from
Hardy—Weinberg proportions; ns, not significant. *P<0.05, *** P<0.001).

In total, 26 (87%) markers successfully amplified and were polymorphic for S.
gigantea and 18 (60%) markers for P. tetradactyla and P. tricuspis, respectively.
Thus in total, 11 markers were polymorphic across all four African pangolin species.
Genetic diversity estimates based on these 11 markers (Table 2.4) varied between
the four African pangolin species with S. temminckii (Na = 5; Ho = 0,559), S.
gigantea (Na = 4,909; Ho = 0,514) and P. tricuspis (Na = 2,686; Ho = 0,541)
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displaying higher diversity in comparison to P. tetradactyla (Na = 3; Ho = 0,242).
These estimates however should be interpreted with caution due to differences in

sample sizes of the populations.

2.4. DISCUSSION

The STRs presented here will contribute to estimates of genetic diversity, population
genetic structure and relatedness studies in African pangolin species. Cross-species
amplification was achieved for all three African pangolin species. However, the
number of markers in which successful polymorphic amplification was achieved was
higher in the two ground-dwelling species (S. gigantea and S. temminckii) in
comparison to the arboreal species, which can be attributed to the relative
divergence among the two genera (Chapter 3). Genetic diversity estimates were
found to be low to moderate in African pangolins (0,168-0,544) in comparison to the
Malayan pangolin (Manis javanica) (0,708; Luo et al. 2007). In conclusion, we
developed and optimized 30 STR markers for Temminck’s pangolin. We also confirm
cross-species amplification in the other African pangolin species with a success
ranging from 60-87%. To our knowledge this is the first study to describe STR
markers of African pangolin species. This marker set may allow for the investigation
of evolutionary history, population structure and genetic differentiation in African
pangolins. Furthermore, these markers may inform conservation strategies and aid

in the forensic investigation of confiscated scale samples from African pangolins.
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Table 2.3. Cross-species amplification of 30 STRs for African pangolins.
Locus P. tetradactyla P. tricuspis S. gigantea
Amplification HWE Amplification HWE Amplification HWE

PAN_O1 S ns S ns \ ns
PAN_02 M M S *
PAN_03 M N N s
PAN_05 M M M

PAN_06 \ ns N ok M

PAN_07 \ ok M \ ok
PAN_08 V ok N ok \ ns
PAN_10 \ ok M \ ns
PAN_11 M N ns N *
PAN_12 M M \/ ns
PAN_13 M v ns M

PAN_15 M N N N s
PAN_17 \ ns \ ns V ns
PAN_18 \ *ox M \ ns
PAN_19 v ns V * v ns
PAN_20 M M v ns
PAN_21 \ ns \ * V ns
PAN_23 v ns v ns v ns
PAN_24 M V ns N —
PAN_26 \ ns \ ns V ns
PAN_27 \ ns \ ns N *
PAN_28 M v ns v

PAN_29 NA NA v ns
PAN_30 J ns M N *
PAN_31 \ ns N ns V =
PAN_32 M M S ok
PAN_35 \ ok N * \ ns
PAN_36 \ ns NA V ns
PAN_37 \ ok N * \ ns
PAN_38 Xl ns M V ns

HWE, Hardy—Weinberg equilibrium; ns, not significant; M, positive monomorphic amplification; , positive

polymorphic amplification; NA, no amplification; * P<0.05; ** P<0.01; *** P<0.001.

Table 2.4. Genetic diversity estimates across four African pangolin species based on 11 polymorphic

loci.
Population Na Ne Ho He H;
S. temminckii 5,000 2,612 0,559 0,539 0,547
P. tetradactyla 3,000 1,745 0,242 0,349 0,370
P. tricuspis 4,000 2,686 0,541 0,525 0,553
S. gigantea 4,909 3,053 0,514 0,600 0,633
Total 4,227 2,524 0,464 0,503 0,526

Na, number of alleles; Ho, observed heterozygosity; He, expected heterozygosity; Hz, unbiased expected

heterozygosity.
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CHAPTER THREE

MITOCHONDRIAL GENOMES OF AFRICAN PANGOLINS AND
INSIGHTS INTO EVOLUTIONARY PATTERNS AND PHYLOGENY OF
THE FAMILY MANIDAE

3.1. INTRODUCTION

To date, full mitochondrial genomes of five pangolin species have been
determined including M. pentadactyla, M. javanica, S. temminckii, P. tetradactyla
and P. tricuspis (Arnason et al. 2002; Qin et al. 2012; Du Toit et al. 2014; Hari &
Siew Woh 2015; Hassanin et al. 2015; Hari et al. 2016). However, two
mitogenomes include misidentified Genbank records incorrectly accessioned as
M. pentadactyla and P. tetradactyla that were noted in subsequent studies
(Gaubert et al. 2015; Hassanin et al. 2015). Several techniques have been
reported to generate whole mitochondrial genomes, however modern techniques
such as next generation sequencing (NGS) using 454, Illumina and lon Torrent
technology have simplified and made sequencing mitogenomes from any eukaryotic
DNA easier, quicker and more affordable compared to Sanger-based methods
(Smith 2012; King et al. 2014; Seo et al. 2015). The vast suite of Bioinformatics
software currently available facilitates the annotation and aids in analyses of large
datasets (Smith 2015).

In general, a quarter of the reads generated by RNA/DNA sequence experiments are
from mitochondrial genomes (Raz et al. 2011; Smith 2012, 2013, 2015) which may
be attributed to their high copy numbers as well as their high expression levels. Due
to the AT richness of mtDNA, as well as it being polyadenylated it can contribute to
an increase in poly-A RNA selection (Raz et al. 2011). Assembling mitochondrial
genomes are significantly less complex than their nuclear genome counterparts as
they are smaller in size, and harbour fewer genes (Smith 2015). The mitogenomes of
two Asian pangolin species (M. pentadactyla and M. javanica) have been assembled

using lllumina HiSeq technology, whereby the authors extracted mitochondrial
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sequences from nuclear data obtained from NGS techniques (Hari & Siew Woh
2015; Hari et al. 2016).

Current phylogenetic assessments of pangolins have been conducted using only
two of the four African pangolin species namely; Temminck’s pangolin and white-
bellied pangolin (Du Toit et al. 2014; Hassanin et al. 2015). In addition, the current
genus-level classification of pangolins is still under debate. Thus, in this study we
performed next generation sequencing for all four African pangolins using the
lllumina HiSeq 2500 in order to reconstruct complete mitochondrial genomes. Here
we present the first whole mitochondrial DNA genomes of two of the African pangolin
species; the black-bellied pangolin (P. tetradactyla) and the giant pangolin (S.
gigantea). In addition, we describe the mitochondrial genome features in order to
understand the evolutionary forces shaping the mitochondrial genomes of African
pangolins. Lastly, we conduct a phylogenetic assessment in order to provide a

genus-level classification of African pangolins.

3.2. MATERIALS AND METHODS

3.2.1. SAMPLE COLLECTION AND DNA ISOLATION

This study used six deceased individuals, sampled by the African Pangolin Working
Group (APWG) and representing the four African pangolin species. Tissue samples
were placed in absolute ethanol and were stored at the National Biobank, National
Zoological Gardens of South Africa (NZG), at —80°C until analysis. The samples
were from three Temminck’s pangolins (S. temminckii; MF536685—-MF536687) from
South Africa, one white-bellied pangolin (P. tricuspis; MF536683) and one black-
bellied pangolin (P. tetradactyla; MF509825), both from Ghana (Boakye et al. 2016).
In addition, a giant pangolin (S. gigantea; MF536684) scale sample was included
from an illegal seizure. The species identity of samples used in this study was
confirmed with Sanger sequencing of the Col and Cytb loci which were compared to
chain-of-custody voucher specimens available from the NZG species reference

database (Mwale et al. 2017) (see www.barcodewildlife.org). All voucher specimens

were verified and identified by an acknowledged authority (Raymond Jansen; African

Pangolin Working Group).
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DNA was isolated using the QlAamp Micro Kit (QIAGEN, Novato, CA, U.S.A.) and
the respective manufacturers’ protocol for tissue was followed. DNA was quantified
on the Qubit v3.0 Fluorometer (Thermo Scientific, Massachusetts, U.S.A)).
Polymerase Chain Reaction (PCR) amplification and sequencing, to verify species
identity, were performed as outlined in (Mwale et al. 2017).

3.2.2. NEXT-GENERATION SEQUENCING AND ASSEMBLY

The products were run on an lllumina HiSeq 2500 (lllumina Incorporated, San Diego,
CA, U.S.A) using a rapid run and the TruSeq DNA LT Sample Prep Kit (lllumina
Incorporated, San Diego, CA, U.S.A.). Data quality was evaluated using FastQC
v0.11.2 (Andrews 2010) software, and trimmed and edited through Trimmomatic
v0.36 (Bolger et al. 2014) to remove the adapters and poor quality sections.
Mitogenomes were assembled in CLC Genomics Workbench v6

(https://www.giagenbioinformatics.com; CLC Bio, Aarhus, Denmark) using De Novo

alignment, with paired reads. Sequence identity of contigs was validated by
performing a BLAST search on the National Centre for Biotechnology Information
(NCBI) website (http://blast.ncbi.nlm.nih.gov/Blast.cqi).

3.2.3. MITOGENOME ANNOTATION AND PHYLOGENETIC ANALYSIS

The mitogenomes were annotated with MITOS v806 (Bernt et al. 2013) and a
circular alignment between the six available pangolin species were drawn in Circos
v0.69 (Krzywinski et al. 2009). The GC content of the four African pangolin
mitogenomes were calculated using GPMiner (Lee et al. 2012) with a sliding window
of 300 bp. Arlequin v3.5.1 (Excoffier & Lischer 2010) was used to validate the GC
scores obtained for the four mitogenomes using ANOVA analysis and the diagrams
were plotted in R v3.3.1 (Development Core Team 2008).
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The mitogenomes generated in this study comprised six animals from four African
pangolin species and were combined and aligned with 11 other genomes using
MAFFT v7 (Katoh & Standley 2013) (Table 3.1). The mitogenomes of Acinonyx
jubatus (Burger et al. 2004), Crocuta crocuta (Bon et al. 2012), Canis lupus
(KobIimdller et al. 2016) and Arctocephalus pusillus (Arnason et al. 2006) were used
as an out-group as the order Pholidota (pangolins) is reported to be evolutionary

closer to carnivores (Du Toit et al. 2014).

The phylogenetic program jModeltest v2.1.7 (Darriba et al. 2012) was used to
determine the best fit model of sequence evolution, under the Akaike Information
Criterion (AIC) (Akaike 1974), Bayesian Information Criterion (BIC) (Hirose et al.
2011) and Decision Theory Performance-Based Selection (DT) (Minin et al. 2003).
Partition analysis was also implemented using the program PartitionFinder v2
(Lanfear et al. 2017) to determine the best fit models of evolution for the different loci
in the dataset. The partition was run using linked branch lengths and a greedy
search for the models under the AIC.

Phylogenetic analysis was conducted using MrBayes v3.2.6 (Ronquist et al. 2012) to
infer relationships between the different species using Bayesian Inference (Bl). The
parameters used for MrBayes were 2 000 000 generations after which 25% of the
trees were discarded as burn-in. A Maximum Likelihood (ML) tree was constructed
utilizing PhyML v3 (Guindon et al. 2010) with the same models used for the
Bayesian analysis and was run with 10 000 Bootstrap replications. Individual
phylogenetic trees, for each loci, were also created with MrBayes v3.2.6 (Ronquist et
al. 2012) and PhyML v3 (Guindon et al. 2010).

3.2.4. CODON USAGE ANALYSIS FOR AFRICAN AND ASIAN SPECIES

The Relative Synonymous Codon usage (RSCU) values for mitochondrial genes
were established using the Mega v7 (Kumar et al. 2016a) software. This was
performed on the four African pangolin species evaluated in this study as well as for
the previously published M. pentadactyla (KT445978.1) and M. Javanica
(KT445979.1). The Principle Component Analysis (PCAs) generated from this data
was performed using the FactoMineR package in R (L& et al. 2008). Codon usage
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bias (AT3 and GC3 content) was calculated using Mega v7, for each of the protein
coding genes, where the A and T values at the third base were summed for the AT3
value. The same was performed with G and C for the GC3 content. The ratios were

reported as percentages.

Table 3.1. List of 17 mitogenomes used in the study presented here. The common name, scientific

name, Genbank accession number and reference were noted for each individual. * = Misidentified

Chinese pangolin genome; 2 = Misidentified Black-bellied pangolin genome.

Common Name Scientific Name Genbank Accession Reference
Number
Cheetah Acinonyx jubatus AY463959.1 (Burger et al.
2004)
Spotted Hyena Crocuta crocuta JF894378.1 (Bon et al. 2012)
Grey Wolf Canis lupus KU696410.1 (Koblmdiller et al.
2016)
Brown Fur Seal Arctocephalus pusillus NC_008417.1 (Arnason et al.
2006)
Chinese Pangolin® Manis pentadactyla JN411577.1 (Qin et al. 2012)
Chinese Pangolin Manis pentadactyla KT445978.1 (Hari et al. 2016)
Malayan Pangolin Manis javanica KP306515.1 (Hassanin et al.
2015)
Malayan Pangolin Manis javanica KT445979.1 (Hari & Siew
Woh 2015)
Black-Bellied Pangolin? Phataginus tetradactyla AJ421454.1 (Arnason et al.
2002)
White-Bellied Pangolin Phataginus tricuspis KP306514.1 (Hassanin et al.
2015)
Temminck’s pangolin Smutsia temminckii KP125951.1 (Du Toit et al.
2014)
Temminck’s pangolin Smutsia temminckii KP306516.1 (Hassanin et al.
2015)
Black-Bellied Pangolin Phataginus tetradactyla MF509825 Current Study
White-Bellied Pangolin Phataginus tricuspis MF536683 Current Study
Giant Pangolin Smutsia gigantea MF536684 Current Study
Temminck’s pangolin Smutsia temminckii MF536685 Current Study
Temminck’s pangolin Smutsia temminckii MF536686 Current Study
Temminck’s pangolin Smutsia temminckii MF536687 Current Study

3.2.5. CONFIRMATION OF

INSERTIONS OBSERVED

IN THE CONTROL

REGION OF THE PANGOLIN MITOGENOME

Sanger sequencing of the control region of the mitochondrial genome was performed
using five additional samples from each of the African pangolin species. The white-
bellied and black-bellied pangolin samples were from Ghana and the Temminck’s
pangolin samples from South Africa and Tanzania (Hassanin et al. 2015). The giant

ground pangolin samples were obtained from the collection of the Zoological
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Museum, University of Copenhagen. The protocol and cycle conditions outlined in
(Du Toit et al. 2014) were used for all the samples. Sequencing was conducted in
order to verify the presence of insertions in the D-loop observed in the mitogenomes
obtained from next-generation sequencing during this study. A sequence fragment of
around 500 bp was targeted using the primer pair:

PNG_Dloop forward 5-CGTTCCTCTTAAATAAGACATCTCG-3' and reverse 5'-
TCTTGCTTTTGGGGTTTGAC-3’ for verification.

3.3. RESULTS AND DISCUSSION

3.3.1. NEXT-GENERATION SEQUENCING

The HiSeq rapid run resulted in approximately 22 000 000 reads per sample, with an
average read length of 250 nucleotides. These reads were used for a De Novo
assembly of each sample (CLC Bio version 6.0). This resulted in 10 207 contigs for
P. tricuspis with the largest contig being 16 565 nucleotides, consisting of 78 099
reads at an average coverage of 986x. For P. tetradactyla, there were 2 801 contigs
with the largest contig, 16 649 nucleotides consisting of 47 686 reads at an average
coverage of 369x. For S. gigantea, there were 11 346 contigs with the largest contig,
16 540 nucleotides consisting of 13 076 reads and an average coverage of 98x. For
the three S. temminckii samples (MF536685-MF536687), contigs ranged from 2
742-5 560. The largest contig in all three samples was 16 558 nucleotides consisting
of 63 759; 29 702 and 6 820 reads and an average coverage of 494x; 248x and 53x

respectively.

The contigs were identified as the mitogenomes of the pangolin species based on
the (i) estimated length (=16,5 kb); (ii) the occurrence of the proteins Cox, Cytb,
NADH dehydrogenase V (NadV) and NADH dehydrogenase VI (NadVl) (Table 3.2)
and (iii) correspondence with mitochondrial sequences from other Pholidota based
on NCBI BLAST searches.
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Table 3.2. List of mitochondrial genes and loci, indicating size in base pairs from four African pangolin

species, Smutsia gigantea, S. temminckii, Phataginus tricuspis and P. tetradactyla.

Gene Regions S. gigantea S. temminckii P. Tricuspis P.
(Giant ground (Temminck’s (White-bellied tetradactyla
pangolin) pangolin) pangolin) (Black-bellied
pangolin)

Mitogenome (bp) 16,540 16,558 16,565 16,649
12S Ribosomal RNA (rRNA) 960 959 958 958
16S Ribosomal RNA (rRNA) 1,560 1,556 1,555 1,561
NADH dehydrogenase | (Nadl) 951 945 945 945
NADH dehydrogenase Il (Nadll) 1,038 1,038 1,038 1,038
Cytochrome c oxidase | (Coxl) 1,536 1,533 1,536 1,515
Cytochrome c oxidase Il (Coxll) 681 681 681 681
ATP synthase VIII (AtpVIIl) 195 195 198 192
ATP synthase VI (AtpVI) 675 675 675 675
Cytochrome c oxidase Il (Coxlll) 783 783 783 783
NADH dehydrogenase Il (Nadlll) 345 345 345 345
NADH dehydrogenase IV-L (NadIV- 294 294 294 294
II;I)ADH dehydrogenase IV (NadlV) 1,371 1,368 1,371 1,368
NADH dehydrogenase V (NadV) 1,791 1,788 1,794 1,803
NADH dehydrogenase VI (NadVI) 519 516 519 519
Cytochrome b (Cob) 1,134 1,134 1,134 1,134
Control region (D-loop) 1,135 1,155 1,167 1,265

3.3.2. GENOMIC ORGANISATION

The mitogenome of the S. temminckii samples consisted of 16 558bp while S.

gigantea was 16 540 bp; P. tetradactyla was 16 649 bp and P. tricuspis was

16,565bp in length (Table 3.2, Figure 3.1). The light and heavy strands each contain

their own arrangement of genes, proteins or loci respectfully located on each strand

(Figure 3.1).

The heavy strand, or plus strand, comprises of the following loci: two Ribosomal
RNAs (12S rRNA, 16S rRNA); 12 Protein-coding genes (Nadl, Nadll, Coxl, Coxll,
AtpVIIl, AtpVI, Coxlll, Ndlll, NadIV-L, NadlV, NadV, Cob) and 14 Transfer RNAs
(trnF, trnV, trnL2, trnl, trnM, trnW, trnD, trnK, trnG, trR, trnH, trnS1; trnL1, trnT). The

light or minus strand comprises one Protein-coding gene (NadVI) and eight Transfer
RNAs (trnQ, trnA, trnN, trnC, trnY, trnS2, trnE, trnP). As indicated in Table 3.2, the
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mitogenome of the four African pangolins varied in terms of gene region size at

several loci.

Six regions [cytochrome oxidase Il (Coxll), ATP synthase VI (AtpVI), cytochrome
oxidase IIl (CoxlIll), NADH dehydrogenase Il (Nadlll), NADH dehydrogenase IV-L
(NadlV-L), cytochrome b (Cob)] were found to be the same length in all four species
and three loci [16S Ribosomal RNA, NADH dehydrogenase V (NadV), D-loop] each
have different lengths in each of the four species. The remaining loci [12S Ribosomal
RNA, NADH dehydrogenase | (Nadl), NADH dehydrogenase II (Nadll), cytochrome
oxidase | (Coxl), ATP synthase VIII (AtpVIIl), NADH dehydrogenase IV (NadlV),
NADH dehydrogenase VI (NadVl)] had lengths that were generally consistent, with
some pangolin species showing variation in length in comparison to the other

species (Table 3.2).

3.3.3. PHYLOGENETIC ANALYSIS OF AFRICAN PANGOLINS

The best fit model of sequence evolution for the dataset under the AIC was the
General Time Reversal model (GTR+I+G) with invariable site and gamma
distribution of 0,822 (Lanave et al. 1984; Rodriguez et al. 1990). The best fit model
under the BIC and DT was the Transition model two (TIM2+I+G) with invariable site

and gamma distribution values of 0,998 and 0,990 respectively (Posada 2003).

From these two models three Bayesian phylogenetic trees along with three
maximum likelihood trees were generated for the datasets. The different trees all
showed consistent branching patterns, posterior probability values for the BI trees
and bootstrap values for the ML trees. The trees were subsequently concatenated
into a single consensus tree with the different support values indicated on the
respective branches (Figure 3.2). Partition analysis indicated a variety of models for
the individual loci and was subjected to individual Bl and ML analysis to confirm the

results of the whole mitochondrial data.

In the phylogenetic tree, using all available pangolin mitogenomes, it is evident that
all the African pangolins group according to species, with the exception of the black-

bellied pangolin genome (AJ421454.1) (Arnason et al. 2002). The latter mitogenome
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has previously been reported to be misclassified based on partial Cob analysis
(Gaubert et al. 2015; Hassanin et al. 2015) and was confirmed in this analysis as a
white-bellied pangolin genome (Supp. Figure 3.1). In addition, the misclassified M.
pentadactyla (JN411577.1) (Qin et al. 2012) grouped with M. javanica (Hassanin et
al. 2015; Hari et al. 2016), confirming an error also reported in previous studies (Add.
Figure 3.1).

The phylogenetic tree (Figure 3.2) which excluded the misclassified samples
provided support for the Asian and African pangolin species separation into two
distinct monophyletic clades with the latter consisting of all African pangolins
species, P. tricuspis, P. tetradactyla, S. temminckii and S. gigantea. Within the
African clade the giant and Temminck’s pangolin clustered separately from the
white-bellied and black-bellied pangolins with significant Bayesian and ML support
(Posterior Probabilities of 1). For the African pangolin species, the observed
branching pattern thus provides support for the classification of the ground-dwelling
and arboreal species into two separate genera; Phataginus and Smutsia. In addition,
results from this analysis suggests the overall classification of pangolin into three
genera; Manis (Asian pangolins), Phataginus (African tree pangolins) and Smutsia
(African ground pangolins). However, further analysis should be undertaken for
Asian pangolins to include the full mitochondrial genomes of the Philippine (M.

culionensis) and Indian pangolin (M. crassicaudata).

The above branching patterns were also confirmed with the individual loci from both
Bl and ML trees consisting of a variety of models. The control region, rRNAs, light
strand proteins, light strand tRNAs and heavy strand proteins (exclusive of Coxll)
were all concurrent with the whole mtDNA tree for both Bl and ML results with high
support values. The heavy strand tRNAs showed differentiation in the tree pangolins
and again in the ground pangolins of Africa for both Bl and ML trees. Although the
internal grouping differs, they still conform to the same three genera identified in the
trees above namely Smutsia, Phataginus and Manis. The ML analysis for the heavy
strand protein Coxll was in accordance with the results above. However, the BI
analysis indicated that the black-bellied pangolin (MF509825) branched separately
from the African pangolins, but still formed a monophyletic group with the African

pangolin species adjacent to the Asian pangolins. Overall, the majority of the
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individual loci subject to different evolutionary rates and models along with a variety
of phylogenetic analysis concurred with the results obtained from the whole mtDNA
data.

trnF

nad6

Reference
Genome
16,649 bp

nad5 nad2

trnL1 trnN
trnS1 ' trnC
trnH trnY

cox3 atps a8

Figure 3.1. Circular diagram of six pangolin mitogenomes. The six coloured circles represent the six
different pangolin species (four African and two Asian) aligned to each other to indicate the
differences between individuals with the reference genome represented by P. tetradactyla. The outer
ring represents the annotated loci located on the plus/heavy strand. The second ring represents the
loci located on the minus/light strand of the mitogenome. Arrows are representative of the direction of

the light and heavy strands; the heavy strand is located clockwise and the light strand anti-clockwise.
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Figure 3.2. Combined Bayesian Inference (Bl) and Maximum Likelihood (ML) tree of pangolin
species. Bayesian Posterior Probabilities are indicated on the bottom of each node whereas the
Maximum Likelihood Bootstrap values are indicated on top of the node. Only Bootstrap values equal
or greater than 70% (=70%) were noted on the tree. The mitogenome of Acinonyx. jubatus, Crocuta
crocuta, Canis lupus and Arctocephalus pusillus was selected as outgroups. * indicates the six

mitogenomes sequenced during this study.

3.3.4. ANALYSIS OF GC CONTENT AND CODON USAGE

Total GC content of the African pangolin species was observed to be similar
between species (P. tetradactyla = 36,5%, S. gigantea = 36,9%, S. temminckii =
37,3% and P. Tricuspis = 36,7%). These results confirm an AT-bias that has been
reported in several other mammal species (Dou et al. 2016). Analysis of codon
usage and pattern of mitochondrial genes; AtpVI, AtpVIll, Cob, Coxl, Coxll, Nadl,
Nadll, Nadlll, NadlV, NadlV-L, NadV and NadVI provided evidence of bias in terms
of the use of codons with A and C occurring most frequently at the third codon
(Supp. Table 3.1). Variation in base compositions within and among species has
been suggested to occur as a result of two evolutionary processes namely biases in
the process of mutation and/or natural selection (Mooers & Holmes 2000). Selective
nucleotide compositional biases have been reported in chiropteran mitochondrial
genomes (Meganathan et al. 2012). Uddin and Chakraborty (Uddin & Chakraborty
2014) similarly observed A or C as the most frequent codon at the 3™ position in a
study of mitochondrial AtpVI in a variety of mammalian species. The authors
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attributed this bias to mutational pressure that can influence codon usage bias in

mitochondria.

3.3.5. GC CONTENT AND CODON USAGE VARIATION BETWEEN PANGOLIN
SPECIES

The percentage of GC content and codon frequencies calculated for five regions (3
100-3 700 bp, 4 500-4 900 bp, 7 500-7 900 bp, 9 700-9 900 bp and 15 000-16 000
bp) of the mitogenome was significantly different between the four African pangolin
species based on ANOVA analysis (Figure 3.3 a-e). The respective genes that
correspond to these regions include Nadl, Nadll, Coxll, Nadlll and Cob. Analysis of
codon usage of three mitochondrial genes; Coxl, Nadl and Nadlll reveals a clear
distinction between the African and Asian pangolins, as well as within the African

clade (Supp. Figure 3.2 a-c).

The PCA plots for these three genes therefore identified a connection between
codon usage and phylogeny and provide further support for the phylogenetic
analysis based on the whole mitochondrial genome. The PCA plots of the remaining
protein coding genes (AtpVIIl, NadlV and NadVl), whilst not achieving the same
resolution within the African clade, show a clear separation of the Asian and African
pangolins (Supp. Figure 3.2 d-f). Combined codon usage patterns of mitochondrial
genes (AtpVI, AtpVIll, Cob, Coxl, CoxIl, Nadl, Nadll, Nadlll, NadlV, NadlV-L, NadV
and NadVI) were plotted in order to perform a hierarchical clustering of each species
to investigate the role of codon bias in the evolution of African pangolins. The
resulting dendrogram is presented in Figure 3.4. African pangolin species varied in
the percentage of codon bias with Asian pangolins displaying a lower degree of AT3
bias. Variations in GC content and codon frequencies between pangolin species may
indicate that two selective forces; mutational pressure and/or natural selection may
play important roles in the molecular evolution of pangolins with different
evolutionary forces acting to shape the mitochondrial genomes of the African and

Asian pangolin species.
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Figure 3.3. Representation of regions which display significant differences in terms of GC content
among African pangolin species (a-e). Image (a) showing increased GC content (~3 100-3 700 bp) in
S. temminckii; (b) showing an increased GC content (~4 500-4 900 bp) in M. tricuspis; (c) showing a
decreased GC content (~7 500-7 900 bp) in M. tetradactyla; (d) showing an increased GC content
(~9 700-9 900 bp) in M. tetradactyla and S. temminckii; (e) showing an increased GC content (~15
000-16 000 bp) in M. tetradactyla.
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Figure 3.4. Clustering of pangolin species according to the variation of codon usage and phylogeny.
The dendrogram was inferred by hierarchical clustering with the AT3 frequency metric for each

species. The value of the AT3 is indicated as a percentage.

3.3.6. MITOGENOME COMPARISON BETWEEN SMUTSIA AND PHATAGINUS

Two insertions (80 bp and 28 bp in length) in the D-loop region of the black-bellied
pangolin were observed (Figure 3.5) which was absent in the other African pangolin
species. This insertion was validated with Sanger sequencing that included
additional African pangolin species. When compared to the Asian pangolin species

the first insertion was slightly shorter in length (62 bp).

Length variation in the D-loop has been reported in various species including bats
(Wilkinson et al. 1997), rodents (Larizza et al. 2002) and primates (Saitou & Ueda
1994). In addition, substantial nucleotide sequence differences within and between
species have been identified in the D-loop (Aquadro & Greenberg 1983; Foran et al.
1988). Lastly, heteroplasmy where individuals had more than one mtDNA form due
to variation in numbers of tandem repeats in D-loop has been reported in shad
(Bentzen et al. 1988), sturgeon (Buroker et al. 1990), whiptail lizards (Moritz & Brown
1987) and rabbits (Mignotte et al. 1990).

Length variation has been proposed to occur via four different mechanisms including

illegitimate elongation (Buroker et al. 1990), intra- and intermolecular recombination
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(Rand & Harrison 1989), transposition (Rand & Harrison 1989) and slipped miss
pairing (Streisinger et al. 1966). The identification of the two insertions in the D-loop
region may indicate that this region is under selection in black-bellied pangolins,
which may demonstrate drift following the initial mutation event. However, further
analysis among closely related species should be conducted in order to determine

how selection impacts on the length and sequence variation within this region.

pP_tetradactyla CATAACTGTGGTGTCATGCCCTTGGTATTTTTATATATA-GGGGTGCGAGGFGTGCCACT|
P_t(icuspis CATAACTGTGGTGTCATGCCCTTGGTATTTTTATTTATA-GGGGTGCGGGG-
S_gigantea CATAACTGTGGTGTCATGCCCTTGGTATTTTTTAATTTT-AGGGTGCGGGG-
s_temminckii CATAACTGTGGTGTCATGCCCTTGGTATTTTTTAATTTT-AGGGTGCGGGG
M_javanica CATAACTGTGCTGTCATGCCTTTGGTATCTTTTAATTTTCGGGGTGCGAGGH
M_pentadactyla CATAACTGTGGTGTCATGCCCTTGGTATTTTTTAATTTTCGGGGTGCGAGGH

P_tegradagty]aF&GCtEGhGGtCTTCGCTTCCCG&CC&CKTKCKZTbTKtCCKC&tETZEEITTKTtTKCZZ7|
P_tricuspls’ | -------mcemmecm e e eeee 1

S_gigantea ittt 1
S_temminCkii |----cemcccmmcccc e e e e e 1
M_javanica [ e e e TTCAACT |
M P AR Y = e e e s e s o UTCAACT
——————— b

p_tetradactyla'AGGTGCGGGGTGETTCCAC TAGCCGGAGGCGTTCAGTTGCGGAGGACATACGTTGTAGTC -
P_tricuspis : ----------- GTTCCACTAGGCGGGGCCC T~~~ -ATGCGGAGGATATAGACTGTGGTCA
S gigates. .= --———-—-—— GTTCCACTAGGCGGAGCCTT--CAGTGCGGAGGACATAAAGTGTGGTC- o |
S-_temminckil | o-ccccec--e GTTCCACTAGGCGGAGCC - T--CAGAGCGGAGGACATTGAATGTGGTCA
M_javanica GGGTCACCGACETTCGAGCAGGTGGATAACT == === s e e e e e e TGTAGAT-
M_pentadactyla GGGTCACCGCCETTCGAGCAGGTGAATAACT - == === === === = e e e e e TGCAGAT-

P_tetradactyla AGACATAACCATA--TATTATTGGTCGTACATAATATAA-CTTACAGGTGTTATTCAGTC
P_tricuspis AGACATTAAT-TA--TATTATTGGTCGTACATA--GTAA-CCTATAGGTGTTATTCAGTC

s_gigaqtea_. AGACATATCATTAACTATTGTTGGTCGTACATG-CGTAAGCTTTCAGGTGTTATTCAGTC
s_temminckii AGACATATATTTAACTATTATTGGTCGTACATA-TACTA-CTTTCAGGTGTTATTCAGTC
M_javanica AGACATTCATTGAA-TATTATTGGTCGTACATA--CTAA-CTTCTAGGTGTTATTCAGTC

M_pentadactyla AGACATTCATTGAA-TATTATTGGTCGTACATA--CTAA-CTCTTAGGTGTTATTCAGTC

P_tetradactyla AATGGTCGCAGGACATAGAATT-TTTATTAATATATTTAAAGTCAATTCT---~~-=~~~
P_tricuspis AATGGTCGCAGGACATAGAATT-TTTAATACAATATTTAAAGTCAATACA-~~=======

S_gigantea AATGGTTACAGGACATATAAAA-TTTAATACAACATTTCAAGTCAATAA- - === ======
s_temminckii  AATGGTTACGGGACATATAAAATTTTACTACAACATTTCAAGTCAACAA--=-=-=======
M_javanica AATGGTTACAGGACATAGAGAATTTTACAACAAAATTTTGAGTTGAGCCTACAGAAATCA
M_pentadactyla AATGGTTACAGGACATACAGAATTTTACAACAGAATTTTGAGTCGAGCCTACAGAAATCT
P_tetradactyla -------=----emmmmemae CATACGTTAAAAATTTATAGAAACAAAATATTAAATT
P_Tricuspis  -—==-mmememmemmmeeeeee CACACGTTAAAAATTTTATAAAAT-AAATCATAAGTT
S_gigantea  ~--emcmmemmcmcmccmmecmcc e TAACTTCATTTAAACATATAAATC
S_temminckii  m--mmmmm e TTTTTCCA-TCATACATATAAATT
M_javanica TAGATCACAATCGCAGACACCAACAAATACT-AAAATAATT-AATTTAAATTTATAATTT

M_pentadactyla AAGATCAAAACTGCAGACATCAA-AAACACT-AAAATATTT-AATTTAAATTTATATTTC
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P_tricuspis TR YTTTTTTTGTAGCTTAATATTATCAAACCC
S_gigantea TR === e e L--TTTATGTAGCTTAGTA-TTACAAACCC  &—u
s_temminckii  TR------mmmmm e L-TTTTACGTAGCTTAGTA-TT-CAAACCC
M_javanica TR = e e b GGTTTGATA-TATCAAACCC
M_pentadacty]a L] Sclod et oheiechvcten e e -_—:-_L --------- AGTTTGATA-TATCAAACCC

Figure 3.5. Alignment of a region of D-loop in six pangolin species. The insertion sequence for P.

tetradactyla is indicated in a dashed box. The first insertion is 80 bp and the second 28 bp in length.
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Supplementary Figure 3.1. Bayesian mitogenome phylogenetic tree of all available pangolin

mitogenomes. Posterior probabilities are indicated on the respective branches. A. jubatus was

selected as an outgroup as pangolins are more closely related to the order Carnivora. Asterisks

indicate the misidentified mitogenomes.

Supplementary Table 3.1: List of nucleotide percentages and its 3™ codon position percentage (%).

Species % of A A3% %of T T3% % of G G3% % of C C3%
AtpVI
M. pentadactyla 34.4 46.7 26.4 20 9.8 2.6 29.4 30.8
M. javanica 31.6 38.3 23.6 12 11.9 8.8 32.9 41.0
P. tricuspis 32.4 40.4 31.7 32 10.7 6.2 25.2 20.9
P. tetradactyla 33.9 44.0 31.1 30 9.5 3.6 25.5 22.7
S. gigantea 33.3 44.0 29.3 25 9.5 3.1 27.9 27.6
S. temminckii 32.0 40.9 29.5 26 10.8 5.8 27.7 27.1
AtpVIII
M. pentadactyla 38.8 43.3 23.9 16 7.5 9.0 29.9 31.3
M. javanica 38.7 45.6 22.5 13 7.8 8.8 30.9 324
P. tricuspis 35.9 39.4 33.3 41 6.1 6.1 24.7 13.6
P. tetradactyla 39.1 43.8 34.4 39 5.7 4.7 20.8 12.5
S. gigantea 37.4 415 31.8 29 5.6 4.6 25.1 24.6
S. temminckii 39.5 47.7 30.3 28 5.6 4.6 24.6 20.0
Cob
M. pentadactyla 30.9 42.9 25.6 14 13.4 3.4 30.1 40.0
M. javanica 30.0 42.3 24.4 10 14.2 5.6 31.4 42.1
P. tricuspis 30.9 415 31.1 26 13.1 3.2 25.0 29.6
P. tetradactyla 31.2 42.1 29.5 23 12.9 34 26.4 315
S. gigantea 32.5 447 28.0 18 12.2 24 27.3 34.9
S. temminckii 31.7 434 28.3 19 12.4 2.9 275 34.7
Coxl

M. pentadactyla 28.4 39.3 27.9 21 16.6 5.8 27.1 33.7
M. javanica 26.1 32.8 26.6 18 18.6 114 28.6 38.0
P. tricuspis 27.0 26.8 34.1 26 16.8 29.2 22.0 184
P. tetradactyla 27.9 38.0 334 33 15.7 4.4 23.0 25.0
S. gigantea 29.0 41.8 32.1 31 15.8 3.3 23.0 24.2
S. temmincKii 27.7 39.3 33.3 35 16.8 4.7 22.2 213
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Coxll
M. pentadactyla 32.6 41.7 24.9 17 135 6.1 29.1 35.5
M. javanica 313 37.3 21.9 11 14.8 10.1 32.0 42.1
P. tricuspis 32.6 42.7 30.8 31 134 5.7 23.2 20.7
P. tetradactyla 33.0 44.1 30.2 28 13.7 6.6 23.1 211
S. gigantea 33.9 46.7 29.2 28 12.3 2.6 245 225
S. temminckii 33.2 42.7 29.2 27 12.9 5.7 24.7 24.2
Coxlll
M. pentadactyla 29.3 425 26.8 17 14.5 3.4 29.3 36.8
M. javanica 27.8 39.1 24.4 11 15.8 6.9 32.0 42.9
P. tricuspis 26.6 35.6 34.1 33 15.6 5.7 23.8 253
P. tetradactyla 28.2 39.1 33.2 30 13.8 1.9 24.8 29.1
S. gigantea 29.6 44.1 29.8 24 13.9 15 26.7 30.3
S. temminckii 28.1 37.5 31.7 27 14.9 6.5 25.3 20.1
Nadl
M. pentadactyla 32.8 52.8 24.8 11 12.3 3.1 30.0 33.0
M. javanica 30.3 45.9 22.6 5 14.9 10.1 32.2 38.7
P. tricuspis 31.0 46.3 30.9 26 13.1 5.4 25.0 22.2
P. tetradactyla 31.4 48.6 29.0 23 13.4 6.0 26.1 22.9
S. gigantea 33.0 51.4 29.0 21 11.7 2.2 26.3 24.9
S. temminckii 31.9 47.6 28.0 20 134 7.3 26.7 25.1
Nadll
M. pentadactyla 37.3 51.9 24.3 13 8.9 2.9 295 325
M. javanica 37.1 52.3 21.2 5 10.5 6.4 313 36.1
P. tricuspis 35.9 50.0 28.6 18 10.3 6.4 251 25.4
P. tetradactyla 38.2 54.9 29.5 23 9.1 2.9 23.3 19.7
S. gigantea 38.9 55.8 27.2 15 7.9 1.7 26.0 27.5
S. temminckii 38.3 54.3 28.3 18 8.0 2.6 25.3 24.6
Nadlll
M. pentadactyla 34.6 53.9 25.1 9 11.0 35 294 33.9
M. javanica 315 45.2 22.0 3 13.9 104 32.7 41.7
P. tricuspis 31.9 51.3 31.6 20 11.3 3.5 25.2 25.2
P. tetradactyla 32.8 52.2 325 24 9.9 9 24.9 22.6
S. gigantea 34.1 54.4 30.9 20 9.6 9 254 24.6
S. temminckii 31.9 48.7 33.0 24 11.9 6.1 23.2 20.9
NadlV
M. pentadactyla 34.4 47.7 255 15 10.6 2.8 295 34.4
M. javanica 32.4 44.0 21.9 6 12.6 6.8 33.0 43.1
P. tricuspis 33.0 44.2 30.1 24 11.6 5.7 25.3 26.0
P. tetradactyla 33.7 45.6 30.5 28 10.3 3.3 255 23.5
S. gigantea 34.1 47.7 28.8 22 10.1 2.2 27.1 28.2
S. temminckii 34.0 45.8 29.2 26 10.7 4.6 26.0 23.9
NadlV-L
M. pentadactyla 32.3 47.5 26.9 8 114 6.1 29.3 32.3
M. javanica 30.6 41.4 26.3 10 125 10.1 30.6 30.6
P. tricuspis 29.3 37.8 36.1 33 11.2 5.1 23.5 29.3
P. tetradactyla 27.2 34.7 35.0 30 12.6 6.1 25.2 27.2
S. gigantea 30.6 44.9 36.4 31 10.2 1.0 22.8 30.6
S. temminckii 28.9 40.8 32.0 26 12.6 5.1 26.5 28.9
NadV
M. pentadactyla 34.9 44.6 24.8 13 9.8 1.3 304 40.9
M. javanica 33.6 42.2 20.9 6 11.5 4.8 34.0 47.4
P. tricuspis 34.1 44.8 29.9 24 11.4 4.3 24.5 26.8
P. tetradactyla 35.1 46.1 30.1 24 10.5 2.7 243 26.8
S. gigantea 35.0 45.7 27.3 19 10.1 1.7 27.7 34.0
S. temminckii 33.8 43.8 28.4 21 10.9 3.2 26.9 32.0
NadVI
M. pentadactyla 45.3 30.3 17.5 21 6.5 4.0 30.7 44.6
M. javanica 43.8 27.4 13.7 19 9.0 6.9 33.5 46.3
P. tricuspis 42.0 26.6 21.4 25 8.1 5.8 28.5 42.2
P. tetradactyla 41.8 26.0 22.0 25 6.4 5.2 29.9 43.4
S. gigantea 45.1 30.1 195 24 6.4 3.5 29.1 42.8
S. temminckii 434 30.2 20.5 24 7.2 35 28.9 42.4
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Supplementary Figure 3.2. Principal Component Analysis (PCA) of Relative Synonymous Codon
Usage values (RSCU) for (a) Coxl; (b) Nadl; (c) Nadlll; (d) AtpVIll; (e) NadlV; (f) NadVI in Asian

and African pangolins.
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CHAPTER FOUR

PHYLOGEOGRAPHY OF TEMMINCK’S PANGOLIN (SMUTSIA
TEMMINCKII) POPULATIONS IN SOUTHERN AFRICA USING A
GEOREFERENCING APPROACH

4.1. INTRODUCTION

The principle of phylogeography comprises the geographical distribution (spatially
and temporally) of a genealogical lineage (Avise 1998; Kidd & Ritchie 2006).
Research in phylogeography has largely centred on endangered and invasive
species with the genetic discordance mostly being associated with physical barriers,
limited dispersal and climatic boundaries (Teske et al. 2011).

Several recent studies have explored mammalian phylogeographic patterns in the
common eland antelope, (Taurotragus oryx), vervet monkeys (Chlorocebus sensu
lato), white-bellied pangolin (Phataginus tricuspis) and Malayan pangolin (Manis
javanica) using mtDNA markers (Lorenzen et al. 2010; Gaubert et al. 2016; Turner et
al. 2016; Mason et al. 2019). These studies have reported that some species vary
significantly from one geographical area to the next due to genetic differentiation and

can sometimes even be considered as a sub-species.

Another approach to investigate the phylogeographic structure of populations relies
on the use of nuclear markers, in particular STR markers (Pérez et al. 2002). The
study of mammalian populations, using STRs, has revealed a link between genetic
and geographic distance between populations signifying a flow of genetic material
across the population continuum (Pérez et al. 2002). In recent years several
investigations have used both STRs and mtDNA to elucidate the population structure
of, for example, several mammalian species such as impala (Aepyceros melampus),
roan (Hippotragus equinus), gemsbok (Oryx gazella), kob (Kobus kob), Grant's
gazelle (Nanger granti), common warthog (Phacochoerus africanus), plains zebra
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(Equus quagga), mountain zebra (Equus zebra) and giraffes (Giraffa camelopardalis)
(Lorenzen et al. 2007a,b, 2008, 2012).

This study is the first attempt to utilise both mtDNA and STRs markers to determine
the extent of genetic differentiation within and between Temminck’s pangolin
populations in southern Africa. We also aim to use the above markers along with
additional samples and localities to determine the phylogeographic pattern between
different distribution areas of Temminck’s pangolin in southern Africa since previous
studies were inconclusive when only using mtDNA markers. By adding more
samples and sample localities as well as increasing the amount of markers, would
provide a more holistic view of the Temminck’s pangolin population structure.
Furthermore, we will then attempt to construct a georeference distribution map to aid

forensic investigations in determining the origin of confiscated samples.

4.2. MATERIALS AND METHODS

4.2.1. SAMPLE COLLECTION AND ISOLATION OF DNA

A total of 76 Temminck’s pangolin samples, from 22 sampling sites in southern
Africa, were collected by researchers in collaboration with the African Pangolin
Working Group (APWG) and were stored at the National Biobank located at the
South African National Biodiversity Institute (formally National Zoological Gardens
(NZG)). The samples were stored under different conditions for each sample type to
ensure optimum quality is retained. The blood samples were stored in Ethylene
Diamine Tetra-acetic Acid (EDTA) tubes, scale samples were stored dry in
envelopes, dried skin were stored in tubes, with fresh skin and tissue samples were
preserved in absolute ethanol. The blood, tissue and fresh skin samples were kept at
-80°C for long term storage whereas scales and dried skin samples were stored at
room temperature. For this study, we grouped the 76 samples, from 22 sampling

sites, into 11 localities based on their proximity (Figure 4.1; Table 4.1).

DNA was extracted using the PrepFiler™ Forensic DNA Extraction Kit (Thermo
Scientific, Massachusetts, U.S.A.). The standard protocol was used for tissue, blood

and skin samples and the hair protocol was followed for the scales samples. The
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scale samples were grounded into a powder prior to extraction following the protocol
as described in (Du Toit et al. 2016). All samples were eluted twice using 30 pl
elution buffer. The DNA was quantified on a Qubit 3.0 Fluorometer (Thermo Fisher
Scientific, Massachusetts, USA) and diluted to a quantity of 20 ng of genomic DNA.

The extracted DNA was stored at -20°C until further analysis.

Table 4.1. Geographical localities of Smutsia temminckii identified in southern Africa indicating the
total number of individuals sampled per locality and the number of samples used for mitochondrial
DNA (mtDNA) and Short Tandem Repeats (STRs) analysis from each locality.

Samples from known localities (Reference samples)

Sampling Phylogenetic  Total number MtDNA STRs Geographic locality

site tree labels of individuals

Lo1 KP306516.1 1 1 0 Arusha National Park, Tanzania

LO2 ZAM 2 0 2 Sioma Ngwezi National Park, Zambia

LO3 MOz 1 1 0 Banhine National Park, Mozambique

LO4 MOz 1 1 1 M'Phingwe, Mozambique

LO5 LIM 4 4 0 Moholoholo Wildlife Rehabilitation Centre,
Limpopo Province, South Africa

LO6 LIM 2 1 2 Waterberg region, Limpopo Province, South Africa

LO7 MPU 7 7 7 Sabi Sands Game Reserve, Mpumalanga
Province, South Africa

LO8 KD 1 0 1 Kathu District, Northern Cape Province, South
Africa

LO9 KAL 29 21 20 Kalahari Oryx Game Farm, Northern Cape
Province, South Africa

L10 TSW 10 8 9 Tswalu Kalahari Reserve, Northern Cape
Province, South Africa

L11 KTP 2 1 2 Kgalagadi Transfrontier Park, Northern Cape
Province, South Africa

L12 NAM 3 3 3 Mundulea Nature Reserve, Namibia

*L13 CON 1 1 0 Swakopmund region, Namibia

*L14 CON 1 1 0 Windhoek region, Namibia

*L15 CON 1 1 0 Otjiwarongo region, Namibia

*L16 CON 1 1 0 Zambezia (Caprivi Strip) region, Namibia

*L17 CON 1 1 0 South Africa

*L18 CON 1 1 1 Cape Town, Western Cape Province, South Africa

*L19 CON 1 1 0 Chimanimani Mountain Area, Zimbabwe

*L20 CON 1 1 0 Mutare, Zimbabwe

*L21 CON 1 1 1 Mudzi, Zimbabwe

*L22 CON 1 1 0 Chegutu, Zimbabwe

*L23 CON 4 4 2 Zimbabwe

*L24 MG196300.1 1 1 0 Unknown, southern Africa

Total no. of 78 63 51
samples

*Confiscated samples with unknown geographical origins. The region where they were confiscated has been

listed as the sampling locality.
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Figure 4.1. Map of southern Africa illustrating the 11 sampling localities and reference used for

Smutsia temminckii. L = Locality number with the number of samples indicated in brackets.

4.2.2. LABORATORY ANALYSES: SANGER-SEQUENCING

Sanger-sequencing was conducted using species-specific mtDNA markers; Col,
Cytb and control region (Appendix A) (Du Toit 2014). Polymerase Chain Reaction
(PCR) was performed in a final reaction volume of 25 pl consisting of DreamTaq™
green PCR mastermix (2x) (Thermo Fisher Scientific, Massachusetts, USA), 10 uM
of each primer pair and 10ng of DNA. Amplification success were confirmed on 2%
agarose gels and PCR product was purified using ExoSAP-IT™ cleanup reagent
(Applied Biosystems, Foster City, California, USA), following the manufacturers
protocol. Cycle sequencing was performed with the BigDye™ Terminator v3.1 cycle
sequence kit (Applied Biosystems, Foster City, California, U.S.A.) followed by the
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BigDye XTerminator™ Purification Kit (Applied Biosystems, Foster City, California,
USA) before sequencing by capillary electrophoresis on an ABI 3500 genetic

analyser (Applied Biosystems, Foster City, California, USA).

4.2.3. LABORATORY ANALYSES: SHORT TANDEM REPEATS (STRS)

A total of 30 polymorphic STR markers were assessed as described in Chapter 2.
Fragment analysis was performed on an ABI 3500 genetic analyser (Applied
Biosystems, Foster City, California, USA) using a Genescan™ 500 LIZ™ dye size

standard (Applied Biosystems, Foster City, California, USA).
4.2.4. STATISTICAL ANALYSES: MTDNA
Sequence trace files of the samples were visually inspected and edited in MEGA v7

(Tamura et al. 2013). These sequences were then subjected to a nucleotide BLAST

search on NCBI BLAST (www.ncbi.nm.nih.gov/blast) to verify their identity. Each

locus was also assembled and trimmed using MEGA v7 prior to alignment using
MAFFT v7 (Katoh & Standley 2013). Reference genomes from the six Temminck’s
pangolin mitogenomes available on Genbank were included. These mitogenomes
were KP125951.1 (Du Toit et al. 2014), KP306516.1 (Hassanin et al. 2015),
MF536685.1, MF536686.1, MF536687.1 (Chapter 3) and MG196300.1 (Gaubert et
al. 2018). The reference sequence from S. gigantea (MF536684.1, Chapter 3) was

used as an outgroup in the analysis.

Two separate datasets were used for all analysis performed. The first dataset
included 43 sequences from known localities along with the six references
sequences (total = 49 samples) to determine whether the geographical origin could
be differentiated. The second dataset was set up with samples that included the 43
known localities, 14 unknown localities and six reference sequences (63 samples) to

determine the potential origin of the unknown localities.

For each dataset, analysis was performed on a combined (all three loci combined)
and individual basis (all three loci separate). Concatenation of the three

mitochondrial loci is possible as all three originate within the mitochondria which is
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inherited as a whole, without intermolecular recombination (Avise 1998). The
individual locus based analysis was included as a control to assess how the loci
perform on their own given their different mutation rates. The combined datasets will
provide a more robust representation of the mtDNA genome as data from three

different mitochondrial loci, with different mutation rates, were used.

All the datasets were subjected to jModeltest v2.1.7 (Guindon & Gascuel 2003;
Darriba et al. 2012) to find the best-fit model of sequence evolution under the Akaike
Information Criterion (AIC) (Akaike 1974). Phylogenetic analysis, using a Bayesian
Inference approach, was implemented using MrBayes v3.2.6 (Ronquist et al. 2012).
Bayesian Inference was run over 5 000 000 generations after which 25% were
discarded as burn-in. A Maximum Likelihood (ML) approach was also performed
using PhyML3.1 (Guindon et al. 2010). The ML analyses were carried out with 10
000 bootstrap replications and Bootstrap values below 70% support were excluded

from the trees.

Haplotype and nucleotide diversities were estimated using DnaSP v5 (Librado &
Rozas 2009). Haplotype networks were constructed using NETWORK v5 (Bandelt et
al. 1999) to determine the distribution of haplotypes among localities. Spatial
Analysis of Molecular Variance (SAMOVA) v1.0 (Excoffier & Lischer 2010) was
performed to determine the level of variation for K = 2—4 locality groups. The
SAMOVA was selected as it uses geographical coordinates of the localities to
determine maximum genetic variance among groups without a priori inference
(Wright 1950). These analyses were all conducted with 100 simulated annealing
permutations to define genetic structure for these localities. Each analysis was

performed twice to check for consistency between runs and results.

4.2.5. STATISTICAL ANALYSES: SHORT TANDEM REPEATS (STRS)

The STRs were visualized utilising the software GeneMapper v4 (Applied
Biosystems, Inc., Foster City, CA, USA) and genotyping errors, allele dropout and
null alleles were identified using MICRO-CHECKER (Van Oosterhout et al. 2004).
The statistical program GenAlEx v6.5 (Peakall & Smouse 2006, 2012) was applied to
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calculate the number of alleles per locus (A), expected heterozygosity (He),
observed heterozygosity (Ho), and unbiased heterozygosity (Hz). To test for
deviations from expected Hardy-Weinberg (HW) proportions of genotypes as well as
estimate gametic disequilibrium between loci, the program ARLEQUIN v3.5.2
(Excoffier & Lischer 2010) was used. We also applied a Bonferroni adjustment with a
significance level of 0,05 to assess and adjust the associated probability values in

multiple comparisons.

CERVUS v3.0 (Kalinowski et al. 2007) was used to calculate the number of null
alleles present in the datasets while STRUCTURE v2.3.4 (Pritchard et al. 2000) was
used to determine the most probable clustering pattern without prior population
information of the 51 individuals, consisting of multiple localities. The parameters
used were 200 000 Markov Chain Monte Carlo (MCMC) repetitions following a burn-
in of 20 000 repetitions. Analysis was run over 100 replicates for K = 1-22 and K =
1-5. STRUCTURE HARVESTER v0.6.94 (Earl & Von Holdt 2012) was used to
determine the most likely K value by evaluating the greatest increase in posterior
probability (AK, Evanno et al. 2005). Population differentiation using fixation index
(Fst) and Analysis of Molecular Variance (AMOVA) were performed in ARLEQUIN
v3.5.2 (Excoffier & Lischer 2010) using 1 000 permutations. The groups that were
tested in the AMOVA were based on the best cluster assignments identified by
STRUCTURE.

4.3. RESULTS

4.3.1. PARTIAL MITOCHONDRIAL DNA (MTDNA) ANALYSIS

In this study, we successfully generated sequence data for 57 Temminck’s pangolin
individuals for the Col (1 553 bp), Cytb (1 139 bp) and control region (1 220 bp) loci.
From these individuals, 43 were from known localities whereas 14 were confiscated
samples of unknown origin. The best-fit model of sequence evolution for each
dataset, selected under AIC, as well as the invariable sites are represented in Table
4.2,
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A total of 29 haplotypes were observed for Col (Supp. Table 4.1), 16 for Cytb (Add.
Table 4.2), 20 for the control region (Supp. Table 4.3) with 41 for the three loci
combined (Supp. Table 4.4). The number of unique haplotypes compared to shared
haplotypes between localities, were more pronounced in Col and the combined
dataset compared to Cytb and the control region. In general, haplotypes are only
represented by one or two localities resulting in a high total haplotype diversity (Hp)
of 96,93% for the combined dataset and between 82,54-94,73% for individual loci;
thus haplotype frequencies would be potentially of limited use in determining
population structure in pangolins if these are true estimates (Table 4.3). The
nucleotide diversity was 0,146 for the combined loci and between 0,119-0,155 for
the individual loci, which is low but within the range observed in mtDNA (Yu et al.
2003; Ray et al. 2004; Nabholz et al. 2008; Canino et al. 2010).

Table 4.2. Models of sequence evolution selected under the Akaike Information Criterion (AIC) for
CO1, Cytb and control region datasets for Smutsia temminckii. The known-locality dataset (individuals
with known sampling localities and reference samples) and overall dataset (individuals with known
localities, unknown localities/confiscated samples and reference samples) were analysed separately
to determine the best-fit model of sequence evolution. p-inv = Proportion of invariable sites; gamma =

gamma shape.

Akaike Information Co1 Cytb Control Region Combined
Criterion (AIC) Dataset
Known localities TIM2+I (p-inv = TIM2+G (gamma = TPM2uf+G (gamma TIM2+I+G (p-
0,710) 0,547) =0,106) invtgamma =
0,788)
Known and TPM3uf+! (p-inv = TPM3uf+! (p-inv = TVM+I (p-inv = TPM3uf+l (p-inv
Unknown localities 0,934) 0,917) 0,914) = 0.954)

Table 4.3. Haplotype summary for Smutsia temminckii showing number of haplotypes per locality

(Hn), percentage haplotype diversity (Hp) and nucleotide diversity (Nb).

Co1 CytB Control Region Combined
Number of Haplotypes (Hn) 29 16 20 41
Haplotype Diversity % (Hp) 94,73 82,54 87,92 96,93
Nucleotide Diversity (Np) 0,155 0,119 0,149 0,146
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4.3.1.1. KNOWN LOCALITIES DATASET

Both the ML and Bayesian trees display similar clustering across the individual trees.
The samples show no distinctive geographical pattern according to localities, but
indicate some genetic sub-structuring. Three clusters were observed consisting of
various localities within all three loci and the combined dataset (Figure 4.2, Supp.
Figure 4.1-4.3). Cluster | and Il (red and green) are widespread and are made up of
the majority of the individuals from South Africa and Namibia. Cluster Il (blue) on the
other hand is more restricted and is much smaller with the bulk of samples from all
the countries included especially those from Mozambique and the northern area of

the sampling map (including Tanzania).

Haplotype networks for all loci as well as the combined dataset have a star-shaped
phylogeny with a common central ancestral haplotype from which low frequency
haplotypes are derived by one to two mutations. These results suggest genetic sub-
structuring with individual loci showing sub-clades consisting of multiple locations
that are isolated from the rest of the network by three or more mutations (Supp.
Figure 4.4). The same can be seen from the combined haplotype loci map where
there are three sub-clades representing various localities (Figure 4.3). This is the
same clustering pattern which is found in the phylogenetic trees (Figure 4.2, Supp.
Figure 4.1-4.3).

The SAMOVA results show K=3 to be the groupings which are maximally
differentiated from each other for all loci with the combined dataset (Table 4.4)
showing 72,06% variation among groups and an Fcr value of 0,019 (+0,0). The
individual loci (Supp. Table 4.5) also show K=3 with 69,65-74,56% variation among
groups and an Fcr value of 0,01 (x0,0-0,003). This indicates highly significant
support for the three groups observed in both the phylogenetic trees and haplotype

networks.
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Table 4.4. Spatial analyses of molecular variance (SAMOVA) for Smutsia temminckii showing the

results for the combined loci of 49 and 63 individuals, respectively. Analysis for K = 2—4 were run for

each dataset.

Source of Variation

N =49 N =63
% variation p-value % variation p-value
among groups (= Standard among groups
deviation)
Two Groups (K = 2) 70,19 0,098 (0,0) 41,08 0,0 (0,0)
Three Groups (K = 3) 72,06 0,0186 (0,0) 50,66 0,022 (0,0)
Four Groups (K = 4) 64,64 0,0039 (0,002) 60,25 0,0 (0,0)
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Figure 4.2. Consensus tree of concatenated loci of 49 Smutsia temminckii samples (known localities and

references). Bayesian Inference (Bl) posterior probability is noted on the branches with Bl = 0,7 indicating strong

support.
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Figure 4.3. Haplotype network for the 49 combined Smutsia temminckii loci. Circles represent

17

different haplotypes and the size of the circle indicates the number of individuals that share that
haplotype. Colours indicate the sampling localities of the haplotype. The black bars indicate the

number of mutations each haplotype underwent and the black circles indicate missing haplotypes.
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4.3.1.2. KNOWN AND UNKNOWN LOCALITIES DATASET

The results for both ML and Bayesian Inference trees for the samples with known
and unknown locations (63 individuals) displayed a similar topology in the three
individual loci trees, in which there were three distinct clusters with no distinctive
geographical pattern (Supp. Figure 4.5-4.7). The genetic sub-structuring of the
concatenated dataset revealed four distinct clusters (Figure 4.4). The confiscated
samples are interspersed among the different clusters in both the individual as well
as the concatenated trees, suggesting that regional confiscations may have different
points of origin. The four clusters consist of a variety of localities, similarly as seen in
the 49 individual dataset. Clusters I, Il and IV (red, green and pink) were widespread
and consist of samples from South Africa, Namibia and southern Mozambique.
Cluster Il (blue) is more restricted and shows a mixture of all countries with the

majority from the more north-eastern side of the sampling map.

Haplotype networks for the four datasets have a star-shaped phylogeny with a
common central ancestral haplotype from which low frequency haplotypes are
derived by one to two mutations. There is evidence of genetic sub-structuring with
individual loci and four sub-clades consisting of multiple locations can be seen in the
combined network (Figure 4.5; Supp. Figure 4.8). These clades correspond with the

four clusters observed in the phylogenetic tree above.

The SAMOVA results show K=3 for the individual loci and K=4 to be the maximally
differentiated groupings for the combined dataset. This is in accordance with the
phylogenetic trees which show three clusters in the individual loci and four in the
combined loci. The individual loci (Supp. Table 4.5) show a variation among groups
of 68,58-74,0% and an Fcr value of 0,0 (£0,0) and the combined dataset (Table 4.4)
show the variation among groups of 60,25% and an Fcr value of 0,0 (£0,0). This also
shows high significant support for the four clusters observed in the phylogenetic tree

and haplotype network.
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Figure 4.4. Consensus tree of the concatenated loci dataset for 63 Smutsia temminckii samples (known, unknown
and reference localities). Bayesian Inference (BI) posterior probability is noted on the branches with Bl = 0,7

indicating strong support.
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Figure 4.5. Haplotype network for the 63 combined Smutsia temminckii loci. Circles represent
different haplotypes and the size of the circle indicates the number of individuals that share that
haplotype. Colours indicate the sampling localities of the haplotype. The black bars indicate the

number of mutations each haplotype underwent and the black circles indicate missing haplotypes.
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4.3.2. SHORT TANDEM REPEATS (STRS) ANALYSIS

In this study, 30 STRs were used, for which the entire dataset was analysed for
HWE and structure to infer possible populations. An AMOVA analysis was performed

following the structure clustering.

The first analysis, consisting of 51 individuals and 30 STRs showed no evidence of
linkage disequilibrium; however, nine markers (PANO1, PANO7, PANO8, PAN10,
PAN17, PAN18, PAN20, PAN23 and PAN36) showed significant deviations from
HWE. This could be as a result of null alleles or population substructure. Null alleles
were calculated and found to be present in five of the nine markers ranging between
0,110-0,780. The average number of alleles per marker was 5,3 with a standard
error (SE) value of 0,624. The expected (He), observed (Ho) and unbiased
heterozygosity (uHe) is 0,533; 0,521 and 0,538 respectively.

The second analysis consisted of 51 individuals and 21 STRs (excluding the nine
markers which were out of HWE, as indicated above). The results show the average
number of alleles to be 4,429 (SE=0,471) with He 0,529; Ho 0,434 and Hz 0,535.
The expected and unbiased heterozygosity is both slightly higher than the observed
heterozygosity for both sets of results; which could indicate the presence of null
alleles in the overall population. Null alleles were calculated and found in both
datasets (30 and 21 markers). The values ranged between 0,110-0,783 (30
markers) and 0,111-0,140 (21 markers).

STRUCTURE analysis was run for both datasets (30 and 21 markers) using K=1-22
assuming no prior population clustering. STRUCTURE HARVESTER identified K=15
(30 markers) and K=2 (21 markers) to be the most likely true K value for the dataset
submitted. When the figures for both datasets were created the results showed
minimum distinctive patterns or clustering which could be used to differentiate
between individuals. The results also indicated K=1-5 to be more evenly distributed
in both datasets. Subsequently, another set of runs were performed for the 30 and
21 markers using K=1-5 as the prior. STRUCTURE HARVESTER showed the newly
run, K=1-5 results to be K=3 and K=4 respectively.
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Figure 4.6. Structure analysis for 51 Smutsia temminckii microsatellite genotypes representing 30 markers. Each vertical bar represents a single individual

and shows the proportional lengths, which determines the probability of certain individuals forming a cluster.
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Figure 4.7. Structure analysis for 51 Smutsia temminckii microsatellite genotypes representing 21 markers. Each vertical bar represents a single individual

and shows the proportional lengths, which determines the probability of certain individuals forming a cluster.
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Both datasets show the same grouping patterns for the three clusters with the
exception of three samples in the 21 markers dataset (contributing to the fourth
cluster). Therefore, the three corresponding clusters in the both datasets (excluding
the three samples in the 21 markers dataset) show more consistent grouping
patterns as seen in the mtDNA results above (Figure 4.6, 4.7). The three clusters
comprise of different localities each which is consistent with the results seen in the
various mitochondrial DNA analyses for the dataset containing the 49 individuals
(with known localities).

The AMOVA results (using the three clusters from the 30 marker dataset) indicate a
pairwise comparison of 3,57% between the three clusters which is not significant for
determining variation between the clusters. The results also show variation within
each cluster to be 95,92% with FST 0,0408 (P = 0,0).

4.4. DISCUSSION

This is the first molecular geo-referencing study of Temminck’s pangolin. Total
haplotype diversity of Temminck’s pangolin (with site—specific values ranging from
0,825-0,969) is high and within the range reported for the Malayan pangolin (Manis
javanica) (0,947; Wirdateti 2013) for the Cytb locus. Furthermore, the haplotype
diversity results obtained in this study were similar to those reported for antelope
species, for example: Chinese water deer, Hydropotes inermis inermis (0,923; Hu et
al. 2006), Indian muntjac, Muntiacus muntjak (0,862; Wu et al. 2006), kob, Kobus
kob (0,72; Birungi & Arctander 2000) and the African buffalo, Syncerus caffer (0,91;
Simonsen et al. 1998). The results are consistent across all analysis performed
where no distinctive geographical pattern was observed between localities, however
a clear clustering of different samples was observed which could be attributed to
ancestral lineages present in the current population or females not dispersing great

distances.

The results from the 49 individuals for the mtDNA (combined and individual loci) and
51 individuals for the STRs both showed three distinct clusters across all analysis
performed. The three clusters were also observed when more individuals were

added to the mtDNA dataset (63 individuals). However, when the three loci were
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combined, the dataset containing the 63 individuals showed a clustering formation
with four clusters instead of three. This is evident that the combined loci dataset
have more data (>3 900 bp) to differentiate from compared to the individual loci
which only have an average of 1 300 bp.

This study found low levels of genetic differentiation within the identified localities,
suggesting gene flow between different sub-groups and the genetic results confirm
that there are no obvious restrictions to gene flow within this species. It is a well-
known phenomenon that individuals separated by geographic distance often display
large genetic distances as observed in various African Bovids (Templeton &
Georgiadis 1996).

Temminck’s pangolins however are known to travel long distances as (Pietersen et
al. 2014b) reported on a young male Temminck’s pangolin which was tracked and
found to have travelled 300 km in a window period of four months (Van Aarde et al.
1990), although the possibility that this might have been a human-assisted dispersal
event cannot be entirely ruled out. If this was a bona fide dispersal event this could
indicate that juveniles may disperse between the different localities, since the
species’ distributional range is continuous, thus maintaining gene flow between
regions and sampling areas. Further evidence of possible dispersal between
sampling localities was found, where juvenile/young adults dispersed minimum
distances of 32-81 km in 20 days before contact was lost or the transmitters
removed (Pietersen et al. 2014b). Furthermore, territorial behaviour and natal
philopatry may play a role in genetic differentiation (Sugg et al. 1996; Piertney et al.
1998). Although the Temminck’s pangolins are known as solitary animals with large
territories and strong home range fidelity, little is currently known with regards to their
behaviour. Thus a combination of habitat differences, substantial geographic
distance and intrinsic factors may lead to a degree of gene isolation and genetic drift.
A stepping stone model of migration could be suggested since the dispersal habitat
of Temminck’s pangolin is considered to be one continuous overlapping distribution

across southern Africa.

The stepping-stone model suggests that migration is restricted to adjacent sub-

populations as would be the case with the pangolins where the populations are not
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isolated and neighbouring populations (especially juveniles) are able to disperse and
exchange genetic material, thus maintaining a diverse gene pool (Kimura & Weisss
1964). This model might also be ascribed to ancestral traits which are shared
between the different localities. The confiscated samples (or samples with unknown
localities) are a good example of this model since their true origin could be ancestral
to the clusters where they grouped. Most of the unknown localities are adult animals
or juveniles which could have migrated to the areas where they were found or had a
recent parent or ancestor which migrated before. Our sampling region was mostly
represented by the western and eastern side of the distribution range with the central
distribution area (Botswana and Zambia) being omitted. Therefore, additional
sampling in the intervening regions is required to further investigate the origin of the
different clustering patterns observed.

From this preliminary study and results, based on genotypic data from mtDNA and
STRs, a general overview of the population structure for Temminck’s pangolin was
determined. Further studies should include ecological data in order to gather a clear
understanding of the barriers that separate these animals in their distribution range
as limited knowledge about their dispersal is known. Some of these barriers could
include mountain ranges, rivers, habitat and access to food sources which could

restrict movement between different countries or localities.

However this seems improbableas these impediments is not likely to disrupt the
movements of panoglins. It is possible for pangolins to migrate around a mountain
range since they are prone to travel long distances, expecially the juveniles. Rivers
pose also little restriction as pangolins are good swimmers and able to cross large
rivers. During the dry season, rivers diminish in size or dry up completely thus
causing no restriction for crossing. The habitats for Temminck’s pangolin share a
certain level of composition and therefore they are fairly adaptable between different
groups of pangolins, therefore it is unlikely to cause a true barrier between localities.
Food sources are likely to be a true barrier between localities as pangolins are
myrmecophages and feed on selected ant and termite species. Historical distribution
ranges indicated that pangolins are absent in these habitats due to a disappearance

of their preferred food sources.
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Pertaining to the above, mtDNA and STRs are not robust enough to differentiate the
different geographical populations of Temminck’s pangolin in southern Africa and
alternative methods might be developed such as SNPs or whole genome
assemblies, which cover a broader range of the genome. In addition a more
representative sampling strategy from the entire distribution range would shed light
on possible genetic distances amongst locations and across various geographical
areas. Although no distinctive georeferencing could be established for this species,
using the identified localities and selected DNA markers, the low geographichal
structure provides some indication from a conservation point of view that there is

connectivity between most populations with gene flow being maintained.

4.5. SUPPLIMENTARY FIGURES AND TABLES
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Supplementary Table 4.1. Haplotype layout for Col loci illustrating the number of haplotypes shared between individuals as the first value; the proportion

(reported to second decimal) of unique haplotypes as the second value; haplotype diversity and nucleotide diversity in the different localities observed during

this study.

Haplotype LO1 LO3 LO4
1) @ @

LO5
4)

LO6
@)

LO7
@)

L09
1)

L10
(®)

L11
@)

L12
(©)

L13
@)

L14
@)

L15
@)

L16
@)

L17
@)

L18
@)

L19
@)

L20
@)

L21
@)

L22
(€3]

L23
(4)

L24
(€3]

HAP 1 1/1,00 -

HAP 2 - - -
HAP 3 - - -
HAP 4 - 1/1,00 -
HAP 5 - - -
HAP 6 - - -
HAP 7 - - -
HAP 8 - - -
HAP 9 - - -
HAP 10 - - -
HAP 11 - - -
HAP 12 - - -
HAP 13 - - -
HAP 14 - - -
HAP 15 - - -
HAP 16 - - -
HAP 17 - - -
HAP 18 - - 1/1,00
HAP 19 - - -
HAP 20 - - -
HAP 21 - - -
HAP 22 - - -
HAP 23 - - -
HAP 24 - - -
HAP 25 - - -
HAP 26 - - -
HAP 27 - - -
HAP 28 - - -
HAP 29 - - -

1/0,25

1/0,25
1/0,25
1/0,25

1/0,14
2/0,28
1/0,14

3/0,14

7/0,33

3/0,14

1/0,05

3/0,14

1/0,05

2/0,09

1/0,13

1/0,13

2/0,25

1/0,13

1/1,00

1/0,33

1/1,00

1/1,00

1/1,00

1/1,00

1/0,25

1/0,25

1/1,00

Haplotype 0,0 0,0 0,0
Diversity
(%)

100,0

0,0

90,5

85,2

96,4

0,0

100,0

0,0

Nucleotide 0,0 0,0 0,0
Diversity

0,114

0,0

0,069

0,089

0,129

0,0

0,061

0,0
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Supplementary Table 4.2. Haplotype layout for Cytb loci illustrating the number of haplotypes shared between individuals as the first value; the proportion

(reported to second decimal) of unique haplotypes as the second value; haplotype diversity and nucleotide diversity in the different localities observed during

this study.

Haplotype LO1 LO3 LO4 LO5 LO6 LO7 LO9 L10 L11 L12 L13 L14 L15 L16 L17 L18 L19 L20 L21 L22 L23 L24

@) @ @ 4) @ @) (21 8) () (©) @ ) ) @ @ @) @ @ ©) ©) 4) @)
HAP 1 1/1,00 - - - - - - - - - - - - - - - - - - - 1/1,00
HAP 2 - - - - - - 2/0,09 2/0,25 1/1,00 - - - - - - - - - - - - -
HAP 3 - - - 3/0,75 1/1,00 5/0,70 8/0,38 3/0,38 - - 1/1,00 - - 1/1,00 - - 1/1,00 - - - 1/0,25 -
HAP 4 - 1/1,00 - - - - - - - - - - - - - 1/1,00 - - - - - -
HAP 5 - - - - - - 7/0,33 1/0,13 - - - 1/1,00 - - - - - - - - - -
HAP 6 - - - 1/0,25 - 2/0,28 - - - - - - - - 1/1,00 - - - - - 1/0,25 -
HAP 7 - - - - - - 1/0,05 1/0,13 - - - - - - - - - - - - - -
HAP 8 - - - - - - 1/0,05 - - 1/0,33 - - - - - - - - - - - -
HAP 9 - - - - - - 2/0,09 - - - - - - - - - - - - - - -
HAP 10 - - 1/1,00 - - - - - - - - - - - - - - 1/1,00 1/1,00 - - -
HAP 11 - - - - - - - - - - - - - - - - - - - 1/1,00 - -
HAP 12 - - - - - - - 1/0,13 - - - - - - - - - - - - - -
HAP 13 - - - - - - - - - - - - - - - - - - - - 1/0,25 -
HAP 14 - - - - - - - - - - - - - - - - - - - - 1/0,25 -
HAP 15 - - - - - - - - - 1/0,33 - - 1/1,00 - - - - - - - - -
HAP 16 - - - - - - - - - 1/0,33 - - - - - - - - - - - -
Haplotype 0,0 0,0 0,0 50,0 0,0 47,6 75,7 85,7 0,0 100,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 100,0 0,0
Diversity
(%)
Nucleotide 0,0 0,0 0,0 0,030 0,0 0,029 0,081 0,113 0,0 0,157 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,147 0,0

Diversity
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Supplementary Table 4.3. Haplotype layout for control region loci illustrating the number of haplotypes shared between individuals as the first value; the

proportion (reported to second decimal) of unique haplotypes as the second value; haplotype diversity and nucleotide diversity in the different localities

observed during this study.
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HAP 1 1/1,00 -

HAP 2 - - - -
HAP 3 - - - 2/0,50
HAP 4 - 1/1,00 - -
HAP 5 - - - -
HAP 6 - - - 1/0,25
HAP 7 - - - 1/0,25
HAP 8 - - - -
HAP 9 - - - -
HAP 10 - - - -
HAP 11 - - - -
HAP 12 - - - -
HAP 13 - - - -
HAP 14 - - . -
HAP 15 - - - -
HAP 16 - - 1/1,00 -
HAP 17 - - - -
HAP 18 - - - -
HAP 19 - - - -
HAP 20 - - - -

1/1,00

2/0,28
1/0,14

2/0,28
1/0,14

3/0,14

11/0,52

1/0,05
3/0,14
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2/0,25

1/0,13
3/0,38

1/0,13
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1/0,33
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1/0,25

1/0,25
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1/1,00

Haplotype 0,0 0,0 0,0 83,3
Diversity
(%)

0,0
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69,5

85,7

0,0

100,0

0,0

0,0

0,0

0,0

0,0

0,0

0,0

0,0

0,0

0,0

100,0

0,0

Nucleotide 0,0 0,0 0,0 0,057
Diversity

0,0

0,055

0,088

0,150

0,0

0,053

0,0

0,0

0,0

0,0

0,0

0,0

0,0

0,0

0,0

0,0

0,276

0,0
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Supplementary Table 4.4. Haplotype layout for the three combined loci (CO1, Cytb and control region) illustrating the number of haplotypes shared between

individuals as the first value; the proportion (reported to second decimal) of unique haplotypes as the second value; haplotype diversity and nucleotide

diversity in the different localities observed during this study for Smutsia temminckii.
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HAP 37 - - - - - - - - 1/1,00
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Supplementary Figure 4.1. Phylogenetic tree of Col loci of 49 individuals, representing Smutsia temminckii

Bayesian Inference (BI) posterior probability is noted on the branches with Bl = 0.7 indicating strong support.
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Supplementary Figure 4.2. Phylogenetic tree of Cytb loci of 49 individuals, representing Smutsia temminckii

Bayesian Inference (BI) posterior probability is noted on the branches with Bl = 0.7 indicating strong support.
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Supplementary Figure 4.3. Phylogenetic tree of control region loci of 49 individuals, representing Smutsia
temminckii. Bayesian Inference (Bl) posterior probability is noted on the branches with Bl = 0.7 indicating strong

support.
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Supplementary Figure 4.4. Haplotype network for 49 samples of Smutsia temminckii: (a) Co1l, (b) Cytb and (c)
control region. Circles represent different haplotypes and the size of the circle indicates the number of individuals
that share that haplotype. Colours indicate the sampling localities of the haplotype. The black bars indicate the
amount of mutations each haplotype underwent and the black circles indicate missing haplotypes.
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Supplementary Table 4.5. Spatial analyses of molecular variance (SAMOVA) for the three loci CO1,

Cytb and control region using 49 and 63 individuals respectively for Smutsia temminckii. Analysis for

K = 2—4 were run for each locus.

Source of variation

N =49
COo1 Cytb Control Region
% variation p-value (£ % variation p-value % variation  p-value (x
among Standard among among Standard
groups Deviation) groups groups Deviation)
Two groups (K =2) 70,88 0,092 66,78 0,089 (0,009) 71,65 0,081 (0,0)
(0,008)
Three groups (K = 3) 70,63 0,010 69,65 0,010 (0,003) 74,56 0,010 (0,0)
(0,003)
Four groups (K =4) 64,35 0,005 62,22 0,001 (0,001) 68,90 0,006 (0,0)
(0,002)
N =63
Co1 Cytb Control Region
% variation p-value % variation p-value % variation p-value
among among among
groups groups groups
Two groups (K = 2) 64,83 0,005 68,57 0,001 (0,001) 68,79 0,003
(0,002) (0,002)
Three groups (K = 3) 68,58 0,0 (0,0) 73,42 0,0 (0,0) 74,0 0,0 (0,0)
Four groups (K =4) 68,15 0,0 (0,0) 73,04 0,0 (0,0) 72,84 0,0 (0,0)
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Supplementary Figure 4.5. Phylogenetic tree of Col loci of 63 individuals, representing Smutsia temminckii

Bayesian Inference (BI) posterior probability is noted on the branches with Bl = 0.7 indicating strong support.
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Supplementary Figure 4.6. Phylogenetic tree of Cytb loci of 63 individuals, representing Smutsia temminckii

Bayesian Inference (BI) posterior probability is noted on the branches with = 0.7 Bl indicating strong support.
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Supplementary Figure 4.7. Phylogenetic tree of control region of 63 individuals, representing Smutsia temminckii.

Bayesian Inference (BI) posterior probability is noted on the branches with Bl = 0.7 indicating strong support.
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Supplementary Figure 4.8. Haplotype network for 63 samples of Smutsia temminckii: (a) Col, (b) Cytb and (c)

control region. Circles represent different haplotypes and the size of the circle indicates the number of individuals

that share that haplotype. Colours indicate the sampling localities of the haplotype. The black bars indicate the

amount of mutations each haplotype underwent and the black circles indicate missing haplotypes.
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CHAPTER FIVE

GENERAL DISCUSSION, CONCLUSION AND RECOMMENDATIONS

5.1. INTRODUCTION

This thesis builds on previous work completed in 2014 which investigated population
dynamics of Temminck’s pangolin in southern Africa. The 2014 study consisted of
two parts. Phylogenetic investigation of a full Temminck’s pangolin mitochondrial
genome sequence revealed that the order Pholidota was more closely related to the
order Carnivora than to Xenarthra. Furthermore, the results also indicate a Laurasian
origin (c.a 87 mya) and potential Paleocene migration to Africa (c.a 55 mya). The
second part of the study analysed three mitochondrial genes (CO1, Cytb and D-loop)
in 25 Temminck ground pangolin samples collected from Namibia, Zimbabwe,
Mozambique and South Africa (Mpumalanga and the Northern Cape Provinces).
Phylogeographic analyses provide support for two clusters; a Zimbabwe -
Mozambique cluster and a South Africa — Nambia cluster. The differentiation of
these clusters may be attributed to the formation of an ecological barrier, the Mega

Kalahari Sand Sea.

The study presented here is an expansion of the previous study conducted in 2014
and presents the first in-depth analysis into the population structure of Temminck’s
pangolin in southern Africa using various molecular methods. Here, an extensive
literature review was conducted (Chapter 1) on pangolins globally with specific
reference to the African species which revealed critical gaps in our knowledge. This
research showed that significant gaps such as SNPs and whole genome assembly
were present with regards to the African pangolin species as they are the least
studied compared to the Asian species. Therefore, the current study aimed to fill
some of the void by generating the first set of Short Tandem Repeats for
Temminck’s pangolin with successful application for cross-species amplification in
the remaining three African species (Chapter 2). Another pertinent void was to

sequence the first accurate reference mitogenomes of all four African pangolin
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species using NGS technologies and doing an in-depth comparison on molecular
level between the different species (Chapter 3). This led to the first study to use both
STRs and mtDNA markers to assess the population structure of Temminck’s
pangolin in southern Africa using a georeferencing approach and assess the
application for determining the origin of confiscated samples which would aid
forensic investigations (Chapter 4). The aims of this study were fulfilled for each

research theme as detailed below.

5.2. DEVELOPMENT AND OPTIMIZATION OF STRS

The current study developed 30 STR markers using NGS technology for the
Temmincks pangolin. The markers were tested on a population of 32 Temminck’s,
nine black-bellied, 10 white-bellied and 10 giant pangolins to optimize cross-species
applicability for all African species. Of the 30 markers, 26 (87%) successfully
amplified in the giant pangolin which was expected as both Temminck’'s and the
giant pangolin are ground-dwelling species which are closely related based on
various mitochondrial studies. In comparison, amplification of markers for the black
and white-bellied pangolins were markedly lower (18 out of 30 or 60%). This would
be expected as the above are both arboreal species and show a significant genetic
distance to the ground-dwelling species as found in previous studies. A total of 11
markers were found to be polymorphic across all four African pangolin species.
Developing species specific STRs for African pangolin species is important as these
animals are a significant part of the illegal trade and large areas are being identified

as traffic hotspots such as Nigeria, Uganda and Cameroon (Heinrich et al. 2017).

Prior to this study, STRs have only been developed for the Asian species and with
limited success in African species (Luo et al. 2007; De Beer 2013). This created the
opportunity to develop STRs for the African species especially Temminck’s pangolin,
the solitary pangolin species inhabiting southern Africa. During this process we also
managed to optimize a large amount of the markers for cross-amplification in the
remaining African species as described above. This would be beneficial for forensic
application where species identification of confiscated African pangolin scale
samples is crucial for the identification of traffic routes and hotspots in Africa. It can

also assist in phylogeography/geo-referencing studies of the African species, in
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particular Temminck’s pangolin and to evaluate the phylogeographic distribution of

this species in southern Africa.

5.3. MITOGENOME ANALYSIS OF AFRICAN PANGOLIN SPECIES

This study presents four mitogenomes from the four African pangolin species using
NGS technologies. The results showed mitogenomes with the following lengths:
Temminck’s pangolin (16 558 bp), giant pangolin (16 540 bp), white-bellied pangolin
(16 565 bp) and black-bellied pangolin (16 649 bp). The phylogenetic study, which
included references from the available Asian species, indicated three lineages with
high posterior probabilities which clearly supported the classification of the three

genera, Smutsia, Phataginus and Manis.

Evaluating the mitogenomes of the four African pangolin species, the GC content
percentages were found to be similar. When comparing the codon usage of the
Asian and African pangolin species, the two groups varied significantly from each
other. This could be a result of natural selection or mutation pressure since the Asian
and African pangolins split thousands of years ago (Du Toit et al. 2014). The control
region of the black-bellied pangolin comprised of two insertions, absent from the rest
of the three African and two Asian species. This could be due to the black-bellied

pangolin being under selection pressure from a recent mutation event.

Mitogenomes are seen as relevant research tools as it gives a glimpse into the
maternal lineage of organisms in order to determine the species origin in accordance
with fossil records, if any is available. It is a quick and affordable method to use in
order to get access to genomic data of species which haven’t been genotyped
before, expanding the number of genetic loci available for phylogenetic analysis.
This in turn will allow more genomic information to become available for the studied
species which could determine the direction into which the follow up research

guestions could develop for the species.

Prior to this study, there were only two mitogenomes for Asian and one for the
African pangolin species available (Arnason et al. 2002; Du Toit et al. 2014). The

previous studies showed that the order Pholidota was closely related to the order
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Carnivora rather than other Myrmecophagy orders such as Xenarthra. These
findings revolutionized the evolutionary concept of the order Pholidota and confirmed
the segregation of the order into three genera. The results presented above
represent the first mitogenomes for three of the four African species, as Temminck’s
have been completed in a previous study. These mitogenomes, together with the
available Asian genomes provided the first in-depth look on genomic level between
all three genera of pangolin species, which showed that some of the species might
have had a more recent evolutionary history compared to the rest of the species.

5.4. GEO-REFERENCING, GENETIC STRUCTURE AND DIVERSITY

Mitochondrial DNA can be adequate for discriminating between different populations
within a species and can be used to ascribe new sub-species; however, in more
closely related populations with high gene flow, it proves to be insufficient on its own.
Short tandem repeats are also used for determining different heredities and
population structure within species. A combination of both marker types was used to

assess population structure of Temminck’s pangolin in southern Africa.

The results show that there was some level of sub-structuring present with three
distinctive clusters present across all the different datatypes. However, the clustering
is not geographically informative, but rather supports overlap of different regions.
This indicates a high level of gene flow between individuals across the distribution
range. The low differentiation could also be inclusive of ancestral traits inherited by
juveniles as they disperse to establish new home ranges. Another possibility could
be due to insufficient data and low to no individual representation of the different
localities. With a wider representation of individuals within the distribution range, it is
expected that the different clustering and groupings could be better differentiated
and a true representation of the population structure can be obtained. However, with
the limited genetic differentiation currently shown, if this is a true representation of
the general overall population structure between Temminck’'s pangolin in southern
Africa, then the conservation strategies and plans for this species may be relatively

more simplified.
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This study contributed to the understanding of the genetic basis of extant populations
highlighting the fact that the impact of inbreeding depression and bottleneck effects
are limited, in the southern African distribution range of Temminck’s pangolin
populations This will be important for the implementation of future conservation
strategies to identify diversity hotspots and the impact that reintroduction of a
particular individual(s) may have on the extant population. It will also assist forensic
cases where re-habilitated and protected areas can be identified for re-introductions
of confiscated animals. This is the first study to combine both mitochondrial and STR
data for a geo-referencing approach in the order Pholidota. Previous studies have
only focussed on mitochondrial markers in order to asses population differentiation in
the white-bellied and Temminck’s pangolin species (Du Toit 2014; Gaubert et al.
2016).

5.5. CONSERVATION IMPLICATIONS

Pangolins are a group of mammals which are closely related but still show significant
differentiation on a species level. This would suggest a species-level conservation
and protection strategy compared to a global implementation. The large distribution
ranges also presents a challenge in establishing a uniform conservation strategy
among the different countries and areas. This suggests that each range-state should
work on implementing their own strategy for conservation in correspondence to the
bigger collaborative effort. It would also be beneficial when involving local
communities to get involved in the conservation effort by creating group affiliations
and awareness which highlights the importance of the species according to their
different belief systems and allow the muthi markets to be more sustainable. They
are also slow breeding mammals with only one pup born annually and sometimes bi-
annually, which presents a greater challenge in the population growth and
contributes to the decline of the population’s numbers. Unfortunately, no meaningful
structure and population assignments can be determined within Temminck’s
pangolins using microsatellite markers which impedes the assessment of hotspots
used for illegal trade of individuals. This means that determination of the origin of

confiscated samples is not possible currently using microsatellite markers alone.
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However, as a result of the weak genetic structure observed in Temminck’s pangolin
in southern Africa, release and rehabilitation of individuals confiscated from illegal
trades and markets is simplified. This indicates that the rehabilitated individuals can
all be relocated to selected conservation areas which is protected from threats and
also provides them with enough food and shelter needed to re-establish their home
ranges. Recently, rescued pangolins have also been reintroduced in areas where
they were extinct and are thriving since the habitat is similar to the current ones and
adhering to all their basic needs such as food and shelter. This could revolutionise
the conservation aspect of this species as more habitats could be made available for
reintroductions based on historic distribution which would allow the populations to be
belter monitored and protected from agriculture, deforestation, urbanisation and
illegal trade.

5.6. LIMITATIONS OF THIS STUDY

As prominent with most research goals, there were some limitations observed during
this study. Pangolins are a difficult species to study as they are secretive and elusive
animals with large distribution ranges, especially Temminck’s pangolin (distribution
range from southern Africa into eastern Africa). This extensive range is also sparsely
studied and limited surveys have been performed, which create data deficient gaps.
Historic data from indigenous tribes and populations along with muthi markets
indicate a wide distribution and occurrence across the distribution range; however, it

is unknown what the true population statuses represent without the survey data.

In lieu of the speculative nature of the true population size caution should be taken
when applying conservation strategies. It is strongly recommended that a wider
sampling strategy needs to be implemented especially for the regions which have
sparse representation as well as a larger and more representative sample set from
existing areas. The usage of dried specimens such as museum samples were also
difficult to obtain as very few specimens is available globally pertaining to the four
different African pangolin species. The limited specimens which were available had
insufficient locality and sampling information to use for geographic studies. In
addition, one of the caveats was the quantity of sample material available, which

may be mitigated by advances in extraction technology.
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Metabarcoding (eDNA) is the study of environmental DNA to determine species
composition for a specific region or area instead of individually collected samples
from individuals. This could be considered as an alternative to study elusive or
endangered animals especially in distribution ranges which are difficult to access.
Since environmental samples are collected, it reduces the effort and sampling costs
for projects and allows a variety of different species to be assessed. As a result, this
could shed light on distribution patterns and behaviour of different species including
pangolins. Successful identification of various small and medium mammal species
have been determined in conjunction with camera and other traps. The use of e-DNA
was successful in identifying additional mammal species which wasn’t captured on
the camera or other traps. This suggests that this method could be a valuable tool for
future monitoring and assessing of pangolin populations without collecting individual
samples for DNA extraction (Leempoel et al. 2020; Sales et al. 2020; Mena et al.
2021).

5.7. FUTURE RESEARCH AREAS

As previously indicated, forensic investigations could benefit significantly from the
STR panel developed. This panel contains markers that can be used for inter- and
intra-species differentiation. This panel can be validated by establishing a reference
database of known localities and species among all four African pangolin species.
This in turn can be used to identify confiscated pangolin scale samples obtained
from recent illegal seizures and determine the area from where they have been
sourced providing valuable insights into poaching and trafficking hotspots. Geo-
referencing studies of Temminck’s and other pangolin species can be further
enhanced by developing SNP markers to represent a larger part of the genome. This
in parallel to whole genome sequencing will provide a more holistic approach to
determining different population groups. Developing SNPs and assembling the
genomes of pangolins have already been implemented for some of the Asian
species (Choo et al. 2016; Li et al. 2017; Hu et al. 2020).

In addition, identifying genes related to specific traits such as adaptation to climate
change or evolutionary adaptions (loss of teeth and hair) could shed light on distinct

evolutionary paths of African pangolin species (Meredith et al. 2014; Choo et al.
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2016). A recent article published by Heighton & Gaubert (2021) compared all the
available literature and data for the order Pholidota across a variety of study fields
such as ecology, parasitology, behaviour, distribution, molecular and conservation to
mention but a few. The authors determined what studies have been performed for
each of the eight extant pangolin species as well as which areas are still deficient in
data. In addition, future research areas were also identified that will facilitate a better
understanding of this order and be able to implement an appropriate conservation
plan for these highly trafficked mammals (Heighton & Gaubert 2021).

5.8. CONCLUDING REMARKS

The results reported here provided valuable insights into the population dynamics of
Temminck’s pangolin as well as the relationship between the four African species.
This understanding will provide significant insight in developing and advancing
conservation strategies to curb illegal trading activities and comprehend the effects
of the muthi markets on different pangolin populations as the high genetic diversity
permits sufficient gene flow to progress between populations of Temminck’s
pangolin, preventing inbreeding bottlenecks. This in turn allows the species to be
rehabilitated and reintroduced into conservation areas which is fit for providing the
necessary protection they need. Using this as a baseline for all the countries to
support their own similar conservation plan along with the assistance of local tribes
would have a significant impact on the protection of this wonderful introverted

awkward animal to be preserved for all future generations.
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SUMMARY

The order Pholidota includes the most trafficked mammal species globally. The
family Maninae with recognized species are categorized as Endangered and
Critically Endangered on the IUCN Red List of Threatened Species. Due to the sharp
decline in Asian pangolin numbers, the shift was towards the African pangolin
species, to meet the demand in Asia and in Africa. Subsequently, the status of
Smutsiinae has been revised by the IUCN and varies between Vulnerable and
Endangered. This study contributes to clarify the genetic status of the four African

pangolin species using molecular technologies.

The first part of the study aimed to assemble mitogenomes of the four African
pangolin species using NGS technologies. Whole mitogenomes were assembled
and compared with published mitogenomes available in online databases.
Mitogenomes were only available for six of the eight pangolin species. Our results
showed different genome lengths for the four species: Temminck’s pangolin (16 558
bp), giant pangolin (16 540 bp), white-bellied pangolin (16 565 bp) and black-bellied
pangolin (16 649 bp). Three distinctive clusters were observed supporting three
genera. The first cluster consisted of the Asian pangolins (Manis), the second cluster
was the African tree pangolins (Phataginus) and the third cluster represented the
African ground pangolins (Smutsia). There were also two insertions found in the
control region of the black-bellied pangolin which could indicate a recent mutation or

selection event.

The second part of the study focused on the development of species-specific STRs
for Temminck’s pangolin and in combination with previous developed MtDNA
markers the aim was to assess the population structure across the distribution range
in southern Africa. Three mtDNA loci were analysed (Col, Cytb, control region) with
30 STRs. A total of 62 individuals from six countries were included in the study. The
results showed little to no geographical differentiation across the identified sampling
locations. This indicates high levels of gene flow between the populations. Three
distinctive clusters were observed within the different sampling areas. This could

indicate inherited ancestral traits in juveniles with dispersal into new home ranges
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following a stepping stone model. Temminck’s pangolin has been reported to cover

vast distances in search of new home ranges or territories.

This study provides the first account of a combination of mtDNA and STR markers to
investigate possible geo-referencing of Temminck’s pangolin in southern Africa. It is
evident that the mtDNA and STRs markers used in this study, are not robust enough
to discriminate between different sampling locations or populations. Further in-depth
investigations, including whole genome analysis and SNPs are recommended. A
more comprehensive sampling strategy is required to include all areas within the

distribution range as well as more individuals for an in-depth genome analyses.

KEYWORDS: mitochondrial genomes, microsatellites, geo-referencing, African

pangolins
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APPENDIX A

APPENDIX A

SPECIES-SPECIFIC MARKERS FOR EACH LOCUS DERIVED FROM

SMUTSIA TEMMINCKII

Species-specific markers for each locus derived from Smutsia temminckii. The expected fragment

sizes of the sequences are indicated in base pairs (bp) along with the corresponding annealing

temperatures. The thermal cycling conditions are indicated below the table (Du Toit 2014).

Gene Primer Primer sequence Fragment Annealing
region name size (bp) temperature (°C)
Co1 Pan_6A F:5-TCA GCC ACCTTACCT ATGTTC -3' 380-400 50
R: 5'- GAT GAG ATA CCC GCT AAATG -3
Pan_6B F: 5'- GCT GGA ACT GGC TGA ACT GTA -3 400-440 53
R: 5- TTA CGC TGC CTC CAT GTA AGG -3'
Pan_6C F: 5'- GCT GGA ACT GGC TGA ACT GT-3' 90-100 50
R: 5'- TGA CTT ATA GCG GGA GGT -3
Pan_6D F:5-GGC TTT ATC GTT TGA GCA CAT C -3' 90-100 50
R: 5'- AAG CCC TAA TGC TCA TAG TAG AG -3
Pan_7A F: 5'- CAC ACG AGC CTA CTT TAC ATC AGC -3' 300-330 50
R: 5'- TGC CCG AAA GAC CAA GGA AGT GTT G -3'
Pan_7B F: 5'- CAA CGA CAC ATG AGC AAA AG -3 280-300 50
R: 5'- CAT AGG TAT GAT ATT GGC TTG -3'
Cytb Pan_14A  F:5- CCA TAA ATA GGA GAAGGC TTAGAAG -3 230-250 50
R:5-GTG TTC TGC TGT GTA GTG TAT TGC -3'
Pan_14B F:5-CCC TCC AACATC TCAGCAT-3 570-600 50
R: 5'- AGG GGT CGG AAT ATC ATAGTGCGT T -3
Pan_14C F:5'-CCC CTC CAA CAT CTC AGC AT -3' 130-150 50
R: 5'- CCG TAA TAT AAG CCT CGT CC -3'
Pan_14D F:5'- AAC CCC CTA AGC ACA CCT CCC CATA -3 350-380 50
R: 5'- GGG CTT TAG TCT CCT TCC TGA GTC -3'
D-Loop Pan_15N F: 5- AAG GAG ATT CTAACC TCC CC -3 330-360 50
R: 5'- CCT TCA GTG GAG GTG ATA CG -3'
Pan_15A  F:5'- CCA ACG GGC AAA TAC GCT ATG -3' 480-500 50
R:5'-GTC CTG CGA CCATTG ACT GAA-3'
Pan_15B F:5- GAC TGT GGG GTA GTT ATA GGA GAA -3' 450-480 50
R: 5- TTA GAG CGG GCA GAA AAC TG -3'
Pan Pre-1 F:5'-CAT CTT GTC AAA CCC CAAAAGC -3 500-530 53

:5-GGC ACGAGATTT ACCAACCCAT-3'

Thermal cycling was conducted as follows: initial denaturation at 95°C for 5 min, 45 cycles of denaturation at 95°C

for 30 sec, annealing at 50-53°C for 1 min, extension at 72°C for 45 sec, followed by final extension at 72°C for 7

min.




