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ABSTRACT

Trypanosoma brucei causes both Human African Trypanosomiasis and Animal African
Trypanosomiasis. These diseases are transmitted by tsetse flies through saliva infected
with T. brucei as the vector feeds on a blood meal. One strategy of controlling disease
transmission is disrupting the life cycle of T. brucei in the tsetse fly. Ongoing studies on
Sodalis glossinidius have provided the proof-of-concept that tsetse endosymbionts may
be used to interfere with pathogen transmission through the vector. This strategy,
however, relies on the knowledge of trypanosome biology, especially the developmental
events that take place in the tsetse fly vector to allow for its survival. This study aimed at
constructing a gene co-expression network to predict key genes in T. brucei
development in the tsetse fly, the functional roles which these genes are associated with,
and also predict 3' untranslated region motifs for gene clustering together in the network.
RNA-seq counts data generated from the developing T. brucei parasite in the tsetse fly
was used in this study. The expression levels of T. brucei genes were obtained by
running the RNA-seq data through the RNA-seq pipeline. Using the T. brucei gene
expression data, the weighted gene co-expression network analysis approach was used to
construct and analyze the network. Twelve (12) out of 27 functionally enriched gene
modules (clusters) of the co-expression network were obtained from the network
analysis. The enriched functional roles for the clusters were associated with cell cycle,
cell signaling, mitochondrion, protein biosynthesis, and cell surface and highlight
important functional processes during the parasite’s development on tsetse fly. The hub
(key) genes for the 12 modules encoded proteins such as RBP6, Inner arm dynein 5-1
protein, and BARP protein, that have previously been proven crucial in T. brucei
development in the tsetse fly. The hub genes may be involved in key processes that
enable the parasite develop and complete its life cycle in tsetse fly. Other hub genes
encoded proteins whose functional roles are still unknown and could serve as candidate
genes for further studies. The 3’ untranslated region motif prediction for genes clustered
together identified 10 significantly enriched motifs that could provide insights into gene
regulation during parasite’s development in tsetse. The results of this study provide a
resource for network-based data mining to identify candidate genes for functional
studies. The knowledge obtained from co-expression analysis will provide novel insights
on the role of genes in development and T. brucei molecular processes that may be
targeted by trypanocidal products.

XVi



CHAPTER ONE

INTRODUCTION
1.1 Background information
African trypanosomiasis refers to diseases caused by trypanosomes in the sub-Saharan
Africa. These diseases affect humans, as in the case of Human African Trypanosomiasis
(HAT), or livestock, as in the case of Animal Afrian Trypanosomiasis (AAT). The
causative protozoan parasites were discovered early in the 19" century (Bruce, 1897;
Dutton, 1902; Forde, 1902). The trypanosome parasites that cause HAT are
Trypanosoma brucei rhodesiense and Trypanosoma brucei gambiense (Franco et al.,
2014) while AAT is caused by seven species of trypanosomes and the most important
among them that cause disease are Trypanosoma brucei brucei, Trypanosoma vivax, and
Trypanosoma congolense (Uilenberg & Boyt, 1998). These parasites are transmitted by
several species of tsetse fly vector that belong to the genus Glossina which include
Glossina fuscipes fuscipes, Glossina morsitans morsitans, and Glossina pallidipes
(Krafsur, 2009).
African trypanosomiasis causes devastating losses to the population that lives in the sub-
Saharan Africa. Human African trypanosomiasis causes loss of human lives and families
incur huge financial cost in the course of the treatment of the disease (Shaw et al., 2010).
Additionally, an economic loss of about US$5 billion a year is incurred due to AAT
(Angara et al., 2014). To curb the effects of African trypanosomiasis in sub-Saharan
Africa, the WHO and other non-governmental institutions including charitable
organizations such as Bill and Melinda Gates Foundation and the Wellcome Trust have
joined efforts to control the disease (Holmes, 2014).

1.2 Control of African trypanosomiasis

In the 1930s, HAT incidence in many parts of sub-Saharan Africa increased up to about
60,000 cases annually prompting the colonial governments to set up control strategies
which led to a drastic decline of new cases by the 1960s (Simarro et al., 2008).

However, after independence, most countries neglected disease surveillance which led to
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the return of the disease. By the end of the twentieth century, the World Health
Organization (WHO) estimated 300,000 new cases every year (WHO, 1998). At the turn
of the century, WHO led a global alliance of international and national institutions that
also included the private sector to eliminate HAT (WHO, 2002). In 2012, the WHO set a
goal to eliminate sleeping sickness as a public health problem by 2020 (WHO, 2012)
and elimination of transmission (zero cases) of the gambiense form to humans by 2030
(WHO, 2013). Since all these efforts towards eliminating sleeping sickness started early
in the 21% century, disease incidence has been decreasing steadily (Figure 1.1) (Franco et
al., 2018). In 2020, WHO reported that 977 new cases were reported in 2018 which was
below the targeted 2,000 new cases by 2020, indicating that eliminating sleeping
sickness as a public health problem was achievable (Franco et al., 2020). Despite the
decline in new cases of sleeping sickness over the years, it is estimated that about 70
million people in an area of 1.55 million km? in sub-Saharan Africa are at risk of

contracting the disease (Simarro et al., 2012).

B0 qrees-ceremeseeeseeesseeeeeseeeeseeseseeeesessesssesseseseesesseesrssssssesssssseessssssesesesssseeees
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Figure 1.1: Reported cases of Gambiense and Rhodesiense HAT per year from 2000
to 2016 (Franco et al., 2018).



1.2.1 Vector control

Vector control plays a crucial role in controlling African trypanosomiasis by reducing
their population and is the only preventive measure against the infectious bites from the
tsetse flies. Various strategies for controlling the vectors include sequential aerosol
technique (SAT), use of bait (live and artificial) technique, and sterile insect technique
(SIT) (Holmes, 2013; Vreysen et al., 2013). The SAT technique involves the spraying of
low concentrations of insecticides at given time intervals during the reproduction cycle
of the tsetse flies (Cooper & Dobson, 1993). The technique has been successful in
eliminating the savannah-dwelling G. morsitans in southern Africa at Okavango Delta
(Kgori et al., 2006) and is being considered for the control of riverine tsetse (Adam et
al., 2013; Deken & Bouyer, 2018). However, the SAT technique needs to be adapted to
fit the habitat of the riverine tsetse flies. For instance, the forested habitat, unlike the
open grasslands, would interfere with the effective dispersal of the aerosolized
insecticides (Deken & Bouyer, 2018).

The bait technique involves the use of stationary devices such as traps and targets or live
baits such as livestock (Vreysen et al., 2013). Targets attract the tsetse flies which come
into contact with insecticides applied on them (Vale, 1993) while traps ensure that the
tsetse flies do not escape once they enter into them (Langley et al., 1990). The bait
technique of using traps and target ensure that there is a reduction of the vector
population. The effectiveness of the traps and targets can be enhanced by using odours
and colours to attract the tsetse flies. The blue colour is used to attract the tsetse to the
traps and targets, the black colour to trigger their landing, and odours to lure them into
the traps (Gibson & Torr, 1999). Some of the traps developed to control tsetse flies
population include the NGU trap (Brightwell et al., 1987), biconical traps (Challier &
Laveissiere, 1973), H traps (Kappmeier, 2000), sticky panels (Vreysen et al., 1996), and
F3 and Epsilon traps (Flint, 1985; Green & Flint, 1986).

Besides traps and targets, live bait can be used to control the population of the vectors.
The use of live bait entails spraying livestock which are hosts to tsetse flies with
insecticides to kill the vectors as they feed (Leak et al., 1995). This method has

3



disadvantages in that the host wild animals are not sprayed with insecticides and,
therefore, the tsetse flies population is sustained. Early methods of controlling tsetse
flies involved destruction of the host wild animals and the clearing of bushes which were
habitats for tsetse flies and were thus very effective (Dransfield et al., 1991; Ford &
Blaser, 1971). However, they are now unacceptable because they lead to loss of

biodiversity and environmental destruction.

The SIT technique of controlling tsetse population involves releasing sterilized male
tsetse flies in a target area to compete with the wild type with an aim to affect the
reproductive capacity of the vector and thus lower their population (Vreysen, 2001). The
SIT technique was successful in the eradication of Glossina austeni in Unguja Island in
1997 (Vreysen et al., 2014). The success of this technique in Unguja Island proves that it
can be applied successfully for other species to control their population. However, it has
challenges such as difficulty in establishing sterile colonies (Enserink, 2007). The SIT
technique can be used in combination with other techniques geared towards controlling
the transmission of sleeping sickness. Among these techniques is the paratransgenesis
technique which has been proposed as an avenue to reduce vector competence (Kariithi
etal., 2018).

1.2.2 Paratransgenesis

One of the control strategies of HAT would be to eliminate the parasite in the tsetse
populations. Control of the parasite in the tsetse fly is an attractive strategy for
disrupting the cycle of transmission of sleeping sickness because T. brucei becomes
infective in the vector by re-acquiring the variant surface glycoprotein (VSG) coat. One
technique that can be used to disrupt the parasite’s development in tsetse is
paratransgenesis which relies on symbiotic bacteria that live in the gut of the tsetse fly
vectors (Aksoy et al., 2008). The paratransgenesis technique involves the expression of
anti-parasitic molecules by genetically modified symbiotic bacteria in the insect vectors

(Coutinho-Abreu et al., 2010). Evidence shows that the symbiotic bacteria in gut of



tsetse flies play a crucial role in modulating its immunity against trypanosome infection
(Weiss et al., 2013). Therefore, the gut microbiota of the tsetse flies provides an avenue
to control the transmission of the parasite through the vector.

Sodalis glossinidius, a symbiotic bacterium in the tsetse fly, is under investigation for
the paratransgenic approach of controlling T. brucei transmission through the tsetse fly.
Specifically, successful transinfection of tsetse flies with Sodalis has been demonstrated
by Weiss et al (2006). Additionally, genetically modified Sodalis has been demonstrated
to pass onto adult tsetse flies after intra-larval microinjection with this Sodalis and, more
importantly, to the subsequent progeny (De Vooght et al., 2018). The success
demonstrated so far in developing the paratransgenic approach in tsetse flies indicates
that it is a viable technique for controlling parasite transmission through the vector.
However, knowledge of trypanosome biology in the tsetse fly is central to complete the
development of paratransgenic approach because it will aid in the identification of drug
targets in T. brucei for trypanocidal products delivered by Sodalis. Comprehensive
studies that are needed to elucidate the biology of trypanosomes during their

development in the tsetse fly are yet to be conducted.

This study aimed at constructing a gene co-expression network and perform network
analysis to predict the key genes in T. brucei development in the tsetse fly, and 3' UTR
motifs for gene clustering together in the network. Information obtained in this study
provides insight into molecular mechanisms underlying the parasite’s development in
the tsetse fly. The critical molecular processes involved in the development of the

parasite in the fly may be targeted by trypanocidal products to control its transmission.

1.3 Problem statement

Human African trypanosomiasis (HAT) is a neglected tropical disease that threatens
about 70 million people in sub-Saharan Africa. In 2012, the World Health
Organisation’s (WHO) set a goal to eliminate HAT as a public health problem by 2020.
According to WHO’s report as of 2020, this goal was within reach, with 977 cases



reported in 2018 against a target of 2,000 cases by 2020 (Franco et al., 2020). However,
the elimination of transmission for the gambiense form of the disease is targeted for
2030 and requires innovative disease control strategies because it is chronic and remains
undetected thus contributing to flare ups of trypanosomiasis. One of the strategies being
studied to control transmission of gambiense sleeping sickness is interfering with
pathogen transmission through the tsetse fly using the paratransgenesis technique
(Aksoy et al., 2008; De Vooght et al., 2018). The success of this strategy lies in the
understanding of the trypanosome biology underlying transmission dynamics in the
tsetse fly. However, many of the mechanisms of trypanosome developmental biology in
tsetse fly remain poorly understood. Studying the development of the trypanosomes in
the tsetse fly will aid in opening up opportunities for its control through techniques such

as paratransgenesis.

1.4 Justification

Paratransgenesis is a novel approach aimed at reducing vector competence and
complements existing trypanosomiasis control strategies. The technique entails genetic
modification of symbionts of disease vectors to act as in vivo drug delivery vehicles thus
control parasite development in the tsetse fly. Sodalis glossinidius is being studied for
the paratransgenic approach to control T. brucei transmission through the tsetse fly (De
Vooght et al., 2018). In parallel to these studies, drug targets in the trypanosomes are
needed and therefore necessitate a comprehensive understanding of trypanosome
biology in the insect vector. Gene expression and its regulation are key to elucidating
molecular processes underlying each life cycle stage of the trypanosomes. Using
network biology techniques, specifically gene co-expression networks, gene expression
data may provide novel information of essential genes and molecular processes that may
be targeted by trypanocidal products to control the infection transmission through the
tsetse fly. Therefore, this study aimed to construct a gene co-expression network to
predict key genes involved in T. brucei development in the tsetse fly. The information
obtained from the study contributes to the understanding of molecular mechanisms and



processes underlying its developmental events, which may lead to the identification of
molecular targets for trypanocidal products.

1.5 Hypothesis
Gene expression contributes to developmental changes in T. brucei life cycle stages in

the tsetse fly.

1.6 Objectives

1.6.1 Main objective
To characterize Trypanosoma brucei genes involved in the developmental stages of the

parasite in the tsetse fly vector Glossina morsitans using a gene co-expression network.

1.6.2 Specific objectives
1. To develop a gene co-expression network of T. brucei genes based on RNA-seq

gene expression profile data.

2. To identify and characterize gene modules and the hub genes involved in the life
cycle of T. brucei in the tsetse fly vector.

3. To identify potential regulatory motifs in the 3’ untranslated regions (UTR) for
the T. brucei genes in the same module.



CHAPTER TWO

LITERATURE REVIEW

2.1 The burden of African trypanosomiasis

The burden of a disease is its impact on the individual, families, or the society and can
be used as a basis for its control and other intervention measures (Murray & Lopez,
1996). Quantifying the burden of a disease is important because it enables the
government and other stakeholders formulate the intervention measures. The impact of a
disease on an individual is used as the basis of quantifying its burden. Specifically, it is
measured in terms of disability-adjusted life years (DALYS) lost by an individual
suffering from the disease (Murray, 1994). The DALYSs is a combination of years lost
due to disability (YLD) and years of life lost (YLL) due to premature mortality (Murray,
1994).

In the early 2000s, the estimated DALY's due to untreated HAT was 30 years per death
in Angola (Schmid, 2004) and 27 years in the Democratic Republic of Congo (Lutumba
et al., 2005). Current DALYs in different disease foci are yet to be estimated. Globally,
as of 2016, the total DALYs due to HAT was 128,400 years which is a decrease from
539,000 years estimated in 2006 (Hay et al., 2017). However, the decline in global
DALYs does not necessarily reflect corresponding decrease in the impact at the
community level because the disease is clustered in different foci which may experience
flare-ups. For example, in Zambia, an increase in the total number of DALY due to
rHAT was registered between 2004 and 2014 (Mwiinde et al., 2017).

The nature of the DALYs measure implies that the impact of the disease on the
individual will also have consequences to their families and society at large. An
important impact of the disease on the family and society is the economic burden
associated with controlling the disease and treating the patients (Fevre et al., 2008). The
financial cost for treatment incurred by individuals and their families can be as high as
10 months’ worth of income (Shaw et al., 2010). Additionally, the HAT control and
elimination programmes in the sub-Saharan Africa are costly. It is projected that either
of these programmes will cost about US$1 billion between 2020 and 2030 (Sutherland &
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Tediosi, 2019). Besides the impact of African trypanosomiasis on human health, the
AAT disease also affects livestock, which are a source of livelihood for the population
living in the sub-Saharan Africa. The economic loss associated with AAT is estimated to
be around US$5 billion a year and at least $30 million is spent on treating the disease in
livestock (Angara et al., 2014). The impact of African trypanosomiasis on the population
in the sub-Saharan Africa indicates that concerted effort is needed to control these

diseases and eventually eliminate them.

2.2 Vectors of African trypanosomiasis

African trypanosomiasis is transmitted by tsetse flies (Diptera: Glossinidae) (Figure
2.1). Depending on their habitat in the sub-Saharan Africa, tsetse flies are classified into
three sub-groups; palpalis (riverine), morsitans (savannah), and fusca (forest-dwelling)
(Cecchi et al., 2008) (Figure 2.2). Glossina palpalis spp and Glossina fuscipes spp are
the main vectors of T. b. gambiense. The vectors for T. b. rhodesiense are the forest-
dwelling Glossina fuscipes fuscipes in Uganda and Glossina morsitans morsitans and
Glossina pallidipes which both live in the savannah (Shereni et al., 2016).

Figure 2.1: A pregnant female tsetse fly. (Photo: with permission from Geoffrey M.
Attardo, Yale School of Public Health, Yale University, USA)
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Figure 2.2: The distribution of tsetse fly species across the sub-Saharan Africa. The
tsetse flies are distributed in the savannah grasslands of East Africa, and the forests
and rivers of Central and West Africa (Krinsky, 2019).

2.3 Parasites causing African trypanosomiasis

African trypanosomes (Figure 2.3) are protozoan parasites that cause human African
trypanosomiasis (HAT) and animal African trypanosomiasis (AAT) (Bruce, 1897,
Dutton, 1902; Forde, 1902). There are three subspecies of Trypanosoma brucei which
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include: Trypanosoma brucei brucei, Trypanosoma brucei gambiense and Trypanosoma
brucei rhodesiense. Human African trypanosomiasis, also known as sleeping sickness, is
caused by T. b. gambiense in Central and West Africa and T. b. rhodesiense in East and

Southern Africa (Figure 1.1) (Févre et al., 2006).
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Figure 2.3: Image of T. b. rhodesiense species (trypanosome parasites) that cause

Human African trypanosomiasis as observed in a blood smear. (CDC, 2020).
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Figure 2.4: Distribution of T. b. gambiense and T. b. rhodesiense species that

transmit HAT (Simarro et al., 2010).
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T. b. rhodesiense causes a more virulent form of HAT while T. b. gambiense HAT is
chronic and progresses over the years (Franco et al., 2014). Animal African
trypanosomiasis is caused by either of the seven other species of trypanosomes including
T. b. brucei, T. vivax and T. congolense, which are the major pathogens that cause AAT
(nagana) in cattle (Ooi & Bastin, 2013). Both HAT and AAT are considered fatal if left

untreated.

2.4 The life cycle of Trypanosoma brucei

Trypanosoma brucei undergoes developmental changes that mark important life cycle
stages in the tsetse fly and mammalian host (Figure 2.1). These changes enable the
parasite to adapt to the changing environment in the hosts for its survival (Vickerman,
1985).
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Figure 2.5: Life cycle stages of Trypanosoma brucei (Gibson & Peacock, 2019).

2.4.1 Life cycle of Trypanosoma brucei in the mammalian host

Infection in the mammal begins with the introduction of metacyclic trypomastigotes
from the tsetse’s saliva as it feeds on a blood meal (Awuoche, 2012). The trypanosomes
proliferate as slender forms in the bloodstream. A yet-to-be established proportion of
slender forms proceed to develop into non-proliferative stumpy forms (Rico et al.,
2013). The stumpy forms are arrested at Go-G1 phase of the cell cycle which ensures
successful transmission to the tsetse fly during feeding and also reduction in the number
of proliferative slender forms to avoid killing the mammalian host (Matthews, 2005). In
general, the life cycle stages in the mammalian host are characterized by antigenic
variation and slender-to-stumpy transitions which ensures chronicity of infection and
optimal potential for parasite transmission (MacGregor et al., 2012; Matthews et al.,
2015).

2.4.2 Life cycle of Trypanosoma brucei in the tsetse fly

Infection in the tsetse fly begins with the fly feeding on an infected blood meal from a
mammalian host. The blood meal is composed of long slender and short stumpy
bloodstream-form trypomastigotes. The short stumpy bloodstream trypomastigotes
differentiate into procyclic trypomastigotes a few hours later in the posterior midgut
while the long slender trypomastigotes die off. The procyclic trypomastigotes (PC)
establish the infection in the midgut of the fly (Ooi & Bastin, 2013). Some PCs cross the
peritrophic matrix (PM) (figure 2.2) and enter into the ectoperitrophic space (ES) where
they elongate to become non-proliferative mesocyclic trypomastigotes. They migrate to
the anterior midgut, thus crossing the PM the second time to enter the proventriculus. In
the proventriculus, they change their morphology and become thinner and the nucleus
migrates to the posterior side of the kinetoplast (Rotureau & Van Den Abbeele, 2013).
This morphology is known as the epimastigote form. The epimastigotes divide
asymmetrically to give long and short epimastigotes (Ooi & Bastin, 2013). A few of the
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short epimastigotes migrate to the salivary glands where they attach to the epithelium via
the flagellum, elongate, and acquire brucei alanine-rich protein (BARP) coat whose role
is not known (Urwyler et al.,, 2007). The short epimastigotes mature and form
metacyclic trypomastigotes that reacquire the variant surface glycoprotein (VSG) coat
(Tetley et al., 1987). The metacyclic trypomastigotes are transmitted to the mammalian
host through saliva while the fly is feeding thus completing the transmission cycle in the

insect vector.
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Figure 2.6: The visceral organs of the tsetse fly (Sharma et al., 2009).

2.5 Trypanosoma brucei survival challenge in the tsetse fly

Trypanosoma brucei encounters changing micro-environments during its passage in the
insect vector. One of the first changes it encounters in the tsetse fly’s midgut is a change
in the source of energy. Proline is the main source of energy for tsetse during flight
(Bursell, 1966) and is therefore the available source of nutrients for the procyclic forms
of the parasite in the midgut. Therefore, the parasite undergoes metabolic
reprogramming; it switches from glucose to proline as the primary source of energy
(Mantilla et al., 2017). Reprogramming of the parasite metabolism means that the fly
and the parasite may compete for proline as an energy source. However, starving the fly

to limit the available proline to both the fly and the parasite does not change the parasite
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number, leading to the proposition that the parasite uses programmed cell death to avoid
compromising tsetse fitness (Welburn & Maudlin, 1997). In addition to nutritional
change, the parasite also encounters proteases, lectins, and changing pH in the gut of
tsetse fly (Dyer et al., 2013).

The peritrophic matrix (PM) of insects line their midgut and acts as a physical and
biochemical barrier that protects the midgut epithelium from damage by abrasive food
particles, ingested toxins, pathogens, and digestive enzymes (Hegedus et al., 2009). In
the midgut, the parasite encounters tsetse’s digestive enzymes, immune peptides,
reactive oxygen species, and serum complement (Bullard et al., 2012; Hu & Aksoy,
2005; MacLeod et al., 2007) and avoids their attack by crossing from the PM into the
ectoperitrophic space (ES). However, crossing the PM acts as a hurdle for the parasite
because procyclic trypanosomes are larger (several microns long) as compared to the
smaller pore size of tsetse PM at ~ 9nm (Miller & Lehane, 1990). The mechanism by
which the parasite crosses the PM is yet to be determined. The challenges encountered
by T. brucei during its development in the tsetse fly (Figure 2.3) may provide novel
control strategies upon the elucidation of the molecular mechanism under which the

parasite overcomes them.
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Figure 2.7: Bottlenecks encountered by T. brucei during its developmental stages in
the tsetse fly. BSF: Blood stream form; VSG: Variant surface glycoproteins;
BARP: brucei alanine-rich protein (Dyer et al., 2013).
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2.6 Gene expression during the development of T. brucei

The arrangement of genes on the genomes of trypanosomatids is sequential
(polycistronic arrangement) as observed by Berriman et al. (2005), El-Sayed et al.
(2005), and Ivens et al. (2005). The polycistronic arrangement of these genes means that
all genes that belong to the same polycistronic unit are transcribed at the same level even
if they do not encode related proteins. Consequently, gene regulation occurs post-
transcriptionally (Clayton, 2002, 2019). Following transcription, the polycistronic
MRNAs are processed into monocistronic mMRNAs through the processes of trans-
splicing and polyadenylation (Clayton & Shapira, 2007). Besides gene regulation during
trans-splicing and polyadenylation, regulation also occurs during RNA export, through
regulating RNA stability, during the process of protein translation, and after protein
synthesis through regulation of protein stability (Clayton, 2002). The stability of mRNA
and its degradation are major transcription regulation mechanisms and are effected
through the 3’ untranslated regions (3’ UTR) sequence motifs on the mRNA (Zubiaga et
al., 1995). These sequences contribute to regulation by being recognized and bound by

MRNA degradation components or proteins that affect the stability of mRNA.

2.6.1 RNA-binding proteins

RNA-binding proteins (RBPs) are proteins that bind to the 3° UTR of mRNAs by
recognizing the mRNA’s structural motifs. These structural motifs, also called RNA
regulatory elements (RREs), govern the fate of functionally related mRNA in
trypanosomatids where gene regulation is coordinated at the post-transcription level
(Haile & Papadopoulou, 2007; Ouellette & Papadopoulou, 2009). RNA-binding proteins
possess functional domains such as Zinc Finger domains, RNA Recognition Motif
(RRM), and Alba and Pumillo domains which interact with mRNA’s structural motif
(Clayton & Shapira, 2007). The RBPs are crucial regulators of gene expression during
the development of T. brucei in the insect vector as it faces changing developmental and

environmental conditions.

16



2.6.1.2 Role of RBPs in trypanosome development in the tsetse fly

RNA-binding proteins play different roles in the development of T. brucei in its life
cycle. These regulatory proteins have been implicated in several functions such as cell
differentiation and mRNA degradation. Pumilio/fem-3 mRNA binding factor 9 (PUF9),
one of the pumilio-domain protein, was found to play a role in mMRNA degradation
through binding and stabilizing a small number of mRNA that increases in the late G1
phase of the cell cycle (Archer et al., 2009). PUF9 was also found to target the
‘UUGUACC’ motif that was over-represented on its target’s 3° UTR region. Another
RBP, ZFP1, is required for the differentiation of bloodstream-form to procyclic form
(Hendriks et al., 2001; Hendriks & Matthews, 2005). ZFP1 is a zinc finger domain
protein with the CCCH zinc finger domain. ZC3H20, also a zinc finger RBP protein,
was shown to be enriched in T. brucei procyclic forms where they stabilized
developmentally regulated transcripts (Ling et al., 2011). The function of the majority of

RBPs is, however, yet to be known.

Trypanosoma brucei RBP6 is an RNA recognition motif (RRM) whose overexpression
in vitro in the procyclic form leads to progression through developmental stages;
epimastigotes formed and were followed by metacyclic trypomastigotes — the infective
form that expresses VSG (Kolev et al., 2012). This was a remarkable breakthrough that
yielded an in vitro system for studying developmental stages in the insect vector.
However, many important questions on trypanosome development in the tsetse remain,
starting with how the molecular mechanism of RBP6 in non-experimental conditions is
mediated (Ooi & Bastin, 2013). Additionally, RBP10 is another RRM protein that was
found to be up-regulated in the bloodstream-form trypanosomes (Wurst et al., 2012). Its
expression in procyclic forms leads to their development into bloodstream-form (Mugo
& Clayton, 2017). These examples highlight the crucial role that RBPs play in post-
transcription gene regulation during the development of T. brucei in the tsetse vector,
and the need to decipher their role in trypanosome development. RNA-binding proteins
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may provide novel strategies to control parasite transmission through the insect vector
by interfering with its modulation of gene expression which occurs post-

transcriptionally.

2.7 Controlling the parasite in the insect vector

T. brucei encounters important bottlenecks during its developmental progress in the
tsetse fly vector. In the tsetse’s midgut, the parasite encounters anti-parasitic immune
responses which it must evade (Aksoy et al., 2003). The insect’s immune response is an
important component of the vector competence, that is, its genetic ability to transmit
pathogens (Weiss & Aksoy, 2011). Besides the immune response, the parasite also
encounters the gut microbiota. This microbiota may influence vector competence by
directly interacting with the parasite and therefore provides novel avenues to interfere
with the transmission of the parasite. Engineering tsetse refractoriness is one of the
active research areas geared towards eliminating the parasite from tsetse fly populations
(Kariithi et al., 2018).

2.7.1 Paratransgenesis

Paratransgenesis entails isolation and genetic modification of symbiotic bacteria from a
host, followed by their re-introduction to express anti-pathogenic products (Coutinho-
Abreu et al., 2010). In the tsetse fly, Sodalis glossinidius is one of the endosymbiotic
bacteria that reside in the midgut, salivary glands, milk gland, muscle, and fat body
tissues (Cheng & Aksoy, 1999). Other major symbionts found in tsetse fly are
Wigglesworthia glossinidia and Wolbachia spp. These endosymbionts can be used to
reduce vector competence through paratransgenesis. Towards this end, Sodalis
glossinidius has been engineered to express trypanocidal products and maybe a potential
in vivo drug delivery vehicle especially because it resides in tissues close to
trypanosomes in the tsetse fly (De Vooght et al., 2012, 2014; Haines et al., 2003). This
innovative approach provides proof of the ability to control the parasite transmission in

the vector. However, it is dependent on the knowledge of trypanosome biological
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processes and molecules that can be targeted by trypanocidal products. This knowledge
may be obtained from constructing biological networks such as gene co-expression
networks because genes and their protein products carry out biological processes as

functional clusters and interact with each other through complex networks.

2.8 Biological networks

Biological functions arise from molecular interactions between key components of the
cell such as proteins, DNA, RNA, and small molecules. These molecular interactions
form biological networks (Barabasi & Oltvai, 2004). Graphically, networks are
represented as nodes (or vertices) and edges which connect the nodes. Nodes represent
biological components such as genes or proteins while edges represent interactions
between the connecting pair of nodes. Various types of biological networks can be
constructed using the available data from transcriptomic, genomic, and proteomic
experiments. The biological networks which can be constructed from the data include
protein-protein interaction networks involving proteins, metabolic networks composed
of metabolites, reactions, and enzymes, transcription regulatory networks made up of
gene and transcription factors, signal transduction networks, and functional association
networks of genes such as gene interaction networks and gene co-expression networks
(Albert, 2005). Some of the biological networks that have been constructed include
protein interactions networks for D. melanogaster (Guruharsha et al., 2011), T. brucei
(Gazestani et al., 2016), C. elegans (Li et al., 2004), gene interaction networks for S.
cerevisiae (Costanzo et al., 2010), and gene co-expression network for Arabidopsis
thaliana (Mao et al., 2009).

2.8.1 Types of biological networks

2.8.1.1 Protein-protein interaction networks

Interaction between proteins in cells, protein-protein interactions (PPIs), plays critical
and fundamental roles to their proper functioning. Therefore, the study of PPIs through

protein-protein interaction networks (PPINS) is crucial to our understanding of cellular
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functions (De Las Rivas & Fontanillo, 2012). Interactions between proteins can be
through direct physical contact, regulatory factors such as transcription factors, genetic
interactions through genes that encode them, and functional association through their
involvement in the same metabolic or signaling pathway.

Protein-protein interaction networks are constructed from data generated through
experimental methods such as yeast two-hybrid (Y2H) and affinity purification mass
spectrometry (AP-MS) (Koh et al., 2012). PPIs can also be predicted computationally
through tools such as Biana Interolog Prediction Server (BIPS) (Garcia-Garcia et al.,
2012), Protein-Protein Interaction Prediction Engine (PIPE) (Pitre et al., 2006), and
protein interactions by structural matching (PRISM) (Tuncbag et al., 2011). Upon the
creation of PPINs, the networks are stored in online databases where the information
about interactions between proteins can be assessed. These databases include the
biomolecular interaction network database (BIND) (Bader et al., 2003), the database of
interacting proteins (DIP) (Xenarios et al., 2002), and IntAct database (Hermjakob et al.,
2004).

2.8.1.2 Metabolic networks

Metabolism is a fundamental aspect of life and presents an avenue for advancing our
knowledge of living systems (Sévin et al., 2015). One strategy of studying metabolism
in organisms is via metabolic networks. In network biology, metabolic networks were
among the first to be studied in different organisms (Jeong et al., 2000). Metabolic
networks are made up of metabolites and the metabolic reactions in which they
participate (Barabasi & Oltvai, 2004). These networks can be reconstructed using
genomic data or metabolomics data (Cottret & Jourdan, 2010). Using genomic data,
functional annotation is performed to identify regions of the genome coding for
enzymes, followed by the identification of metabolic reactions encoded by referencing
databases such as Braunschweig Enzyme Database (BRENDA) (Schomburg et al.,
2004) and KEGG (Kanehisa & Goto, 2000). Alternatively, metabolomics data which

consists of quantitative measures of metabolites during chemical reactions can be used
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to construct a metabolic network (Cottret & Jourdan, 2010). Metabolic networks are
used in biomedical research to identify metabolites involved in diseases such as cancer
(Armitage & Barbas, 2014) and infectious diseases involving host and pathogens to

identify therapeutic targets (Sévin et al., 2015).

2.8.1.3 Transcription regulatory networks

Transcription regulatory networks (TRNSs) represents physical and regulatory
interactions between transcription factors and their target genes. Transcription factors
are made up of two domains; a DNA-binding domain which binds to the DNA and a
transcription regulation domain which binds to other regulatory proteins (Mitchell &
Tjian, 1989). Elucidating the role of transcription factors in gene regulation through
regulatory networks can provide insights into mechanism of pathogenesis during disease
states. Transcription regulatory networks can be deciphered from data generated through
experimental techniques such as RNA interference (RNAIi) and chromatin
immunoprecipitation (ChIP) (Blais & Dynlacht, 2005). Alternatively, TRNs can be
constructed through computational modelling using gene expression and ChIP data (He
& Tan, 2016). Some of the tools used in the modelling of TRNs include Algorithm for
the Reconstruction of Accurate Cellular Networks (ARACNE) (Margolin et al., 2006),
ChlIPXpress (Wu & Ji, 2013), and Trustful Inference of Gene Regulation with Stability
Selection (TIGRESS) (Haury et al., 2012).

2.8.1.4 Signal transduction networks

Signal transduction involves the sensing of the environment by an organism through
molecular components such as proteins (Gomperts et al., 2015). Understanding the
mechanism in which organisms transmit and respond to signals can provide
opportunities to study diseases affecting them. For example, signal transduction is
thought to play a significant role in tumorigenesis and therefore presents an avenue for
developing drugs against cancer (Kolch et al., 2015). In signal transduction, the

molecular components are mainly proteins (Gomperts et al., 2015). Hence, PPINs
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generated from gene expression data using techniques such as DNA microarrays, Co-
Immunoprecipitation, and Y2H are used in the elucidation of signaling pathways
(Steffen et al., 2002). Some of the tools used in the construction of signal transduction
networks include NetSearch (Steffen et al., 2002), CyTRANSFINDER (Politano et al.,
2016), PathFinder (Bebek & Yang, 2007), and BowTieBuilder (Supper et al., 2009).

2.8.1.5 Gene co-expression networks

A gene co-expression network (GCN) is a network where nodes represent genes and
edges represent the correlation of gene expression. A GCN identifies genes showing
coordinated behaviour of gene expression across a group of samples (van Dam et al.,
2018). Co-expression networks are constructed from gene expression data such as
microarray or RNA-seq gene expression data and indicate which genes are active
simultaneously based on their correlation scores. It has been shown that similar co-
expression patterns usually indicate functional linkages between genes (Kharchenko et
al., 2005). Co-expression network analysis is done to find novel genes implicated in a
given biological process, perform functional gene annotation, identify regulatory genes,
and for gene prioritization (van Dam et al., 2018). Generally, a gene co-expression

network provides novel insights into the molecular processes of an organism.

2.8.2 The topology of biological networks

Biological insight from networks is obtained through network topology analysis.
Network topology refers to the arrangement of nodes and edges within a network
(Albert, 2005). Topological properties are used to obtain relevant biological information
about nodes which represent biological component and edges that represent their
interaction. Node degree is the number of edges connecting to a given node (Albert,
2005). Nodes with a high degree of connections and a high clustering coefficient
become hubs and are likely to be associated with essential genes in the network (Albert,
2005; Carlson et al., 2006). Based on the node degree of biological networks, most of

the networks are considered to be scale-free networks (Albert, 2005; Barabasi & Oltvai,
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2004). In scale-free networks, most nodes are connected to a few neighbours while a
small number of nodes, the hubs, are connected to a high number of neighbours.
Biological networks also form modules (Hartwell et al., 1999). Modules are formed by
highly connected genes in the network which form sub-networks that correspond to
specific biological function. Modules in a biological network act as starting points for
further study and thus reduce global network complexity. One way in which modules
can be studied is through enrichment analysis. Enrichment analysis allows for
associating a module with biological functions through the ‘guilt-by-association’ (GBA)
rule which states that interacting genes are more likely to share a function (Wolfe et al.,
2005).

2.8.3 Construction and analysis of gene co-expression networks

Construction of gene co-expression network begins with defining the relationship
between each pair of genes. Correlation measures such as Pearson correlations have
been used to describe the similarity of gene expression between gene pairs (D’haeseleer,
2005; Steuer et al., 2002). The co-expression network is represented as a gene-gene
similarity matrix created from the correlation scores. From the matrix, a weighted or un-
weighted and signed or unsigned co-expression network can be constructed where nodes
represent genes and edges indicate the presence and strength of a co-expression
relationship (van Dam et al., 2018). Absolute correlation values are used in unsigned
networks thus negatively correlated genes also indicate co-expression. A signed network
scales correlation scores between 0 and 1 such that values less than 0.5 indicate a
negative correlation while values greater than 0.5 indicate a positive correlation. In a
weighted network, the edges indicate the strength of co-regulation through continuous
weights between 0 and 1 while in un-weighted networks, the connection between gene
pairs is either 0 indicating no connection, or 1 indicating the presence of a connection
(van Dam et al., 2018).

After the construction of a gene co-expression network, network analysis is performed to

identify modules. Genes with similar expression patterns in multiple samples are
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grouped through clustering techniques such as k-means clustering, self-organizing map
(SOM), or hierarchical clustering (D’haeseleer, 2005). A widely used gene co-
expression network analysis pipeline is the Weighted Gene Co-expression Network
Analysis (WGCNA), which uses hierarchical clustering (Zhang & Horvath, 2005). In
WGCNA, module hub genes are identified as genes with high module membership and
are representative of the module’s overall function (Horvath, 2011). Enrichment analysis
for the genes in a module is used to associate modules with functions through guilt-by-
association (GBA).
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CHAPTER THREE

MATERIALS AND METHODS

3.1 Data acquisition and quality assessment

RNA-Seq datasets of Glossina morsitans morsitans (tsetse fly) trypanosome-infected
midgut, proventriculus, and salivary glands tissues were obtained from European
Nucleotide Archive (ENA) (Leinonen et al., 2011) under accession humbers SRP002243
and SRR965341. The dataset consisted of 18 samples; seven (7) midgut, four (4)
proventriculus, and seven (7) salivary glands (Savage et al., 2016; Telleria et al., 2014).
The quality of the data was assessed using FastQC version 0.11.8

(http://www.bioinformatics.babraham.ac.uk/projects/fastgc/). Before reads mapping, T.

brucei genome and G. morsitans scaffolds genome were obtained from TriTrypDB
(Release 43) (Aslett et al., 2010) and VectorBase (Lawson et al., 2007), respectively,
and concatenated to create a chimeric genome. The RNA-Seq reads were mapped to the
chimeric genome of T. brucei and G. morsitans using HISAT2 version 2.1.0 (Kim et al.,
2015) to remove ambiguously mapped reads. Duplication rates were computed after read
mapping using the MarkDuplicates tool from Picard toolkit version 2.20.3
(http://broadinstitute.github.io/picard/) to mark duplicate reads. Further, dupRadar

Bioconductor R package version 1.18.0 was used to assess the RNA-Seq data for the
presence of PCR duplicates (Sayols et al., 2016). Samples that had PCR duplicates
(reads made from the same original cDNA fragment during PCR) were excluded from

downstream analysis.
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Figure 3.1: A schematic showing workflow of the methodology.

3.2 Read quantification

The reads that mapped to the T. brucei genome were counted using HTSeq version
0.11.2 (Anders et al., 2015) using the annotation file of T. brucei downloaded from
TriTrypDB (Release 43). Non-protein coding genes (NncCRNA, snRNA, snoRNA,
pseudogenic transcripts, rRNA, and tRNA) were excluded from the read counts as this

study focused on protein-coding genes and their functional analysis.
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3.3 Sample quality assessment and data normalization

Genes with low expression levels were removed from the read counts data using
filterByExpr function from R package edgeR version 3.8 (Robinson et al., 2010).
Sample quality was assessed using Pearson correlation heatmaps, Principal Component
Analysis (PCA), and box plots in R version 3.6.0 (R Core Team, 2020). Trimmed mean
of M-values (TMM) was used as a normalization method using calcNormFactors
function in edgeR (Robinson et al., 2010). The normalized read counts were then
converted to counts per million and log> transformed for downstream analysis. Batch
effects were adjusted for using the ComBat method from sva R package version 3.32.1
(Leek et al., 2012).

3.4 Construction of gene co-expression network

The weighted gene co-expression network was constructed using the WGCNA R
package version 1.66 (Langfelder & Horvath, 2008). First, soft-thresholding power, f3,
was determined using the pickSoftThreshold function from the WGCNA package. This
was followed by the construction of a weighted adjacency matrix using the adjacency
function, after which the matrix was computed into Topological Overlap Matrix (TOM)
using the TOMsimilarity function (Zhang & Horvath, 2005). The TOM measure between
pairs of genes was used as input for average linkage hierarchical clustering by first
creating a dissimilarity matrix (dissTOM = 1 - TOM) and then using the flashClust
function to create the gene tree dendrogram. The Dynamic Tree Cut algorithm was used
to identify modules using the gene tree dendrogram as input for cutreeDynamicTree
function from dynamicTreeCut R package version 1.63-1 (Langfelder et al., 2008). The
chooseTopHublnEachModule function from the WGCNA package was used to identify
the hub genes.

3.5 Network functional enrichment analysis and visualization
The goseq R package version 1.36.0 (Young et al., 2010) was used to test for enrichment
of gene ontology (GO) (Ashburner et al., 2000) and Kyoto Encyclopedia of Gene and
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Genomes (KEGG) (Kanehisa & Goto, 2000) annotations for each of the identified
modules. The GO and KEGG annotations were obtained from TriTrypDB. The
generated lists of GO terms for the modules were summarized using REVIGO
(http://revigo.irb.hr/) (Supek et al., 2011). Cytoscape version 3.7.1 (Shannon et al.,

2003) was used to visualize the network using the exportNetworkToCytoscape function
from the WGCNA package.

3.6 Prediction of 3° UTR motifs

All the genes in the gene co-expression network and their corresponding cluster/module
index were used to generate an expression file that was used as input for the tool FIRE,
version 1.1a (Elemento et al., 2007). This expression file was submitted online to FIRE
(https://tavazoielab.c2b2.columbia.edu/FIRE/). Default parameters were applied in

prediction of 3’ UTR motifs.
The analysis code used in data pre-processing, network construction, and functional

analysis is archived at https://github.com/wanjauk/tbrucei_gcn.
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CHAPTER FOUR

RESULTS

4.1 Data quality assessment and pre-processing

Eighteen (18) samples were analyzed in this study. Quality assessment of the data
revealed that three (3) samples had poor quality due to PCR duplicates and were
excluded from the analysis (Table 4.1). The remaining 15 samples generated a total of

7,390 genes after removing non-protein-coding and lowly-expressed genes from the read

counts.
No. Library Run Sample Tissue Source Study
Name Name
1 mgl SRR039378 MG1 MG Savage et al. (2016)
2 mgl SRR039381 MG1 MG Savage et al. (2016)
3 mgl SRR039453 MG1 MG Savage et al. (2016)
4 MG2_SL SRR039454 MG2 MG Savage et al. (2016)
5 MG2_SL SRR039455 MG2 MG Savage et al. (2016)
6 PV2_SL SRR039456 PV2 PV Savage et al. (2016)
7 PV2_SL SRR039457 PV2 PV Savage et al. (2016)
8 SA2_SL SRR039939 SA2 SG Savage et al. (2016)
9 SA2_SL SRR039940 SA2 SG Savage et al. (2016)
10 mgl SRR039948 MG1 MG Savage et al. (2016)
11 MG2_SL SRR039949 MG2 MG Savage et al. (2016)
12 PV2_SL SRR039950 PV2 PV Savage et al. (2016)
13 SA2 SL SRR039952 SA2 SG Savage et al. (2016)
14 PV2_SL SRR042429 PV2 PV Savage et al. (2016)
15 SAl SRR965341 SAl SG Telleria et al.
(2014)

16 SA1 SRR039950 SAl SG Savage et al. (2016)
17 SAl SRR039937 SAl SG Savage et al. (2016)
18 SAl SRR039938 SAl SG Savage et al. (2016)

Table 4.1: Metadata for samples downloaded for analysis in this study.

Samples highlighted in red were excluded from analysis because of a failed quality

assessment. MG: Midgut, PV: Proventriculus, SG: Salivary glands.
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4.2 Sample quality assessment

The relationship between the samples and the reproducibility of biological replicates was
determined using Principal Component Analysis (PCA) and Pearson correlation heatmap
analysis before (Appendix 1) and after (Figure 4.1, 4.2) adjusting for batch effects which
could have resulted from biological replicates. The PCA and Pearson correlation
heatmap plots showed that the samples grouped based on the developmental stages of T.

brucei in the insect vector rather than their biological replicates (Figure 4.1, 4.2).

0.2-
®
0.0-
s Sample Name
=*
:”3 MG1
LD. MG2
o ® Pv2
N
O po2- ® SA1
D_ =
SA2
-0.4- .
®
0.2 0.0 0.2 0.4

PC1 (47.46%)

Figure 4.1: Principal component analysis (PCA) plot. Each point in the PCA plot
represents a sample and point color indicates a batch that consists of the biological
replicates. MG1 and MG2 are midgut samples, PV2 are proventriculus samples,

and SAl and SA2 are salivary gland samples.
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Figure 4.2: Sample correlation heatmap using hierarchical clustering. Color codes
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Sample

along the left side of the sample correlation heatmap indicate samples based on the

batch they belong to.

An assessment of the distribution of per-gene read counts per sample showed a median

steady-state expression level of ~ 6.5 logz counts per million in all the 15 samples before

(Appendix 2) and after (Figure 4.3) normalization and batch effect adjustment.

31



-
[$)]
1

000.. °
e o o
® O ¢ o '!. [ ]
e o @ [ J
o 0
] ]
10 - | l
e
o
(&)
o
)
5-
e o °
] B EE EERE
000::00 e o ° o
e O 9 e o ®
® © © o o © o o o o o o o o
O-IIIIIIIIIIIIIII
0 ~ O < 1 © M~ OO O 0O O O NN O @«
N~ O 1 10 1 0 un O < < < 0 0 N <
(9.0 I 4.0 TR~ A .~ .~ A S = > B ©) B © ) B o ) BN © ) RN © ) BN~ S A0 |
o O O OO O OO OO O O O O OO O N WU
(o0 NN o0 BN o0 BENNN o 0 BENEN 4.0 NN 4.5 SRR 4.0 BENNN . 0 BENN 0.0 BN 4.0 BN 4. 5 BENNN 0.0 HENNN 4.0 IR~ SN (0 ]
o O O O O O O O o o o o o o o
¥ ¥r ¥ r ¥ ¥ ¥ ¥ ¥ ¥r ¥ ¥r ¥ ¥
¥y o ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥
R R R I R R B R B B R )
sample

Figure 4.3: Assessment of per-gene read counts distribution per sample using
boxplot after normalization and batch effect adjustment. All the samples have

similar median expression level values after normalization.

4.3 Gene co-expression network

Soft-thresholding power is the power to which co-expression similarity (correlation) is
raised to reduce the noise of the correlations in the adjacency matrix. Soft-thresholding
power 14, the power for which the scale-free topology fitting index (R?) was > 0.8, was

chosen after analysis of thresholding powers from 1 to 20 (Figure 4.4).
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Figure 4.4: Scale-free topology plot for selecting the power p for the signed
correlation network. Scale-free topology index (y-axis) as a function of powers, f§, 1

to 20 (x-axis).

A total of 28 distinct modules were generated for 7,390 protein-coding genes from the
hierarchical clustering tree (dendrogram) using the dynamic tree cut algorithm (Figure
4.5). The resulting network of the 28 modules visualized using Cytoscape is shown in

Figure 4.6.
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Figure 4.5: Hierarchical cluster dendrogram. The x-axis represents the co-

expression distance of the genes, while the y-axis represents the genes. A dynamic
tree-cutting algorithm identified the modules by splitting the tree at significant
branching points. Modules are represented by different colors as shown by the

dendrogram.
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Figure 4.6: Co-expression network resulting from weighted gene co-expression
network analysis (WGCNA) based on topological overlap measure (TOM) greater
than 0.3 for visualization. Each point (or node) on the network represents a gene
and points of the same color form a gene module. Lines (edges) on the network
connecting the nodes represents a relationship between the genes.

The grey module, which contained 59 genes that could not be assigned to any module,
was excluded from the analysis (Figure 4.7). Thus, a total of 27 modules were used in
subsequent analysis. The module with the least genes was the white module with 61
genes while the turquoise module had the largest number of genes with 732 genes
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(Figure 4.7). The full list of genes with the modules they were assigned can be accessed

here:

https://github.com/wanjauk/tbrucei gcn/blob/master/results/tables/coexpression networ

K_genes.txt

Yellow: 5390'3"99: 88 Brown: 547

61

White:
Royalblue: 127
Purple: 251

Black: 438

Midnightblue: 200 Pink: 383

Lightyellow: 129

. Darkturquoise: 100
Lightgreen: 164

Salmon: 230
Lightcyan: 193

Grey60: 191

Grey: 59 Red 460

Greenyellow: 251

Tan: 243

Green: 528 Magenta: 264

Darkred: 106
Darkorange: 80

Kgrey: 93
B o
Cyan: 219

Turquoise: 732

Blue: 614

Module Colour

. Black Lightgreen
. Blue Lightyellow
. Brown . Magenta
Cyan . Midnightblue
. Darkgreen Orange
Darkgrey Pink

Darkorange . Purple

. Darkred . Red

B oarcturuoise [l Rovaioiue
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Greenyellow Tan

. Grey Turquoise

. Grey60 White:
Lightcyan Yellow

Figure 4.7: Number of genes identified in each module. A total of 28 modules are

shown including the Grey module which was excluded from the analysis.

4.3.1 Modules functional and pathway enrichment

Fourteen (14) out of 27 modules were found to be enriched for GO terms; 12 were over-

represented and two (2) (blue and green modules) were under-represented for GO terms.

Cell cycle-related GO terms that were over-represented included spindle pole in the tan

module (Figure 4.8) and DNA replication, DNA metabolic process, and chromosome

organization in the red module (Figure 4.9).

36


https://github.com/wanjauk/tbrucei_gcn/blob/master/results/tables/coexpression_network_genes.txt
https://github.com/wanjauk/tbrucei_gcn/blob/master/results/tables/coexpression_network_genes.txt

’ [microtubule cytoskeleton |

log10 p-value
[ ]

log10 p-value

| spindle pole|

Figure 4.8: Tan module over-represented Cellular Component GO terms. There

were no biological process and molecular functions GO terms that were enriched.
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Figure 4.9: Red module over-represented GO terms. a) Biological Process GO
terms b) Cellular Component GO terms. There were no molecular functions GO

terms that were enriched.
The tan and red modules also had GO terms related to microtubule cytoskeleton possibly

associated with segregation of organelles during the cell cycle. Other modules with the

cytoskeleton as an over-represented GO term included magenta (Figure 4.10) and

greenyellow modules (Figure 4.11).
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Figure 4.10: Magenta module over-represented GO terms. a) Cellular Component
GO terms b) Molecular Function GO terms. There were no biological process GO

terms that were enriched.
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Figure 4.11: Greenyellow module over-represented GO terms. a) Biological Process

GO terms b) Cellular Component GO terms ¢) Molecular Function GO terms.

Cell signaling related GO terms including adenylate cyclase activity, cyclase activity,
cyclic nucleotide biosynthetic process, and cyclic nucleotide metabolic process were
over-represented in the black (Figure 4.12) and brown (Figure 4.13) modules.
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Figure 4.12: Black module over-represented GO terms. a) Biological Process GO

terms b) Cellular Component GO terms c¢) Molecular Function GO terms.
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Figure 4.13: Brown module over-represented GO terms. a) Biological Process GO

terms b) Molecular Function GO terms. There were no cellular components GO

terms that were enriched.
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Cell membrane-associated GO terms were over-represented in the turquoise module.
These GO terms included membrane, membrane part, integral component of membrane,
membrane raft, and cell surface (Figure 4.14). Despite having the highest number of

genes (732) among the modules, no GO terms associated with other functions were

| membrane raft|
|intrinsic component of membrane |

| membrane region|

enriched.

|integral component of membrane |

[membrane part|

[cell surface|

log10 p-value
[ |

e log10 p-value

Figure 4.14: Turquoise module over-represented Cellular Component GO terms.

| membrane|

There were no biological and molecular process GO terms that were enriched.

Protein biosynthesis was associated with over-represented terms in the black (Figure
4.12) and lightyellow module (Figure 4.15). The GO terms in the black module related
to protein biosynthesis included translation, peptide biosynthetic process, protein
folding, and unfolded protein binding (Figure 4.12). In the lightyellow module, the GO
terms included ribosome, translation, peptide biosynthetic process, protein metabolic

process, rRNA binding, and structural constituent of ribosome (Figure 4.15).
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Figure 4.15: Lightyellow module over-represented GO terms. a) Biological Process
GO terms b) Cellular Component GO terms ¢) Molecular Function GO terms.
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The lightyellow module was over-represented for one (1) GO terms associated with gene
expression (GO:0010467: gene expression) (Figure 4.15). Gene regulation is related to
gene expression and may occur post-transcriptionally. GO terms that may be related to
gene regulation were over-represented in the salmon module and included RNA binding,
nucleic acid binding, and RNA metabolic process (Figure 4.16).

a b

° nucleic acid binding
l0g10 p-value
-

-
log10 p-value

RNA metabolism

RNA binding|

Figure 4.16: Salmon module over-represented GO terms. a) Biological Process GO
terms b) Molecular Function GO terms. There were no cellular components GO

terms that were enriched.

The pink and purple modules were over-represented for terms associated with the
mitochondrion. These terms included mitochondrial protein complex, mitochondrial
matrix, mitochondrial large ribosomal subunit in the purple module (Figure 4.17), and
cytochrome complex in the pink module (Figure 4.18). The darkturquoise module was
over-represented for GO terms associated with transfer of phosphorous containing

groups (Figure 4.19).
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Figure 4.17: Purple module over-represented GO terms. a) Cellular Component

GO terms b) Molecular Function GO terms. There were no biological process GO

terms that were enriched.
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Figure 4.19: Darkturquoise module over-represented molecular function GO

terms. There were no biological process and cellular components GO terms that

were enriched.

Seven (7) out of the 27 modules were enriched following KEGG pathway enrichment

analysis, from which five (5) were over-represented and two (2) (lightcyan and blue

modules) were under-represented for KEGG pathway terms (Table 4.2). Out of the 12

modules with over-represented GO terms, four (4) modules were over-represented for

KEGG pathway terms, and one module (yellow module) was over-represented for a

KEGG pathway term (endocytosis), but not GO terms.

Table 4.2: KEGG enrichment for seven modules.

Module GO Genes Total Adjuste KEGG Enrichme
Category in GO Gene d P- Term nt Status
Categor s Value
y
Lightyello  path:tbr030 26 134 1e-07 Ribosome ~ Over-
w 10 represented
Lightcyan path:tbro11 2 378  0.007829 Metabolic ~ Under-
00 2 pathways represented
Magenta path:tbr002 12 82 0.008851 Purine Over-
30 8 metabolism  represented
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Blue

Red

Yellow

Pink

path:tbor030 1
10

path:tbr034 6
40

path:tbor041 8
44

path:tbor030 8
13

134  0.014382 Ribosome Under-

1 represented
14 0.014813 Homologous Over-

7 recombinati  represented

on

35 0.024923 Endocytosis  Over-

4 represented
42 0.031898 RNA Over-

6 transport represented

4.3.2 Module hub genes

Highly connected genes in a module are referred to as intra-modular hub genes. Higher

connectivity for a gene implies more importance in the module’s functional role. These

hub genes are considered functionally significant in the enriched functions of the

modules. Genes with the highest connectivity in the 27 modules were determined and

considered to be the hub genes. Hub genes for the 12 modules with over-represented GO

terms are shown in Table 4.3.

Table 4.3: Identified hub genes and their encoding proteins for the 12 modules with

over-represented GO terms.

Module Hub gene Encoding protein

Brown Th927.11.1570 Hypothetical protein, conserved

Black Th927.7.1790 Adenine phosphoribosyltransferase, putative

Pink Th927.10.6200 Hypothetical protein, conserved

Darkturquoise Th927.8.6650 RNA-binding protein, putative

Salmon Th927.11.1450 2-oxoglutarate dehydrogenase E1 component, putative
Purple Th927.1.600 Phosphate-repressible phosphate permease, putative
Lightyellow Th927.10.2560 Mitochondrial malate dehydrogenase
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Red Th927.7.6920 Hypothetical protein, conserved

Tan Th927.3.2930 RNA-binding protein RBP6, putative
Greenyellow Th927.7.920 Inner arm dynein 5-1

Magenta Th927.9.6290 Arginine kinase

Turquoise Th927.9.15630 BARP protein

4.4 Prediction of 3’ untranslated regions (UTRs)

Genes in a given module are hypothesized to be co-regulated as they are assumed to
have similar functions. Consequently, their cis-regulatory element should be similar.
Following this hypothesis, a total of 10 statistically significant RNA motifs each over-

represented in different gene modules were identified using FIRE (Figure 4.20).
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Figure 4.20: Prediction of regulatory elements in the 3’ untranslated regions (UTR)
based on gene co-expression modules. A heatmap of the predicted motifs for the
gene modules is shown. Columns represent gene modules, while rows represent the
predicted motifs with consensus sequence on the right side. Over-representation of
a motif for a given gene module is indicated by yellow color with significant over-
representation highlighted by red frames. Blue color map and frames indicate

under-representation.
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The motifs [CGU]JAAU.JAUJUA. and [AU]JA[CGU]JAUGUA[CGU] were over-
represented in the black, pink, and darkturquoise modules. The motif .UUUUUUA. was
over-represented in the black and pink modules. [AC]GGA[AG]U[AG]A. was over-
represented in  the red and greenyellow  modules  (Figure  4.8).
[AUJA[CGU]JAUGUA|[CGU]  co-occurs  with  other  motifs  which are

[CGU]JAAU.[AUJUA,, .UUUUUUA,, [AC]IGGA[AG]U[AG]A. and
[AGUJUUUGGUU[AGU] (lighter colors in Figure 4.21).
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P S T T T S S S,
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Figure 4.21: Motif pairs co-occurring in the 3> UTR are shown in the heatmap
where each row and each column correspond to a predicted motif. Light colors
indicate the presence of another motif within the same 3’ UTR while dark colors
indicate that the motifs are absent in the same 3’ UTR. “+” indicates significant

spatial co-localization between pairs of motifs.
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CHAPTER FIVE

DISCUSSION

This study constructed the T. brucei weighted gene co-expression network using the
WGCNA method and identified highly connected genes in a module, known as intra-
modular hub genes (Langfelder & Horvath, 2008). These hub genes may be key drivers
of a module’s molecular process or act as a representative of the predominant biological
function of the module. The modules were enriched in functional roles associated with
cell cycle, cell signaling, mitochondrion, protein biosynthesis, and cell surface. These
functional roles and their associated genes are discussed below and indicate that the

network recapitulated known biology about the parasite.

T. brucei has a complex life cycle involving differentiation and proliferative cell
divisions both in the human host and insect vector. Significant progress has been made
over the years in understanding the cell cycle in T. brucei. (Farr & Gull, 2012; Hu et al.,
2019; Zhou et al., 2014, 2016a, 2018a). Several genes involved in the cell cycle were
assigned to the red and tan modules which were enriched for GO terms associated with
the cell cycle. The red module was functionally enriched for GO terms such as DNA
replication and chromosome organization, and KEGG pathway term homologous
recombination. It contained genes such as BOH1 (Th927.10.12720), which cooperates
with TbPLK to initiate cytokinesis and flagellum inheritance (Pham et al., 2019), and
Cytokinesis Initiation Factor 2 (CIF2) (Th927.9.14290) which is involved in the
initiation of cytokinesis (Zhou et al., 2016b). Additionally, it contained nucleus- and
spindle-associated protein 1 (NuSAP1) (Th927.11.8370) that is required in chromosome
segregation and NuSAP2 (Th927.9.6110) that promotes G2/M transition (Zhou et al.,
2018Db) indicating that its genes are involved in the progression of the cell cycle. The hub
gene for the red module is a hypothetical gene (Th927.7.6920) that may play a key role
in the progression of the cell cycle and requires further study to ascertain its role in the

cell cycle.
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The tan module’s enriched GO terms were spindle pole and microtubule cytoskeleton.
Among the assigned genes include CIF4 (Th927.10.8240), TLK1 (Th927.4.5180), and
FPRC (Th927.10.6360) that are involved in cytokinesis (Hu et al., 2019; Li et al., 2008).
The hub gene for the tan module is RNA-binding protein RBP6. Its over-expression in
vitro has been demonstrated to recapitulate the parasite’s tsetse fly stage developmental
form that was previously elusive in culture (Kolev et al., 2012). Although the exact role
of RBP6 during the parasite’s development in the tsetse fly is unknown, based on its
assignment to the tan module, it is likely to be involved in regulating a key step during

the progression of the cell cycle.

Signal transduction is essential during the life cycle of T. brucei as it enables the parasite
to sense and adapt to the changing environment in the mammalian host and the insect
vector. The parasite has been documented to utilize signaling for evading the host
(Salmon et al., 2012b), social motility (Imhof et al., 2014; Oberholzer et al., 2015), and
cytokinesis (Salmon et al., 2012a). In the tsetse fly, the parasite interacts with the
vector’s tissue surfaces while moving across and through tissues from the midgut to the
salivary glands via the proventriculus. This requires not only the parasite sensing its
environment, but also its motility (Rotureau et al., 2014). Adenylate cyclase (AC) genes
are among the genes involved in signaling and have been identified in procyclic
trypanosomes (Saada et al., 2014). Among them, ACP3 (Th927.7.7470), ACP4
(Th927.10.13040), ACP5 (Th927.11.13740), and ACP6 (Th927.9.15660) were assigned
to the black module which was enriched in adenylate cyclase GO terms. Adenylate
cyclases catalyze the formation of cyclic AMP (cAMP) from ATP. Additionally, ACs
have been proposed to interact with extracellular ligands directly owing to the lack of G-
protein coupled receptors (GPCRS) in T. brucei (Seebeck et al., 2001). The hub gene for
the black module is adenine phosphoribosyltransferase (APRT) which plays a crucial
role in the purine salvage pathway in T. brucei, as this parasite lacks a de novo purine
biosynthetic pathway (Hammond & Gutteridge, 1984). Purine nucleotides are precursors

of DNA and RNA as well as constituents of second messengers in signaling such as
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cyclic AMP. In this regard, APRT is important in enriched module functions such as
cyclic nucleotide biosynthesis and consequently, signaling functional roles of the black
module. Further studies are required to reveal the role of APRT in signaling.

Besides the black module, the brown module was also enriched in functions associated
with signaling as depicted by GO terms such as adenylate cyclase signaling activity. The
brown module contained Proteins Associated with Differentiation (PADs) — PAD1 and
PAD3. PADs are a carboxylate-transporter family that is required for the perception of
the differentiation signal (Dean et al., 2009). Other PAD genes were included in the
black module: PAD2 (Th927.7.5940), PAD5 (Th927.7.5970), and PAD?
(Th927.7.5990). The hub gene for the brown module is a hypothetical gene
(Th927.11.1570) which may be crucial in the signaling in T. brucei during its life cycle
in the tsetse fly.

T. brucei expresses different surface coats in its life cycle stages both in the mammalian
host and insect vector (Pays & Nolan, 1998; Urwyler et al., 2007). Insect-stage
trypanosomes express two classes of procyclins; GPEET and EP (EP1, EP2, and EP3
isoforms) (Vassella et al., 2001), and GPIl-anchored proteins known as brucei alanine-
rich proteins (BARPs) (Urwyler et al., 2007). Procyclin genes were assigned to the black
module (EP1 (Th927.10.10260) and GPEET (Th927.6.510)) and pink module (EP2
(Th927.10.10250) and EP3-2 (Th927.6.520)). However, it is not clear what roles these
genes play concerning enriched functions of the modules in which they are assigned.
The GPEET procyclin is the surface coat of early procyclic trypanosomes and is
replaced by the EP procyclins in late procyclic trypanosomes (Acosta-Serrano et al.,
2001). The BARP protein genes were assigned to the turquoise module which was
enriched in GO terms associated with the cell membrane and cell surface. BARP is
found in epimastigote trypanosomes (Urwyler et al., 2007) and its role is presently
unknown. The hub gene for the turquoise module is BARP (Th927.9.15630) and could
be important for the survival of the parasite in the insect vector. Out of 16 BARP protein

genes in the network, 14 were assigned to the turquoise module while two (2) were
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assigned to the blue module which was under-represented for GO enrichment terms.
Although the complete set of functions of these surface coats are yet to be elucidated,
the procyclins have been suggested to protect the parasite from the proteolytic

environment in the tsetse fly midgut (Acosta-Serrano et al., 2001).

Protein biosynthesis was associated with over-represented terms in the black and
lightyellow module. The hub gene for the black module is adenine
phosphoribosyltransferase (APRT). APRT plays a crucial role in the purine salvage
pathway in T. brucei, as this parasite lacks a de novo purine biosynthetic pathway
(Hammond & Gutteridge, 1984). Purine nucleotides are precursors of DNA and RNA as
well as constituents of second messengers in signaling such as cyclic AMP. In this
regard, APRT is important in enriched module functions such as cyclic nucleotide
biosynthesis and synthesis of the structural constituent of the ribosome particularly
ribosomal RNA, and consequently, signaling and protein biosynthesis functional roles of
the black module. The lightyellow module was enriched in functions associated with
gene expression, translation, protein metabolic process, and the ribosome. Its hub gene is
mitochondrial malate dehydrogenase (Tb927.10.2560). However, mitochondrial malate
dehydrogenase has no direct involvement in protein biosynthesis and has been suggested
to be involved in fatty acids biosynthesis (van Weelden et al., 2005). Since T. brucei
undergoes metabolic reprogramming during its life cycle to adjust to the energy source
(Smith et al., 2017), mitochondrial malate dehydrogenase may be involved in this
process. However, further studies are required to establish its role in metabolic
reprogramming of the parasite during its development in the tsetse fly.

The salmon module was enriched in RNA binding and RNA metabolism and its hub
gene is 2-oxoglutarate dehydrogenase E1 component which is a tricarboxylic acid cycle
(TCA) enzyme. 2-oxoglutarate dehydrogenase in the mitochondrion has been implicated
in the degradation of proline and glutamate to succinate which may subsequently be
used for gluconeogenesis in procyclic trypanosomes (van Weelden et al., 2005). This

hub gene may be important in the role of the mitochondrion in responding to stress as a
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result of a change in energy source in insect-stage trypanosomes (Kramer et al., 2013).
An RNA-binding protein related to stress response, ZC3H30 (Th927.10.1540), together
with an associated stress response granule (Th927.8.3820) (Chakraborty & Clayton,
2018), were assigned to the salmon module. The enriched functions of RNA binding
may either involve binding of the mRNA by RNA-binding proteins (RBPs) as a post-
transcriptional gene regulation mechanism in T. brucei (Clayton, 2013; Kolev et al.,
2014) or binding by translation initiation factors for protein synthesis (Clayton &
Shapira, 2007).

T. brucei genes have a polycistronic arrangement and therefore regulation of gene
expression occurs almost exclusively post-transcriptionally (Clayton, 2002; Clayton &
Shapira, 2007; Queiroz et al., 2009). Post-transcriptional regulation of MRNA
abundance mainly involves the interaction of the cis-regulatory element and a trans-
acting element such as an RNA-binding protein (Haile & Papadopoulou, 2007). Genes
with similar functions are co-regulated together thus their mMRNAs are hypothesized to
have similar cis-regulatory elements (Elemento et al., 2007). Since the gene modules of
a co-expression network are composed of genes with similar functions, they can be used
as a basis for identifying potential regulatory elements in the untranslated regions of
mMRNA.

The predicted motif [AU]JA[CGU]JAUGUA[CGU] was over-represented in the black,
pink, and darkturquoise modules. The motif contains the core sequence, UGUA, that is
recognized by the PUF family of RNA-binding proteins (Gerber et al., 2006) and has
previously been identified in T. brucei as targeting transcripts involved in the cell cycle
(Archer et al., 2009, 2011; Najafabadi et al., 2013). The motif co-occurs with other
motifs which are [CGU]JAAU.[AU]JUA., .UUUUUUA., [AC]GGA[AG]U[AG]A. and
[AGUJUUUGGUUJAGU] (lighter colors in Figure 4.21). This means that they co-
localize within the same untranslated region (UTR) which indicates that the presence of

one motif implies the presence of its putative counterpart (Elemento et al., 2007). Their
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co-localization may provide more information on post-transcriptional regulation because
it could imply the physical interaction of their binding elements, hence their functional
interaction (Elemento et al., 2007).

The motif [CGU][CUJAUAGA.[ACU] was over-represented in the red and greenyellow
modules. It contains the core AUAGA sequence similar to CAUAGAA that has been
implicated in cell cycle regulation (Avliyakulov et al., 2003; Mahmood et al., 1999), and
was previously predicted in T. brucei (Najafabadi et al., 2013). Notably, genes in the red
module were enriched for cell cycle functions while those in the greenyellow module
were enriched for microtubule-associated functions, including motility. Motility in T.
brucei is mediated through the flagellum (Langousis & Hill, 2014). Importantly,
flagellum motility is essential for completion of the cell division (Broadhead et al.,
2006; Ralston et al., 2006) suggesting co-regulation of genes in the greenyellow module
together with those in the red module. These findings indicate the importance of post-
transcriptional gene regulation and could provide insights into key regulatory functions

that could be targeted to control the transmission of trypanosomiasis.
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CHAPTER SIX

CONCLUSION & RECOMMENDATIONS

6.1 Conclusion

The life cycle stages of T. brucei in the insect vector are less explored and therefore the

parasite’s biology during this stage is largely unknown. It is crucial to understand the

parasite’s biology in tsetse fly as it provides insights on mechanisms for interrupting

disease transmission. This study aimed at identifying key genes involved in T. brucei

development in the tsetse fly, the functional roles which these genes are associated with,

and prediction of their 3” untranslated regions. From this study:

A gene co-expression network was constructed. The enriched functional roles of
the network modules are associated with cell cycle, cell signaling,
mitochondrion, protein biosynthesis, metabolic regulation, and cell surface.
These enriched functional roles highlight important processes and cell features
that may be involved in T. brucei development in tsetse fly and which may be
targeted to cut short the parasite’s division in tsetse fly.

Genes that have previously been identified as crucial in T. brucei development
were among the identified hub (key) genes indicating that they may play crucial
role in T. brucei life cycle in tsetse fly. Aditionally, genes with unknown
functions were identified as hub genes and should be the focus of futher studies
to determine their function. Together, these hub genes have the potential for
being trypanocidal drug targets to stop the parasite’s life cycle in the tsetse fly
thus controlling trypanosomiasis transmission.

The 3’ untranslated region motifs involved in post-transcriptional gene regulation
were predicted. Some of these motifs had consensus sequences that have been
previously implicated in gene regulation in Trypanosoma brucei and possibly

play key regulatory roles during its development in tsetse fly.

These findings indicated that the co-expression network recapitulated known

trypanosome biology hence its usefulness in providing insights into parasite
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development in the tsetse fly. One of the limitations, however, is that these findings
pertain to T. brucei and other species of trypanosomes may have different genes
involved during their development if they have differerent insect vectors or life cycle
stages. Nevertheless, this study provides a resource for network-based data mining to
identify candidate genes for functional studies in T. brucei and may inform studies on
key candidate genes in other species of trypanosomes. Understanding trypanosome
biology in tsetse will increase the chances of identifying potential molecular targets for

disease control.

6.2 Recommendations
1. More transcriptomics data should be generated for the life cycle stages of T.
brucei as it traverses the tsetse fly vector. The data will aid in creation of more
co-expression networks leading to robust characterization of genes involved in

the development of the parasite in tsetse fly.

2. The three (3) hypothetical protein genes that were identified as hub genes should
be studied through techniques such as RNAIi knockdown to experimentally

validate their functional roles in trypanosome development in the tsetse fly.

3. The functional roles of 3’ untranslated regions (UTR) motifs should be studied
further to determine their activities on gene regulation through mechanisms such

as regulating mRNA stability and translation.
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Appendix I: Principal component analysis and sample correlation heatmap using

hierarchical clustering before adjusting for batch effects. a) Principal component

analysis plot. b) Sample correlation heatmap plot.
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Appendix I1: Assessment of per-gene read counts distribution per sample using

boxplot before normalization and batch effect adjustment.
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