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Abstract

Tsetse flies (genera Glossina) are the sole biological vectors of African Trypanosoma
species, the infectious agents of African Trypanosomiasis. Vector control is a key inhibitor
of disease transmission; however, long-term control measures are economically and
ecologically unsustainable and therefore, alternatives must be explored. In this thesis we
aim to explore the evolution of three important immune genes: attacin-A (AttA), Defensin
(Def) and Toll-like receptor 2 (TLR2), in relation to symbionts and parasitic interactions. This

could in turn lay the foundations for genetic control methods

The successful identification of novel attacin orthologues confirmed the previous
descriptions of attacin clusters within the Glossina genome, while a single novel defensin
orthologue was identified in each of the six Glossina genomes. A total of six TLRs were
confirmed within the Glossina genome, and three additional TLRs were potentially
identified, though these are unconfirmed. The evolutionary history of the attacin cluster
remains undetermined, however concerted evolution likely impacts the evolution of AttA,

while Def and TLRs are governed by strict Darwinian selection.

A wild population sample of Glossina morsitans morsitans illustrated differing levels of
nucleotide variation in each gene, Def being the least polymorphic (n = 8) and TLR2 being
the most (n = 22). All genes indicated a recent population expansion event and deviations
from neutrality, indicative of population expansion and balancing selection. Genetic
variation in both AttA and TLR2 was found to be maintained via purifying selection, while
Def exhibited signs of the Red Queen arms race and balancing section. Trypanosome
infection rates were unexpectedly high (69.35%), consisting of mixed species infections.
Advantageous Def variants were observed to reduce infection rates within samples, while
an observable relationship between TLR2 and symbiont variation, and infection rate

requires further research.

The results within described the impacts of evolution and population change on immune
genes and how the interactions with symbiont populations can influence trypanosome
infection rates. This thesis indicates that an understanding of the evolution and interactions
of the tsetse-symbiont-trypanosome triplet could be used to inform novel genetic control

methods.
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1: Introduction

1.1: African Trypanosomiasis and Tsetse flies

Parasitic infections are widely recognised as one of the greatest inhibitors of human
economic and social development worldwide (Sachs and Malaney, 2002; Hotez and
Kamath, 2009; Brooker, 2010). Yet, despite the threat that these diseases continue to
present, many remain both under-funded and under-researched. Such infections are
known as Neglected Tropical Diseases (NTDs) (Feasey et al., 2010). Hotez and Kamath
(2009) observed that NTDs affect an estimated 500 million people in Sub-Saharan Africa
alone, which equates to approximately one-half of the economic and social burden

resultant from malarial infections in the same area.

Human African trypanosomiasis (HAT), commonly referred to as African sleeping sickness,
is one such NTD (Hotez and Kamath, 2009; Brun et al., 2010). Although recorded cases of
HAT have decreased drastically over the last two decades: from nearly 50,000 annual cases
in the 1990’s (Hide, 1999), to fewer than 977 in 2019 (Gao et al., 2020); it is thought that
many asymptomatic cases remain unrecognised (Capewell et al., 2016). Significantly,
Capewell et al. (2016) highlighted the importance of mammalian extracellular infection as
potential reservoirs for HAT, with asymptomatic infections facilitate future outbreaks.
Therefore, in addition to documented cases it is estimated that at least 70 million further
individuals are at risk of HAT (Simarro et al., 2012). Human African trypanosomiasis is
caused by two sub-species of the protozoan parasite Trypanosoma brucei, namely T. b.

gambiense and T. b. rhodesiense (Brun et al., 2010; Stephens et al., 2012).

The continued fall of recorded HAT cases in recent years, has resulted in calls to shift focus
to Animal African Trypanosomiasis (AAT) (Morrison et al., 2016). Animal African
Trypanosomiasis, also known as nagana, is primarily associated with Trypanosoma vivax
and Trypanosoma congolense infections, while T. brucei is considered to be a secondary
pathogen (Losos and lkede, 1972; Courtin et al., 2008; Kasozi et al., 2021). This change of
focus aims to reduce the mounting economic impact of AAT in the central African countries,
with estimatesin 2013 of an annual economic loss of $1-4 billion (USD) across the continent

(Chanie et al., 2013). This loss is generally attributed to the reduced production of milk and
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meat, the mortality of working livestock and efforts to treat and prevent the disease
(Chanie et al., 2013). Animal African Trypanosomiasis targets a large number of both
domestic and wild animals, with ruminants (including bovines, sheep and goats), horses,
donkeys, cats, dogs and monkeys all at risk of infection (Losos and lkede, 1972; Kasozi et

al., 2021)

Trypanosomiasis is a vector borne disease and requires a vector/intermediate host to
facilitate biological development of trypanosome parasites and the infection of new
mammalian hosts (Wamwiri and Changasi, 2016; Smith et al., 2017). Tsetse flies (genus
Glossina) are the sole biological vector of African trypanosome species, while all Glossina
spp. are capable of transmitting the human infectious agent, the vectoral capacity of T. b.
gambiense and T. b. rhodesiense varies within the Glossina genus (Wamwiri and Changasi,

2016).

The life cycle of African trypanosomes is characterised by two distinct stages: mammalian
and tsetse. The mammalian stage of the life cycle (Stages 1-2 in Fig. 1.1) starts with the
injection of infective metacyclic trypomastigotes from the salivary glands of the tsetse fly
into the dermis of the host. The initial metacyclic trypomastigotes are short and stumpy
and are preadapted for existence within the vector. Upon migration to the cardiovascular
system, the metacyclic trypomastigotes undergo morphological transformation, stimulated
by enzymatic and climatic triggers, adopting a long slender form for continued existence
within the mammalian host. These slender trypomastigotes undergo rapid proliferation by
binary fission, the resulting daughter cells adopt the stumpy morphology for ingestion by a
feeding tsetse fly where they are able transformation into procyclic trypomastigotes (EI-
Sayed et al., 2000; Matthews et al., 2004). As the slender trypomastigotes mature they are
capable of penetrating the blood vessel endothelium, migrating into extracellular tissues
of the lymph system, the central nervous system and across the blood-brain barrier

(Masocha and Kristensson, 2012).

The tsetse aspect of African trypanosomes life cycle starts with the ingestion of metacyclic
trypomastigotes during a blood meal (Fig. 1.1, stages 3-7). Stimulated by the presence of
protease enzymes and a change in temperature, stumpy trypomastigotes undergo a
morphological transformation into procyclic trypomastigotes that rapidly proliferate within

the tsetse midgut. Maturation to proventricular trypomastigotes, enables migration from



the midgut to the ectoperitrophic space, where proventricular trypomastigotes transform
to the epimastigote stage enabling a final migration to the salivary glands. Upon entering
the salivary glands epimastigotes attachment to the epithelium and undergo further
proliferation by binary fission, before detaching from the salivary gland epithelium and

becoming pathogenic free swimming metacyclic trypomastigotes (Caljon et al., 2014).

Fly Host Mammal Host
sallvary glands m \@\
metacyclic
o form blood
ST (and lymphand [¢
M spinal fluids)
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(5)
proventriculus f f

S 6 (5 bloodstream
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A

|

5 3

——

Figure 1.1: The life cycle of T. brucei within both the mammalian and diptéran hosts (with
permission; Richard Wheeler, 2016). The focus of this review and all subsequent work lies between
stages four and seven.

The mammalian adaptive immune system initiates a strong response to metacyclic
trypomastigotes infection and eliminates the majority of trypanosomes throughout the
course of infection. The successful infection of a mammalian host is achieved primarily
through antigenic variation whereby trypanosomes alter their surface antigens, helping to

mask their presence from mammalian antibodies (Borst and Cross, 1982; Horn, 2014).

The incubation period of T. b. gambiense and T. b. rhodesiense varies, acute sleeping
sickness caused by T. b. rhodesiense often presents 1-3 weeks after infection, while chronic
sleeping sickness, resulting from T. b. gambiense infection, has a longer but undefined
incubation period. Progression of HAT can be characterised by two distinct phases:
hemolymphatic and neurological (Lundkvist et al., 2004). During hemolymphatic phase

infected patients often present non-specific symptoms such as: severe headaches,
3



intermittent fever, joint pain and inflammation of the lymph nodes (Winterbottom’s sign)

(Lundkvist et al., 2004; Brun et al., 2010).

The latter neurological phase occurs following migration of trypanosomes to the central
nervous system by crossing of the blood brain barrier. The neurological phase first presents
signs 21-60 days after infection in acute HAT, and between 500-600 days in chronic
infections. This stage of infection can be characterised by changes to a patient’s personality
and extreme lethargy resulting from the 24 hour cycle of interrupted sleep-wake patterns,

ultimately resulting in falling into coma, organ failure and death (Lundkvist et al., 2004).

Although this study focuses on Glossina spp. as the exclusive biological vector of AT, other
species of haematophagic flies, specifically members of the Tabanidae and Stomoxys
families, have been recorded as mechanical vectors (Desquesnes and Dia, 2003a, 2003b;
Gao et al.,, 2020). These mechanical vectors are neither required for nor capable of,
facilitating parasite development and maturation. Mechanical transmission occurs
following an interrupted meal, where it is common for the metacyclic trypomastigotes to
remain in mouth parts of a vector without being ingested. Experimental data showed that
T. brucei has the highest successful mechanical transmission rate (11.5%) of all

Trypanosoma species (Mihok et al., 1995).

While vectorial transmission is responsible for the vast majority of infections, there have
been sporadic and occasional reports of both vertical and horizontal transmission of HAT
(Lindner and Priotto, 2010; Biteau et al., 2016; Gaillot et al., 2017). In 2017, Gaillot et al.
recorded a case of vertical transmission, from mother to daughter through the placenta,
stating, “Whilst cases of vertical transmission are rare, they are also most likely highly
underestimated”. Additionally, rare, and isolated reports of horizontal transmission via
either sexual intercourse or blood transfusion have also been recorded (Rocha et al., 2004;

Biteau et al., 2016).
1.2: The tsetse fly: Hippoboscoidea superfamily

The superfamily Hippoboscoidea comprises of four families; Glossinidae (tsetse flies),
Hippoboscidae (ked or louse flies), Nycteribiidae and Streblidae (both referenced as bat

flies) (Fig. 1.2) (Petersen et al., 2007). Characterised by their adenotrophic viviparous life



cycles, the members of this superfamily are all obligate haematophages and vectors of

several notable pathogens.
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Figure 1.2: The evolutionary history of the Hippoboscoidea superfamily indicating the key
evolutionary stages as published by Petersen et al. (2007).

1.2.1: Glossinidae

Tsetse flies are obligate parasites that feed on avian, reptillian and mammalian species
including members of the Primates, Bovidae and Suidae families (Weitz, 1963). Tsetse are
native to the African continent and are confined within definitive boundaries, between 10°
North and 20° South of the equator. The Glossinidae family is separated into three
subgenera characterised by habitat, behavioural and morphological traits (Fig. 1.2) (Cecchi
et al., 2008). The Morsitans (or, savannah group), including several prominent species like
G. morsitans subsp, G. pallidipes and G. swynnertoni, favour open brush areas and are the
primary vectors of T. b. rhodesiense in East Africa. The Palpalis (riverine) group species,

including G. palpalis subsp., G. fuscipes subsp and G. tachinoides, prefer forested or
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previously forested river banks. This group contains the primary vectors of T. b. gambiense
in Western and central Africa. The Fusca (or, forest group) are primarily vectors of AAT,

including important vectors such as G. fusca subsp., G. tabaniformis and G. brevipalpis.

The Glossina genus has four unique identifying morphological characteristics. Firstly, the
shape and size of proboscis, which is long, thick, and attaching to the mouth beneath the
head, quite distinctively from other dipteran species. Secondly, a tsetse will rest its wings
completely, folding one over the other. Thirdly, the central wing cell has a unique and
individually distinct “hatchet” shape. Finally, the antennae are covered in branching arista
hairs. Differentiation of specific species can be undertaken using the colour of the tarsi,
clarity of thorax markings and abdominal band size and colour. Additionally, species specific
traits can be used for example, increased eye size and prominence in G. pallidipes (Fig. 1.4)

(Austen, 1911; Newstead, 1924).

Figure 1.3: Illustrations of distinguishing features of Glossina spp. A) A dorsal view of a female G.
morsitans at rest, the wings are folded along her back (l), also note the proboscis extending laterally
from the head (I1) (x4.5 magnification). B) A dorsal view of a female G. morsitans (x6 magnification),
11 marks the position of the hatchet cell. C) A profile view of a female G. morsitans at rest, showing
the proboscis extending from the underside of the head (ll) and the antennae (IV). D) A magnified
image of the antennae (V) of G. morsitans clearly showing the arista (V) and the branching hairs
(V1) (Austen, 1911; Newstead 1924).



Determining the sex of tsetse flies can be done visually, with the average length of females
being larger than that of males (female average: 10.0 mm; male average: 9.3 mm).

Alternatively, dissection of the sexual organs can be undertaken.

Over the last decade climate change and human interactions appear to have influenced the
nature of these species and their habitat preference. For example, Courtin et al., (2010)
observed that the “tsetse belt” in Burkina Faso had shifted significantly southwards whilst
the central population diminished. The authors commented further that these changes
were attributable to an increase in human population, causative of the destruction of
breeding habitat, and climatic change, resulting in decreased rainfall and severe droughts.
The shift in distribution is indicative of the migration recorded in several other vectors
species, including members of the Culicidae (Mosquitoes) (Elbers et al., 2015). Migration is
a primary concern of health organisations, with vector species moving to previously
uninfected areas and preventing the containment of not only trypanosomiasis but also

other vector borne diseases such as, schistosomiasis and malaria (Tabachnick, 2010).

Although climate change is likely to have an impact on tsetse populations, Thornton et al.,
(2006) observed that the specific habitat preferences and behaviour of tsetse mean that
climate change will be less damaging to tsetse populations then other vector species.
However, the authors continued to state that the destruction of habits during human
expansion is likely to have a far greater impact than the effects of natural climate change

alone.

1.2.1i: Glossinidae life cycle

Female tsetse mate only once, fertilise one egg at a time and, during the first three larval
stages, juveniles remain within the uterus (Krafsur, 2009). While in the uterus, females feed
the juvenile on a milky substance secreted from their milk glands. Approximately 7-9 days
after fertilization, upon development to the third larval stage, the independent larva leave
the female and burrow into the ground developing a hard puparial case for protection
during maturation into an adult fly. This developmental stage can take up to 30 days to
complete. As the juvenile does not feed in this time all nutrients must be obtained from
the mother during the initial nine day development. In that time the blood meals ingested
by the female must be capable of supporting her own needs, the needs of the developing

juvenile and supplying an excess to store for the pupal development stages. Once the
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juvenile adult fly emerges from the pupa, it must inflate its wings and feed, before reaching
sexual maturity approximately 14 days after emergence (Mellanby, 1937). Figure 1.3 below
illustrates the life of the tsetse fly. This slow reproduction cycle is a critical aspect of tsetse
population control, as estimates state that a daily mortality rate of 4% within the female

population will result in the rapid extinction of the population (Hargrove, 1988).

Aduilt fly Puparium

Lifespan up to 3 or 4 months el 39;40 days

PPN
S L0
e G P 4
Egag 1st Instar larva 2nd Instar larva 3rd Inst\a’r‘larva
50-60 hours 1-2 days 2 days 2.5 days

Figure 1.4: The life cycle of Glossina spp. (Leak, 1999).

1.2.1ii: Tsetse population control

In the absence of an effective vaccine and inexpensive treatments for HAT, along with
mounting resistance to current trypanocidal prophylactics, vector control is now
considered the most effective and sustainable way of managing African Trypanosomiasis
(Tirados et al., 2015; Meyer et al., 2018; Percoma et al., 2018). In an attempt to eradicate
HAT and reduce the economic impact of AAT throughout the African continent, four
primary methods of tsetse control have been adopted (Esterhuizen, Njiru et al., 2011;
Esterhuizen, Rayaisse et al., 2011; Abd-Alla et al., 2013; Vale, Hargrove, Lehane et al.,
2015):

e Insecticide treated, odour-baited target traps.
- These targets have three components; a visual target, typically either a black
or blue sheet of cloth; an odour attractant consisting of 1-octen-3-ol

(octenol) (0.5 mg/h) and either acetone (100 mg/h) or butanone (15 mg/h);
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and an insecticide treatment applied to the visual target (Vale et al., 1988;
Langley et al., 1993).
e Pyrethroid-treated cattle.

- Pyrethroids are highly effective as insecticidal synthetic compounds with a
low level of mammalian toxicity. Treatment of cattle by aerosol spray is
considered the cheapest tsetse control method, however the ecological
impact on other beneficial fauna is highly contentious (Hargrove et al., 2000;
Ndeledje et al., 2013; Vale et al., 2015).

e Ground and aerial insecticide spraying techniques.

- This method aims to interrupt the life cycle of the tsetse by targeting adult
females and larval stages following emergence from the pupa. As with all
indiscriminate insecticide treatments, the ecological impacts of this method
are high (De Deken and Bouyer, 2018).

e Sterile insect methods.

- Sterilisation methods within tsetse utilise symbiont interaction to regulate
fertility (Abd-Alla et al., 2013). Although this method was effective at
eradicating an isolated population of Glossina austeni in Zanzibar (Vreysen
et al., 2000), the cost of maintaining sterile populations and the logistical
issues associated with the method in non-isolated populations may not

justify this control method (Abd-Alla et al., 2013).

The success of vector control on disease management is evident from the continued
reduction in HAT cases over the last 25 years (Hide, 1999; Gao et al., 2020). However, the
total cost of sustained vector control suggests that alternative solutions are required. The
cost of continuous vector control over a 20-year period with no discounts is estimated to
range between US$894/Km? for insecticide treated cattle to USS$11,666/Km? for 10
traps/Km? (Shaw et al., 2013). While the prolonged employment of these control measures
can dramatically reduce tsetse populations, the eradication of a population is considerably
more difficult and often requires an integrated approach, combining several control

methods (Percoma et al., 2018).

While the efficiency of vector control cannot be denied, there is a necessity to maintain

control measures almost indefinitely. Following the termination of tsetse control in the



Lambwe Valley of western Kenya, populations returned to and stabilized at pre-treatment
levels within 12 months (Turner and Brightwell, 1986). Modelling of tsetse infestation of
cleared areas suggested that a cleared area of 100Km? could be lost within a year, while
10,000Km? could be lost in just two years if there was no bar to migration and breeding
(Hargrove, 2000). It is critical therefore, that more economically stable and enduring
methods of trypanosome control are investigated. One such potential avenue of pathogen
control is to utilise the natural interactions between vectors and parasites to break
transmission, however, a detailed understanding of these mechanisms in required before

this can be explored in detail.

1.3: Parasite - Vector Interactions

The interactions between parasites and vectors are critical to the survival and development
of the parasite. Parasites must be able to conceal their presence from the immune system
of both the host and vector to avoid triggering an immune response. Dipteran and other
arthropod vectors do not possess an adaptive immune system like mammalian hosts, but
rather rely on the enzymes and anti-microbial peptides (AMPs) comprising their innate
immune system. This immune response is genetically predetermined and could therefore
potentially be manipulated if fully understood, however gaining a comprehensive
understanding of the complexity of the interactions between pathogen and host requires

extensive research.

The interactions between vector and parasite species result in an evolutionary arms race
under the concept of coevolution (Anderson and May, 1982). This theory states that the
interactions between the two organisms is one of the primary evolutionary drivers within
individuals (Anderson and May, 1982; Feeney et al., 2012). The concept of coevolution is
strongly linked to Red Queen hypothesis (Van Valen, 1973) which comprised two
contrasting theories (the Red Queen arms race and Red Queen dynamics) that influence
the evolution of the interacting species. Equally, the traditional understanding of a
parasite-vector relationship states that the parasite relies upon one single vector to survive,
and the extinction of the vector will result in the extinction of the parasite. However, recent
observations of seemingly random “jumps” to new vectors are common and observable in
real time; this process is described as the “Parasite paradox” (Agosta et al., 2010)and

illustrates the complexity of these organisms and the need for further research.
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1.3.1: Dipteran immunity

The most prominent interaction between pathogens and hosts is the immune response to
infection. As mentioned above, dipteran species do not possess an adaptive immune
system, relying instead solely upon their innate immune system to defend against infection.
This innate response is, however, not indiscriminate but initiated by the interactions of
pathogen detector proteins (PDPs) and pathogen-associated molecular patterns (PAMPs)
to mount a limited adaptive response. Capable identifying and initiating differing
predetermined responses to gram-negative and gram-positive bacteria, viruses, fungi and
parasites (Wachinger et al., 1998; Imler and Hoffmann, 2000; Hao et al., 2001; Ageitos et
al., 2017).

The innate immune system of both vertebrates and invertebrates is comprised of two
separate pathways (Akira et al., 2006). Firstly, the cellular pathway incorporating
macrophage-like cells to phagocytose pathogens and micro-organisms. Secondly, the
molecular pathway, which utilises PAMPs to identify pathogens and AMPs to combat
infection. This study focuses solely on the molecular pathway, as the cellular pathway
functions exclusively in the hemocoel and, thus, is not triggered by trypomastigote

infection.

The molecular innate response follows a series of signalling pathways to stimulate AMP
expression in response to pathogen detection, the Toll-like (TLR), immune deficiency (IMD)
and Jak/Stat pathways are vital for the identification of pathogenic infections (Rolff and
Reynolds, 2009; Caljon et al., 2014). These pathways result in the expression of specific

AMPs to combat the detected infection (Figure 1.5).
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Figure 1.5: A simplified model of the Toll/Dif/Dorsal and IMD-Rel signaling cascades in Drosophila
melanogaster. The TLR pathway was adapted from the model published by Lemaitre et al., (1996),
while the IMD pathway was adapted from the model published by Myllymaki et al., (2014).

1.3.1i: The TLR pathway

The TLR pathway is present in both the vertebrate and invertebrate immune system, TLR
proteins are highly conserved, transmembrane proteins found across the cell plasma
membrane. First identified in 1985 within Drosophila, a total of nine TLR gene (TLR1-9) have
now been identified within the D. melanogaster genome (Anderson et al., 1985; Valanne
et al., 2011; Levin and Malik, 2017). In addition to the immunological function, TLRs have
been shown to also play a vital role in, development, providing vital cues for dorsal/ventral
differentiation within the early stages of growth (Anderson et al., 1985; Hashimoto et al.,

1988; Jang et al., 2006).

Structurally TLR proteins are comprised of three “subdomains”. The largest being the N-
terminal ectodomain, typically consisting of 16-23 leucine-rich repeats (LLRs) (in
mammalian proteins) this forms the basis for PAMP recognition (Leulier and Lemaitre,
2008; Kumar et al., 2009). LLRs form parallel B-sheets on the concave surface while helices

form the convex outer surface, generating their distinctive horseshoe shape (Fig. 1.5A) (Bell
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et al., 2005; Jin et al., 2007). Following the ectodomain is a single helical transmembrane
region, this traverses the phospholipid bilayer connecting the ectodomain to the Toll/IL-1
receptor (TIR) domain (Bell et al., 2005). Structurally the TIR domain consists of five central
parallel B-sheets, surrounded by a-helices and a single “BB loop” (Fig. 1.5B) (Xu et al., 2000;
Khan et al., 2004). Whilst it is the LLRs that give TLRs there horseshoe shape, the TIR is
responsible for the dimers that form between them, resulting in the “M” shape most often
associated with TLRs (Fig. 1.5C). The formation of both homo and heterodimers between
TLR proteins enables them to detect and respond to different pathogens (Khan et al., 2004;
Jin et al., 2007). TLR-4 predominately forms homodimers while TLR2 will form dimers with

TLR1 and TLR6 (Zhang and Ghosh, 2002).

Figure 1.6: The overall structure of TLR proteins illustrating all three subdomains. A) The
ectodomain of TLR 9 as a monomer (Ohto et al., 2015). B) The structure of the TIR domain,
comprising the central B-sheets surrounded by a-helices as recorded by Xu et al. (2000). C) The
homodimer structure of TLR5 exhibiting all three subdomains. The ectodomain can be seen in green
and blue; the transmembrane region in yellow and the TIR in red (Zhou et al., 2012). All images
produced using SWISS-MODEL (Guex et al., 2009; Waterhouse et al., 2018).
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While the structure and function of TLRs is conserved among all classes, the mode of action
varies between vertebrates and invertebrates. The vertebrate TLR pathway relies on the
direct interaction of the ectodomain and pathogen-associated molecule proteins (PAMPs),
while the arthropod TLR pathway relies on the binding of endogenous ligand proteins to
stimulate the TLR pathway and immune response (Stein and Nisslein-Volhard, 1992). The
primary endogenous ligand protein involved in dipteran immune responses, and embryo
development, is Spatzle (Spz) (Weber et al., 2003). Spatzle is an evolutionary conserved,
dimeric protein that is synthesized as a pro-protein requiring maturation via a series of
conformational changes induced by a serine protease in order to bind to TLR proteins

(Weber et al., 2003; Buchon et al., 2009).

The arthropod TLR signalling cascade (Fig. 1.4) is initiated by the activation of Spz. Following
the identification of a pathogen, by pathogen receptor proteins, such as gram-negative
binding proteins (GNBPs), the proteolytic cascade is triggered. This results in cleaving of Spz
and the release of the pro-domain, exposing the C-terminal, thereby enabling Spz to bind
with the TLR extracellular domain (Lemaitre et al., 1996; Weber et al., 2003; Tanji et al.,
2007; Arnot et al., 2010; Valanne et al., 2011). Upon Spz-TLR binding, the TIR domain binds
to Myeloid differentiation primary response 88 (MyD88), which subsequently binds to Tube
and Pelle, forming the MyD88-Tube-Pelle heterotrimeric complex (Horng and Medzhitov,
2001; Sun et al., 2002; Tauszig-Delamasure et al., 2002). This complex is vital for the
degradation of the Dorsal/Dif-Cactus (Cact) complex, enabling the nuclear translocation of
Dorsal/Dif, which in turn results in the synthesis of AMPs, such as Attacin, Defensin and

Diptericin (Wu and Anderson, 1998; Akira et al., 2006; Valanne et al., 2011).

1.3.1ii: Anti-microbial peptides and proteins

AMPs are a diverse protein superfamily and are frequently characterised by their size,
structure, and function. Smaller AMPs (peptides) are typically defined as between 12 and
50 amino acids, while the larger AMPs (proteins) typically exceed 100 amino acids in length
(Ganz, 2003). The structure and function of AMPs is highly diverse helping to maintain the
efficiency of the innate immune system against different pathogens. Antimicrobial proteins
can be characterised into four broad structural groups (Reddy et al., 2004; Brogden, 2005;
Dhople et al., 2006):

e a-helical dominant structures (e.g.: Cecropin and andropin);
14



e B-sheet dominant structures (e.g.: tachyplesins and Lactoferricin B);
e Sequences rich in cysteine residues (e.g.: Defensins and cryptidins);
e Sequences rich in other specific amino acid residues: namely proline, glycine,

histidine and tryptophan (e.g.: Attacins and drosocin).

And exhibited one of two primary modes of action (Yeaman and Yount, 2003; Brogden,

2005; Otvos, 2005; Torrent, et al., 2012):

e Cell membrane disruption resulting in cell lysis and death;
e Direct interference of essential intracellular mechanisms such as protein synthesis

and folding.

The amino acid sequence and structure of AMPs dictates the mode of action, with
characteristic structure and amino acids resulting in specific functions. For example,
cecropins are small (31-37 aa), a-helical AMPs (Steiner, et al., 1981; Hoskin and
Ramamoorthy, 2008) known to form ion channels or pores in the cell membrane using the
“toroidal pore” model (Huang, 2000; Reddy, et al., 2004). This membrane disruption is only
possible due to the hydrophobic and cationic surface of the protein that results from the
disulphide dependent, twin helical structure (Reddy, et al., 2004; Brogden, 2005). Other
membrane disruption methods such as the “barrel-stave” and “carpet” models rely on
different structural and charge variations. The “barrel-stave” model relies on the small,
amphipathic helical AMPs that directly insert into the cell membrane. As the hydrophobic
surface binds to the centre of the membrane, the arguments of hydrophilic surface
produces a pore which is increased in size as more monomers are recruited (Yang, et al.,
2001; Reddy, et al., 2004; Brogden, 2005). The “carpet” model of pore formation results
from a high concentration of AMPs aligning parallel to the cell membrane. Membrane
disruption is achieved as the hydrophilic surfaces reorientate towards the core of the
membrane causing the disintegration of the membrane (Reddy, et al., 2004; Brogden,

2005).

In order for AMPs to interfere directly within intracellular pathways, they must first cross
the cell membrane without causing terminal damage. The mechanism for this has been
hypothesised to be similar to that of Cell-penetrating peptides (CPPs) (Nicolas, 2009;
Torrent, et al., 2012). One method of intracellular action is to disrupt ATP production, as

exhibited by the human AMP histatin 5 (Luque-Ortega, et al., 2008). Following exposure to
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Hst5 the trypanosomatid parasite Leishmania shows signs of morphological changes to the
mitochondria and reduced respiration rate, followed by collapse of the parasitic cell
(Luque-Ortega, et al., 2008; Torrent, et al., 2012). As the role of AMPs and the innate
immune system cannot be understated in combatting pathogenic infection, it presents a
unique opportunity as genetic control target to break parasitic transmission, however, the
extent of the interactions between the parasite and vector must be understood before such

control methods can be contemplated.

1.3.2: Trypanosoma brucei spp. and tsetse interactions

The establishment of an effective trypanosome colony within the midgut or salivary gland
of a tsetse fly relies upon several factors permitting trypomastigotes to overcome the
refractoriness of the tsetse fly (Akoda, et al., 2009). Research into the factors influencing
trypanosome infection in tsetse flies has been continuing since the early 20th century.
Lloyd stated in 1930 that the abundance of ‘factors’ influencing the infection rate of
trypanosomes in tsetse made it impossible to accurately measure the transmission rates of
any single strain (Lloyd, 1930) and so it was not until the late 20th century that the full
extent of the trypanosome-tsetse relationship became clear. While external factors
influencing infection have been identified, complex parasite-host interactions are emerging
as a vital area for research, especially the innate immune response of the tsetse fly against

trypanosome infection through AMPs and enzymes.

1.3.2i: Physical and internal factors

In addition to the immune response within a vector, several other factors directly influence
the success rate and intensity of trypanosome infection. Temperature, sex, age and food
abundance, are documented as affecting midgut infection rates (Dipeolu and Adam, 1974;
Otieno, et al., 1983; Akoda, et al., 2009). The effect of temperature was recorded in the
early 20th century, with both Lloyd (1930) and Taylor (1932) observing that increasingly
substantial trypanosome infections were indicative of a higher temperature of
approximately 37 °C, whilst temperatures between 20 - 30 °C resulted in a decreased
transmission rate. Sex and age of the tsetse fly also plays a critical role, with juvenile males
(up to 32 hours after emergence) being the most susceptible to infection (Distelmans, et

al., 1982; Otieno, et al., 1983). It has been observed further that nutritional stress has a
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direct effect on the concentration of AMPs present in the tsetse midgut both prior to and
following infection (Akoda et al., 2009). Akoda et al. (2009) also noted that tsetse
presenting a lower concentration the AMP Attacin were more susceptible to infection,
reinforcing Attacin’s contribution as a parasiticide agent (Akoda, et al., 2009; Beschin, et

al., 2014).

Physical factors causing bottlenecks to the effective transmission of trypanosomes can be
found throughout their life cycle. Caljon et al. (2014) observed that the first three days
following an infected blood meal are vital to the establishment of a successful trypanosome
colony within the tsetse fly. Within this time frame, trypanosomes must penetrate the
peritrophic matrix lining the epithelial wall of the tsetse midgut, enter the ectoperitrophic
space and continue to the salivary glands. This migration presents the largest bottleneck of
their life cycle. Less than 5 % of the trypomastigotes penetrate the salivary glands

successfully and complete their life cycle (Oberle, et al., 2010).

1.3.2ii: Tsetse innate immune system

Current literature regarding the tsetse immune response to trypansomal infection has
focused almost solely on the expression of AMPs. Therefore, information on the
interactions between trypanosomes and Toll-like proteins within Glossina species is
currently limited. However, four TLRs (TLR2, TLR4, TLR6 and TLR9) have been reported to
recognise ligands from the Trypanosoma genus, with the majority of research having been
conducted using the causative agent of Chagas Disease, Trypanosoma cruzi, and its
triatomine vectors (Bafica et al., 2006; Uematsu and Akira, 2008; Kumar et al., 2009). There

are several trypanosomal ligands/PAMPs recognised by TLRs as shown in Table 1.1.
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Table 1.1: TLRs and their corresponding ligands/PAMPs responsible for trypanosome identification
(Uematsu and Akira, 2008; Kumar et al., 2009).

TLR Ligand/PAMP
Glycoinositolphospholipids
Glycisylphosphatidylinositol anchors
TLR2
Unsaturated alkylacylglycerol
Lipophosphoglycan
TLR4 Glycoinositolphospholipids
Glycisylphosphatidylinositol anchors
TLR6 Glycisylphosphatidylinositol anchors
TLR9 Genomic DNA

It should be noted however, that the identification of Glycisylphosphatidylinositol anchors
by TLR6 is reliant upon the formation of a heterodimer with TLR2 (Uematsu and Akira,
2008). Consequently, the binding of these ligands/PAMPs stimulates the Toll pathway
which, through interactions with secondary signalling molecules, results in the expression

of AMPs including attacin and defensin.

Boulanger et al., (2002) identified four primary AMPs, namely attacin, defensin, cecropin
and diptericin, expressed during the tsetse immune responses to T. brucei brucei. Hu and
Aksoy (2006) concluded similarly that AMPs are a major factor in the tsetse innate immune
response to trypanosome infection following research concerning the IMD pathway.
Notably, cecropin, attacin and diptericin were identified in the tsetse midgut (Hu and
Aksoy, 2006; Roditi and Lehane, 2008) following both bacterial and parasitic infection (Hao
et al., 2001; Boulanger et al., 2002). Hao et al., (2001) concurred with this observation,
commenting further the tsetse innate immune system indicated pathogen specific
responses, recognising differences between bacterial, fungal, and parasitic infections as

well as life cycle stages of trypanosomes present within the midgut.

Boulanger et al., (2002) observed further that the expression of three of the AMPs,
defensin, attacin and cecropin, as a result of trypanosome infection was seen only in the
first week following an infectious blood meal. Diptericin, however was, and is, constantly
expressed throughout the tsetse adult life and is unregulated during trypanosome

infections (Boulanger et al., 2002, 2006).
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1.3.3: The role of endosymbionts in trypanosome transmission

Symbiotic relationships between dipteran species and bacteria are common, often
supplying the host crucial nutrients that their restrictive diets (mammalian blood in the
case of tsetse) cannot provide (Bing et al., 2017). However, these relationships are also

emerging as a significant factor in the successful transmission of African trypanosomiasis.

Glossina are known to harbour three genera of endosymbiotic bacteria, Wolbachia,
Wigglesworthia, and Sodalis (Kikuchi et al., 2009; Balmand et al., 2013; Sassera et al., 2013).
The primary endosymbiont found in tsetse flies is the gram-negative bacteria
Wigglesworthia glossinidia subsp. (Pais et al., 2008; Sassera et al., 2013). These bacteria
reside both extra and intercellularly within the milk gland and a bacteriome organ (Wang
et al., 2009; Caljon et al., 2014). The association between W. glossinidia and tsetse has
become obligatory, meaning that tsetse flies are dependent upon this endosymbiotic
relationship which influences their life cycle in two ways, the sexual maturation of female
tsetse flies and the development of the innate immune system within juveniles. Pais et al.
(2008) documented that female flies bred without W. glossinidia were sterile and unable
to reproduce whilst the males were unaffected by this variation. Secondly, it was observed
that whilst juvenile flies without W. glossinidia had a similar trypanosome infection rate to
natural juvenile flies, this changed in adulthood. Adult flies without W. glossinidia were
considerably more susceptible to trypanosome infection than the natural flies (Kikuchi,

2009; Sassera et al., 2013).

Sodalis glossinidius is another endosymbiont characteristically associated with the tsetse -
trypanosome tripartite. The involvement and full interactions of S. glossinidius in
trypanosome infections remains unclear. However, unlike W. glossinidia its presence
within the tsetse host appears to be purely mutualistic rather than obligatory (Toh et al.,
2006). Despite this however, the presence of S. glossinidius has been shown to significantly

promote trypanosome infection of tsetse (Dale and Maudlin, 1999; Toh et al., 2006).

The gram-negative bacterium Wolbachia has been observed in many parasite-host
relationships, being present in the Culicidae vectors of nematodes and Plasmodium spp.
(Kramer et al., 2008; Kambris et al., 2010). Whilst the function of Wolbachia sp. remains
unclear in the interactions of the nematode Dirofilaria immitis and its mosquito vectors, it

has been theorised that the bacterium plays a role in parasite sexual maturation whilst
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simultaneously masking the presence of the nematode once in the definitive host (Holley,
2011). However, the role of Wolbachia in protozoan-vector interactions appears to differ
to that observed between nematode-vector interactions. Interestingly, the presence of
Wolbachia sp. within a tsetse exhibited two results: firstly, when present in the germ line
tissue of female tsetse flies Wolbachia appears to inhibit fertilization of eggs resulting in
the termination of the larval tsetse (Cheng et al., 2000). Secondly, it was noted that
Wolbachia presented a strong anti-parasitic reaction within the vector resulting in the
clearance of trypanosome infection (Kambris et al., 2010; Alam et al., 2011; Sassera et al.,

2013).

Interestingly, all three endosymbionts are gram-negative bacteria. This could account for
the developmental relationship between endosymbionts, such as W. glossinidia, and the
tsetse immune system. With both attacins and defensins targeting primarily gram-negative
bacteria the presence of these endosymbiotic bacteria could result in a continuous low-
level expression of AMPs. This would, in turn, increase the resistance to trypanosome

infection minimising the time required to mount a full immune response.
1.4: Gaps in knowledge

Despite increasing research into both the innate immune system and endosymbiont
interactions on trypanosome transmission, several fundamental questions remain. Firstly,
how could of the tsetse-symbiont-trypanosome tripartite be used to break the
transmission cycle of African Trypanosomiasis? As stated previously, current control
measure of AT focus almost exclusively on vector control. While this has been proven
successful in reducing cases of HAT, the successful elimination of a vector population incurs
large costs and, if not maintained following termination of the control program, vector
populations a likely to return to pre-treatment levels (Turner and Brightwell, 1986;
Hargrove, 2000; Shaw et al., 2013). Furthermore, there is an increasing awareness of the
ecological impacts of untargeted insecticide spraying. While this method only accounts for
a one aspect of tsetse control, the global decline in insect populations requires an
innovative solution (Forister et al., 2019; Simmons et al., 2019). Therefore, there is an

ongoing demand for novel, economically and ecologically sustainable control methods.
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Genetic intervention such as the introduction of sterile male tsetse, similar to those
documented by Benedict and Robinson (2003) to combat malaria, would ultimately result
in a short-term increase of potential vectors as, unlike mosquitoes, both male and female
are obligate haematophages and therefore the release of sterile individuals would only
increase the risk of trypanosome transmission (Caljon et al., 2014). It is, therefore, vital that
an alternative solution be identified. One such solution presented by Caljon et al. (2014)
was the manipulation of the S. glossinidius-tsetse relationship. This relationship presents
an opportunity to examine the complex interactions of endosymbionts and hosts to
introduce genetic interventions to trypanosomes before transmission to mammalian hosts
can occur. The manipulation of the endosymbiotic relationship between W. glossinidia and
Glossina would offer a long-term, economically, and ecologically sustainable control
method. However, for this method to be considered, a greater understanding of the extent
of S. glossinidius and W. glossinidia interactions with the tsetse fly and the influence on

Trypanosoma infection must be gained.

Further, to the interactions of the tripartite above, there is a severe lack of literature
concerning the inter- and intra-species variation of the tsetse innate immune system.
Understanding the fundamental aspects and population dynamics of tsetse immune
responses is essential to establishing potential future genetic control measures. Given the
natural refractory nature of tsetse to trypanosomal infection, it could be possible to
promote resistance to trypanosome infection and thus stop transmission within the vector.
However, as with the manipulation of endosymbionts, this requires a far greater

understanding of the fundamental aspects of tsetse immunity than is currently published.
1.5: Aims and objectives

The aim of this thesis is to undertake an evolutionary study of three important immune
genes within the Glossina genome, and to provide insights into the relationship between
tsetse evolution, bacterial symbiosis, and trypanosome infection. Developing our
understanding of these interactions is central to the development of future genetic control

measures for African Trypanosomiasis.

In this study we will focus on two AMP families, attacin and defensin, and one receptor

gene family, the TLRs. Given the paucity of published literature concerning these genes
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within the Glossina genus we further aim to identify each of these gene families within the
available Glossina genomes. There this achieve our aim five specific objectives were

investigated:

e Objective 1: To identify, characterise and map the attacin and defensin gene

families, and to assess interspecies variation within the available Glossina genomes.

- Previously published nucleotide sequences will be used to identify members of
the attacin and defensin gene families within the six available Glossina genome
assemblies. Identification of the genomic loci and structure of each gene will be
achieved using tBLASTn to identify related gene sequences. Furthermore,
genetic variation and protein structure will be assessed across the Glossina

genera.

e Objective 2: To evaluate the intraspecies variation of attacin-A and defensin at
population level in relation to endosymbionts and trypanosome infection.

- This will be achieved using newly extracted gDNA and PCR amplification to
produce nucleotide sequences for both AttAand Def. These will then be
submitted to standard evolutionary and population genetic analysis to examine
nucleotide variation in relation to Wigglesworthia and trypanosome infection

both within a wild population of G. m. morsitans.

® Objective 3: To assess the impacts of selection upon both the structural and
functional aspects of these immune genes.

- This will be done using evolutionary genetic analysis to determine the location
and nature (positive, negative, or neutral) of selective pressures being exerted
on amino acid mutations. Furthermore, three-dimensional modeling of protein
variants will be used to visualise any alteration in the protein structure, which

could be indicative of a functional change.

e Objective 4: To identify, characterise and map the TLR genes within the available

Glossina genomes. And assess the variation within TLR genes across the Glossina

genus.
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- This will be achieved using cross genomic analysis to provide a template of TLR
nucleotide sequences from previously identified genes in D. melanogaster.
These templates can then be used to identify TLR genes within the Glossina

genome assemblies available on VectorBase.

e Objective 5: To evaluate the inter- and intra-species variation of Toll-Like Receptors
in relation to symbiont and trypanosome infection.
- This object will be achieved using the same methods and approaches utilised to

address objectives 2 and 3.
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2: The identification and characterisation of the attacin
clusters and defensin genes within Glossina species

genome assemblies

2.1: Introduction

The innate immune system is an integral part of the tsetse response to trypanosome
infection. Following stimulation of the Toll-like (TLR) and immune deficiency (IMD)
pathways, antimicrobial peptides (AMPs) are synthesised in order to combat the invading
pathogens (Fig. 1.5). Antimicrobial peptides are a diverse superfamily and are frequently
characterised by their size, structure and function, capable of combatting a range of
predetermined pathogens including gram-negative and gram-positive bacteria, viruses,

parasites and fungi (Wachinger et al., 1998; Ageitos et al., 2017).

The broad spectrum of properties exhibited by AMPs helps to maintain the efficiency of
the innate immune system. There are two primary modes of action associated with AMPs:
i) cell membrane disruption resulting in cell lysis and death, and ii) direct interference of
essential intracellular mechanisms such as protein synthesis and folding (Yeaman and
Yount, 2003; Brogden, 2005; Otvos, 2005; Torrent et al., 2012). These mechanisms are

outlined in greater detail in Chapter 1.

Antimicrobial proteins can be further characterised into four broad structural groups: i) a-
helical dominant structures, ii) B-sheet dominant structures, iii) sequences rich cysteine
residues and, iv) sequences rich in other specific amino acid residues (namely proline,
glycine, histidine and tryptophan) (Reddy et al., 2004; Dhople et al., 2006). While these
groups broadly explain the diversity within the AMP superfamily, individual AMP families

tend to show high levels of both inter and interspecies conservation.

One important AMP family found within the Arthropoda is the attacin protein family. First
identified in Hyalophora cecropia, attacins are a glycine-rich AMP family, weighing
approximately 20 kDa, and primarily associated with the immune response to gram-
negative bacteria (Hultmark et al., 1983; Imler and Bulet, 2005). Their expression is

controlled by a combination of the IMD/Relish, Toll/Dif and Toll/Dorsal pathways following
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the activation of the s#nalling protein Spatzle by pathogen specific binding proteins (Fig.
2.1) (Imler and Hoffmann, 2000; Hao et al., 2001). Their mode of action is considered to
disrupt the outer membrane of pathogens, resulting in increased permeability, changes to
cell shape and disrupted cell cycles (Engstrom et al., 1984; Bulet et al., 1999; Ravi et al.,
2011). The exact method by which this is achieved is yet to be determined, however,
experimental data into the mode of action of gloverin (another glycine rich AMP) indicated
that cell lysis was achieved through inhibiting the synthesis of important membrane
proteins, increasing permeability. Engstrom et al. (1984) also observed that the presence
of attacin had a direct effect on the AMP cecropin B, with cells becoming far more
susceptible to cecropin B following exposure to attacin. To date, four attacin paralogues
(attacin-A (AttA), attacin-B (AttB), attacin-C (AttC) and attacin-D (AttD)) have been
identified within the D. melanogaster genome (Hedengren et al., 2000; Lazzaro and Clark,

2001).

Literature regarding the secondary and tertiary structure of attacin proteins is scarce; a
preliminary study Gunne et al. (1990) concluded that the secondary structure likely
featured several random-coil structures. However, recent developments in protein
modelling, using AlphaFold 2.0 software, have predicted the structures for D. melanogaster
AttA and AttB (available on the Pfam database) (El-Gebali et al., 2019; Jumper et al., 2021).
These models suggest that the structures of both AttA and AttB proteins include a partial
enclosed channel, consisting of 12 consecutive anti-parallel B-sheets (Fig. 2.1); the primary
difference between the two proteins is the presence of a single a-helix at the 5’ terminal

of AttA (Fig. 2.1).
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AttA

Figure 2.1: Predicted structures of D. melanogaster AttA and AttB produced using AlphaFold V2
(Jumperetal., 2021), using UniProt entries P45885 (AttA) and Q9V751 (AttB). Secondary structures
are represented by colour, coils are shown in green, helicases in red and B-sheet in yellow.

Three attacin genes, namely AttA, AttB and AttD, are encoded within the G. m. morsitans
genome (Wang et al., 2008; Trappeniers et al., 2019). Comparative analysis of these genes
with Drosophila orthologues revealed two defining features. Firstly, both Glossina AttA and
AttB are missing the propeptide (activation) domain present in the D. melanogaster
orthologues. Although, both Glossina orthologues do exhibit similar binding sites for both
NF-kB and AP-1 within the promoter regions (Senger et al., 2004; Wang et al., 2008).
Secondly, G. morsitans AttD appears to be missing both the pro- and pre-peptide domains
characteristic of other insect attacins, with no obvious promoter binding sites (Hao et al.,

2001; Wang et al., 2008).

Wang et al. (2008) grouped the attacin genes within G. m. morsitans into three clusters of
individual paralogues, though there is currently no literature available concerning their

origins or functional distinction:

e Cluster 1: contains two paralogues of AttA in a head-to-head orientation.
e Cluster 2: contains a third AttA paralogue and an AttB gene again in a head-to-head

orientation.

e Cluster 3: contains a single AttD gene (Fig. 2.3).

Wang et al. (2008) demonstrated that AttA and AttB were structurally identical, except

fortwo amino acid substitutions: His187Asn and GIn195Arg (AttA/AttB). The authors
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further stated that nideotides encoding AttD varied more significantly from the other

attacin genes.

Cluster 1 Cluster 2 Cluster 3
f_‘ﬁ f_lﬁ
AttA12 AttD

Forward strand

AttAll AttA21

Reverse strand

Figure 2.2: A linear representation of the attacin clusters within the G. m. morsitans genome as
proposed by Wang et al. (2008) (not to scale).

Attacins are crucial in combating trypanosome infection (Hao et al., 2001; Boulanger et al.,
2002; Hu and Aksoy, 2006; Roditi and Lehane, 2008). AttA and AttB are expressed in
response to both gram-negative bacteria and trypanosomes, while AttD expression is only
induced upon trypanosome infection (Wang et al., 2008). There is limited literature
concerning the expression of attacins in relation to other parasite-vector interactions.
Christophides et al., (2004) identified just one family of attacin proteins present in the
malarial vector Anopheles gambiae. However, attacin does not appear to be synthesized in

response to Plasmodium spp. infection (Lehane et al., 2004).

Another family of AMPs critical to the tsetse immune response are the insect defensins.
These are small, cysteine-rich AMPs characterised by the presence of six conserved
cysteine regions that form stabilising disulphide bonds (Varkey et al., 2006) (Figure 2.4).
Both the IMD/Relish and Toll/Dif pathways regulate the expression of defensin within the
tsetse immune response (Imler and Hoffmann, 2000). The conserved C-terminal structure
of insect defensin has been thoroughly documented and relies heavily on the
aforementioned disulphide bonds; an N-terminal loop, leads to a a-helix and an antiparallel
B-sheet to form a cysteine-stabilized alpha beta structure (Figure 2.4) (Bonmatin et al.,
1992a; Bonmatin et al., 1992b; Cornet et al., 1995; Yi et al., 2014). The mode of action of
defensin has been documented to follow either the “toroidal pore” or “barrel-stave” model
to form channels within the cell membrane, resulting in the loss of cytoplasmic potassium,
depolarisation of the membrane and inhibition of respiration (Cociancichs et al., 1993;

Aksoy, 1995; Yang et al., 2001; Reddy et al., 2004; Yi et al., 2014).
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A)

Figure 2.3: The structure of the C-terminal mature Def region of insect defensin-A as documented
by Cornet et al., (1995). A) The overall C-terminal structure of the arthropod defensin-A protein. B)
The structure of the arthropod defensin-A protein highlighting the position of cytosine residues and
their interactions forming disulphide bonds in the conserved arthropod defensin domain as defined
by Pfam (El-Gebali et al., 2019). Structures produced by SWISS-MODEL, template SMTL = 1lica.1
(Guex et al., 2009; Waterhouse et al., 2018).

Literature regarding Glossina defensins is minimal; however, Hao et al. (2001) briefly
described the defensin sequences amplified from G. m. morsitans. They noted that tsetse
defensin was 457 nucleotides in length and coded for an 87 amino acid prepropeptide. This
protein consisted of a 49 nucleotide noncoding region, preceding a 19 amino acid
hydrophobic signalling region finishing at Alal9 (Hao et al., 2001). Furthermore, cleaving of
the protein at Lys34 was found to produce the mature defensin peptide. This mature
peptide contained the six conserved cysteine residues and was found to have an isoelectric
point of ~8.3, suggesting that the protein exhibited the cationic properties previously

documented in insect defensins (Bulet et al., 1999; Hao et al., 2001).

Under neutral conditions (i.e. when no pathogen is present), defensin expression is minimal
within the tsetse midgut; however, following infection and transformation of metacyclic to
procyclic trypomastigotes expression increases dramatically (Hao et al.,, 2001; Hu and
Aksoy, 2006). Furthermore, variation in expression between infected and non-infected flies
indicates that continued defensin expression is reliant upon the continued binding of
trypanosome related PAMPs (Hao et al.,, 2001). The expression of defensins has been

reported in An. gambiae in response to infection of both gram-negative bacteria and
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Plasmodium spp. (DiméBoulos et al., 1997; Richman et al., 1997; Christophides et al., 2002).
Crucially, defensin was reported within the mosquitoes’ midgut prior to establishment of
an infection and externally following penetration of the midgut epithelium, indicating the
expression of defensin in response to parasitic infection and migration. It should be noted,
that Dimopoulos et al. (1997) state that defensin primarily targets the latter stages of
infection rather than those that penetrate the midgut epithelium. This supports the
observations of Hao et al. (2001) and Hu and Aksoy (2006), who both observed that
defensin expression was elevated following the maturation of procyclic trypomastigotes
within the midgut, rather than targeting the proventricular forms penetrating the midgut

epithelium.

2.1.1: Aims and Objectives

An analysis of attacins in Glossina genome by Wang et al. (2008) illustrated the
fundamental characteristics of attacin genes within the G. m. morsitans genome. Wang et
al. (2008) documented the presence of the three attacin orthologues, AttA, AttB and AttD,
arranged into the three-cluster organisation within the genome, and determined the
variation of characteristic pro- and pre-peptide domains between G. m. morsitans and
other dipteran species. While Trappeniers et al. (2019) recently identified and annotated
the four attacin genes within the G. m. morsitans genome (Table 2.1), comprehensive
studies across the Glossina genus are lacking, as is any published structural analysis of
dipteran attacin protein. Furthermore, there appears to be no published literature detailing

the defensins within any of the Glossina spp. genomes.

The aim of this chapter is to address this paucity by identifying and characterising the
attacin clusters and the defensin genes within the available Glossina spp. genomes
(Objective 1, see section 1.6). The primary aim of this chapter is to identify the attacin
clusters and defensin genes within the available Glossina genome assemblies. Identification
of Glossina attacin will be achieved using the attacin genes annotated by Trappeniers et al.
(2019) (Table 2.1). Amino acid sequences for each of the attacin paralogues will be used as
a template to identify orthologues within Glossina spp. using a tBLASTn method as detailed
below. While no defensin genes have been annotated within any Glossina genomes, a

Glossina defensin sequences is available in the NCBI data base and can be used to identify
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defensin sequences wi®in the Glossina genome assemblies using simple tBLASTn mining

methods.

The in depth study of immune genes within Drosophila spp. showed that AMPs are often
encoded by gene families, with multiple genes encoding members of the same gene family
(Khush and Lemaitre, 2000). This trend was also observed within the Glossina attacin gene
family, and supported by the characterisation of the attacin cluster (Wang et al., 2008). This
attacin gene cluster (Wang et al., 2008), presents a clear foundation for future genomic
research to establish the loci of attacin genes within the Glossina genomes, thereby
enabling the assessment of genomic variation between attacin genes within the Glossina
genus. In turn, genomic variation could be indicative of the evolutionary divergence
between Glossina spp. and must be considered alongside nucleotide and amino acid

variation.

Since no defensin genes have been previously annotated within any of the Glossina
genomes, the identification of these genes within the genomes is necessary prior to any
extensive genomic analysis. The characterisation of tsetse defensin by Hao et al. (2001)
provides a solid foundation for further analysis, however, the defensin gene within other
Glossina spp. remains undocumented and full identification is required in order to assess

interspecies genomic and protein variation.

Our secondary aim is to assess interspecies genomic and protein variation within the
attacin and defensin gene families. While interspecies nucleotide and amino acid variation
within AMPs have been examined previously, data on AMP interspecies structural variation
within a genus is lacking. Structural analysis could offer an alternative insight into the

evolutionary history of these critical proteins.
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2.2: Methodology

2.2.1: Identification of G. morsitans attacin and defensin genes

Trappeniers et al. (2019) identified four attacin genes within the available G. m. morsitans
genomes in the VectorBase database (available at: www.vectorbase.org) (Giraldo-Calderdn
et al., 2015), see Table 2.1, which were used as reference sequences while searching for

attacin genes within the other Glossina spp. for this chapter.

Table 2.1: Attacin genes identified by Trappeniers et al. (2019), giving the genetic accession number
and the attacin gene they code for.

Gene accession number attacin gene
GMOY010521 AttA
GMOY010522 Partial AttA
GMOY010523 AttB
GMOY010524 AttD

While defensin has not be annotated within the G. m. morsitans genome, a sequence is
available on NCBI (available at: www.ncbi.nlm.nih.gov) (Accession number: AAL34112.1) as
published by Hao et al. (2001) this was used to identify other defensin orthologous within

the available Glossina genomes.

2.2.2: Identification of transcripts within Glossina genomes

Potential novel attacin and defensin transcripts were identified using the tBLASTn search
method in VectorBase. The protein sequences from GMOY010521 (AttA), GMOY010523
(AttB), GMOY010524 (AttD) and AF368907.1 (Def) were submitted to searches across all
Glossina spp. genomes (see Appendix 3 for information on genomes utilised). Results for
potential transcripts were analysed using Pfam (available at: https://pfam.xfam.org/) (El-
Gebali et al., 2018) to assess for the presence of attacin terminal domains within the
identified transcripts. Transcripts coding for either one of or both of the attacin N and C-
terminals were then aligned to known attacin sequences, using the online MUSCLE

(Multiple Sequence Comparison by Log-Expectation) sequence alignment software
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(available at: www.ebi.ac.uk/Tools/msa/muscle/) (Madeira et al., 2019), to predict the

encoded attacin protein.

Analysis of identified defensin sequences was conducted in the same way, using Pfam to

identify the C-terminal defensin domain (El-Gebali et al., 2019).

2.2.3: Mapping of predicted genes and the identification of missing attacin genes

In order to establish a comprehensive understanding of attacin genes within the Glossina
genus, the fundamental variation in the attacin clusters assembly and gene structure must
be considered alongside nucleotide and amino acid variation. As such, linear maps
illustrating the attacin cluster were constructed for each of the available Glossina genomes.
By comparing the predictions to the structure documented by Wang et al. (2008), any
variation between Glossina species or groups can be observed. Furthermore, if attacin
paralogues are not identified, these maps can provide an outline of the region’s most likely

to containing missing attacin genes.

Missing attacin genes were identified using the same tBLASTn method as described above
(section 2.2.2). Partial sequences identified within the predicted cluster region were
aligned to known attacin sequences using MUSCLE software (Madeira et al., 2019). Where
strong alighment was observed, the amino acid sequences were submitted to a Pfam
search for the characteristic attacin domains (El-Gebali et al., 2018), and the location was

added to the genome map produced above.

Defensin transcripts were mapped to the Scaffold in the same way. Maps were adapted

from figures given by VectorBase and produced in Microsoft PowerPoint.

2.2.4: CLUSTALW gene alignments

In order to observe nucleotide and amino acid conservation within species and gene
families, alignments of the nucleotide and amino acid sequences were conducted. An initial
Pearson/FASTA alignment was conducted using MUSCLE (Multiple Sequence Comparison
by Log-Expectation) (Madeira et al., 2019), before the result was realigned using ExPASY
Boxshade (available at: http://embnet.vital-it.ch/software/BOX_form.html  (now
unavailable)). This produced a CLUSTALW alignment using RTF_new shading. For

alignments containing both nucleotide and amino acid sequences; nucleotide alignment
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was conducted as described above, while amino acid alignments were produced using
MUSCLE to produce a CLUSTALW alignment which was aligned manually (on a codon-by-

codon basis) to the Boxshade results.

2.2.5: Phylogenetic analysis

Phylogenetic analysis was conducted to assess the relationship between the identified
genes and the attacin gene families. The evolutionary history of all predicted attacin and
defensin genes was investigated using MEGAX (Kumar et al., 2018). Pearson/FASTA
alignments of the amino acid sequences were created using MUSCLE (Madeira et al., 2019).
Neighbour-Joining trees (Saitou and Nei, 1987) were constructed using the Poisson
correction method (Zuckerkandl and Pauling, 1965), while Maximum-likelihood trees were
constructed using the most appropriate model for each data set, as predicted using the
MEGAX model comparison software (Kumar et al., 2018). In this case, the Whelan And
Goldman (WAG) model (Whelan and Goldman, 2001) was used for the attacin sequences
while the Dayhoff model (Schwarz and Dayhoff, 1979) was used for defensin. Both protein
alignments also utilised Discrete Gamma distribution (+G) in the construction of the

Maximum Likelihood phylogenetic trees.

All trees were run using 1,000 bootstrap replicates (Felsenstein, 1985), while missing data
was set to partial deletion with a cut off of 50% for attacin and 95% for defensin. Amino
acid sequences from D. melanogaster (AttA, AttB, AttD and Def), S. calcitrans (AttA and

Def) and M. domestica (AttA and Def) were used as outgroups.

2.2.6: Inter-species nucleotide variation analysis

Nucleotide diversity and conservation within each gene family was illustrated using sliding
window analysis. This produced a visual representation of the regions of highest diversity
and conservation within the CDS. Nucleotide variation () analysis was calculated using the
‘DNA polymorphism’ function in DnaSP (version 6) (Rozas et al., 2017), this analysis was
conducted separately over the full alignments of AttA, AttB, AttD and Def. Sliding window
analysis was also conducted using the ‘DNA polymorphism’ function in DnaSP (version 6)
(Rozas, et al., 2017) to illustrate the presence of nucleotide variation throughout the CDS.
Nucleotide variation was calculated using m on a codon specific scale (window size = 3; step

size = 3). The raw data was then extracted from DnaSP and exported to excel to produce a

33



linear representation of nucleotide variation within the genes. It should be noted that only
Glossina spp. were used and defensin sequences were edited so that only the defensin
coding regions were included within the analysis. Nucleotide variation (rr) was estimated

using equation defined by Nei (1987) and Nei and Miller (1990) (equation 1, appendix 2).

2.2.7: Pairwise distance Principle Component Analysis

Pairwise distance (P-distance) was calculated to assess the proportion of amino acid
differences between two protein sequences. This provided an inside into the degree of
variation between the predicted proteins and protein families. The pairwise distance
between sequences was calculated in MEGAX (Kumar et al., 2018). All sites with less than
50% coverage were eliminated from the attacin analysis, while all sites with less than 95%
coverage were removed from the Def analysis. A matrix was then constructed and a
Principle Component Analysis (PCA) run in PAST3 (Hammer et al., 2001). P-distance was

calculated using equation 2 (Appendix 2).

2.2.8: Three-dimensional protein modelling

Prediction of the protein tertiary structure was undertaken to assess for variation within
the protein families. Amino acid sequences were submitted to the I-TASSER online software
(available at: https://zhanggroup.org/I-TASSER/) (Yang and Zhang, 2015; Yang, et al., 2015),
using standard conditions to predict the secondary and tertiary structure of each of the
identified genes. The C-score and TM value of each model indicated the reliability of each
predicted structure, structures presenting a higher reliability (highest C-scores and a TM
value > 0.5) were selected for analysis. Only full predicted genes were used in this analysis
as partial sequences could illustrate false variation due to missing domains. All models
where visualised and aligned using PyMOL (The PyMOL Molecular Graphics System, Version
1.2r3pre).

While visual comparison of the structures was conducted using I-TASSER, more detailed
analysis of the three-dimensional (3D) protein structures was conducted using the DALI
online server (available at: http://ekhidna2.biocenter.helsinki.fi/dali/) (Holm, 2020).
Protein database (PDB) files were uploaded to the server and an All-vs-All analysis
undertaken. This produced a heatmap and distance matrices used to produce a second PCA

in the same manner as described above (see section 2.2.7).
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2.3: Results

2.4: Attacins

A total of 28 predicted attacin genes were identified within the six available Glossina
genomes (including those previously identified by Trappeniers et al. (2019)) (see
Supplementary Table 3, Appendix 3) Five predicted attacin genes were identified in all
species except G. palpalis gambiensis and G. brevipalpis, where four predicted genes were
identified. Of these 28 genes, 13 were found to be partial or incomplete transcripts which
exhibited fundamental characteristics of attacin genes though did not code for a complete

attacin protein.

2.4.1: Attacin gene cluster identification and variation

2.4.1i: Glossina morsitans morsitans

A model of the G. m. morsitans attacin cluster has been produced previously by both Wang
et al. (2008) and Trappeniers et al. (2019) (Fig. 2.2). Figure 2.4 (below) shows the location
of each previously identified attacin genes within SuperContig scf7180000652149 and the
predicted fifth attacin gene (GMQOY013348).

Cluster 1 Cluster 2 Cluster 3

GMOY013348 (AttB) (attD)
(Atta) GMOY010523 GMOY010524
]
CCAGO10006533.1> I CCAG010006534.1> CCAG010006535.1 >
GMOY010521 GMOY010522
(AttA) (AttA)

Figure 2.4: A linear representation of previously identified attacin genes in the scf7180000652149
SuperContig, drawn in Microsoft PowerPoint and adapted from the VectorBase models. Sequenced
contigs. are represented by the blue, with gaps in the SuperContig are shown by the white spaces.
Each gene is shown by the brown area; coding regions are denoted by the filled areas with non-
coding regions shown in white. Newly predicted genes are shown in green.

BLAST results identified the missing AttA gene, AttA12, which is coded for by GMOY013348,
located at the start of contig. CCAG010006534. This was further supported by an alignment
of the CDS sequences of GMOY010521 and GMQOY013348 (Fig. 2.5). This has an almost
identical nucleotide alignment with a single substitution being observed at C21 to T21.
However, this substitution is synonymous with both resultant codons, ‘TGC’ and ‘TGT’,

coding for cysteine. As such, despite the slight nucleotide variation, the amino acid
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sequence is identical in both GMOY010521 and GMOY013348. This observation is
supported further by the results of a Pfam protein domain search which illustrated that
both sequences coded for the same protein domains, the attacin N- and C-terminal
domains, with similar significant E-values (Fig. 2.5).

GMOY010521 CDS (atta)

GMOY013348 CDS (AttA)

GMOY010521 CDS (AttA)

GMOY013348 CDS (AttA)

GMOY010521 CDS (AttA)

GMOY013348 CDS (AttA)

GMOY010521 CDS (AttA)

GMOY013348 CDS (AttA)

GMOY010521 CDS (AttA)

GMOY013348 CDS (AttA)

GMOY010521 CDS (AttA) > C CGATA AC
G L G Y DH UV NGHGA ASLTAZSURTI®POQILDMNT L
GMOY013348 CDS (Atta) 3

GMOY010521 CDS (AttA)

GMOY013348 CDS (AttA)

GMOY010521 CDS (AttA)

GMOY013348 CDS (AttA)

Sequence Pfam domains e-value Domain structure
GMOY010521 attacin N-Terminal 5.8e% AttacinuG
attacin C-Terminal 4.8e
GMOY013348 attacin N-Terminal 6.0e* AttacinuG
attacin C-Terminal 5.0e™

Figure 2.5: Shows a ClustalW alignment of the CDS sequences of GMOY010521 and GMOY013348,
showing both the DNA alignment and codon translation constructed using ExPASY Boxshade. The
degree of similarity of the aligned nucleotides is indicated by the degree of shading, black = direct
match, grey = synonymous mutation and white = non-synonymous mutations or missing data.
Protein similarity is denoted using standard alignment methodology, * = complete conservation.
The intron is highlighted in yellow. A table is so present showing the proteins domains present in
both GMOY010521 and GMOY013348. The E-value for each identified domain is also given, as is a
linear diagram of the domain structure. The domain images were generated by Pfam (El-Gebali et
al., 2018), the attacin N-terminal is represented by the red oval while the C-terminal is represented
by the green oval.
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Cluster 2 encompasses GMOY010522, a partial AttA, and GMOY010523, AttB (Trappeniers
et al., 2019), however, neither appears to be fully characterised. GMOY010522 codes for a
partial AttA gene which can be confirmed by aligning GMOY010522 to GMOY01021 (Fig.
2.6A). This alignment shows a complete match with the C-terminal of both genes while the
N-terminal is missing. This is supported, again, by Pfam results that illustrate a partial
attacin C-terminal domain in GMOY010522 (Fig. 2.6A). It is likely, however, that the
majority of the N-terminal and 5’ sequence of the C-terminal domains are located within
the 302 base pair gap between contigs CCAG010006534 and CCAG010006535. This is
supported strongly by the reverse sequence of contig CCAG010006534 prior to the start of
GMOY010522 exon 2 which, when added to the 5’ of exon 2, extends the alignment by a
further 39 residues (Fig. 2.6A).

GMOY010523 contains a much larger non-coding region than expected whilst coding only
for a partial attacin C-terminal domain. An alignment of the protein sequences of
GMOY010521 (AttA) and the translated GMOY010523 (AttB) cDNA sequence shows a much
closer alignment than the current VectorBase CDS sequence (Figure 2.6B). This translation
also explains the large non-coding region observed on the VectorBase gene map, as there
is no start codon prior to Met156 (Figure 2.6B). Interestingly, when translated using reading
frame 1 rather than reading frame 2, the “MQSFKIC” motif can be identified. However, this
is the only aspect of the attacin gene present in that reading frame. This suggests further
that there has been a mistake during annotation or sequencing of contig. CCAG010006535,

as previously mentioned.
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GMOY010521 1 MOSFKICFFISCLSVVLVKGQFGGTVSSNPNGGLDVNARLSKAIGDPNANVVGGVFAAGNTDGGPRGAFLAATKEGHGES@MOHSKTDN
GMOY010522 Bttt BKRVTR T I o VRTHERY - ——-—-
GMOY010521

GMOY010522 SRTHLDNGFKFDRVGGGLGYDHVNGHGASLTASRIPQLDMN

GMOY010521 >GPFDGQTNK
GMOY010522 FGGPFDGQTNE

Sequence Pfam domains E-value Domain structure
GMOY010522 attacin C-Terminal 6.6e1® a—

GMOY010521

GMOY010523

GMOY010521 GAFLAANKDGHG SK' \ NDK K SRTHLDNGFKED GLGYDH\ SLTASRIPQLDMN]
GMOY010523 GAFLA {DG SKTDNE( NDKTHK: SRTHLDNGFKF GYDHVNC( SLTASRIPQLDMN]
GMOY010521 G PNRATTLDLT] >FDG8ITN B —— - — - ————————————————

GMOY010523 5 WSSPNRATTLDLTG GG [ERINNN(OIEINGANING * ALY FELNVFRLEWKIKRKGKG

Sequence Pfam domains E-value Domain structure
GMOY010523 attacin C-Terminal 2.3e13 J—
(Vectorbase) o
GMOY010523 attacin N-Terminal 5.9e% G AttacinaC)
(translation) attacin C-Terminal 1.2e%? o '

Figure 2.6: A) ClustalW protein alignment of GMOY01021 (AttA) and GMQOY010522 (partial AttA),
with the additional 39 residues added from CCAG010006534 (highlighted in gold). It is clear the
second exon of GMOY010522 has an identical match with the C-terminal of GMOY010521, while
the first exon shows little alignment to the other AttA gene. A table is also given showing the results
of a Pfam search, partial attacin C-terminal domains was detected, cover the aligned C-terminal
within the alignment. B) The protein alignment of GMOY01021 (AttA) and GMOY010523 (AttB)
following translation of the full cDNA sequence, produced by ExPASY Boxshade. This shows a 95%
identify match between the two genes, while clearly illustrating that GMOY010523 codes for AttB
with the N187 and R195 visible. A table is also given comparing the results of a Pfam search of
GMOY010523 protein sequence from VectorBase and the translated cDNA sequence. The attacin
N-terminal is represented by the red oval while the C-terminal is represented by the green oval.
Conservation within the aligned amino acids is indicated by the degree of shading, black = complete
conservation, dark grey = residues with a Gonnet PAM 250 score > 0.5, light grey = residues with
residues with a Gonnet PAM 250 score < 0.5 and white = no similarity. * indicates a stop codon.

Cluster 3 contains a single AttD gene identified as GMOY010524 by Trappeniers et al.
(2019). Given the greater degree of variation between AttD and the other attacin genes
within the Glossina genomes observed Wang et al. (2008), it is likely that Figure 2.7

illustrates the correct identification of GMQOY010524 as AttD.
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GMOY010521 1 ATGCAGTCCTTCAAGATTTGCHERETTCATCAGTTGTTTAAGCGTCGTTCTAGTGAAAGGACAATTTGGCEE A BN T~ HINNY
M Q S s ¢ L s VvV V1L VEKTGZ QTF G
GMOY010524 1 —==——==—————————— - ATCR-————————— === === == m—mmmm——m———m—

GMOY010521

GMOY010524

GBTGGAGGTCCA

GMOY010521 181

GMOY010524
GMOY010521 coac AR NSRS 2R ATTAGH AT
N D K T H K L D A N A
GMOY010524 CAfle~WET 2]
H L N A G A F
* * * *
GMOY010521 GTCATGGT[eCCE
L G Y DH V N G H G A
GMOY010524 accY ECH M © GGTieuClECl
L T Y G G L A
* * * * * * * * * * * * * * * * * H

GMOY010521 ] @ T[eCIATATGAA N CIE THC
R L DMNTL G
GMOY010524

GMOY010521 7 AGGEG \ABCATTTTGGCGG

GMOY010524

*

Figure 2.7: The nucleotide and protein alignment of GMOY010521 (AttA) and GMOY010524 (AttD)
produced by ExPASY Boxshade Conservation within the nucleotide sequence is indicated by the
degree of shading, Black = complete conservation, Grey = synonymous mutation and White = non-
synonymous mutations or missing data. Protein similarity is denoted using standard alignment
methodology, * = complete conservation, : = residues with a Gonnet PAM 250 score > 0.5, . =
residues with residues with Gonnet PAM 250 score < 0.5 and a gap = no similarity. A hyphen (-) in
the amino acid sequence indicates a stop codon or missing data.

39



2.4.1ii: Glossina austeni

Of the five Attacin genes within the G. austeni genome, one (GAUT047992) had been
identified previously as AttA. GAUT047990 was predicted to code for the second AttA gene
in cluster 1, while GAUT047991 was predicted to encode AttD. The AttA and AttB genes of
cluster 2, were predicted to be coded by GAUT048001 and GAUT048006, respectively. A
model of the Attacin cluster within the G. austeni genome was constructed in Figure. 2.8.
This illustrates the presence of each Attacin gene cluster within the G. austeni genome

though in reverse order to that observed in G. m. morsitans.

Cluster 3 Cluster 2 Cluster 1

— F————J————T F————L———T
(AttA) (AttA)
GAUT048001 GAUT047990
[ e — | |
| JMRR01001163.1> | T JMRR01001165.1>
] [ —
GAUT047991 GAUT048006 GAUTO47992
(AttB) (AttA)

(AttD)

Figure 2.8: A linear representation of the predicted Attacin cluster within G. austeni Scaffold7,
drawn in Microsoft PowerPoint and adapted from the VectorBase models. Sequenced contigs. are
represented by the blue, with gaps in the scaffold are shown by the white spaces. Each gene is
shown by the brown area, coding regions are denoted by the filled areas with non-coding regions
shown in white.

GAUTO047990 was predicted to code for AttA following nucleotide and amino acid
alignments. This illustrated a 98.56 % nucleotide alignment and a 99.04 % amino acid
alignment. Just one amino acid substitution occurred within the Attacin N-terminal domain
identified by Pfam (Fig. 2.9). Both amino acid substitutions (V16L and A43T) showed Gonnet

PAM 250 score > 0.5 indicating similar properties between the two amino acids.

GAUT047992

GAUT047990

GAUT047992

GAUT047990

GAUT047992

GAUT047990

GAUT047992

GAUT047990

GAUT047992

GAUT047990

H L D NG F K F DRV G G G L G Y DHAS GH G A S L T A s
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(€N YN C GTATACCTCAGCTCGATATGAACACTCTTGGCTTAACTGGAAAAGCTAACTTATGGTCATCGCCAAATCGTGCCACCACTTTGGATTTG
R I P Q L. pbpMNT L G L T G K ANTL W S S P N R A T T L D L
GAUT047990 CGTATACCTCAGCTCGATATGAACACTCTTGGCTTAACTGGAAAAGCTAACTTATGGTCATCGCCAAATCGTGCCACCAC

GAUT047992 [ACA GAG! CAAAACA’ \AACTAATAAACAGATTGGCTTGGGTT TAAATTCTAGATTCTAA]

GAUT047990 [ACAG GGAG “AAAACA GGCGGTCCG GATGG \AACTAA CAGATTGGCTTGGGTTTAAATTCTAGATTCTAA
T G G V S K H F G G P F DGOQTNI KOQTIGULGIULN S R F -
* ok *

* ok ok Kk ok Kk x x Kk k  Kk Kk Kk Kk Kk x x Kk Kk K* Kx *x *x *x x *x

Sequence Pfam domains E-value Domain structure
GAUT047990 Attacin N-Terminal 1.3e% i AttacinuG)
Attacin C-Terminal 9.1e™ — '

Figure 2.9: Shows a ClustalW alignment of the GAUT047992 and GAUT047990 CDS showing both
the DNA alignment and codon translation constructed using ExPASY Boxshade. The degree of
similarity of the aligned nucleotides is indicated by the degree of shading, Black = direct match, grey
= synonymous mutation and white = non-synonymous mutations or missing data. Protein similarity
is denoted using standard alignment methodology, * = complete conservation, : = residues with a
Gonnet PAM 250 score > 0.5. A table is so present showing the proteins domains present in
GAUT047990. The E-value for each identified domain is also given, as is a linear diagram of the
domain structure. The domain images were generated by Pfam (El-Gebali et al., 2018), the Attacin
N-terminal is represented by the red oval while the C-terminal is represented by the green oval.

Cluster 2 was observed to contain two partial Attacin genes GAUT048001 and
GAUTO048006. As seen within the G. m. morsitans these genes contain a single intron that
crosses a gap in the contig. and sequence for an Attacin C-terminal domain. This shows that
the C-terminal domain of GAUT048001 shows an almost complete match to that of
GAUTO04992, with just two amino acid substitutions in the C-terminal sequence (Fig. 2.10A).
The first being the start codon, Met67, and the second at Ser86. This conservation indicates
that GAUT048001 encodes an AttA gene. The GAUT048006 alignment shows a longer C-
terminal alignment; however, it contains five amino acid substations (Fig. 2.10B). Notably,
one these substitutions include a GIn195Arg substitution observed between G. m.
morsitans AttA and AttB, which suggests that GAUT048006 codes for the AttB gene within
Cluster 2. Interestingly, both cluster 2 genes exhibit a N86S substitution despite encoding
different Attacin genes, this could be a specific mutation within the Cluster 2 though any

impact on functionality and structure is yet to be determined.

The absence of N-terminal domains in both of these genes is likely explained by a gap
between contigs JMRR01001164 and JMRR01001165. This gap in the scaffold is
approximately 3,500 nucleotides in length, indicating both missing N-terminals could be

encoded within the missing sequences.
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A)

GAUT047992 1 MOSFKICFFISCLSVVLVKGQFGG ;E WE I QELSKAEGDP ANV GGXEAAegﬁ VEATRGAFLAANKDGHGLSLQHSKTDN
ST Ij2ViANLISN

GAUT048001 e o LT LV TR TV — - - — e

GAUT047992 91 FGSSIEE|SAHANEFN Pisi— TisKirs Al
GAUT048001 43 ----jSHIICRNT3VS DL

GAUT047992 {HFGGPFDGQTNKQIGLG
GAUT048001 < FDGQTNKQIGL

B)

GAUT047992
GAUT048006

PR 1 PNIBIGH G L SLOHSKTDN
-GRKT. |J@HRYF (e - ——--—----

GAUT047992 GS S AN NDKTHKLBANA ' ONGFKFDR ) ASRIPQLDMNTLGLTGK
GAUT048006 IANA R ONGFKEFDR GLGYD G ASRIPQLDMNTLGLTGKANLWK

GAUT047992
GAUT048006

Sequence Pfam domains E-value Domain structure
GAUT048001 Attacin C-Terminal 43e% Je—
GAUT048006 Attacin C-Terminal 7.1e% R —

Figure 2.10: A) ClustalW protein alignment of GAUT047992 (AttA) and GAUT048001 (partial AttA),
produced by ExPASY Boxshade. It is clear the second exon of GAUT048001 illustrates a high
conservation between the C-terminal of GAUT047992, while the first exon shows little alignment
to the other AttA gene. B) The protein alignment of GAUT047992 (AttA) and GAUT048006 (partial
AttB), produced by ExPASY Boxshade. This shows increased variation between the two C-terminal
sequences, while clearly indicating that GAUT048006 codes for AttB with the R195 substitution
being exhibited. Conservation within the aligned amino acids is indicated by the degree of shading,
Black = complete conservation, dark grey = residues with a Gonnet PAM 250 score > 0.5, light grey
= residues with residues with Gonnet PAM 250 score < 0.5 and white = no similarity. * indicates a
stop codon. A table is also given illustrating the results of a Pfam search of GAUT048001 and
GAUTO048006 protein sequence from VectorBase. Partial Attacin C-terminal domains were detected
in both genes, the E-value of each result is given and a linear diagram illustrating Attacin C-terminal.
The green oval shows the presence of an Attacin C-terminal.

The identification of GAUT047991 as AttD was undertaken by aligning GAUT047991 (AttA)
with GAUT047992. This alignment illustrated a far greater degree of variation between
GAUTO047992 and other predicted Attacin genes, this variation can be observed in Figure
2.11 below. This indicated that GAUT047991 coded for AttD, this was supported by the
phylogeny seen in Figure. 2.29, where GAUT047991 can be observed to in the AttD clade.

GAUT047992 1 ATGCAGTCCTTCAAGATTTGCHST TCATCAGTTGTTTAAGCGTCGTTCTCGTARAAGGACAATTTGGCEE  NENET AN e
s F K I ¢C F F I S C L S N
GAUT047991 GGiTCAGHIETCA
GAUT047992
GAUT047991 |~ A CIMVNECATT Gl AGIG A BlelC TElONNeloln A T GO GlET GECGGEGTA
K G G DV NLGLGE S SV GDARASTNA TGS AG GV
* * * * * * * . * . R * * . B * . . * * R * * * *
GAUT047992
GAUT047991
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GAUT047992

GAUT047991
GAUT047992
GAUT047991 . ( 3G
D NGPFZKTPEFDERVUYG GG G
Kk kK x k& ok x &k k%
GAUT047992
GAUT047991
GAUT047992 TIT—sTTf GCTT[€GGTTTAAAJMNCINAGATT|
KQIGLGLNSRF—
GAUT047991 AL SACEARNETT|

GFGLKTNF—

* . * ok . * ok . . * K

Figure 2.11: The alighnment of GAUT047992 (AttA) and GAUT047991 (AttD) produced by ExPASY
Boxshade. Conservation within the nucleotide sequence is indicated by the degree of shading, Black
= complete conservation, Grey = synonymous mutation and White = non-synonymous mutations.
Protein similarity is denoted using standard alignment methodology, * = complete conservation,
= residues with a Gonnet PAM 250 score > 0.5, . = residues with residues with Gonnet PAM 250
score < 0.5 and a gap = no similarity. A hyphen (-) in the amino acid sequence indicates a stop codon
or missing data.
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2.4 1iii: Glossina pallidipes

As with G. austeni, one predicted Attacin gene, GPAI040754, had been identified previously
as AttA. However, there is evidence to suggest that GAUT047992 codes for AttB (see
below). tBLASTn results identified three further predicted Attacin genes, GPAI040769,
GPAI040759 and GPAI040752, in addition to a partial gene fragment. The locality of these
genes suggests that the GPAI0O40754 and GPAIO40759 comprise Cluster 2, while
GPAI040752 encode the AttD gene of Cluster 3. GPAIO40769 and the partial gene fragment

were predicted to make up Cluster 1 (Figure. 2.12).

Cluster 1 Cluster 2 Cluster 3

(AttB) (AttD)

AttA C-Terminal GPAI040754 GPAI040752

JMRR01001001.1 >

| |
GPAIO40769 GPAIO40759
(AttA) (Atta)

Figure 2.12: A linear representation of the predicted Attacin cluster within G. pallidipes Scaffold62,
drawn in Microsoft PowerPoint and adapted from the VectorBase models. Sequenced contigs. are
represented by the blue, with gaps in the scaffold are shown by the white spaces. Each gene is
shown by the brown area, coding regions are denoted by the filled areas with non-coding regions
shown in white. Newly predicted genes are shown in green.

While GPAI040754 has been annotated as AttA within the G. pallidipes genome on
VectorBase, an alignment to GPAIO40759 and its location it the Attacin cluster suggest it
encodes AttB. The location of GPAIO40754 matches that of GMOY010523 (predicted to
encode G. m. morsitans AttB), while an alignment to GPAIO40759 indicated the presence
of the Q195R substitution indicative of AttB (Figure. 2.13). Three other amino acid

substitutions were also identified between the two genes: R121H, N173S and L202F.
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GPAI040759

GPAI040754

GPAI040759

N G GG L DV NARL S K T I GD PN ANV V GG GV F A A G N

GPAI040754

GPAI040759

GPAI040754

GPAI040759

GPAI040754 > \TCAAGTGCTCATG CTCTTCAACGACAAAACTC AATTAGATGCGAATGCTTTTCACAGTCG

F G s s L T s S A HANTLFNDIKTHZ KL DANA AU FH S R T

ko k k ok x  x ok k  k Kk Kk Kk X X x Kk Kk Kk Kk Kk Kk x *x x x x * Kk *

GPAI040759

GPAI040754

GPAI040759

GPAI040754 CGTATACCTCAGCTCGATATGAATACTCTTGGCTTAACTGGAAAAGCTAACCTGTGGTCATCGCCGAGTCGTGCAACTACTTTGGATTTG]

GPAI040759
GPAI040754
I

Figure 2.13: The alignment of GPAIO40759 (AttA) and GPAIO40754 (AttB) produced by ExPASY
Boxshade. Conservation within the nucleotide sequence is indicated by the degree of shading, Black
= complete conservation, Grey = synonymous mutation and White = non-synonymous mutations.
Protein similarity is denoted using standard alignment methodology, * = complete conservation, :
= residues with a Gonnet PAM 250 score > 0.5, . = residues with residues with Gonnet PAM 250
score < 0.5 and a gap = no similarity. A hyphen (-) in the amino acid sequence indicates a stop codon
or missing data.

G F G L N s R F

Cluster 1 can be seen to span the gap between contigs. JMRR01001000 and
JMRR01001001. GPAIO40769 was identified to encode an Attacin C-terminal domain
following a Pfam search, while an alignment to GPAIO40759 indicates a high conservation
between the C-terminal of the two genes (Fig. 2.14A). As with several genes predicted in
other species, GPAI040769 contains an intron crossing the gap in the Scaffold sequence. It
is likely therefore, that the N-terminal of GPAI040769 is encoded in this missing sequence.
A second Attacin N-terminal was also identified at the start of contig. JIMRR01001001. Both
the nucleotide and amino acid sequences of this protein domain show complete
conservation between the new identified Attacin sequences and GPAI040759 (FIG. 2.14B),
indicating that an AttA gene is present. However, like GPAI040769, the N-terminal is found

within the missing sequence data.
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A)

GPAI040759 1 MQSFKICFFIGURECLSVVLVKGQFGGTVSSNPNGGLDVNARLSKTIGDPNANVVGGVFAAGNTDGGPAIRGAFIAANGDCHCHS@OHSKTDN
GPAT040760 I === = m oo m oo MIFROONNRLAKEFIMMIR-—————

GPAI040759 91 FGSSLTSSAHANLFNDKTHKLDANAGHSRTEMDNGFKFDRVGGEHEY RIPQLDMNTLGLTGK?
GPAT040769 21 —==———————mm ] c RIPQLDMNTLGLTG

GPAI040759
GPAIO4

B)

GPAI040759 1 ATGCAGTCCTTCAAGATTTGCTTCTTCATCGGTTGTTTAAGCGTCGTTCTAGTAAAAGGACAATTTGGCGGCACGGTGTCATCTAACCCG
M 0 $ F K ICFTFTIG CTILSVVYVILYV KGO OQTFG GG GTV S S N P
JMRROL00L00L L === == mm oo o o o o e e e

GPAI040759 91 AATGGTGGTCTAGATGTAAATGCTCGATTAAGTAAAACTATTGGCGACCCTAATGCTAATGTGGTTGGCGGTGTATTTGCAGCTGGTAAT
N G G L DVNAIRTULS K T I GDUPDN ANV V G GV F A A G N
JMRRO100100L 1 =mmmm s e e e e e e e e e e e e e

GPAT040759 181 ACTGATGGAGGTCCAGCAACTAGAGGAGCTTTCTTAGCAGCCAATAAAGATGGTCATGGTCTCTCCTTGCAACATTCGAAAACAGATAAT
T DGGPATRGATFTLA AR ANTE KT DTG GEHTGTIL S L QHSZ KT DN
JMRRO100100L 1 = mmmm s e o e e e e e e e e e

GPAI040759 271 TTTGGTTCCTCTTTGACATCAAGTGCTCATGCCAACCTCTTCAACGACAAAACTCACAAATTAGATGCGAATGCTTTTCACAGTCGCACC
¥F G $s s L T S S A HANLF N DI K T H KL DA ANA AU F H S R T
JMRROL00L00L L === == = o e o o o o e e e e e

GPAI040759 361 CGTTTGGATAATGGTTTTAAATTCGATCGTGTTGGTGGAGGCTTAGGTTACGATCATGTGAACGGTCATGGTGCCTCGCTAACTGCT
R L b NG F K F DRV G G G L GY D HV NG HGA A S L T A S
IMRROT001001 1 mmmm e e e e e e e e e e e e e e e e e e e rcC

GPAI040759 451 [ofe

JMRR01001001 4 [efe

GPAI040759 541 kX

JMRR01001001 94 [N

Sequence Pfam domains E-value Domain structure
GPAI040769 Attacin C-Terminal 2.3e% —
JMRR01001001 Attacin C-Terminal 4.7¢°8 E

Figure 2.14: A) ClustalW protein alignment of GPAIO40759 (AttA) and GPAIO40769 (partial AttA),
produced by ExPASY Boxshade. The third exon of GPAIO40769 illustrates a high conservation
between the C-terminal of GPAIO40759, while the first and second exons shows little alignment to
the other AttA gene. B) The nucleotide and translated protein alignment of GPAI040759 (AttA) and
JMRR01001001, produced by ExPASY Boxshade. This shows complete conservation between the
two C-terminal sequences. Conservation within the aligned amino acids is indicated by the degree
of shading, Black = complete conservation, dark grey = residues with a Gonnet PAM 250 score > 0.5,
light grey = residues with residues with Gonnet PAM 250 score < 0.5 and white = no similarity. *
indicates a stop codon. A table is also given illustrating the results of a Pfam search of GPAI0407r9
and the translated JMRR01001001 sequence from VectorBase. Partial Attacin C-terminal domains
were detected in both genes, the E-value of each result is given and a linear diagram illustrating

Attacin C-terminal. The green oval shows the presence of an Attacin C-terminal.

The final predicted gene, GPAIO40752, was observed to be the only gene present in Cluster

3 suggesting that GPAIO40752 codes for AttD. This was further supported by the
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phylogenetic analysis (Fig. 2.29) and an alignment between GPAI040759 (AttA) and
GPAI040752. This alignment illustrated a large degree of variation between the two genes,
as previously observed between G. m. morsitans and G. austeni, AttA and AttD genes (Fig.
2.15). This prediction is supported further by the shorter CDS length of GPAI040752, which

has also been observed in other AttD genes.

GPAI040759 1 ATGCAGTCCTTCAAGATTTGCHgN8TTCATCGGTTGTTTAAGCGTCGTTCTAGTAAAAGGACAATTTGGCE
M Q s

GPAI040752 ] mmmm

GPAI040759

GPAI040752

N A G A G v Y A A G

* * ok . * ok *

GPAI040759

GPAI040752

* * ok ok ok k * * ok *  xx . * . *  * . *  x . *

c Accacr i NEReR 2QATTARE
G S L T S S A H A N N D K T H K L
GPAI040752 208 GG A TTiennehNeleler @ CTC A I
PGS TL T TS AHRGANTELTELTEKTTD DT H & L NA's A F HSRT
- -

* . * ok . * ok kK Kk % . *  x . . * *  x x ok

GPAI040759

GPAI040759

GPAI040752 298 [SiENCen NIde AR
H L DN G F K

* ok Kk X X %

GPAI040759

GPAI040752

GPAI040759

GPAI040752 GG 3G GAEC!AC
G FGLEKTNF -
*

* ok * ok

Figure 2.15: The nucleotlde and amino acid allgnment ofGPAIO40759 (AttA) and GPAIO40752 (AttD)
produced by ExPASY Boxshade. Conservation within the nucleotide sequence is indicated by the
degree of shading, Black = complete conservation, Grey = synonymous mutation and White = non-
synonymous mutations. Protein similarity is denoted using standard alignment methodology, * =
complete conservation, : = residues with a Gonnet PAM 250 score > 0.5, . = residues with residues
with Gonnet PAM 250 score < 0.5 and a gap = no similarity. A hyphen (-) in the amino acid sequence
indicates a stop codon or missing data.
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2.4.1iv: Glossina fuscipes fuscipes

The Attacin cluster within G. f. fuscipes was less complete than those observed in other
Glossina species. GFUI014658 has been previously annotated as AttA on VectorBase; an
additional three genes, GFUI014660, GFUI014661 and GFUI014668, were identified
following a tBLASTn search of the genome. Two partial sequences were identified coding
for a section of an Attacin gene, the first on the reverse strand of JFJR01000137, and the
second on the forward strand crossing the gap between contigs. JFJR01000138 and
JFJR01000139 (Fig. 2.16). The location of the three identified genes suggests that
GFUI014661 and GFUI014668 form a cluster, though once again this cluster spans a gap in
the Scaffold sequence (Fig. 2.16). While GFUI014660 forms an individual cluster, suggesting
the presence of AttD (Fig. 2.16). One sequence fragment is found in a head-to-head

orientation with GFUI014658, suggesting the presence of the third Attacin cluster (Fig.

Cluster 3 Cluster 1 Cluster 2
[l — e
(AttD) (Atta)
GFUI014660 GFUI014668 AttA
JFJR01000136.1 > _ JFJRO1000137.1> . JFJR0O1000138.1>
GFUIN14661 (AttB)
(AttA) GFUI014658

Figure 2.16: A linear representation of the predicted Attacin cluster within G. f. fuscipes Scaffold1,
drawn in Microsoft PowerPoint and adapted from the VectorBase models. Sequenced contigs. are
represented by the blue, with gaps in the scaffold are shown by the white spaces. Each gene is
shown by the brown area, coding regions are denoted by the filled areas with non-coding regions
shown in white. Introns are shown by thin lines; dotted introns indicated the following exons are
absent from the Figure. Newly predicted genes are shown in green.

As noted above GFUI014661 and GFUI014668 form a cluster across the gap between
contigs. JFJR01000136 and JFJR01000137, with both genes coding for an Attacin C-terminal
domain. An alignment of each gene with the previously identified GFIO014658 illustrates
two things. Firstly, that both GFUI014661 and GFUI014668 code for AttA, and secondly,
that GFUI014658 likely codes for AttB rather than AttA as annotated (Fig. 2.17). These
observations were made apparent as the amino acid alignment of both genes contain the
amino acid substitutions within the C-terminal domains. This indicates that both
GFUI014661 and GFUI014668 contain the same AttA C-terminal sequences within their

second exon, while varying from that of GFIO014658. As such it is likely that this cluster
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forms Attacin Cluster 1 (containing two AttA genes) despite being located in the middle of

the Attacin cluster.

GFUI014658
GFUIO014668
GFUI014658
GFUI014668
GFUI014658 FGGPFDGQTNEK
GFUI014668 FGGPFDGQTNEK
GFUI014658 MOSFKIC S GG’ TDGGPATRGAFLGANKDGHGLSLQHSKTDN]
GFUIO14661
GFUI014658 GSS A S Vi LTASRIPQLDMNTLGLT(
GFUIO14661 R V| LTASRIPQLDMNTLGLT(
GFUI014658 GGPFDGQTNKQIGLGLNSRE]
GFUIO1l4661 GGPFDGQTNKQIGLGLNSRE]
Sequence Pfam domains E-value Domain structure
GFUI014668 Attacin C-Terminal 6.9 —
. . -29 T—
GFUI014661 Attacin C-Terminal 5.5e ——

Figure 2.17: A) ClustalW protein alignment of GFUI014658 (AttB) and GFUI014668 (partial AttA),
produced by ExPASY Boxshade. The second exon of GAUT048001, commencing from R21, illustrates
high conservation between the C-terminal of GFUI014658 with just four sites of variation, while the
first exon shows little alignment to the other Attacin gene. B) The protein alignment of GFUI014658
(AttB) and GFUI014661 (partial AttA), produced by ExPASY Boxshade. This an almost identical
alignment to that of GFUI014668. With high conservation in the second exon, with the same four
sites of variation. Conservation within the aligned amino acids is indicated by the degree of shading,
black = complete conservation, dark grey = residues with a Gonnet PAM 250 score > 0.5, light grey
= residues with residues with a Gonnet PAM 250 score < 0.5 and white = no similarity. * indicates a
stop codon. A table is also given illustrating the results of a Pfam search of GFUI014668 and
GFUI014661 protein sequence from VectorBase. Partial Attacin C-terminal domains were detected
in both genes, the E-value of each result is given and a linear diagram illustrating Attacin C-terminal.
The green oval shows the presence of an Attacin C-terminal.

The position of Cluster 2 within the Scaffold suggests that GFIO014658 codes for AttB (Fig.
2.18 and 2.19). However, there is no clear indication of the third AttA gene found in this
cluster. One possible location for this gene is across the contig. gap as highlighted in Figure.
2.16. An alignment of GFI0O014658 and the sequence fragments identified in this location
(Figure. 2.18) shows a clear alignment of the N and C-terminals of the Attacin sequence.
However, there is no way of identifying the sequence as AttA or AttB. Furthermore, the gap
between the contigs. is 543 nucleotides in length, while 508 nucleotides are missing from

the CDS of the identified Attacin gene, inferring an intron length of only 35 nucleotides.
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This gap is slightly shorter than expected as the length of the Attacin intron appears to be

conserved across all species and genes at 60 nucleotides.

GFUI014658 1B

JFJR01000138 1 JN

GFUI014658 91 AACGGTGGTCTAGATGTAACTGCTCGATTAAGTAAAACTATTGGCGACCCTAATGCCAATCTGGTTGGCGGTGTATTTGCATCTGGTAAT
N GG GG L DVTAIRULS XK TTI GGD?PDNANILUV G GV F A S G N
Scaffoldl 66—

GFUI014658 181 ACTGATGGAGGTCCAGCAACTAGAGGAGCTTTCTTGGGAGCCAATAAAGATGGTCATGGTCTCTCCTTGCAACATTCGAAAACAGATAAT
T b GG GG P A TR GAVF L GANIKDGHGUL S L Q H S K T DN
Scaffoldl 66 ——m T o

GFUI014658 271 TTTGGTTCCTCTTTGACATCAAGTGCTCATGCCAACCTCTTCAACGACAAAACTCACAAATTAGATGCGAATGCTTTTCACAGTCGCACC
F 6 s s L T S S A HA ANTILU FNDI K THXK L DA ANA AT FH S R T
Scaffoldl 66— oo

GFUI014658 361 CATTTGGATAATGGTTTTAAATTCGATCGTGTTGGTGGAGGCTTAGGTTACGATCATGTGAACGGTCATGGCGCCTCGCTAACTGCTTCC
H L DNGF K F DRV GG 66 G L GY DHV N GHGA S L T A S
Scaffoldl 66— oo

GFUI014658 451 CGTATACCTCAGCTCGATATGAATACTCTTGGCTTAACTGGTAAAGCTAACTTATGGTCATCGCCGAGTCGGGCAACCACTTTGGATTTG
R I P QL DMNTIL G L TG XK ANTL W S S P S R A T T L D L
Scaffoldl 66—

GFUI014658 541

JFJRO1000139 66

Figure 2.18: The nucleotide and amino acid alignment of GFUI0104658 (AttB) and contigs.
JFJR01000138 and JFJR0O1000139 produced by ExPASY Boxshade. Conservation within the
nucleotide sequence is indicated by the degree of shading, Black = complete conservation, Grey =
synonymous mutation and White = non-synonymous mutations. Protein similarity is denoted using
standard alignment methodology, * = complete conservation, : = residues with a Gonnet PAM 250
score > 0.5, . = residues with residues with a Gonnet PAM 250 score < 0.5 and a gap = no similarity.
A hyphen (-) in the amino acid sequence indicates a stop codon or missing data.

The second possible location is on the reverse strand of JFJR01000138, upstream from
GFUI0104658. Once again, this Attacin C-terminal sequence is found after a contig gap,
suggesting that N-terminal is present within the sequence gap. However, the observed
variation between the predicated AttB gene (GFIO014658) and this sequence, means

correct identification of either sequence is impossible.
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Figure 2.19: The nucleotide and amino acid alignment of GFUI0104658 (AttB) and the reverse strand
of contig. JFJR01000137 produced by ExPASY Boxshade. Conservation within the nucleotide
sequence is indicated by the degree of shading, Black = complete conservation, Grey = synonymous
mutation and White = non-synonymous mutations. Protein similarity is denoted using standard
alignment methodology, * = complete conservation, : = residues with a Gonnet PAM 250 score >
0.5, . =residues with residues with a Gonnet PAM 250 score < 0.5 and a gap = no similarity. A hyphen
(-) in the amino acid sequence indicates a stop codon or missing data.

The identification of AttD within the G. f. fuscipes Attacin cluster was undertaken by
aligning GMOY010524, G. m. morsitans AttD, to the sequence of GFUI01460 (Fig. 2.20). This
illustrated a much greater degree of conservation between the two genes than was
observed between GFUI01458 and GFUI01460. Given the conservation between AttD
genes, it can be concluded that GFUI01460 codes for AttD rather than the missing AttA
gene. Unusually, however, GFUI01460 has been annotated as Sorbitol Dehydrogenase
within the G. f. fuscipes genome, with Attacin N- and C-terminals being coded alongside a

short chain dehydrogenase domain.
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GMOY010524 1M
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HI)
HI)

GMOY010524 91 AFHSRTHLDNGEKFEFDR
GFUI014660 91 K HSRTHLDNGFKEFD

GMOY010524 178
GFUIO14660 181

GMOY010524 181
GFUIO014660 271
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GFUI014660 361 AELLKDTSVTANCLHPGIVRTELMRYNNCLSEFMRIIFHLITRSPKAGAQTTLYLALDPKFDTLSGGYYEYMLRLPLLPWARNKETANWLW

GMOY010524  —— e e
GFUI014660 451 EESEKMVGLKHNDDESKLTNITTVQONQKTYGADMNDMRPVHFPEESEQIKAELN

Sequence Pfam domains E-value Domain structure
Attacin N- 6.7e 2
GFUI014660 Terminal 4.9e3° ;_ fmadhushortyy:
Attacin C-Terminal 7.2e3 '_'
Short Chain
Dehydrogenase

Figure 2.20: A ClustalW protein alignment of G. m. morsitans GMOY010524 (AttD) and GFUI01460
(AttD), produced by ExPASY Boxshade. This shows a high level of conservation between the two
AttD genes spanning the first two exons of GFUI014660. Conservation within the aligned amino
acids is indicated by the degree of shading, Black = complete conservation, dark grey = residues
with a Gonnet PAM 250 score > 0.5, light grey = residues with residues with a Gonnet PAM 250
score < 0.5 and white = no similarity. * indicates a stop codon. A table is also given illustrating the
results of a Pfam search of GFUI014660 protein sequence from VectorBase. An Attacin N and C-
terminal domain was detected in the genes (Purple and green ovals respectively), while a short
chain dehydrogenase domain was also identified (seen in red). The E-value of each result is given

and a linear diagram illustrating the Attacin C-terminal.
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2.4.1v: Glossina palpalis gambiensis

Unlike for the previous species no Attacin genes had been identified previously within the
G. palpalis gambiensis genome on VectorBase. A tBLASTn search identified two annotated
genes and two sequences within the genome as predicted Attacin genes (Fig. 2.21).
GPPI020339 is the only full Attacin gene identified, while GPP1020332 codes for a partial
Attacin C-terminal domain. An almost complete Attacin gene was identified within the non-
coding region of GPPU020339, while two sequences coding for the N and C-terminals of an

Attacin gene were identified on the reverse strand downstream of the other sequences.

Cluster 3 Cluster 1 Cluster 2

- —— -
(Atta)
GPP1020332

JXIN01009049.1 >

L M H I

GPPI020339 AttA AttA/
(AttD) C-terminal AttB

Figure 2.21: A linear representation of the predicted Attacin cluster within G. palpalis gambiensis
Scaffold114, drawn in Microsoft PowerPoint and adapted from the VectorBase models. Sequenced
contigs. are represented by the blue, with gaps in the scaffold are shown by the white spaces. Each
gene is shown by the brown area, coding regions are denoted by the filled areas with non-coding
regions shown in white. Introns are shown by thin lines, dotted introns indicated the following
exons are absent from the Figure. Newly predicted genes are shown in Green.

As with the G. f. fuscipes Attacin cluster, there is no clear indication of the three clusters
within the G. palpalis gambiensis genome. An alignment of GPPI020332 and GMOY010521
(G. m. morsitans AttA), shows a high level of conservation between the two genes, with
just three amino acid substitution (Fig. 2.22A). This suggests that GPP1020332 codes for an
AttA protein though the N-terminal is, once again, missing from the sequences and likely
found in the gap between contigs. JXIN01009048 and JXJNO1009049. A second AttA
sequence was identified in a head-to head orientation with GPP1020332, in the non-coding
region of GPPI020339. When aligned to GMOY010521 this showed a high conservation
between the genes, with just two amino acid substitutions (Fig. 2.22B). Notably, both

GPPI020332 and the newly identified sequence contain the same N118S substitution.
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GPPI020339-UT196

GMOY010521 451 (o

GPPI020339-UT286

GMOY010521 541 N

GPPI020339-UT376

Sequence Pfam domains E-value Domain structure
GPP1020332 Attacin C-Terminal 7.0e® AttacinuG
GPPI020339-UT Attacin N-Terminal 6.5e’1° AttacinuG
Attacin C-Terminal 1.0e™

Figure 2.22: A) ClustalW protein alignment of GMOY010521 (AttA) and GPP1020332 (partial AttA),
produced by ExPASY Boxshade. This illustrates the conservation between the two genes indicating
that GPPI020332 codes for AttA. B) The protein and nucleotide alignment of GMOY010521 (AttA)
and part of the GPPI020339 untranslated region (UT), produced by ExPASY Boxshade. lllustrates the
high conservation between the identified AttA gene and the newly identified sequence.
Conservation within the aligned amino acids is indicated by the degree of shading, Black = complete
conservation, dark grey = residues with a Gonnet PAM 250 score > 0.5, light grey = residues with
residues with a Gonnet PAM 250 score < 0.5 and white = no similarity. * indicates a stop codon. A
table is also given illustrating the results of a Pfam search of GPPI020332 and the untranslated
region of GPP1020339 from VectorBase. Attacin C-terminal domains were detected in both genes,
with an N-terminal also being identified in GPPI020339. The E-value of each result is given and a
linear diagram illustrating the Attacin C-terminal. The green oval shows the presence of an Attacin
C-terminal.
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The only complete predicted Attacin gene, GPPI020339, appears to code for AttD. This was
a result of the alignment of GPPI020339 and GMOY010524 (G. m. morsitans AttD), which
showed a much greater degree on conservation between the two genes (Fig. 2.23), and a
similar level of conservation to that observed between G. f. fuscipes and G. m. morsitans
AttD genes. Furthermore, the location of AttD (GPPI020339) within the G. palpalis
gambiensis Attacin cluster mirrors that observed in the G. f. fuscipes Attacin cluster
supporting the conservation of genes within the Palpalis phylogenetic group (Fig. 2.16 and

2.21).

GMOY010524
GPPI020339

[HSNTEKBGSTLTTSAHANLLKTDTISIHL|
HSNTEKMGSTLTTSAHANLLKTDTMHL)

GMOY010524

FGGPEFNGQTDKKI|N
GPPI020339 GPFNG

SGPFNGQTDKKI[€]
GMOY010524 181 |aey® EyNjNg
GPPI020339 181 pyeu iiS|Hy

Figure 2.23: A ClustalW protein alignment of G. m. morsitans GMOY010524 (AttD) and GPP1020339
(AttD), produced by ExPASY Boxshade. This shows a high level of conservation between the two
AttD genes. Conservation within the aligned amino acids is indicated by the degree of shading, Black
= complete conservation, dark grey = residues with a Gonnet PAM 250 score > 0.5, light grey =
residues with residues with a Gonnet PAM 250 score < 0.5 and white = no similarity. * indicates a
stop codon

There was little evidence of Cluster 2 within the genome. A single Attacin gene was
identified spanning the gap between contigs. JXINO109050 and JXJN0109051, when aligned
to GMOY010521 both the N and C-terminals show a high conservation with just two amino
acid substitutions in the C-terminal (Fig. 2.24). However, there is insufficient data to identify
this gene as AttA or AttB. Furthermore, there is no evidence to indicate the presence of a

second Attacin gene in this cluster, or even a fifth gene within the cluster.
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Figure 2.24: The nucleotide and amino acid alignment of GMOY010521 (AttA) and contigs.
JXJN01009050 and JXJNO1009051 produced by ExPASY Boxshade. Conservation within the
nucleotide sequence is indicated by the degree of shading, Black = complete conservation, Grey =
synonymous mutation and White = non-synonymous mutations. Protein similarity is denoted using
standard alignment methodology, * = complete conservation, : = residues with a Gonnet PAM 250
score > 0.5, . = residues with a Gonnet PAM 250 score < 0.5 and a gap = no similarity. A hyphen (-)

in the amino acid sequence indicates a stop codon or missing data.
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2.4.1vi: Glossina brevipalpis

The identification of Attacin genes within the G. brevipalpis genome was undertaken using
a tBLASTn search. This revealed three predicted genes and two partial gene sequences,
GBRI004567, GBRIO0559 and GBRI004558 appear to code of Attacin genes while a partial
sequence on the reverse strand of contig. JFJS01007041 and another on the forward strand

of JFJS01007046, also appear to code for Attacin genes (Figure. 2.25).

Cluster 3 Cluster 2 Cluster 1

5 . —t
JFIS01007041.1> . I IJFJ501007044.1-. - JFIS01007046.1>
GBRIOD4SS8  AttA GBRI004559 GBRIDD4567
(attp) C-terminal (attB) (AttA)

Figure 2.25: A linear representation of the predicted Attacin cluster within G. brevipalpis
Scaffold114, drawn in Microsoft PowerPoint and adapted from the VectorBase models. Sequenced
contigs. are represented by the blue, with gaps in the scaffold are shown by the white spaces. Each
gene is shown by the brown area, coding regions are denoted by the filled areas with non-coding
regions shown in white. Introns are shown by thin lines. Newly predicted genes are shown in green.

Of the predicted genes, GBRIO04567 codes for an Attacin C-terminal with seven amino acid
substitutions between itself and GMOY010521 (Fig. 2.26A). While the N-terminal is missing
this is likely found in the contig. gap downstream of the GBRIO04567 CDS. There is no
evidence of a second Attacin gene in the head-to-head orientation, while it is possible that
this gene is located in the large sequence gap between contigs. JFJS01007048 and
JFJS01007049 there is currently no data to confirm this. An alternative location is presented
by the Attacin sequence identified in contig. JFJS01007046. An alignment of this sequence
to GMOY010521 shows a greater degree of variation though still sufficiently similar to code
for an Attacin C-terminal domain (Fig. 2.26B). However, unlike previously identified partial
genes there is no evidence of N-terminal in the contig. sequence prior to the C-terminal

(Fig. 2.25).
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Sequence Pfam domains E-value Domain structure
GBRI004567 Attacin C-Terminal 1.4e40 :

JFJS01007046 Attacin C-Terminal 2.5¢18

Figure 2.26: A) ClustalW protein alignment of GMOY010521 (AttA) and GBRIO04567 (partial AttA),
produced by ExXPASY Boxshade. This illustrates the conservation between the two genes C-terminals
indicating that GBRIO04567 codes for AttA. B) The protein and nucleotide alignment of
GMOY010521 (AttA) and JFIS01007046, produced by ExPASY Boxshade. lllustrates the alignment
between the identified Attacin C-terminal and the newly identified sequence. Conservation within
the aligned amino acids is indicated by the degree of shading, Black = complete conservation, dark
grey =residues with a Gonnet PAM 250 score > 0.5, light grey = residues with residues with a Gonnet
PAM 250 score < 0.5 and white = no similarity. * indicates a stop codon. A table is also given
illustrating the results of a Pfam search of GBRI004567 and the sequence of JFJS01007046 from
VectorBase. Attacin C-terminal domains were detected in both genes, with an N-terminal also being
identified in GPP1020339. The E-value of each result is given and a linear diagram illustrating the
Attacin C-terminal. The green oval shows the presence of an Attacin C-terminal.

A single full Attacin gene was identified within the reverse strand of contig. JFJS01007044,
with a partial Attacin C-terminal sequence being identified on the reverse sequence of
contig. JFJS01007041. The full gene, GBRIO04559, has no previous annotation and, when
aligned to GMOY010521, it shows an increased level of nucleotide and amino acid variation
(Fig. 2.27A). The identified Attacin C-terminal sequence shows a higher level of
conservation to GMOY010521, with six amino acid substitutions between the two
sequences (Fig. 2.27B). Given the difference in the sequence conservation, GBRI004559
appears to code for AttB with a higher level of variation, while the high conversation
between GMOY010521 and the identified Attacin C-terminal indicated the presence of
AttA. Furthermore, it is likely that the missing N-terminal is located within the gap between

contigs. JFJS01007041 and JFJS01007042 (Fig. 2.25).
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Figure 2.27: A) ClustalW nucleotide and protein alignment of GMOY010521 (AttA) and GBRI004559

(AttB), produced by ExPASY Boxshade. This illustrates the variation between the two genes

indicating that GBRIO04567 codes for AttB. B) The protein and nucleotide alignment of

GMOY010521 (AttA) and JFIS01007041, produced by ExPASY Boxshade. lllustrates the alignment

between the Attacin C-terminal and the newly identified sequence, the greater degree of

conservation indicates that the partial gene sequence likely codes for an AttA gene. Conservation
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within the aligned amino acids is indicated by the degree of shading, Black = complete conservation,
dark grey = residues with a Gonnet PAM 250 score > 0.5, light grey = residues with residues with a
Gonnet PAM 250 score < 0.5 and white = no similarity. *indicates a stop codon.

The final gene identified by the tBLASTn search is GBRIO04558. This gene shows a larger
number of exons, three, compared to other Attacin genes and a longer CDS. The location
of GBRIO04558 within the attacin cluster suggests that it codes for AttD and this is
supported by an alignment with GMOY010524 (Fig. 2.28). This alignment illustrated an
increased level of conservation between the G. brevipalpis and G. m. morsitans AttD
sequences than was observed between GBRI0O04558 and other attacin gene sequences

further reinforcing the prediction that GBRIO04558 codes for AttD.
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GMOY010524 1 e e

GBRI004558

[

ATGATTTCTATTAACGCAAAGAGTACGCATCACGTTGGCCAACAAACGGCTTTTATGGGTTTTTTTAAGTTTTTTTTTCTCCGATTATTG
M I s I N A K S THHV G Q QTAUFMGU F F K F F F L R L L

GMOY010524 1 e

GBRI004558 91 CACTGTGCATTAGAAGATAAGCAATGCTTAGCACCAGCAACGTTCAATATCGTAGAAGATTTGTGTAAGCAAAGATCTCGAAARAGAAGTT
H C AL E DK QCULAU?PA AT F NIV EDTILTCI K QR S R K E V

GMOY010524
GBRI004558 CAAAAAARAAARAAAAATTCTCTCCAACAAATCTTTGATATAAAACTAAAGAAGAAAAGAAAA]
s L 0 ¢ I F D I K L K K K R K M
GMOY010524
GBRI004558
GMOY010524
N H S N T E
GBRI004558 AAMACGGA)
L E H s K T D K
.ok k. % .k
GMOY010524 [eleTGCTTTTCA
F
GBRI004558
GMOY010524
GBRI004558
GMOY010524
GBRI004558
GMOY010524 TAAAEACCAAMTT]
L K T N F -
GBRI004558 GAGG ] AT THECE TAAAWACCAARTTETAR
T G G AT KUHTF G G P 0 TN KNVFGL G LNT K F -
ok ox ok ox %k x xox . x o * o

Figure 2.28: The nucleotide and amino acid alignment of GMOY010521 (AttD) and GBRI004558
(AttD) produced by ExPASY Boxshade. Conservation within the nucleotide sequence is indicated by
the degree of shading, Black = complete conservation, Grey = synonymous mutation and White =
non-synonymous mutations. Protein similarity is denoted using standard alignment methodology,
* = complete conservation, : = residues with a Gonnet PAM 250 score > 0.5, . = residues with
residues with a Gonnet PAM 250 score < 0.5 and a gap = no similarity. A hyphen (-) in the amino
acid sequence indicates a stop codon or missing data.
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2.4.2: Interspecies analysis

The evolutionary history of these genes was assessed using both Maximum Likelihood and
Neighbour-Joining methods and illustrated two differing topologies (Fig. 2.29). The
Maximum Likelihood methodology demonstrated the presence of four Glossina clades and

two outgroups containing Attacin sequences from other Dipteran species (Fig. 2.29A).

Two Glossina clades indicated a clear separation between complete and partial AttA/AttB
proteins within the Morsitans and Palpalis groups (Clades I. and 11.a). Interestingly the
AttA/AttB proteins identified within the Fusca group species G. brevipalpis form a distinct
sister clade (Clade Ill.a) to the other AttA/AttB proteins. The final Glossina clade illustrates
the divergence between AttD and the other attacin proteins (Clade IV.a). This suggests that
the evolution of attacin proteins follows the same evolutionary pathway as the Glossina

species.

The topology revealed by the Neighbour-Joining method (Fig. 2.29B) was in variance to the
Maximum-Likelihood method. Three distinct Glossina clades were observed, highlighting
the separation of complete and partial AttA/AttB proteins (Clades I.b and Il.b), while AttD
formed an identical sister clade (Clade Il1.b) to that exhibited by the Maximum-Likelihood
method (Fig. 2.29). Interestingly, the G. brevipalpis sister clade exhibited by the Maximum-
Likelihood tree (Clade Ill.a, Fig. 2.29A) forms a subclade of the primary complete AttA/AttB
protein clade (Clade I.b), although a single G. brevipalpis AttA protein does show

divergence from all other Glossina proteins (Fig. 2.29B).
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Figure 2.29: Evolutionary analyses were conducted in MEGAX (Kumar et al., 2018). A) The evolutionary history of the attacin gene family inferred by the Maximum
Likelihood method, using the WAG model (Whelan and Goldman, 2001), a discrete Gamma distribution was used to model evolutionary rate differences among sites (5
categories ([+G], parameter = 2.6171)). B) The evolutionary history of the attacin gene family as inferred by the Neighbour-Joining method (Saitou and Nei, 1987). The
optimal tree with the sum of branch length = 3.15867194 is shown. The evolutionary distances were computed using the Poisson correction method (Zuckerkandl and
Pauling, 1965). The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches
(Felsenstein, 1985). Both trees are drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. All
positions with less than 50% site coverage were eliminated. D. melanogaster, M. domestica and S. calcitrans were added as an outgroup. Branches coloured in green show
complete AttA and AttB proteins, those in orange show partial AttA and AttB proteins, while AttD is shown in blue.
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2.4.2i: Attacin Family Nucleotide Variation

There is a clear difference between each Attacin gene family based on the level of
nucleotide variation. Attacin-A shows a high level of conservation in the N-terminal while
the C-terminal shows considerably more variation (Fig. 2.30A). This is likely due to the
greater number of genes exhibiting the C-terminal as all but five of the predicted AttA genes
were missing the N-terminal. Variation within AttB was consistent throughout the gene,
whilst also indicating a greater degree of variation than AttA (Fig. 2.30B). This was
supported by the higher values of nucleotide variation observed in AttB in addition to the
greater number of mutations. In comparison, AttD contained fewer points of variation than
AttB, though nucleotide variation ( = ) was considerably higher throughout AttD than that
observed in AttA or AttB (Fig. 2.30C).
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Figure 2.30: Sliding window analysis of the predicted Attacin genes CDS within the Glossina spp. A)
Predicted AttA genes, contain both full and partial sequences. B) Predicted AttB, contain all five
predicted genes. C) All predicted AttD genes. Sliding window analysis was run in DnaSP (version 6),
window size = 3 and step size = 3. m was calculated as defined in equation 1. The red shade area
indicates the location of the AttA N-terminal domain, while the green area shows the C-terminal
domain.
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2.4.2ii: Pairwise Distance Principle Component Analysis

Principle component analysis was conducted on the pairwise distance (P) of all predicted
Glossina attacin genes, this illustrated the divergence between attacin genes by comparing
the proportion of amino acid difference between sequences. Principle components (PC) 1
and 2 were used in the analysis with Eigenvalues and percentage of variance equalling
0.185 and 79.169% (PC1) and 0.026 and 11.057% (PC2) (Fig. 2.31). This plot clearly supports
the observations made previously during the phylogenetic analysis (Fig. 2.29), whilst also
illustrating further the relationship between the predicted attacin genes. As with the
phylogenetic analysis the PCA plot indicates a clear separation of the predicted AttD genes
from the other attacin genes. As expected from the phylogenetic analysis and gene
alignments, AttA and AttB show a close conservation between the two genes, with partial
genes clustering slightly apart from the fully predicted genes. Additionally, the

diversification of the Fusca group species G. brevipalpis was illustrated further.
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Figure 2.31: Principle component analysis (PCA) plot of all predicted Attacin genes within the Glossina genus using the first and second principle
components (Eigenvalues: PC1 = 0.185 (79.169 % variance); PC2 = 0.026 (11.057 % variance). Pairwise distance estimations were conducted in MEGAX
(Kumar et al., 2018), using pairwise distance. All sites with less than 50 % coverage were eliminated. A distance matrix was produced in Microsoft Excel
and PCA analysis was conducted in PAST3 (Hammer et al., 2001). Individual predicted Attacin genes are shown by plots, species is denoted by shape: G.
austeni = X; G. brevipalpis = +; G. f. fuscipes = ®; G. m. morsitans = [J; G. pallidipes = O; G. palpalis gambiensis = <. Gene families are denoted by
colour. AttA = Red; AttB = Green; AttD = Blue.
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2.4.2iii: Three-dimensional structural analysis

The 3-D structure of each predicted full Attacin protein was predicted using the |-Tasser
online server. This revealed that all three predicated Attacin genes illustrated a highly
conserved concave tertiary structure, consisting primarily of coiled N- and C-terminals with
a series of anti-parallel B-sheets forming the majority of the structure (Fig. 2.32A). Of the
three predicted AttA structures, all followed the same overall structure with between six
and 11 anti-parallel B-sheets following a coiled N-terminal. Further to the differing number
of B-sheets, the only other point of variation was observed in the predicted G. pallidipes
AttA structure, which featured a single helix in the N-terminal between S14 and L17 (Fig.
2.32A).

The predicted structures of the four full AttB genes had a higher percentage of random coil
structures, making direct alignment more difficult (Fig. 2.32B); nevertheless, they maintain
a similar overall structure to that observed within AttA and AttD. The N-terminal appears
to consist of random coils with a single helix (similar to that observed in G. pallidipes AttB),
leading to either nine or 10 anti-parallel B-sheets comprising the majority of the concave
protein structure preceding a coiled C-terminal. Notably, the predicted G. brevipalpis AttB
structure does not exhibit the N-terminal helix, instead consisting purely of coiled

structures (Fig. 2.23B).

Despite the nucleotide and amino acid variation observed across the identified AttD genes,
their predicted structure exhibits a more rigid and conserved structure across all Glossina
species (Fig. 2.32C). A short, coiled N-terminal precedes a series of between nine and 11
anti-parallel B-sheets and another short, coiled C-terminal. The only major variation to this
structure was observed in G. pallidipes which exhibits a single helix between P132 and V134

(Fig. 2.320).

Both DALI Z-scores and PCA analysis support the observations made during the structural
alignments. Two main clusters of structural conservation were highlighted within the
samples (Fig. 2.33). Firstly, five of the six predicted AttD structures show a higher degree of
conservation with Z-scores ranging between 16.2 and 22. Secondly, a cluster consisting of
G. m. morsitans AttA, G. f. fuscipes AttB, G. pallidipes AttA and AttB, and G. austeni AttA
show higher levels of conservation between them (17.8 < Z > 19.2) (Fig. 2.33A).

Interestingly, three structures appear to show little to no similarity to the other attacin
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samples. While G. m. morsitans AttB, shows little similarity with any of the AttD cluster
samples (Z < 12.5), it also illustrates a surprising lack of similarity to other predicted AttA
or AttB structures (Z < 17.1). Similarly, G. f. fuscipes AttD indicated a similarity degree of
similarity to all other predicted structures, though this was relatively low (12.4 <Z > 16.1).
Finally, G. brevipalpis AttB showed almost no similarity to any other predicted structure

(Fig. 2.33A).

Principle component analysis illustrated a comparable distribution of samples (Fig. 2.33B).
Both the previously observed AttA/AttB cluster and AttD cluster are clearly visible. As
expected from the heatmap results (Fig. 2.33), G. m. morsitans AttB shows higher similarity
to the AttA/AttB cluster, while G. f. fuscipes AttD falls roughly between both of the clusters.
The PCA plot of G. brevipalpis AttB further indicates the lack of similarity between itself and

the other predicted Attacin structures (Fig. 2.33B).
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AttA AttB AttD

Figure 2.32: Structural alighment of complete predicted Glossina Attacin protein families A) AttA; B) AttB and C) AttD. PDB files where produced using I-TASSER server
(Yang and Zhang, 2015; Yang et al., 2015) and models visualized and aligned in PyMOL (The PyMOL Molecular Graphics System, Version 1.2r3pre). A) AttA protein structures
illustrate little alignment at the N-terminal due to the high concentration of random coils. However, the conserved concave structure is observable forming around the
anti-parallel B-sheets. B) The alignment of AttB structures shows dramatically less conservation, again due to this high concentration of coiled structures. However, the
series of anti-parallel B-sheets is clearly visible. C) The level of conservation within AttD structures was unexpected, however the rigid structure formed around the anti-
parallel B-sheets explains this high degree of conservation. All models exhibited low C-Scores (C < -1.8), model colour denotes the species of the predicted protein structure:
Red = G. pallidipes; Green = G. austeni; Purple = G. m. morsitans; Yellow = G. f. fuscipes; Cyan = G. p. gambiensis; Blue = G. brevipalpis.
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Figure 2.33: A) A heatmap comparing the conservation of Attacin protein structures across all
complete predicted Glossina Attacin genes. The heatmap was constructed suing DALI server (Holm,
2020). Colour represents the Z-value as estimated by DALI, higher Z-score and conservation are
shown by the deep red colouration, while low Z-scores and shown by the grey. B) Principle
component analysis (PCA) plot of predicted Attacin proteins within the Glossina genus using the
first and second principle components (Eigenvalues: PC1 = 186.36 (36.29 % variance); PC2 =127.268
(24.783 % variance). Z-values were calculated, and a matrix produced using DALI (Holm, 2020). PCA
analysis was conducted in PAST3 (Hammer et al., 2001). Individual predicted Attacin genes are show
by plots, species is denoted by shape: G. austeni = X; G. brevipalpis = +; G. f. fuscipes = ®; G. m.
morsitans = O0; G. pallidipes = O; G. p. gambiensis = <. Gene families are denoted by colour. AttA
= Red; AttB = Green and AttD = Blue.
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2.5: Defensin

Previously, no defensin (Def) genes had been annotated within any Glossina genomes.
Identification of Def genes within the Glossina genomes was achieved using a tBLASTn
search of the GenBank sequence AAL34112.1, published previously by Hao et al. (2001).
This identified a single predicted Def within each of the available Glossina genomes. These
predicted genes showed variation in gene structure will differing CDS sizes, and the number

of exons within each gene.

2.5.1: Glossina defensin identification

2.5.1i: Glossina morsitans morsitans

Surprisingly, defensin has not been annotated previously within the G. m. morsitans
genome. A tBLASTn search yielded a 100% amino acid match, with a 98.86% nucleotide
alignment, with a sequence within contig. CCAG010013027 (SuperContig.
Scf7180000644371) (Fig. 2.34). The result of this search places the defensin gene on the
forward strand of SuperContig scf7180000644371 between nucleotides 18,960 and 19,280.
The alignment suggests the gene contains a single exon with non-coding regions at the N
and C terminals, a single arthropod defensin domain was identified at the 5’ C-terminal by

Pfam (Fig. 2.34).
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Def
CCAG010013027.1>
Signal peptide
AF368907.1 1 GGECRCGAGGHER CAC LG - GAAAGTGAAGAT T TGARRATGARATTTTATTTAGTTTTGGCTITTICTTACACTATGTGC

fndng Nea i n Lo e u bR A Rt e R A I A CAG T CARCACTCAGCGTCGRAAAGTGAAGATTTGARAATGARR

AF368907.1 91 [ep

CCRGO10013027 82 [o

AF368907.1 121 ey “GRA A\AACGCGATAAAC STRAR AACA GAATGGGTT

CCRGO10013027172 |[cugiwXeleleleluwey ¥ bgde)V:y.\n ATARAAC AAC A\RCATTGGCGAATGGE

RF368907.1 271

CCRG010013027262 NN NsIcrv ) GCACRAATTAATAAGARATARGCAAAAATTGTGAACTAAGTAARACGTATARARA

AF368007.1 E{pNN" T TTAAAAGAAACGARGACTTGAATGTGGAACTTTTTATARAAGAARAAGT TTTCAATARATTTTCA

[ewsAcliBU R e e . T T T AR A A GARACGARGACTTGAATGTGGAACTTTTTATAARAGRARAGTTTTCAATARATTTTCATTAT TAACTA G

Figure 2.34: A) The linear map of CCAG010013027352 is also given, the location of the defensin
gene is shown by the green area. Coding regions are represented by the filled areas, while non-
coding regions are shown by the outlined sections. The position of the arthropod defensing domain
identified by Pfam is shown by the light green box. B) An alignment of the G. m. morsitans defensin
sequences produced by Hao et al. (2001) and the corresponding section of Contig.
CCAG010013027352, the amino acid translation of each sequence is given below the nucleotide
sequence. This shows a strong alighnment between the two sequences with three synonymous
nucleotide mutations being observed between them. Nucleotide conservation is denoted by the
degree of shading where black = complete conservation, grey = synonymous mutations and white
= non-synonymous mutations. Amino acid conservation is shown using standard alignment
denotation (* = a conserved residue, : = residues with a Gonnet PAM 250 score > 0.5 and . = residues
with residues with a Gonnet PAM 250 score < 0.5). [ indicates the start of the mature defensin
peptide as described by Hoa et al. (2001).
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2.5.1ii: Glossina austeni

The predicted Def gene, GAUT030101, showed a considerably longer CDS than that
observed within G. m. morsitans, with a CDS length of 942 base pairs over 4 exons. When
aligned to AF368907.1 a greater degree of variation was observed with 12 amino acid
substitutions within the identified arthropod defensin domain, an amino acid alignment
of 86.2 % (Fig. 2.35). This variation was observed within in the phylogenetic analysis (Fig.
2.41), where the GAUT030101 diverged from the other members of the Morsitans
group. An arthropod defensin domain was identified by Pfam in the C-terminal of gene
with an e-value of 1.3e-05 (Fig. 2.35), no other protein domains were identified within

the CDS.
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A)

JMRR01003512.1>

B)

AF368507.1 1
GRUTO30101

e

ATGACTGCCACTERAA A GACCGAGGOGATGT TARTGTCCATA A CCAR A GTTCACCGTTAGRCARA TATGAR AR TGARAAC TGO GCACTATE
M T AT E RR G D V NV HN & 8 P L D E Y ENIEN NWZERTM

RF368507.1 44
GRUT030101 91 TTCATGCTTGTGTTTACAGATATGATACTARCGGATTTTCATGTTCACACGATATGTTTCTACATTCTRAACGTTTGGCATATTGCRATAC
F M L VvV F T DpMvMmIoLTDF HY HTTIOCF Y ILTF G I L QY

AF368507.1 44
GRAUT030101 181 CGUTTCTACAGCGTATGTTGGTGTACCGTTCTCTTCCATGCGCTTATACCAATTATAGTCGTGATCGTCCTAATAGTCCACACCTGCTGE
R F ¥ 8 V¢ W TV L F H A L I P I I V VvV I ¥ L I V HT

c C

RF368507.1 44
GRUTO30101 271 GATGTCATTACCAACTTCCAGRACCTGRGTATARTARTCCCAATAATAGCACARATTGTAGCCGCCATTCCGCTAGTTGTATGTCGTTGS
D ¥V I ' " F O N L 8 I I I P I I A 0 I Vv A2 A I P L V V C R W

AF368507.1 44
GRUT030101 26l AATCGTTCGTGTGACGATCAAGCCTTGATGACTGGTATACATGCTCATTTCGGTCTTATAGTGGTTATARTTTATTGGTGCEACCCTAGTC
N R &8 ¢ DD Q AL M TG I H A HPF GG L I vV VvV I I ¥ WWTTUIL V

RF368507.1 44
GRUT030101 451 TTCTTARATARGGCGTCCCTTTGAAGCTTGCATGGTTACCATAGTCTATATGCTCTGTTTCCTGGCAGTGTTACTTACGCCRACAGTTTTAT
P P

F L T R R F E A C MV TTI YV ¥ ML ¢ F L AV L L T Q F ¥
AF368507.1 44 ArcEe
M K

GRUT030101 541 GGTGTCGCCARATCTTTCACTGANNAGENN R ACATTAARCCTACGATATCAT TGRAARGACTTTCGCGAACAAATT CRAATCACGACCGATT
G v A K S FTEJF U EKUMHNTITZ EKETZPTTI S L EETFT RTETGQTIQQSRUPE I
"

Signal peptide
BF3EB907.1 55 T T TR T TG TR
F ¥ L V L & F L T L C &
GRAUT030101 €31 ACCATACAGTCGCGATCGCAGTTGCAACAAATACAATCAACTGCATCARAAGCCRCACCHC AR cinn :
T I ¢ 8 R 8 ¢ L ¢ ¢ I Q 8 T A 8 KR A|ls R ¢ T 1L A F L T L F A
T

T e * &+

Signal peptide

RF368507.1

GRUT030101

RF368507.1

GRUT030101

AF368507.1

GRUT030101

AF368507.1 36l ATTTARARGRRACGRAGACTTGAATGTGGARCTTTTTATARRRGARARGTTTTCAATARATTTTCATTATTARCTATTA
GRAUT030101

Figure 2.35: A) A linear map of JMRR01003512 is also given, the location of GAUT030101 is
shown but the brown area. Coding regions are represented by the filled areas, while introns are
shown in the linear sections. The position of the arthropod defensing domain identified by Pfam
is shown by the light green box. B) An alignment of AF368907.1 CDS produced by Hao et al.
(2001) and GAUT030101, the amino acid translation of each sequence is given below the
nucleotide sequence. This shows a greater degree of variation between the predicted G. austeni
Def sequence and the identified G. m. morsitans sequence. Nucleotide conservation is denoted
by the degree of shading where black = complete conservation, grey = synonymous mutations
and white = non-synonymous mutations. Amino acid conservation is shown using standard
alignment denotation (* = a conserved residue, : = residues with a Gonnet PAM 250 score > 0.5
and . = residues with residues with a Gonnet PAM 250 score < 0.5). ¥ indicates the start of the
mature defensin peptide as described by Hoa et al. (2001).
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2.5.1iii: Glossina pallidipes

A tBLASTn search against the G. pallidipes genome indicted that the defensin protein
was coded for by GPAI019770 on the forward strand of Scaffold235. GPAI019770
contains a large CDS of 420 nucleotides over 4 exons, with the highest alignment to the
arthropod defensin domain on the third exon (Fig. 2.36A). However, a Pfam search of
the protein sequence of GPAI019770 yielded an insignificant match with arthropod
defensin domain (E = 0.0011). Closer evaluation of the Scaffold235 sequence around the
third exon yielded a complete arthropod defensin domain extending into the third
intron, between nucleotides 149,713-150,033 (Fig. 2.36C). This domain was found to
have a significant match (E = 2.8e%%). The lack of protein domains in the other three

exons indicates a mistake within the annotation of Scaffold235.

o —— ] .
B = ——1
JMRQO1002883.1>
GPATO19770 1 ATGCATTGCGGCETTGARCTGCTGTGGACATCTATC TGGAAGC TTTCGGCGATATCACAIN
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C)

Signal peptide

Scaffold235

[

TCRACTCAGCGTCGAALGTARAGATTTGALY
5 L 8 ¥V E 8 E D L

BF368507.1 1
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ok
Scaffold23s

RAF368507.1 1 (= ACARGE e GGADACY AGAGGAAGAC GRCTAC G2 SCCAAGTEACG

Scaffold23s

RAF368907.1

Scaffold235 NN AR A TAAGCARAAAT TGTGAACTA

E I 858 E N C E L

AF368507.1

Figure 2.36: A) A linear map of JMRR01003512 is also given, the location of GAUT030101 is
shown but the brown area. Coding regions are represented by the filled areas, while introns are
shown in the linear sections. The position of the arthropod defensing domain identified by Pfam
is shown by the light green box. B) An alignment of AF368907.1 CDS produced by Hao et al.
(2001) and GPAI019770, the amino acid translation of each sequence is given below the
nucleotide sequence. This shows a higher level of alighment between the third exon and
identified G. m. morsitans sequence. However, the final six residues of the Arthropod defensing
domain are no present within the GPAI019770 sequence. C) An alignment of AF368907.1 CDS
produced by Hao et al. (2001) and Scaffold235, the amino acid translation of each sequence is
given below the nucleotide sequence. This shows an almost identical alighnment for plate A,
though the last six residues are present. Nucleotide conservation is denoted by the degree of
shading where black = complete conservation, grey = synonymous mutations and white = non-
synonymous mutations. Amino acid conservation is shown using standard alignment denotation
(* = a conserved residue, : = residues with a Gonnet PAM 250 score > 0.5 and . = residues with
residues with Gonnet PAM 250 score < 0.5). ¥ indicates the start of the mature defensin peptide
as described by Hoa et al. (2001).
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2.5.1iv: Glossina fuscipes. fuscipes

The predicted Def gene within the G. f. fuscipes genome, GFUI031425, is located on the
reverse strand of Scaffold40, containing a CDS of 534 nucleotides over 4 exons. Pfam
identified an Arthropod defensin domain within the first exon of GFUI031425 (E = 7.5e"
06), though no other protein domains were identified in the sequence. This is supported
by the alignment of GFUI031425 to AF368907.1 which illustrates a conserved alignment

throughout the first exon, with just the stop codes aligning to the fourth exon (Fig. 2.37).

ey S
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Figure 2.37: A) A linear map of JFJR01001831 is also given, the location of GFUI031425 is shown
but the brown area. Coding regions are represented by the filled areas, while introns are shown
in the linear sections. The position of the arthropod defensing domain, identified by Pfam, is
shown by the light green box. B) An alignment of AF368907.1 CDS produced by Hao et al. (2001)
and GFUI031425, the amino acid translation of each sequence is given below the nucleotide
sequence. This illustrates the conservation of the Arthropod defensin within the first exon of
GFUI031425. Despite showing a relatively high level of nucleotide variation to the identified G.
m. morsitans sequence, the amino acid alignment shows a high level of conservation. Nucleotide
conservation is denoted by the degree of shading where black = complete conservation, grey =
synonymous mutations and white = non-synonymous mutations. Amino acid conservation is
shown using standard alighment denotation (* = a conserved residue, : = residues with a Gonnet
PAM 250 score > 0.5 and . = residues with residues with Gonnet PAM 250 score < 0.5). ¥
indicates the start of the mature defensin peptide as described by Hoa et al. (2001).
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2.5.1v: Glossina palpalis gambiensis

Of the predicted defensin genes, GPPI029745, shows the highest structural similarity to
that observed within the G. m. morsitans genome. A single exon with CDS length of 264
nucleotides, codes for an arthropod defensin domain (E = 2.1e), found on the reverse
strand of Scaffold228 between nucleotides 261,990 and 262,253. When aligned to
AF368907.1, GPP1029745 shows a lower level of amino acid conservation than observed
within the other Glossina Def genes (82.76%), though this is likely due to the

evolutionary separation of G. palpalis gambiensis and G. m. morsitans (Fig. 2.38).
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Figure 2.38: A) A linear map of JXJIN01014089 is also given, the location of GPPI029745 is shown
but the brown area. Coding regions are represented by the filled areas, while introns are shown
in the linear sections. The position of the arthropod defensing domain, identified by Pfam, is
shown by the light green box. B) An alignment of AF368907.1 CDS produced by Hao et al. (2001)
and GPPI029745, the amino acid translation of each sequence is given below the nucleotide
sequence. This illustrates the variation between the two defensin genes while maintaining the
Arthropod defensin domain. Nucleotide conservation is denoted by the degree of shading where
black = complete conservation, grey = synonymous mutations and white = non-synonymous
mutations. Amino acid conservation is shown using standard alignment denotation (* = a
conserved residue, : = residues with a Gonnet PAM 250 score > 0.5 and . = residues with residues
with Gonnet PAM 250 score < 0.5). ¥ indicates the start of the mature defensin peptide as
described by Hoa et al. (2001).
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2.5.1vi: Glossina brevipalpis

The predicted Def gene in G. brevipalpis, GBRIO00865, is located on the forward strand
of Scaffold0 between nucleotides 2,773,250 and 2,776,202 and consists of 2 exons.
GBRIO00865 demonstrated the largest degree of variation to AF368907.1 with a 64.37%
amino acid match, though the C-terminal shows a greater degree of conservation (Fig.
2.39). Pfam identified an Arthropod defensin domain at the C-terminal of GBRIO00865,
with a significant E value of 4.1e™% (Fig. 2.39).
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Figure 2.39: A) A linear map of JFJS01000027.1 is also given, the location of GBRIO00865is shown
but the brown area. Coding regions are represented by the filled areas, while introns are shown
in the linear sections. The position of the arthropod defensin domain, identified by Pfam, is
shown by the light green box. B) An alignment of AF368907.1 CDS produced by Hao et al. (2001)
and GBRIO00865, the amino acid translation of each sequence is given below the nucleotide
sequence. The variation between the N-terminal is apparent while conservation within C-
terminal indicates the presence of an Arthropod defensin domain. Nucleotide conservation is
denoted by the degree of shading where black = complete conservation, grey = synonymous
mutations and white = non-synonymous mutations. Amino acid conservation is shown using
standard alignment denotation (* = a conserved residue, : = residues with a Gonnet PAM 250
score > 0.5 and . = residues with residues with a Gonnet PAM 250 score < 0.5). ¥ indicates the
start of the mature defensin peptide as described by Hoa et al. (2001).
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2.5.2: Interspecies variation

Phylogenetic analysis of these genes illustrated that the predicted Def proteins broadly
follow the same evolutionary pathway to the Glossina genus as established by Dyer et
al. (2008) (Fig. 2.40). The Maximume-Likelihood phylogeny indicated that, while the
Morsitans and Fusca groups formed two clear clades (Clades l.a and 1V.a), the Palpalis
group formed two distinct clades (Clades Il.a and Ill.a) showing a clear divergence
between G. f. fuscipes and G. palpalis gambiensis (Fig. 2.40A). However, this was not
strongly supported by bootstrap values, with only two nodes being strongly supported
(<75 %) (Fig. 2.40A). The Neighbour-Joining method did not support the separation of
Palpalis group species, illustrating that the Morsitans (Clade I.b), Palpalis (Clade I1.b) and
Fusca (Clade I11.b) groups all formed specific clades (Fig. 2.40B). Interestingly this was
supported by strong bootstrap values (>80 %), though taxa within the Morsitans group

exhibited low bootstrap support.
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Figure 2.40: Evolutionary analyses were conducted in MEGAX (Kumar et al., 2018). A) The evolutionary history of defensin inferred using the Maximum
Likelihood method using the Dayhoff model (Kimura, 1980) and Discrete Gamma distribution (5 categories (+G, parameter = 2.3590)). The tree with the
highest log likelihood (-937.73) is shown. B) The evolutionary history of defensin inferred using the Neighbour-Joining method (Saitou and Nei, 1987),
the optimal tree is shown, the evolutionary distances were computed using the Poisson correction method (Zuckerkandl and Pauling, 1965). The
percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches
(Felsenstein, 1985). Both trees are drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the
phylogenetic tree. All positions with less than 95% site coverage were eliminated. Sequences for Glossina species were taken from the VectorBase

genomes, G. swynertonni defensin sequence was produced by PCR independently. Sequences from D. melanogaster, M. domestica and S. calcitrans
were added as an outgroup.
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2.5.2i: Defensin nucleotide variation

The conserved nature of insect Def is clearly illustrated within the predicted Glossina
defensin genes (Fig. 2.41). Nucleotide variation within the Glossina genus was found to
be higher throughout the signal domain and pre-peptide regions preceding the mature
Def region (Fig. 2.41A). Amino acid variation between the Morsitans, Palpalis and Fusca
groups is apparent (Fig. 2.41B), the Fusca group species, G. brevipalpis, demonstrated
the greatest degree of variation, exhibiting five species specific variants within the
mature Def region (N58S, A66G, K71M, S72G, and T86K). The Palpalis group exhibited
two unique variations at amino acids S70A and N87S, though interestingly both of the
Palpalis group species and the Morsitans groups species G. austeni exhibited the same

V63A variation (Fig. 2.41B).
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Figure 2.41: A) Sliding window analysis illustrating nucleotide variation within the predicted
Glossina Def genes. Run in DnaSP (version 6), window size = 3 and step size =3, = was calculated
as defined in equation 1. The mature defensin domain is highlighted demonstrating the lower
level of nucleotide variation with this region. B) An amino acid alignment of the predicted
Glossina Def genes. A ClustalW alignment of the translated Def sequences was produced in
MUSCLE (Madeira et al., 2019). The signaling peptide is highlighted, while ¥ indicates the start
of the mature Def peptide. * = conservation of an amino acid across the alignment. : =
conservation of amino acids with similar properties (Gonnet PAM 250 matrix > 0.5), . =
conservation of amino acids with a Gonnet PAM 250 matrix < 0.5, while a space shows no
conservation between residues.
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2.5.2ii: Pairwise Distance Principle Component Analysis

As with the predicted Attacin genes, P-distance PCA was conducted between all
predicted Def genes. This illustrated further the variation between the three Glossina
groups with the Morsitans group species clustering around (-0.08,0.075) apart from the
Palpalis group at (-0.07,-0105) and the Fusca group species, G. brevipalpis, showing a
large degree of variation and separation at (0.37,0.002) (Fig. 2.42). This supports the
structure of the observed phylogeny in Figure 2.34. The first and second PCs were used
in the analysis with PC1 exhibiting an Eigenvalue of 0.0327 and 75.345 % of the variance,
PC2 had an Eigenvalue of 0.00813 and a percentage variance of 18.72 %.

Morsitans group

0.004 +
Fusca group

Palpalis group

Figure 2.42: Principle component analysis (PCA) plot of all predicted defensin genes within the
Glossina genus using the first and second principle components (Eigenvalues: PC1 = 0.0327
(75.345 % variance); PC2 = 0.0327 (18.72 % variance). Pairwise distance estimations were
conducted in MEGA7 (Kumar et al., 2016), using pairwise distance calculated by equation 2. All
sites with less than 50 % coverage were eliminated. A distance matrix was produced in Microsoft
Excel and PCA analysis was conducted in PAST3 (Hammer et al., 2001). Individual predicted
Attacin genes are show by plots, species is denoted by shape: G. austeni = X; G. brevipalpis = +;
G. f. fuscipes = ®; G. m. morsitans = J; G. pallidipes = O; G. palpalis gambiensis = .
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2.5.2iii: Defensin Three-dimensional Structural Analysis

Prediction of the defensin 3-D protein structures indicated an unexpected structural
variation. All structures exhibited different N-terminal regions, each indicating either a
combination of coils and a-helix or purely coiled structures (Fig. 2.43). The C-terminals
exhibited a similar level of variation with just two predicted structures (G. m. morsitans
and G. palpalis gambiensis) showing the expected a-helix and an antiparallel B-sheet
complex that is characteristic of insect defensins. All other species had a helical structure
at the C-terminal, though none indicated a B-sheet, instead displaying two anti-parallel
coiled structures (Fig. 2.43). These helices differed considerably in size with G. pallidipes
exhibiting a short five residue helix between codons V65 and S70, and G. austeni

illustrating a ten-residue helix (E61 — K71) (Fig. 2.43).

Statistical similarity analysis, using DALI and PCA, gave conflicting results. A heatmap,
produced by DALI, indicated a degree of similarity between G. m. morsitans and G. f.
fuscipes, as well as G. austeni and G. brevipalpis. However, this was not strongly
supported with Z-scores of 2.8 and 2.1 respectively (Fig. 2.44A). There was no indication
of similarity between any other structures (Z = 0.1). Interestingly, while PCA analysis did
indicate similarities between G. m. morsitans and G. f. fuscipes (Fig. 2.44B; X =-10, Y =
11), it indicated no similarity between G. austeni and G. brevipalpis. Rather, similarity
was detected between G. pallidipes and G. palpalis gambiensis (Fig. 2.44C; (X=-4,Y = -
12.5).
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G. austeni G. pallidipes

G. brevipalpis

G. fuscipes fuscipes G. palpalis gambiensis

Figure 2.43: Structural prediction of Def proteins structures produced using I-TASSER server (Yang and Zhang, 2015; Yang et al., 2015), the produced
PDB files were visualised in PyMOL (The PyMOL Molecular Graphics System, Version 1.2r3pre). Secondary structures are represented by colour, coils
are shown in green, helicases in red and B-sheet in yellow, all models exhibited low C-Scores (C < -2.4), indicating that the models show little similarity

to the templates.
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Figure 2.44: A) A heatmap comparing the conservation of Def protein structures across all
complete predicted Glossina Def genes. The heatmap was constructed suing DALI server (Holm,
2020). Colour represents the Z-value as estimated by DALI, higher Z-score and conservation are
shown by the deep red colouration, while low Z-scores and shown by the grey. B) Principle
component analysis (PCA) plot of predicted Def proteins within the Glossina genus using the first
and second principle components (Eigenvalues: PC1 = 151.469 (27.022 % variance); PC2 =
119.737 (21.361 % variance). Z-values were calculated, and a matrix produced using DALI (Holm,
2020). PCA analysis was conducted in PAST3 (Hammer et al., 2001). Individual predicted Attacin
genes are show by plots, species is denoted by shape: G. austeni = X; G. brevipalpis = +; G. f.
fuscipes = ®; G. m. morsitans = [I; G. pallidipes = O; G. palpalis gambiensis = .
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2.6: Discussion

An extensive understanding of immune genes within vector genera are vital to
establishing a comprehensive understanding of parasite-host interactions. The
successful identification of 24 novel attacin orthologues, in addition to the four
identified previously by Trappeniers et al. (2008), supports the previously published
results of Wang et al. (2008) and Trappeniers et al. (2019). Each of these orthologues
was identified within a recognisable attacin cluster as described previously (Wang et al.,
2008). Furthermore, a single novel defensin gene was identified within each of the six

Glossina species examined.

Phylogenetic analysis of the attacin gene family inferred that the overall evolutionary
history of both the attacin and defensin genes followed the species diversification of the
Glossina genus as specified by Dyer et al., (2008). Furthermore, the observed
evolutionary divergence between AttA/B and AttD supports the theory that the
expression of AttD is regulated by alternative stimuli and that the protein may be
functionally different to AttA and AttB (Hedengren et al., 2000; Wang et al., 2008). Wang
et al. (2008) commented further that there was a considerable difference in
transcription levels between AttA/B and AttD, with AttA and AttB being considerably
more abundant. This imbalance in transcription may be explained by the presence of
three AttA homologues within the genome enabling rapid expression of the gene.
However, this is not the case for AttB and therefore this variation is likely a consequence
of differing signalling pathways and stimuli as implied by the absence of pre- and pro-

peptide domains (Hedengren et al., 2000; Wang et al., 2008; Trappeniers et al., 2019).

The presence of a clade containing partial genes is to be expected given the differences
in sequence length and coding domains between complete and partial attacin genes
(Yue et al., 2009). This was almost solely the result of gaps in the Scaffold sequence,
between sequenced contigs, which made identification considerably more difficult.
However, two factors indicate these genes are expressed. Firstly, each partial gene
exhibited a clear, partial attacin C-terminal domain (E < 4.3e°), there is no evidence
within the literature to suggest that any of the attacin paralogues are expressed as single
C-terminal domains. Secondly, the high level of amino acid conservation between genes

suggests that these genes are still expressed within in response to immune stimuli
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(Dushay et al., 2000). Therefore, it must be concluded that the N-terminal domain is

located within the missing sequence data.

Unexpectedly, an additional partial attacin sequences was identified within both G. f.
fuscipes and G. brevipalpis. The location of each of these partial genes suggests that they
are not part of the primary cluster structure; while the increased nucleotide variation
suggests that these represent pseudogenes. While the presence of pseudo-immune
genes is not well documented, a cecropin pseudogene has been identified within the
Drosophila genome (Imler and Bulet, 2005). The origin of this pseudogene remains
undetermined, but may be due to evolutionary silencing of Attacin-C. Despite AttC being
observed within the Drosophila genome (Hedengren et al., 2000), it is notably absent
from the Glossina genome. The sequence identified within the G. brevipalpis contig
JFJS01007046 shows no evidence of either a start codon or a N-terminal - possibly a
result of recombination or a frame shift in the region (Harrison et al., 2003).
Unfortunately, the sequence identified on G. f. fuscipes contig. JFJR01000137 is located
downstream of a contig. break, with no way to confirm either the presence or absence
of the N-terminal. Nevertheless, the high degree of genetic variation within the available
sequence data suggests that this sequence is not expressed as an attacin within the G.

f. fuscipes genome.

As expected, both nucleotide and amino acid variation between AttA and AttB
homologues were considerably lower than the AttD homologues (Lazzaro and Clark,
2001; Wang et al., 2008). Though the degree of conservation within the AttA genes was
unexpected given the high variation exhibited within other insect genera (Gunne et al.,
1990; Bulet et al., 1999). Variation within attacin gene isoforms differs, with AttA and
AttB demonstrating a small degree of variation, while AttD shows a far greater degree

of variation.

This interspecies conservation between AttA paralogous is likely to result from the
duplication of a single attacin cluster, although the process behind this duplication
remains undetermined. Wang et al., (2008) hypothesised that cluster 2 was the result
of mariner transposition, having identified a mariner transposase gene ~200 bp down
stream of cluster 2. Alternative this conservation could be the result concerted evolution

within the Glossina AttA gene. Concerted evolution results in a lower level of
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intraspecies variation within a gene family, compared to interspecies variation of the
same gene family (Liao, 1999). Therefore, the reduced interspecies variation within the
AttA gene sequences could result from the large number of highly conserved sequence
within each species. Furthermore, this high level of conservation could result from the
process of coevolution, and the ongoing arms race between Glossina sp. and
Trypanosoma sp. Given the refractory nature of Glossina to trypanosomal infection is it
likely that AMPs involved in the elimination of the parasite are subject to high levels of
purifying selection to maintain effectivity against pathogens. This in turn, supports the
previous hypothesis that the increased variation within AttD is a consequence of
differing stimuli and targets requiring a greater degree of genetic variation (Anderson

and May, 1982; Hedengren et al., 2000; Wang et al., 2008; Feeney et al., 2012).

Attacin paralogues all illustrated the same concave structure to that produced using
AlphaFold V2 (Jumper et al., 2021). However, though a relatively high degree of
conservation was observed within each Attacin family, none of them was supported by
significant C-scores or TM values (Zhang and Skolnick, 2005; Yang and Zhang, 2015). All
previous literature has described Attacin as forming random coils, allowing for an
increase in nucleotide diversity without compromising the functionality (Gunne et al.,
1990; Bulet et al., 1999). Furthermore, studies into related Glycine-rich immune gene
domains, such as that observed in diptericin, indicate a similar random structure (Cudic
et al., 1999); while a previous study into the structural-functional relationship of
immune genes indicated that B-sheets were generally stabilised by one or two
disulphide bonds, which were absent from the predicted attacin structure (Hwang and

Vogel, 1998).

As the exact mode of action of attacin is yet to be determined, this structure could offer
an insight. Bulet et al. (1999), suggested that attacins utilise a similar mode of action to
gloverin, increasing permeability by inhibiting protein synthesis. Under this
presumption, attacins must be able to cross the cell membrane without causing terminal
disruption, and therefore may exhibited similar structural characteristics to Cell-
Penetrating Peptides (CPPs) (Nicolas, 2009; Torrent et al., 2012). Interestingly, the
structural flexibility of the CPP Penetratin has been well documented, varying between
an unfolded coil to B-sheet in the presence of negatively charged phospholipids

(Magzoub et al., 2001, 2002; Su et al., 2008; Eiriksdottir et al., 2010). Consequently, this
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could explain the contrasting descriptions of attacin protein structure as random coil

(Gunne et al., 1990) and B-sheet.

The observation that predicted Def genes followed a similar evolution pathway to
speciation events of the Glossina is supported strongly by the PCA results, illustrating
the separation of the Morsitans, Palpalis and Fusca groups. However, the low range of
PCvalues (PC1range =0.46; PC2 range = 0.2) indicates a high level of conservation within
the genes. A high level of conservation within the defensin gene family has been
described previously in several Insecta species (Varkey et al., 2006; Altincicek and

Vilcinskas, 2007; Wiesner and Vilcinskas, 2010).

While the overall structure of the predicted genes varied between species, with the
exception of G. brevipalpis, all predicted defensin genes illustrated a single exon
sequence containing the signalling peptide domain and mature protein region. The
structure of dipteran defensin genes is poorly described in the literature, however,
similarities between the Drosophila defensin and the predicted G. m. morsitans and G.
p. gambiensis orthologues suggest that a single exon gene, encoding a 87 - 92 residue
protein is the most likely structure of the defensin genes (Dimarcq et al., 1994). The
presence of a single gene, rather than a gene family of tandem repeats, suggests that
the defensin gene is maintained though high though Darwinian evolution, minimising
deleterious polymorphism and promoting advantages variations though natural
selection (Sackton et al., 2007). As with all AMPs this selective pressure could be driven

by the ongoing coevolution of pathogens and hosts (Anderson and May, 1982).

Given the widespread conservation of the Def protein across arthropod families, a high
level of conservation was expected within the Glossina genus (Bonmatin et al., 19923;
Bonmatin et al., 1992b; Cornet et al., 1995; Yi et al., 2014). The Def structure can be
characterised by the presence of an a-helix and anti-parallel B-sheet C-terminal,
stabilised by three disulphide bonds (Hwang and Vogel, 1998). While structure was
observed in both G. m. morsitans and G. p. gambiensis predicted Def protein structures,
it was absent in all other species, the C-terminal a-helix was exhibited by all species
though the subsequent anti-parallel B-sheets were absent. Rather intriguingly, the initial
predicted structure of G. austeni Def exhibited these anti-parallel B-sheets, those

visualisation within PyMOL suggested that they were absent. This is likely a result of
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borderline values in the processing of the PDB file, though confidence in these
predictions is not high, as all exhibited low C-scores and TM-values (Zhang and Skolnick,
2005; Yang and Zhang, 2015). The absence of this critical structure was surprising given
the observed amino acid conservation at within the Def transcripts. Given the
thoroughly documented conservation of Def protein structure (Bonmatin et al., 1992a;
Bonmatin et al., 1992b; Cornet et al., 1995; Yi et al., 2014), it is unlikely that this is a true
representation of the Def protein structure within G. pallidipes, G. austeni, G. f. fuscipes
and G. brevipalpis. While experimental data, such as protein crystallisation, would have

yielded results that are more accurate this was not feasible in the period of this study.

2.7: Conclusion

While considerable further research is required to understand fully the evolution and
relationship of AMPs within the Glossina genus, this chapter lays the essential

foundations for future genomic and evolutionary analysis.

The aim of this chapter was to identify and characterise the attacin clusters and the
defensin genes within the available Glossina spp, and to investigate the evolutionary
history and interspecies variation of these two important AMPs. From the observations
above it is possible to confirm the presence of the Glossina attacin cluster in all six
species examined. A single defensin gene was identified within each of the Glossina
species, showing a strong affinity to the established speciation of the Glossina genus,

with high levels of conservation between gene.

The origins of the attacin cluster remains uncertain and requires further research,
however, intraspecies variation and population genetic analysis may offer a further
indication into the origins of the gene cluster. Unlike, the observed attacin gene cluster,
the presence of a single defensin gene suggests that the gene in under high levels of
selective pressure driven by the ongoing arms race between parasite and vector. Both

of these concepts are explored in further detail in chapters 3 and 4.
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3: Molecular variation of Attacin-A and Defensin, in relation
to trypanosome infection and symbionts within a wild

Glossina morsitans morsitans population.

3.1: Introduction

Tsetse flies (Glossina) have an innate refractory nature to African trypanosomes. While
this phenomenon is still not fully understood, it likely results from a combination of
genotypic and phenotypic characteristics, as well as the relationship with symbiotic
bacteria within the tsetse fly (Akoda et al., 2009) (see Chapter 1 for more detail).
Arguably, the most crucial aspect of this refectory nature is the stimulation of the TLR
and IMD pathways and the resultant expression of antimicrobial peptides (AMPs)
(Caljon et al., 2014). This immune response is a vital aspect of the tsetse haematophagic
lifestyle, and has likely evolved to counter the increased microbial populations ingested
during a blood meal (Mosser and Edelson, 1984; Qoi et al., 2015). In addition to
controlling ingested microorganisms, the IMD and TLR pathways also maintain
endosymbiont populations within the flies (Wang et al., 2009). This endosymbiosis plays
a fundamental role in the life cycle and development of the tsetse fly and helps to
establish the refractory response to trypanosome infection (Symula et al., 2011; Weiss
etal.,2012; Sassera et al., 2013). However, studies into the population and evolutionary
history of AMPs and endosymbionts within the Glossina genus are severely lacking, with
previous studies of the population dynamics and evolution of the broader Glossina

genus focusing primarily on the mitochondrial genome (Leak, 1999).

When considering the evolutionary history of the Glossina immune system, the concept
of pathogen/parasite-host coevolution must be considered (Anderson and May, 1982).
This concept suggests that the close association between parasites and their host is a
major driving factor in the evolution of both organisms (Anderson and May, 1982;
Feeney et al., 2012). Under this concept, the immune genes responsible for the
supression of pathogen populations would be subject to high levels of selective

pressures to maintain the advantage when combating infection (Niaré et al., 2002;
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Jiggins and Hurst, 2003; Lehmann et al., 2009). However, the realities of host immune

evolution are considerably more complex.

The evolution of dipteran immune genes has been thoroughly investigated within the
Drosophila genera and, to a lesser extent, the Culicidae family (mosquitoes). Within the
Drosophila genera, several studies have investigated the presence and impact of
selective pressure on immune genes (Date et al, 1998; Lazzaro and Clark, 2001; Jiggins
and Hurst, 2003; Lazzaro and Clark, 2003; Chapman et al., 2019 and Hill et al., 2019).
Four AMP families: attacins, defensins, cecropins and diptericins, have been extensively
studied with relatively high levels of synonymous variation having been detected in all
(Date et al, 1998; Lazzaro and Clark, 2001; Jiggins and Hurst, 2003; Lazzaro and Clark,
2003). Interestingly, two of these studies formed similar conclusions, specifically that it
is unlikely the Drosophila immune system is driven solely by the basis of pathogen-host
coevolution (Jiggins and Hurst, 2003; Lazzaro and Clark, 2003). This was supported
further by the later findings of Hill et al. (2019), who noted that evolution of immune
genes within dipteran species is likely strongly influenced by the specific pathogens

faced and the make up of the species immune system.

Studies into the evolution of Culicidae immunity focus primarily on the malarial
mosquito Anopheles gambiae and the yellow fever mosquito Aedes aegypti (Niaré et al.,
2002; Little and Cobbe, 2005; Lehmann et al., 2009). Early studies into the coevolution
of An. gambiae and the malarial parasite Plasmodium falciparum, found a high level of
neutral alleles responsible for resistance within the An. gambiae genome (Niaré et al.,
2002). While a later study of both An. gambiae and Ae. aegypti by Little and Cobbe
(2005), indicated the presence of purifying selection among the receptor gene
Peptidoglycan Recognition Protein-LB (PGRPLB), while the high levels polymorphisms
observed within the Thioester-containing protein 3 (TEP3) gene suggested effector
genes are likely submitted to repeated periods of positive selection (Little and Cobbe,
2005). However, while a higher degree of selective pressure was observed within the
Culicidae, it does not appear that coevolution, driven solely by parasite interactions, is

entirely responsible for this selective pressure (Lehmann et al., 2009).

The direct arms-race between pathogens and hosts is often the primary focus of

evolutionary studies, however, an equally important but often overlooked aspect is the
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interaction between pathogens and hosts at a population level. The importance of
understanding population level interactions between hosts and pathogens was briefly
alluded to by Hill et al. (2019), who stated that the rapid evolution of immunes genes

may vary between species depending on the pathogens encountered.

Interspecies molecular population genetics studies of insect immune genes have been
undertaken previously, a comprehensive study of the population genetics of Drosophila
viral resistance locus ref(2)P, illustrated that the site was highly polymorphic, thus
deviating from neutrality and under selective pressure (Wayne et al., 1996).
Interestingly, a higher evolutionary rate was detected within the rhabdovirus sigma virus
susceptible D. melanogaster lineage compared to the non-susceptible D. simulans
lineage (Wayne et al., 1996). While the study conducted by Wayne et al. (1996) utilised
lab raised fly lineages, wild populations have also exhibited high rates of polymorphisms
and selective sweeps at the ref(2)P locus suggesting ongoing co-evolutionary
interactions between the host and pathogens (Juneja and Lazzaro, 2009). However,
whether intraspecies evolution differs as a result of specific pathogen interactions

remains to be seen.

Population level variation within the dipteran immune system was further observed in
the AMPs cecropin, andropin and diptericin (Clark and Wang, 1997). It was observed
that while the AMPs pedominately rejected neutrality in favour of balancing selection,
their interpopulation and interspecies variation differed considerably. This was clearly
illustrated in the difference between cecropin-B (cecB) and andropin; cecB exhibited
significant differences between populations, however a low degree of interspecies
divergence was detected despite a high level of polymorphisms (Clark and Wang, 1997).
Andropin on the other hand, showed no significant heterogeneity between populations
despite indicating a clear interspecies divergence (Clark and Wang, 1997). This supports
the observation that the evolution of AMPs is closely associated with, but not exclusively
driven by, the direct interaction of specific pathogens within a subpopulation (Gandon,

2002; Hill et al., 2019).

While the importance of a population level approach to understanding dipteran immune
evolution has been stated on several occasions (Travis, 1993; Clark and Wang, 1997),

there is little detailed literature regarding parasite-host interactions at a molecular
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population level. Studies of spatial patterns of subpopulations and coevolution suggest
that sympatric subpopulations are likely to be more compatible than allopatric
populations (Gandon, 2002; Woolhouse et al., 2002). However, in reality local adaption
and maladaptation have been observed in the interaction of An. gambiae and P.
falciparum, where two resistant markers were observed to be more effective against

either sympatric or allopatric infections (Niaré et al., 2002; Juneja and Lazzaro, 2009).

Symbiont diversity, at both a molecular and population level, has been studied in several
arthropod genera, most extensively in aphids and their symbionts Buchnera and
Acyrthosiphon (Funk et al., 2001; Abbot and Moran, 2002; Tsuchida et al., 2002;
Swanevelder et al.,, 2010). Nonetheless, several studies have also been conducted
examining the symbiosis between Glossina and the bacteria genera Wigglesworthia and
Sodalis (Aksoy, 1995; Aksoy et al., 1997; Geiger et al., 2006; Symula et al., 2011; Rio et
al., 2012). The evolution of symbiotic bacteria is hypothesised to follow co-speciation
with the host, and indeed this has been observed between Glossina and Wigglesworthia
(Aksoy et al., 1997; Symula et al., 2011), though the recent evolutionary history of

symbionts remains unclear.

Genetic diversity within the mitochondrial genome of both American aphid populations
and their primary symbiont, Buchnera, was generally found to be low, suggesting a high
level of gene flow between aphid populations (Abbot and Moran, 2002; Swanevelder et
al., 2010). It is interesting to note however, that the ant symbiont Blochmannia
floridanus illustrated elevated levels of genetic variation within non-coding regions
indicating a deletion bias within the genome to reduce the genome size of the symbiont
(Gomez-Valero et al., 2008). Nucleotide diversity within the Wigglesworthia glossinidia
fuscipes mitochondrial genome was observed to be approximately three times lower
than that of the G. f. fuscipes, suggesting that the symbiont is evolving slower than the
host (Symula et al., 2011). At a population level, Symula et al. (2011) observed further
that W. g. fuscipes population clearly diverged into two gene lineages corresponding
with northern and southern populations. To date however, this phenomenon has not

been observed in the W. glossinidia strains of any other Glossina spp.
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3.1.1: Aims and Objectives

As detailed above, several studies offer an insight into the evolution of dipteran immune
genes, however, there remains a complete absence of literature regarding the evolution
of immune genes within the Glossina genus. This chapter aims to address this by
undertaking an indepth analysis of two important AMPs, Attacin-A (AttA) and Defensin
(Def). Specifically this chapter aims to address objective 3 (see chapter 1, section 1.6):
To evaluate the intra-species variation of AttA and Def in association to symbiont and

trypanosome infection within a wild tsetse population.

Despite the low level of variation detected in Attacin-A (see chapter 2) it was selected
for this study for three reasons: firstly, the highly elevated expression of AttA in both
the midgut and fatty tissues of the tsetse during trypanosome infection indicates that
the protein is vital to the immune response to parasite infection. Secondly, the presence
of three AttA homologues within the Glossina genome (see chapter 2) suggests the
importance of AttA and facilitates the high level of expression. Thirdly, while a low level
of interspecies variation was observed between Glossina AttA orthologues, genetic
variation, and the influence of selective pressure at population level remain

uninvestigated.

The genetic variation of immune genes within wild tsetse populations was assessed
using gDNA extracted from three G. m. morsitans subpopulations from Northern
Zimbabwe. The evolutionary relationship of these sequences was measured using
standard phylogenetic practices, and allele diversity was assessed using haplotypic
analysis. Having established the extent of allele diversity, each set of sequences was
screened for synonymous and nonsynonymous sites to illustrate the intraspecies
nucleotide variation. Recent evolutionary history was estimated using popualtion
genetics, while gene flow was measured between the subpopulations and test of

neutrality and demographic change were also conducted.

In order to produce a comprehensive study into the evolutionary history and population
dynamics of a wild G. m. morsitans population of both the mitrochondrial and nuclear
genomes was assessed. Cytochrome Oxygenase 1 (COl/) was employed in this study as a

mitrochondrial comparator for the nucleotide genes, AttA and Def. Furthermore, the
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primarily neutral evolution of CO/ would highlight any divergence from neutrality by the

nuclear genes.

Genetic variation within the W. g. morsitans endosymbiont population and the
association of specific tsetse and W. glossinidia haplotypes was assessed. Haplotype
analysis illustrated the allele diversity within the W. g. morsitans population, while gene
flow and tests for neutrality illustrated the relationship between symbiont and host. The
association of G. m. morsitans and W. g. morsitans genetic variation was assessed by
comparing the exhibited haplotypes of W. g. morsitans 165 rRNA gene and specific AttA
and Def haplotypes.

Finally, the relationship between genetic variation and trypanosome infection was also
assessed. The presence of Trypanosoma spp. within the G. m. morsitans samples was
established using PCR, the association to genetic variation was assessed by simply
observing the percentage of infected and uninfected samples within each immune gene
and W. g. morsitans 16S haplotype. Finally, the relationship between immune gene
variation, W. g. morsitans 16S variation and infection was assessed to establish any

association between the three aspects of the triplet.
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3.2: Materials and Methods

3.2.1: Tsetse samples collection

The 63 G. m. morsitans specimens used in this study were provided by Prof. Stephen
Torr from the Liverpool School of Tropical Medicine, United Kingdom. These had been
collected from three trapping sites in North-Eastern Zimbabwe during May 2015. These
sites are the Rekomitjie Research Station on the banks of the Ruckomeshi River
(16°08’19” S, 29°24’03"” E) (n=20), the Nykasanga area of the Hurungwe Safari Area
(16°09°05” S, 29°06’48” E) (n=14) and the village of Makuti (16°18’51” S, 29°15’03” E)
(n=29).

A
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Zimbabwe

Botswana
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iagery © Terrametrics, Map dat: Google ©2015

Figure 3.1: A map of Zimbabwe. The red shared area shows the location of the collection sites in
Northern Zimbabwe. The insert shows a detailed mapped of the collection sites showing location
and distance between each site (Km). N = Nykasanga, R = Rekomitjie, M = Makuti. Both maps
were generated using Google maps online software.

Collection had been undertaken using three types of traps: Epsilon (an insecticide
treated, odour trap), vehicle electric trap (VET) and Fly-round (both traps use a moving
target to attract flies, VET traps use an electrical current to stun flies, while the fly round

trap utilise a net to capture following flies). VET traps were employed to capture the

101



majority of samples (44 of the 49) collected in Rekomitjie and Makuti, with the
remaining five samples collected using Epsilon traps with acetone, 1-octen-3-o01, 4-
methylphenol and 3-n-propylphenol (AOP) attractants (Hall et al., 1990). All samples
from the Nykasanga area were collected using Fly-round traps. Tsetse flies are
considered a pest species and disease vectors and are not endangered therefore no

ethical clearance was required for this study (Ethics application ID: ETH1718-0190).

3.2.2: gDNA extraction of Glossina specimens

Whole genomic DNA (gDNA) extraction of individual Glossina specimens was
undertaken employing a QIAGEN DNeasy Blood and Tissue kit (QIAGEN, UK) following
the manufacturer’s protocol with two minor modifications. Firstly, incubation at 56 °C
was conducted for 18 hours rather than the recommended four hours to ensure full lysis
of cells. Secondly, 100 pl, rather than 200 pl, of elusion buffer (Buffer AE) were added to
the spin column membrane prior to centrifugation. This was repeated, for a total yield
of 200 ul of eluted gDNA. The concentration and purity of extracted gDNA was assessed
using a Nanodrop 1000 Spectrophotometer (Thermo Scientific). Concentration was
measured in ng/ml to ensure a sufficient quantity of DNA was present for PCR
amplification. The purity was assessed using 260/280 and 260/230 values, where a
260/280 value > 1.8 and a 260/230 value between 2 and 2.2 was indicative of pure DNA.

3.2.3: Primer design and Polymerase Chain Reaction

Polymerase Chain Reaction (PCR) was conducted to amplify the genes of interest prior
to sequencing. Where no previous publications described suitable primers for this study,
primers were designed using NCBI Primer BLAST (Ye et al., 2012). Glossina genome data
on VectorBase (Giraldo-Calderdn et al., 2015) and NCBI (Sayers et al., 2009) were mined
for relevant sequences to provide a template for primer design. Table 3.1 contains
information on all the primers used in this study, primer working stocks were made from
a 1:10 dilution of master stocks at 100 pMol/ml, to reach a working concentration of 10

uM/ml.

Amplification of target gene fragments by PCR was conducted using 12.5 pl of
DreamTaq™ PCR master mix (2X DreamTaq buffer, 0.4 mM of each dNTP, 4mM MgCl,)
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(Thermo Scientific, UK), 1 ul each of gene-specific forward and reverse primers and 1-5

ul of gDNA, with a final reaction volume of 25 ul made up with PCR grade water.

In order to establish the infection status of each sample trypanosome identification was
conducted using Nested PCR as detailed by Adams et al. (2006). The first amplification
was conducted using 12.5 pl of DreamTaq™ PCR master mix (Thermo Scientific, UK), 1
ul of primers TYP3 and TYP4, and 2 pl of gDNA. The reaction was made up to 25 pl using
PCR grade water. The second amplification used primers TYP1 and TYP2 and 5 ul of the
previous PCR product as replacements for primers TYP3 and TYP4 and gDNA. In the case
of negative controls gDNA was absent and the appropriate volume of PCR grade water
was added. PCRs were run on either a Prime (Techne) thermal cycler or MJ mini personal

thermal cycler (Bio-Rad) and cycling conditions are shown in Table 3.2.

Following completion of the PCR program, gel electrophoresis was used to determine
the success of amplification. 5 ul of all PCR products was mixed with 6x Gel loading dye
(Thermo Scientific, UK) and GelRed™ Stain (Cambridge Bioscience, UK) before being run
on an agarose gel. Gel percentages and DNA ladders differed depending on the fragment
size; a 1% agarose gel using a 1Kb Hyperladder (Bioline, UK) was used for G. m. morsitans
AttA and COl, and W. g. morsitans 16S samples. For Def, a 1.5% gel using a 100bp
Hyperladder (Bioline, UK) was used, and a 2% gel with 100bp Hyperladder (Bioline, UK)
was utilised for Trypanosoma ITS samples. All gels, excluding Trypanosoma ITS, were run
at 90 V for 45 minutes prior to visualisation on an UV transilluminator. While
Trypanosoma ITS samples were run for 50 minutes at 130 V before visualisation (see

Supplementary Figures 1-5 in Appendix 4 for gel images).

It must be noted that 15 samples utilised in this study were initially examined by Akuzike
Kalizang’oma in fulfiiment of his MSc dissertation. The data he generated, using the
methods described within this chapter, produced 15 AttA sequences and screen these
same samples for Wigglesworthia and Trypanosoma infections. The gels produced by

Akuzike Kalizang’oma can be seen in Supplementary Figures 1, 4 and 5 (see Appendix 4).

103



Table 3.1: The target gene, given primer name, nucleotide sequence, length, melting temperature (Tm), G-C percentage and expected fragment size of each primer used
in this study. * = Trypanosome identification by ITS amplification was undertaken using nested PCR, as such multiple bands are produced each specific to a species.

Target gene Name Sequence (5’-3’) Length Tm (°C) GC% Fragment size Designed by
(bp)
Attacin-A AttA-F2 TGTTTAAGCGTCGTTCAAGT 20 N/A 40.00 This work
Attacin-A AttA-R2 CTTAATCCGAAATACAAGGCT 21 N/A 38.10 674b This work
Defensin NDEF-F3 ACACTCAGCGTCGAAAGTG 19 58.11 52.63 This work
Defensin NDEF-R3 TAAAAAGTTCCACATTCAAGTCTTC 25 56.24 32.00 3800p This work
Wigglesworthia 16S 170F ATAAAGCCTTGCGTTT 16 49.1 37.50 Chen et al., 1999
Wigglesworthia 16S 1227R CCATTGTAGCACGTGT 16 49.2 50.00 8000 Chen et al., 1999
Trypanosoma ITS TYP1 AAGCCAAGTCATCCATCG 18 N/A N/A Adams et al., 2006
Trypanosoma ITS TYP2 TAGAGGAGGCAAAAG 15 N/A N/A N/A Adams et al., 2006
Trypanosoma ITS TYP3 TGCAATTGGTCGCGC 18 N/A N/A - Adams et al., 2006
Trypanosoma ITS TYP4 CTTTGCTGCGTTCTT 15 N/A N/A Multiple Adams et al., 2006
Cytochome oxygenase 1 Cl-J-2195 TTGATTTTTTGGTCATCCAGAAGT 24 N/A N/A Simon et al., 1994
Cytochome oxygenase 1 CULR TGAAGCTTAAATTCATTGCACTAATC 26 N/A N/A 600be Dyer et al., 2008
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Table 3.2: The cycling conditions for all PCR amplifications giving the time and temperature through each stage. > = both reactions of the trypanosome identification
protocol utilised these cycling conditions. * = Unsuccessful amplifications of the Wigglesworthia 16S were repeated using increased gDNA volumes and these cycling

conditions.

Target gene

Initial Denaturation
(Time/temperature)

Denaturation

(Time/temperature)

Annealing

(Time/temperature)

Extension

(Time/temperature)

Final extension

(Time/temperature)

Attacin-A
Defensin
Wigglesworthia
Trypanosoma ITSY?

Cytochome oxygenase 1

Wigglesworthia*

5 minutes / 94 °C
5 minutes / 94 °C
5 minutes / 94 °C
1 minute / 94 °C

5 minutes / 95 °C

5 minutes / 94 °C

30 seconds / 94 °C
30 seconds / 94 °C
1 minute / 94 °C
1 minute /94 °C

1 minutes /93 °C

1 minute / 94 °C

X35
30 seconds / 53 °C
30 seconds / 52 °C
1 minutes / 56 °C
1 minute / 54 °C
1 minutes / 55 °C
X45

2 minutes / 56 °C

105

45 seconds / 72 °C
45 seconds / 72 °C
1 minutes / 72 °C
30seconds /72 °C

2 minutes / 72 °C

2 minutes / 72 °C

10 minutes / 72 °C
10 minutes / 72 °C
10 minutes / 72 °C
5 minutes / 72 °C

7 minutes / 72 °C

10 minutes / 72 °C



3.2.4: Gel extraction of trypanosome ITS bands

As detailed above (section 3.2.3), the amplification of Trypanosoma species ITS regions
was undertaken using primers published previously by Adams et al. (2006). This nested
PCR approach produced an ITS amplicon specific to each Trypanosoma spp. that could
be differentiated by size (Adams et al., 2006). To confirm the successful amplification of
trypanosomal ITS regions, nine bands of varying sizes where cut from the 2% agarose
gels following visualization. Gel purification was used to extract the DNA amplicon from
the gel using a QlAquick® Gel Extraction Kit (QIAGEN, UK) and PCR Purification combo
Kit (Thermo Fisher, UK), in accordance with the manufacturer’s protocol. This enabled
each amplicon to be sequenced (see section 3.2.5) to confirm the trypanosome species

indicated by gel electrophoresis where possible.

3.2.5: Sanger sequencing and sequence analysis

Nucleotide sequences of the PCR amplicons were produced using Sanger Sequencing
(Sanger et al., 1977). The gel extraction products were also submitted for sequencing to
verify the presence of trypanosome infection. This was conducted by the DNA
Sequencing Facility at The Natural History Museum, London. Glossina AttA, Def, COI,
Wigglesworthia 16S and trypanosome ITS PCR primers were utilised, with Fluorescent
Dye Terminator Sequencing Kits (Applied Biosystems™), and then run on an Applied

Biosystems™ 3730XL automated sequencer.

Analysis of resultant nucleotide sequences was undertaken using SnapGene software
(from GSL Biotech; available at snapgene.com) to visualise forward and reverse
chromatographs. These were then aligned using the MUSCLE (Multiple Sequence
Comparison by Log-Expectation) sequence alignment tool (Madeira et al., 2019) and a
contiguous sequence was then constructed and edited, removing intron sequences from
AttA sequences, and removing non-coding sequences following the stop coding in Def
(Okonechnikov et al., 2012). Each sequence was then submitted to a blast search against
the VectorBase Glossina data base and NCBI blast search to verify the gene fragments

produced from the PCR reactions.
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3.2.6: Intra-species phylogenetic analysis

Phylogenetic analysis was conducted to estimate the evolutionary relationship of each
gene within the sample population. Multiple sequence alignments were performed
using MUSCLE (Madeira et al.,, 2019) and these were then edited in UGENE
(Okonechnikov et al., 2012) to ensure equal sequence length (resultant sequences
lengths; COI = 782bp; AttA = 480bp and Def = 246bp). Phylogenetic analysis was
conducted using MEGAX (Kumar et al., 2018), Neighbour-joining trees were constructed
using the Jukes-Cantor model with 1000 bootstrap replicates. Maximum-likelihood trees
were constructed using the model of best fit, estimated using the MEGAX ‘Find Best
NDA/Protein Models’ function. This indicated that, Tamura 3-parameter model best
suited COI, Jukes-Cantor (JC) was the best model for use with the AttA alignment and
Juke Cantor + Gamma distribution with Invariant sites (JC+G+l) for Def, and 1000
bootstrap replicates were used once again. This provided two comparable insights into
the nature of the relationship between G. m. morsitans samples within the
subpopulations, while additionally indicating variation between mitochondrial and

nuclear genes.

3.2.7: Haplotype analysis

Further to phylogenetic analysis, the haplotype variation of each gene was analysed to
provide a further understanding of genetic and allele variation. Haplotype data files
were generated in DnaSP (version 6) (Rozas et al., 2017), this identified the number of
haplotypes (h), the variation between those identified, and which samples exhibited
each haplotype within the sample population. The frequencies of the identified
haplotypes were then plotted by geographical loci in Microsoft Excel to give an
indication of haplotype frequency within each collection site. POpART (Leigh and Bryant,
2015) was used to construct TCS haplotype networks and perform simple AMOVA
analyses, illustrating the relationship between identified haplotypes within the

geographical distribution.

3.2.8: Intra-species nucleotide variation analysis

Having predicted the evolutionary and haplotype variation within each gene, the sites

of DNA polymorphisms and nucleotide variation at those points was also investigated.
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This gave an insight into the location and degree of variation within each of the genes
of interest. Nucleotide variation (m) analysis was calculated using the ‘DNA
polymorphism’ function in DnaSP (version 6) (Rozas et al., 2017). The region of analysis
was set between 103 and 582 base pairs for AttA and between 16 and 261 base pairs
for DEF, codon specific sliding window analysis was conducted (window size = 3; step
size = 3). Nucleotide variation (x) is estimated using the following equation 1 in Appendix

2 (Nei, 1987, equation 10.5 or 10.6; Nei and Miller, 1990, equation 1).

3.2.9: dN/dS: Synonymous vs non-synonymous variation

Having established the presence of DNA polymorphisms within the gene fragments, the
nature of these mutations was also established in order to predict the potential
functional and structural impacts on the protein synthesis. The presence of synonymous
(dS) and non-synonymous (dN) mutations was accessed in DnaSP (version 6) (Rozas et
al., 2017) using the ‘Polymorphism and Divergence’ function. The region of analysis was
set to the fragment size using the same parameters as described in 3.2.8. Inter-specific
population analysis was conducted between the geographical collection loci and either
‘synonymous only’ or ‘non-synonymous only’ changes were considered. Pi () values
were calculated using equation 1 (Nei, 1987, equation 10.5 or 10.6; Nei and Miller, 1990,
equation 1). dN/dS ratios (also referred to as Ka/Ks) were calculated using the ‘Pi(a)/Pi(s)

and Ka/Ks ratios’ function, with all parameters remaining the same as above.

3.2.10: Gene flow analysis

Given the severe lack of literature concerning wild tsetse populations, population
genetic analysis was conducted to provide a novel insight into the G. m. morsitans
population. The ‘Gene Flow and Genetic Differentiation’ analysis conducted in DnaSP
(version 6) (Rozas et al., 2017) measures the extent of DNA divergence among
populations in order to estimate the average gene flow. The coding region was set, and
a permutation test was conducted with 1000 replicates (Pseudorandom Number Seed
was randomly generated by DnaSP). Values for the haplotype and nucleotide statistics
(Hs and Ks, respectively), the fixation index (Fst), the average number of nucleotide
substitutions (Dxy) and the net nucleotide substitution per site between populations

(DA) were produced as described in equations 3-6 (Appendix 2).
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A Mantel-test was conducted using PAST3 (Hammer et al., 2001), geographical distance

between collection locations (section 3.2.1) was compared to Fst between sites.

3.2.11: Demographic change and test for neutrality: Pairwise mismatch, Tajima’s

D, Fu’s Fs and Coalescent Simulation

The impacts of population genetics on genetic variation were considered by examining
the demographic change and neutrality of the genes. Tests of neutrality, Tajima’s D
(Tajima, 1989) and Fu’s Fs (Fu, 1997), were performed to indicate the presence of
selection and indicate population growth. While pairwise mismatch (Watterson 1975;
Slatkin and Hudson 1991; Rogers and Harpending 1992) and raggedness (r) (Harpending,
1994) analysis were undertaken to estimate any recent or historical population
expansion events. This was conducted in DnaSP (version 6) (Rozas et al., 2017), Pairwise
mismatch was conducted using the ‘Population size change’ function using a constant
population size model. As before the region to be analysed was set to fragment
parameters described in section 3.2.6. The equations for the above statistics can be
found in Appendix 2, equations 7 — 10. Raggedness (r) was also calculated using ‘The
Coalescent Simulations (DnaSP V5)" with the assumption of free recombination using
DnaSP V6 (Rozas et al., 2017). Theta per gene was calculated using ‘DNA polymorphism’

as described in 3.2.8, with 95% confidence intervals.

3.2.12: Recombination analysis

As pairwise mismatch analysis can only be applicable in a population with no
recombination between genetic sites, both AttA and Def were screened for
recombination. Genetic recombination was assessed to evaluate population growth by
observing new allele combinations within populations and to further illustrate any
inferred selection. This was estimated in DnaSP (V6) (Rozas et al., 2017) using the

equation 11 (Appendix 2).

The ‘Recombination’ function within DnaSP (V6) calculates the number of recombinant
offspring (R) (as in equation 11) and the minimum number of recombination events
(R;,), as described by Hudson and Kaplan (1985) (Appendix 2). Values were generated
using the ‘Recombination’ option in the analysis menu, and the coding regions were set
as described in 3.2.13.
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Recombination was assessed further using the Genetic Algorithm for Recombination
Detection (GARD) (Kosakovsky et al., 2006) tool on the Datamonkey webserver (Sergei
et al., 2005; Weaver et al., 2018). GARD screens multiple sequences alignments for the
presence of putative recombination breaking points and analysing them over several
phylogenetic trees. Furthermore, GARD can be used to screen recombinant sequences

for positive selection (Kosakovsky et al., 2006).

3.2.13: Wigglesworthia haplotype variation and population genetics

Given the obligatory nature of symbiosis between W. glossinidia and Glossina spp. the
Wigglesworthia 16S gene was submitted to the same population genetic analysis. PCR
amplification and sequencing of W. g. morsitans 16S rRNA gene was conducted as
described in sections 3.2.3 to 3.2.5. Amplification was successful in 34 of the 63 (53.97%)
G. m. morsitans samples. Eleven samples where successfully amplified from both the
Nykasanga and Rekomitjie collection sites, and 12 sequences were obtained in samples
from Makuti. This equates to 78.57% of Nykasanga samples, 55% from Rekomitjie and
only 42.86% of the Makuti samples. A multiple sequence alignment was conducted as
described in section 3.2.5 with a final sequence length of 1180bp. In order to assess the
relationship between G. m. morsitans and W. g. morsitans the same analytical methods
were used, haplotype analysis was conducted as described in section 3.2.7, while gene
flow, Tajima’s D, Fu’s Fs and demographic change were all assessed as described above

in section 3.2.10 and 3.2.11.

3.2.14: Association of AMP and symbiont nucleotide variation

The association between AttA and Def nucleotide variation and that observed within W.
g. morsitans 16S was assessed using a standard Pairwise-distance analysis in MEGAX
(Kumar et al., 2018). The P-distance between tsetse AMP sample was calculated and
plotted against the corresponding W. g. morsitans 16S P-distance to illustrate the
relationship between the two, a mantel-test was also conducted as described in section
3.2.10. This was undertaken in order to provide an insight into the influence of

endosymbiosis on genetic variation.
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3.3: Results

3.3.1: Intra-species genetic variation and population genetics of wild Glossina

morsitans morsitans

Intra-species analysis was conducted on all successfully sequenced samples of wild G. m.
morsitans (COI n = 63; Def n = 62; AttA n = 51) to assess genetic variation within and

between the target genes in relation to geographic distribution.

3.3.1i: Phylogenetic analysis

While no clear relationship was observed between gene variation and geographical
location, both nuclear genes exhibited an elevated level of nucleotide variation
compared to the mitochondrial COI gene. Both the Neighbour-Joining and Maximum-
likelihood methods illustrated an identical topology within the COI gene tree, consisting
of two primary clades (I and 1) divided into two subclades (a and b) (Fig. 3.2). Both main
clades | and Il contain a similar number of samples, with Clade Il being slightly larger
containing 33 of the 63 successfully sequenced samples (52.38 %). However, the
bootstrap values do not strongly support the illustrated topology with values ranging
between 61 - 64 % in the Maximum Likelihood tree (Fig. 3.4A), and 62 - 66 % for the
primary nodes within the Neighbour-Joining tree (Fig. 3.4B), meaning all nodes fall

below the 70% robustness threshold.

The two immune genes illustrate differing topologies from each other and COI. The two
phylogenies of AttA (Fig. 3.3) produced similar overall topologies with a smaller
monophyletic clade (Clade 1), containing just 14 (27. 45%) samples, diverging from the
majority of the remaining samples. However, while the Maximum Likelihood method
produced one other primary clade (clade Il), containing three subclades (a, b, and c) (Fig.
3.3A), the Neighbour-Joining method produced two further clades (Il and Ill) (Fig. 3.3B).
In contrast to both COI and AttA, the observed phylogenies of Def show a diverse
evolutionary history (Fig. 3.4). The Maximum Likelihood method produced three
primary clades (I, Il and Ill), each containing three or four subclades (a - d) (Fig. 3.4A).
While the Neighbour-Joining method produced four primary clades (I - IV) (Fig. 3.4B).

As observed in AttA, this increase in variation is a result of a predicted ancestor
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separating Maximum Likelihood clade Ill.c from the rest of the clade Ill. Furthermore,
there is a clear increase in the number of observed subclades within the Neighbour-
Joining phylogeny. Clade | increases from three to five subclades with the addition of an
extra sister clade (clade l.a) and a common ancestor separating the samples of
Maximum Likelihood clade Il.c to form Neighbour-Joining subclades I.d and l.e (Fig.
3.4B). Yet, as with the observed COI phylogenies, the bootstrap values remain low in
both Maximum Likelihood and Neighbour-Joining trees, ranging between 19 - 64 %, and
2 - 64 % respectively in the AttA phylogenies and 5 - 47 %, and 4 — 63 % respectively in

the Def phylogenies.
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Figure 3.2: Evolutionary analyses of the COIl sequence fragments was conducted in MEGA X (Kumar et al., 2018). A) The Maximum Likelihood method, based on the
Tamura 3-parameter model (Tamura, 1992) was used. The tree with the highest log likelihood (-1078.27) is shown. Initial tree(s) for the heuristic search were
obtained automatically by applying Neighbour-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the Maximum Composite Likelihood (MCL)
approach, and then selecting the topology with superior log likelihood value. B) Neighbour-Joining method (Saitou and Nei, 1987), the evolutionary distances were
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computed using the Jukes-Cantor method (Jukes and Cantor, 1969) and are in the units of the number of base substitutions per site. The optimal tree is shown with
the sum of branch length = 0. 01153156. Both trees are drawn to scale, with branch lengths measured in the number of substitutions per site. Codon positions
included were 1st+2nd+3rd+Noncoding, while all positions with less than 95% site coverage were eliminated. 1000 bootstrap replicates were used.
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Figure 3.3: Evolutionary analyses of the AttA sequence fragments was conducted in MEGA X (Kumar et al., 2018). A) The Maximum Likelihood method based on the
Jukes-Cantor model (Jukes and Cantor, 1969). The tree with the highest log is shown (-761.38). B) Neighbour-Joining method (Saitou and Nei, 1987), the evolutionary
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distances were computed using the Jukes-Cantor method (Jukes and Cantor, 1969) and are in the units of the number of base substitutions per site. The optimal
tree is shown with the sum of branch length = 0.02404575. This analysis involved 51 nucleotide sequences; codon positions included were 1st+2nd+3rd+Noncoding.
Both trees are drawn to scale, all positions with less than 95% site coverage were eliminated. 1000 bootstrap replicates were used.
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Figure 3.4: Evolutionary analyses of the Def sequence fragments were conducted in MEGAX (Kumar et al., 2018). A) Maximum Likelihood method based on the Jukes-
Cantor model (Jukes and Cantor, 1969). The tree with the highest log is shown (-494.39). A discrete Gamma distribution was used to model evolutionary rate
differences among sites (5 categories (+G, parameter = 0.0500)) and the rate variation model allowed for some sites to be evolutionarily invariable ([+/], 48.37%
sites). B) Neighbour-Joining method (Saitou and Nei, 1987), the evolutionary distances were computed using the Jukes-Cantor method (Jukes and Cantor, 1969) and
are in the units of the number of base substitutions per site. The optimal tree is shown with the sum of branch length = 0.0942. Both trees are drawn to scale, while

all positions with less than 95% site coverage were eliminated. 1000 bootstrap replicates were used.
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3.3.1ii: Haplotype analysis

Haplotype analysis of the Glossina genes shows differing degrees of genetic variation
within each gene. The COIl samples exhibited a total of ten haplotypes with the sample
population (H = 10; Hd = 0.799), of which four (Haps 1-3 and 5) were observed in all
three collection localities. These four haplotypes were exhibited by 88.89% of the
sample population (56/63 samples), while the remaining seven samples were observed
to exhibited six geographic specific haplotypes (Figs 3.5A and 3.6A). There is an even
distribution of haplotypes throughout the sample population, with each locality
exhibiting six haplotypes (the four common haplotypes and two specific variations) (Fig.

3.5A).

While more haplotypes were observed within the AttA samples (H = 11), haplotype
diversity was observed to be lower than that seen in COI (AttA Hd = 0.622) (Fig. 3.5B and
3.6B). Two of these (Haps 5 and 11) were observed in all geographical locations, these
haplotypes were observed in 78.43% of the overall population across the 3 localities
(40/51 samples), of which haplotype 11 accounted for 58.82% of the overall sample
population alone. Two haplotypes (Haps 8 and 10) were observed in both Rekomitjie
and Makuti, though they were absent from Nykasanga. The remaining seven haplotypes
were only observed in single samples, one each from Makuti and Nykasanga, and five
from Rekomitjie (Fig. 3.5B and 3.6B). Rekomitjie exhibits the largest haplotype variation,
exhibiting nine haplotypes in 17 samples, while Nykasanga and Makuti exhibited three

and five haplotypes respectively (Fig. 3.5B).

Finally, Def illustrated the greatest level of haplotype variation, exhibiting a total of 25
haplotypes (H = 25; Hd = 0.93) (Fig. 3.5C and 3.6C). Of which just three (Haps 5, 6 and
17) were observed in all collection subpopulations being exhibited by 38.71% of the
sample population (24/62 samples). A further five haplotypes (Haps 7, 16, 18, 20, and
24) were exhibited by sample from two collection points. Haplotypes 7, 18 and 24 were
observed in samples from Rekomitjie an Makuti, while haplotypes 16 and 20 were
observed in Nykasanga and Makuti, the remaining 19 samples all exhibited location
specific haplotypes (Fig. 3.5C and 3.6C). Nine haplotypes were observed within the 14

Nykasanga samples, while Makuti samples exhibit 17 and Rekomitjie ten (Figure 3.5C).
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The evolutionary relationship of each haplotype variation can be observed by the
construction of TCS networks (Fig. 3.6). Figure 3.6A illustrates the relationship between
the COI haplotypes, four common haplotypes (Hap 1-3 and 5) are all separated by a
single polymorphism and form the primary lineage. The six location specific haplotypes
(Hap 4, 6-10) also diverge from the primary lineage following a single polymorphism.
Interestingly half of these variations diverge from haplotype 1, while a single location
specific variant diverges from the haplotypes 2, 3 and 5, possibly indicating a level of
geographical specific variation. Nevertheless, this low level of haplotype diversity within

the COI gene suggests further that the sample population is likely evolving neutrally.

In contrast to this, both AttA and Def show considerably more extensive haplotype
networks (Fig. 3.6B and C). Haplotypes 5 and 11 appear to indicate the primary AttA
haplotype lineage, being separated by a single mutation, with all other haplotypes
branching from these primary alleles (Fig. 3.6B). The majority of the variations result
from a single polymorphism, however, separation between haplotypes 1 and 5 results
from three polymorphisms. The extent of Def haplotype network (Fig. 3.6C) reinforces
the previous suggestion of a recent selective sweep within the immune gene. No primary
haplotype lineage can be observed within the network and all haplotypes are separated
by a single mutation. The presence of three predicted haplotypes suggesting that the
haplotype diversity within Def is potentially greater than seen within our sample

populations.

An AMOVA test was conducted in PopART to assess the genetic variation between the
populations. This indicated no relationship between genetic variation and geographical
location and suggests that the populations are freely interbreeding (COI ¢« = -0.00562
(P = 0.465), AttA bs: = -0.00432 (P = 0.344), and Def st = -0.00457 (P = 0.483)).
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121



3.3.1iii: Intra-species nucleotide variation

Genetic variations across the AttA and DEF genes were assessed using sliding window
analysis. Figure 3.7 illustrates polymorphic sites within the AttA and Def amplicons.
Values of t were generated using DnaSP (Version 6) (Rozas et al., 2017), using equation
1, in order to assess variation. For example, the two peaks at base pairs 522 and 559 in
Figure 3.7A indicate these DNA polymorphisms, within the respective codons, show
much greater variation compared to the other observed points of mutation. Nucleotide
variation across all samples with the sample population was found to be low (COI/ © =
0.00187; AttA m = 0.00256 and Def © = 0.0127), though at a subpopulation level this was

found to increase.

Eleven sites of mutation were observed within the AttA gene fragment; variation around
nucleotide 522 is observed in all three loci, while variation at nucleotides 103 and 146
was not observed in Nykasanga samples. The remaining sites of variation (nucleotides
127, 198, 207, 246, 256, 399, 504 and 558) were all founds to be location specific (Fig.
3.7A). The presence of geographical specific variation suggests that that there is a
degree of genetic diversification within the subpopulations. The largest point of
variation was detected at nucleotide 522 (0.12821 < w > 0.17077), while Rekomitjie

exhibited the most polymorphic sites of all the subpopulations (n = 7) (Fig. 3.7A)

Eight points of nucleotide variation were identified within the Def samples (Fig. 3.7B).
Seven of these, at nucleotides 53, 111, 125, 133, 201, 204 and 244, were observed in all
three subpopulations. A single polymorphic site at nucleotide 234 was observed in
Rekomitjie and Makuti samples but was absent from the Nykasanga population. While
the number of mutation sites is lower across the Def fragment, & is consistently higher
than that observed in AttA (Def T = 0.135178; AttA T = 0.068868) (Fig. 3.7A/B). Having
identified the distribution of nucleotide variation within the AttA and Def fragments, the

nature of these mutations (whether synonymous or non-synonymous) was examined.

Of the eleven polymorphic sites identified in the AttA gene fragment (Fig. 3.7A), seven
(nucleotides 198, 207, 246, 399, 504, 522 and 558) were found to be synonymous (S =
7), while four (nucleotides 103, 127, 146 and 256) were found to be non-synonymous
(N = 5) (Fig. 3.7C). Six of the eight location specific polymorphic sites were found to be

synonymous: three (nucleotides 198, 207 and 504) from Rekomitjie, two (nucleotides
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246 and 399) from Nykasanga and one from Makuti (nucleotide 558). The remaining two
(Rekomitjie 127 and Nykasanga 256) were found to be non-synonymous. The three-

shared sites exhibited two non-synonymous and one synonymous site.

Within the Def samples, three synonymous (nucleotides 111, 201 and 234) and three
non-synonymous (nucleotides 53, 133 and 244) mutations were identified (S=3, N =3)
(Fig. 3.7D). Interestingly the two non-synonymous polymorphic sites at nucleotides 125
and 204 are absent for the results. The values of = remained consistently higher in the
Def gene than that observed in AttA, supported this previous observation that genetic

variation within the Def gene is considerably higher than in AttA.

The effect of these mutations on the genes was also considered by calculating dN/dS
ratios between locations. This yielded similar results for both AttA and Def with AttA
dN/dS = 0.117 and Def dN/dS = 0.269, suggesting signs of purifying selection in both

genes.
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3.3.2: Tests for neutrality and demographic change

3.3.2i: Gene flow and populations genetics.

Given the genetic and haplotype diversity observed in section 3.3.1, a test for selective
neutrality and population analysis were conducted to assess for potential contributing
factors. Gene flow analysis was conducted to measure the degree of genetic divergence
between populations. Whilst the COIl gene was used as a comparator between the

nuclear and mitochondrial genomes.

Table 3.3: The gene flow results for the AttA, Def and COI genes across all collections localities.
Values are rounded to three d.p where possible. M = Makuti; N = Nykasanga and R = Rekomitjie.
Hs: Haplotype statistic. Ks: Nucleotide statistic. Fs: Fixation index. Dxy: The average number of
nucleotide substitutions. Da: The net nucleotide substitution per site between populations. For
equations used see section Appendix 2.

Pop. 1 Pop. 2 Hs Ks Fst Dxy Da

col

N R 0.801 1.45 -0.039 0.002 -0.00007

N M 0.794 1.46 -0.004 0.002 -0.00001

R M 0.778 1.46 0.021 0.002 0.00004
AttA

N R 0.589 1.129 -0.008 0.002 -0.00002

N M 0.544 0.806 0.044 0.002 0.00008

R M 0.673 0.995 0.016 0.002 0.00003
Def

N R 0.917 3.044 -0.016 0.012 -0.0002

N M 0.945 3.185 -0.020 0.013 -0.00025

R M 0.932 3.122 0.024 0.013 0.00031

The mitochondrial gene, COJ, indicted a high level of gene flow between subpopulations.
Both the haplotype diversity (Hs) and nucleotide diversity (Ks) results indicated a
relatively high level of diversity between subpopulations. However, the number of
substitutions between sites was negligible (Dxy = 0.002). The fixation index (Fst) values
suggest that the subpopulations of G. m. morsitans are freely interbreeding and part of
a more extensive panmictic population (Fst = 0). This is supported by the earlier AMOVA

test that also suggested free interbreeding between subpopulations (Section 3.3.1ii).
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The observed levels of Hs and Ks within AttA supports the observation of gene flow
between subpopulations, Hs and Ks are considerably lower in AttA then the other genes.
Interestingly, the number of substitutions between sites | identical to that observed
within COI (Dxy = 0.002). Conversely, while Hs and Ks are relatively low in AttA, both
values are far greater in Def. Not only does this support the observation made previously
in section 3.3.1, but it supplies further evidence to support the proposed gene flow
between subpopulations. Interestingly, despite the increased Hs and Ks values Dxy
remains low (Dxy = 0.012 or Dxy = 0.013) indicating that the number of substitutions
between sites is still very low. The Fst values of AttA and Def subpopulations further
reinforce the suggestion that all populations are freely interbreeding and part of a larger

panmictic population (Fst = 0).

A Mantel test comparing geographical distance and Fst between subpopulations
illustrated that the correlation between distance and interbreeding varied considerably
between genes (Table 3.4). Attacin-A and COI showed a positive correlation between
distance and interbreeding, while Def illustrate a strong negative correlation. However,
none of these were found to be statistically significant (P > 0.05)

Table 3.4: Mantel test results showing the correction between geographical distance and Fst

values. The statistical significance of each is given that all exceed the P < 0.05 significance
threshold.

Gene Correlation (R) P-Value
col 0.4049 0.5104
AttA 0.5989 0.3405
Def -0.7112 0.8342

3.3.2ii: Test of neutrality and demographic change

Tests of neutrality (Tajima’s D and Fu’s Fs) were conducted to determine deviation from
neutrality within the sample population. Both tests indicated that CO/ is evolving
neutrally as well as presenting evidence of a recent population expansion event, possibly
following the indicated recent genetic bottleneck (Fs < 0). However, both values were

statistically insignificant (P > 0.05). These observations were mirrored within AttA with
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negative values for both tests, indicating a population expansion following a genetic
bottleneck. However, once again neither of these results were statistically significant.
Interestingly, the Tajima’s D result for Def indicated signs of balancing selection across
the gene fragment. While the Fu’s Fs statistic indicates the same genetic bottleneck,
followed by population expansion event observed in COI and AttA. Whilst Tajima’s D

remain statistically insignificant, Fu’s Fs was found to be significant (P < 0.05).

Table 3.5: Shows the Tajima’s D and Fu’s Fs statistics of COI, AttA and Def. * indicates statistically
significant results (P < 0.05).

col AttA Def
Tajima’s D -0.63082 -1.73805 1.69765
Fu’s Fs -2.908 -6.899 -15.032°

Pairwise mismatch and Raggedness (r) were used to assessed demographic change by
examining the expected and observed frequencies of mutation (Harpending, 1994).
Raggedness (r) values illustrate recent and ancient population expansions where r = 0
indicates a recent population expansion event under the presumptions of a constant
population size and no recombination between sites. Pairwise mismatch within the CO/
gene indicated a recent population expansion, with a high frequency of genotypes with
a low pairwise difference. (Fig. 3.9A). This observation is supported by the Raggedness
value (r = 0.0568) which further indicated a recent population event. However, this was
not found to be statistically significant, P > 0.05. These predictions could also be drawn
from the results generated by the AttA and Def genes. Both illustrated a high frequency
of genotype variants with a low frequency of pairwise differences (Fig. 3.9B and C), while
r = 0 further supported the hypothesis of a recent expansion event (AttA r = 0.0589, P >
0.05; Def r =0.0242, P > 0.05).

When Raggedness was calculated using the Coalescent theory under the presumptions
of a constant population size and free recombination between sites, there is very little
change in the resultant r values. Under these assumptions, the average r value of COI/
increases to 0.11214, with a 95% Confidence interval between 0.04422 and 0.26597.

Likewise, the average r value of AttA also increased to 0.17112, with a larger 95%
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confidence interval range between 0.0562 and 0.72064. The raggedness value for Def
also increased though by a far lesser degree (r = 0.04922), while the 95% confidence

interval covers a much smaller range between 0.02159 and 0.10435.
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Figure 3.8: Pairwise mismatch analysis of the CO/, AttA and Def genes showing the observed and
expected frequencies of nucleotide variation. Produced in DnaSP (V6) using equations 7a and 7b
(Appendix 2) to calculate the expected frequency. AttA illustrates the presence of a recent
population expansion within the tsetse population. Def also demonstrates a population
expansion, though the presence of a genetic bottleneck can also be seen in the bimodal
observed frequency curve.
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3.3.2iii: Recombination analysis

Genetic recombination was evaluated to estimate mutation rates in both nucleotide
genes. DnaSP (V6) found one sites of recombination within the AttA gene (Rm = 1) (Table
3.7), however, the recombination parameter was estimated to be much higher (R =
60.1). Within Def, Rm was higher than seen in AttA (Rm = 5) while R remained high (R =
53.0) (Table 3.7). No evidence of recombination was identified within the COI gene
fragment (Rm = 0).

Table 3.6: The sites of recombination within the AttA and Def fragments. The nucleotide position

substitution and nature of mutation are given, any detected recombination between sites is also
shown.

Nucleotide Nucleotide Synonymous or

position substitution  Non-Synonymous Recombination Between sites
AttA
103 G—A Non-synonymous No N/A
127 G—A Non-synonymous No N/A
146 C—A Non-synonymous No N/A
198 A—C Synonymous No N/A
207 A—G Synonymous Yes 207 —522
246 C—>G Synonymous No N/A
256 TG Non-synonymous No N/A
399 A—G Synonymous No N/A
504 A—G Synonymous No N/A
522 T—>C Synonymous No N/A
558 A—>G Synonymous No N/A
Def
53 C—G Non-synonymous No N/A
CoT Non-synonymous No N/A
111 A—G Synonymous Yes 159 - 181
125 G—A Synonymous No N/A
133 G—-T Non-synonymous Yes 181 -249
200 T—>C Synonymous Yes 249 - 252
204 T—>C Synonymous Yes 525-292
234 CoT Synonymous No N/A
244 G—A Non-synonymous No N/A
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Interestingly, when the AttA and Def alignments were submitted to GARD (Kosakovsky
et al., 2006) via the Datamonkey online software (Sergei et al., 2005; Weaver et al.,
2018), no evidence of recombination was found in either of the genes. However,

breaking points corresponding to the points of variation were identified.

3.3.3: Wigglesworthia endosymbiosis and genetic variation

3.3.3i: Wigglesworthia genetic and population analysis

From the 34 Wigglesworthia sequences, a total of 15 haplotypes where identified (H =
15; Hd = 0.6934; m = 0.00292). A single common haplotype (Haplotypes 12) was
exhibited by 19 samples (seven from Nykasanga, eight from Rekomitjie and four from
Makuti), while haplotype 9 contained one sample from Nykasanga and Makuti. The
remaining 13 haplotypes (Hap 1-8, 10-11, 13-15) where location specific, three were
identified in Nykasanga (Hap 4, 5 and 10) and Rekomitjie (Hap 6, 7 and 11) while seven
were exhibited by sample from Makuti (Hap 1-3, 8, 13-15). Despite an almost equal
distribution of successfully amplified samples across the three sites, Makuti exhibits a
considerably higher haplotype diversity than the other collection sites (H = 9). The TCS
haplotype network (Fig. 3.11) illustrates this diversity within the Wigglesworthia 16S
samples. Unlike the haplotype networks observed with COI, AttA and Def (Fig. 3.6), the
number of polymorphic sites between haplotypes varied considerably in the
Wigglesworthia 16S gene, ranging between one and four polymorphisms between
haplotypes. Furthermore, the presence of three inferred haplotypes suggests that the
full extent of the haplotype diversity is not represented within this network (Fig. 3.10).
A simple AMOVA test showed there was no significant relationship between the genetic
variation and geographic location (¢s: = 0.04130; P = 0.083), whist not statistically

significant this does infer that the subpopulations are interbreeding.
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Figure 3.9: TCS haplotype network of the Wigglesworthia 16S gene within the G. m. morsitans
sample populations, with reference to geographical location. Produced in PopART, the circle size
represents of the number of samples within a haplotype, while the colours represent the
collection location of samples within the haplotype. Black lines crossing a branch indicate the
number of nucleotide mutations between haplotypes. Solid black circles signify inferred or
missing haplotype.

Gene flow within the three Wigglesworthia subpopulations indicated similar results
those observed previously in the Glossina COI, AttA and Def (section 3.3.2i). Table 3.8
shows that haplotype diversity (Hs) was relatively high, while nucleotide diversity (Ks)
was higher than observed within the G. m. morsitans genes. However, given the increase
in polymorphic sites between haplotypes (Fig. 3.10) this is to be expected. Interestingly,
the number of mutations per mutation site (Dxy) remains low despite this increase in
nucleotide variation be haplotypes. Finally, the Fst values to continue to support the
presence of a recent population expansion event (Fst = 0). It should be noted however,
that the Fst value representing interbreeding between Rekomitjie and Makuti is higher
than expected (Fst = 0.1). While not high enough to be considered a sign of no
interbreeding, it may indicate that individuals from these sites are not interbreeding as

freely as other sites.
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Table 3.7: The gene flow results for the W. g. morsitans 16S and G. m. morsitans between all
collections localities. Values are rounded to three d.p where possible. M = Makuti; N =
Nykasanga and R = Rekomitjie. Hs: Haplotype statistic. Ks: Nucleotide statistic. Fs: Fixation index.
Dxy: The average number of nucleotide substitutions. Da: The net nucleotide substitution per

site between populations. For equations used, see Appendix 2.

Pop. 1 Pop. 2 Hs Ks Fst Dxy Da
W. g. morsitans 16S
N R 0.556 1.56 0.000 0.002 0.00000
M 0.739 2.97 0.054 0.004 0.0002
R M 0.679 2.54 0.109 0.003 0.00036
G. m. morsitans COI
N R 0.801 1.45 -0.039 0.002 -0.00007
M 0.794 1.46 -0.004 0.002 -0.00001
R M 0.778 1.46 0.021 0.002 0.00004

The test of neutrality (Tajima’s D and Fu’s Fs) supported the observations made in
section 3.3.2ii indicating a recent genetic bottleneck and recovery event (D = -2.19142,
P < 0.01; Fs = -6.073, P < 0.02). However, unlike the results in section 3.3.2ii, both of
these values were found to be statistically significant (P < 0.05). This adds considerable
weight to the hypothesis that all three subpopulations are currently expanding.
However, pairwise mismatch analysis shows considerable difference to the results
observed within the G. m. morsitans genes. This indicates that the Wigglesworthia 16S
gene shows low frequency of genotype with a higher level of pairwise mismatches (Fig.
3.11). Despite this, r remains low (r = 0.0697, P > 0.05) once again reinforcing the
observed population expansion. As with observed previously, when r was calculated
under the assumption of free recombination using Coalescent theory, the mean r value

rose to 0.072 with a 95% confidante interval between 0.02905 and 0.14759.
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Figure 3.10: Pairwise mismatch analysis of the W. glossinidia 16S gene showing the observed
and expected frequencies of nucleotide variation. Produced in DnaSP (V6) using equations 7a
and 7b to calculate the expected frequency. This illustrates the low frequency of genotype with
a higher level of pairwise mismatches.

A mantel test illustrated that W. g. morsitans 16S and G. m. morsitans COI exhibited an
identical moderate positive correlation (Table 3.8). However, this was found to be
statistically significant (P > 0.05).

Table 3.8: Mantel test results showing the correction between geographical distance and Fst

values. The statistical significance of each is given that all exceed the P < 0.05 significance
threshold.

Gene Correlation (R) P-Value
W. g. morsitans 16S 0.4049 0.6712
G. m. morsitans COI 0.4049 0.5104

Recombination was detected between three sites (Rm = 3) within the W. g. morsitans
16S gene fragment, between nucleotides 252/287; 296/657; and 657/954. Interestingly,
the recombination parameter per gene (R) was found to be considerably lower than that
observed within G. m. morsitans immune genes (R = 0.2). Interestingly, recombination
was also identified by GARD suggesting that recombination may play a role in the genetic

variation of the W. g. morsitans 16S gene.
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3.3.3ii: Association of W. g. morsitans 16S and G. m. morsitans COI, AttA and Def

The association of specific haplotypes between the W. g. morsitans 16S gene and the G.
m. morsitans mitochondrial and immune genes could offer novel insights into the
relationship between the tsetse host and the symbiont. Comparison of the G. m.
morsitans gene haplotype networks (Fig. 3.6) and W. g. morsitans 16S haplotypes
illustrated the association of genetic variation between the two organisms (Fig. 3.13).
Where no success W. g. morsitans 16S amplification was achieved the sample and

corresponding G. m. morsitans haplotype was removed from the analysis.

Glossina m. morsitans COIl exhibited ten haplotypes (Fig. 3.6A), the four common
haplotypes (Haps 1, 2, 3 and 5) each exhibited multiple W. g. morsitans 16S haplotypes,
though the number of samples and haplotypes present within each of these varied (Fig.
3.13A). All four exhibited samples from Wigglesworthia 16S haplotype 12, while COI/
haplotype 3, exhibited just one other W. g. morsitans 16S haplotype (Hap 14), COI
haplotype 2 exhibited a total of three W. g. morsitans 16S haplotypes (Haps 5, 8 and 12).
Interestingly, both the samples of W. g. morsitans 16S haplotype 9 were exhibited by
COI haplotype 1, as were haplotypes 10, 11 and 12, while COI haplotype 5 exhibited
eight W. g. morsitans 16S haplotypes (Haps 1, 3, 4, 6, 7, 12, 13 and 15) (Fig. 3.13A).
Furthermore, of the six location specific haplotypes exhibited by COI only two, Haps 4
and 10, exhibited W. g. morsitans 16S haplotypes; COl Haplotype 4 exhibited W. g.
morsitans 16S haplotype 12, while COI haplotype 10 exhibited W. g. morsitans 16S
haplotype 2 (Fig. 3.13A). Interestingly, W. g. morsitans 16S haplotype 2 is also location

specific and observed within a single a single sample (Fig. 3.11).

Of the 11 haplotypes observed in AttA (Fig. 3.6B), three (Haps 3, 4 and 6) contained no
identified W. g. morsitans 16S haplotype (Fig. 3.13B). A further four (Haps 5 and 11)
contained several missing samples. Wigglesworthia glossinidia morsitans 16S haplotype
12 was exhibited in five of the eight AttA haplotypes assessed, Haplotypes 1, 5, 8, 10 and
11 (Fig. 3.13B). W. g. morsitans 16S haplotype 12 was exhibited by one sample in both
AttA haplotypes 8 and 10, while W. g. morsitans 16S haplotypes 14 and 15 were also
observed within these AttA haplotypes. Three other W. g. morsitans 16S haplotypes
were observed within location specific haplotypes, 16S haplotypes 7, 9 and 11, were

exhibited by AttA haplotypes 2, 7 and 9 respectively glossinidia (Fig. 3.13B).
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Eleven Def haplotypes contained no identified W. g. morsitans 16S haplotypes, while a
further five were missing identified W. glossinidia 16S haplotypes (Fig. 3.13C). Six Def
haplotypes exhibited a single W. g. morsitans 16S haplotype (Haps 8, 11, 13, 15, 19 and
23) of which three (Haps 11, 13 and 15) exhibited W. g. morsitans 16S haplotype 12.
Defensin haplotypes 8, 19 and 23 exhibited W. g. morsitans 16S haplotypes 15, 1 and
14, respectively. Both samples exhibiting W. g. morsitans 16S haplotype 9, were found

to also exhibited G. m. morsitans Def haplotype 17 (Fig. 3.13C).

Despite this observed variation a simple AMOVA test showed no significant relationship
between the immune genes and W. glossinidia 16S haplotype variation (COl ¢s: =

0.15882, P = 0.108; AttA dst=-0.31313, P = 0.571; Def bst=0.11752; P = 0.125).
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Figure 3.11: TCS haplotype networks for the G. m. morsitans immune genes COI (A), AttA (B) and Def (C) showing the frequency of Wigglesworthia 16S haplotypes
within the exhibited haplotypes. Produced in PopART, the circle size represents the number of samples exhibiting a haplotype, while the colour represent the
presence of Wigglesworthia haplotypes within the samples. White filled sections represent the samples that failed to amplify during PCR, while black circles represent
missing or inferred haplotypes. Black lines crossing a branch indicate the number of nucleotide mutations between haplotypes.
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3.3.4: Trypanosoma infection and genetic variation

A surprisingly high infection rate was detected within tsetse sample populations, 43/62
(69.35%) of the sample population tested positive for Trypanosoma infection. The majority
of these where mixed infections comprising two or three Trypanosoma spp., while the
remaining 19 were negative. Of the nine samples purified using gel extraction six yielded
successful sequencing results, confirming the presence of three African Trypanosome
species, Trypanosoma evansi, Trypanosoma congolense and Trypanosoma vivax within the
sample population. A fourth unconfirmed species was detected though the poor quality of
sequencing result made full confirmation impossible. Gel electrophoresis results indicated
that a further three Trypanosoma spp., namely Trypanosoma grayi, Trypanosoma godfreyi
and Trypanosoma brucei, could be present within the sample population though these

species were not confirmed by sequencing.

The association between G. m. morsitans immune gene variation and trypanosome
infection was assessed by reconstructing the haplotype networks (Fig 3.6B and C),
illustrating the infection status of each sample within the haplotype. Five of the 11 AttA
haplotypes (Haps 1, 2, 7, 9 and 10) showed a 100% infection rate, three (Haps 5, 8 and 11)
showed a mixture of infected and uninfected samples, while just three (Haps 3, 4 and 6)
showed no sign of infection (Fig 3.14A). Of the infected haplotypes four were location
specific containing a single sample (One from each of Makuti and Nykasanga and two from
Rekomitjie), while the sixth contained two samples from different localities (Makuti and
Rekomitjie), while all three of uninfected haplotypes were location specific haplotypes
from Rekomitjie. None of the three mixed infection haplotypes where location specific,
though haplotype 8 contained two samples one from Rekomitjie (infected) and one from
Makuti (uninfected). The remaining two haplotypes (Haps 5 and 11) contained samples
from all 3 locations, haplotype 5 contained six infected samples and four uninfected
samples, while the most common AttA haplotype (Hap 11) contained 21 infected and nine
uninfected samples. Despite some observed association between haplotypes and infection
a simple AMOVA test showed there was no significant relationship between them (¢s: = -

0.00199; P = 0.42).

A total of 15 Def haplotypes showed a 100% infection rate, 13 of these (Haps 1-2, 4, 8, 10-
14, 19, 21, 23 and 25) contained a single sample, while haplotypes 9 and 22 contained two
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samples both from Nykasanga (Fig. 3.14B). Two haplotypes (3 and 15) were the only
localised haplotypes that showed no sign of infection. The remaining eight haplotypes
(Haplotypes 5-7, 16-18, 20 and 24) contained a mixture of infected and uninfected samples.
Haplotypes 5-6 and 17 contained samples from all three locations, the remaining five
haplotypes contained samples from two collection sites. Haplotype 5 contains a total of 13
samples, eight of which were infected, while haplotype 17 contains 5 infected and a single
uninfected sample. Unlike the previous two haplotypes, haplotype 6 had more uninfected
(3) than infected (2) samples. The remaining five haplotypes were all observed in two
localities, haplotypes 7, 16 and 24 all contained more infected than uninfected samples.
Haplotype 20 contained an equal number of both infected and uninfected while haplotype
18 contained more uninfected samples (Fig. 3.14B). As previously with AttA, a simple
AMOVA test showed no significant relationship between haplotype variation within the

sample population and trypanosome infection (¢s: = -0.00230; P = 0.422).
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Figure 3.12: TCS haplotype network of both G. m. morsitans AttA (A) and Def (B) genes showing the
frequency of infected and uninfected samples within each haplotype. Produced in PopART, the
circle size represents the number of samples exhibiting a haplotype, while the colours represent
the infection status of samples within the haplotype. Black circles represent inferred or missing
haplotypes, while black lines crossing a branch indicate the number of nucleotide mutations
between haplotypes.
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3.3.4i: Wigglesworthia 16S variation and trypanosome infection

The infection rate of 70.59% (24/34 successful amplification), within the Wigglesworthia
samples was comparable to the overall trypanosome infection rate of 69.35%. Of the 15
16S haplotypes identified in section 3.3.3i, ten (Haps 1, 4, 5, 6, 7, 8, 10, 11, 14 and 15) were
found to have a 100% infection rate, haplotypes 9 and 12 contained both infected and
uninfected samples, and just three haplotypes showed no signs of infection (Haps 2, 3 and
14) (Fig. 3.15) . All the haplotypes exhibited a 100 % infection rate contain a single sample
and are specific to a single geographical location, while the most commonly exhibited
haplotype (Hap 12) showed a 70 % infection rate. Perhaps of most interest are haplotypes
2 and 3, both diverge from the primary haplotype cluster through a series of unidentified
haplotypes, and both show no signs of infection. However, an AMOVA test suggests there

is no statistical relationship between haplotypes and infection (st = 0.01217; P = 0.247).
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Figure 3.13: TCS haplotype network of the W. glossinidia 16S gene showing the frequency of
infected and uninfected samples within each haplotype. Produced in PopART, the circle size
represents the number of samples exhibiting a haplotype, while the colours represent the infection
status of samples within the haplotype. Black circles represent inferred or missing haplotypes, while
black lines crossing a branch indicate the number of nucleotide mutations between haplotypes.
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3.3.5: Comparison of the genetic variation

The association between AMP nucleotide and symbiont variation, indicated two different
results (Fig. 3.16). Firstly, the association between AttA and W. g. morsitans 16S showed a
clear negative correlation, meaning as AttA variation increased W. g. morsitans 16S
decreased (Fig. 3.16A). This was supported by the results of the Mantel test which also
indicated a negative correlation between the two, though this is statistically insignificant.
On the other hand, a positive correlation was observed between Def and W. g. morsitans
16S. This was again supported by the Mantel test results, though once again these were

found to be statistically insignificant.

Table 3.9: Mantel test results showing the correction between G. m. morsitans AMPs and W.
glossinidia 16S.

Genes Correlation (R) P-Value
AttA vs 16S -0.09845 0.8061
Def vs 16S 0.03068 0.2488
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3.4: Discussion

This chapter offers a novel insight into the evolutionary genetic history of a wild G. m.
morsitans population, as well as exploring the genetic relationship between wild G. m.

morsitans, the endosymbiont bacteria W. g. morsitans and Trypanosoma spp.

Initial phylogenetic analysis of the G. m. morsitans mitochondrial and nuclear genomes
showed no relationship between genetic variation and geographic location. The
phylogenetic analysis of COI and AttA indicated a relatively high level of relatedness
between samples, whereas Def indicated a more diverse evolutionary history. Overall the
phylogenetic topology, haplotype and nucleotide diversity of the G. m. morsitans
mitochondrial gene COI was found to be comparable to other dipteran species (de Jong et
al., 2011; Qin et al., 2016), suggesting that the wild G. m. morsitans mitochondrial genome

is stable and evolving neutrally (Powell et al., 1986; Caccone et al., 1988).

The low level of intraspecies variation within AttA could be a consequence of the
evolutionary history of Glossina attacins. The unexpectedly high level of interspecies
variation of AttA (Chapter 3, Section 2.3A.7i), combined with the low level of intraspecies
nucleotide variation strongly alludes to concerted evolution driving nucleotide variation
within Glossina AttA (Liao, 1999). An alternate possibility, is the maintenance of genetic
variation via balancing selection, given the high number of rare AttA haplotypes (at
frequency < 5% within a population (Datta et al., 2018) observed within sample population.
This process has been observed previously within D. melanogaster AttA (Lazzaro and Clark,
2001), however, this premise was not supported by the test of neutrality conducted within

this study which showed no indication of balancing selection.

The elevated levels of nucleotide and haplotype variation observed within Def are
comparable to that observed in other immune genes previously (Unckless and Lazzaro,
2016a; Chapman et al., 2019). Furthermore, unlike AttA which forms part of a gene family,
Def was identified as an individual gene within the Glossina genome (Chapter 3), and as
such, is likely subject to higher levels of selective pressure (Jiggins and Hurst, 2003;
Lehmann et al., 2009). Therefore, the indication of balancing selection observed within the

Def sample is not only expected (Clark and Wang, 1997; Chapman et al., 2019), but also
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offers an explanation for the increased levels of nucleotide and haplotype variation to

maintain multiple functional alleles within the population (Siewert and Voight, 2017).

Interestingly, both AMPs and COI displayed high levels of gene flow, and results for Fu’s Fs,
Tajima’s D, Pairwise mismatch and raggedness tests all of which indicated a recent
population expansion event, possibly representing the recovery from a population
bottleneck (Tajima, 1989; Rogers and Harpending, 1992; Harpending, 1994; Fu, 1997).
Additionally, the high number of rare haplotypes but low variation between haplotypes is
characteristic of a population expansion event (Slatkin and Hudson, 1991; Venkatesan et
al., 2007; Allcock and Strugnell, 2012). Curiously, Def appeared to illustrate a haplotype
topology less indicative of a population expansion (Allcock and Strugnell, 2012), however,
balancing selection within the population to maintain genetic diversity could be responsible
for this variation (Clark and Wang, 1997; Chapman et al., 2019). Furthermore, Allcock and
Strugnell (2012) hypothesised that a similar pattern may be observed if isolated
populations survived a bottleneck event and then began recolonization, maintaining non-

geographically specific genetic variation.

Interestingly, a recent population bottleneck could be a consequence of tsetse control
measures within the collection area. Tsetse control in the collection area of this study
terminated in 2001 (Shereni et al., 2016), and while estimates suggest that clear areas can
be recolonized within one to two years (Turner and Brightwell, 1986; Hargrove, 2000) this
is still a comparatively recent event. While it could be argued similar results would be
expected from a founding effect following recolonization (Raupach et al., 2010; Allcock and
Strugnell, 2012), there is no evidence to suggest the original tsetse population was
eliminated, furthermore it is uncommon for founding effects to be accompanied by

evidence of a rapid population expansion (Allcock and Strugnell, 2012).

The high gene flow between subpopulations is likely an outcome of the indicated free
interbreeding between the subpopulations and implied panmictic population. However,
two important physical factors must be considered before the presence of a panmictic
population is accepted; the physical geography surrounding the collection sites and, the
distance between collection sites. The physical geography of the collection sites illustrates
no physical barrier preventing interbreeding between the three populations

(Supplementary Figure 10, Appendix 6). Although, tsetse favour lower altitudes, below
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1000m the presence of a tsetse population in Makuti and further up the escarpment
indicates that migration to higher altitudes is possible (Shereni et al., 2016). Interestingly,
the observed negative correlation between Fst and geographical distance infers a greater
degree of interbreeding between the two furthest geographical sites (Nykasanga and

Rekomitjie).

The average distance between collection sites is 26.30 Km, whilst this distance could be
considered relatively close in terms of population genetic analysis, it does present a long
migration for tsetse flies. The average daily movement of approximately 1 Km (Hargrove,
2000), and the average lifespan of 14-21 days for males and 30-120 days for females
(Encyclopaedia Britannica, 2017) of tsetse suggests that while these loci are theoretically
within the limits of tsetse migration, the subpopulations are more likely breeding with

surrounding populations between the collection sites, rather than directly interbreeding.

The genetic variation within W. g. morsitans 16S was found to be highly comparable to
previous studies into genetic variation of W. glossinidia subsp. (Symula et al., 2011) and
other primary endosymbionts (Funk et al., 2001; Abbot and Moran, 2002). As W. glossinidia
is maternally inherited by off spring, the population dynamics of W. glossinidia and the
Glossina mtDNA should be similar (Symula et al., 2011). The population expansion event
outlined above was mirrored within the symbiont population. Low nucleotide variation,
elevated haplotype diversity and a “star-like” haplotype network clearly indicate a
population expansion (Slatkin and Hudson, 1991; Venkatesan et al., 2007; Allcock and
Strugnell, 2012). Furthermore, similar values for Fu’s Fs and Tajima’s D, and an identical
Mantel test result show the clear relationship between the symbiont and Glossina mtDNA
as well as reinforcing the observed population expansion (Tajima, 1989; Fu, 1997). It is
important to consider that endosymbiont populations undergo frequent bottlenecks as an
inherent aspect of their lifestyle, and therefore the evidence of a population expansion

event within the symbiont population must be interpreted cautiously (Funk et al., 2001).

Genetically distant tsetse haplotypes were seen to contain the same symbiont haplotype,
a phenomenom observed in other symbiotic relationships (Chong and Moran, 2016; Tseng
et al., 2019). Interstingly, it was found that an increase in symbiont diversity was negatively

correlated with AttA diversity, but postively correlated to Def diversity. While this does not
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signify causality between the two events, it does imply that the maintenance of AMP

nucleotide variation is independent of symbiont variation.

An alternative explanation for the presence of one predominent common haplotype within
the W. g. morsitans 16S sample is possibly indicative of selfishness within symbiont
populations, whereby a genetic variant, which is potentially detrimental to the host, is
selected for within the symbiont population (Bennett and Moran, 2015; Rispe and Moran,
2015; Chong and Moran, 2016). However, there is no empirical evidence for this within the

sample population.

The high trypanosome infection rate with the tsetse sample population could be a result of
a skewed sample dynamic. All samples used in the study were tendril males, and as juvenile
males are the most susceptible to trypanosome infection, it is possible that the 69.35%
infection is a drastic overestimation of the true wild infection rate (Distelmans et al., 1982;
Otieno et al., 1983). Indeed, a study a much larger (n = 2092), mixed sex sample population,
collected at a similar time and location to the flies used in this study, indicated an infection

rate of just 6.31% (Shereni et al., 2016).

Although comparison of AMP genetic varition and infection revealed no significant
relationship, it is likely that nucleotide variation has little direct influence on infection. The
relitively high number of synonymous mutations observed within AttA suggests that the
potential for protein varition is limited, and therefore the high infection rate is not likely
associated to nucleotide polymorphims. The variation within Def offers a slightly different
insight, the higher number of non-synonymous sites within the gene indicate that protein

variation could be greater, thus having a greater effect on trypansomal infection.

Interestingly, the association of W. g. morsitans 16S variation and infection suggests that
direct divergence away from the common 16S haplotype results in infection. As the
presence of W. glossinidia directly influences the susceptibility of tsetse flies to
trypanosome infection (Kikuchi, 2009; Sassera et al., 2013), it can be hypothosised that
genetic variation within the symbiont population may also affect susceptibility. As the
mechanics of this symbiosis are not fully understood and literature regarding the impacts
of symbiont variation on infection is lacking, the current author presents two possible
theories. Firstly, as symbiont populations plays a critical role in the development of the
immune system in juvenile flies, variation could result in an underdeveloped immune

147



system increasing susceptibility to infection (Kikuchi, 2009; Symula et al., 2011; Weiss et
al., 2012; Sassera et al., 2013). Secondly, although the relationship between of W.
glossinidia and tsetse flies is symbiotic, the AMPs are utilised to regulate symbiont
population. If this possible that symbiont variation could improve the bacterial evasion of
the host immune system, reducing expression of AMPs and facilitating trypanosome

infection. However, both propositions require substantial further research.

On the other hand, there is evidence to suggest a possible genetic relationship influencing
resistance variants within the sample population. Under the premise presented above,
genetic variation should results in increased suseptability to trypanosome infection.
However, the increased genetic distance between these two uninfected samples and the
common 16S haplotype alludes to a strong resistant sub-strain of W. g. morsitans with the
population. However, given the small sample size and lack of evolutionary data this remains

undetermined.

3.5: Conclusion

The aim of this chapter was to evaluate the intraspecies variation of AttA and Def within a
wild tsetse population, and examine the relationship between tsetse nucleotide variation,

symbiont genetic variation and trypanosome infection.

Genetic variation within AttA and Def was found to differ, while population genetics
revealed that the wild tsetse population has undergone a recent expansion event, following
a bottleneck period. This observation was supported by the relationship with the W.
glossinidia symbiont, which illustrated almost identical results. However, the exact
relationship between tsetse and symbiont genetic variation warrants further research to
understand fully. The association of tsetse genetic variation and trypanosome infection
yielded inconclusive results, however it is possible that protein variation will offer greater
insight into this relationship, as well as the role of natural selection on AMP diversity, a

concept that is investigated further in Chapter 4.
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4: Structural and functional analysis of attacin-A and defensin
as a result of single nucleotide polymorphism: Impacts on

infection and evolution

4.1: Introduction

Protein structure is determined by the folding of amino acid transcripts to form protein
secondary structures (B-sheets, a-helices, and coils), while functionality depends upon the
biochemical properties of amino acids. Alteration in the amino acid sequence by non-
synonymous mutations can have drastic impacts on the stability, structure and function of

proteins (Anfinsen, 1973; Lorch et al., 1999, 2000; Tiede et al., 2006; Ung et al., 2006).

It has long been recognised that genetic mutation is a primary driver of selection and
adaptation within organisms (Lynch, 2010; Watari et al., 2010). Non-synonymous
mutations resulting in the variation of amino acid sequences are subject to high levels of
both purifying and positive selection, while nonsense mutations resulting in the early
termination of transcripts are subject to strong purifying selection (Haddrill et al., 2010;
Booker et al., 2017; Campos et al., 2017; Chu and Wei, 2019). The impact of synonymous
mutations was thought to be minimal and thus only subject to weak selection, however,
while these mutations are often referred to as ‘silent’, evidence suggests they may impact

protein function (Supek et al., 2014; Kristofich et al., 2018).

Evolution is heavily influenced by the interactions of an organism with the environment
and other organisms (coevolution). The Red Queen hypothesis (Van Valen, 1973), is often
associated with predator-prey and parasite-host coevolution (Ebner, 2006; Soares and
Yilmaz, 2016). At its most elementary, this hypothesis states that a more advantageous
variation will survive and become prominent within a population, while deleterious
mutations will be removed. It can be further divided into two contrasting processes: the
Red Queen arms race, resulting in the fixation of advantageous alleles within a population;
and Red Queen dynamics which promotes genetic variation and the maintenance of

multiple alleles within a population via balancing selection (Woolhouse et al., 2002).
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Frequency-dependent selection, like most selective process, fall under two types: positive
and negative. Positive frequency-dependent selection is the process whereby the fitness of
a phenotype or genotype increases with frequency, while negative frequency-dependent
selection can be described in two ways, either as an increase of fitness as frequency
decreases, or a decrease in fitness as frequency increases (Ayala and Campbell, 1974). In
systems where genetic diversity is required, such as parasite-host interactions and
coevolution, negative frequency dependent selection is more common and is considered
the primary diver of coevolution and the Red Queen dynamic, as it does not enable the
fixation of a specific genotype within a population (Burdon et al., 2013; Unckless and
Lazzaro, 2016a). Therefore, promoting genetic variation through balancing selection and

the Red Queen dynamic.

There are a multitude of factors that affect the evolutionary rate of proteins, including:
expression level (Drummond et al., 2005), structural stability (Bloom et al., 2006), function
(Cherry, 2010) and site specific variation (McCandlish and Stoltzfus, 2014; Echave et al.,
2016; Echave and Wilke, 2017; Jimenez et al., 2018; Marcos and Echave, 2020). It has been
observed that majority of non-synonymous mutations have minimal impact on
functionality (Zuckerkandl and Pauling, 1965; Bloom and Arnold, 2009). However, there are
numerous accounts of mutations altering the structure and functional properties of
proteins (Mahalingam et al., 2001; Sawai et al., 2002; Bolintineanu et al., 2007; Portelli et
al., 2018; Vedithi et al., 2018).

Under the concept of coevolution the antimicrobial proteins responsible for the
suppression of pathogen infection would be subject to intense level of selection (Anderson
and May, 1982; Niaré et al., 2002; lJiggins and Hurst, 2003; Lehmann et al., 2009).
Interestingly, the idea that AMPs are unlikely to undergo positive selection due to their
nonspecific nature has been presented on several occasions (Sackton et al., 2007; Simard
et al., 2007). However, the adoption of advantageous alleles is not unheard of and

significant aspect of the interspecies arms race (Woolhouse et al., 2002; Tennessen, 2005).

Balancing selection has been well documented within AMPS and has become a
fundamental aspect of coevolution in most systems (Clark and Wang, 1997; Woolhouse et
al., 2002; Chapman et al., 2019). This process of maintaining multiple functional alleles

within a population helps to increase genetic diversity within populations while keeping
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fitness constant (Pasvol et al., 1978; Woolhouse et al., 2002; Charlesworth, 2006; Key et
al., 2014a). This process has been particularly well documented in immune genes across
several vertebrate and invertebrate species (Lazzaro and Clark, 2001; Lehmann et al., 2009;

Key et al., 2014a; Unckless and Lazzaro, 2016b; Unckless et al., 2016).

In the previous two chapters, both attacin-A (AttA) and defensin (Def) showed differing
inter and intraspecies variation. The interspecies conservation of Def supports the idea that
AMPs are conserved and maintained through high levels of selective pressure (Chapter 2)
(Jiggins and Hurst, 2003; Lehmann et al., 2009). Furthermore, the high level of intraspecific
variation and indication of balancing selection observed in Chapter 2, would also suggest
that genetic diversity within G. m. morsitans Def is being maintained by the Red Queen
dynamic (Lazzaro and Clark, 2001; Woolhouse et al., 2002; Key et al., 2014b; Chapman et
al., 2019). However, the presence of five non-synonymous mutations within the gene
fragments could induce a heavy selective on protein variation if functionality is altered
(Haddrill et al., 2010; Booker et al., 2017). Interestingly, AttA was found to exhibited a
higher interspecies variation than intraspecies variation (Chapters 2 and 3), given that AttA
is part of a larger gene family this could be indicative of concerted evolution within the
attacin gene family (Liao, 1999). Although, AttA did exhibit some variation it is likely that
this is a result of the maintenance of genetic variation through balancing selection though

this was not evident from the test of neutrality performed (chapter 3).

4.1.1: Aims and objectives

Four and five non-synonymous mutations were identified in both AttA and Def respectively
(Chapter 3). While this does not guarantee functional variation, it may offer further insight
into the evolution of each gene. In this chapter, the aim is to assess the structural and
functional consequences of these mutations in relation to infection and protein evolution.
Comparisons of nucleotide variation and trypanosome infection indicated little correlation
(chapter 3); however, greater insight could be gained from the direct comparison of protein
variation to infection. Furthermore, the difference in interspecies nucleotide variation
between AttA and Def suggests that these genes are under different selective pressures (as
discussed in chapter 3). Sweeps for natural selection within the transcripts of the two AMP

genes could help to quantify this observation.
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Additionally, understanding the changes in amino acid properties resulting from non-
synonymous mutations can indicate potential consequences on both structure and
functionality of the proteins. Detection of any radical changes in biochemical properties
can directly lead to alteration in stability, bind affinity and secondary structure of protein
variants. As such, the three-dimensional structures of each identified protein variant will

be predicted to identify any drastic alterations in secondary structure.

Finally, the aim is also to predict the active site of both AttA and Def within the G. m.
morsitans protein variants and assess the implications of functional variation. As functional
variation is not necessarily predetermined, this would provide a link between protein

structural and functional variation and infection rates.
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4.2: Methodology

4.2.1: gDNA extraction, Polymerase Chain Reaction, and bioinformatics analysis:

This chapter builds on the data generated in the previous chapter. For information on the
extraction of gDNA, amplification of gene fragments and sequencing, as well as previous
analysis including phylogenetic, evolutionary and population genetics analysis please see

Chapter 3.

The identification of synonymous and non-synonymous substitutions, undertaken in
Chapter 3, showed the location of nucleotide variation within amplified gene fragments.
These sequences where translated and aligned using UGENE (Okonechnikov et al., 2012) to
illustrate amino acid variation and indicate any potential property changes between the

wild AMP variants.

4.2.2: Comparison of protein variation and infection

While no relationship was observed between nucleotide variation and infection (see
Chapter 3), the relationship between protein variants and infection may offer a deeper
insight into the interactions between tsetse and trypanosomes and the ability of an
individual to combat infection. This was achieved in two ways: firstly, by directly comparing
the total number of samples to the number of infected samples within a protein variant.
Secondly, infection frequency was compared to the total number of samples in each
protein variant. This provided two observations: firstly, an overall comparison to establish
the general trend of infection within the subpopulation (i.e.: does the number of samples
directly correlate to infection?) and secondly, to illustrate whether specific variants broke
this trend when frequency was assessed (i.e.: do specific variants show reduced infection

frequencies despite a higher number of samples?).

4.2.3: Indication of Selection: Z-tests

If there is relationship between infection and specific amino acid variation, whether
increased susceptibility or resistance, this could be further indicated by the presence of
natural selection to remove or promote variation within the population. An initial test for

natural selection was conducted using a Z-test in MEGAX (Kumar et al., 2018). This used a
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standard Z-test to assess for deviations from the population mean neutral state along a full
sequence, this in turn can imply the presence of selective pressure upon a specific
sequence. Using the equation 8 (Appendix 2), this enabled the testing of the null hypothesis
of neutrality: Hy(dN = dS), versus either positive selection: H,(dN > dS), or purifying
selection: H,(dN < dS).

4.2.4: Indication of Selection: HyPHy based analysis

Z-tests offer an indication of the selective pressures currently influencing the evolution of
a gene by testing the null hypothesis of neutrality against positive and purifying selection
(see above). However, in order to determine which codons variants are under selection
HyPHy (Hypothesis testing using Phylogenies) was used (Pond and Muse, 2005).
Methodologies run using the premise presented by HyPHy: such as SLAC (Single-Likelihood
Ancestor Counting) (Kosakovsky Pond and Frost, 2005), FEL (Fixed Effects Likelihood)
(Kosakovsky, Pond and Frost, 2005), MEME (Mixed Effects Model of Evolution) (Murrell et
al., 2012) and FUBAR (Fast, Unconstrained Bayesian Approximation) (Murrell et al., 2013),
can be used to provide a more comprehensive assessment of the selective nature of
specific genes and codons. Each method measures selection in a different way, either by
assessing the presence of selection across the full sequence or on a codon-by-codon basis.
This site based analysis was selected as the focus of this chapter is to assess the evolution
of the protein variants, rather than specific branches of the sample population (Weaver et

al., 2018).

HyPHy was run using MEGA7 (Kumar et al., 2016) to estimate the number of synonymous
(s) and non-synonymous (n) mutations as well as the number of synonymous (S) and non-
synonymous (N) sites within each codon using the methods published previously by
Felsenstein (1981) and, Muse and Gaut (1994). As in the Z-test, dS and dN represent the
number of synonymous substitutions per synonymous site (s/S) and dN the number of
non-synonymous substitutions per non-synonymous site (n/N), while dN - dS can be used
to detect codons under positive selection. P-values give the probability of rejecting the null
hypothesis of neutrality: H,(dN = dS) in favour of the presence of positive selection:

H,(dN > dS) (Suzuki and Gojobori, 1999; Pond and Muse, 2005).

SLAC, FEL, MEME and FUBAR were all run using the Datamonkey webserver (available at:

www.datamonkey.org/) (Pond and Frost, 2005; Weaver et al., 2018), all use the premise
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detailed above in their methodology however, certain aspects vary within each analytical
tool. Both SLAC and FEL predict pervasive selection (Kosakovsky, Pond and Frost, 2005)
using a maximum-likelihood approach to determine dS and dN, while SLAC also
incorporates a counting method. FUBAR, utilises a Bayesian approach to estimate pervasive
selection, and thus a posterior probability value is used to infer significance (Murrell et al.,
2013). All three of these approaches use the assumption that selective pressure is constant

throughout the phylogeny.

MEME uses a mixed affect likelihood to predicted sites under episodic selection. This
approach varies considerable from the others, generating a single value for dS (denoted as
a) and two values for dN (denoted as £ and 7). Positive selection of a codon is indicated

when *> aand is shown to be statistically significant (Murrell et al., 2012).

4.2.5: TreeSAAP

As each amino acid can exhibited fundamentally different properties, which can influence
the structural and functional properties of proteins, TreeSAAP was employed to categorise

these variations.

TreeSAAP was employed to fully assess the different properties of each amino acid
substitution as well as the level variance between the two amino acids. This was done
following the user’s manual, a NEXUS alignment file was generated in DnaSP (V6) ((Rozas
etal., 2017), while a separate phylogenetic tree file was generated in MEGAX (Kumar et al.,
2018). By utilising a sliding window approach TreeSAAP compared the total number of
amino acid replacements relative to those evolving through neutrality across the Atta and
Def phylogeny respectively. The analyses detect the occurrence of 20 physiochemical
properties over eight categories, where 1-3 are considered to have little effect on the
resultant protein, 4-5 having medium effect and 6-8 have the most substantial impact on
the biochemistry and essentially the function of the protein. The significance of each

individual amino acid was assessed using a z score, where scores > 3.09 had P<0.001.

PROVEAN (Protein Variation Effect Analyzer) online software (available at:
http://provean.jcvi.org/index.php) (Choi, 2012; Choi et al., 2012) was utilised to predict the

impacts of each of the amino acid substitutions on the protein functionality. A PROVEAN
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score <-2.5 indicates functional alterations resulting from a specific mutation, while a score

above this value indicates a neutral mutation.

4.2.6: Three-dimensional protein modelling

Variation of amino acid properties within a transcript could have direct impact on the
structure of a protein. The secondary and tertiary structures of each protein variation was
assessed using I-TASSER online software (Zhang, 2008; Roy et al., 2010; Yang et al., 2015).
Structural predictions were made as described previously in Chapter 2 (section 2.2.8). All
secondary structure models where visualised, and tertiary/surface structures were

generated using PyMOL (The PyMOL Molecular Graphics System, Version 1.2r3pre).

Statistical comparison of these structural predictions was conducted using the DALI online
server (Holm, 2020) (see chapter 3; section 2.2.8), and PCA analysis was conducted in PAST3
(Hammer et al.,, 2001) as detailed in see chapter 3; section 2.2.7, to illustrated the

relationship between protein variants.

4.2.7: Active site prediction

The impact of amino acid substitutions and structural variation on protein function could
directly influence the function of a protein. Visualisation of binding pockets and residues
involved in the active site of protein could help to associate protein structure and infection
variance. Prediction of the binding sites within Glossina AttA and Def enabled the
comparison of the observed wild protein variants to these reference proteins (identified in
Chapter 2). Prediction of the active sites was conducted using two online servers:
PrankWeb (available at: https://prankweb.cz) (Jendele et al., 2019) and FTSite (available at:
https://FTSite.bu.edu) (Ngan et al., 2012; Kozakov et al., 2015).

As there is no published literature detailing the AttA active site, predicted AttA structures
from G. m. morsitans, G. austeni and G. pallidipes (generated in Chapter 2) were submitted
to both PrankWeb and FTSite, highlighting the residues forming the predicted active sites.
Protein database (PDB) files were submitted to both servers, the resulting predictions were
observed in PyMOL. These were aligned in MUSCLE (Multiple Sequence Comparison by Log-
Expectation) (Madeira et al., 2019) and a consensus of the binding region indicated the
most probable location of the AttA active site. This was further supported by the Hidden

Markov Model (HMM) of Arthropod attacin sequence generated in Pfam (El-Gebali et al.,
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2019). This illustrated the level of entropy at specific codons, as well as conserved regions
across the amino acid sequence. The HMM of G. m. morsitans AttA was produced using
Skylign (available at: http://skylign.org) (Wheeler et al., 2014) and an alignment of
reference sequences from Chapter 2 and wild sequences generated in this study (Chapter

3).

Prediction of the Glossina Def active site was undertaken by aligning the previously
published Def active sites from Allomyrina dichotoma (AAB36306) and Oryctes rhinoceros
(BAA36401) to the G. m. morsitans Def sequence identified in chapter 3. This alignment
was conducted using MUSCLE (Madeira et al., 2019) and indicated the residues likely

involved in the Def active site.

Prediction of the active site within the wild protein variants was undertaken in the same
way. Structural predictions (generated in section 5.2.5) were submitted to both PrankWeb
and FTSite. The resulting structures illustrated any variation in binding pockets between

the structures of protein variants.

157



4.3: Results

Non-synonymous nucleotide variations within AttA and Def, identified in Chapter 3,
influence amino acid variation within the protein sequence. Protein variants in this chapter
will be named according to the amino acid substitutions responsible for variation, i.e., Def-
E42 indicates the substitution of Glycine (Gly) for Glutamic acid (Glu) reduce at codon 42.
Those sequences that contain no amino acid substitutions were named simply, AttA and

Def.

Four non-synonymous mutations were observed within the AttA nucleotide sequence at
codons 35, 43, 49 and 86 (Fig. 4.1A). An alignment of amino acid sequences showed the
presence of five AttA protein variants: AttA, AttA-N35, AttA-T43, AttA-D49 and AttA-A86.
Defensin nucleotide sequences exhibited five non-synonymous mutations at four codons,
18, 42, 45 and 82 (Fig. 4.1B). Codon 18 was found to exhibit two variants with a C-G and C-
T substitution resulting in the presence of Serl8 and lle18 variants respectively. Translation
of the nucleotide sequence indicated the presence of 11 Def protein variants: Def, Def- 518,
Def-118, Def-E42, Def-F45, Def-182, Def-S18/E42, Def-S18/F45, Def-S18/182, Def-118/F45
and Def-S18/F45/182.
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Figure 4.1: All synonymous and non-synonymous mutations within the AttA (A) and Def (B) genes.
Sliding window graphs were produced in the previous Chapter (Chapter 3, section 3.2.8).
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4.3.1: Protein variation and Trypanosoma infection

A direct comparison of the number of trypanosome infected samples exhibiting each
protein variant illustrated a clear correlation between sample size and infection (Fig. 4.2).
The imbalance of samples exhibiting AttA protein variants makes this correction inevitable
(R? = 0.998) (Fig. 4.2A) however, a strong correlation was also observed between the
number infected samples within Def protein variants (R> = 0.896) (Fig. 4.2B). Therefore,
unsurprisingly as the number of samples exhibiting a protein variant increase so does the

number of infected samples.
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Figure 4.2: A comparison of the number of samples exhibiting each protein variant, and the number
of infected samples. A) compares the AttA variants, while Def is shown on graph B.
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Interestingly though, a comparison of infection frequency within protein variants shows
two differing results (Fig. 4.3). Attacin-A indicated a very minor negative correlation
between sample size and infection frequency (Fig. 4.3A). However, regression analysis does
not suggest there is any relationship between sample size and infection (R? = 0.0892; P >
0.05). Defensin on the other hand, indicates a slight increase in infection frequency as
sample size increase (Fig. 4.3B). Although, regression analysis once again did not indicate

any relationship between infection and sample size (R? = 0.00225; P > 0.05).

Curiously, if only variants observed in two or some samples are considered the general
trend shifts to a clear negative relationship between sample size and infection frequency
(Fig. 4.3B), which is strongly supported by regression analysis (R? = 0.794; P = 0.007).
Perhaps, more remarkably is the observation that three of four high frequency variants
(except for Def-E42) exhibited the S18 variation, while the low frequency variations all

exhibit the wild T18 variant (Fig. 4.3B).
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Figure 4.3: A comparison of the number of samples exhibiting each protein variant, and the
frequency of infection within each variant. A) lllustrates the relationship between the number of
samples expressing each AttA variant and infection rates. B) Shows the relationship between the
number of samples expressing each Def variant and infection frequency.
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4.3.2: Indicators of natural selection

4.3.2i: Z-tests

An initial estimation of natural selection was conducted using a Z-test in MEGAX (Kumar et
al., 2018). This indicated the presence of both positive and purifying selection, as well as

neutral evolution within the sample population (Table 4.1).

When submitted to the MEGA analysis, AttA showed no indication of either positive or
purifying selection with all P-values above the statistically significant P = .05 threshold.
Interestingly, neutrality was not detected either, though the average P values was lower

than that observed for positive and purifying selection.

In contrast, the Def gene indicated far greater selective pressure within the sample
population. Neutrality was detected between Haplotypes 3 and 13 (P = .045), and
Haplotypes 8 and 23 (P = .04). Evidence of positive selection was indicated between
Haplotypes 3 and 13 (P =.023), 15 (P =.042) and 17 (P = .042), in addition to Haplotypes 7
and 9 (P = .042), and Haplotypes 5 and 10 (P = .042). Evidence of purifying/negative
selection was identified within considerably more haplotypes than positive or neutral
selection. Purifying selection was identified between Haplotypes 1 and 11 (P =.039); as well
as Haplotype 2 and haplotypes 11 (P = .031), 12 (P = .042) and 25 (P = .039). Purifying
selection was indicated between Haplotypes 5-10 and Haplotype 23-25 (P <.045). Although
the P-values corresponding to Z-values of purifying selection between Haplotypes 2 and 12;
5 and 25; 8 and 24; 9 and 25; and 10 and 24, were not statistically significant, they were
threshold (.051 < P > .065). These threshold values suggest that selective pressures
between these haplotypes by influence evolution although not statistically significant in

the current data set.
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Table 4.1: A matrix of identified Def haplotypes and indicated selection between them. Lower left shows values indicating Positive selection while purifying is indicated by
values in the top right. Any statistically significant Z-scores (P < .05) are highlighted. Where neutrality was detected, it is represented by *.

Purifying Selection
Haplotype 1 2 3 4 5 6 7 8 9 10 11 12
1 0.25 0.17 0.06 0.17 0.12 0.12 0.08 0.17 0.12 0.04 0.06
2 1.00 0.06 0.17 0.47 0.36 0.36 0.25 0.47 0.36 0.03 0.04
3 1.00 1.00 0.47 0.17 0.23 0.12 0.17 0.30 0.23 0.36 0.47
4 1.00 1.00 1.00 0.25 0.16 0.36 0.25 0.25 0.36 0.12 0.08
5 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.09 0.06
6 1.00 1.00 1.00 1.00 0.16 1.00 1.00 1.00 1.00 0.06 0.04
7 1.00 1.00 1.00 1.00 0.16 0.08 1.00 1.00 1.00 0.06 0.09
8 1.00 1.00 1.00 1.00 0.08 0.16 0.16 1.00 1.00 0.04 0.06
9 1.00 1.00 1.00 1.00 0.08 0.16 0.04 0.08 1.00 0.09 0.06
c 10 1.00 1.00 1.00 1.00 0.04 0.08 0.08 0.16 0.16 0.06 0.09
2 11 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
o 12 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.16
% 13 1.00 1.00 0.02 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
2 14 1.00 1.00 0.43 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.08 0.16
Fd 15 1.00 1.00 0.04* 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
& 16 1.00 1.00 0.08 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
17 1.00 1.00 0.04 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
18 0.08 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
19 1.00 1.00 0.08 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
20 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
21 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
22 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
23 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
24 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
25 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
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Table 4.1 cont.: A matrix of identified Def haplotypes and indicated selection between them. Lower left shows values indicating Positive selection while purifying is indicated
by values in the top right. Any statistically significant Z-scores (P < .05) are highlighted. Where neutrality was detected, it is represented by *.

Purifying Selection

Haplotype 13 14 15 16 17 18 19 20 21 22 23 24 25
1 0.17 0.09 0.12 0.08 0.12 1.00 0.17 0.36 0.36 0.25 0.08 0.17 0.12
2 0.12 0.06 0.09 0.06 0.09 0.25 0.06 0.12 0.12 0.08 0.06 0.06 0.04
3 1.00 1.00 1.00 1.00 1.00 0.17 1.00 0.36 0.36 0.25 0.17 0.17 0.12
4 0.25 0.12 0.25 0.25 0.16 0.06 0.25 0.12 0.17 0.17 0.06 0.06 0.09
5 0.17 0.09 0.17 0.17 0.12 0.17 0.17 0.09 0.12 0.12 0.04 0.04 0.06
6 0.12 0.06 0.12 0.12 0.08 0.12 0.12 0.06 0.09 0.09 0.03 0.03 0.04
7 0.23 0.12 0.17 0.12 0.17 0.23 0.23 0.12 0.12 0.09 0.03 0.06 0.04
8 0.17 0.09 0.12 0.08 0.12 0.17 0.17 0.09 0.09 0.06 0.02 0.04 0.03
9 0.08 0.04 0.17 0.17 0.12 0.17 0.17 0.09 0.12 0.12 0.04 0.04 0.06
c 10 0.12 0.06 0.17 0.12 0.17 0.23 0.23 0.12 0.12 0.09 0.03 0.06 0.04
2 11 0.36 1.00 0.25 0.16 0.25 0.09 0.36 0.17 0.17 0.12 0.16 0.36 0.25
o 12 0.25 1.00 0.25 0.25 0.16 0.06 0.25 0.12 0.17 0.17 0.25 0.25 0.36
% 13 0.16 1.00 1.00 1.00 0.17 1.00 0.36 0.47 0.47 0.17 0.17 0.23
2 14 1.00 0.36 0.36 0.25 0.09 0.36 0.17 0.23 0.23 0.36 0.36 0.47
Fd 15 0.08 1.00 1.00 1.00 0.17 1.00 0.36 0.25 0.36 0.12 0.17 0.17
& 16 0.08 1.00 0.16 1.00 0.17 1.00 0.36 0.36 0.25 0.08 0.17 0.12
17 0.16 1.00 0.16 0.16 0.12 1.00 0.25 0.36 0.36 0.12 0.12 0.17
18 1.00 1.00 1.00 1.00 1.00 0.08 0.16 0.25 0.25 0.17 0.08 0.12
19 0.08 1.00 0.08 0.08 0.16 1.00 0.16 0.25 0.25 0.17 0.08 0.12
20 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.36 0.16 0.25
21 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.16 1.00 0.36 0.25 0.25
22 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.16 0.16 0.25 0.25 0.16
23 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
24 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.08 1.00

25 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.16 0.16
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4.3.2ii: Codon based selection: HyPHy, FEL, SCAL, FUBAR and MEME

Having obtained an insight into the selective interactions between each haplotype, codon-
based selection analysis was conducted employing HyPHy, FEL, SCAL, FUBAR and MEME to
assess which codons were under selection. Each of these methodologies utilise the dN —dS
statistical test to screen for signs of positive and purifying selection. Positive values
indicated an abundance of non-synonymous mutations and positive selection, while
negative values indicate purifying selection (Fig 4.4). While all these methods can be used
to predict positive selection MEME cannot be used to accurately indicate purifying

selection.

There was no indication of positive selection at any of the mutation sites within the AttA
gene fragment. However, HyPHy, SLAC, FEL and FUBAR all indicated varying degrees of
purifying selection at the synonymous sites (Fig. 4.4A). SLAC indicated no significant
purifying selection at any synonymous sites. FEL indicated two statistically significant sites
(P < .05) of purifying selection at codons 174 (P = .006) and 186 (P = .034). Finally, FUBAR
indicated significant purifying selection at all synonymous sites (posterior probability > 0.9).
While all synonymous sites where statistically significant, codon 174 showed a strong

purifying pressure, with posterior probability value 0.99.

HyPHy, SLAC, FEL and MEME all indicated that the four non-synonymous mutations were
under positive selection, however only codon 18 was found to be statistically significant by
all methods (P = 0.043, 0.034, 0.012 and 0.02 respectively) (Fig. 4.4B). FUBAR identified
three statistically significant (posterior probability value > 0.9) sites of positive selection at
codons 18, 42 and 45 (Fig. 4.4B). While codon 82 was also identified to be under positive
selection, though the posterior probability value of 0.869 narrowly missed 0.9 significance

cut off.

Purifying selection was identified at all synonymous substitution sites with varying
statistical significance. SLAC identified purifying selection at codons 68 and 78 with
significant P values of P =0.041 and 0.001 respectively (Fig. 4.4B). Codon 67 also presented
signs of purifying selection though the P value was fractionally insignificant (P = 0.0532).
FEL indicated statistically significant purifying selection at all synonymous substitution
sites, codon 37 P = 0.035, codons 67 and 68 P = 0.011 and 0.019, respectively, and codon

78 P = 0.001. FUBAR indicated the presence of purifying selection at all four sites with a
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high posterior probability of > 0.9. While all posterior probability values were high, codon

78 illustrated a posterior probability value of 1, suggesting a strong purifying selection

pressure at codon 78 (Fig. 4.4B).
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Figure 4.4: A graph showing the dN — dS values at each codon of a protein sequence fragment: A)
AttA; B) Def. Positive values indicate an overabundance of non-synonymous mutations and positive
selection, while negative values indicate purifying selection and an abundance of synonymous
mutations. Each line represents a different methodology.
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4.3.3: Characterisation of significant codons.

TreeSAAP identified seven significant property changes across the four non-synonymous
sites within the AttA fragment. Changes to the: a-helical tendencies, composition,
Compressibility, polar requirement, polarity, turn tendencies and power to be at the C-
terminal, of these all but composition were identified as being radical changes (TreeSAAP
categories 6 < 8) (Table 4.2). The most radical of these changes was detected at Codon 49
where the Asp49 variant resulted in four radical changes, compared to just two at Ala86

and one at each of Asn35 and Asp49 (Table 4.2).

Defensin exhibited 24 significant property changes across the five non-synonymous sites
with radical changes in: a-helical tendencies, bulkiness, buriedness, coil tendencies,
compressibility, equilibrium constant (K¢), long-range non-bonded energy, surrounding
hydrophobicity and thermodynamic transfer hydrophobicity (Table 4.2). The vast majority
of these radical changes are observed in the lle1l8 variant, which exhibited eight radical
property changes. Three radical property changes were also observed in the Glu42 variant
(Table 4.2) Interestingly, TreeSAAP observed no radical changes in the Ser18, Phe45 and

[le82 variations.

168



Table 4.2: All radical amino acid property changes in both AttA and Def. The property change,
category (6 < 8) and P-value of each change are given.

Codon variant Property Category P-value
AttA

N35 a-helical tendencies 6 0.01
Compressibility 6 0.05
Polar requirement 7 0.01

T43
Polarity 6 0.05
Turn Tendencies 6 0.01
D49 Power to b('e at the C- 6 0.01

terminal

a-helical tendencies 6 0.01

A86
Turn tendencies 6 0.01

Def
S18 N/A N/A N/A
Bulkiness 6 0.05
Buriedness 6 0.05
Coil tendencies 6 0.01
Kc (ionization of COOH) 7 0.01
Long-range non-bonded 6 0.05
118 energy

Solvent accessible

reduction ratio 8 0.05
Thermodynamic
transfer hydrophobicity 7 0.001
Surrounding 6 0.05
hydrophobicity
a-helical tendencies 8 0.05
E42 Coil tendencies 6 0.01
Compressibility 7 0.001
F45 N/A N/A N/A
182 N/A N/A N/A
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Interestingly, despite the number of radical changes detected by TreeSAAP no deleterious
amino acid substitutions were found by PROVEAN (Fig. 4.5). The four amino acid
substitutions identified within AttA showed an average PROVEAN score of -1.187, with the
lowest score (-1.463) being observed at the Asp49 codon (Fig. 4.5A). Defensin illustrated a
higher average PROVEAN score of -0.668, however the PROVEAN score exhibited by the
Phe45 substitution was considerably lower at -2.223 despite showing no radical property

changes (Fig. 4.5B; Table 4.2).
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Figure 4.5: PROVEAN scores of each codon along the AttA (A) and Def (B) protein fragments. Amino
acid substitutions with a score < -2.5 are considered deleterious, any score > -2.5 is considered
neutral.
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4.3.4: Structural and functional analysis

While the TreeSAAP results illustrated the theoretical impacts of each amino acid
substitution, the physical structural changes of each protein variant were examined using
I-Tasser structural prediction software. This illustrated the differences between the five

AttA variants and the 11 Def variants (Tables 4.3 and 4.4).

4.3.5: Attacin-A

4.3.5i: Prediction and impacts of variation on protein structure

The AttA structures predicted from the wild G. m. morsitans samples illustrated similar
characteristics to the structures predicted in Chapter 2 (section 2.3A.7iii). The secondary
structure consists of a coiled N-terminal leading to a series of anti-parallel B-sheets, which
form a concave structure terminating in a final coiled section. The wild attacin structure
(Table 4.3: AttA) exhibited seven consecutive anti-parallel B-sheets, with extended coiled
structures for both terminals. The number of B-sheets forming the main body of the
proteins was found to differ between variants, with AttA-A86 exhibiting six B-sheets in
total, separated into two clusters of three anti-parallel sheets, while AttA-N35 and AttA-
D49 both exhibit ten consecutive B-sheets (Table 4.3). While the majority of AttA variants
all exhibit the same coiled terminals, AttA-A86 exhibited a single a-helix between codons

N14 and V17 (Table 4.3).

As indicated by the secondary structures the surface structure of G. m. morsitans AttA
exhibits an open channel structure with the N- and C-terminals both curving inwards (Table
4.3, Supplementary Figure 8 Appendix 5), this presents a potential location for the active
sites of AttA within this channel. Differences between the AttA variants surface structure
appear to be primarily restricted to the distance between the N- and C-terminals, resulting
in either a tighter or looser channel. Both AttA-N35 and T43 variants appear to show a
looser channel shape with more space between the terminal coils (Table 4.3,
Supplementary Figure 8 Appendix 5), while AttA-A86 and N187 illustrate tighter channels.
Interestingly, AttA-D49 appears to illustrate both of these traits opening one end of the
channel while closing the other (Table 4.3, Supplementary Figure 8 Appendix 5). Variants
exhibiting a more open channel structure could allow easier access to the active sites,

though the lack of positive selection within the AttA sample suggests this is unlikely.
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Table 4.3: Predicted 3D structures of each of the G. m. morsitans Def variants. The name of each variant, the haplotypes exhibiting each structure and the amino aci3
substitutions responsible for the variation are given. PDB files were produced using the I-TASSER server (Yang and Zhang, 2015) and visualised in PyMOL (The PyMOL
Molecular Graphics System, Version 1.2r3pre). All coil structures are shown in green; a-helicase are shown in red and B-sheets in yellow with direction shown by the arrow.

Variant haplotypes Amino Acid Structure Variant haplotypes Amino Acid Structure
substitution substitution
df\a
! 1° ‘ T)\y,o
AttA 2,3,4,5and N/A AttA-N35 8and 9 D35 > N35 182137
1 \ WY W
e
@&/2
C
AttA-T43 6and 7 A43 - T43 AttA-D49 10 A49 - D49
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Table 4.3 cont.: Predicted 3-Dimentional structures of each of the G. m. morsitans Def variants. The name of each variant, the haplotypes exhibiting each structure and
the amino aci3 substitutions responsible for the variation are given. PDB files were produced using the I-TASSER server (Yang and Zhang, 2015) and visualised in PyMOL

(The PyMOL Molecular Graphics System, Version 1.2r3pre). All coil structures are shown in green; a-helicase are shown in red and B-sheets in yellow with direction shown
by the arrow.

Variant haplotypes Amino Acid Structure
substitution

AttA-A86 1 S86 > A86
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Principle component analysis (PCA) shows a clear separation of the AttA variant from the
other isoforms (Fig. 4.6), AttA-A86 also shows a clear separation from the other variants
while AttA-N35, AttA-T43 and AttA-D49 form a cluster. The separation of AttA-A86 is likely
due to the lower number of observed B-sheets and the presence of a a-helix at the N-
terminal (Table 4.3). Similarly, the divergence of AttA from the other variants is likely due

to the lower number of B-sheets exhibited by the protein (Table 4.3).
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Figure 4.6: Principle component analysis (PCA) plot of wild attacin variants using the first and
second Principle components (Eigenvalues: PC1 = 153.66 (40.26 % variance); PC2 = 92.22 (24.16 %
variance)). Z-values were calculated, and a matrix produced using DALI (Holm, 2020). PCA analysis
was conducted in PAST3 (Hammer et al., 2001).

4.3 .5ii: Prediction of and variation within the attacin-A active site

While PROVEAN indicated there was no impact on protein function as a result of the
observed amino acid substitutions, structural variation could inhibit or promote ligand
binding. The active site of G. m. morsitans was predicted to be between Pro65 and His121
(Fig. 4.7). This region was consistently predicted as a binding region in all three of the
Morsitans group species, by both PrankWeb and FTSite (Fig. 4.7). The predicted binding site
appears to interact with residues at the N-terminal to stabilise the binding region and are
arranged in four clusters of residues within the identified region (Fig. 4.7A). This was
supported by the Arthropod Attacin N- and C-domain HMM logos, which indicated two
peaks of high entropy at the start and end of this region, with a low level of entropy

between (Fig. 4.7B).
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Figure 4.7: A) The alignment of AttA transcripts from G. m. morsitans, G. austeni and G. pallidipes. Highlighted residues show the amino acids identified as being involved
in a predicted binding site. The most lightly position of the AttA biding site is shown in the red box. B) The Hidden Makrov Model of the two Arthropod Attacin domains

(N- and C-terminal domains) aligned to a simple HMM of the G. m. morsitans AttA sequence. The areas highlighted in red indicated the areas of high entropy within the
predicted binding site. The Arthropod HMM logo was downloaded from Pfam prior to alignment.
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Predictions of binding sites within the wild AttA variants indicated some variation away
from the predicted region observed in figure 4.7. Three wild variants (AttA, AttA-N35 and
AttA-T43) exhibited a number of smaller predicted sites than those observed in the
reference sequences (Fig. 4.8). Despite this, similarities can be observed between each
variant and the reference predictions, primarily the recognisable four cluster pattern within
the Pro65 and His121 region (Fig. 4.7). Although these clusters are not as clearly defined,
this is possibly due to the absence of stabilising residues at the N-terminal. Interestingly,
both AttA-D49 and AttA-A86 exhibited considerably larger active sites extending beyond

His121 and encompassing the majority of the concave protein surface (Fig. 4.8).
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Figure 4.8: The alignment of all wild G. m. morsitans AttA protein variants showing the predicted active site region in the red box. Coloured residues were identified as part
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Both PrankWeb and FTSite predicted three potential binding sites within the wild G. m.
morsitans AttA variant. PrankWeb sites 1 and 2 showed a high degree of similarity to FTSite
predictions 1 and 3 (Fig. 4.9), while FTSite site 2 was locate at the C-terminal rather than
within the predicted bind pocket and PrankWeb site 3 was discounted as this was located
on the convex surface of the protein near the C-terminal (Fig. 4.9). PrankWeb site 1 was
found to be ten residues long (T67, Q84, S86, L95, S97, F116, S118, T120, F128 and R130)
and shared eight of these with FTSite 1 which was 12 residues in length (L40, V55, T67, R68,
L83, Q84, S86, L95, F116, S118, T120 and F128) and followed a similar clustering to that
observed previously. PrankWeb 2 and FTSite 3 shared nine residues (L40, K42, L 81, L83,
A101, 1103, D112, N114 and F116), these also followed a similar clustering to that observed

in figure 4.9.

The predicted binding sites within the AttA-N35 variant showed some similarity to those of
AttA, however, they were generally larger (Fig. 4.9 and 4.10). PrankWeb site 1 and FTSite 1
shared 16 residues (N37-R39, V52, G54-F56, T67-G69, F71, S82, L83, H100, N114 and F116
= 18) and clearly follow a similar structure to that observed in the AttA reference
sequences. PrankWeb site 2 and FTSite 3 also show a high level of conservation sharing
nine residues between them (F56, P65, Q84, S86, T88, T96 and S118-T120). Again, these
predicted sites follow the four-cluster pattern, though not as clearly. As observed in the
‘wild” AttA variant PrankWeb site 3 was exhibited on the convex surface and was excluded

from the study (Fig. 4.10).

The AttA-T43 variant exhibited a far greater degree of variation between predicted binding
sites than the other samples. Interestingly, PrankWeb identified six potential binding sites
of which only two, PrankWeb sites 1 and 4, show any clear similarity to the predicted
binding site of G. m. morsitans (Fig. 4.9 and 4.11). While there is less conservation between
PrankWeb and FTSite predations, both PrankWeb site 1 FTSite 4 consists of 14 residues and
share a total of 9 residues between them (V55, A66, Q84, S86, T88, T96, F116, S118 and
T120). Additionally, PrankWeb site 4 and FTSite 1 share six sites also fall into the expected
active site region. All other predicted sites in AttA-T43 are found after the predicted binding

region (Fig. 4.11).

PrankWeb identified two potential binding sites in AttA-D49, site one was found to be 43

residues long and covered the majority of the inner concave protein surface, while site two
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was located primarily between G134 and S146 (Fig. 4.12). PrankWeb site 1 showed a high
level of similarity to both FTSite 1 and 3, while FTSite 2 comprised just three residues (N114,
F116 and R130). FTSite prediction 1 and 3 share a combined 31 residues with PrankWeb
site 1 prediction which does cover show a large degree of similarity to the predicted AttA
binding sites identified in figure 4.9, however, the size of this predicted binding site is

considerably larger.

Individually none of the predicted active sites within the final wild AttA variant (AttA-A86)
shows much similarity between the binding sites observed in other AttA variants (Fig.4.13).
However, a combination of PrankWeb sites 1 and 3 does show a resemblance to larger
binding site observed in (Fig. 5.4). Rather interestingly, the majority of binding sites are
predicted to be in the second half of protein, while most AttA variants do exhibit binding

sites at in this area, the vast majority are found in the first half.
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Figure 4.9: An alignment of the wild G. m. morsitans AttA amino acid sequence, highlighting all residues within predicted active sites. The boxed area shows previously
predicted active site within AttA. A model of each active site is also presented, PrankWeb predictions are shown on the top row and FTSite predictions below. All PrankWeb

predictions illustrate the region of the binding site in the corresponding colour to the alignment. FTSite models shoe the ligand bind site in relation to the binding pocket,

the colour corresponds with the alignment above. All models were visualised in PyMOL (The PyMOL Molecular Graphics System, Version 1.2r3pre), all coil structures are

shown in green and B-sheets in yellow with direction shown by the arrow.
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Figure 4.10: An alignment of the wild G. m. morsitans AttA-N35 variant amino acid sequence, highlighting all residues within predicted active sites. The boxed area shows

previously predicted active site within AttA. A model of each active site is also presented, PrankWeb predictions are shown on the top row and FTSite predictions below.

All PrankWeb predictions illustrate the region of the binding site in the corresponding colour to the alignment. FTSite models shoe the ligand bind site in relation to the

binding pocket, the colour corresponds with the alignment above. All models were visualised in PyMOL (The PyMOL Molecular Graphics System, Version 1.2r3pre), all coil

structures are shown in green and B-sheets in yellow with direction shown by the arrow.
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Figure 4.11: An alignment of the wild G. m. morsitans AttA-T43 variant amino acid sequence, highlighting all residues within predicted active sites. The boxed area shows
previously predicted active site within AttA. A model of each active site is also presented, PrankWeb predictions are shown on the top row and FTSite predictions below.
All PrankWeb predictions illustrate the region of the binding site in the corresponding colour to the alignment. FTSite models shoe the ligand bind site in relation to the
binding pocket, the colour corresponds with the alignment above. All models were visualised in PyMOL (The PyMOL Molecular Graphics System, Version 1.2r3pre), all coil
structures are shown in green and B-sheets in yellow with direction shown by the arrow.
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Figure 4.12: An alignment of the wild G. m. morsitans AttA-D49 variant amino acid sequence, highlighting all residues within predicted active sites. The boxed area shows
previously predicted active site within AttA. A model of each active site is also presented, PrankWeb predictions are shown on the top row and FTSite predictions below.
All PrankWeb predictions illustrate the region of the binding site in the corresponding colour to the alignment. FTSite models shoe the ligand bind site in relation to the
binding pocket, the colour corresponds with the alignment above. All models were visualised in PyMOL (The PyMOL Molecular Graphics System, Version 1.2r3pre), all coil
structures are shown in green and B-sheets in yellow with direction shown by the arrow.
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Figure 4.13: An alignment of the wild G. m. morsitans AttA-A86 variant amino acid sequence, highlighting all residues within predicted active sites. The boxed area shows
previously predicted active site within AttA. A model of each active site is also presented, PrankWeb predictions are shown on the top row and FTSite predictions below.
All PrankWeb predictions illustrate the region of the binding site in the corresponding colour to the alignment. FTSite models shoe the ligand bind site in relation to the
binding pocket, the colour corresponds with the alignment above. All models were visualised in PyMOL (The PyMOL Molecular Graphics System, Version 1.2r3pre), all coil
structures are shown in green, a-helicase are shown in red and B-sheets in yellow with direction shown by the arrow.
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4.3.6: Defensin

4.3.6i: Prediction of protein secondary structure

The Def protein variant exhibited the expected secondary structure of an insect defensin,
clearly illustrating the characteristic a-helix and anti-parallel B-sheets C-terminal structure.
Two other protein variants, Def-518/182 and Def-518/E42, also illustrated this characteristic
C-terminal structure. Def-S18/182 exhibited a similar structure to that observed in the Def
protein variant, though in a chiral orientation. While C-terminal of Def-S18/E42 exhibited
the characteristic structure, the N-terminal comprised primarily of random coil structures

rather than the helical structure seen in the Def (Table 4.4).

The remaining eight structures showed considerable variation. Most notable is the absence
of the cytosine stabilised a-helix and anti-parallel B-sheets C-terminal structure. While all
but two of the structures indicated varying degrees of a helical structure at the C-terminal
there is no indication of anti-parallel B-sheets. The two final structures showed no helical
C-terminal structure, Def-118 maintained the anti-parallel B-sheets but substituting the
helix for coils, while Def-F45 exhibited a coiled structure throughout the C-terminal (Table

4.4).

Variations of protein secondary structures could lead to alterations in the protein surface
and ultimately impact functionality. Protein surface variation indicates that there is
considerable variation between the Def protein variants (Supplementary Figure 9 Appendix
5). The predicted surface structure of Def showed a partially enclosed channel running
through the protein between the N and C-terminals, this was also observed in two other

Def variants, Def-118 and Def-E42.

No other Def variants exhibited this channel, however, Def-182 and Def-S18/182 both
exhibited a large pocket structure between the N and C-terminals (Supplementary Figure 9
Appendix 5). This pocket is observed in a similar location to the channel, it is possible
therefore that the Val82/11a82 substitution is responsible for this opening of the channel
into a large pocket. Additionally, Def-S18 exhibited two large pockets, one between the N
and C-terminals regions and another running along the top of the surface (Supplementary
Figure 9 Appendix 5). All other Def variants showed signs of pockets around the C-terminal

though all were considerably smaller than those observed previously.
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Table 4.4: Predicted 3-Dimentional structures of each of the G. m. morsitans Def variants. The name of each variant, the haplotypes exhibiting each structure and the
amino acid substitutions responsible for the variation are given. PDB files were produced using the I-TASSER server (Yang and Zhang, 2015) and visualised in PyMOL (The
PyMOL Molecular Graphics System, Version 1.2r3pre). All coil structures are shown in green; a-helicase are shown in red and B-sheets in yellow with direction shown by
the arrow.

. Amino Acid . Amino Acid
Variant Haplotypes . Structure Variant Haplotypes . Structure
substitution substitution

4, 6,12 and Def- T18 — 518
Def N/A 7
Def-S18 L :;\;12'316 T18 — S18 Def-E42 | 9,13and 14  G42 — E42
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Table 4.4 cont.: Predicted 3D structures of each of the G. m. morsitans Def variants. The name of each variant, the haplotypes exhibiting each structure and the amino acid
substitutions responsible for the variation are given. PDB files were produced using the I-TASSER server (Yang and Zhang, 2015) and visualised in PyMOL (The PyMOL
Molecular Graphics System, Version 1.2r3pre). All coil structures are shown in green; a-helicase are shown in red and B-sheets in yellow with direction shown by the arrow.

Amino Acid Amino Acid
Variant Haplotypes .. Structure Variant Haplotypes . Structure
plotyp substitution plotyp substitution

T18 — 118 Def. T18 — 518
Def-118/F45 21 10

V45 — F45 $18/E42 G42 — E42

Def-182 5 V82 — 182 Def-118 15 T18 — 118
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Table 4.4 cont.: Predicted 3D structures of each of the G. m. morsitans Def variants. The name of each variant, the haplotypes exhibiting each structure and the amino acid
substitutions responsible for the variation are given. PDB files were produced using the I-TASSER server (Yang and Zhang, 2015) and visualised in PyMOL (The PyMOL
Molecular Graphics System, Version 1.2r3pre). All coil structures are shown in green; a-helicase are shown in red and B-sheets in yellow with direction shown by the arrow.

Amino Acid Amino Acid
Variant Haplot i
arian aplotypes substitution Structure Variant Haplotypes substitution Structure
T18 — S18
Def- 18, 19, 20, V45 — F45
$18/F45/182 3 V45 — F45 Def-F45 and 24
V82 — 182
Def- T18 — S18
2,22 and 25
S18/F45 V45 — F45
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The Def protein variants formed two clusters when submitted to PCA (Fig. 5.10). The largest
of these clusters consists of five Def variants (Def, Def-S18/E42, Def-118. Def-118/F45 and
Def-182), four of these variants exhibit a full or partial cytosine stabilised a-helix and anti-
parallel B-sheets C-terminal structure (Table 4.4). However, Def-118/F45 initially appears to
have a close structural appearance to the other F45 variants. Interestingly, the other three
FAS5 variants (Def- F45, Def-S18/F45 and Def-S18/F45/182) form a cluster separate from the
other wild variants (Fig. 4.14). Table 5.3 illustrates that these variants all exhibit a similar
structure that varies considerably from that observed in the other Def variants. The final
cluster consists of Def-S18, Def-E42 and Def-S18/182 (Fig. 4.14). Two of these (Def-S18 and
Def-S18/182) show a full or partial cytosine stabilised a-helix and anti-parallel B-sheets C-
terminal structure (Table 4.4), though in a chiral orientation to that observed in Def. Def-
E42 does not however, and its inclusion in the cluster does not appear to be purely based

on structure (Table 4.4 and Fig. 4.14).

20

154
Def-s18 *
L]
10] Def-E42
=
g
g ° . Def-518/F45
E Def-518/182 Def-
w
518/F45/132
Def-F45 /Fas/
o]
Def-182
57 Def
Def-518/E42
Def-118
. Def-118/F45
-20 -15 -10 5 0 5 10 15 20

Component 1

Figure 4.14: Principle component analysis (PCA) plot of wild defensin variants using the first and
second Principle components (Eigenvalues: PC1 = 93.94 (19.63 % variance); PC2 = 64.87 (13.55 %
variance)). Z-values were calculated, and a matrix produced using DALI (Holm, 2020). PCA analysis
was conducted in PAST3 (Hammer et al., 2001).

4.3 .6ii: Glossina defensin active site identification and variation

An alignment of defensin sequences from A. dichotoma (AAB36306) and O. rhinoceros
(BAA36401) to G. m. morsitans defensin sequence, identified in Chapter 3, indicated a

relatively high conservation of residues within the C-terminal defensin domain (Fig. 4.15).
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This region of conserved residues corresponds with the previously published active sites of

both A. dichotoma and O. rhinoceros defensin proteins, as highlighted in figure 4.15

(Ishibashi et al., 1999; Saido-Sakanaka et al., 1999).

A)

G. morsitans morsitans

MEFYLVLAFLTLCAVAVTALPAGDETRIDLETLEEDLRLVDGAQVTGELKRDKRVTCNIG

Allomyrina dichotoma (AAB36306.1)  @--—7--r--"r"-"r"-""oo—n— VTCDLL
Oryctes rhinoceros (BAA36401.1) MSRFIVFAFIVEMCIAHSLAAPAPEA-————————————————— LEASVIRQKRLTCDLL

G. morsitans morsitans EW-———————+ WVCVAHCNSKSKKSGYCSRGVCYCTN
Allomyrina dichotoma (AAB36306.1) SFEAKGFAANHSLCAAHCLATGRRGGSCERGVCICRE
Oryctes rhinoceros (BAA36401.1) SFEAKGFAANHSLCAAHCLATGRKGGACONGVCVCRR)

B)

Qanaaan

brevipalpis
fuscipes fuscipes
palpalis gambiensis
austeni

morsitans morsitans

pallidipes

. Swynnertoni

Hiaka

sk kkk .k Kk kkk K

MKYYVSTAIVALFAVAVTCLPTGEDPVNNLETLEQDLKPDNVEQVPVELRRDKRVTCS IGEWVCVGHCNSMGKRKSGYCSRGVCYCKN
MEKFYLALALITLFAVAVTALPAGDETRTNLETLEQDLTLVDAHQVTGELKRDKRVTCNIGENACVAHCNAKSKKSGYCSRGVCYCTS
MKFYLALALITLFAVAVTALPAGDEPGTNLETLEQDLTLVDADQVIGELKRDKRVT CNIGENACVAHCNAKSKESGYCSRGVCYCTS
MKFYLVLAFLTLFAVAVTASPAGDETRIDLESLEPDLRLVDADQATGELKRDKRVT CNIGEWACVAHCNSKSKKSGYCSRGVCYCTN
MKFYLVLAFLTLCAVAVTALPAGDETRIDLETLEEDLRLVDGAQVTIGELKRDKRVT CNIGEWVCVAHCNSKSKKSGYCSRGVCYCTN
MKFYLALAFLTLFAVAVTALPAGDETRIGLETLEEDLRLVDVDQVTGELKRDKRVT CNIGEWVCVAHCNSKSKKSGYCORGVCYCTN
MKFYLALAFLTLFAVAVTALPAGAETRIDLETVEEDLRLVDVEQVTGELKRDKRVT CNIGEWVCVAHCNSKSKKSGYCSRGVCYCTN

ks haaak kkkkk | kak o R . d L kk kkkdkokdkok kkkk kok  kkoky | kkkkokk  kokkokkk

Figure 4.15: A) An alighment of G. m. morsitans Def amino acid sequences, identified in Chapter 3,
to A. dichotoma (AAB36306) and O. rhinoceros (BAA36401) Def sequences. The boxed area
indicated the region previously document as the active site within both AAB36306 and BAA36401.
B) An alignment of all predicted Def sequences identified in Chapter 3, highlighting the location of
and conservation of amino acids within the predicted active site. * = complete conservation, : =
residues with Gonnet PAM 250 score > 0.5, . = residues with residues with Gonnet PAM 250 score
< 0.5 and a gap = no similarity.
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Having obtained an approximate location of the active site of Glossina Def, the G. m.
morsitans amino acid sequences were run through two online servers, FTSite and
PrankWeb to verify and illustrate the location of the active site. This analysis identified six
potential active sites, three from PrankWeb and three from FTSite (Fig. 4.16). When aligned
these sites appear to confirm the active site of Glossina Def is located around the same C-
terminal region as identified in A. dichotoma and O. rhinoceros (Fig. 4.16). Furthermore,
the binding sites seem to be dependent upon interactions with N-terminal residues, though

whether for stability or functionality remains undetermined.

Visualisation of the active sites identified by FTSite suggest that only site 1 (Fig. 4.16: FTSite
1) has been accurately predicted as both sites 2 and 3 are located away from the N and C-
terminal binding pocket (Fig. 4.16: FTSite 2 and 3). While FTSite 1, is an almost identical
match to PrankWeb site 3 (Fig. 4.16). The first site predicted by PrankWeb, appears to show
the most similarity to the previously publish active sites, encompassing the majority of the
N and C-terminal binding pocket (Fig. 4.16: PrankWeb 1). While PrankWeb Site 2 appears
to interact primarily with the N-terminal rather than the C-terminal (Fig. 4.16: PrankWeb
2).
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PrankWeb1 vk r v ¢ vavilh i racoe TR

VLA IDLETLEELRLVDGAQVTGELKRDKRVTCNIGE

PrankWeb 2 KILVLA AVTAL@AGENSRER | DLETLEEDLRLVDGAQVTGELKRDEKR G E

é PrankWeb3 vk r v i viaft TUCAVANTALPAGDETRIDLETLEEDLRLVDG G K R D G E
6] FTSitel Mk e v L VvLAGL TLCAVAWUITALPAGDETRIDLETLEEDLRLJUNDG K R D GE
FTSite2  ukrviviarLTL VTAL@ZAGDETRIDLETLEEDLRLVDGAQVTGELGKE RDEK G E
FTSite 3 B oLvar T VAVTALPAGODE BRI DLETLEEDLRLVDGAQVT GELKRDKRIVTCNI GE

PrankWeb

Figure 4.16: An alignment of the G. m. morsitans Def amino acid sequences, identified in Chapter 3, highlighting all residues within predicted active sites.
The boxed area shows previously document as the active site within AAB36306 and BAA36401. A model of each active site is also presented, PrankWeb
predictions are shown on the top row and FTSite predictions below. All PrankWeb predictions illustrate the region of the binding site in the corresponding
colour to the alignment. FTSite models shoe the ligand bind site in relation to the binding pocket, the colour corresponds with the alignment above. All
models were visualised in PyMOL (The PyMOL Molecular Graphics System, Version 1.2r3pre), all coil structures are shown in green, a-helicase are shown
in red and B-sheets in yellow with direction shown by the arrow.
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PrankWeb predicted a single bonding site within the Def structure (Fig. 4.17), located along
the N/C-terminal channel identified in section 4.3.3i. This binding site is formed of 25
residues (V6-A8, T11, V15, A16, 20L, A22-D24, 128, D29, L33, D36, K53, V55, H67, C68, K71,
K73, C83-N87) from both the N and C-terminals (Fig. 4.17: PrankWeb 1). FTSite predicted a
further three potential active sites within the Def (Fig. 4.17), of these Sites 1 and 2 were
found near the documented active site of the Def protein. Site 1 was found to be a result
of interactions between seven amino acid residues (L20, A22, 128, Y84, C85, T86 and N87)
(Fig. 4.17: FTSite 1), while Site 2 was formed by 12 residues (T11, A16, L20, 128, D29, L30,
V55, V63, H67, C68, K71 and Y84) (Fig 4.17: FTSite 2). Site 3 was discounted from the
analysis as this did not indicate any interaction with the C-terminal residues or fall within

the established active site region (Fig. 4.17: FTSite 3).

Both PrankWeb and FTSite predicted three potential binding sites within the Def-F45
sequence (Fig. 4.18). Interestingly, both servers predicted almost identical binding sites,
with PrankWeb site 1 matching FTSite 3, PrankWeb site 2 matching FTSite 1, and PrankWeb
site 3 matching FTSite 2 (Fig. 4.18). PrankWeb site 1 and FTSite 3 rely on the interaction of
13 residues, sharing 11 of these (L20, E25, T26, L28, T32, D36, L37, W62, H67, V82 and C83)
between the N and C-terminal regions of the protein structure (Fig. 4.18: PrankWeb 1 and
FTSite 3). PrankWeb site 2 and FTSite 1 both indicate interactions between 12 residues (L7,
Q44, F45, G47, E48, L49, D52, V55, V63, V65, N69 and S70). Additionally, PrankWeb site 2
predicts further interaction with S75 and FTSite 1 with L39 and T46. This binding site is
located centrally between the C-terminal and the third a-helix (Fig. 4.18: PrankWeb 2 and
FTSite 1). Finally, PrankWeb site 3 and FTSite 2 indicate interactions of ten residues (V55,
T56, C57, V63, C64, V65, S75, G76, Y77 and C78) predominately found in the C-terminal
arthropod defensin domain (Fig. 4.18: PrankWeb 3 and FTSite 2).

As in Def-F45, three potential active sites were identified by both PrankWeb and FTSite
within Def-S18, Def-118, Def-182, Def-118/E42 and Def-118/F45/182. Def-S18 showed a high
level of similarity between PrankWeb site 1 and FTSite 3 and PrankWeb site 2 and FTSite 1
(Fig. 4.19). PrankWeb site 1 consists of 16 residues while FTSite 3 consists of 13 residues,
of which 11 (L7, F9, T46, E48, L49, D52, T56 and K74-Y77) were exhibited in both. PrankWeb
site 2 consists of 17 residues compared to 11 residues in FTSite 1, however of these 10 (L10,
V17, R27, 128, L33, L37, E61, W62, V65 and N69) are shared in both predictions. PrankWeb

site 3 is exclusively at the C-terminal and within the predicted active site region, however,
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there is no indication of interaction with the N-terminal residues and is located on the
external surface rather than centrally like other predicted sites (Fig. 4.19). Furthermore,
FTSite 2 shows signs of interactions between both terminals, however, the binding site is
located on the dorsal surface of the protein rather than between the N and C-terminals

(Fig. 4.19).

Def-118 showed considerably less similarities between predicted sites, with only PrankWeb
site 1 and FTSite 1 shows any clear conservation. In this case, all 12 of the residues identified
in PrankWeb site 1 were also present in FTSite 1 (128, T32, L33, D36, V63, C64, A66, N69,
K74, S75, Y77 and C78). While all other predicted active sites utilised residues in both the
N- and C-terminals none were located in a similar location to the previously predicted

actives (Fig. 4.20).

The predicted sites within Def-182 showed a higher proportion of residues at the N-terminal
than other Def variants (Fig. 4.21). PrankWeb 1 and FTSite 2 both show similarities,
PrankWeb site 1 consists of 15 residues while FTSite 2 consists of 13 residues and they
share 10 (A19-P21, 128, D29, L33 and 182-C85). Additionally, there is some similarity
between PrankWeb site 2 and FTSite 3, where all six of the FTSite 3 residues are also
exhibited by PrankWeb site 2 (F9, C13, A66, H67, S70 and K71). However, FTSite 1 does not
exhibit any residues within the previously established active site and PrankWeb site 3
shows some characteristics of the previously established bind sites though it is quite small

compared to previously predicted active sites (Fig. 4.21).

Predicted active sites within Def-S18/E42 showed some conservation between PrankWeb
site 1 and FTSite 1 and PrankWeb site 3 and FTSite 3 (Fig. 4.22). PrankWeb site 1 is
comprised of 17 of which 11 (L12, C13, E42, T46, V55, H67, C68, G81-C83 and C85) are
shared with FTSite 1, between the N and C-terminals. PrankWeb site 3 and FTSite 3 share
eight residues however, this site is situated on the dorsal surface of the protein away from
the established location. FTSite 2 is also located on the dorsal surface while PrankWeb site
2 is located on the opposite site to PrankWeb site 1 (Fig. 4.22), therefore these are unlikely

to be accurate predictions of the Def active site.

PrankWeb site 1 and FTSite 1 predict the same binding pocket within Def-S18/F45/182 (Fig.

4.23), though PrankWeb site 1 Is slightly larger (14 residues) compared to FTSite 1 (11

residues) though nine of these are exhibited by both predicted sites (K50, V55, C57, V63,
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A66, N69 and S75-Y77). This predicted binding site is located in a similar position to the
previously observed binding sites within Def. However, none of the other predicted sites
show much similarity and are all, with the exception of FTSite 2, located away from

predicted binding site (Fig. 4.23).

Only two predictions made by PrankWeb with the Def-E42 structure (Fig. 4.24). However,
PrankWeb site 1 shows a conservation between both FTSite 2 and 3. Of the 27 residues
predicted to be utilised by PrankWeb site 1, 19 are shared between either or both FTSite 2
and 3 (L10, L12, V15, A16, A 19, P21, T26-D29, E35, D36, R54-N58, G60 and W62). This
binding pocket is located between the N and C-terminals in the area previously established.
Although PrankWeb site 2 and FTSite 1 also show a high level of similarity sharing 11
residues in total (A8, F9, V45, E48, L49, D52, V55, E61 and S75-Y77). This binding pocket is

located on the opposed side of the protein away from the stable binding pocket (Fig. 4.24).

PrankWeb predicted four binding sites within Def-118/F45, while FTSite identified three
potential sites (Fig. 4.25). Of these PrankWeb site 1 and FTSite 3 indicated some similarity,
both consist of ten residues of which seven are shared (E48, L49, C64, A66, N69, S75 and
Y84). Furthermore, PrankWeb site 2 and FTSite 2 showed similarities also sharing 7 of their
eight residues (F9, L12, H67, 68, K71, K73, C85 and T86) (Fig. 4.25). However, neither of
these sites are located between the N and C-terminals as would be expected. While neither
of the other PrankWeb sites are found in this region, FTSite 1 is and appears to illustrate

the most likely location for the Def-118/F45 active site (Fig. 4.25).

Unlike the Def-118/F45, Def-S18/F45 shows a high level of conservation between the
predicted binding site (Fig. 4.26). PrankWeb site 1 and FTSite 2 are almost identical sharing
15 residues between them (F9, L39, A43-L49, W62-C64, A66, H67 and S70). Equally
however, PrankWeb site 2 and FTSite 1 and 3 also show high similarity and also share 15
residues (L10, V17, S18, G23, T26, R27, D36, L37, L39, V65, H67 and R80-C85) between the
three predicted sites. Given the high level of similarity between the predicts and the
residues forming them either of these pockets could represent the active site of Def-

S18/F45 (Fig. 4.26).

PrankWeb predicted three active sites within the final Def variant, Def-518/182, while FTSite

only predicted two (Fig. 4.27). PrankWeb site 1 unutilised 23 residues while FTSite 1

consists of 25 though they share 19 (V6, T11, L12, A16, L20, A22, G23, T32, D36, L37, E48,
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K50, V55, W62, V65, A66 and K73-S75), this pocket is similar to that observed previously in
other Def variants. While PrankWeb site 3 and FTSite 2 do appear to predict the same bind
pocket it is located on the dorsal surface away from the established active site location and
they do not seem to interact with the predicted active sites region. Furthermore, PrankWeb
site 2 does not interact with the N-terminal residues and appears to be solely based around

the exterior surface of the C-terminal (Fig. 4.27).
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PrankWeb 1 .---FLLCAVTAPFETREETEEHLRLV AQVTGELKRD IR CNIGEWVCVA K s cs R
< FTSite 1 S - - - VLAFLTLCAVAVTA/ [P bETR[UPDPLETLEEDLRLYV AQVTGELKRDKRIVT CNI GEWVCVAHCNSEKSKE S CSRGUVC
e FTSite 2 FLge cavigvT alllP AcpoE TR erMecor v AQVTGELKRDEKR CNI GE Wl A N S KK S cs R
FTSite 3 - -v B u VAVTALPAGDETRIDLETLEEDLRLYVY AQV'GERDKRVTCNI E WV CVAHCNSKSKEKS cs R

PrankWeb

Figure 4.17: An alignment of the wild, natural variation of Def amino acid sequences highlighting all residues within predicted active sites. The boxed area shows previously
document as the active site within AAB36306 and BAA36401. A model of each active site is also presented, PrankWeb predictions are shown on the top row and FTSite
predictions below. All PrankWeb predictions illustrate the region of the binding site in the corresponding colour to the alignment. FTSite models show the ligand bind site
in relation to the binding pocket, the colour corresponds with the alignment above. All models were visualised in PyMOL (The PyMOL Molecular Graphics System, Version
1.2r3pre), all coil structures are shown in green, a-helicase are shown in red and B-sheets in yellow with direction shown by the arrow.
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PrankWebl | . . . . v iariricavavrialbaco Mo B k. vocaaree i krokrfTrcon cE N NS xkscvcsnc.rcru
. PrankWeb2 --»-VAFLTLCAVAVTALPAGDETRIDLETLEEDLRLVDGA KRKR CNIGE ks Kk K MG YCSRGVCYCTN
E. PrankWeb3 | . . . - v L AFLTLCAVAVTALPAGDETRIDLETLEEDLRLVDGAQFT GELKRDEKR N1 G E CNS KSKEK RGVCYCTN
E FTSite 1 ----VAFLTLCAVAVTALPAGDETRIDLETLEEDLRVDGAK K R CNIGE cxsxksevcsnevcvcru
FTSite 2 - - - - VLAFLTLCAVAVTALPAGDETRIDLETLEEDLRLVDGAQFT GELKRDKR N1 G E CNSKSKEKRORIEEs RGVCYCTN
FTSite 3 oo oarcricavavi Al Ao BBl L kL vocaaree L krRokR TN GED NSKSKKSGYCSR cCTN
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Figure 4.18: An alignment of the Def-F45 variation of Def amino acid sequences highlighting all residues within predicted active sites. The boxed area shows previously
document as the active site within AAB36306 and BAA36401. A model of each active site is also presented, PrankWeb predictions are shown on the top row and FTSite
predictions below. All PrankWeb predictions illustrate the region of the binding site in the corresponding colour to the alignment. FTSite models show the ligand bind site
in relation to the binding pocket, the colour corresponds with the alignment above. All models were visualised in PyMOL (The PyMOL Molecular Graphics System, Version
1.2r3pre), all coil structures are shown in green, a-helicase are shown in red and B-sheets in yellow with direction shown by the arrow.
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PrankWeb 1 ----VI:TLCAVAVSALPAGDETRIDLETLEEDLR.VDGAQV'GK HCNSKS
0 PrankWeb 2 - - - -V AT L CcCAVAUES ALPAGD @ [ D L E jSNWNE E DIMR L VD GAQVTGELK H C s K s
Sl PrankWeb3 | . . . . v L AF L TLCAVAVSALPAGDETRIDLETLEEDLRLVDGAQVTGELK NS KS
'g FTSite 1 - - - -viAFMrLcaAvaA AP AGDET pLeT Meep[@RLVDGAQVTGEL K Hells ks
FTSite 2 c - - - VLAFLTLCAV ace el oL ET LEEDLRLVDGAQVT GELK HCNS KS
FTSite 3 ----VLTLCAVAVSALPAGDETRIDLETLEEDLRLVDGAQV E L[S HC NS KS

1
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Figure 4.19: An alignment of the wild Def-S18 variant amino acid sequences highlighting all residues within predicted active sites. The boxed area shows previously
document as the active site within AAB36306 and BAA36401. A model of each active site is also presented, PrankWeb predictions are shown on the top row and FTSite
predictions below. All PrankWeb predictions illustrate the region of the binding site in the corresponding colour to the alignment. FTSite models show the ligand bind site
in relation to the binding pocket, the colour corresponds with the alignment above. All models were visualised in PyMOL (The PyMOL Molecular Graphics System, Version
1.2r3pre), all coil structures are shown in green, a-helicase are shown in red and B-sheets in yellow with direction shown by the arrow.
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Figure 4.20: An alignment of the Def-118 variation of Def amino acid sequences highlighting all residues within predicted active sites. The boxed area shows previously
document as the active site within AAB36306 and BAA36401. A model of each active site is also presented, PrankWeb predictions are shown on the top row and FTSite
predictions below. All PrankWeb predictions illustrate the region of the binding site in the corresponding colour to the alignment. FTSite models show the ligand bind site
in relation to the binding pocket, the colour corresponds with the alignment above. All models were visualised in PyMOL (The PyMOL Molecular Graphics System, Version

1.2r3pre), all coil structures are shown in green, a-helicase are shown in red and B-sheets in yellow with direction shown by the arrow.
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Figure 4.21: An alignment of the Def-182 variation of Def amino acid sequences highlighting all residues within predicted active sites. The boxed area shows previously
document as the active site within AAB36306 and BAA36401. A model of each active site is also presented, PrankWeb predictions are shown on the top row and FTSite
predictions below. All PrankWeb predictions illustrate the region of the binding site in the corresponding colour to the alignment. FTSite models show the ligand bind site
in relation to the binding pocket, the colour corresponds with the alignment above. All models were visualised in PyMOL (The PyMOL Molecular Graphics System, Version
1.2r3pre), all coil structures are shown in green, a-helicase are shown in red and B-sheets in yellow with direction shown by the arrow.
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Figure 4.22: An alignment of the Def-S18/E42 variation of Def amino acid sequences highlighting all residues within predicted active sites. The boxed area shows previously
document as the active site within AAB36306 and BAA36401. A model of each active site is also presented, PrankWeb predictions are shown on the top row and FTSite
predictions below. All PrankWeb predictions illustrate the region of the binding site in the corresponding colour to the alignment. FTSite models show the ligand bind site
in relation to the binding pocket, the colour corresponds with the alignment above. All models were visualised in PyMOL (The PyMOL Molecular Graphics System, Version
1.2r3pre), all coil structures are shown in green, a-helicase are shown in red and B-sheets in yellow with direction shown by the arrow.
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Figure 4.23: An alignment of the Def-S18/F45/182 variation of Def amino acid sequences highlighting all residues within predicted active sites. The boxed area shows
previously document as the active site within AAB36306 and BAA36401. A model of each active site is also presented, PrankWeb predictions are shown on the top row
and FTSite predictions below. All PrankWeb predictions illustrate the region of the binding site in the corresponding colour to the alignment. FTSite models show the ligand
bind site in relation to the binding pocket, the colour corresponds with the alignment above. All models were visualised in PyMOL (The PyMOL Molecular Graphics System,
Version 1.2r3pre), all coil structures are shown in green, a-helicase are shown in red and B-sheets in yellow with direction shown by the arrow.
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Figure 4.24: An alignment of the Def-E42 variation of Def amino acid sequences highlighting all residues within predicted active sites. The boxed area shows previously
document as the active site within AAB36306 and BAA36401. A model of each active site is also presented, PrankWeb predictions are shown on the top row and FTSite
predictions below. All PrankWeb predictions illustrate the region of the binding site in the corresponding colour to the alignment. FTSite models show the ligand bind site
in relation to the binding pocket, the colour corresponds with the alignment above. All models were visualised in PyMOL (The PyMOL Molecular Graphics System, Version
1.2r3pre), all coil structures are shown in green, a-helicase are shown in red and B-sheets in yellow with direction shown by the arrow.
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Figure 4.25: An alignment of the Def-118/F45 variation of Def amino acid sequences highlighting all residues within predicted active sites. The boxed area shows previously
document as the active site within AAB36306 and BAA36401. A model of each active site is also presented, PrankWeb predictions are shown on the top row and FTSite
predictions below. All PrankWeb predictions illustrate the region of the binding site in the corresponding colour to the alignment. FTSite models show the ligand bind site
in relation to the binding pocket, the colour corresponds with the alignment above. All models were visualised in PyMOL (The PyMOL Molecular Graphics System, Version

1.2r3pre), all coil structures are shown in green, a-helicase are shown in red and B-sheets in yellow with direction shown by the arrow.
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Figure 4.26: An alignment of the Def-S18/F45 variation of Def amino acid sequences highlighting all residues within predicted active sites. The boxed area shows previously
document as the active site within AAB36306 and BAA36401. A model of each active site is also presented, PrankWeb predictions are shown on the top row and FTSite
predictions below. All PrankWeb predictions illustrate the region of the binding site in the corresponding colour to the alignment. FTSite models show the ligand bind site
in relation to the binding pocket, the colour corresponds with the alignment above. All models were visualised in PyMOL (The PyMOL Molecular Graphics System, Version
1.2r3pre), all coil structures are shown in green, a-helicase are shown in red and B-sheets in yellow with direction shown by the arrow.
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Figure 4.27: An alignment of the Def-S18/182 variation of Def amino acid sequences highlighting all residues within predicted active sites. The boxed area shows previously
document as the active site within AAB36306 and BAA36401. A model of each active site is also presented, PrankWeb predictions are shown on the top row and FTSite
predictions below. All PrankWeb predictions illustrate the region of the binding site in the corresponding colour to the alignment. FTSite models show the ligand bind site
in relation to the binding pocket, the colour corresponds with the alignment above. All models were visualised in PyMOL (The PyMOL Molecular Graphics System, Version
1.2r3pre), all coil structures are shown in green, a-helicase are shown in red and B-sheets in yellow with direction shown by the arrow.
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4.4: Discussion

This chapter aimed to assess the structural and functional consequences of nucleotide
variation in relation to trypanosome infection and protein evolution. As expected AttA and
Def indicated different evolutionary histories: AttA continued to exhibit minimal variation
within the G. m. morsitans subpopulation, exhibiting just five protein variants. Whereas
Def exhibited 11 protein variants and with showed signs of positive section indicating the

adoption of an advantageous allele.

Chapters 2 and 3 suggested that genetic variation of AttA was under balancing selection to
maintain multiple functional allele within the population (Clark and Wang, 1997,
Woolhouse et al., 2002; Chapman et al., 2019). This chapter presented no clear evidence
to dispute this observation, as protein variation was negligible and the infection rate within
the AttA variant was lower than the overall population infection rate (Chapter 3).
Furthermore, there was no indication of positive selection and only inconclusive evidence
for purifying selection within the amino acid sequence. This could be an indication of
negative frequency-dependent selection whereby protein variant fitness increases as
frequency decreases within the population, however, this remains undetermined due to

the small population size.

Interestingly, the lack of clear purifying selection suggests that the low nucleotide variation
of AttA is maintained by alternative processes. The presence of one abundant protein
variant could be the result of a founding effect following a population bottleneck within
the sample population (Raupach et al., 2010), while it is also indicative of a concerted
evolutionary history (Liao, 1999; Moran et al., 2008). Both of these observations support
the previous chapter results, reinforcing the concepts of concerted evolution within the
Glossina attacin gene family and recent population expansion within the sample

population.

To the best of the author’s knowledge, this is the first time the three-dimensional structure
and active site of AttA has been examined to any great extent. Structural variation was
found to be minimal, with just one protein variant illustrating clear variation. The variation
that was detected likely results from the changes in amino acid properties observed
between variants. It is hard to decipher whether variation within the predicted active sites
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is a result of amino acid variation or the absence of stabilising residues in the N-terminal as

a result of PCR amplification and sequencing.

Previous chapters have indicated that Def is regulated by elevated levels of natural
selection (Chapters 2) and that nucleotide variation within the wild G. m. morsitans
population is regulated by balancing selection (Chapter 3). A culmination of the results in
this chapter substantiates this observation and further concludes that Def is currently
under both balancing and positive selection. Firstly, the results suggest that there is
relationship between trypanosome infection frequency and the three common protein
variants. Secondly, significant positive selection as detected at codon 18; suggesting that
Def is under positive frequency-dependent selection (Ayala and Campbell, 1974), and
therefore, undergoing the adoption of an advantageous allele under the Red Queen arms
race (Woolhouse et al., 2002). Interesting, this would initially appear to contradict the
observation of balancing selection within the sample population, however, the full extent

of amino acid variation must be considered.

Amino acid variation at codon 18 is complicated due to the presence of three amino acid
variants. No radical changes in amino acid biochemical properties were identified between
Ser18 and Thr18, though there was a clear differentiation between infection rates between
the two groups. The second mutation at codon 18 (lle18) illustrated multiple radical
property changes though due to a small sample size direct comparison of infection rates
was impossible. Therefore, given the empirical evidence of both positive and balancing
selection with Def, it can be hypothesised that the adoption of an advantageous Thr18
codon via positive frequency-dependent selection and the Red Queen arms race is
occurring concomitantly with balancing selection to maintain three functional proteins in
the population. To the best of the author’s knowledge, this phenomenon is not well

document in current literature.

The structural variation within Def was far greater than that observed in AttA. While this is
less surprising within the more variable N-terminal, the rigid cytosine stabilised a-helix and
anti-parallel B-sheet structure of the insect defensin C-terminal is absent in eight of the
wild variants (Def-S18, Def-42, Def-182, Def-182, Def-F45, Def-S18/F45, Def-118/F45 and
Def-S18/F45/182) (Varkey et al., 2006; Altincicek and Vilcinskas, 2007; Wiesner and
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Vilcinskas, 2010). Although, this is likely due to inaccuracies during structural prediction,

rather than a true structural mutation.

Interestingly, structural variation could also support the observations of balancing and
positive selection with Def. Protein structures form three clear clusters, one of which
contained primarily highly susceptible sample. This is it feasible that structures within this
cluster exhibit a disadvantageous structural characteristic, therefore positive selection
could promote the fixation of more advantageous structures and balancing selection is
being employed to maintain the preferable protein structures within the population.

However, the exact nature of this structural variation remains elusive.

There is little variation within the functional region of the amino acid sequences, therefore
it can be assumed that functional variance is a result of structural change rather direct
mutation. Indeed, this supports the observations of Zuckerkandl and Pauling (1965), and
Bloom and Arnold (2009) that the majority of non-synonymous mutations have minimal

direct impact on functionality.

4.5: Conclusion

In this chapter, structural variation within G. m. morsitans AttA and Def was shown to be
evolving under different selective pressures. AttA shows minimal signs of selective
pressure, and the limited protein variation supports the previous findings of chapters 2 and
3 that AttA has evolved under concerted evolution, resulting in a reduction genetic
variation that is not explained by purifying selection. Additionally, the observed population
expansion event (Chapter 3) has resulted in a founding event within the AttA protein,
implementing one dominant protein variant throughout the population. Sharply
contrasted to this is the observation of contemporary direction selection within Def.
Positive frequency-dependent selection and the Red Queen arms race seem to be driving
the adoption of the advantageous Thrl8 allele within the population, while balancing
selection, as identified in Chapter 3, is maintaining the expression of three functional

protein variants, Def, Def-F45 and F-182, within the population.

The full implications of these findings for tsetse evolution and the current understanding

of tsetse-trypanosome interactions requires further research. However, this is the first time
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that direction selection has been observed within this relationship, indicating that the
interspecies arms race and coevolution are playing an active role in the ongoing evolution

of G. m. morsitans.
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5: The identification and characterisation of Toll-like receptor

protein families within the Glossina genome assemblies

5.1: Introduction

Toll-like receptors (TLRs) are one of two vital stimulators of the innate immune response,
first identified within Drosophila (Anderson et al., 1985). They have since been identified in
both vertebrate and invertebrate taxa and are responsible for stimulating the expression
of antimicrobial proteins in response to pathogen invasion (Hopkins et al., 2005; Coscia et
al., 2011). Toll-like receptors play a critical role in both the innate immune system and
embryo development, providing vital cues for dorsal/ventral differentiation within the
early stages of growth (Anderson et al., 1985; Jang et al., 2006). Coscia et al. (2011) noted
that TLRs are highly conserved across all classes sharing common ancestors and
architecture, though TLRs do appear to have evolved separately in invertebrates and

vertebrates.

Following the initial characterisation of Toll in Drosophila melanogaster (Anderson et al.,
1985; Valanne et al., 2011; Levin and Malik, 2017), a total of nine TLR genes (TLR1-9) have
been identified within the D. melanogaster genome. There are clear signs of orthology
between the TLRs identified in D. melanogaster and other dipteran families, including
mosquitoes (Christophides et al., 2002). Within the Anopheles genus orthologs of TLR1, 5-
9 have been identified, along with two additional TLR genes, TLR10 and TLR11.
Furthermore, a recent study investigating the evolution of key proteins within the insect
TLR pathway (Lima et al., 2021) indicated a total of seven TLR orthologues within the
Glossina brevipalpis genome and six within the Glossina f. fuscipes. Orthologues of D.
melanogaster TLR2, 6, 7, 8 and 9 were detected in both species, while two orthologues of
either TRL1, 3, 4 or 5 were detected in G. brevipalpis, while a single orthologue in G. f.
fuscipes (Lima et al., 2021). The different number of TLR genes within these species may

indicate evolution in response to pathogen specific interactions (Hill et al., 2019)

Species-specific evolution has been observed previously within the class Insecta (Coscia et
al., 2011) and is supported further by the presence of additional TLR1 and TLR5 genes
within the Anopheles genome, resulting in TLR1A/B and TLR5A/B variants (Christophides et

212



al., 2002). Furthermore, despite the clear orthology between TLR genes in dipteran genera,
high levels of amino acid divergence have been observed between D. melanogaster and
mosquitoes indicating high levels of adaptive selection within species (Schlenke and Begun,

2003; Sackton et al., 2007; Juneja and Lazzaro, 2009; Kafatos et al., 2009).

Although TLRs are highly conserved across both vertebrates and invertebrates, they appear
to have evolved independently of each other (Luo and Zheng, 2000). The evolutionary
history of arthropod TLRs has been well document (Christophides et al., 2002; Levin and
Malik, 2017), and show different levels of similarity and divergence between taxa and gene
families. The generally structure of observed phylogenies forms two genetically distance
clades, one containing TLRs 1 and 3-5, while the other contains TLRs 2 and 6-9 (Fig. 5.3)
(Levin and Malik, 2017). A close evolutionary relationship has been documented between
TLRs 2 and 7, and 3 and 4 in all arthropod taxa (Fig. 5.3), while a subclade off the Culicidae
TLR1A/B and TLR5A/B genes illustrates independent evolution of TLR families within
mosquitoes (Fig. 5.3B) (Christophides et al., 2002; Levin and Malik, 2017).
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Figure 5.1: The phylogeny of TLR gene within arthropod taxa. A) The genetic diversity of the TIR
domains within 12 Drosophila species (Levin and Malik, 2017). B) The evolutionary history of TLR
genes in Culicidae (Red) and other arthropod species (Blue) (Christophides et al., 2002).

The structure of TLR proteins has been extensively document, monomers adopt a
horseshoe shape however, the natural formation of both homo and heterodimers (Khan et
al., 2004; Jin et al., 2007) results in the characteristic “M” shape most often associated with
TLR proteins (Fig. 5.2). As a Type-1 glycoprotein (Goldstein, 2007), each TLR monomer
comprises three distinct domains: an extracellular receptor domain, a transmembrane
domain, and a distinctive intercellular Toll/Interleukin-1 receptor (TIR). The largest, the N-
terminal extracellular domain (ectodomain), typically composed of parallel f-sheets on the

concave surface with helices forming the convex outer surface and consisting of 16-25
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leucine-rich repeats (LRR) domains. LRR domains are approximately 24 to 29 amino acids
in length and contains one of two conserved amino acid motifs XLXXLXLXX and
XPXXDXXXXFXXLX (¢ = hydrophobic residue; X = any residue) (Uematsu and Akira, 2008)
(Fig. 5.2A).

Following the ectodomain is a single helical transmembrane region; this traverses the
phospholipid bilayer connecting the ectodomain to the TIR domain (Bell et al., 2005). The
TIR domain is essential to the successful transmission of the immune response, binding to
and releasing MyD88, SARM, TRIF, TRAM and MAL enabling the continuation of the
signalling cascade (O’Neill and Bowie, 2007). Structurally, the TIR domain consists of five
central parallel B-sheets, surrounded by a-helices and a characteristic single “BB loop” (Fig.

5.2B) (Xu et al., 2000; Khan et al., 2004).

Figure 5.2: The overall structure of TLR proteins illustrating all three subdomains. A) The
ectodomain of TLR 9 as a monomer (Ohto et al., 2015). B) The structure of the TIR domain,
comprising the central B-sheets surrounded by a-helices as recorded by Xu et al. (2000). C) The
homodimer structure of TLR5 exhibiting all three subdomains. The ectodomain can be seen in green
and blue; the transmembrane region in yellow and the TIR in red (Zhou et al., 2012). All images
were produced using SWISS-MODEL (Guex et al., 2009; Waterhouse et al., 2018).
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While the structure and function of TLRs is conserved among all classes, the mode of action
varies between vertebrates and invertebrates, as described in detail in Chapters 1, the
following is a recap of this crucial immune pathway within invertebrates. The binding of
endogenous ligand proteins, such as Spatzle (Spz) (Weber et al., 2003), to stimulate the TLR
pathway and immune response (Stein and Nusslein-Volhard, 1992). The cleaving of Spz by
the proteolytic cascade release of the pro-domain, exposing the Spz C-terminal, thereby
enabling binding with the TLR extracellular domain (Lemaitre et al., 1996; Weber et al.
2003; Tanji et al., 2007; Arnot et al. 2010; Valanne et al, 2011). Upon Spz-TLR binding, the
TIR domain binds to Myeloid differentiation primary response 88 (MyD88), which
subsequently binds to Tube and Pelle, forming the MyD88-Tube-Pelle heterotrimeric
complex (Horng and Medzhitov, 2001; Sun et al, 2002; Tauszig-Delamasure et al., 2002).
This complex is vital for the degradation of the Dorsal/Dif-Cactus (Cact) complex, enabling
the nuclear translocation of Dorsal/Dif, which in turn results in the synthesis of AMPs, such
as Attacin, Defensin and Diptericin (Wu and Anderson 1998; Akira et al., 2006; Valanne et
al, 2011).
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Figure 5.3: A model of the Spz-TLR signaling cascade in D. melanogaster (adapted from the model
published by Lemaitre et al., 1996).

5.1.1: Aims and Objectives

The aim of this chapter is to assess genetic and structural variation between the TLR genes
within the Glossina genome. Building on the observations of Lima et al. (2021), the aim is
to identify all TLR genes within the Glossina genomes and access the evolution history,

nucleotide and structural variation between them.

To achieve this, the members of the TLR gene family within the Glossina genome must first

be identified and characterised using similar method to those used in chapter 2.

TLR orthologues from D. melanogaster, S. calcitrans, M. domestica, Ae. aegypti and An.

gambiensis will be used as control sequences to search the six Glossina genomes available
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on VectorBase for related species (Giraldo-Calderdon et al., 2015). Mapping and
characterising the gene structures with the genomes will help to demonstrate the evolution
of these genes within Glossina, Drosophila, Musca and Stomoxys. The identification of
variation between haematophagic genera and other dipteran taxa may indicate species or
lifestyle specific evolution. To understand the evolutionary history of the Glossina TLR
proteins, standard phylogenetic analysis will be used to assess the evolutionary

relationship both within and between TLR families.

Given the previously documented conservation of TLR gene interspecies nucleotide
analysis can help to highlight areas of conservation and variation within each gene.
Furthermore, this may provide an indication to the selective pressures influencing TLR
evolution. Finally, prediction of the three-dimensional protein structures of each protein

will be undertaken and structural variation will be assessed.
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5.2: Methods

5.2.1: Identification of TLR genes within Glossina and other dipteran genera

Previously identified TLR genes from D. melanogaster, M. domestica, S. calcitrans, An.
gambiae and A. aegypti retrieved from VectorBase (Giraldo-Calderén et al.,, 2015) and
FlyBase (Thurmond et al., 2019) were used to mine the available Glossina genome
assemblies for orthologs. tblastn searches were conducted in both NCBI and VectorBase
(Giraldo-Calderén et al.,, 2015) using the protein sequences of reference genes shown
below (Table 5.2). tblastn searches within the available Glossina genomes on VectorBase
yielded orthologues transcripts, with the most statistically relevant E values and highest
identity match chosen as the most likely match for the gene.

Table 5.1: Reference genes for each TLR identified within related dipteran species. The TLR target

gene is given, along with the species it was identified within, the gene accession number and the
database used to generate a sequence.

TLR gene Species Gene accession number Database
TLR1 D. melanogaster FBng0262473 FlyBase
TLR2 D. melanogaster FBgn0004364 FlyBase
TLR3 D. melanogaster FBgn0015770 FlyBase
TLR3 M. domestica MDOA009473 VectorBase
TLR4 D. melanogaster FBgn0032095 FlyBase
TLR5 D. melanogaster FBgn0026760 FlyBase
TLR5 M. domestica MDOA007681 VectorBase
TLR6 D. melanogaster FBgn0036494 FlyBase
TLR7 D. melanogaster FBgn0034476 FlyBase
TLR8 D. melanogaster FBgn0029114 FlyBase
TLRY D. melanogaster FBgn0036978 FlyBase
TLR10 An. gambiae AGAP011187 VectorBase
TLR10 A. aegypti AAEL00400 VectorBase
TLR11 A. aegypti AAEL009551 VectorBase
TLR13 S. calcitrans SCAU006576 VectorBase




5.2.2: Transcript and domain structure

VectorBase transcripts were used to create maps of each gene transcript, illustrating the
position of introns, exons, and protein domains along the CDS. Protein domains were
identified using the Simple Modular Architecture Research Tool (SMART) (Letunic and Bork,
2017) and Pfam (El-Gebali et al., 2019) online software, and mapped on to the transcript

map using the ‘Splice variant’ information from VectorBase (Giraldo-Calderén et al., 2015).

5.2.3: Phylogenetic analysis

Amino acid sequences for each gene CDS were aligned using the MUSCLE (Multiple
Sequence Comparison by Log-Expectation) online sequence alignment tool (Madeira et al.,
2019) prior to analysis. Phylogenetic analysis was conducted in MEGAX (Kumar et al., 2018),
both the neighbour-joining and maximum likelihood methods were used. The Poisson
model was used for the neighbour-joining method, while a model test indicated that the
Le-Gascuel 2008 model with Gamma distribution was best suited for the Maximum-
likelihood method. 1000 bootstrap replicates were used to ensure the most statistically
significant tree was constructed. Furthermore, all sites with less than 50% coverage were
excluded from the final tree. Sequences for M. domestica, S. calcitrans, L. cuprina, D.

melanogaster, A. aegypti and An. gambiae were included as outgroups where appropriate.

5.2.4: Interspecies variation

Nucleotide variation across the Glossina TLR genes was compared using DnaSP (V6) (Rozas
et al., 2017), using the same method as described in Chapter 2, section 2.2.6. The window
size was increased to 50 and step length to 10, each primary protein domain was

highlighted to illustrate genetic variation within the CDS.

Principle Component Analysis was conducted to provide an estimation of evolutionary
relationships. The pairwise distance was calculated in MEGAX (Kumar et al., 2018), using
the Poisson correction model (Zuckerkand and Pauling, 1965). All sites with less than 50 %
coverage were eliminated. A matrix was then constructed and PCA run in PAST3 (Hammer

et al., 2001). For further detail please refer too chapter 2, section 2.2.7.

HyPHy was not used in this analysis as the aim was to assess genetic variation between TLR

genes within the Glossina genus rather than selection.
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5.2.5: Three-dimensional protein prediction

Prediction of the protein three-dimensional structure was undertaken using the I-TASSER
online software (Yang and Zhang, 2015) as described in chapter 2 section 2.2.8, and SWISS-
MODEL (available at: https://swissmodel.expasy.org) (Guex et al., 2009; Waterhouse et al.,
2018). Templates for SWISS-MODEL structural predictions were produced protein models
from D. melanogaster TLR1 and G. m. morsitans TLR2. All models where visualised and

aligned using PyMOL (The PyMOL Molecular Graphics System, Version 1.2r3pre).

Comparison of 3D protein structures was undertaken using DALI online server (Holm,
2019). Protein database (PDB) files were uploaded to the server and an All-vs-All analysis
was undertaken (Chapter 2, section 2.2.8). This produced a heatmap and distance matrices
used to produce a second PCA in the same manner as described above (refer to section

2.2.7).
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5.3: Results

Nine predicted TLR genes were identified within the available Glossina genome assemblies.
Of these, six genes, namely TLRs1-2, 6-9 were found to contain all three structural domains
characteristic of TLRs. While the remaining three genes identified, TLR 3, 5 and 13,
exhibited partial structural domains. All nine genes were identified within the Morsitans
group species and the Palpalis group species G. f. fuscipes, and eight genes were identified

within G. palpalis gambiensis and G brevipalpis.

5.3.1: Gene structure and characterisation

In order to characterise the predicted TLR genes, their structure and coding domains were
mapped using the transcripts found on VectorBase. Protein domains within the coding
sequence were identified using SMART (Letunic and Bork, 2017) and Pfam (El-Gebali et al.,

2019) searches to further identify and characterise the transcript.

5.3.1i: Toll-like receptor 1

Toll-like receptor 1 genes showed a greater degree of variation across the Glossina genus.
Predicted TLR1 transcripts within G. austeni, G. pallidipes and G. f. fuscipes are all of a
similar length and structure, however, the G. f. fuscipes transcript contains an additional
intron within the TIR domain (Fig. 5.4). Despite the much larger CDS observed within the G.
m. morsitans transcript (Fig. 5.4), the encoded domains are identical to that of the other
Morsitans group species and G. f. fuscipes. The transcripts of both G. palpalis gambiensis
and G. brevipalpis were found to be considerably shorter than those identified in other
Glossina species though both contain a N-terminal intron across an LRR domain. While G.
f. fuscipes is the only species to exhibit an intron within the TLR domain it is possible that
this is specific to species within the Palpalis group, though without further analysis of the

G. p. gambiensis gene this cannot be confirmed.

The coding structure of the predicted TLR1 gene consists of 13 consecutive LRR domains,
followed by a LRR C-terminal flacking region (LRR-CT) and LRR N-terminal flacking region
(LRR-NT), a further two LRRs domains and a LRR-CT then precede the Transmembrane and
TIR domains (Fig. 5.4). Initial searches within the G. pallidipes predicted TLR1 transcript

were missing the transmembrane domain, however, examination of the CDS showed that
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the domain was present within the sequence. The CDS of G. brevipalpis was found to code
for nine consecutive LRR domains, followed by a LRR-CT, the transmembrane domain and
TIR domains. While G. palpalis gambiensis was found to be missing several domains
observed in other species. The transcript codes for seven LRR domains and a single LRR-CT
region, however, several LRR domains, the transmembrane domain and the characteristic

TIR domains are missing (Fig. 5.4).

The structure within Glossina species is similar to that observed within other dipteran
genera, though the exact number of LRR regions does vary between genera as the does the
structure and position of non-coding regions. Despite this, the structure of the region
appears to be predominantly conserved across dipteran genera with a N-terminal intron
splitting the LRR sequence in all species, notably however, no other dipteran species exhibit

the same intron as G. f. fuscipes within the TIR region.
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Figure 5.4: A full gene alignment of TLR1 genes within the Glossina genome assemblies with
reference genes of D. melanogaster, S. calcitrans and M. domestica. Drawn in Microsoft PowerPoint
and adapted from figure produced from VectorBase and FlyBase (not to scale). Exons can be seen
in the boxed areas, while introns are represented by linear areas. The coding strand and full
transcript length are given above each gene. Alignments where constructed based on VectorBase
and FlyBase transcripts, and SMART domains search results for the corresponding amino acid
sequences. Encoded protein domains are denoted by colour within the coding regions of each gene.
Glossina species used the transcripts of the genes seen in Table 5.3, while M. domestica and S.
calcitrans used VectorBase genes MDOA005484 and SCAUQ010787 transcripts respectively, D
melanogaster used FlyBase transcript FBgn0262473.
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5.3.1ii: Toll-like receptor 2

The structure of the predicted TLR2 transcripts within the Glossina genomes is almost
identical between species, with 19 consecutive LRR domains preceding a LRR-CT and LRR-
NT domain, four further LRR domains, the transmembrane and TIR domains follow these.
The exception to this is G. brevipalpis, which contains 18 LRR domains rather than the 19

observed in the other Glossina species.

This structure also appears to be conserved across the Dipteran genera, with D.
melanogaster, M. domestica and S. calcitrans showing an almost identical structure to that
observed within Glossina species. However, as with TLR1, some variation can be observed
in the presence of noncoding region at the N- and C-terminal and the number of LRR
present in each dipteran TLR2 gene. Despite this, the overall structure of the genes is

identical with all protein domains being coded for on a single exon (Fig. 5.5).
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Figure 5.5: A full gene alighment of TLR2 genes within the Glossina genome assemblies with
reference genes of D. melanogaster, S. calcitrans and M. domestica. Drawn in Microsoft PowerPoint
and adapted from figure produced from VectorBase and FlyBase (not to scale). Exons can be seen
in the boxed areas, while introns are represented by linear areas. The coding strand and full
transcript length are given above each gene. Encoded protein domains are denoted by colour within
the coding regions of each gene. Glossina species used the transcripts of the genes seen in Table
5.3, while M. domestica and S. calcitrans used VectorBase genes MDOA015408 and SCAU008704
transcripts respectively, D. melanogaster used FlyBase transcript FBgn0004364.

225



5.3.1iii: Toll-like receptor 3

Predicted TLR3 genes within the Glossina genus exhibit two structures, one consisting of
13 exons and the other 14 (see section 5.3.2). However, the protein domains within each
of these genes is identical with 25 LRR regions preceding a single LRR-CT domain, though
there is no indication of a transmembrane or TIR domain within any of the predicted
Glossina genes (Fig. 5.6). The highest level of similarity between Glossina species can be
seen between G. austeni and G. pallidipes, each consisting of 13 introns with a similar
distribution of protein domains throughout the 3,429 bp CDS. As both of these species
belong to the Morsitans group this similarity is unsurprising, however, the variation
between these species and G. m. morsitans indicates that similarity within the Glossina

species groups is not guaranteed.

The structure observed within the Glossina species is similar to that identified within S.
calcitrans and M. domestica, however, this structure varies considerably to the gene
annotation within the D. melanogaster genome, which contains three LRR-NT domains and

a TIR domain, though the transmembrane region is still missing (Fig. 5.6).
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Figure 5.6: The gene alignment of TLR3 genes within the Glossina genome assemblies with
reference genes of D. melanogaster, S. calcitrans and M. domestica. Drawn in Microsoft PowerPoint
and adapted from figure produced from VectorBase and FlyBase (not to scale). Exons can be seen
in the boxed areas, while introns are represented by linear areas. The coding strand and full
transcript length are given above each gene. Encoded protein domains are denoted by colour within
the coding regions of each gene. Glossina species used the transcripts of the genes seen in Table
5.3, while M. domestica and S. calcitrans used VectorBase genes MDOAQ015408 and SCAU008704
transcripts respectively, D. melanogaster used FlyBase transcript FBgn0004364.
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5.3.1iv: Toll-like receptor 5

The predicted structure of Glossina TLR5 genes is almost identical across all species.
Glossina m. morsitans, G. austeni and G. brevipalpis share identical gene structures
exhibiting a single exon, while the CDS of G. pallidipes, G. palpalis gambiensis and G. f.
fuscipes TLR5 contain introns near the N-terminal. The distribution of protein domains
within the Glossina TLR5 coding regions is also relatively uniform with five LRR domains
preceding an LRR-CT and the transmembrane region. The exception to this being G. palpalis
gambiensis which only codes for three LRR regions and the transmembrane region. The TIR

region was missing from all the predicted Glossina TLR5 genes (Fig. 5.7).

This structure is almost identical to M. domestica TLR5, though the orthologue within M.
domestica contains a large N-terminal noncoding region. This conservation is not seen in
other dipteran genera though, both D. melanogaster and S. calcitrans show significant
difference to other genera (Fig. 5.7). Drosophila melanogaster TLR5 contains two exons and
with the ectodomain containing four LRRs, an LRR-NT domain and a further LRR, prior to
the transmembrane and TIR domains. The predicted S. calcitrans gene consists of eight

exons and codes for a single LRR-NT, three LRRs and the transmembrane domain.
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Figure 5.7: The gene alignment of predicted TLR5 genes within the Glossina genome assemblies
with reference genes of D. melanogaster, S. calcitrans and M. domestica. Drawn in Microsoft
PowerPoint and adapted from figure produced from VectorBase and FlyBase (not to scale). Exons
can be seen in the boxed areas, while introns are represented by linear areas. The coding strand
and full transcript length are given above each gene. Encoded protein domains are denoted by
colour within the coding regions of each gene. Glossina species used the transcripts of the genes
seen in Table 5.3, while M. domestica and S. calcitrans used VectorBase genes MDOAOO7681and
SCAUO005919transcripts respectively, D. melanogaster used FlyBase transcript FBgn0026760.
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5.3.1v: Toll-like receptor 6

The predicted TLR6 genes illustrated two primary structures, either being coded by a single
exon (G. m. morsitans, G. pallidipes and G. palpalis gambiensis) or containing a single C-
terminal intron, present in G. austeni, G. f. fuscipes and G. brevipalpis (Fig. 5.8). Protein
domains within these genes are highly conserved across the Glossina genus, 19 consecutive
LRR domains precede a single LRR-NT and three more LRRs, the transmembrane and TIR
domains follow these. Interestingly, some variation was observed within G. f. fuscipes
which exhibited 20 rather 19 LRRs, and G. brevipalpis which exhibited an additional LRR-CT
domain (Fig. 5.8).

The single exon gene structure is also observed across the other dipteran genera, showing
a highly conserved structure within dipteran TLR6 (Fig. 5.8). Though TLR6 genes identified
within Drosophila, Musca and Stomoxys exhibit both N- and C-terminal coding regions
absent from the predicted Glossina genes. Interestingly, G. brevipalpis is the only species

to exhibit an LRR-CT in this gene.
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Figure 5.8: The gene alignment of predicted TLR6 genes within the Glossina genome assemblies
with reference genes of D. melanogaster, S. calcitrans and M. domestica. Drawn in Microsoft
PowerPoint and adapted from figure produced from VectorBase and FlyBase (not to scale). Exons
can be seen in the boxed areas, while introns are represented by linear areas. The coding strand
and full transcript length are given above each gene. Encoded protein domains are denoted by
colour within the coding regions of each gene. Glossina species used the transcripts of the genes
seen in Table 5.3, while M. domestica and S. calcitrans used VectorBase genes MDOA0O06425 and
SCAUO006979 transcripts respectively, D. melanogaster used FlyBase transcript FBgn0036494.
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5.3.1vi: Toll-like receptor 7

The structure of the predicted Glossina TLR7 genes is almost identical across the dipteran
genera with only G. palpalis gambiensis showing any variation. This structure consists of a
single exon, between 4.41 and 4.5 Kb long. Glossina palpalis gambiensis shows slight
variation with a single C-terminal intron being present within the gene. The protein coding
domains within the predicted TLR7 genes were found to be identical. Eighteen LRR regions
precede an LRR-CT, an LRR-NT and four more LRRs before the transmembrane and TIR

domains (Fig. 5.9).

This single exon structure observed in the predicted Glossina TLR7 gene is identical to that
of other Dipteran genera. However, while the protein domains mirror that of S. calcitrans,
they differ slightly to that of D. melanogaster and M. domestica. This suggests some
variation between haematophagic and other dipteran species. However, the primary
difference between Glossina TLR7 and other dipteran species appears to be the lack of

untranslated regions within the TLR7 genes (Fig. 5.9).
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Figure 5.9: The gene alignment of predicted TLR7 genes within the Glossina genome assemblies
with reference genes of D. melanogaster, S. calcitrans and M. domestica. Drawn in Microsoft
PowerPoint and adapted from figure produced from VectorBase and FlyBase (not to scale). Exons
can be seen in the boxed areas, while introns are represented by linear areas. The coding strand
and full transcript length are given above each gene. Encoded protein domains are denoted by
colour within the coding regions of each gene. Glossina species used the transcripts of the genes
seen in Table 5.3, while M. domestica and S. calcitrans used VectorBase genes MDOA015329 and
SCAU008297 transcripts respectively, D. melanogaster used FlyBase transcript FBgn0034476.
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5.3.1vii: Toll-like receptor 8

As with gene structure seen in section 5.3.2, the protein domains coded for within each of
the predicated TLR8 genes is identical. Twenty consecutive LRRs precede an LRR-CT and
LRR-NT region. These are followed by a further five LRRs and a LRR-CT before the
transmembrane and TIR region (Fig. 5.10). This structure differs from the TLR8 gene of
other dipteran genera which either contain fewer LRRs (S. calcitrans and M. domestica) or
are missing both LRR-CT regions (D. melanogaster). Despite this however, the genetic
structure is similar featuring a single exon and a CDS of approximately 4.1Kb, though the
genes from other dipteran genera all exhibit noncoding regions at the N and C-terminals of

the gene (Fig.5.10).
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Figure 5.10: The gene alignment of predicted TLR8 genes within the Glossina genome assemblies
with reference genes of D. melanogaster, S. calcitrans and M. domestica. Drawn in Microsoft
PowerPoint and adapted from figure produced from VectorBase and FlyBase (not to scale). Exons
can be seen in the boxed areas, while introns are represented by linear areas. The coding strand
and full transcript length are given above each gene. Encoded protein domains are denoted by
colour within the coding regions of each gene. Glossina species used the transcripts of the genes
seen in Table 5.3, while M. domestica and S. calcitrans used VectorBase genes MDOA005627 and
SCAUO003362 transcripts respectively, D. melanogaster used FlyBase transcript FBgn0029114.
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5.3.1viii: Toll-like receptor 9

The structure of the predicted TLR9 genes appears to be conserved across all species with
five exons across the transcript. Notably two introns are seen within the TIR domain, a
feature that appears to be characteristic of dipteran TLR9 genes. The predicted TLR9 genes
contain a fewer number of LRRs than expected with just five LRR regions (three in the G.
austeni orthologue) preceding the transmembrane region and the TIR. While this number
seems small compared to other predicted TLR genes, this is consistent with other dipteran
species although the distribution of the LRRs varies in other species. The presence of a large
noncoding region at the C-terminal, present in three of the Glossina species, appears to be
unique to the Glossina genus. However, this is not present in all species with G. pallidipes
and G. palpalis gambiensis following a very similar genetic structure to that observed in M.

domestica (Fig. 5.11).
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Figure 5.11: The gene alignment of predicted TLR9 genes within the Glossina genome assemblies
with reference genes of D. melanogaster, S. calcitrans and M. domestica. Drawn in Microsoft
PowerPoint and adapted from figure produced from VectorBase and FlyBase (not to scale). Exons
can be seen in the boxed areas, while introns are represented by linear areas. The coding strand
and full transcript length are given above each gene. Encoded protein domains are denoted by
colour within the coding regions of each gene. Glossina species used the transcripts of the genes
seen in Table 5.3, while M. domestica and S. calcitrans used VectorBase genes MDOA002537 and
SCAUO004205 transcripts respectively, D. melanogaster used FlyBase transcript FBgn0036978.
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5.3.1ix: Toll-like receptor 13

As noted in section 5.3.2, the structure of predicted TLR13 genes appears to be specific to
the Glossina. All species feature two conserved introns within the gene, the first starting at
nucleotide 605 near the N-terminal, and one within the LRR domain sequences at
nucleotide 1,491. However, members of the Palpalis group feature an additional N-
terminal intron at the tenth nucleotide, while Fusca group species contain a further intron

prior to that seen in the Palpalis group (Fig. 5.12).

The protein domains within each gene are identical with a total of nine LRRs being
observed, these are split into a group of four and a group of five with the latter being split
across the C-terminal intron. Neither the transmembrane nor TIR region was identified in
any of the predicted TLR13 genes. This structure is similar to that observed within S.
calcitrans though differs to that of M. domestica, which consists of eight LRRs, split into

three groups rather than two (Fig. 5.12).
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Figure 5.12: The gene alignment of predicted TLR13 genes within the Glossina genome assemblies
with reference genes of D. melanogaster, S. calcitrans and M. domestica. Drawn in Microsoft
PowerPoint and adapted from figure produced from VectorBase and FlyBase (not to scale). Exons
can be seen in the boxed areas, while introns are represented by linear areas. The coding strand
and full transcript length are given above each gene. Encoded protein domains are denoted by
colour within the coding regions of each gene. Glossina species used the transcripts of the genes
seen in Table 5.3, while M. domestica and S. calcitrans used VectorBase genes MDOA002744 and
SCAUO006576 transcripts respectively.
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5.3.2: Phylogenetic analysis

Phylogenetic analysis illustrated that the predicted TLR genes fall into five primary clades,
following the established TLR evolutionary history (Christophides et al., 2002; Levin and
Malik, 2017). The TLR2_7 subclade, along with TLRs 6, 8, the mosquito TLRs 10, and 11,
occupy the largest clade, while complete dipteran TLRs 1 and 3-5, including the mosquito
(Culicidae) TLR1/5 subclade form the second largest clade (Fig. 5.13). The TLR9 clade
exhibited the earliest divergence from the other TLR genes observed in previous literature
(Fig. 5.13). The three partial genes form two separate clades that diverge from the primary
topology: with the Glossina TLR5 genes forming a distinct clade divergent from the TLR3
and TLR13 clade (Fig. 5.13).

The Maximum Likelihood and Neighbour-Joining methodologies produced similar
topologies. The Maximum Likelihood method exhibited seven clades containing Glossina
TLR genes that followed the established TLR evolutionary history (Fig. 5.3 and 5.4A). The
TLR2_7 subclade (Clade I), TLR6 and TLR8 (Clades Il and Ill), formed the largest clade within
the tree which also contained the mosquito TLR10 and TLR11 genes. This clade is supported
by strong bootstrap values (>75) at all but one of the primary nodes. Within each TLR gene
the Glossina species follow the established evolutionary pattern of the genus forming three
clades for each of the Morsitans, Palpalis and Fusca groups (Dyer et al., 2008). The second
largest clade contains/ed the predicted Glossina and other dipteran species TLR1 gene, as
well as complete TLR3 and TLR5 genes and dipteran TLR4 genes. The primary TLR1 clade
(Clade 1V) contains all Brachycera families and shows clear evidence of the Glossina
evolutionary history within the clade. The Culicidae TLR1/5 subclade, and Drosophila TLRs
3, 4 and 5 subclades show clear divergence from the other TLR genes within this clade.
Bootstrap values in this clade were generally strong (>75), though some nodes were poorly
supported (<75). The last of the full predicted genes, TLR9, formed a distinct divergent
clade (Clade V) from the other TLR genes as observed in previous TLR evolutionary histories
(Ref). This clade illustrates the expected evolutionary history of dipteran genera and is

supported by strong bootstrap values at most primary nodes (Fig. 5.13A).

The three partial TLR genes identified (TLRs 3, 5 and 13), formed two distinctly separate
clades divergent from the main topology of the phylogenetic tree (Fig. 5.13A). Glossina and
Musca partial TLR5 genes form a separate clade, while S. calcitrans TLR5 exhibits a clear
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evolutionary deviation. Interestingly, the speciation of the Glossina genus shows some
variation from the established evolutionary history, with the Morsitans group comprising
two clades with G. m. morsitans and G. pallidipes forming a divergent subclade from G.
austeni, though divergence within the Glossina subclade is not well supported, with

bootstrap values <50 (Clade VI, Fig. 5.13A).

The Neighbour-joining method exhibited two major differences to the maximum-
likelihood, firstly the presence of a combined TLR6/8 subclade rather than two distinct
subclades. Secondly, the TLR9 shows a much closer relationship to the TLR1 in the
neighbour-joining method (Fig. 5.13B). The largest clade is separated into two clades, with
TLR1 and 9 forming a subclade (Subclades Ill and IV, Fig. 5.13B) apart from TLRs 2, 6-8.
Structurally the TLR2_7 subclade and TLRs 6 and 8 (Subclades | and Il respectively, Fig.
5.13B) are almost identical, with all Glossina species forming a separate subclade from the
other dipterans. However, there is some variation within the clades regarding the position
of each Glossina species, with some species from the Morsitans and Palpalis groups
grouping together, it should be noted however, that not all nodes are strongly supported

with bootstrap values ranging between 48 and 87.

Toll-like receptor 9 (Subclade 11, Fig. 5.13B) was predicted in five Glossina species though
no orthologue was identified within G. brevipalpis. Figure 5.4 indicates that TLR9 follows
the basic species evolution observed in other TLR genes. Predicated Glossina genes form
two subclades with the Palpalis and Morsitans group species separated with strong nodal
support (100), while other dipteran species show the expected divergence observed
previously. The expected TLR1/5 subclade is separated into two further subclades with a
separate TLR1 (Subclade 1V) grouping with the Culicidae TLR1/5 subclade (Fig. 5.13B) as
observed by Christophides et al., (2002). Predicted Glossina TLR5 genes form a separate
clade (Clade V, Fig. 5.4B)) with the previously identified M. domestica gene, though
identified D. melanogaster and S. calcitrans TLR5 genes can be observed within different
clades. Both the TLR1 and TLR5 clades (Clades IV and V, Fig. 5.13B)) support the Glossina
species established by Dyer et al. (2008), though it is not supported by strong bootstrap
values in TLR5 (<90).

As in the maximum likelihood tree the remaining two partially predicted genes, TLR3 and

13, form a subclade (Fig. 5.13B). Phylogenetic analysis of TLR3 illustrates that while the
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Glossina, Musca and Stomoxys TLR genes form a clade, D. melanogaster TLR3 forms a
separate sub-clade with D. melanogaster and A. aegypti TLR4. Toll-like receptor 13
mirrored the expected speciation of the Glossina genus, though the gene was not identified
within G. palpalis gambiensis. A clear division is visible between the Morsitans and Palpalis
group clades, supported by strong bootstrap values (100). While the Fusca group forms a

sister clade, again supported bootstrap values of 100 (Fig. 5.13B).
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Figure 5.13: Evolutionary analyses were conducted in MEGAX (Kumar et al., 2018), using both the Maximum Likelihood (A) and the Neighbour-Joining (B) methods (Saitou
and Nei, 1987) and a bootstrap test with 1000 replicates (Felsentein, 1985). A) The Le-Gascuel 2008 model (Le and Gascuel, 2008) and discrete Gamma distribution was
used to model evolutionary rate differences among sites (5 categories (+G, parameter = 1.3828)). B) The evolutionary distances were computed using the Poisson correction
method (Zuckerkand and Pauling (1965) and are in the units of the number of amino acid substitutions per site. Both trees are drawn to scale, with branch lengths measured
in the number of substitutions per site. All positions with less than 50% site coverage were eliminated. There were a total of 1153 positions in the final dataset. Each clade
contains all identified Glossina genes, with the available gene sequences for M. domestica, S. calcitrans, L. cuprina, D. melanogaster, A. aegypti and An. gambiae included
as outgroups for each gene. Each TLR gene is represented by colour; TLR1 = gold, TLR2 = yellow, TLR3 = brown, TLR4 = silver, TLR5 = pink, TLR6 = red, TLR7 = blue, TLR8 =
light green, TLR9 = light blue, TLR10 = turquois, TLR11 = black and TLR13 = green.



5.3.3: Interspecies variation

5.3.3i: Inter-gene diversity

When variation was assessed across the full length of predicted TLR genes nucleotide
diversity was found to be low (1t < 0.08) in all genes, though dN/dS was found to be higher
in TLRs 1 and 13, and considerably higher in TLR9 than other predicted genes (Table 5.2).
Nucleotide variation in the LRR receptor domain was found to be higher than the TIR
domain, though TLR1 exhibited greater variation within the TIR domain than the LLR (Table
5.2 and Fig. 5.14). Variation between Glossina species within TLRs 2, 6, 7 and 8 was found
to be consistent across the gene with only a minimal increase in variation within the LRR
domain compared to the TIR (Table 5.2 and Fig. 5.14). In TLRs 2, 7 and 8 all the major points
of nucleotide variation were found outside of the primary protein domains, while TLR6 did
exhibit a large peak of nucleotide variation within the LRR domain (Fig. 5.14). Interestingly,
the increased variation observed within the TIR domain of TLR1 appears to be the result of
a large point of variation around nucleotide 2985 (Fig. 5.14). The increased nucleotide
variation within the TLR9 observed in table 5.4, was present across the full gene, though
the two most diverse area of the gene are outside of the LRR and TIR domains (Fig. 5.14).
Furthermore, the dN/dS values within the TLR9 gene are considerably larger than those

observed in other TLR genes (Fig. 5.14).
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Table 5.2: Genetic variation across the Glossina within each TLR gene. The number of orthologues
compared, the number of segregating sites between them, the nucleotide diversity (i) and the
average number of nucleotide difference (K) between the orthologues is given. dN/dS values were
calculated to give an indication of synonymous and non-synonymous across orthologous. * = The
predicted TLR1 from G. palpalis gambiensis was removed due to the difference in CDS length and

missing TIR.
Number of

TLR Segregating Nucleotide Average number of

Glossina dN ds dN/dS
gene sites Diversity (m)  Nucleotide Difference (K)

orthologues
Full gene
TLR1 5* 285 0.05134 151.5 0.0329 0.2736 0.1202
TLR2 6 567 0.05557 2334 0.00433 0.27189  0.0159
TLR3 6 556 0.07043 232 0.02255 0.29568 0.0763
TLR5 6 152 0.06763 60.667 0.01234 0.35659  0.0346
TLR6 6 654 0.06465 269.4 0.00945 0.31034  0.0305
TLR7 6 498 0.04862 198.667 0.00746  0.21278  0.0351
TLR8 6 389 0.03739 154.467 0.00399 0.17023  0.0234
TLR9 5 266 0.05852 141.5 0.04693 0.11267 0.4165
TLR13 5 403 0.07707 177.8 0.03126  0.30547 0.1023
TIR domain

TLR1 5* 62 0.08617 26.8 0.03557 0.29894 0.119
TLR2 6 51 0.05024 21 0 0.25201 0
TLR3 N/A N/A N/A N/A N/A N/A N/A
TLR5 N/A N/A N/A N/A N/A N/A N/A
TLR6 6 54 0.05534 22.467 0.00274 0.29233  0.0094
TLR7 6 62 0.05805 24.267 0.00257 0.26269  0.0098
TLR8 6 50 0.04935 20.333 0.00189 0.24559  0.0077
TLR9 5 26 0.03034 135 0.01223  0.1092 0.112
TLR13 N/A N/A N/A N/A N/A N/A N/A
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Table 5.2: Genetic variation across the Glossina within each TLR gene. The number of orthologues
compared, the number of segregating sites between them, the nucleotide diversity (=) and the
average number of nucleotide difference (K) between the orthologues is given. dN/dS values were
calculated to give an indication of synonymous and non-synonymous across orthologous. * = The
predicted TLR1 from G. palpalis gambiensis was removed due to the difference in CDS length and

missing TIR.

Number of

TLR Segregating Nucleotide Average number of
Glossina dN ds dN/dS

gene sites Diversity (m)  Nucleotide Difference (K)

orthologues

LRR region

TLR1 5% 186 0.08186 85.3 0.02878 0.32365  0.0889
TLR2 6 362 0.0614 149.267 0.00459 0.31721 0.0143
TLR3 6 401 0.07046 167.267 0.01775 0.32711 0.0543
TLR5 6 110 0.07238 44.733 0.0119 0.41817 0.0285
TLR6 6 403 0.06779 168.267 0.00765 0.34616  0.0221
TLR7 6 320 0.05389 130.2 0.00481  0.2685 0.0179
TLR8 6 238 0.03646 95.733 0.00352 0.16693  0.0211
TLR9 5 50 0.04281 26.2 0.02389  0.11955  0.1998
TLR13 5 108 0.06616 47.7 0.02334 0.26933  0.0867

246



14 14

1.2 1.2
1 1
i o~
r 2 08 e £ 08
a0 = ® =
= T s = T os
0.4 04
0.2 0.2
0 o
] 500 1000 1500 2000 2500 3000 3500 ] 500 1000 1500 2000 2500 3000 3500 4000
Nucleotide posititon Nucleotide position
14 1.4
12 1.2
1 1
t=] ~
e 2 08 e 2 0.8
i € 32
= = o6 = S og
0.4 0.4
0.2 0.2
) Y S AW nh\nAJLl H‘N\N o
D] 500 1000 1500 2000 2500 3000 3500 4000 o 500 1000 1500 2000 2500 3000 3500 4000
Nucleotide position Nucleotide position
14 10
9
12
8
1 7
=] o 6
x £ x £
= 5 = s
= S oas - = N
0.4 3
2
0.2
' 1 W
o h__h fl o
1] 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500
Nucleotide position Nucleotide position

Figure 5.14: Sliding window analysis showing dN/dS variation across the predicted TLR genes within the Glossina spp. Sliding window analysis was run in DnaSP (version
6), using all complete predicted TLR genes. The window size = 50 while step size =10. The green shaded area indicates the region there LRR domains ware coded, while
the blue area shows the TIR domain.
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5.3.3ii: Pairwise distance

Principle component analysis (PCA) offers a different approach to the estimation of the
evolutionary relationships between each predicated gene above by compare the pairwise

distance (P) of amino acid substitutions between sequences.

This analysis produced a PCA plot (Fig. 5.15) showing a similar clustering of sequences to
that observed within the phylogenetic analysis in section 5.3.1. Notably, all predicated
genes formed clusters within the established gene families. As with the phylogenetic
analysis (Fig. 5.14), specific clusters can be observed between TLR2 and 7 and TLR6 and 8,
both forming clusters around (-1.4,-0.05) and (-1.3,0.1), respectively (Fig. 5.15). As in the
phylogenetic analysis the remaining genes form distinct gene clusters. Toll-like receptor 1
shows some variation within the cluster though the majority of TLR1 genes clustering
around (0.55, -0.2). Predicted TLR9 genes show as similar divergence from TLR1 within the
PCA, forming a cluster at (0.3,0.9) signifying the subclade observed in figure 5.14. Toll-like
receptor 5 formed a separate cluster apart from all over predicted TLR genes at (1.1, 1.45),
this divergence is in agreement with the observations from the phylogenetic analysis.
Finally, PCA shows a much greater degree of divergence between the TLR3 and TLR13
families than was implied by the neighbour-joining phylogenetic analysis, though is similar

to divergence observed within the Maximum Likelihood tree (Fig.14A).
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Figure 5.15: Principle component analysis (PCA) plot of all predicted TLR gene within the Glossina genus using the first and second Principle components
(Eigenvalues: PC1 = 1.01337 (35.943 % variance); PC2 = 0.42556 (13.834 % variance). Pairwise distance estimations were conducted in MEGA7 (Kumar et
al., 2016), using pairwise distance. All sites with less than 50 % coverage were eliminated. A distance matrix was produced in Microsoft Excel and PCA
analysis was conducted in PAST3 (Hammer et al., 2001). Individual predicted TLR genes are show by plots, species is denoted by shape: G. austeni = X; G.
brevipalpis = +; G. f. fuscipes = ®; G. m. morsitans = [J; G. pallidipes = O; G. palpalis gambiensis = <. While gene families are denoted by colour. TLR1 =
Green, TLR2 = Aqua, TLR3 = Pink, TLR5 = Gold, TLR6 = Grey, TLR7 = Red, TLR8 = Light Green, TLR9= Blue and TLR13 = Black.



5.3.4: 3-dimensional protein structure analysis

Protein modelling was performed on all predicted TLR proteins synthesised by the
predicted genes. This enabled a comparison of protein structures between species and also
enabled further analysis of the relationship between genes within the TLR families at a

protein level.

Of the genes characterised above, six were observed to contain all three characteristic
protein subdomains and showed a relatively high degree of similarity regarding the protein
domains coded within the gene families. Modelling of the 3-dimensional protein structure
further supported the observations made above, with all genes shown to produce a full TLR

protein (Fig 5.16).

The extracellular domain illustrates the characteristic horseshoe shape, with B-sheets on
the concave surface and helices/coils forming the convex outer surface. The number of
helices varies between proteins, with the majority of the convex structure comprising
coiled structures rather than helices. The extended helix forming the transmembrane
region was clearly visible following ectodomain prior to the TIR domain. The TIR region of
each protein contained the expected B-sheets surrounded by helices (Fig. 5.16). The overall
structure of each protein family appears to be conserved across the Glossina, while there
is some variation in additional coiled structures branching off the extracellular domain in

several protein families, this do not appear to affect the over structure of the protein.

Variation within the TLR2, 6 and 8 protein models appeared to be minimal, with all species
following a similar structure (Fig. 5.16). However, there is a greater degree of variation
within the TLR 1, 7 and 9 models. The predicted protein structure of GPPI000821 (G.
palpalis gambiensis TLR1), showed a high similarity to the extracellular domains of the TLR1
proteins despite a much shorter CDS, and as expected, did not code for the full extracellular
region or the transmembrane and TIR regions. Interestingly, G. brevipalpis was observed to
diverge from other TLR1 proteins with a slightly twisted structure visible in figure 5.16.
Predicted protein structures within the TLR7 family show a conserved extracellular domain
though there appears to be a fair greater amount of random coil structures prior to the
transmembrane region and TIR domains. Finally, TLR9 shows a variation of the position of

the transmembrane region within the G. palpalis gambiensis protein model, thought the
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extracellular and TIR domains shows high similarity and alignment to the other Glossina

proteins. (Fig. 5.16).

Unlike the previous predicted TLR genes, both TLR3 and TLR13 genes were found to be
missing both the transmembrane and the TIR domains. This again was apparent in the 3-
dimensional protein model (Fig. 5.17). All predicted TLR3 genes were found to code for 25
LRR domains while TLR13 contained LRR domains, comprising the extracellular domain of
the TLR protein, this is reinforced by the protein model which illustrated a clear horseshoe
shape seen in all other TLR proteins (Fig. 5.17). Unlike other predicted TLR proteins, TLR3
shows a clear presence of several helices on the convex surface of the extracellular domain,
rather than the coiled structures observed in other proteins. While there is little variation
between protein models, some branching strands can be observed, specifically in the
structures from the Palpalis group species. However, these appear to have little to no direct
effect upon the overall structure of the protein. As with TLR3 and TLR13, predicted TLR5
genes did not code for a full TLR protein. The genetic structure observed in section 5.3.3iv
illustrated the presence of several LRR domains and the transmembrane region of the
protein was encoded, which was also observed within the predicted protein models (Fig.
5.16). The evidence of the extracellular domain is clearly visible, with eight parallel B-sheets
forming the concave surface and four helices being present of the convex surface though
is considerably shorter than those observed in other TLR proteins. The transmembrane

helix is also present and highly conserved across all Glossina species (Fig. 5.17).
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TLR6

Figure 5.16: Structural alignment of complete predicted Glossina TLR proteins. Proteins structures were produced using SWISS-MODEL (Guex et al., 2009; Waterhouse et
al., 2018) and models visualised and aligned in PyMOL (The PyMOL Molecular Graphics System, Version 1.2r3pre). Extracellular domains can be seen by the characteristic
horseshoe shape, with consecutive B-sheets on the concave surface and helices/coils forming the convex outer surface, the helical transmembrane region can be observed
at the base of each model, with the TIR domains. Model colour denotes the species of the predicted protein structure Red = G. pallidipes; Green = G. austeni; Purple = G.
m. morsitans; Yellow = G. f. fuscipes; Cyan = G. palpalis gambiensis; Blue = G. brevipalpis.
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Figure 5.17: Structural alignment of partial predicted Glossina TLR proteins. Proteins structures were produced using SWISS-MODEL (Guex et al., 2009; Waterhouse et al.,
2018) and models visualised and aligned in PyMOL (The PyMOL Molecular Graphics System, Version 1.2r3pre). Extracellular domains can be seen by the characteristic
horseshoe shape, with consecutive B-sheets on the concave surface and helices/coils forming the convex outer surface, the helical transmembrane region can be observed
in TLR5. Model colour denotes the species of the predicted protein structure: Red = G. pallidipes; Green = G. austeni; Purple = G. m. morsitans; Yellow = G. f. fuscipes; Cyan
= G. palpalis gambiensis; Blue = G. brevipalpis.
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5.3.4i: 5.3.4i: 3-dimensional structure comparison

While visual comparison of the predicted protein structures illustrated several variations
both between and within TLR families, structural comparison was conducted to provide

further insight into the relationship of protein structures.

Previous genotypic comparisons had grouped the predicted TLR genes into five main clades
(Fig. 5.14) or groups (Fig. 5.15), structural comparison illustrated similar groupings. The
predicted protein structures can be separated into two major groupings, those exhibiting
a complete TLR protein and those exhibiting a partial protein. This variation was clearly
visible when all structures were compared in an All-vs-All analysis, the heatmap below (Fig.
5.18) shows a clear separation of complete and partial TLR proteins. Within each of these
groups there is further variation, TLR5 protein models form a group separate from other
partial genes with Z-values averaging 25.3 between TLR5 structures but decreasing to a
maximum of 18.8 between G. palpalis gambiensis TLR5 and G. brevipalpis TLR1. Toll-like
receptor 3 and TLR13 also group, though it is clear the TLR3 protein family has a more
conserved structure with Z-values ranging between 29 and 51.5 within the TLR3 family. It

should be noted that the G. palpalis gambiensis TLR1 is also observed within the group.

Toll-like receptor 9 proteins show a high level of conserved structure, being the only
complete protein to form an exclusive group, though Z-values are lower than those seen in
TLR3 (ranging from 33.1 to 39.1). While TLR6 and TLR8 proteins show a higher degree of
conservation between the two families, TLRs1, 2 and 7 do not form individual clades rather
conservation appears to be random both within and between species and genes.
Interestingly, G. f. fuscipes TLR2 appears to bare no conservation with any other TLR protein

(2 =0.1), contradicting the observations made above (Fig. 5.18).

Further analysis was conducted using PCA to assess the relationship between the structures
and visualise the relationship between each TLR protein (Fig. 5.19). As with the heatmap
(Fig 5.17), this illustrated the presence of specific TLR5 (-70, -45) and TLR9 (-15, -15)
groupings, however, as with the previous PCA (Fig. 5.15), TLR3 and TLR13 showed a greater
degree of variation than expected. The remaining TLR proteins show no clear groupings
with all forming a large group. The PCA analysis once again illustrated the two notable

outliers within the protein structure. Glossina palpalis gambiensis TLR1 is found between
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the TLR13 and TLR3 groups, while G. f. fuscipes TLR2 can be overserved as a clear outlier
(Fig. 5.19).
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Figure 5.18: A heatmap comparing the conservation of TLR protein structures across all identified
Glossina TLR genes. The heatmap was constructed suing DALl server (Holm, 2019). Colour

representing the D-value as estimated by DALI, higher Z-values, and thus conservation, are shown
by the deep red colouration.
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Figure 5.19: Principle component analysis (PCA) plot of all TLR protein structures within the Glossina
genus using the first and second principle components (Eigenvalues: PC1 = 2770 (57.293 %
variance); PC2 = 755.793 (15.632 % variance). Z-values were calculated, and a matrix produced
using DALI (Holm, 2019). PCA analysis was conducted in PAST3 (Hammer et al., 2001). Individual
predicted TLR genes are show by plots, species is denoted by shape: G. austeni = X; G. brevipalpis =
+; G. f. fuscipes = ®; G. m. morsitans = [1; G. pallidipes = O; G. palpalis gambiensis = <. While gene
families are denoted by colour. TLR1 = Green, TLR2 = Aqua, TLR3 = Pink, TLR5 = Gold, TLR6 = Grey,

TLR13

TLRS

TLR3

TLR2/6/7/8

Component

TLR7 = Red, TLR8 = Light Green, TLR9= Blue and TLR13 = Black.
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5.4: Discussion

The aim of this chapter was to identify and characterise the TLR genes and proteins present
within the Glossina genome assemblies. Nine predicted TLR genes were identified within
the Glossina genus, of which six (TLR1, 2, 6-9) where seen to code for full TLR proteins,
while three (TLR3, 5 and 13) were seen to code for partial TLR proteins. No orthologues of
the Drosophila TLR4 or Anopheles TLR10 and TLR11 genes were identified within the
Glossina genomes. The identification of potential TLR13 genes within the Glossina genus,
shows a distinct variation from the Drosophila and Culicidae genera, though TLR13 has been

previously annotated within the dipteran genera Musca and Stomoxys.

Of the predicted TLR genes identified, Glossina TLR1, 2, 6-9 appear to follow evolution
previously observed within other dipteran genera (Christophides et al., 2002; Levin and
Malik, 2017). Both Christophides et al., (2002) and Levin and Malik (2017), observed the
presence of a TLR2_7 clade within the dipteran TLR families, this was mirrored by those
genes predicted within the Glossina genome. Predicted genes for TLR6 and TLR8 also
formed a subclade showing high conservation between the two genes, this was not
observed in any previous literature, with previous studies showing a close evolutionary
relationship between TLR8 and TLR9 (Levin and Malik, 2017). Predicted genes for TLR1 form
a subclade off the Culicidae TLR1A/B and TLR5A/B clade, again this was observed by
Christophides et al., (2002), suggesting that those predicted as TLR1 are members of that
gene family. The observation of a clade containing TLR1 and TLR9 is unexpected as all
previous phylogenetic analysis of dipteran TLR genes suggest that TLR9 is divergent from
TLR8 rather than TLR1 (Christophides et al., 2002; Levin and Malik, 2017). The phylogenetic
analysis indicates that the majority of the predicted TLR genes have been correctly
identified, however, the separation of TLRs 3, 5 and 13 suggest that further analysis is
required. This is further supported by pairwise distance PCA analysis, where all genes show
a low divergence, while forming clusters that mirror the clades produced by the

phylogenetic analysis.

The conserved characteristic genetic structure of TLR genes can also be observed within
each of the predicted TLR1, 2, 6-9 genes. The identification of extracellular, transmembrane
and TIR domains supports their identification as TLRs as does the conserved nature of these

structures when compared to other dipteran TLR genes. Interestingly, there does appear
257



to be some variation between haematophagic species and other dipteran species especially
within TLR1, 2 and 7. Predicted TLR1 genes contain two LRRs between the LRR-NT and
second LRR-CT domains which appear to be only present within haematophagous genera
(Glossina, Stomoxys, Aedes and Anopheles). While TLR2 genes of haematophagous species
also contain a higher number of LRR domains in the initial extracellular domains, with S.
calcitrans and Glossina spp. containing 18 or 19 LRRs (prior to the LRR-CT) compared to the
17 found in D. melanogaster and M. domestica. Finally, the structure of Glossina TLR7
genes is almost identical to that of S. calcitrans but differs to that of D. melanogaster and
M. domestica, suggesting some variation between haematophagous and other dipteran
species. While there is no clear explanation for this, it is likely a result of evolutionary

adaptions to control pathogens ingested during a blood meal.

Literature regarding the variation of specific genes within haematophagous, herbivorous,
and nectarivorous species is surprisingly scares. However, several studies have
documented the proteomic variation in haematophagous saliva and compared to other
insect species, describing the presence of haematophagous-specific genes for
anticoagulants and variations in immune gene expression (Andrade et al., 2005; Ware and
Luck, 2017; Arca and Ribeiro, 2018). However, whether there are indeed gene variants

specific to haematophagous species remains unclear.

The 3-D protein models of TLR1, 2, 6-9 show that a complete TLR protein is coded for by
each gene. These models form the characteristic shape of TLR proteins, with all three
protein domains being present. Direct comparison of the structures illustrates a similar
pattern to that of the phylogenies, forming a clear cluster containing TLRs1,2, 6-9. While
TLR9 structures can be observed to form a tighter cluster compared to other proteins, the

majority of proteins structures show no clear separation into gene families.

Of the gene families discussed above, TLR1 shows a greater degree of variation within the
gene family. Firstly, the pairwise distance PCA plot illustrated a relatively large degree of
variation between G. brevipalpis TLR1 and other predicted TLR1 genes. However, this
variation is in keeping with the established speciation of the Glossina genus (Dyer et al.,
2008). The divergence of the Fusca group species from the Morsitans and Palpalis groups
suggests that the variation observed within the TLR1 gene family may be a result of species-

specific mutation, common in TLR genes (Coscia et al., 2011), within the Glossina Fusca
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group. In order to assess this, the prediction of additional Fusca group TLR1 genes would

be required, followed by further evolutionary analysis within the Glossina genus.

PPI000821 (G. palpalis gambiensis) illustrated little variation to other TLR1 genes within
either the phylogenetic or pairwise distance analysis, however the CDS length and protein
coding regions demonstrated considerable variation from other members of this family.
The CDS of GPPI000821, obtained from VectorBase, is significantly shorter than those
observed in other species at only 1,185 bp, this is likely a result of missing sequence data
within the G. palpalis gambiensis genome. This gene is found on Scaffolf3740 which is just
1,274 nucleotides in length and there is a significant amount of missing sequence data
either side of this scaffold. Therefore, it is highly likely that the N and C-terminals of
GPPIO00821 are in this missing data, meaning that the missing transmembrane and TIR
regions are in fact present within the genome. Gaps in genome assemblies are common
with multiple studies attempting to address them using recent technical advancements in
next-generation sequences (NGS) (T@rresen et al., 2017; Utturkar et al., 2017; Peona et al.,
2021). Interestingly, improved assembly of the Atlantic Cod genome resulted in the
discovery of new tandem repeats (T@rresen et al., 2017). Therefore, it is possible that

improved assembly of the Glossina genome will help varify the observations above.

Contrary to G. palpalis gambiensis, the predicted G. m. morsitans TLR1 gene contains an
exceptionally long CDS at 9,165 nucleotides. While GMOY011790 does encode a full TLR
protein, the protein domains are only observed near the C-terminal of the CDS. It is likely
that this increased CDS is a mistake made during the annotation of GMQOY011790, as no
protein domains can be found prior to the start of the TLR extracellular domain. Whether
the N-terminal section is either a noncoding sequence or if there is a mistake within the
genome sequence remain to be determined. Despite this variation within the predicted
TLR1 gene family, all six genes (TLR1, 2, 6-9) illustrate significant conservation with

orthologous in the TLR superfamily and should be consider as such.

Interestingly, Lima et al. (2021) reported two TLR paralogues within G. brevipalpis where
only one was fully identified in this study. A search of TLR genes within the G. brevipalpis
genome indicated another annotated Toll orthologue in GBRIO07354, however, this gene
only codes for the LRR and transmembrane domains, unlike GBRIO07308 (identified above)
which codes for a full TIR protein and is missing the TIR domain. Therefore, GBRIO07354
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cannot encode a functional TLR gene on its own, despite having strong sequence
similarities to both D. melanogaster and other Glossina TLR1 genes. Curiously, the previous
annotated gene, GBRIO07364, codes for a transmembrane and a TIR domain, though there
is no indication of an LRR region. As such, it is possible that a second TLR1 orthologue is
present within the G. brevipalpis genome though the current annotation of the genome
does not show this. If the G. brevipalpis genome does indeed encode two TLR1 paralogous
it could be a unique adaption of the Fusca group as no species from either the Morsitans

or Palpalis groups have indicated this.

Phylogenetic analysis placed the predicted Glossina TLR5 gene in a separate clade within
M. domestica and S. calcitrans (Fig. 5.3). However, the clade shows a conserved nature
within the predicted genes with a low pairwise distance between genes, as illustrated by
the PCA plot. However, this variation from the predicted TLR genes and the TLR5 gene
previously identified within D. melanogaster may be explained by the genetic structure of
the genes. All six genes have a considerably shorter CDS than other TLR genes and are
missing the TIR domain. Interestingly, the CDS length of the predicted Glossina TLR5 genes
is similar to that of the D. melanogaster orthologue, therefore it is likely that the absences

of the TIR domain are the cause of this variation.

Structurally, Glossina TLR5 show a high conservation (Fig. 5.17 and 5.18) with the C-
terminal of the extracellular domain and the transmembrane region clearly visible
following protein modelling (Fig. 5.16). This suggests that TLR5 may be present within the
genome, though poor genome annotation may prevent accurate identification. Therefore,
considerable additional research is required before TLR5 can be confirmed or rejected as

present within the Glossina genome.

The final two TLR gene families identified, TLR3 and TLR13 form a separate clade with a
high variance between the families (Fig. 5.3 and 5.12). Each gene follows the speciation of
the Glossina genus (Dyer et al., 2008) and shows little to no pairwise distance between
identified genes (Fig. 5.13). As previously stated, the variation between Glossina TLR3 gene
and that of D. melanogaster is apparent in the number of LRRs present and lack of
transmembrane and TIR domains. Orthologues for predicted Glossina TLR3 gene can be
observed in both M. domestica and S. calcitrans though there is no literature to support

their identification. Toll-like receptor 13 has no orthologue within the Drosophila genome,
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however, has previously been annotated within the S. calcitrans genome on VectorBase,
though as with TLR3 there is no literature to support this annotation. Both TLR3 and TLR13
code for a full LRR receptor protein, however, with the absence of a transmembrane and
TIR domain, in addition to the highly conserved nature of LRR proteins (Dhulkotia et al.,
2000; Helft et al., 2011) it is likely that these predicted genes are, in fact, not members of

the TLR superfamily.

5.5: Conclusion

The identification of six TLR families within the Glossina genomes confirms the observation
of Limaetal., (2021). However, further research is required to fully characterise the three
partial genes hypothesised to be orthologous of TLRs 3, 5 and 13, while the evidence
suggests that these are not true TLRs they could represent pseudo genes or other related
LRR proteins. These results establish the fundamental aspects of TLR genomic analysis
within Glossina species and the intraspecies variation must also be consider (see chapter
6). Interestingly the present of TLR2, 6 and 9 presents the opportunity for future analysis
to determine if trypanosomal identification in Glossina is similar to that of triatomines or if

they are following a separate signalling pathway.
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6: Intraspecies variation of the Toll-like Receptor 2 gene
within wild Glossina morsitans morsitans, and the
association with endosymbiont and trypanosome

infection.

6.1: Introduction

The TLR signalling pathway is critical to establishing an effective immune response to
invasive pathogens and has been described in detail previously in this study (see Chapters
1 and 5). Therefore, it is understandable that majority studies concerning genetic variation
within TLR genes has been directed to determining the consequence for susceptibility and
resistance to infection (Christophides et al., 2002; Sackton et al., 2007; Cuscé et al., 2014;
Antonides et al., 2019). The highly polymorphic nature of TLRs is similar to the rate of
nucleotide variation observed in genes under pathogen associated coevolution and
purifying selection (Wlasiuk and Nachman, 2010; Netea et al., 2012). However, it is unlikely
that the evolution of immune signalling pathways within the Diptera is driven purely by
pathogen-host coevolution (Anderson and May, 1982) as coevolution primarily affects
proteins that directly interact with one another, which is not the case for dipteran TLR
proteins (Janeway and Medzhitov, 2002). Therefore, it is important to understand what

selective pressure are driving TLR evolution within Dipteran spp.

The intraspecies evolution of TLR genes at a population level has been thoroughly described
across multiple taxa, with numerous publications describing the evolutionary and
functional impacts of polymorphisms within TLRs across mammalian (Tschirren et al., 2013;
Cuscd etal., 2014), avian (Antonides et al., 2019), fish (Palti, 2011) and insect (Christophides
et al., 2002; Evans et al., 2006; Sackton et al., 2007; Zou et al., 2007) species.
Polymorphisms within mammalian TLRs have been directly associated with susceptibility
to infection (Schroder and Schumann, 2005; Cheng et al., 2007; Misch and Hawn, 2008;
Netea et al., 2012; Fels Elliott et al., 2017). However, these occurrences are rare and under
strict purifying selection, preventing fixation of these variants and reducing the impact on

the population as a whole (Netea et al., 2012).
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Despite the strong purifying selection exserted on TLR polymorphism, variation associated
with susceptibility to specific pathogens between populations supports the observation of
episodic positive selection within TLR genes (Wlasiuk and Nachman, 2010). One such
example can be observed in the prevalence of a Gly299 variant of human TLR4 between
African and European populations. This variant offers an advantageous resistance to the
malarial parasite Plasmodium falciparum, though increases susceptibility to gram-negative
sepsis and is therefore, prevented from reaching fixation by purifying selection (Ferwerda
et al., 2007). However, while this variant has been practically eliminated from the European
population, it has been recorded in approximately 15% of the African population (Ferwerda
et al., 2007; Netea et al., 2012). Interestingly, genetic variation within TLR genes of the
avian species bananaquit (Coereba flaveola), was also found to be directly correlated to
malarial infection within a population (Antonides et al., 2019). The authors’ observed that
infected groups exhibited a higher number of alleles at a lower frequency, including several
unique alleles, than uninfected groups, suggesting that natural selection was favouring

resistant alleles while maintain genetic variation within the population.

Studies regarding TLR variation within Dipteran taxa is lacking. Studies into the sequence
variation of mosquitoes immune receptor found that these conserved genes were often
under purifying selection to eliminate sequence variation, as observed in mammalian genes
(Little and Cobbe, 2005). While there are multiple accounts of rapid evolution of immune
genes within the Drosophila immune signalling pathways, including TLRs, these serve as
general overview rather than in-depth assessment of one pathway specifically (Schlenke
and Begun, 2003; Sackton et al., 2007; Juneja and Lazzaro, 2009). One fascinating
explanation for majority of adaptive mutations within signalling pathways was presented
by Begun and Whitley (2000), who suggested the possibility of direct interference of
immune signalling by a pathogen. This phenomenon has been observed specifically in
bacterial pathogens that can inject interference proteins directly into host cells inhibiting

immune signalling (Salyers et al., 1994; Schmid-Hempel, 2008).

The importance of bacterial endosymbiosis to the Glossina cannot be understated,
therefore these bacteria must be able to avoid, the primary symbiont within the Glossina
genus, Wigglesworthia glossinidia, a gram-negative bacterium which plays a critical key
role in sexual and immunological development of juvenile tsetse (Pais et al. 2008). As these

are gram-negative bacteria, the stimulation of the TLR pathway should result in an immune
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response to clear the bacteria however, this does not appear to be the case. An in depth
review of bacterial endosymbionts within arthropods suggested there are two primary
methods utilised by endosymbionts to minimise the impact of the host immune system on
symbiont populations: location and immune evasion (Hurst and Darby, 2009). Intracellular
infections, like that of W. glossinidia within the tsetse bacteriome (Aksoy, 1995), do not
directly interact with immune system. However, intracellular defences such
phagolysosome and high levels of reactive oxygen species can still result in clearance of the

bacteria from cells (Urban et al., 2006).

The second method described by Hurst and Darby (2009), proposes that extracellular
endosymbionts may avoid detection by the host immune system altogether, this was
observed within the Glossina milk glands where W. glossinidia live extracellularly (Pais et
al., 2008; Wang et al., 2009). Wang et al., (2009) observed a correlation between elevated
levels of peptidoglycan recognition protein (PGRP-LB) within female Glossina samples, and
the population size of W. glossinidia within the fly. The PGRPs are a large conserved protein
family that stimulate the immune pathways within insect species (Dziarski and Gupta,
2006). However, PGRP-LB has been observed to remove free PGN within both Drosophila
(zaidman-Rémy et al., 2006) and Glossina (Wang et al., 2009), effectively masking the

presence of W. glossinidia and preventing a full immune response to the endosymbionts.

Literature on the interactions between trypanosomes and TLRs within Glossina species is
currently severely lacking. However, four TLRs (TLR2, TLR4, TLR6 and TLR9) have been
reported to recognise ligands from the genus Trypanosoma, specifically Trypanosoma cruzi
(the causative agent of Chagas Disease) within their triatomine vector (Bafica et al., 2006;
Uematsu and Akira, 2008; Kumar et al.,, 2009). Given the similarity of other protein
interactions in response to trypanosomal infection, and the conserved nature of TLRs, it is
plausible that similar interactions may be present between African trypanosomes and the
Glossina genus (Ursic-Bedoya et al., 2011). Several trypanosomal PAMPs have been
recognised to activate the TLR pathway, primarily glycisylphosphatidylinositol (GPI)
anchors. Glycisylphosphatidylinositol anchors recognition has been observed to active
TLR2, TLR4 and TLR6 (Campos et al., 2001), while glycoinositolphospholipids were observed
to be recognised by TLR4 but not TLR2. It should be noted however, that the identification

of GPl anchors by TLR6 is reliant upon the formation of a heterodimer with TLR2 (Uematsu
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and Akira, 2008). TLR9 was also observed to play critical role in T. cruzi resistance (Bafica et

al., 2006).

Indeed the concept that T. brucei and other African Trypanosoma species may exhibit a
similar response in other hosts is supported by the findings of Drennan et al., (2005) who
found that T. brucei infection within mice was MyD88 dependent. As MyD88 is the primary
intercellular adaptor protein within the TLR pathway, this suggests that trypanosomal
infections stimulate a similar immunological response in both mammalian and insect hosts.
As MyD88 is conserved within the TLR signalling pathway it strongly suggests that the TLR

signalling cascade is also vital within the Glossina response to parasitic infection.

6.1.1: Aims and Objectives

This is the first study of its kind to assess a TLR within a wild G. m. morsitans population.
Toll-like receptor 2 was selected due to the critical role it plays in the detection of four
PAMPs associated with T. cruzi within the triatomine vector (Uematsu and Akira, 2008;
Kumar et al., 2009), and is therefore, likely to exhibit a similar response within Glossina in
response to African trypanosomes. Although T. cruzi differs substantially from African
Trypanosoma spp., similar PAMPs are likely responsible for the detection of African and
American trypanosome spp. The central region of the extracellular region was targeted for
sequencing as polymorphic sites tend to cluster in protein receptor regions (Sackton et al.,
2007). Therefore, this section of the extracellular region is likely to contain the higher

concentration of polymorphic sites.

In this chapter we aim to address objective 5 (section 1.5): To evaluate the intraspecies
variation of TLR2 and assess the impact of selection upon both the structure and function,

in relation to symbiont and trypanosome infection.

Following the methodology described in chapter 3, genetic variation was assessed within
TLR2, using the same gDNA extracted from the tsetse collected from the three
subpopulations in Northern Zimbabwe. The evolutionary history of the TLR2 sequences was
measured using phylogenetic methodologies, while allele diversity was assessed using
haplotype analysis. The frequency of synonymous and nonsynonymous polymorphic sites

was assessed to illustrate intraspecies nucleotide variation. As before, gene flow,
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population genetics and tests of neutrality were conducted to detect recent population

changes and indicate divergence from neutrality indicative of natural selection.

Protein structural and functional variation and natural selection were assessed using much
of the methodology described in chapter 5. Three dimensional modelling of protein
variants was undertaken using the I-Tasser server (Yang et al., 2015) to assess for and
compare any structural deviations observed in the sample. While both Z-score and HyPHy

was utilised to assess the current selective nature of the TLR2 genes.

Finally, the relationship between TLR2 genetic variation, endosymbionts and trypanosome
infection was assessed. Wigglesworthia glossinidia and trypanosome screening was
conducted in Chapter 4 and this chapter uses those same results. Direct comparisons of
TLR2 variation and W. g. morsitans variation was achieved as described in Chapter 4 by
over lapping haplotype networks. The same process of assessing parasite infection by

comparing the TLR2 haplotype network to infection rather than geographical location.
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6.2: Materials and Methods

6.2.1: Tsetse samples collection and gDNA extraction

Please refer to Chapter 3 (sections 3.2.1 and 3.2.2) for details on the collection of wild

tsetse samples and gDNA extraction.

6.2.2: Primer design and Polymerase Chain Reaction

Primers were designed using NCBI Primer BLAST (Ye et al., 2012, Glossina genome data on
VectorBase (Giraldo-Calderdn et al., 2015) was mined for relevant sequences to provide a
template for primer design (Table 6.1). This study targets the TLR ectodomain as the
receptor region of the protein, as the size of the target fragment exceeded 1500 bp two

overlapping fragments were targeted to produce a single longer gene.

Polymerase Chain Reaction (PCR) was conducted to amplify the target fragment of TLR2.
Amplification was conducted using 12.5 pl of DreamTag™ PCR master mix (2X DreamTaq
buffer, 0.4 mM of each dNTP, 4mM MgCl;) (Thermo Scientific, UK), 1 ul each of gene-
specific forward and reverse primers and 1 pl of gDNA, with a final reaction volume of 25
pl made up with PCR grade water. Cycling conditions were set at an initial denaturation a
94 °C for five minutes, followed by 35 cycles of 94 °C for 30 seconds, 57°C for 30 seconds
and 72°C for one minute, a final 10 minute extension was conducted at 72°C before being

help at 4°C.

Gel electrophoresis was preformed to determine the success of PCR amplification. 5 pl of
PCR products was mixed with 1.2 ul 6x Gel loading dye (Thermo Scientific, UK) and
GelRed™ Stain (Cambridge Bioscience, UK), 1Kb Hyperladder (Bioline, UK) was used as
marker. All samples were run on a 1% agarose at 90 V for 45 minutes prior to visualisation

on an UV transilluminator (gel images available in Supplementary Figures 6-7 Appendix 4).
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Table 6.1: TLR2 prime information: nucleotide sequence, length, melting temperature (Tm), G-C percentage and expected fragment size of each primer used in this study.

Target gene/fragment Name Sequence (5’-3’) L(:::g;h Tm (°C) GC% Fragment size Designed by
TLR2-A TLR2-AF ATCATAAGTCAGGTGCAGTC 20 54.86 45.00 This work
1042bp
TLR2-A TLR2-AR CAACGCCATTTTGGGTAAAT 20 55.11 40.00 This work
TLR2-B TLR2-BF CGATTGGCCATATAGAGGAT 20 54.15 45.00 This work
961bp
TLR2-B TLR2-BR TCCATTGAACAGTCGCATT 19 55.10 42.11 This work
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6.2.3: Sanger sequencing and sequence analysis

Sanger sequencing was conducted by the DNA sequencing facility at the Natural History
Museum, London as detailed in Chapter 3, section 3.2.5. Sequence chromatograms were

read using SnapGene software (from GSL Biotech; available at snapgene.com). Sequences

were then aligned using the MUSCLE (Multiple Sequence Comparison by Log-Expectation)
sequence alignment tool (Madeira et al., 2019). The two TLR2 fragments (A and B) were

aligned to form one continuous sequence for analysis.

Of the 63 samples, 62 full TLR2 fragments were successfully constructed. These were then

submitted to phylogenetic and population genetic analysis.

6.2.4: Intra-species phylogenetic analysis

Phylogenetic analysis was conducted to estimate the evolutionary history of each gene
within the sample population. A sequence length of 1,701 bp was used and Phylogenetic
analysis was conducted using MEGAX (Kumar et al., 2018), Neighbour-joining trees were
constructed using the Jukes-Cantor model with 1,000 bootstrap replicates. Maximum-
likelihood trees were constructed using the model of best fit, estimated using the MEGAX
‘Find Best NDA/Protein Models’ function. This indicated that Tamura 3-parameter model +
Gamma distribution with Invariant sites (T3+G+l) best suited the data. 1,000 bootstrap

replicates.

6.2.5: Haplotype analysis

Further to phylogenetic analysis, the haplotype variation of each gene was analysed to
provide further support the predicted evolution. Haplotype data files were generated in
DnaSP (version 6) (Rozas et al., 2017), and TCS haplotype network was produced in POpART
(Leigh and Bryant, 2015) using the method described in Chapter 3, section 3.2.7.

6.2.6: Intra-species nucleotide variation analysis

Having predicted the evolutionary and haplotype variation within each gene, the sites of
DNA polymorphisms and nucleotide variation at those points was also investigated.
Nucleotide variation () was calculated using the ‘DNA polymorphism’ function in DnaSP

(version 6) (Rozas et al., 2017) (Refer to Chapter 3, section 3.2.8). The region of analysis
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was set between base pairs 1,108 and 2,809, codon specific sliding window analysis was
conducted (window size = 3; step size = 3). Nucleotide variation (r) is estimated using
equation 1 in Appendix 2 (Nei, 1987, equation 10.5 or 10.6; Nei and Miller, 1990, equation
1).

6.2.7: dN/dS: Synonymous vs non-synonymous variation

Having established the presence of DNA polymorphisms within the gene fragments, the
nature of these mutations was also established in order to predict the potential functional
and structural impacts on the protein synthesis. The presence of synonymous (dS) and non-
synonymous (dN) mutations was accessed in DnaSP (version 6) (Rozas et al., 2017) as
specified in section 3.2.9, while region of analysis was specified between base pairs 1,108
and 2,809. Pi (i) values were calculated using equation 1 (Nei, 1987, equation 10.5 or 10.6;
Nei and Miller, 1990, equation 1). dN/dS ratios (also referred to as Ka/Ks) were calculated
using the ‘Pi(a)/Pi(s) and Ka/Ks ratios’ function, with all parameters remaining the same as

above.

6.2.8: Gene flow analysis

Given the severe lack of literature concerning wild tsetse populations, population genetic
analysis was conducted to provide a novel insight into the G. m. morsitans population. Gene
Flow and Genetic Differentiation analysis was conducted in DnaSP (version 6) (Rozas et al.,
2017) and while a Mantel-test was conducted using PAST3 (Hammer et al.,, 2001) as

described previously in 3.2.10.

Genetic distance between sample was calculated using Pairwise-distance (P-distance) in
MEGAX (Kumar et al., 2018) this was compared to geographical distance to assess the

relationship of genetic variation between subpopulations.

6.2.9: Demographic change and test for neutrality: Pairwise mismatch, Tajima’s D,

Fu’s Fs and Coalescent Simulation

The impacts of population genetics on genetic variation were considered by examining the
demographic change and neutrality of the genes. Tests of neutrality, Tajima’s D (Tajima,

1989) and Fu’s Fs (Fu, 1997), pairwise mismatch (Watterson 1975; Slatkin and Hudson 1991;
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Rogers and Harpending 1992) and raggedness (r) (Harpending, 1994) analysis were

undertaken in DnaSP (version 6) (Rozas et al., 2017) as described in section 3.2.11.

6.2.10: Recombination analysis

As described in section 3.2.12, recombination was assessed within the TLR2 sample to
assess the impacts on nucleotide diversity and the implications for the interpretation of
pairwise mismatch analysis. This was conducted using the two methods (DnaSP V6 and

GARD) detailed in 3.2.12.

6.2.11: Indication of Selection: Z-tests and HyPHy based analysis

The presence of selective pressure acting upon the TLR2 genes was assessed using the two
methods described in sections 4.2.3 and 4.2.4. MEGAX (Kumar et al., 2018) used the
standard statistical Z-test test to assess deviations from the population mean neutral
selection (see section 4.2.3). Hypothesis testing using Phylogenies (HyPHy) was also
employed (Pond and Muse, 2005), this was run on both MEGA7 (Kumar et al., 2016) and
Datamonkey online servers (Pond and Frost, 2005; Weaver et al., 2018) as described in

section 4.2.4.

6.2.12: Three-dimensional protein modelling and function impact

Structural predictions of the TLR2 protein variants were made using the I-TASSER online
server (Zhang, 2008; Roy et al., 2010; Yang et al., 2015), models with highest TM- and C-
score was selected as the more reliable structure. All secondary structure models where

visualised, using PyMOL (The PyMOL Molecular Graphics System, Version 1.2r3pre).

The functional impacts of amino acid variants were predicted using Simple Modular
Architecture Research Tool (SMART) (Letunic and Bork, 2017) and PROVEAN (Choi, 2012;

Choi et al., 2012) as described in sections 5.2.2 and 4.2.6 respectively.

6.2.13: Wigglesworthia haplotype variation and population genetics

Given the obligatory nature of symbiosis between W. glossinidia and Glossina spp. the
Wigglesworthia 16S gene was submitted to the same population genetic analysis. PCR
amplification and sequencing of W. g. morsitans 16S rRNA gene was conducted as

described in sections 3.2.3 to 3.2.5. Amplification was successful in 34 of the 63 (53.97%)
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G. m. morsitans samples. Eleven samples where successfully amplified from both the
Nykasanga and Rekomitjie collection sites, and 12 sequences were obtained in samples
from Makuti. This equates to 78.57% of Nykasanga samples, 55% from Rekomitjie and only
42.86% of the Makuti samples. A multiple sequence alignment was conducted as described
in section 3.2.5 with a final sequence length of 1180bp. In order to assess the relationship
between G. m. morsitans and W. g. morsitans the same analytical methods were used,
haplotype analysis was conducted as described in section 3.2.7, while gene flow, Tajima’s
D, Fu’s Fs and demographic change were all assessed as described above in section 3.2.10

and 3.2.11.

6.2.14: Association of AMP and symbiont nucleotide variation

The association between AttA and Def nucleotide variation and that observed within W. g.
morsitans 16S was assessed using a standard Pairwise-distance analysis in MEGAX (Kumar
et al., 2018). The P-distance between tsetse AMP sample was calculated and plotted
against the corresponding W. g. morsitans 16S P-distance to illustrate the relationship
between the two, a mantel-test was also conducted as described in section 3.2.10. This

would give an insight into the influence of endosymbiosis on genetic variation
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6.3: Results

6.3.1: Intra-species genetic variation and popualtion genetics of wild Glossina

morsitans morsitans TLR2 gene
6.3.1i: Phylogenetic analysis

Phylogenetic analysis exhibited two slightly different topologies between the Neighbour-
Joining and Maximum-Likelihood methods (Fig. 6.1). The Maximum-Likelihood tree
exhibited five primary clades, subdivided into several subclades (Fig. 6.1A). Clade |
consisted of three subclades of which one (clade 1.a) contains samples solely from Makuti.
Interestingly, clade I.b consisted of four samples of three from Rekomitjie and just one
sample, M146, from Makuti. Two other clades (Il.a and V.d) exhibited samples from just
two collection locations, Il.a exhibited two samples from Makuti and one from Nykasanga,
while clade V.d contained two samples from both Makuti and Rekomitjie. All other clades
contain either a sample from a single location or a mix of all three locations. However, all
bootstrap values are low, ranging between 0 and 59, suggesting that this tree is not strongly

supported.

In contrast, the neighbour-joining method (Fig. 6.1B) indicated eight primary clades
containing varying numbers of samples. Interestingly, a greater number of observed clades
were seen to contain samples from one location. Clades I.a, Il and IV.a contain a combined
total of 12 samples solely from Makuti, while clade |.c contains three samples solely from
Rekomitjie. This high proportion of geographically isolated clades suggests that there is a
relationship between geographical location and nucleotide variation when analysed using
the bootstrap method. The remaining clades all contain samples from all three collection
sites, in a more expansive tree than that produced by the maximum-likelihood method (Fig.
6.1A). Once again, the bootstrap values showed a large range in values between 0 and 93.
Three nodes, one in each of clades I.d, Ill.c and IV.a were found to be significant with

bootstrap values of 87, 93 and 79 respectively (Fig. 6.1B).
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A)

IVa

Figure 6.1: Evolutionary analysis of the TLR2 gene fragments was conducted using MEGAX (Kumar et al., 2018). A) A Maximum Likelihood tree produced using the Tamura
3-parameter model (Tamura, 1992). The tree with the highest log likelihood (-2827.31) is shown. A discrete Gamma distribution was used to model evolutionary rate
differences among sites (5 categories (+G, parameter = 0.1897)). The rate variation model allowed for some sites to be evolutionarily invariable ([+], 49.35% sites). The
tree is drawn to scale, with branch lengths measured in the number of substitutions per site. This analysis involved 62 nucleotide sequences. B) Neighbour-Joining method
was used to predict evolutionary history (Saitou and Nei, 1987), the evolutionary distances were computed using the Jukes-Cantor method (Jukes and Cantor, 1969) and
are in the units of the number of base substitutions per site. The optimal tree is shown with the sum of branch length = 0.05487047. Both trees are drawn to scale, with
branch length measured in the number of substitutions per site. Codon positions included were 1st+2nd+3rd+Noncoding, while all positions with less than 95% site
coverage were eliminated. 1000 bootstrap replicates were used.
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6.3.1ii: Haplotype diversity

A total of 56 haplotypes were observed within the sample population (H = 56) with a very
high haplotype diversity (Hd) of 0.997. There is no sign of a common haplotype within the
TLR2 samples, with just six shared haplotypes in the sample population, two shared
between Makuti and Rekomitjie, one shared between Nykasanga and Rekomitjie, and
three location specific haplotypes containing two samples (two from Nykasanga and one
from Rekomitjie). A simple AMOVA test showed no significant relationship between

geographical location and genetic variation within the TLR2 gene (¢st =0.01409 (P =0.187).

6.3.1iii: Nucleodide diversity

Sliding window analysis illustrated a total of 22 polymorphic sites within the TLR2 fragment,
with an overall nucleotide variation (7) across all samples of == = 0.00377. These were
unevenly distributed throughout the fragment, with 16 being found in the first half of the
fragment (Fig.3A) and the remaining six in the second half. Both Nykasanga and Rekomitjie
samples exhibited 19 of the 22 polymorphic sites, while the Makuti population exhibited
all 22. The polymorphic site at nucleotide 1806 was observed in both the Rekomitjie and
Makuti populations, while the site at nucleotide 2364 was observed in Nykasanga and
Makuti. Interestingly, two polymorphic sites at nucleotides 1227 and 2706 were exhibited
by a single sample from Makuti (Fig. 6.3A). Of these 22 polymorphic sites, 21 were found
to be synonymous mutations with just one non-synonymous variation being observed at

nucleotide 2364 (Fig. 6.3B).
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Figure 6.2: TCS haplotype networks of the TLR2 gene fragment within the sample population. The circle size represents of the number of samples within a haplotype, while
the colours represent the geographical location of each sample. Black lines crossing a branch indicate the number of nucleotide mutations between haplotypes and solid
black circles signify inferred or missing haplotype. All networks were produced in PopArt (Leigh and Bryant, 2015).
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Figure 6.3: Sliding window graphs of the G. m. morsitans TLR2 gene fragment; A) illustrates the
distribution of polymorphic sites throughout the gene fragment. Each subpopulation is represented
by the colour of the line. B) illustrates the characteristic (Synonymous and Non-synonymous) of
each polymorphic site. Produced in DnaSP V6 (Rozas et al., 2017), Pi (m) represents nucleotide
diversity within the fragment against the nucleotide position of the mutation. The coding region of
the fragment was set between nucleotides 1108 - 2809. Window size = 3, step size = 3.
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6.3.1iv: Population dynamics and tests of neutrality

Gene flow analysis indicated a high level of gene flow between subpopulations with both
haplotype and nucleotide statistics (Hs and Ks respectively) indicating high diversity
between populations, though the number of substitutions between populations was low
(Dxy = 0.004). The fixation index (Fst) was low (Fst = 0) further supporting the hypothesis
of a panmictic population presented in Chapter 4 (Table 6.2).

Table 6.2: The gene flow results for TLR2 gene fragment across all collections localities. Values are
rounded to three d.p where possible. M = Makuti; N = Nykasanga and R = Rekomitjie. Hs: Haplotype
statistic. Ks: Nucleotide statistic. Fs: Fixation index. Dxy: The average number of nucleotide

substitutions. Da: The net nucleotide substitution per site between populations. For equations used
see section Appendix 2.

Pop. 1 Pop. 2 Hs Ks Fst Dxy Da
N R 0.988 6.36 0.024 0.004 0.00009
N M 0.993 6.44 0.013 0.004 0.00005
R M 0.997 6.41 -0.012 0.004 -0.00004

A direct comparison of geographical distance and Fst between collection sites indicated a
strong positive correlation between distance and Fst (R?> = 0.857), however, this was found
to be insignificant (P > 0.05) interestingly, no relationship was observed between genetic

distance (P-distance) and geographical distance.

Test for neutrality (Tajima’s D and Fu’s Fs) indicated mixed results. Tajima’s D was found to
be positive (D = 1.16044) indicating balancing selection within the gene fragment. While
Fu’s Fs produced a very strongly negative result (Fs =-71.477) indicating that the population
expansion or recovery event. Though both results where statistically insignificant (P> 0.05),

they do support the previous observations made in Chapter 4.

Pairwise mismatch, under the presumption of no recombination, indicated a population
expansion event, with a high observed frequency of variation but a relatively low observed
pairwise difference (Fig. 6.4). Raggedness (r) was found to be low (r = 0.0133, P > 0.05)
supporting the observation of a recent population expansion event. When r was calculated
using Coalescent theory, under the presumption of free recombination, very little change
was observed, with an average r value of 0.01816 and a 95% confidence interval between

0.00954 and 0.03382.
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Figure 6.4: Pairwise mismatch analysis of the TLR2 gene fragment showing the observed and
expected frequencies of nucleotide variation.

6.3.1v: Recombination

Recombination was detected by both DnaSP and GARD (Datamonkey) though the number
of breaking points was found to differ. DnaSP predicted 10 recombination breaking points
across the TLR2 gene fragment (Rm = 10) though the recombination parameter pre gene
was found to be much higher (R = 619). Recombination was also detected by GARD which
indicated two sites (nucleotides 1421 and 1718) of recombination within the gene, though
a total of 21 potential breakpoints were observed.

Table 6.3: All breaking points detected by DnaSP (V6), the nucleotide position and substitution are

shown, as is the nature (synonymous or non-synonymous) of the mutation. The inferred region of
recombination is also given between two nucleotide sites.

Nucleotide Position | Nucleotide Substitution Synonymous or non- Between Sites
synonymous
1,128 T—>C Synonymous 1,128 -1,344
1,344 T—C Synonymous 1,344 -1,386
1,395 G—oA Synonymous 1,395-1,512
1,527 G—oA Synonymous 1,527 -1,554
1,680 T—>C Synonymous 1,680-1,719
1,719 G—oA Synonymous 1,719 -1,806
1,824 T—>C Synonymous 1,824 -1,923
1,923 C—oT Synonymous 1,923 -2,496
2,496 C—oT Synonymous 2,496 - 2,667
2,667 A—G Synonymous 2,667 -2,760
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6.3.2: The impacts of genetic variation on structure, functionality, and selection
6.3.2i: Protein structure and functionality

The identification of a single non-synonymous mutation within the TLR2 gene fragment
suggested that structural variation within the wild G. m. morsitans TLR2 gene would be
minimal. Initial modeling results for the two TLR2 variants showed little structural variation,
with both variants illustrating the expected concave ‘horseshoe’ shape (Table 6.4). The
common wild type TLR2 structure comprised of two groups of paralelle B-sheets forming
the concave surface of the protein, the largest of these consists of 11 sheets running from
the N-terminal to the midpoint of the sequence. The second group consists of six B-sheets
and terminates at the C-terminal of the protein fragment. A total of five a-helicae were
observed within the fragment strucutre, two at either terminal with fifth situatied

appoximately half way in the strucutre.

Interestingly, the TLR2-T788 variant exhibited two potential structures with similar
statistical significance (Table 6.4). While the fundamental structure of these two models is
identical to that observed in the TLR2 structure, the composition of each varies slightly. The
number of B-sheets comprising the concave surface of the protein varies betweent the two
variants with TLR2-T788(a) exhibiting groups of 11 and five B-sheets, compared to the
groups of 12 and seven observed in TLR2-T788(b). The number and position of a-helices on
the convex surface also varies with TLR2-T788(a) exhibited a total of eight helicae, while

TLR-T788(b) exhibiting four (Table 6.4).

While, the T788 variation had some minimal impact on the structure of the TLR2 protein,
no variation was observed in encoded domains. As described in chapter 2, G. m. morsitans
TLR2 consists of 25 LRRs preceeding the transmembrane and TIR domains, the gene
fragment amplified was found to encode 14 complete and one partial LRR domains. These
14 LRR domains was found to match the position of those identified with the G. m.
morsitans TLR2 protein in Chapter 2, suggesting that the T788 variation has no funcation
impact on the TLR2 protein. This observation was also found to be neutral by PROVEAN

with a score of -0.186.
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Table 6.4: Predicted 3-Dimentional structures of each of the G. m. morsitans TLR2 variants. The
name of each variant, the haplotypes exhibiting each structure and the amino acid substitutions
responsible for the variation are given. PDB files were produced using the I-TASSER server (Yang
and Zhang, 2015) and visualised in PyMOL (The PyMOL Molecular Graphics System, Version
1.2r3pre). All coil structures are shown in green, a- helices are shown in red and B-sheets in yellow
with direction depicted by the arrow.
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6.3.2ii: Inferred natural selection

Initial screens for selective pressures were conducted using a Z-test in MEGAX (Kumar et
al., 2018), rather surprisingly this indicated that purifying selection was occurring between
all haplotypes with a high statistical significant (P < 0.05), while neutrality selection was
also detected between most all haplotype. There was no significant indication of positive
selection between any haplotypes, though haplotypes 10 and 49 showed insignificant signs

of positive selection (P > 0.1).

The detected purifying selection was further investigated using the codon-based methods:
HyPHy, FEL, FUBAR, MEME and SLAC. As described in Chapter 4, these methods used the
dN — dS statistical test to screen of signs of positive and purifying selection. As expected,
multiple points of purifying selection were detected across the gene fragment, with many
sites being identified by more than one method (Fig. 6.5), interestingly one point of
statistically significant positive selection was also detected. FEL detected 15 statistically
significant sites of pervasive purifying selection (P < 0.05), of which ten were found to be
highly significant (P < 0.01). SLAC identified 13 significant sites of purifying selection (P <
0.05), with eight being significant to P < 0.01. FUBAR identified 18 sites of purifying
selection, with posterior probabilities greater than 0.9. Furthermore, 16 of these sites were
still significant the posterior probability was increased to 0.99. Interestingly, FUBAR also
identified one significant point of positive selection (posterior probability = 0.9) at codon
788, though this was not supported by MEME which identified no significant sites of

positive selection.
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Figure 6.5: A graph showing the dN —dS values at each codon of the TLR2 sequence fragment. Positive values indicate an overabundance of non-synonymous
mutations and positive selection, while negative values indicate purifying selection and an abundance of synonymous mutations. Each line represents a
different methodology.

283



6.3.3: Wigglesworthia endosymbiosis and Trypanosoma infection

6.3.3i: Wigglesworthia endosymbiosis and TLR2 genetic variation

Fifty-six TLR2 haplotypes were observed within the sample population (section 6.3.1ii)
compared to the 15 W. glossinidia 16S haplotypes observed in the 34 successfully amplified
samples (Chapter 4, section 4.3.3i), as such 26 TLR2 haplotypes contained no identified W.
glossinidia 16S haplotype (Fig. 6.8A). Of the six shared TLR2 haplotypes (Haps 15,28 and
49) one was exhibited by a single corresponding W. glossinidia 16S haplotype, while the
remaining three (Haps 8, 13 and 29) contained two identified 16S haplotypes (Fig. 6.6A).
No direct relationship was observed between the two genes, which was supported by the
results of a simple AMOVA (¢s: = -0.00927 (P = 0.587)). Wigglesworthia glossinidia 16S
haplotype 2 was also absent from the analysis as the corresponding sample did not produce

a full TLR2 gene fragment.

When samples with no corresponding W. glossinidia 16S haplotype were removed from
the analysis, the network formed four distinct clusters (Fig. 6.6B). Cluster | consisted of five
TLR haplotypes (Haps 28, 29, 30, 42 and 43), totalling six samples, of which two thirds were
found to exhibit W. glossinidia 16S haplotype 12. Cluster Il consists of nine single sample
TLR2 haplotypes (Haps 23, 33, 34, 39, 41, 45, 46, 49 and 50), again two thirds of these
samples were found to exhibit W. glossinidia 16S haplotype 12. However, this percentage
drops in Clusters lll and IV, Cluster 11 consists of seven TLR2 haplotypes (Haps 2, 3 and 6-
10) exhibited by eight samples, of which only half were found to exhibit W. glossinidia 16S
haplotype 12. Finally, cluster 4 contains six TLR2 haplotypes (Haps 11, 13, 14, 16, 20 and
31) exhibited by a total of seven samples, over half of these also exhibit novel W. glossinidia
16S haplotypes (Fig. 6.6B). However, despite this smaller sample size a simple AMOVA still
shows no significant relationship between the two haplotype groups (¢st = -0.06427 (P =
0.817).
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Figure 6.6: TCS haplotype networks for the G. m. morsitans TLR2 gene, showing the frequency of Wigglesworthia 16S haplotypes within the exhibited haplotypes. Produced
in PopART, the circle size represents the number of samples exhibiting a haplotype, while the colour represent the presence of Wigglesworthia haplotypes within the
samples. White filled sections represent the samples that failed to amplify during PCR, while black circles represent missing or inferred haplotypes. Black lines crossing a
branch indicate the number of nucleotide mutations between haplotypes. A) lllustrates the full haplotype network adapted from the TCS network produced previously
(Figure 6.2). B) lllustrates the TLR2 haplotype network when all samples that failed to produce a W. glossinidia 16S have been removed. Clusters are highlighted within the
grey circles.
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6.3.3ii: Trypanosoma infection and TLR2 genetic variation

An extensive screening of all tsetse samples for Trypanosoma spp. was conducted in
Chapter 4 (section 4.3.4), this identified an unusually high infection percentage of 69.35%
(43/62 flies) within the sample population. A high level of these were found to be mixed
infection with two or more Trypanosoma spp. identified within a single tsetse sample. The
presence of the veterinary important T. vivax was confirmed via sequencing; while T. brucei
was not confirmed via sequencing, gel electrophoresis suggested it could be present in the

sample population (Chapter 3, section 3.3.4).

A direct comparison of the TLR2 genetic variation and trypanosome infection illustrated no
clear relationship (Fig. 6.7). However, given the extent of the genetic variation observed
within the TLR2 gene fragment this is not surprising. This observation is supported by a
simple AMOVA test that showed no relationship between genetic variation and infection

(st = 0.01629 (P = 0.97)).

Hap_34 @ wected
Hap_33 @ Uninfected

Figure 6.7: TCS haplotype network of the TLR2 gene fragment showing the frequency of infected
and uninfected samples within each haplotype. Produced in PopART, the circle size represents the
number of samples exhibiting a haplotype, while the colours represent the infection status of
samples within the haplotype. Black circles represent inferred or missing haplotypes, while black
lines crossing a branch indicate the number of nucleotide mutations between haplotypes.
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6.3.3iii: Comparison of the TLR2 and symbiont genetic variation

The relationship between G. m. morsitans TLR2 and W. g. morsitans 16S genetic variation,
illustrated similar results to those observe between Def and the symbiont 16S (see section
3.3.5). Although a positive correlation was observed between Def and W. g. morsitans 16S,
the positive correlation observed between TLR2 and symbiont 16S was more substantial
(R? =0.114) and just exceeded the statistical threshold (P = 0.051). This positive correlation

was also exhibited by a graphical comparison of genetic distance (Fig. 6.8).
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Figure 6.8: The association of genetic P-distance between TLR2 genes and successful W. g.
morsitans amplification. P-distance was calculated in MEGAX (Kumar et al., 2018), and graphs were
plotted Microsoft excel.
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6.4: Discussion

This chapter aimed to address the paucity of comprehensive data concerning the
intraspecies variation and evolution of TLR genes within a dipteran species. The results
presented above provide a unique insight into the genetic variation and evolution of TLR2
within a wild G. m. morsitans population, and the relationship of this gene with both the

endosymbiont W. g. morsitans and trypanosomes infection.

The LRR region of G. m. morsitans TLR2 was found to be highly polymorphic, exhibiting a
1.29 % mutation rate (22 polymorphic sites over the 1701 bp fragment), which was found
to be comparable to other TLR intraspecies studies in mammals (Ferwerda et al., 2007,
Netea et al., 2012). This high level of polymorphic sites was further exhibited by the high
number of haplotypes exhibited within the sample population. Interestingly, these result
are similar to those observed by Antonides et al., (2019), supporting the author’s
observation that allele variation maybe mediated by negative-frequency dependent
selection. Additionally, the indication of balancing selection by Tajima’s D seemingly

supports this nucleotide diversification (Tajima, 1989).

The identification of significant purifying selection at multiple polymorphic sites within the
G. m. morsitans TLR2 gene supports the previous observation, maintaining genetic
variation through purifying selection. Therefore, it can be implied that, as in Drosophila
spp., Glossina TLR2 is under strict Darwinian selection to eliminate nucleotide variants or
promote advantageous variants (Sackton et al., 2007) as no clear relationship between
either specific alleles or polymorphic sites and infection rates was observed, unlike those
described by Antonides et al., (2019). Curiously, Sackton et al. (2007) also comment that
positively selected sites clustered in recognition regions, such as the LRRs in TLRs, which
indicated that coevolution drives the adaptive evolution of the immune system. Only one
polymorphic site was inconclusively suggested to be under positive section the TLR2
fragment, and direct comparison to pathogens requires further analysis. The employment
of a larger sample population would enable the concepts of negative-frequency dependent

selection and Darwinian evolution to be investigated further within G. m. morsitans TLR2.

The population expansion event, detailed in detail in Chapter 3, was also indicated by the

results of TLR2. A high level of gene flow was observed between all three subpopulations,
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while Fu’s Fs, pairwise mismatch and raggedness all strongly indicated a population
expansion event (Rogers and Harpending, 1992; Harpending, 1994; Fu, 1997). This high
level of gene flow illustrate within the sample population is supported by, and likely results
from, the free interbreeding observed between subpopulations. Furthermore, as described
in both AMPs in Chapter 3, haplotypic analysis of TLR2 supports the observation of a
population expansion, though whether the extent of the variation is a result of either
balancing/negative-frequency dependent selection or a population recovery remains
undetermined. Interestingly, the comparison genetic distance and geographic distance
illustrated a neutral correlation supporting the observation of free interbreeding and no

geographic specific variation.

Despite the high level of nucleotide variation, amino acid variation was minimal, with just
a single non-synonymous polymorphism observed in two samples. This variation had
minimal impact on the structure of the LRR region, though given the conservation of TLR
structure this is to be expected. The impact of this mutation appears to have no functional
impact, as both SMART and PROVEAN indicated no variation in protein domains or delicious
functional changes. As deletions TLR variations are strictly controlled by purifying selection
(Netea et al., 2012) and no such selective pressure was observed at this polymorphic site,
this further supports the hypothesis that G. m. morsitans TLR2 is evolving under balancing
and negative frequency-dependent selection (Burdon et al., 2013; Unckless and Lazzaro,

2016b).

As stated previously, no clear relationship was observed with trypanosome infection and
TLR variation. Though given the extent of genetic variation, lack of amino acid variation and
high infection rate this was expected. Equally, a similar observation was made between
TLR2 and symbiont variation. However, a larger comparable symbiont population may
provide more comprehensive results as currently, 46.42 % of the identified TLR2 haplotypes

exhibited no corresponding 16S haplotypes.

When all samples with no identified W. glossinidia 16S haplotypes were removed from the
analysis, some apparent relationships can be observed. Of the four observed in figures
6.8B, a possible association between genetic variation and trypanosome infection can be
observed within Cluster I. The segregation of this cluster from the rest of the network by

two missing haplotypes, suggests a great genetic distance between sample. Furthermore,
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the lower infection rate in this cluster is indicative of the phenomenon observed by
Antonides et al., (2019). Perhaps most significantly however, is that is trend observed
within Cluster | is, to a less degree, also exhibited in figure 6.9, suggesting the rare
polymorphisms separating these samples from much of the population do lend some
immunological advantage to the samples exhibiting TLR2 haplotypes 28-30. This divergence
appears to be the result of C/A nucleotide polymorphism at nucleotide 1348. While this
polymorphism is synonymous, there is growing evidence that synonymous mutations are
not always neutral (Lebeuf-Taylor et al., 2019). In this case, is possible that this

polymorphism offers a unique advantage in combatting pathogen infection.

Interestingly, a positive correlation was observed between genetic distance of TLR2 and W.
g. morsitans 16S suggesting that divergence of one influence the other. The recognition of
gram-negative bacteria by TLR2 has been recorded on multiple occasions (Ulevitch and
Tobias, 1999; Holden et al., 2017), as Wigglesworthia is a gram-negative genera of it is
possible that genetic variation within the symbiont my require variation of the receptor

however this is currently purely hypothetical in this system.

6.5: Conclusion

The principle aim of this chapter was to evaluate the intraspecies variation of Toll-Like
Receptor 2 in a wild Glossina population, to assess the impacts of selection on TLR2, and to
investigate the relationship between TLR2 diversity and endosymbiont and trypanosome
infection. This chapter presents a novel insight into the nucleotide variation of the TLR2
ectodomain, high levels of nucleotide polymorphisms were observed across the protein
fragment, though all but one was found to be synonymous. Given the lack of non-
synonymous mutations, structural variation was minimal however, the true extent of the
synonymous mutations requires further consideration. The Glossina TLR2 gene appears to
be under negative selection to reduce genetic variation, as has been well documented
previously other insects (Little and Cobbe, 2005; McCann et al., 2012), suggesting that
despite the expensive nucleotide diversity this is being reduced following a rapid

expansion.

Furthermore, if the observation made within this chapter are indeed directly comparable

to those made by Antonides et al. (2019), it is, to my knowledge, the first time the TLR
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variation has been linked to trypanosome resistance in any dipteran species. However,
considerable further research is required to confirm this speculation, though should this

prove to be accurate it could present a significant development in the understanding of

tsetse innate immunity.
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7: General discussion and conclusions

The aim of this thesis was to provide novel insights into tsetse-symbiont-trypanosome
interactions using evolutionary methods. Consequently, we also address the paucity of
research regarding the inter and intraspecies variation of immune genes within the
Glossina genus. To achieve this, five primary objectives were specified and addressed in
chapters 2-6. Chapters 2-4 focus solely on the inter and intraspecies analysis of the AMP
families, attacin and defensin: Chapters 5 and 6 focus on the Glossina TLR families and

intraspecies and population genetics of TLR2.

Previous research indicated that the Glossina genome contained five attacin homologues
arranged into an attacin cluster consisting of three AttA homologues and a single AttB and
AttD gene (Wang et al., 2008). The later observations of Trappeniers et al., (2019) identified
and characterised four of these genes within the G. m. morsitans genome (see chapter 2).
Using these identified genes as a template, mining for attacin orthologues within the six
available Glossina genomes identified 24 novel attacin orthologues, including the missing
AttA homologue within G. m. morsitans. Additionally, a single novel defensin orthologues
were identified within the six available Glossina genomes. The difference between a gene
family cluster and an individual gene (as seen in attacin and defensin respectively), as well
as the difference in nucleotide variation suggested that attacins and defensin have been
subject to differing evolutionary histories and are likely maintained via varying selective

pressures.

The evolutionary history of each gene was explored further in chapter 3, where the
contrasting intraspecies nucleotide variation observed between AttA, and Def supported
the emerging theme of differing evolutionary patterns. AttA exhibited low levels of
nucleotide and haplotype diversity within the sample population, while Def showed
elevated levels of variation and indications of balancing selection. Interestingly, both AMPs
and COI indicated the presence of a recent population expansion event, resulting in high
levels of gene flow and indicating interbreeding between subpopulations within a
panmictic population. As expected, comparisons of wild G. m. morsitans mtDNA and the
endosymbiont W. g. morsitans indicated a high level of similarity, though given the nature

of the endosymbiotic lifestyle it is likely the evidence for a population expansion event must
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be treated with some caution. No clear relationship was observed between tsetse AMP and
symbiont genetic variation, suggesting that the two aspects evolve independently of each

other (see section 7.1).

A surprisingly high infection rate (69.35 %) was observed within the sample population.
infection and AMP nucleotide variation showed no association, however, this was not the
case between W. g. morsitans and infection, where haplotype variation indicated two

hypothetical outcomes (Chapter 3, section 3.4, and section 7.1 below).

As maybe expected from the results in chapter 3, amino acid variation was also varied
between AttA and Def. AttA shows five protein variants, of which the wild type AttA was
common, being exhibited by 43 samples, while the other four were exhibited by the
remaining eight samples. Defensin on the other hand showed 11 variants, 61.29 % of the
samples, or 38 specimens, exhibited the three common variants (Chapter 4). Interestingly,
two conclusions could be drawn when comparing protein variants to infection frequency:
firstly, as expected, there is a positive correlation between infection and variant frequency,
i.e.: as the number of samples exhibiting a variant increase, so does the number of infected
samples. Secondly, there is a negative correlation between variant frequency and infection
frequency, i.e.: as the number of samples exhibiting a variant increase, the percentage of

infected sample decreases.

Screens for selection support the previous theme of differing evolutionary history and
pressures between the AMPs. AttA illustrated marginal balancing selection, though the low
protein variance does not strongly support this. Conversely, the low variation does support
the hypothesis of concerted evolution within the attacin family, though whether variants
are purely a result of evolution or a founding effect within an expanding population remains
unclear. On the other hand, the elovated level of nucleotide and amino acid variation
indentified within Def suggest the gene was subject to positive direction selection at codon
18, and balancing slection between three protien variants (see chpaters 3 and 4). The
indication postive section and an increase in specific alleles within the smaple popualtion
presents signatures of the Red Queen effect. Amino acid variation appears to have minimal
impact on the AttA tertiary structure, while Def appears to show unexpectedly high level

of structure variation especially in the conserved C-terminal region.
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Prior to this study literature regarding TLR families within the Glossina genus was limited.
The results within this thesis support this observations of a recent publication stating the
presence of six TLR families within the Glossina genome (Lima et al., 2021). Furthermore,
this study highlighted the presence of three additional TLR-like genes. As expected, the
majority of predicted TLR genes followed the established evolutionary history of other
dipteran TLRs, though the exceptions to this are the three partially identified genes, TLRs
3, 5 and 13 (Chapter 5). Interspecies variation of individual TLR families indicated a high
level of conservation within the predicted gene family and between similar families such
as, TLRs 2/7 and 6/8. Protein structure indicated a far greater degree of variation within
the full TLR proteins, though a high level of conservation was observed within partial TLR

proteins.

Intraspecies variation and population genetics of the TLR2 gene showed an unexpectedly
elevated level of nucleotide variation within the sample population. Of the 22 polymorphic
sites identified one was non-synonymous, illustrating the expectedly high conservation
frequently observed within the TLR genes. Test for gene flow, population genetics and
neutrality indicated comparable results with both AMPs and COl. Despite the elevated
nucleotide and haplotype diversity, there was evidence of interbreeding between the
subpopulations following a population expansion event, and balancing selection
influencing the evolution of TLR2 within the G. m. morsitans population. Amino acid and
protein variation was negligible; the single amino acid substitution had a minor impact on
predicted protein structure and no observable impact on functional domains within the
receptor region of the protein. Fifteen polymorphic sites indicated statistically significant
signs of purifying selection, while codon 788 indicated inconclusive signs of positive

selection.

The association between TLR2 nucleotide variation, symbiont variation and infection
produced inconclusive results. Given the high level of nucleotide variation within the TLR2
fragment this was expected, however the clustering of TLR2 haplotypes following the
removal of samples with no corresponding symbiont sequence did present results that are
more comparable to those observed within AttA and Def. Equally, comparisons of infection
genetic and proteins variation and infection show no clear relationship requires further

analysis.
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7.1: Limitations of this study

The empirical nature of this research means that several limitations must be considered
when interpreting the results within this study. Sampling bias and size, methodological
limitations and time restrains have, to varying extent, dictated the progression and
outcome of this research. This section will explore these limitations in greater detail and

highlight their impact on the results and reach of this thesis.

One of the most fundamental limitations of the study of wild populations is sample size and
bias, ensuring a balanced and random sample population is utilised is vital to understanding
the natural population dynamic. Although only 63 wild G. m. morsitans specimens were
utilised within this study, it is often possible to assess genetic diversity with a specific
population with few samples (n > 20). Therefore, it is likely the 63 wild G. m. morsitans
samples used offer an accurate insight in the evolutionary and population genetic history
of sample population. However, as all samples were teneral males, having consumed at
least one blood meal, infection rates could be inflated. Given that juvenile male tsetse’ are
the most susceptible to trypanosome infection, it is possible that the unexpectedly high
infection rate of is a consequence of the sample dynamics (Distelmans et al., 1982; Otieno
et al., 1983). Although, multiple attempts were made to acquire additional samples from
either the same or comparable populations it was not possible within the time available.
Interestingly, the more susceptible male samples may emphasise the results in this thesis
as the of potential relationships between genetic variation and trypanosome resistance

would be more consequential.

The methodologies used in this study all have inherent limitations. While PCR is wildly used
in molecular studies it is not without limitations (Wintzingerode et al., 1997; Smith and
Osborn, 2009; Garibyan and Avashia, 2013). Nonspecific primer binding, whether to
contaminant DNA or similar sequence fragments, within the sample can result nonspecific
amplification and inaccurate results, the amplification of AttB in 12 of the samples in this
study clearly emphasised this. Pool screening methods, such as that used to screen of W.
g. morsitans and trypanosome species, have additional limitations and can be influenced
by the ratio DNA concentrations within the sample (Boakye et al., 2007). This the case of
this study, a high concentration of G. m. morsitans DNA compared to symbiont or

trypanosome DNA could overwhelm the primers making amplification ineffective.
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The process of predicting protein structure is naturally difficult to accurately preform.
Protein prediction can be undertaken using two primary methods: the first, ‘ab initio,’
produces a model from the principles of the amino acids present in the absence of empirical
evidence. The second, is Template-Bases Modelling (TBM) which aligns the query sequence
to known amino acid sequences and corresponding protein structures to produce a
structural prediction (Contreras-Moreira et al., 2005; Zhang, 2008; Yang et al., 2015). In this
study two servers were used to predict protein structures: I-TASSER uses a combination of
both the TMB and ‘ab initio’ methods to produced protein models (Zhang, 2008; Roy et al.,
2010; Yang et al., 2015). SWISS-MODEL on the other hand, only utilises the TMB method
(Guex et al., 2009; Waterhouse et al., 2018). The primary limitations of the TMB method
arise from inaccurate template selection and alignment, however this can be partially
accounted for by providing appropriate templates for modelling. Additionally, the use of
ab initio methods between template clusters can help to reduce alignment mismatches
(Contreras-Moreira et al., 2005). Although, these methods are not as reliable as laboratory
methods such as crystallization structural analysis, recent developments in prediction

software means that the models produced in this study likely represent a general insight

into structural variation within a wild population.

The final major limitation to this study was time. While many of the practical challenges of
this work could have been overcome by the development of new primers or alternative
methodologies this was not possible in the time scale of this study. As such, the results
generated herein provide the first insights into an evolutionary approach to understanding

the interactions of the tsetse-symbiont-trypanosome triplet.
7.2: Impacts, implications, and future research

The results presented within this thesis lay the foundations for further evolutionary and
genomic studies into the interactions between wild tsetse, trypanosomes, and symbionts,
and for the investigation of novel genetic control methods for African trypanosomiasis.
Future research in this area can be separated into three primary areas: Population genetics,

coevolutionary and protein interactions.

Understanding the population genetics of wild tsetse flies is essential to controlling the

spread of vector species as well as highlighting the impact and effectiveness of recent and
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ongoing control programs. As highlighted by this study and previous publications, tsetse
populations can rebound following the termination of control measures (Turner and
Brightwell, 1986; Hargrove, 2000; Shereni et al., 2016; Shereni et al., 2021), The indication
of popualtion expansion event in the Hurungwe region of Zimbabwe through molecular
techniques, supports the increasing capture rate of G. m. morsitans and G. pallidipes
durring a cencus within the vicinity of Makuti between 2005 and 2019 (Shereni et al., 2021).
However, whether this is a consequence of environmentally stimulated population
migration (climate change), reinfestation following the termination of control measures in
2001 (Shereni et al., 2016) or a conbination of both remains undertermined. Shereni et al.,
(2016) stated further that recorded cases of HAT in the Hurungwe region had increased
from zero between 1994 and 2004 to 28 between 2005 and 2015. Although at the time of
writing, the authers stated that the exact cause of this resurgance was unknown, this time
scale directly coinsides with increase in vector population observed by Shereni et al., (2021)

and reinforced by results within the study.

The evidence of tsetse reinfestation and the considering re-emergence of HAT within the
collection area clearly emphasise the necessity for continued observation and control
measures within high-risk areas. The ability of tsetse populations to recover from intensive
population control strategies over the course of approximately 15 years, not only presents
implications of the Control of African trypanosomiasis, but for all vector borne pathogens
and exhibits an effective reminder for the need to develop novel control methods. Current
control methods have two primary short comings as described in Chapter 1. Firstly, the
cost: the ensuing cost of this continuous control has a large impact on the economy of
countries within the tsetse belt. In Zimbabwe alone, the cost of treating the ~30,000 Km2
currently infested by tsetse flies over a 20 year period, with no discount, would be between
US$26,820,000 for insecticide treated cattle and US$349,980,000 for 10 traps/ Km2 (Shaw
et al., 2013; Shereni et al., 2021). And secondly, the ecological impact. As targeted control
methods (i.e.: tsetse specific trapping) is often one of the more expensive control methods,
the use of insecticide treated cattle and sprays are commonly employed. Given the generic
nature of these treatments it is inevitable that other insect populations will be affected by
this form of control. Increasing global concern over the decline in insect populations
(Forister et al., 2019; Simmons et al., 2019), partnered with the economic impact of
prolonged control requires novel methods be explored.
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One alternative method is the genetic control of trypanosomes, using the innate immune
response of tsetse to Trypanosoma spp. to eliminate the parasite before transmission to
the mammalian host. To the author’s knowledge this is the first study to examine the
evolutionary history of a wild tsetse population, as well as the potential impact on
trypanosome infection and symbiont variation. To date studies into the interaction
between tsetse, symbionts and pathogens have been conducted on lab-bred colonies,

while the effect of nucleotide variation has not been considered.

This study presented several novel observations that expand the current understanding of
tsetse genomics and trypanosome-tsetse-symbiont interactions. One of the primary aims
of this thesis was to identify and characterise select immune genes within the Glossina
genomes to provide a foundation for future genomic research. The identification of 24
attacin, six defensin novel orthologues within the six Glossina genomes reinforces the
observation of Hao et al. (2001) and Wang et al. (2008), who first described the attacin and
Def gene families within the Glossina genus. This study demonstrates that the attacin
cluster within the G. m. morsitans genome is replicated throughout the Glossina genus,
albeit with slight structural variation between species. The previous description of Glossina
Def by Hao et al. (2001) as an individual gene within the genome was substantiated,
identifying a single Def coding gene within each of the six Glossina genomes examined.
Furthermore, the conformation of six TLR family orthologues within the Glossina genome
supports the observation of TLR1, 2 and 6-9 with species of the Palpalis and Fusca group
(Lima et al., 2021). Potential orthologous for Drosophila TLRs 3 and 5, and the Muscidae
TLR13 were also identified though further research is required to characterise these genes
fully. The methodologies utilised for gene identification in this study could be employed
across all genomes to characterise genes of interest and provide a more in-depth analysis

of genes of interest.

The evolutionary history of AttA and Def differs at a fundamental level. The presence of
tandem repeats of the AttA within the attacin cluster and the low levels of intraspecies
nucleotide variation could be indicative of either a mariner transposition (Wang et al.,
2008) or concerted evolution within the attacin gen family (Liao, 1999) (see chapters 2 and
3), though it has been impossible to fully explore either of these hypothosis within this
study. Conversely the individual Def gene identified within the Glossina genome, suggests

that Darwinan selection strongly influences the evolution of Def (Sackton et al., 2007). The
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evolutionary conservation of TLR genes has been well documented and is maintained via

purifying selection similar to that observed within Def.

While this fundamental evolution analysis is vital to understanding genes, the functional
characteristics of AttA and Def remain unclear. The mode of action of AttA has never been
fully documented and this study presents the first in depth structural analysis. It has been
eluded that AttA acts in a similar method to CPPs, penetrating the cell membrane
interrupting internal pathways (Bulet et al., 1999), the structures observed within this study
show some support for this given their similarity to the structure of the CPP penetratin
(Magzoub et al., 2001, 2002; Su et al., 2008; Eiriksdottir et al., 2010), though this remain
unconfirmed. If AttA is to be considered as potential genetic control target, considerable
further research is required understand the structure and function. Protein crystallisation
would provide considerably more insight into the structure of AttA and would in turn

provide additional information into the mode of action.

Information on the structure defensin is considerably more abundant however, functional
information remains theoretical. However, perhaps the most fascinating aspect of the
results within the study is the observation and influence of balancing and positive
frequency dependent selection on the Thr18 isoforms of G. m. morsitans Def. This has
several implication for both coevolution potential genetic control targets. Firstly, these
results are a clear indication of an existent arms race between the G. m. morsitans
population and pathogens. The adoption of an apparently advantagous allele into the
population to reduce infection rates is indicative of the Red Queen arms race and ongoing
evolution. Secondly, this presents a potential target for novel genetic controls of
trypanosomiasis. The indication of a significantly lower in fection rate of sample exhibiting
the Thrl8 isoform, compared to the unexpectidly high infection rate other the other
isoforms suggests a natural advantage in combating trypanosome infection. However,
further research is required to assess this further both in vitro and vivo. In vivo, the
examination of a larger and mixed sex population sample could provide greater significance
to the observations made in this study. Furthermore, the isloation and purification of the
Def isoforms for testing against cultured African trypanosomes in vitro, would provide a

definitive answer as to the difference in effective elemination of trypanosomes.
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A previous study exploring the antibacterial and antiparasitic properties of the AMP
Prolixicin utilised cloned recombinant bacterial colonies to express and isolate Prolixicin
before exposing Gram-negative, Gram-positive and cultured T. cruzi to the protein (Ursic-
Bedoya et al., 2011). Therefore, a similar in vitro analysis of the Thr18 and Ser18 Def
isoforms from recombinant bacterial colonies, could provide an experimental comparitor
to the observations made within this thesis. This would be critical to determing the

potential of the Def gene as a noval genetic control method.

The identification of TLR2, 6 and 9 orthologues within the Glossina genome suggests that
these genes may play an important role in the identification of trypanosomes, as they do
in the detection of T. cruzi in triatomines (Bafica et al., 2006; Uematsu and Akira, 2008;
Kumar et al., 2009). While the noticeable absence of TLR4 shows clear signs of genera
specific evolution. The objective of this study was to establish which TLR genes were
present within the Glossina genome, it is now critical that trypanosome specific ligands are
identified, and research conducted to characterise which TLR proteins are responsible for

the identification of trypanosome infections.

The influence of Wigglesworthia symbiosis on the Glossina genetic evolution and the
impact of genetic variation on their relationship has not been comprehensiviely assessed.
Our results suggest that the Glossina AMPs and symbionts evolve independently of each
other, and that nucleotide variation within both organisms has no clear relationship. Due
to time restrains and a small sample available, the relationship between symbionts and
protein variation could not be explored however, initial results shows limited relationship
between the success of W. g. morsitans 16S ampliication and protein variation. While the
biological reasons for this observation remain unclear, the implication for tsetse-symbiont

interactions justify exploring this concept in future studies.

Interestingly, symbiont variation indicated three intriguing prospects in relation to
trypanosome infection. Increased susceptibility to infection could be the consequence
from two proposed processes: firstly, that symbiont variation may inhibit effective
development of tsetse immune system (Kikuchi, 2009; Symula et al., 2011; Weiss et al.,
2012; Sassera et al., 2013). Secondly, that bacterial variation could result in more effective
evasion of the innate immune system and thus reduce regular expression of AMPs (see

Chapter 3, section 3.4 for full details). Alternatively, resistance to infection could also be
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influenced by symbiont variation as suggested by the presence of two uninfected genetic
distant samples (Chapter 3), though further analysis of this observation was impeded by

the sample size.

This observation of potential symbiont driven resistance is vital to the concept genetic
control. The implementation of symbiont mediated control has been extensively
documented in control of dengue fever in Ae. aegypti and Ae. albopictus (Anders et al.,
2020; Bradly et al., 2020; Khadka et al., 2020). The use of Wolbachia strains was found to
reduce dengue incidences by 73 % (Anders et al., 2020) and provide a significant economic
saving, reducing both control and treatment costs (Bradly et al., 2020). While considerable
further research is required to substantiate this observation within the wild tsetse

population, it does present an exciting potential target for symbiont driven control.

This evolutionary approach to understanding pathogen host interactions presents novel
insights into this complex topic. This is first study to present evidence of both balancing
selection and the Red Queen hypothesis influencing the evolution of an immune gene
within a single population. The implications of this remain to be fully determined however,
further studies into the interactions of Glossina Def and trypanosomes would prove a
unique insight in the outcome on infection rates, genetic variation, and the trypanosome

population.

7.3: Conclusion

This thesis aimed to establish a fundamental understanding of the evolutionary history of
three immune genes with the Glossina genus. By providing insights into the relationship
between tsetse immune gene evolution, bacterial symbionts, and trypanosome infection
to inform potential molecular approaches to trypanosome control. The results herein offer
a novel insight into the evolution of AMPs and immune genes within the Glossina genus
and the impacts of variation on trypanosomes infection and W. g. morsitans symbiosis.
Establishing a solid understanding of the elementary aspects of immune evolution is critical
to developing novel control methods and this thesis establishes this for three important
immune genes, AttA, Def and TLR2. Furthermore, the techniques and methodologies
employed in this study offer a framework for future genetic studies. Although the suitability

for AttA as genetic control target remains unanswered, the possibility of employing both
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Def and the endosymbiont W. g. morsitans in control strategies is promising. Considerable
further research is required to establish the feasibility of genetic trypanosome control,

however, the results presented in this study suggest that it is a very real possibility.
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Appendix

Appendix 1: Tables of identified attacin and defensin genes

Supplementary Table 1: All predicted defensin genes within the Glossina species. The gene name
(where applicable), scaffold, nucleotide position, introns, exons, CDS length and coding strand are
given below.

VectorBase Nucleotide cbs
Species Contig number L Exons Introns length Strand
Gene Name position
(bp)
. 18,960-
G. m. morsitans N/A scf7180000644371 19,280 1 0 264 Forward
. 354,886-
G. austeni GAUT030101 Scaffold36 363 695 4 3 942 Forward
146,189-
G. pallidipes GPAIO19770 Scaffold235 6,189 4 3 420 Forward
151,142
. 1,059,512-
G. f. fuscipes GFUI031425 Scaffold40 1,064,539 4 3 534 Reverse
261 -
G. p. gambiensis GPPI029745 Scaffold228 61,930 1 0 264 Reverse
262253
. . 2,773,250-
G. brevipalpis GBRI000865 Scaffold0 2,776,202 2 1 321 Forward
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Supplementary Table 2: All predicted attacin genes within the each Glossina species. The predicted
attacin paralogue, given gene name (where applicable), scaffold, nucleotide position, introns,
exons, CDS length and coding strand are given below. * indicates partial genes.

Species Predicted VectorBase Contig number NUCI?Qtide Exons Introns Iecn[;h Strand
gene Gene Name position (bp)

AttA GM0Y101052 scf7180(;0065214 6:385’547934— 5 1 627 Reverse
§ AttA N/A SCf”gO%OOGSZM 234%’75959' 2 1 618  Forward
3
§ ALEA* GMOY201052 scf7180090065214 666613,?23004- 5 1 228 Reverse
§ AR GMO\;OIOSZ scf7180(;0065214 666634/438096- 5 1 160 Forward

AttD GMO\;OlOSZ scf7180(;0065214 667712,1575390- 5 1 s614  Forward

AttA GAUT047990 Scaffold7 99336?:153_ 2 1 627  Forward
= AttA GAUT047992 Scaffold7 993367'1109952' 2 1 627 Reverse
§ AttA* GAUT048001 Scaffold7 899195’?13116' 3 2 369  Forward
© AttB* GAUT048006 Scaffold7 991215'?35803' 2 1 351 Reverse

AttD GAUT047991 Scaffold7 99002?:?38292' 2 1 564 Reverse

AttA* GPAI040769 Scaffold62 11'?‘:)126?51371- 2 309 Reverse
g AttA* N/A Scaffold62 1:11?055,,589217_ 0 234 Forward
'l; AttA GPAI040759 Scaffold62 15‘:;576253' 2 1 627 Reverse
G AttB GPAI040754 Scaffold62 11'f14228§?27f3‘ 2 1 627  Forward

AttD GPAI040752 Scaffold62 11'?4335;‘56591‘ 1 564  Forward

AttA* GFUI014661 Scaffold1 990005'03315' 2 1 291 Reverse
E.’. AttA* GFUI014668 Scaffold1 899074?50387‘ 2 1 333 Forward
% AttA* N/A Scaffold1 993323;?6250‘ N/A N/A N/A  Forward
G AttB GFUI014658 Scaffold1 99239(’)'110855' 2 1 627 Reverse

AttD GFUI014660 Scaffold1 888924?99252‘ 4 3 1,515  Reverse
o AttA* N/A Scaffold114 888356'?42075' N/A N/A N/A  Reverse
% AttA*  GPPI020332 Scaffold114 33341?:'38952' 2 1 408 Forward
i AttAiAttB N/A Scaffold114 33665 41288212‘ N/A N/A N/A  Forward
© AttD GPPI020339 Scaffold114 888924?99252' 4 3 564 Reverse
. AttA* GBRI004567 Scaffold118 55327;’59085‘ 1 0 327 Reverse
§ AttA* N/A Scaffold118 4f;é?39353‘ N/A N/A N/A Reverse
§ AttB GBRI004559 Scaffold118 55002?:?41119- 2 1 627 Reverse

AttD GBRI004558 Scaffold118 365,281 - 3 2 807 Reverse

364,822
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Appendix 2: Statistical equations
Equation 1: Nucleotide variation (r)

Nucleotide variation (1) in a randomly mating population can be described in three ways:

Nei’s (1987) equations 10.5 and 10.6, defined respectively as:

n ZAA
n— 14,

i

T =

and

where m; is the proportion of nucleotide differences in the 7 th and j th type of the
sequences. n1represents the number of DNA sequences being examined, X;is the 7th type
of DNA sequence in the sample, while ncthe total number of DNA sequence comparisons.
However, in equation 10.6 7and jindicate the 7th and jth sequences rather than the type

of the sequences (Nei, 1987).

The third definition is given by Nei and Miller (1990) in equation 1:

~

2 Z [n(n—1)]

i<j

7t

where c?l-j represents the estimated number of nucleotide variation between sequences i
and j and n represents the number of sequences examined (Nei and Miller, 1990). This
simplified method and is not used by DnaSP, though estimates using this method will be

similar.

Equation 2: Pairwise distance (P-distance)

P-distance is the proportion (P) of polymorphic sites between two sequences defined as:

where nqis the number of polymorphisms and nis the total number of nucleotides in the

sequence.
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Equation 3: Haplotype-based statistics (Hs)

The haplotype-based statistics (Hs) is a weighted estimate of the average haplotype

diversity in a subpopulation (Hudson, Boos et al., 1992), defined in equation 3a as:

where L is the number of locations and wi; is the weighting factor for population i H;is

defined by Hudson, Boos et al., (1992) equation 4.
Equation 4: Nucleotide-based statistic (Ks)

Hudson, Boos et al., (1992) also provide a definiation for a weighted nucleotide-based

statistic (Ks), defined in equation 10 as:

Ks = WK1 + (1 - W)KZ
where wis in the interval (0,1) and K7 and Kz represent populations (Hudson, Boos et al.,
1992).

Equation 5: Fixation index (Fst)

The Fixation index (Fst) was estimated using the definition given by Hudson, Slatkin et al.,

(1992) equation 3:

H
Fu=1-7"

Where Hwand Hprepresents the mean number of differences between sampled sequences

within and between subpopulations respectively (Hudson, Slatkin et al., 1992).

Equation 6: The average number of nucleotide substitutions per site

between populations (Dxy)

The average number of polymorphisms per nucleotide between two populations was

defined by Nei (1987) in equation 10.20 as:

dxy = znxindij
ij
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where the two populations are defined as X and Y, and the sample frequencies of the jth
haplotype of each population is designated as X; and y;. The number of nucleotide
substitutions between the 7th haplotype from X and the jth haplotype from Y is denoted
by dij(Nei, 1987).

Equation 7: The number net nucleotide mutation per site between

populations (Da)

Nei (1987) also defined the total number of polymorphisms per site between populations

in equation as 10.21 as:
N dy + dy
dp = dyy — <T)
where CZXY is the result of equation 10.20 (as defined above), while dx and ﬁy are defined

by equation 10.19 (Nei, 1987).

Equation 8: Pairwise mismatch

Pairwise mismatch can be calculated using one of two equations. Firstly, as Q (i) as defined

by Slatkin and Hudon (1991), equation 1:

W = 1%9(1 i 9)

i

Secondly, as defined by Rogers and Harpending (1992) equation 3:

i

PN

SRl

In both equations 6 is equal to 2Nu. N represents the haploid population size and u is the
mutation rate per generation (Slatkin and Hudson, 1991).
Equation 9: Raggedness (r)

Raggedness (r) was calculated as defined by Harpending (1994), equation 1:

d+1

r= Z(xi — Xi_1)*
=1
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Where d is the maximum of differences in the mismatch distribution of x (Harpending

1994).
Equation 10: Tajima’s D statistic

Tajima defined his D statistic as follows (Tajima, 1989: equation 38):

S
k__
D = d = o'

m e1S+ e, S(5—-1)

Where a,, V(d), e; and e, where caluslated using equations 3, 35, 36 and 37 respectively

within the same publication. k is average number of pairwise nucleotide differences

between DNA samples as defined by equations 10 and 11.

Equation 11: Fu’s Fs

Fu’s Fs was calculated as described by (Fu, 1997) in equation 1:

Sl
=iy

Where S’ is defined as the probability of having no fewer than k, alleles in a random sample

(Fu. 1997).
Equation 12: Genetic recombination
Genetic recombination was calculated as defined by Hudson (1987):
C =4Nc
Where N represents population size and c is the recombination rate (Hudson, 1987).

Equation 13: Z-test

Was conducted in MEGAX using the following equation:

L, y—dy)
\/(Var(ds) + Var(dy))

Where dg is the number of synonymous mutations per synonymous site, and dy is the
number of non-synonymous mutations per non-synonymous site. The variance is

represented by Var(ds) and Var(dy).
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Appendix 3: Glossina genomes information

Supplementary Table 3: The genome number/Assembly identification, structural variation and size

of the genomes utilised in this project are given below.

Genome
Structural Genome Size
Species Number/Assembly
Annotation Version (Mbp)
ID
G. austeni GCA_000688735.1 GausT1.8 370.26
G. brevipalpis GCA_000671755.1 Gbrell.8 315.35
G. f. fuscipes GCA_000671735.1 Gfusl1.8 374.77
G. m. morsitans GCA_001077435.1 GmorY1l.11 366.20
G. p. gambiensis GCA_000688715.1 Gpalll.8 357.33
G. pallidipes GCA_000818775.1 Gpapll.5 380.10
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Appendix 4: Gel images

G. m. morsitans AttA:
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Supplementary Figure 1: Images of the gel electrophoresis results for the G. m. morsitans AttA PCR amplification. Gels A and B were run in this study, while gels C and D
were run by Akuzike Kalizang’oma as part of his MSc dissertation. All gels were run on a 1% agarose gel using 1Kb Hyperladder (Bioline, UK) (lane 1), negative controls were

runin lane 2 (Gels A and B) and lane 14 (Gel C), wild G. m. morsitans samples were run in the remaining lanes. The expected amplicon size is = 580 bp.
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G. m. morsitans Def:

A) Q)
123 45 6 7 8 91011 121314 15 8 9 10 1112 1314 15
1000 1000 1000
600 600 600
400 3% 400
300 200 300
200 200
100 100 100
6 7 8 9 10 11 12 13 14 15
8 9 10 11 12 1314 15
1000
1000 1000
600 600
400 600 Ll ki
400 300 400 .
300 300
200 200 200
100 100 100

Supplementary Figure 2: Images of the gel electrophoresis results for the G. m. morsitans Def PCR amplification. All gels were run as part of this study, using a 1.5% agarose
gel and 100bp Hyperladder (Bioline, UK) (lane 1). Negative controls were run in lane 2 (Gels A and C top layer, gel B bottom layer), wild G. m. morsitans samples were run

in the remaining lanes. The expected amplicon size is = 400 bp.
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G. m. morsitans COI.
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Supplementary Figure 3: Images of the gel electrophoresis results for the G. m. morsitans COI PCR amplification. All gels were run as part of this study, using a 1% agarose
gel and 1Kb Hyperladder (Bioline, UK) (lane 1). Negative controls were run in lane 2 (Gels A and B top layer), wild G. m. morsitans samples were run in the remaining lanes.

The expected amplicon size is = 780 bp.
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Wigglesworthia 16S:
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Supplementary Figure 4: Images of the gel electrophoresis results for the W. g. morsitans 16S PCR amplification. Gels A, B and C were run in this study, while gels D and E
were run by Akuzike Kalizang’oma as part of his MSc dissertation. All gels were run on a 1% agarose gel using 1Kb Hyperladder (Bioline, UK) (lane 1), negative controls were
run in lane 2 (Gel A top and bottom layers, Gel B and C) and lane 13 (Gel D), wild G. m. morsitans samples were run in the remaining lanes. The expected amplicon size is
= 1050 bp.
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Trypanosoma ITS:
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Supplementary Figure 5: Images of the gel electrophoresis results for the Trypanosoma ITS amplification. Gels A and B and C were run in this study, while gels C and D were
run by Akuzike Kalizang’oma as part of his MSc dissertation. All gels were run on a 2% agarose gel, gels A and B used a 100bp Hyperladder (Bioline, UK) (lane 1) and gels C
and D used a 1Kb Hyperladder (Bioline, UK) (lane 1). Negative controls were run in lane 2 (Gel A top layer, Gel B) and lane 15 (Gel D), wild G. m. morsitans samples were
run in the remaining lanes. The amplicon size varied depending on the Trypanosoma spp. present.
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G. m. morsitans TLR2 Fragment A:
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Supplementary Figure 6: Images of the gel electrophoresis results for Fragment A of G. m. morsitans TLR2 PCR amplification. All gels were run as part of this study, using a
1% agarose gel and 1Kb Hyperladder (Bioline, UK) (lane 1). Negative controls were run in lane 2 (Gels A top layer and gel C), wild G. m. morsitans samples were run in the

remaining lanes. The expected amplicon size is = 820 bp.
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G. m. morsitans TLR2 Fragment B:
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Supplementary Figure 7: Images of the gel electrophoresis results for Fragment B of G. m. morsitans TLR2 PCR amplification. All gels were run as part of this study, using a
1% agarose gel and 1Kb Hyperladder (Bioline, UK) (lane 1). Negative controls were run in lane 2 (Gels A top layer and gel C), wild G. m. morsitans samples were run in the

remaining lanes. The expected amplicon size is = 780 bp.
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Appendix 5: Protein surface structure

Attacin-A:

AttA-N35

AttA-D49 AttA-A86 AttA-N187

Supplementary Figure 8: The surface structure of wild G. m. morsitans AttA protein isoforms. All images were produced and visualised in PyMOL.
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Defensin:
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Supplementary Figure 9: The surface structure of wild G. m. morsitans Def protein isoforms. All images were produced and visualised in PyMOL.
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Appendix 6: Topology

The prediction of free interbreeding between subpopulations and a panmictic tsetse
population was assess for physical feasibility by examining the geography around the
collection locations. The Shuttle Radar Topography Mission (SRTM) Digital elevation model
(DEM) (Cowan and Cooper, 2005), SRTM1S17E029V3, was downloaded from United States
Geological Survey (USGS) EarthExplorer. A geographical heat map, illustrating altitude and
the physical geographic features was produced in QGIS (QGIS Development Team, 2018)

using a Raster Data Set allowing elevation to be represented by colour.
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Supplementary Figure 10: A geographic heat map illustrating height/altitude (m) and the physical
geographical features in the area surrounding the three collection sites (M = Makuti; N = Nykasanga
and R = Rekomitjie). The distance between each location is also given (Km). Created on QGIS using
DEM data generated from the SRTM.
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