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ABSTRACT
African trypanosome, Trypanosoma congolense parasite transmitted by tsetse flies (Glossina spp) cause
Animal African Trypanosomiasis in (AAT or Nagana) in animals. The parasite undergo cyclical

(

development in the tsetse vector and transform to become metacyclics which .are forms infective to
animals. The molecular events underpinning this development process and tsetse responses to infection in
cardia and proboscis is underexplored due to challenges of obtaining enough biological materials, access to
tsetse colony and analysis complexes of such studies. This study characterized differentially expressed
genes during Glossina morsitans morsitans and T. congolense interactions in the cardia and proboscis of
tsetse fly to shed light on the molecular cross-talks between the parasite and the vector during infections in
these organs. This study was a laboratory-based and involved use and infection oflaboratory adapted tsetse
flies and parasites. Ribonucleic acid was extracted from T.congolense infected male G.. m. morsitans
cardia or proboscis (PB) and sequenced in high throughput Illumina Next Generation Sequencing (NGS)
platform. EdgeR and CLC-genomics was used to determine differentially expressed transcripts in tsetse
and trypanosomes, and functional analysis done using blast2GO, profcom, KEGG, WebGestalt and
TrypanoCyc. Reverse genetics (RNAi silencing) was used to functionally characterize the roles of selected
peritrophic matrix (PM) peritrophin (Per) 12 and/or 108in the cardia. Immunofluorescent and confocal
microscope was used to localize expression of selected parasite protein. Statistical analysis was performed
either using R-statistic or GraphPad prism version 7. Cardia-enriched transcripts (n=422) encoded putative
proteins functionally associated with peritrophic matrix structure. Upon infection of the cardia,
88transcripts were suppressed while62 were induced. The suppressed transcripts were functionally
associated with transport and metabolic process while induced ones with immunity, suggesting enhanced
defense mechanism in the cardia against trypanosomes. The RNAi significantly suppressed (51-81%)
expression of per transcripts and resulted in significantly higher number of tsetse flies being infected by
trypanosome but impeded proliferation of Serratia bacteria (in GmmPer12). Proboscis enriched transcripts
(n=668) were predominately associated with muscle tissue, chemo-sensation, chitin-cuticle development as
well as mechanoreceptors that monitor blood flow during tsetse feeding and interaction with trypanosomes.
Cellular structures associated with muscles and cells in the proboscis were evident by microscopy. Like
cardia, more transcripts were suppressed (n= 88) than induced (n=38) by the infection in the proboscis. The
induced genes were associated with cell division while those suppressed were associated with metabolic
processes, extracellular matrix, ATP-binding and immunity suggesting increased cell and tissue renewal
process of host. Oxidative phosphorylation and amino acid metabolism appears to be a major source of
energy for the parasite. in both organs. More transcripts were induced (n= 1261) in parasite infecting the
cardia than those infecting the proboscis (n=870). Product of cardia induced parasite transcripts were
associated with cell signaling, quorum sensing and several transport activities suggesting that the parasites
in the cardia scavenge for nutrients and also exhibit social behavior. The parasites in the cardia were
putatively covered by Fam50 'GARP', 'iii' and 'i' proteins. The product of proboscis-induced parasite
transcripts were associated with nucleosomes, cytoplasm and membrane-bound organelles suggesting
increased cell division. Overall, these findings suggest that cardia is immunologically active organ with
cells that produce PM proteins that also play critical role in modulating trypanosome infection outcome.
The parasites also express genes encoding putative cell surface proteins and proteins associated with
parasite differentiations that may regulate T. congolense developmental processes in tsetse fly. The
proboscis is a muscular organ with chemosensory and mechanosensory capabilities. This study provides
insight into vector-parasite interactions and points to potential molecular targets that can be exploited in
downstream search for disease transmission control initiative.
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CHAPTER ONE

INTRODUCTION

1.1. Background information

African trypanosomiasis (AT) IS an animal and human disease uruque to the African

continent. The disease is caused by several species of African trypanosome parasites mainly

transmitted by tsetse flies (Diptera: Glossinidae). The disease is known as Animal African

trypanosomiasis (AAT; or nagana) in animals and Human African trypanosomiasis (HAT; or

sleeping sickness) in humans. HAT exist in two fo 1111S, chronic and acute form. The chronic

form of HAT is caused by Trypanosoma brucei gambiense and is localized to west and central

African while the acute form is caused by Trypanosoma brucei rhodesiense, exclusively

present in eastern and southern Africa (Holmes, 2013). The early part of the last century was

characterized by rampant epidemics of HAT, which consequently generated much attention

that facilitated its near eradication in the 1960s (Steverding, 2008). However, HAT

subsequently resurged, reaching a peak of - 450,000 cases by 1997 (Barrett, 2006) and ~ 60

million people at risk in 37 countries of sub-Saharan Africa (Kabayo, 2002). The animal

African trypanosomiasis (AAT) is caused by three African trypanosome parasites namely.
Trypanosoma congolense, Trypanosom brucei brucei and Trypanosoma vivax. Of the three

parasites, T congolense has the most significant economic and public health impact due to

wide geographical distribution, broad host range and high pathogenicity to animals (Mattioli

et aI., 2004; Maudlin et aI., 2004). AAT is an important constraint to livestock production and

a threat to food security in sub-Saharan Africa infection thousands of livestock with millions

of animals being exposed (Holt et al., 2016).
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African trypanosomes have digenetic life cycle that involves sequential steps of development,

differentiation and proli feration in tsetse vector (Vickerman et al.. 1988),<-.Once acquired by

tsetse, bloodstream form (BSF) trypanosomes encounter robust physical and immunological

barriers that include gut peritrophic matrix (PM) (Rose et al., 2014; Weiss et al., 2014) and a

plethora of host anti-parasitic immune molecules (Dyer et al .. 2013b; Roditi and Lehane,

2008; Welburn and Maudlin, 1999). Only in a small percentage of susceptible flies can

trypanosomes establish infections and continue their development to colonize salivary glands

(SGs; for T brucei spp.) or proboscis (PB; for T congolensei (Rotureau and Van Den

Abbeele, 2013). To proceed to the PB, T congolense first colonize the cardia (or

proventriculus, an organ located at the junction of the foregut and midgut) where they

transform into non-dividing long trypomastigotes (Peacock et al., 2012a). The parasite

population in the PB consists of diverse stages, including developing epimastigotes (EMF)

that attach to the luminal walls of the organ prior to undergoing metacyclogenesis (Jefferies et

al., 1987; Peacock et al., 2012a; Vickerman et al., 1988). These suggest that the cardia and PB

organs potentially play important function in tsetse- T congolense interaction during parasite

development and transmission, a process that is poorly understood. Information on molecular

composition and/or function of the cardia and its responses to T congolense infection is

limited. Available information indicate that unlike other hematophagous vectors that produce

a type I PM in response to blood feeding, tsetse's sleeve-like type II PM is constitutively

produced by the cells in the cardia organ (Hegedus et al., 2009; Lehane, 1997). The tsetse PM

has been shown to internalize variant surface glycoproteins (VSGs) shed from BSF parasites

(Aksoy et al., 2016). This VSG internalization transiently inhibits production of a structurally

robust PM promoting trypanosome infection establishment by crossing the PM barrier into
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ectoperitrophic space (ES) (Aksoy et al., 2016). Indeed, artificial knockdown by RNA

interference-based reverse genetics of chitin svnthase. pro I and pro]: genes that encode-.
components of PM proteins in tsetse fly modulated trypanosome infection outcome (Weiss et

al.,2014).

From the cardia, T congolense parasites move to the PB, an essential appendage of the head

that processes gustatory input to aid in locating and ingesting food (Maekawa et al., 20 11) and

function in trypanosome transmission to vertebrate hosts. The tsetse PB is long with a distinct

basal bulb, a cuticle-lined tissue that comprises part of the foregut. The PB consists of labium,

hypopharynx and labrum surrounded by a pair of maxillary palps. Only the labrum and

hypopharynx are colonized by trypanosomes, and some parasites also attach to the cibarium

(Jefferies et al., 1987; Peacock et al., 2012a). Previous .scanning and transmission electron

microscopy of tsetse PB revealed presence of different types of mechanoreceptors, nerves,

neurons (Rice et al., 1973) and a network of muscles at the thecal bulb (Jobling, 1933), The

mechanoreceptors interact with the trypanosomes that formed colonies, or 'rosettes', in the

proximal third qf the labrum where these labral sensory sensilla mechanoreceptors are located

(Livesey et al., 1980; Molyneux and lenni, 1981; Molyneux et aI., 1979; Rice et al., 1973).

Beyond the predicted role of PB in feeding and trypanosome development and transmission,

genes expressed by the PB that may code for receptors for trypanosome attachment, sensing

of chemical cues for feeding and infer function as well as its response to infection with

trypanosomes is unknown,
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Upon acquisition by tsetse fly, T. congolense BSF immediately transform into procyclic forms

(Pf'F) in tsetse midgut (Pays and Nolan. 1998: Roditi et al.. 1998). THis. transformation is

accompanied by changes in parasite morphology, switch from glycolysis to oxidative

phosphorylation for energy and replacement of the VSG surface coat of BSF with surface coat

composed ofprocyclins (Maudlin and Welbum, 1994). In successful infection, the rCF cross

the PM into the ectoperitrophic space (ES), moves anteriorly to the cardia and subsequently

migrate to colonize the PB. In the PB, the parasites differentiate into epimastigotes (EMF)

which attach to the PB wall before transforming into mammalian infective metacyclic forms

(MCFs) (Hendry and Vickerman, 1988; Peacock et al.. 2012a). The parasite (T. congolensei

replicates extracellularly during its development in the mammalian host and tsetse vector and

consequently has to adjust to new individual local environments depicting differences in

temperatures and nutritional resources, and cope with the immune system in each host. This

would probably involve differential regulation of certain parasite genes. The T. congolense is

also covered by different cell surface proteins (CSPs) in each developmental stage throughout

its entire life cycle. The CSPs enable trypanosome interaction with its hosts, a feature which

may influence parasite transmission and virulence (Aksoy et al., 2003; Roditi and Lehane,

2008). However, the functions of most trypanosome CSPs are not known. Besides, molecular

factors that regulate differentiation of T. congo/ense, and major barriers to T. congolense

transmission through the tsetse vector, are poorly understood.

Thus, this study investigated the molecular composition and function of G. 111. morsitans

cardia and PB, their responses to T. congolense infection, roles of two novel G. m. morsitans

cardia-PM peritrophin proteins (Gl11mPerl2 and GII1I11Perl08) selected from the previously
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published proteome data of tsetse PM (Rose et al., 2014) in modulating PM integrity and

trypanosome infection and global gene expression of T congolense during its development in'.
the G. 111, morsitans cardia and PB and, identified potential T congolense CSPs expressed by

these tissue-specific parasite stages.

1.2. Problem statement

Even though tsetse has been known to transmit AA T parasites for over a century and the

disease being with us for the same period of time, prevention and control of this important

disease is still a challenge. All the vaccines that have been developed and tried have failed due

to antigenic variation of the parasite VSGs. The current drugs in use are faced with problems

of toxicity and parasite resistance to these drugs. While vector control methods are effective in

controlling flies and thus parasite transmission and disease, there is problem of re-infestation

when such control programs are abandoned (Holmes, 20l3). This necessitates expansion of

anti-AAT control tool box, a process that has been hindered by lack of information on how T

congolense interact with its animal hosts and tsetse vector. A better understanding on how

tsetse and trypanosome regulate their specific gene during their interaction can identify novel

proteins that c~n be used in disease control and prevention initiatives, like transmission

blocking vaccine (TBV). In trypanosomes, the TBV s can help overcome challenges

encountered with the previous conventional vaccines (Magez et (/1., 2010), and the obligate

blood feeding biology of tsetse flies offer unique possibilities. However, the concept of TBV

in trypanosome and tsetse vector and into the mammalian host is underexplored due to 1) lack

of information on protective antigens in this field (Honigberg et al., 1991) and 2) challenges

in understanding the interactions and communication either between vector and trypanosomes

to identify characteristic aberrancies in the bio-rnolecular pathways to elucidate their
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relationship critical for the progress and outcome of infection. In tsetse fly, many aspects of

trypanosome development have been limited only to morphological analysis and information.
on how tsetse respond to AA T parasite infections is scarce. A major contributing factor has

been mainly due to challenges in obtaining sufficient material for molecular studies (Savage et

al.. 2016), lack of complete tsetse and trypanosome genomes and difficulties in accessing an

established colony of tsetse flies needed to implement such studies (Rose et al., 2014).

Although some research have been done to understand host-parasite interactions that

have revealed some important aspects of cross-talk like complex metabolic balance between

host effector molecules and pathways during parasite development and proliferation, such

studies have utilized less sensitive targeted analysis approaches that provided only a snapshot

and incomplete understanding of the actual dynamics of molecular events that occur rapidly

during these interactions (Rai et al., 2018; Swann et al., 2015; Wang et 01.. 2009b). The

problems of conventional method can be overcome by unconventional and novel approaches

like "Omics technologies," that have high resolution and sensitivity to detect not only

annotated transcripts but also novel sequences and splice variants, has capability to distinguish

host from parasite transcripts and detect with high precision their level of differential

expression in the complex process of host-parasite interaction. However, the Omics

approaches are also faced with complexity of data analysis that require extensive experience

and bioinformatics skills, lack of standard protocol, high cost of sequencing, and data sharing

and storage of RNA-seq raw files is extremely difficult and costly due to their large capacity

(Rai et al., 2018; Swann et al., 2015; Wang et al., 2009b). These have hindered research in

tsetse-trypanosome interactions, leading to inadequate understanding of the molecular events

underpinning such crosstalk. Thus, in this study, the molecular aspects of G/ossina morsitans
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and Trypanosoma congolcnse interactions were analyzed utilizing one of the Omics

techniques. RNA - sequencing.

1.3. Objectives

1.3.1. General objective

To characterize differentially expressed genes during C. 171. tnorsitans and T congolcnse

interactions in the cardia and proboscis of tsetse fly.

1.3.2. Specific objectives

I. Establish transcriptional profiles and functional roles of C, m. morsitans cardia genes

during T. congolense infection.

2. Elucidate molecular structure of C. m. morsitans proboscis and its response to T

congolense infection.

3. Determine expression profiles of T. congolcnse genes during development 111 C. 1/1,

morsitans cardia and proboscis.

1.4. Research questions

1. What are the key changes in the transcriptional profiles of C. m. morsitans cardia genes

during T congolense infection and how do the profiles relate to tsetse immunity?

2. What composes the molecular structure and function of C. 111. morsitans proboscis and

how does proboscis respond to T congolense infections?

3. What are the expression profiles of T congolcnse genes are differentially expressed by

parasites development in the cardia and probosces of G, 111, morsitan'!

1.5. Significance of the study

Identification of specific tsetse proteins or factors that can foil trypanosome development in

vivo, and enhancing their strengths can help create refractory vectors to trypanosome. This can
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only be possible when molecular events that underpin tsetse-trypanosome interactions is well

understood. Using unconventional "Omics" technologies, RNA sequencing, the molecular
-e

dynamics that underlie tsetse-trypanosome interactions were evaluated. This study identified

globally tsetse and trypanosome specific genes that were differentially expressed during

infection of the cardia and proboscis. Some of the genes identified encode proteins that can be

exploited in paratransgenesis as potential transmission blocking vaccine candidates to disrupt

trypanosome development in the fly, reduce vector competency and block infection

establishment in the mammalian host at the parasite inoculation site. In addition, some genes

expressed by trypanosomes in the PB (expressed specifically by metacyclic parasites) can also

be exploited in the development of diagnostics tool for early detection of infection. Thus, this

study forms a foundation future functional studies to develop novel disease control and

transmission prevention strategies.
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CHAPTER TWO

LITERATURE REVIEW

2.1. Introduction

African trypanosomiasis is an important fatal animal and human disease unique to the African

continent. Knowledge of tsetse-trypanosome interactions is critical in understanding the

epidemiology of the disease and its control. This chapter describes the general aspects of

African trypanosomiasis, concept of vector-parasite interaction, control and prevention

strategy of AAT.

2.2. General aspects of African trypanosomiasis

2.2.1. Economic importance of African trypanosomiasis

African trypanosomiasis (AT) is a deadly animal and human disease, which lie in the heart of

sub-Saharan African countries. In the livestock sector, animal health is important for every

aspect of animal production (Van den Bossche et al., 2004). As such, AAT caused by T

congolense has far reaching consequences in escalating poverty of millions of African people

(Kabayo, 2002; Mattioli et al., 2004). Food and Agriculture Organization (FAO) recognizes

AAT as a major contributing factor to rural poverty, by drastically reducing number of

livestock, severely limiting meat and milk production, and preventing the use of draught oxen

for ploughing thereby decreasing the capacity of farmers to open up and work on the land

(Kabayo, 2002). Approximately US$ 4.75 billion losses are incurred directly and indirectly

due to AAT. About 50 million cattle exposed to AAT with ~ 35 million trypanocidal doses

used yearly to treat the AA T. In addition, about 3 million cattle die yearly due to AA T

(Holmes, 2013; Mattioli et al., 2004). The HAT, a severe fatal human disease caused by T b.

gambiense and T. b. rhodesiense, indirectly disrupts agricultural activities making people to
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move from productive but tsetse and trypanosomiasis infested areas interfering with local

economy leading to food insecurity (Cattand et 01.. 2001: Kabayo. 2002)\ About 60 million
'-.

people are believed to be at risk of HAT infection while 50,000 people are believed to be

infected (Simarro et al., 2008).

2.2.2. Biology of tsetse flies

2.2.2.1. Classification of tsetse flies

Tsetse flies (genus: Glossina) are the obligate blood-sucking insects unique to the African

continent that fall in the order Diptera, family Glossinidae and genus Glossina. The genus

Glossina has three subgenera: fusca (Austenina), palpalis (Nemorhina) and morsitans

(Glossina) arranged depending on their habitats and ecozones. A total of 31 tsetse species and

subspecies exist (Leak, 1998). The [usca group contain 15 tsetse species, the palpalis group

has 9 species while the morsitans group has 7 species. AJI tsetse species of inorsitans group

are potential vectors of both HAT and AA T parasites. Of the 9 species of the palpalis group,S

also transmit both human and animal trypanosomes while none of the fusca group transmit

HAT. but are efficient vectors of AAT trypanosome particularly T. vivax (Leak, 1998).

2.2.2.2. Tsetse. morphology and anatomy

Tsetse flies are narrow bodied, yellow to dark brown and 6 to 15 mm long. The thorax has a

dull greenish color with inconspicuous spots or stripes. The abdomen is light to dark brown

with six segments that are visible from the dorsal aspects (Kahn, 2005). Their wings are held

over the back in a closed scissor when at rest, and the wings have a configuration with

characteristic hatched shaped cell at the center of the wings (ltard, 1989). Tsetse have long

proboscis (PB) with an onion like bulb at the base, which helps the fly to pierce the skin and

suck blood. The PB is held horizontally between long pulps. The PB is composed of a lower
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U-shaped labium with rasp like labella terminally and an upper narrow labrum, which

together creates a food channel. Within this food channel sits the slender hypopharynx that

connectsto the salivary gland (SG) and carries saliva and anticoagulant.down into the wound
,.

formed during feeding. Glossina has an antenna with long arista that is feathered along one

edge (Urquhart et al., 1996). Different parts of tsetse anatomy are summarized in the Figure

2.1 below as described by (Hordofa and Haile, 2015).

f in S flv ryg'a d

HYPOPh tyn

Figure 0-1. Anatomy and morphology of Glossina.

2.2.2.3. Reproduction and life cycle of tsetse flies

A female tsetse fly mate only once in her lifetime (Saunders, 1970), and from this takes up

spermatophore from the first mating male on their first or second day after emergence. The fly
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then keeps the spermatophore in the structure called spermatheca from where all the eggs are

fertilized using the stored spermatophore. Female tsetse do not lay eggs but give birth to
,.

larvae, one at a time (adenotrophic viviparity) after undergoing three larval instar

developments in the uterus. The eggs contain sufficient yolk that can sustain the entire

embryonic development. Larva in the uterus is nourished by specialmatemal "milk" produced

by the female's accessory glands until it completes its development (Attardo et al., 2008b;

Denlinger and Ma, 1974; Gooding and Krafsur, 2005; Vreysen et al., 2013). In the course of

larval feeding in utero, Soda/is and Wigglesworthia endosymbionts of tsetse are transmitted to

the offspring via the milk gland (Attardo et al., 2008a).

Larva develops in the uterus over ten days and is then deposited as fully grown on

moist soil or sand in shaded places, usually under bushes, fallen logs, large stones and buttress

roots when the female fly is about 16 to 17 days old - for the first mature offspring (Gooding

and Krafsur, 2005). Subsequent progeny is produced at approximately 9-10 day intervals.

Mature larvae do not feed after birth but buries itself into the ground immediately and tums

into a pupa (Vreysen et al .. 2013). Flies emerge 22-30 days later, depending on temperature

(average 33-35°.C) conditions (Vreysen et al., 2013). Although tsetse flies are believed to mate

only once in their life time, polyandry has been recorded in small laboratory cages (Vreysen et

(/1.. 2013), and recently in the wild populations of Glossina fuscipesfuscipes (Bonomi et (II..

2011). Female tsetse flies produce an average of about 6-8 offspring during its entire lifetime

(3-5 months) in a well-managed laboratory colony and only about two offspring (averaged

over all seasons) in nature (Gooding and Krafsur, 2005; Krafsur, 2009). The low reproduction

rate of tsetse flies makes them ideal targets for genetic and other methods of control that target

reproduction (Rogers and Randolph, 2002; Vinhaes and Schofield, 2003).
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2.2.2.4. Geographical distribution of tsetse flies

The distribution of trypanosomes is restricted to the distribution of tsetse vector, which is

located roughly in a geographical area between south of the Sahara and north of Kalahari of

the African continent (Figure 2.2). Tsetse flies are temperature sensitive and the distribution is

linked to climatic factors, vegetation, humidity, and presence of host animals (Leak, 1999).

Majority of the flies are found in the lowland rainforest and savanna regions with woody

vegetation and prefer biotopes receiving more than 1000 mm of rain (Vreysen et al., 2013).

All the 31 species of tsetse flies are restricted to the sub-Saharan Africa and are

discontinuously distributed throughout their range with each taxon restricted to a relatively

specific habitat (Gooding and Krafsur, 2005). The fusca group occur in the dense, lowland

rain forests of West and West-central Africa. The palpalis group are forest-dwellers, mostly

found in riverine vegetation of West Africa (Leak. 1999). The morsitans group occupy the

savannahs region ranging from moist Savannahs or margins of forest to dry savannahs near

the margins of the African desert. Two species, G. f. fuscipes and G. morsitans subniorsitans

were observed outside Africa in a small part of Arabian Peninsula in the north of Saudi Arabia

(Elsenetal.,19.91).

In Kenya, tsetse flies are distributed across seven tsetse belts referred to as the Zones

1-6 covering approximately 25% of total land surface. Kenya hosts eight species of tsetse flies

(G. swynnertoni, G. pallidipes, G. austeni, G. longipennis, G. f fuscipes, G. 111. morsitans, G.

fuscipleuris and G. brevipa/pis) (Bourn ct a/ .. 2001). The G. 171. morsitans and G. pallidipes

are economically important vectors of AA T trypanosomes. Historically, the belts include

westem fly belt, North Rift belt, South Rift belt, Central belt, Eastern belt and Coastal belt

(KETRI, 1997). Of these five tsetse belts in Kenya, HAT occurs only in the Western zone.

13
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Figure 0-2. Distribution of all and number of tsetse fly species belonging to the fusca,

morsitans and palpa/is groups in Africa.
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2.2.3. African trypanosomes

2.2.3.1. General description and classification of African trypanosomes

Trypanosomes are blood-borne unicellular flagellated protozoan parasites of the order

Kinetoplastida. family Trypanosomatidae and genus Trypanosoma (Hoare, 1972).
,

Trypanosomes measures ~o- 30l1m x 1.5 - 3.5,um in size (Baral, 2010). Based on their mode

of transmission by insect vector, trypanosomes are divided into two main groups: stercoraria

and salivaria (Baral, 2010). Stercoraria trypanosomes (i.e. Trypanosoma cruzis develop in the

intestinal tract of the insect host and infection to the mammalian host occurs via the insect

feces. The salivarian parasites include all African trypanosomes which invade and colonize

the stomach of tsetse flies but not the intestinal tract and are transmitted to the mammalian

hosts through saliva of their tsetse vectors during blood meal (Baral, 2010).

The flagellum of African trypanosomes originates from the basal bodies that arises

from the flagellar pocket and lines the entire length of the cell body, building an undulating

membrane. A trypanosome has one mitochondrion containing kinetoplast (mitochondrial

DNA) with basal body located close to kinetoplast. The surface membrane of trypanosomes is

underlined by a dense microtubule network that gives it its shape. For trypanosome life cycles.
stages, the different morphological shapes, position of kinetoplast in relation to the nucleus,

the extension of the flagellum and the expression of stage specific surface proteins (e.g.

VSG's and procyclins) are used to define various stages (Vickerman, 1985).

2.2.3.2. Life cycle of TIJ'P{l110Som{l cottgolense

African trypanosomes are digenetic parasites that undergo complex developmental life cycles

alternating between mammalian host and tsetse vector. Trypanosome transmission is assured

biologically by tsetse flies and to a lesser extent mechanically by some blood sucking insects
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(Hoare, 1972). To survive, in these two different environments, the complex life cycle of

African trypanosomes is facilitated by massive investment in developmental regulation of

gene expression. Developmental regulation and adaptation are particularly apparent for

mitochondrion (due to change of metabolism) and the composition of major parasite surface

proteins (Jackson et al.. 2015; Vickerman, 1985). Mammals get infected when bitten by

infected tsetse fly containing mature MCF. Injected trypanosomes multiply locally by binary

fission at the point of inoculation for a couple of days forming a chancre (Taiwo et al., 1990).

From here they enter the blood stream and lymphatic system from where they rapidly

transform into the BSF. The BSF parasites undergo antigenic variations to evade the host

immune system. The T congolense parasites occur as monomorphs of long slender f0l111in

the bloodstream while T. brucei is polymorphic existing in two forms; the long slender [01111

and the short stumpy form (Rotureau and Van Den Abbeele, 2013). All these [0l111Sare taken

up by the tsetse fly. However, it is only the short stumpy f0l111(in the case of T. brucei) that is

capable of establishing an infection in the fly (Baral, 2010; Chappuis et aI.. 2005).

Tsetse flies get infected with trypanosomes when they imbibe infectious blood meal from

infected mamn~alian host. The parasites then undergo a series of developmental processes in

the fly culminating in generation of mammalian infective form referred to as metacyclics

(Figure 2.3). After being acquired, BSF differentiate to PCF (insect f01111)by the second day

and establishes an infection in the midgut of the fly. The PCF proliferate and lengthen over

time with the distance of kinetoplast from cell's posterior and anterior ends increasing, but

with kinetoplast-nucleus distance decreasing (Peacock et al., 2012a). From the midgut, the

peFs cross the PM of the fly into the ES from where they progressively elongate and migrate

anteriorly to the cardia where they differentiate into non-dividing long trypomastigotes (Evans
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andEllis, 1983; Gibson and Bailey, 2003; Peacock et al., 20l2a). The parasites in the cardia

thenreinvadethe ES (Vickerman et al., 1988) and pass to the tsetse foregut from where they

infecttsetsePB (peacock et al., 2012a). In the PB, the long trypomastigotes start to divide and.
differentiateinto rapidly dividing EMF which get attached to the wall of tsetse labrum. Its

onlyafter EMFs has attached that they can generate mammalian infective MCF (Peacock et

al., 2012a;Rotureau and Van Den Abbeele, 2013). The entire life cycle of T. congolense takes

about14 days but may also vary from 7 - 40 days (Dale et al., 1995b; Harley and Wilson,

1968;Hoare, 1970). Understanding the life cycle of trypanosomes is critical in development

ofcontrolstrategies against diseases they cause (Vickerman et al., 1988).

Procyclics <D
Mammalian
Bloodstream
Form ®Long trypomastigotes

Figure 0-3. The life cycle of Trypanosoma congolense. Passage of T. congolense through

the tsetse fly host.
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Colors represent different parasite developmental stages within distinct tsetse tissues. Tsetse

ingests bloodstream-form T. congolense (I), which migrate to the\. fly's midgut and~.
differentiate into procyclic forms (2). Procyclic parasites then cross tsetse peritrophic matrix

and move anteriorly through the ectoperitrophic space to the cardia where they again

differentiate into long trypomastigotes (3). Finally, trypomastigotes colonize the PB (thecal

bulb, labrum and hypopharynx) and differentiate into the epimastigote and then meta cyclic

forms (4), the latter of which are inoculated into a vertebrate host during a subsequent feed (5)

[Adapted from (Hoare, 1972)]

2.3. Host - parasite - vector interactions

During the entire life cycle of African trypanosomes 111 their mammalian hosts and insect

vector, trypanosomes interact with their hosts, and this can result in a severe debilitating

disease that if left untreated becomes fatal in susceptible animals and can as well affect the

development and maturation of trypanosomes in the fly (vector competence). Important in

mediating these interactions are parasite CSPs which are in direct contact with the host's

internal environment including immune molecules. In eukaryotes, protein features that are

suggestive of s~rface expression are associated with signal peptides, trans-membrane, or have

glycosylphosphatidylinositol (GPI) anchor domains. In the mammalian system, many GPI-

anchored proteins are predicted to have hydrolytic activity, or serve as receptors or adhesion

molecules, while some may to be involved in trans-membrane signaling or membrane

trafficking (Chatterjee and Mayor, 200 1; Ferguson, 1999). Aspects of vector competence and

trypanosome factors mediating vector-parasite interactions are addressed in the sub-sections

that follows.
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2.3.1. Vector competence

Vector competence is the ability of a particular vector to successfully disseminate a parasite. It.
is determined by the parasite's ability to invade vector organs, as wells as its ability to survive

and exit these critical organs such as the mid-guts, cardia, PB in the case of tsetse flies. These

organs respond differently to infection by producing a plethora of immune reactive molecules

deleterious to pathogens, effectively rendering the vector immune to parasites. Like in other

insects, trypanosome infection rates in tsetse are usually low, typically <1% in the field

conditions (Maudlin and Welburn, 1988b) despite the fact that these flies live longer in the

field and the prevalence of trypanosome-infected animals is also high. A likely explanation

for this could be the presence of robust innate immune system that eliminate most ingested

parasites in fly's midgut (Gooding and Krafsur, 2005).

Unlike other dipteran vectors like mosquitoes, black and sand flies, both male and

female tsetse flies feed exclusively on blood and can transmit pathogenic African

trypanosome parasites. Interestingly, fly species and sex influences susceptibility to

trypanosome infection with female flies showing low mature infection rate compared to the

males (Peacock et al., 20 12b). Experiment evaluating the infection rates of seven laboratory-

reared Glossina species to T. congolense parasite showed differences in infection rates and

emergence of mature infections in the fly's PB. In this study, T. congolense isolates was

found to survive best in G. morsitans centra/is, and poorest in G. austeni with G. brevipalpis

being intermediate (Moloo and Kutuza, 1988). However, recent study conducted in KwaZulu-

Natal in South Africa indicate that G. austeni is a more competent vector for T. congolense

compared to G. brevipalpis (Motloang et al., 2012). In T. brucei, male flies; G. 111. niorsitans,

C. 111. centralis, G. pallidipes, and G. f.fuscipes showed higher rates of SG infection with this
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parasite than their females counterparts (Dale ct al., 1995a; Maudlin et al., 1990; Moloo,

1992).This feature was suggested to be associated with a sex-linked rece sive gene (Maudlin'.
et al.. 1990). Other studies involving pathogenic African trypanosomes showed similar results

(Moloo. 1992; Moloo and Gooding, 1995; Moloo et al .. 1998; Moloo et al .. 1992).

2.3.1.1. Tsetse factors affecting vector competence

Tsetse flies are the only vectors of African trypanosomes including T congolense. One

trypanosome species, T vivax can be transmitted mechanically by other blood sucking insects

(Cherenet et al., 2006). Generally, tsetse flies tend to be resistant to trypanosome infection but

there are also susceptible lines (Moloo et al .. 1998). This resistance to infection is linked to

endogenous and exogenous factors (Rcditi and Lehane, 2008; Welbum and Maudlin, 1999),

which may eliminate non-midgut-adapted trypanosomes within a few hours of being acquired

(Sbicego et al.. 1999) and also after two to three days post acquisition. These endo- and

exogenous factors can affect the vector competence of tsetse fly as described below.

2.3.1.2. The peritrophic membrane/matrix

The peritrophic matrix (PM) is a meshwork of chitin microfibrils where various proteins and

proteoglycans ~ssemble, and it separates the contents of the gut lumen (designated the

endoperitrophic space) from surrounding epithelial cells (EPs; which are located in the

ectoperitrophic space ES) (Hegedus et al., 2009; Lehane, 1997). Tsetse flies contain type II

kind of PM constitutively secreted by the cardia (Lehane, 1997). The PM act as an endogenic

biophysical and immune barrier that regulates pathogen infection outcomes, prevents

poreforming microbial toxins from damaging the midgut (a physiologically important organ),

and changes the temporal kinetics of host immune responses (Abraham and Jacobs-Lorena,

2004; Kuraishi et al .. 20 I 1). Trypanosomes have to bypass the PM to access the ES to
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establish persistence infection and continue their development. The PM of teneral tsetse flies

(new eclosed flies that have not had a blood meal) is incomplete, phenomenon that can enable
'-.

trypanosomes to reach the ES by circumnavigating its posterior end in the midgut (Lehane

and Msangi, 1991). This may in part explain why teneral flies show higher susceptibility to

trypanosomes relative to their older counterparts.

2.3.1.3. Tsetse antimicrobial peptides

The Toll and Immunodeficiency (Imd) Immune pathways of insects influence their vector

competence. Research using model organism Drosophila melanogaster reveal that insects

possess a complex, interacting, innate immune system comprising cellular and humoral

responses. These are mediated by cuticle, PM, enpasulation, phagocytosis and generation of

host defense peptides (HOPs), reactive oxygen species and melanisation by phenoloxidase

pathway (Lemaitre and Hoffmann, 2007). The Toll and Imd pathways are usually activated by

specific binding of pattern recognition receptors (PRRs) (Lemaitre and Hoffmann, 2007).

These bindings are specific and can lead to activation of only one or both Toll and Imd

pathways, or even suppress an immune response (Aggarwal and Silverman, 2008). Most

PRRs identifie.d so far specifically recognize and bind bacteria/or fungi (Boulanger et al.,

2006; Schmid-Hempel, 2005). Activation of Toll and Imd pathways leads to the production of

antimicrobial peptides (AMPs); diptericine, attacin, drosocin, cecropin, defensin, drosomycin,

and metchnikowin, all well characterized in Drosophila (Lemaitre and Hoffmann, 2007).

The tsetse-trypanosome interactions only elicit epithelial immune responses in the fly

since these parasites are only exposed to epithelial surfaces throughout their entire life cycle.

In tsetse fly, it is thought that trypanosomes that breach the midgut epithelium are rapidly

killed by an unidentified systemic immune response (Croft et al., 1982), confining parasites to
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the lumen of alimentary canal. Innate immunity mediated by several AMPs including attacin.

deiensin. cccropin and diptericin kill trypanosome in tsetse flies (Hao and Aksov, 2002~ Hao
• J

ct al., 2001; Hu and Aksoy, 2006; Hu and Aksoy, 2005; Lemaitre arid Hoffmann, 2007; Ross

ef al., 2003). Efficient AMP transcription was shown in the fat body (Hao et al., 2001) and

cardia (Hao et al., 2003) of tsetse fly by northern blot analysis after microbial challenge. The

attacin and defensin genes are induced only hours after an E. eoli infective bloodmeal while

there is a delayed effect in transcription of these genes upon trypanosome infection until the

BSF parasites established infection and differentiated to PCF (Hao et al., 2001). The

diptericin gene is constitutively expressed by the fly (Hao et al., 200 I; Hu and Aksoy, 2006).

Both in vivo and in vitro studies based on recombinant Attacin revealed that it has an immune

function against trypanosomes as well as bacteria (Hao et al., 2001; Hu and Aksoy, 2006).

Indeed. functional studies of AMPs via RNA-interference show that attacin. defensin and

cecropin hinder trypanosome development in tsetse midgut (Hao et al., 2001; Hu and Aksoy,

2006). It was thus hypothesized that differentiation of BSF to PCF triggers tsetse immune

response (Hao et al., 200 l).

Three different attacin genes (denoted as attA, attB and attD) organized on three

different clusters in tsetse genome have been identified. AttA and attB are closely related and

show high sequence similarity (denoted as attA/B), whiie attD is different (Wang et al., 2008).

The three attacins genes show increased transcript level in the fat body but attAiB was

suppressed in the midgut tissue ten days post trypanosome infection (Wang et al., 2008)

suggesting that trypanosomes might suppress the activation of attacin in their proximity for

survival. Apart fr0111 AMPs, tsetse flies also express EP protein, a secretory protein

constitutively expressed in the fly fat body and midgut. Upon fly challenge with E. coli, the
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expression of this protein was significantly increased indicating its role in tsetse immunity

(Haines et al., 2005), a function later shown by RNAi knockdown of E;P protein gene that
'-.

resulted in increased trypanosome infection in tsetse midgut (Haines et al., 2010).

2.3.1.4. Other endogenous tsetse immune molecules

Other endogenous factors that also contribute to tsetse immunity include lectins and lectin-

like proteins, trypsin and trypsin-like enzymes (Imbuga et al., 1992; Osir et al., 1995),

trypanolysin (Nyambega et al., 2012; Osir et a/., 1999; Stiles et al., 1990), reactive oxygen

species (ROS) (Macleod et al., 2007a; MacLeod et al., 2007b), Glossina peptidoglycan

recognition receptor (PGRP-LB) (Dyer et al., 2013a; Wang and Aksoy, 2012) among other

molecules (Roditi and Lehane, 2008). The midgut lectins mediate both lysis and

differentiation of trypanosomes depending on their levels of production (Abubakar et 01.,

2006: Imbuga et al., 1992; Maudlin, 1991; Osir et al .. 1995: Welburn and Maudlin, 1989).

Killing of trypanosomes by lectins take between 2-3 days in resistant and about 7 days in

more susceptible tsetse flies (Welburn et a/., 1989). Trypanolysin protein also expressed in

tsetse midgut function by lysing trypanosomes after binding VSG molecules of BSF

(Nyambega et !t/., 2012; Stiles et al.. 1990). The proteases like Glossina chymotrypsin also

function like lectin agglutinating red blood cell and trypanosomes (Dyer et al., 20 13b).

All these tsetse endogenous factors (Dyer et al., 2013b; Macleod et al., 2007a; MacLeod

et (1/.. 2007b; Maudlin and Welburn, 1988a; Welburn and Maudlin, 1999) have been

demonstrated in tsetse midgut, while cardia is only weakly implicated (Hao et al .. 2003). Only

recently did studies involving T. brucei infected tsetse SG (Matetovici et al.. 2016; Telleria et

al.. 2014; Van Den Abbeele et al., 2010) and cardia (Vigneron et al., 2018) done. However,

tsetse molecules interacting with T. congolense in the cardia and PB are unknown and thus
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this research investigated molecular response of tsetse fly to T congolcnse infection of the

cardia and PB.

2.3.1.5. Tsetse symbionts

Tsetse habour three types of symbionts (Aksoy, 2000), a Rickettsia-like organism (RLO,

Wolbaclua), and two Enterobacteriaceae species (Sodalis glossinidus and Wiggleswottliia

g/ossinida) in various tissues (Aksoy, 2000; Cheng and Aksoy, 1999; Kramer et al., 2003;

O'Neill et al., 1993). The Enterobacteriaceae species, maternally inherited via secretion of the

milk gland (Aksoy et al., 1997) are known to playa role in vector competence (Geiger et al.,

2005; Wang et al., 2013b). These symbionts in tsetse fly induce expression of genes

associated with humoral and cellular immunity (Weiss and Aksoy, 2011; Weiss et al., 2012)

which can prohibit midgut infection establishment. However, it was initially thought that

Soda/is favor parasite infection establishment in the fly midgut (Welburn et al., 1993) due to

production of an endochitinase by the bacteria which may lead to accumulation of

glucosamine in the midgut; inhibiting lectin-mediated trypanocidal activity (Molyneux and

Stiles, 1991; Welburn et al., 1993; Welbum and Maudlin, 1999). The amount of Soda lis in

tsetse fly correlates with the degree of fly's susceptibility to infection (Dale and Welburn,.
2001; Farikou et al., 2010; Soumana et 01., 2013; Wang et al., 2013b; Welburn et 01., 1993).

The susceptibility of tsetse to trypanosome infection is thought to be extrachromosomally and

matemally inherited (Maudlin and Dukes, 1985; Maudlin et al., 1986), thus the role of

matemally inherited symbionts like Sodalis has been suggested (Maudlin, 1991).

Wigglesworthia, an obligate primary endosymbiont live in the mycetom of the anterior

midgut (Aksoy, 1995; Aksoy et al., 1995) and is known to play two major roles in tsetse fly.

First it provides important nutritional benefits for intrauterine larval development and second
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is an immunological response making it to play crucial role in tsetse resistance and

refractoriness to infection (Attardo ct al.. 2008b; Wang et al.. 2013b). Absence of'.
Wigglesworthia during intrauterine larval development of tsetse flies leads to severely

compromised immune system in adulthood (Pais et al .. 2008; Weiss et al .. 2011; Weiss et al.,

2012). The role of Wigglcsworthia in triggering immune response was demonstrated in

Wigglesworthia-free tsetse which showed unusually high susceptibility to infection with

trypanosomes and normally non-pathogenic E. coli K12 (Wang et al .. 2009a; Weiss and

Aksoy, 2011; Weiss et al, 2011; Weiss et 01.. 2012, 2013).

2.3.1.6. Effects of trypanosome species and strains on vector competence

Variability of in vector competence also depends on the trypanosome species and strains

(Dyer et al., 2013a; Geiger et al.. 2005). A study has shown that human pathogenic T. b.

rliodesiense strains has a lower maturation index in G. niorsitans compared to its close

relative T b. brucei strains (Macleod et al., 2007a). Different T. congolense groups also

exhibited significant differences in ability to infect tsetse species (Reifenberg et al .. 1997).

Besides, differences in transmissibility of T. congolense strains have been documented with

strains that higl11yvirulent in mice showing higher tsetse midgut infection compared to the

moderate and low virulent ones (Masumu et al .. 2006). The clones of T. congolense which

only differ in the mutations underlying resistance to isometamidium chloride drug differed in

the infection rate of C. 171. morsitans midgut; the highly resistant strain showed higher

infection rate (van den Bossche et al .. 2006). In addition, significantly higher infection rates

of tsetse midgut have been observed when flies acquire parasites during the acute phase of

infection than in the chronic phase independent of parasitemia level (Masumu et al., 2010).

Differences in the maturation index of T. congolense were observed between flies fed on
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infected mouse blood harvested on the first day parasites were observed (4-days post-

infection) to 10 post-infection, independent of host parasitemia levels (Akoda et al.. 2008),'.
These results suggest that either changes may occur in T congolense itself during infection of

mammalian host (Nantulya et al., 1978a) or T congolense infection cause changes in the

blood that can impact their potential to colonize fly's midgut (Dyer et al.. 2013a).

2.3.2. Differential expression of Trypanosoma congolense surface proteins

African trypanosomes including T congolense are covered by different cell surface proteins

(CSPs) during their entire life cycle. The BSF of T congolense parasites in the mammalian

host are covered by a carbohydrate rich variable surface glycoprotein (YSG), that changes

from time to time (Morrison et al., 2009). The YSGs of this parasite enable it to escape

mammalian immune response (Morrison et al., 2009) .

As opposed to T bruce! which has received more attention in the past (Acosta-Serrano et

al.. 2001; Butikofer et al., 1997; Pays and Nolan, 1998; Roditi and Clayton, 1999; Roditi et

al., 1998; Stephens and Hajduk, 2011; Steverding et al., 1994; Urwyler et al.. 2007; Yassella

et al., 2001; Yassella et al., 2000; Yassella et al.. 2009), only limited CSPs of T congolense

have been ide1ltified in insect form trypanosomes. The first major insect form CSP of T

congolense to be identified was glutamic acid/alanine rich protein (GARP) in 1993 by two

independent research teams (Bayne et al., 1993; Beecroft et al., 1993). GARP is GPI-

anchored protein predominantly expressed by EMF (Butikofer et al .. 2002) and is conserved

among the three T congolcnse subgroups (Asbeck et al., 2000). Another GPI-anchored CSP

known as protease-resistance surface molecule (PRS, named so because of its resistance to

proteolysis), consist predominantly of non-proteinaceous material and is expressed by

trypanosomes in t1y midgut shortly after entry and then disappear after midgut infection
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establishment (Butikofer et al., 2002). Analysis of expression of PRS and GARP revealed that

parasites in the fly midgut 14 days post infection were devoid of these two molecules
<.•

(Butikofer et al., 2002) suggesting that these two proteins might paly playa role in infection

establishment in the fly midgut and subsequent development. Trypanosoma congolense

procyclin is another CSP constitutively expressed by midgut parasites and it consist almost

entirely of long repeats of 13 heptapeptide (EPGENGT), closely resembling the EP and

GPEET procyclins of T brucei (Utz et al., 2006). This protein is expressed by procyclics in

the fly midgut not expressing PRS and GARP (Utz et al., 2006).

The T congolense EMF also express other CSPs including congolense epimastigote

specific protein (CESP) (Sakurai et al., 2008), haptoglobin-haemoglobin receptor (HpHbR)

(Eyford et al., 2011; Lane-Serif et al., 2016) and hypothetical protein (TclUOOO_0_02370)

(Eyford et al.. 2011). In the in vitro cultured parasites, CESP was shown to aid EMFs to attach

to bottom of the culture dish and it was hypothesized that it could enable EMF attachment to

tsetse PB in vivo (Sakurai et al., 2008). In T brucei, the HpHbR is expressed by the BSF

parasites in the mammalian host, where it enables uptake of haptoglobin-haemoglobin

complex for a~quisition of haem (Vanhollebeke et al., 2008). The function of the T

congolense HpHbR in tsetse PB is unclear. For the MCF parasites, only metacyclic specific

VSGs (mVSGs; 13 of them) have been identified (Helm et al .. 2009). The mVSGs is thought

to preadapt the parasite to infect the mammalian host. Although a number of CSPs have been

identified in silico (Jackson et al., 2013), their role in trypanosome infection and development

process remains unclear. In addition, T congolense CSPs interacting with tsetse PB and cardia

is poorly understood. This study unraveled global gene expression of T congolense parasite

during its development in tsetse cardia and PB.
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•. Control of African animal trypanosomiasis

veralstrategies have been put in place to control AT and they rely heavily on vector (tsetse)

controlmethods and treatment of infected animals/humans with trypanocidal drugs (Cuisance

t al.. 1994). In addition, keeping trypanotolerant cattle. suppression or eradication of the

t tse flies through sterile insect technique (S IT) have been championed (Vreysen et al.,

2013).No vaccine exists against AAT or HAT.

2.4.1. Control by keeping trypanotolerant animals

Trypanotolerant animals are cattle that show a certain degree of resistance to AA T. Keeping

these animals, mainly N'dama have shown some promising results in low medium

trypanosomiasis challenge areas (Vreysen et al., 2013). However, trypanoto!erant animals are

unpopularwith the agricultural community especially livestock owners due to their small size,

low milk and meat productivity and inadequate strength, for draught power (Holmes. 1997).

Besides, their distribution is mainly confined to west Africa region (Holmes, 2013; Vreysen et

al., 2013).

2.4.2. Tsetse control

Tsetse control remains the most desirable method of AT prevention. However, the absence of

eggs and free larval stages in nature and the fact that pupae development occur in the soil

makes them inaccessible to insecticides leaving only adult flies to be dealt with (Vreysen et

al.. 2013). Numerous tsetse control methods exist but with certain pros and cons. Historical

methods involved removal of preferred vegetation or destruction of wild animals hosts and

spraying of tsetse sites using residual insecticide (e.g. DDT, dieldrin, endosulfan). Although

these methods proved effective, their use became limited due to environmental, health and

economic concerns (Vreysen et al., 2013). Currently, four technically feasible and
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nvironmentallyacceptable methods employed in control of tsetse menace include: sequential

aerosoltechnique (SAT) which invol ves sequential application 4-5 times Of ultra-low volumes.
of non-persistence insecticides (Holmes. 2013), use of live and artificial baits (insecticide-

treated targets or animals) (Bauer ct al., 1995; Hargrove et al .. 1995; Vale et al., 1988) and

u e of sterile insect technique (SIT) (Holmes, 2013: Vreysen C'/ 01.. 2013). The use of traps

and screens impregnated with synthetic pyrethroid insecticides have also proven beneficial

(Hargrove et al., 1995). The SIT rely on production of large numbers of male tsetse flies in

pecialized production centers, their sterilization and continued systematic release over the

target area in large numbers in relation to the wild male production to out-compete them for

the wild females (Vreysen et al., 2013). Mating of the sterile male insect with the virgin native

female insect results in no offspring; leading to decrease in fly population. The SIT resulted in

uccessful eradication of tsetse populations from island of Zanzibar (Vreysen et al .. 2000).

2.4.3. Parasite control

Several rural communities severely affected by AAT mainly use trypanocides to treat their

animals (Delespaux et al., 2008b), thus making these drugs most important in controlling

AAT in Africa today (Vreysen et al .. 2013). Three main drugs isometamidium (ISM),

homidium bromide and chloride (HBC), and diminazene aceturate (DA) are currently used

across Africa today with ~ 35 million doses administered yearly to livestock to contain the

disease (Geerts and Holmes, 1998). The DA is purely curative in action, HBC and ISM have

curative and some prophylactic activity (Holmes, 2013). However, these drugs are used

indiscriminately without supervision and this combined with the many years they have been

used (over 50 years), has led to increased development of drug resistance of the parasite

strains (Delespaux et al., 2008a; Vreysen et al .. 2013) with the first case reported in 1960s
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(Jones-Davies, 1967; Na'Isa, 1967). To date, 18 countries have reported drug resistance

(Delespaux et al., 2008b) with the most recent cases reported in Benin. Ghana and Togo

(Reseau d'epidemiosurveillance de la resistance auxtrypanocides et aux acaricides en Afrique

de l'Ouest - RESCAO, unpublished data). A five-fold increase in DA resistance in one

community over a period of only seven years (Oelespaux ct al., 2008a) and identification of

drug resistant strains of T. congolense in areas which had no prior incidence of resistance

(Chitanga et al., 2011) indicate that drug resistance problem is on the rise necessitating the

need for new drugs and control mechanisms.

2.4.4. Vaccines against trypanosornes

Development of vaccines against AT has been elusive due to antigenic variation of

trypanosome surface architecture (Morrison et aI., 2009). However, despite this hindrance,

some progress have been made including immunization .of cattle with congopain to stop the

disease. This significantly reduced anemia and immunosuppression of infected animals

(Authie et al., 200 I) but the protective effect was limited hence need for other antidisease

vaccine candidates (Antoine-Moussiaux et al., 2009). Interesting results were also obtained in

protection of T•.b. brucei. T. b. rliodesiense, T. evansi. and T. congolense from infecting mice

immunized by of preparations of tubulin-rich or microtubule-associated proteins [protein

family unique to trypanosomes, binding subpeiIicular microtubules one to another and to the

plasma membrane (Rasooly and Balaban, 2002)] (Antoine-Moussiaux et al., 2009). In T.

cru:i. cysteine protease or a trans-sialidase is used as a protective or therapeutic vaccine

(Cazorla et al., 2008; Machado et al., 2006; Zapata-Estrella et al., 2006). Other AAT vaccines

tested have been reviewed (Antoine-Moussiaux et al., 2009; Magez et al .. 2010). With the
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failureof these vaccines against AT to attain the minimum threshold of a viable vaccine, there

I need to explore other strategies like transmission blocking vaccines (TB~Vs).'.
2.4.5. Transmission blocking vaccine

Transmission blocking vaccines (TBVs) are vaccines that can interfere with parasite

development in its vector thereby inhibiting its subsequent transmission to mammalian host;

or it prevents parasite from establishing infection in mammalian hosts. This can be achieved

by critically targeting specific vector molecules to reduce their vectorial competence or

targetingparasite specific antigens (Magez et al., 2010). Blocking activity can be mediated by

transmission blocking antibodies raised against vector specific molecules or parasite unique

CSPs expressed while in the vector. The TBV can take advantage of the unique life cycle

biology of trypanosomes and the unique feeding (obligate haematophagus) nature of their

biological vector, tsetse fly. A number of scientific research groups have proposed the

development ofTBV (Atyame Nten et al., 2010; Eyford et al., 201 L Savage et 01.,2012) that

can prevent parasite transmission by targeting CSPs expressed during development in tsetse

vector.

To date, the anti-procylic T. brucei or T. congolense antibodies in the tsetse blood

meals have been shown to suppress the development of each parasite in C. morsitans

(Maudlin et al.. 1984; Maudlin and Welbum, 1994; Nantulya et al., 1980). Similar results

were obtained for T. brucei, T. congolense and T. ViWD:, when tsetse flies were fed on goats

that were immunized with in vitro-propagated parasites (Murray et al., 1985). Feeding of

tsetse flies on rabbit blood immunized with C. pallidipes midgut extracts, resulted in reduced

tsetse competency to T. b. rhodesiense infection (Kinyua et al .. 2005). However, paucity of

information on antigens responsible for protection as well as the publication of several
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ontradictory results hindered progress in this field (Honigberg et al.. 1991). Targeting CSPs

uniquelyexpressed by MCF may be ideal TBV candidates, since only small amount of MCF

I transmitted with the saliva during infective tsetse bite. The MCF thus present a bottleneck

that if properly targeted could block transmission of trypanosome to mammalian host. In this

regard, ill silica search of T. bruce! database and RNA-seq analysis of T. bruce! in tsetse SG

identified a specific gene family coding CSPs expressed specifically by the MCF parasites

(Savage et al., 2012; Savage et al., 2016; Telleria et al., 2014). These studies indicate that

thereare tsetse and trypanosome proteins that can be exploited for TBV development.

Such initiatives have been going on against each stage of Plasmodium (Good et al., 1998;

Kaslow, 1997,2002) and led to identification Plasmodium potential TBV candidates; P25 and

P28 (Saxena et al., 2007). The P25 and rlB have been partially characterized (Kang et aI.,

2013) with P25 undergoing trials using different formulations (Kaslow. 2002; Malkin et al ..

2005: Wu et al .. 2008). For Plasmodiutu sporozoite present in mosquito SG, a major surface

antigen CS protein was found to be an important TBV candidate that could interfere with

parasite transmission (Schwenk et al., 2011; Zavala et al .. 1985). In vectors, targeting vector

pecific proteins have reduced vector competence to disease causing parasites i.e. 8m86.
midgut antigen of Rhipicephalus (Boophilus) microplus (de la Fuente et al., 1998; Willadsen

et aI., 1995; Willadsen et (II., 1989), use of exposed salivary antigens of sandfly/Leishmania

model (Kamhawi et al., 2000; Thiakaki et (II., 2005) and use of leishmune vaccine (FML,

fucose-mannose ligand) that inhibits adherence of leishmania's procyclic promastigotes to the

Lutzomyia fly midgut (Saraiva et al., 2006).
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CHAPTER THREE

MATERIALS AND METHODS

.1. Trypanosornes

Irypanosoma congolense [Trans Mara strain, variant antigenic type (V AT) TC 13] (Tabel,

1982) kindly provided by Professor Utpal Pal of Department of Veterinary Medicine,

Universityof Maryland was used in this study. This parasite strain was first isolated from an

animal in Trans Mara in Maasai Mara National Park, Kenya. The VAT TC 13 was obtained by

two clonings of the parasite in immunosuppressed CD I mice in 1987 (Otesile and Tabel,

1987).Upon reception, the BSF parasites were amplified in rats following approved protocol

(Protocol 2014-07266). At peak parasitemia, BSF was harvested from blood, aliquoted and

cryoprcserved in liquid nitrogen till used.

3.2. Tsetse flies

Tsetse flies (Glossina morsitans morsitansi used in this study were reared in the Yale

University insectary at 24°C and 50-55% relative humidity. The G. 111. morsitans colony at

Yale University initially came from Slovakia in 1993 and has continuously been

supplemented with pupae from the same Slovakia from time to time yearly. Originally, the.
Slovakian colony came from puparia obtained in Zimbabwe in the mid of 1970. All flies used

in this study were maintained on blood commercially supplied by Hemostat Laboratories

(Dixon, CA) and were fed at 48 hour intervals for 10-15 minutes using an artificial

membrane-based system (Moloo, 1971).

3.3. Expansion of Trypanosoma congolense BSF in animals

Male adult rats (6-8 weeks old) were used to expand T. congolense (TCI3) parasites for tsetse

fly infections. Rats were kept in standard cages and fed on commercial feeds and water
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upplied to them ad libitum. To infect these rats, 105 of TC 13 in 0.2 mL phosphate buffered

line glucose (PSG) was injected intraperitoneally (IP) to the rats (Nantulya et al.. 1978a).

The infected rats were monitored every two days for trypanosomes via ocular eye blood bleed

on a wet smear under a compound light microscope. Parasites were harvested by cardiac

punctureat peak parasitemia (- IO~).All blood harvested were quantified for parasite number

u ing haemocytometer and aliquoted in small glycerol stocks of approximately same number

(I.S-2xI07) of parasites then cryopreserved in liquid nitrogen. These were subsequently used

to infect tsetse flies during the entire period of the study.

3.4. Infection of tsetse flies and maintenance

To obtain infected cardia (proventriculus) and proboscis (PB) of G. 111. morsitans flies, teneral

(newlyeclosed and unfed) flies were challenged with 8 x 10(, T. congolense (VAT TCI3) BSF

parasitcs/mL blood using the artificial membrane feeding system (described in section 3.2

above). For the infection process. 3655 Glossina niorsitans challenged with T. congolense

(TCI3) parasite. To achieve this, the BSF parasites cryopreserved in liquid nitrogen were used

to supplement the first blood meal of these teneral flies. Thereafter the flies were maintained

on normal blood for the 25 days duration of the study. Uninfected control age-matched flies

obtained from the same colony at the same time and kept at the same condition as the

treatment groups were maintained only on normal blood for similar duration of the study.

3.5. Dissection and collection of tsetse tissues

To collect tsetse tissues and parasite for sequencing, both infected tsetse flies and controls

were independently dissected 28-days post-challenge (dpc), 72 hours after their last blood

meal. Infection status of the midgut, cardia and PB (defined here as labrum, hypopharynx and

thecal bulb) was microscopically determined on Zeiss Axiostar Plus Light microscope (Carl
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lei s Light Microscopy, Gottingen) at x400 magnification. To dissect the PB, mouth parts

weredetached from the head and two needles (one in each hand) were used to tease apart the

labrumand hypopharynx from the labium. The labium was then detached from the labrum and

hypopharynxat the junction of the thecal bulb. This left only the labrum, hypopharynx and

thecalbulb attached together. Three biological replicates of infected cardia pooled IS-tissues

per replicate were immediately placed in separate tubes containing TRizol (The11110Fisher

cientific Inc. CA, USA) and two biological replicates of PBs (130 probosces pooled) were

nap frozen in liquid nitrogen. These tissues were stored at -80')C until use. All infected

ti ssues, as well as equal number of independent biological replicates with equal number of

di ected tissues per replicate from age-matched uninfected control flies, were used for

ubsequent analysis. A pool of 15 cardia had their correlated probosces in the pooled tissues.

3.6. RNA extraction and quality check

Total RNA was extracted from dissected tsetse tissues (infected or controls) using TRizol

(ThermoFisher Scientific Inc. CA, USA) following manufacture's instruction. The total RNA

was treated with Turbo-DNase (Thermo Fisher Scientific Inc. CA, USA) to remove

contaminating ~NA and absence of DNA contamination confirmed by PCR using beta-

tubulin and glyceraldehydes-Bsphosphate dehydrogenase (gapdh) primers specific for G. m.

morsitans and T. congolense parasite. The RNA quantity and quality were determined using

anodrop (Thermo Fisher Scientific Inc. CA, USA) and Bioanalyzer 2100 (Agilent, Palo

Alto. CA, USA). These R As were then used to construct cD A library.

3.7. cDNA library preparation and sequencing

For sequencing, cD A libraries were prepared from cardia and PB tissues. The cD A library

was prepared using 900 ng of high quality total RNA (RNA integrity number >7.0). The
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hbraries were constructed from the three-cardia and two-PB infected and uninfected

biological replicate samples using NEBNext Ultra Directional RNA Library Prep Kit (New

EnglandBiolabs, Inc. MA, USA) according to the manufacturer's protocol. Each replicate of

the six (cardia) and four (PB) libraries was prepared independently. Libraries were barcoded

for lllumina HiSeq :WOO sequencing (Illumina, Inc., CA, USA) (unpaired 75 bases) at Yale

Center for Genome Analysis (YCGA, New Haven, CT, USA).

3.8. Bioinformatics analysis of cardia and proboscis transcriptomes

3.8.1. Quality check of the RNA-seq libraries and mapping

Ten RNA-seq libraries (cardia: three-infected and three-uninfected controls; PB: two-infected

and two-uninfected controls) were assessed to determine read quality using CLC Genomic

Workbench (CLC bio, Cambridge, GA ver 8.5). Low-quality reads were either trimmed or

removed using CLC quality check and trimming algorithm. respectively. Next, reads

corresponding to tsetse ribosomal RNA, symbiont (Sodalis glossinidiusi and T. congolense

were removed by mapping the RNA-seq datasets to the partial tsetse 28S and 18S rRNA

sequences (Cross and Dover, 1987), the tsetse Sodalis genome (Toh et al., 2006) and the T.

congolense IL }OOOtranscripts version 9 from TritrypDB [www.tritrypdb.org; (Aslett et «:
2010)], respectively to remain with tsetse reads for downstream analysis. The TCl S strain

used here is different from the strain for which the whole genome data was generated, but

both parasite strains had originated from Trans Mara in Kenya (Gibson, 2012). The tsetse

reads, from infected and uninfected cardia or PB were mapped to G. m. morsitans Yale

transcripts GmrY version 1.4 from VectorBase [https://www.vectorbase.org/, (Giraldo-

Calderon et al., 2015)]. The parasite reads, in the infected cardia or PB RNA-seq data sets

were mapped to T. congolense IL 3000 transcripts version 9 obtained from TritrypDB
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[\\\\w.tritrvpdb.org; (Aslett ct al., 2010)]. All mappings were done using a CLC-based

algorithmthat allows for two mismatches per read (with a maximum of 10 hits per read), with.
at least80% of each read matching the gene at 95% identity.

3.8.2. Analysis of genes preferentially expressed in the cardia or PB

Level Of eXpression (LOX) software (Zhang et al., 2010) was used to identify genes that

were tissue enriched either in the cardia or PB relative to other tissues. LOX employs a

MarkovChain Monte Carlo based method to estimate the level of expression and integrates

equence count tallies that are normalized by total expressed sequence count to provide

expression levels for each gene relative to all treatments as well as by Bayesian credible

intervals. Uninfected RNA-seq datasets obtained in this study and other previous researches

were used in this analysis and results obtained used to determine the molecular composition

and function of the cardia or PB. With regard to cardia, data from uninfected cardia (this

study) was compared to those previously obtained from un infected whole body [NCBI SRA

number, SRA075330 (Benoit et al., 2014)] and tsetse midgut [NCBI SRA number,

PRJNA314786 (Aksoy et al., 2016)]. For the PB, uninfected PB dataset obtained in this study

were compare~ of uninfected midgut [NCBI SRA number, PRJNA314786 (Aksoy et al.,

2016)] and whole head (NCBI SRA number, SRP090041). LOX estimates across all

transcriptomes were assembled to compare transcript expression levels across each tissue (i.e.

cardia vs whole body vs midgut; PB vs midgut vs whole head). For each tissue, two values

were calculated using the upper bound of 95% confidence interval (CI) and lower bound of

the 95% CI from LOX. To determine if the expression of a transcript in tissue 1 was higher

(enriched) than tissues 2 and 3, fold difference between the lower bound of expression in

tissue 1 and the upper bound of expression in tissues 2 and 3 were calculated. Gene expression
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ennchment in tissues 2 and 3 were done in a similar way. Genes were considered cardia-

ennched when their expression were? 2-fold higher in the cardia relati\~e to the midgut and

hole body and PB-enriched when their expression were? 3-fold higher in the PB relative to

the midgut and whole head. Only transcripts with at least Reads Per Kilobase per Million

RPKM) :: 5 and 20 reads uniquely mapped to them, were considered. The fold change? 2

and ~ 3 were selected because they are within the acceptable range and even more stringent

for determining differentially expressed genes (Dalman et al., 2012; McCarthy and Smyth,

2009) .

.8.3. Differential expression analysis of the Cardia transcriptome

To determine how various individual tsetse cardia genes responded to T. congolense infection,

reads that mapped the particular transcript were subjected to further analysis (Differential

expression analyses) using edgeR software (Robinson ct «l .. 2010) an R Bioconductor tool.

Genes whose transcript abundance changed by least fold change (FC) ? 1.5 and with False

Discovery Rate (FOR) corrected p <0.05 were considered differentially expressed (DE). In

this analysis, only genes with at least 5 CPM (Counts Per Million) and? 20 reads uniquely

mapped was considered.

3.8.4. Differential expression analysis of the proboscis transcriptome

An algorithm in CLC Genomics for RNA-seq analysis was used to calculate the expression of

each gene after the mapping process described in section 3.8.1 above. Reads Per Kilobase per

Million (RPKM) mapped was used as a proxy for gene expression to quantify and compare

relative transcript abundance between treatments (Mortazavi et (1/.. 2008). The relative

number of reads for each transcript in relation to total number of read counts for each RNA-

seq dataset was established to calculate p-values based on the Baggeleys test method
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llowing Bonferroni analysis (Baggerly et al .. 2003). Relative fold change (FC) between

infected and uninfected transcripts was calculated as a ratio of their :RPKM values, and.
normalized based on the total number of reads obtained from each library. Transcripts that

ored p-value S 0.05 (corrected normalized false discovery rate. FOR) were considered

differentially expressed (DE) and those that displayed at least 1.5 FC as significantly DE and

were used to putatively determine molecular response of tsetse PB to T. congolense infection .

.8.5. Differential expression of analysis of Trypanosoma congolense parasite

transcriptome

Differential expression of TC 13 genes by parasites inhabiting the cardia of the PB of tsetse

fly, were determined using CLC Genomics and EdgaR (Robinson et al., 2010). Reads per

kilobase per million mapped (Mortazavi et al.. 2008) was used as a proxy for gene expression.

Differentially expressed (DE) genes were determined using RNA-Scq module employing

Baggeley's test and Bonferroni analysis (Baggerly et (I/., 2003). Relative fold change

between parasite genes from the cardia and PB was calculated as a ratio of their respective

RPKM values. Differential expression analyses were also conducted using EdgeR software

(Robinson et al., 2010) as described in section 3.8.3 above to corroborate the results obtained

by CLC genomics. In these analyses, transcripts were considered DE between C-parasites and

PB-parasites if they had 1) at least FC ~ 2 in either of the tool used (CLC -genomics or

EdgeR), 2) normalized false detection rate (FOR) corrected p s 0.05, 3) supported by at least

30 reads mapping in either category (in C -parasite or PB-parasite), 4) five RPKM and 5)

appeared as DE in both tools (CLC-genomics and EdgeR).
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· .6. Functional annotation of tissue enriched and DE genes

Functionalannotations of cardia-enriched, PB-enriched and DE genes were conducted using~ -. ~

Bla t2GO version 3.0 sofwere (Conesa and Gotz, 2008; Conesa et 01., 2005; Gotz et 01..

2(08). Briefly, homology searches for C. 111. niorsitans and T. congolese transcripts were

onductcdagainst NCBI non-redundant (nr) protein database using BLASTx (Altschul et ([I .•

1990)with an E-value cut-off I.OE-OJ. The blast results were then mapped and annotated for

gene ontology (GO) terms related to biological processes, molecular function and cell

component. Protein domains/signatures of DE genes were determined through InterProScan

analysis(Kelly et al.. 2010). For cardia- and PB-enriched gene products, enriched GO te1l11S

wereestablished by Fisher's exact test against those in the entire C. 111. morsitans gene sets at

an FDR,p-value < 0.05 (Conesa et al.. 2005).

Enrichment analysis of DE genes in the infected 'cardia was performed using WEB-

basedGEne SeT Analysis Toolkit (WebGestalt) (Wang et 01., 20 13a) and Prof Com (Antonov

et al., 2008) for PB enriched pathways. Immunity associated transcripts were identified as

previously described (Telleria et al., 2014) based on sequence homology with D.

mclanogaster immune transcripts [http://flybase.org/, (McQuilton et al., 2012)] and those

orted from those recently published (IGGI, 2014). For T congolese, the enriched GO terms

of DE genes were established by Fisher's exact test as described in this section above.

Enriched metabolic pathways of T congolense gene products were identified using KEGG

(Kanehisa et al.. 2014: Okuda et 0/.,2008) and TrypanoCyc (Shameer et al .. 2015) tools

implemented in TritrypDB at FDR ::;0.05.

The T. congolense DE genes encoding proteins with predicted cell-surface functions

(esP) were retrieved from previously published data (Jackson et 01.. 2013) and validated
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109 PredGIP (Pierleoni ct al., 2008), FragAnchor (Poisson et al.. 2007) and BigPl

Ei enhaber et al.. 1999) softwares for GPI-anchor motifs prediction, and ifMHMM (Krogh et

2001) software for frans-membrane helices prediction. Secreted proteins were predicted

109 SignalP version 1.4 software (Petersen et al., 20 II) .

•9. RNA interference mediated silencing of gene expression

Functional analysis of GmmPerl2 and GmmPerl08 genes were examined by experimental

knockeddown of genes using RNAi-based reverse genetics to inhibit the production of their

proteins.Double stranded RNA (dsRNA) ofGFP, Gll1mPerl2 and GminPerl08 were prepared

usingMEGSscript RNAi kit according to the manufacturer's protocol (Ambion, Austin, TX).

To the gene-specific primers, sequences encoding a 59 T7 RNA polymerase binding site was

added (Appendix I: Table I). All PCR products generated by use of dsRNA PCR primers

were equenced before the synthesis of dsRNA to confill1: that they were identical only to the

targetsequence. For this study 1200 flies were used.

The RNAi knockdown of GmmPerl2 and GmmPerl08 was performed following the

method of (Weiss et al., 2014). Briefly, teneral adult male tsetse flies were divided into

treatment groups (dsPerl2, received Gmll1Perl2 dsRNA; dsPerl08, received GlI1111Perl08

dsRNA;ds Perl2/ Perl 08, received GmmPerl2 and GmmPer 108 dsRNA) and a control group

that received only GFP dsRNA (dsGFP). Teneral individuals of each group received 5 ug

d R Al2 III PSG by intrathoracic microinjection 48 hours post emergence. The following

day, all flies were provided a blood meal containing 3 ug dsRNA/20 ul blood (this is the

approximate volume a tsetse fly takes each time it feeds in its first blood meal) of the same

dsRNAs they had received the previous day through intrathoracic microinjection. All flies

received the same total quantity of dsRNA regardless of their grouping. The efficiency of
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mg or knockdown of these genes by the specific dsRNA were evaluated by RT -qPCR

genespecific RT-qPCR primers.

icrobial infection assay of the RNAi silenced flies

d R 'A treated and control flies were challenged with 8x 106/ml BSF T congolcnse

13) or 8:'<106/ml BSF T. b. brucei (RUMP 503) parasites in their first blood meal

mistered a day after dsRNA microinjection) per as. Seven days after trypanosome

llenge, all surviving flies were dissected and their midguts and cardia microscopically

amined for the presence of parasite infections.

Per os bacterial challenge of dsRNA-treated and control tsetse flies was also

onned by feeding (in their first blood meal) all individual flies a blood meal containing

101 colony forming units (CFU) Serratia per milliliter of the total blood meal. This

terial density was used because it represents twice the minimum number of bacterial cells

that are capable of successfully colonizing tsetse gut (Weiss et al.. 2014). All bacteria-

hallenged flies were maintained on heat-inactivated (to inactivate the vertebrate host

complement system blood) blood for 16 days of the experiment. As Serratia kill tsetse by

characteristicblack midgut, all bacteria challenged flies were monitored at 2-days interval and

mortalityrates recorded during the 16-da ys period.

3.11. Primer design, peR amplification and gel electrophoresis

II nucleotide sequences for genes targeted for peR amplification were obtained from

ectorBase [https://www.vectorbase.org/, (Giraldo-Calderon et a/ .. 20 IS)] and TritrypDB

[www.tritrypdb.org; (Aslett et al., 2010)] for C. m. morsitans and T congolense specific

equences respectively. Primer sequences (both for quantitation and conventional peR) for

the targeted genes were identified using NeBI's PrimerBlast tool (Appendix 1: Table 1). For
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uy checks, all PCR primer sequences were BLASTed against a complete set of C. Ill.

I/CIIl.l' transcripts and genomic scaffolds in VectorBase (www.ve~torbase.org) or T
•

olense transcripts in TritrypDB [www.tritrypdb.org; (Aslett et al., 2010)], to eliminate

possibility that they could amplify other sequences other than their target. Preliminary

were also performed on all primer sets by peR using total genomic-DNA to confirm that

only amplified a single gene fragment of the expected size. PCR was performed under

following conditions: 2 min hot start at 95°C, 35-40 cycles at [95°C for 45 see, 53-58°C

45-60 see (depending on the amplicon size and primer annealing temperature

uirement), 74°C for 1 min] and 74UC for 5 min. The PCR products were resolved by gel

ectrophoresison 1% agarose gel, and gel visualization and image capturing using Gel Doc ™

+ Gel Documentation System (Bio-Rad, CA) .

•12. Real-time quantitation-PCR analysis for transcriptomes validation

Total RNA was prepared (and DNase treated) from infected and uninfected cardia or PBs

(n=8 biological replicates, each containing 5 cardias or 25 PBs) as described in section 3.6

above. Samples for transcriptome validation (n=8 biological replicates) were obtained from

mdependentse of TC 13 infected cardia and PB, and control from the ones used to construct

RNA-seqlibrary. Complementary deoxyribonucleic acid (cDNA) was synthesized with oligo-

dT primers and random hexamers using iScript cDNA synthesis reaction kit (Bio-Rad,

Catalog No. 170-8891) according to manufacturer's protocol. Real-time quantitation PCR

(RT-qPCR)was performed in technical duplicate (for each biological replicate) on five, eight

and eight randomly selected DE genes from the cardia, PB and TC13 transcriptomes

respectively(Appendix 1: Table 1). All RT -qPCR analysis was perf orm ed using SYBR Green

upermix and a Bio-Rad C 1000 thermal cycler. To validate tsetse transcriptome data, three
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housekeepinggenes: bcta-tubulin, glvceraldehyde-Bsphosphate delivdrogenase (gapdh) and

_ S ribosomal RNA were first selected to test for their stability and: subsequent use as

referencegenes. The expression level of each these genes were evaluated between infected

anduninfected cardia or PB samples by RT-qPCR analysis. For tsetse specific genes, analysis

of these three genes revealed that the expression of gapdh was the least variable with the

tandarddeviation (SO) of the crossing point (CP) being 0.88 based on BestKeeper analysis

(Pfaff et al., 2004). The beta-tubulin was found to be slightly variable with the SD of the CP

of 1.08 while 28S rRNA was the most variable. For T congolense, gapdh

(TclL3000_10_591O) and 60S ribosomal (TcIL3000_0_32580) genes were more stable with

D less than one based on BestKeeper software. The two genes were used as internal control

lor validation of parasite transcription. All RT -qPCR results were normalized to tsetse gapdh

or T. congolcnse gapdh and 60S ribosomal genes, quantified from each biological replicate.

Correlation of RT-qPCR and RNA-seq FC results were established using Pearson correlation

analysis.

3.13. Light and fluorescent microscopy

Proboscesfrom four weeks-old adult male t1ies were dissected in PBS and immediately fixed

in PBS containing 4% parafonnaldehyde (PF A). Tissues were stained as previously described

with modifications (Vo et al., 20 I0). The fixed tissues were transferred to 4% PFA, 0.1 %

Triton-XIOOPBS for 24h at 4°C, and then incubated with Alexa Fluor 488 Phalloidin (Life

Technologies; 10 units/ml) and OAPl (Jug/rnl) in PBS for 6 hours. Tissues were washed (2x5

min) with PBS between all steps. After 6 hour of incubation with Alexa Fluor 488 Phalloidin

and DAPI and washed, tissues were then mounted on a glass slide and covered with glycerol.

The images were observed using Zeiss Axio Imager 2 fluorescence microscope and captured
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109 Axiovision (Zeiss) software. Processing of the images was done Ilsing Fiji version of

ImageJsoftware (Schindel in et al.. 2012) .

.14. Semi-quantitative RT-PCR analysis of gene expression

emi-quantitative RT-PCR was performed for selected cell surface protein (CSP) encoding

genes using cDNA samples synthesized from RNA isolated from parasites obtained from

mfected rats, tsetse midgut, cardia or probosces, following previously published method

(Savageet al., 2012). Trypanosoma congolense gapdh was used to normalize different cDNA

samples. Polymerase chain reaction amplification was perf o 1111ed as technical replicates on

each sample (from infected rats, tsetse midgut, cardia or probosces cDNAs) and the PCR

products individually resolved on 1% agarose gel. Gel visualization, image capturing and

mi-quantitative measurement of expression variation between different tissue samples was

done using Gel DocT\1XR-;- Gel Documentation System (Bio-Rad. CA). The expression value

of each gene for each parasite stage were normalized to those of similarly treated gapdh

controls. Fold change for each of the three-developmental tsetse tissue-specific and BSF

sampleswas calculated as described by Savage et al.. (Savage et al., 2012). Primers for each

geneused in this analysis can be found in Appendix I: Table I.

3.15. Recombinant protein expression, purification and antibody production

The gene encoding a hypothetical Fam50 protein, (TclL3000_0_02370), was cloned into

pET28a expression vector without signal peptide and GPI-anchor domains, sequenced, and

expressed in BL2l competent bacterial cells (Prornega, Madison, WI). For cloning, Bal11HI

and Xliol enzyme restriction site sequences were added to the forward and reverse primers

respectively (Appendix 1: Table 1). Recombinant protein expression was induced with 1 111M

isopropyl-f-thicgalactoside at 28 "C, then was protein purified using 6x His-tag pull down
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analyzed by polyacrylamide gel electrophoresis (PAGE) for purity. The recombinant

t m was then concentrated by centrifugation in a PM-membrane \of 10 MW cut-off
-: .

enno Fisher Scientific Inc., CA, USA). Recombinant protein yield was determined using

kit (PIERCE Chemical Company, Rockford, IL, USA) following manufacturer protocol.

against recombinant TcIUOOO 0 02370 protein was

mmerciallygenerated by Cocalico Biologicals, Inc. PA, USA.

16. Immunofluorescence assay (lFA) and microscopic examination

Immunofluorescenceassay (IFA) was performed to localize expression ofTcIUOOO_0_02370

P. Tsetse-derived T congolense parasites harvested from infected tsetse midgut, cardia or

proboscisorgans 28-days post-infections were individually placed in PSG buffer for 5-10 min

to enableparasites to diffuse out of the tissues and into the buffer. Parasites in the buffer were

thenspotted onto a glass slide and cells fixed with 4% paraformaldehyde at room temperature

for30 min. To permeabilize the samples, slides were placed for 10 min in 0.1 % Triton X-I 00

PBS and then washed twice in PBS prior to the blocking step. Both permeabilized and non-

penneabilized samples were blocked with 5% bovine serum albumin (BAS) in PBS for 30

min and then jncubated overnight at 4 °C with rabbit anti-TcIL3000_0_02370 polyclonal

antibodydiluted 1:100 in 5% BSA in PBS. Slides were then washed twice for 5 min in 5%

BSA in PBS at RT prior to being incubated for 1 hour at room temperature (RT) with goat

anti-rabbit Alexa596-conjugated secondary antibodies diluted 1:500 in 5% BSA in PBS.

Slides were then washed twice for 5 min in PBS at RT before being quickly washed in

ultrapure water to remove excess salts. Slides were air-dried, mounted with VectaShield H-

1500.stained with 1 ug/ml DAPI (to visualize the cells' nucleus and kinetoplast) and washed

twice with PBS (pH 8.0) as described above. Slides were observed with a Zeiss LSM 710
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I microscope (Zeiss, Ge1111any).Images were merged and contrasts-treated using the

ule Fiji for the ImageJ software (Schindelin et al., 2012).

3.17. Statistical analysis

infected and uninfected libraries, and between C-

ite and PB-parasites were determined based on Bonferroni False Discovery Rate (FOR).

whose expression varied significantly between two conditions or treatments were

nsidereddifferentially expressed (DE) if they had adjusted (corrected) FOR, P-value::::: 0.05.

e eel REST software (Pfaffl et aI., 2002) was used to analyze RT-qPCR results used for

eriptome library validations. Pearson correlation analysis was used to validated RT -qPCR

ult and RNA-seq transcriptomic data. The RT -qPCR results of the two selected CSP genes

analyzed by ANaYA test in GraphPad Prism software version 7. Survival curves were

ented as Kaplan-Meier plots, and statistical analyses performed by log-rank analysis

mg GraphPad Prism software (v.7). Blood meal digestion analysis of dsRNA treated flies

a done by pairwise analyses tests (GraphPad Prism software, v.7). Analysis of trypanosome

mfectionrates between RNAi treated flies verses control was determined by Wald test (in R-

software).

3.18. Ethical consideration

nimal experiments were carried out in adherence with recommendations of the Office of

Laboratory Animal Welfare at the National Institutes of Health and Yale University

In titutional Animal Care and Use Committee (IACUC). The study protocol was reviewed

andapproved by Yale University IACUC (Protocol number 2014-07266).
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CHAPTER FOUR

RESULTS

.1. Description of the RNA-seq transcriptomes

equencing of the ten RNA-seq libraries yielded (15 - 68 million) high-quality reads across all

the libraries (Table 4-1). Six (three uninfected and three infected) libraries were cardia

specific and four (two uninfected and two infected) libraries were PB specific. Variation in

number of reads obtained for each library was attributed to different sequencing depths

achieved for each library. Quality control measures (trimming of low quality reads and

removal of tsetse ribosomal RNA and symbiont reads) removed < 2% and 3.5% of the total

reads generated for cardia and PB transcriptome respectively. Substantial number of reads

corresponding to Soda/is, a tsetse endosymbiont identified in the PB transcriptomc, suggest

that this microorganism may be among the constituents transmitted to the mammalian host at

the bite site. Reads specific to T. congolense in the infected cardia and PB samples accounted

for an average of over 7.0% and 4.0% respectively of the total reads. On average, over 65%

and 49.68% of the remaining cardia and PB reads respectively after quality control mapped to

the G. 111. morsitans transcripts.
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Table 0-1. Total number of RNA-seq

Condition" Brcp'' Total reads";

N(%) N(%) congo"; N(%) removal'; N(%) removals; N(%) N(%)
Cardia 1 17752058 (I 00) 17748384 (99.9) 17722780 (99.8) 17474735 (98.4) 17474265 (98.4) 13874919 (78.2)
un infected 2 18898988 (100) 18894507 (99.9) 18858141 (99.8) 18587297 (98.4) 18586809 (98.4) 14024304 (74.2)

3 15955574 (100) 15949556 (99.9) 15876751 (99.5) 15474546 (96.9) 15474147 (96.9) 10497499 (65.8)
Cardia 1 20413075 (100) 20407789 (99.9) 19496096 (95.5) 19204563 (94.1) 19204057 (94.1) 14271282 (69.9)

infected 2 16286676 (100) 16283105 (99.9) 14894690 (91.5) 14656886 (89.9) 14656495 (89.9) 10178067 (62.5)

3 18250115 (100) 18245992 (99.9) 16513828 (90.5) 16223293 (88.9) 16222847 (88.9) 10923909 (59.9)

PB- 1 19288172 (100) 19282860 (99.9) 19209579 (99.6) 18864331 (97.8) 18863791 (97.8) 11245250 (58.3)

uninfected 2 54828075 (100) 54821075 (99.9) 54740192 (99.8) 53273154 (97.2) 53272331 (97.2) 26721569 (48.7)

PB- 1 19095777 (100) 19087471 (99.9) 18316969 (95.9) 17915602 (93.8) 17915155 (93.8) 9213964 (48.3)

infected 2 68697470 (100) ·68618627 (99.8) 65184653 (94.9) 63756307 (92.8) 63755415 (82.8) 29844531 (43.4)
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"Pfs-Proboscis - Trypanosome infection status; bBRep - Biological replicates; 'Tota! reads - Total number of raw reads obtained after

RNA-sequencing; "After Trimming - Number of reads after removal of low quality reads; "After MR to T congo - Number of reads

that remained after mapping to Trypanosoma congolense parasite transcript version 9.0; 'After RNA removal - Number of reads that.
remained after mapping to 18S and 28S rRNA; gAfter Symb removal - Number of reads that remained after mapping to tsetse

endosymbiont, Sodalis glossinidius; hMR to Gmm - The number of reads that mapped to Glossina morsitans morsitans transcript

(assembly GmorY1.4)
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apping statistics of the cardia reads to Glossina transcripts

000 of the C. 111. inorsitans transcripts had s;I00 cardia reads In!quely mapping

and were considered to be lowly expressed. On average, < 1.0% were categorized

ghly abundant (>I0000 unique reads) with the remaining transcripts as moderately

0-2. Proportion of cardia reads that mapped per Glossina transcript.

Cardia Control Cardia infected
BRep-1 BRep-2 BRep-3 BRep-1 BRep-2 BRep-3
N(%) N(%) N(%) N(%) N(%) N(%)
7489 7272 7808 7212 7689 7660
(57.2%) (55.5%) (59.6%) (55.0%) (58.7%) (58.5%)

unique 4223 4225 3966 4215 4155 4100
(32.2%) (32.2%) (30.3%) (32.2%) (31.7%) (31.3%)
1311 1516 1259 1578 1189 1266
(10.0%) (11.6%) (9.6%) (12.04%) (9.1%) (9.7%)
62 (0.5%) 76 (0.6'Yo) 60 (0.5%) 85 (0.7%) 59 (0.5%) 68 (0.5%)

100,001<1,000,000 18 (0.2%) 14 (0.1%) 10 (0.08) 13 (0.1%) 11 (0.1%) 9 (0.1%)
Uluquereads
8rep-l,2 and 3 - biological replicates. N - number of genes in each category. % - percentage
of thenumberof genes in each category.

4.3. Cardia-enriched genes and functional classification

LOX comparison of cardia transcriptome to whole-body and midgut transcriptomes

Identified 422 preferentially expressed genes in the cardia (hereafter referred to as

Cardia-enriched). These included some of the most abundant expressed genes in the

cardia transcriptome (Figure 4-1, Appendix 2: Table S2). One hundred and ten genes

wereexpressed at comparable levels in both cardia and midgut tissues, while 3538 genes

were expressed in both cardia and whole-body datasets. This analysis showed that 252
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and 2647 geneswere preferentially expressed in the midgut and whole-body respectively.

The4537 genes were expressed in more or less equal levels among the three organs.

Amongthe cardia-enriched genes were four peritrophins, chitinase, chitin synthase,...
Ietraspanin, gustatory receptor, hedgehog (hh), wingless (wg) as well as Iroquois/Ik.X

genefamilyof transcription factors (caupolican, araucan and mirror) among other genes.

Thecardia-enrichedgenes and all the genes that were DE in the entire transcriptome were

usedfordownstream analysis.

Whole body

Midgut

Figure0-1. Number of genes preferentially expressed in the cardia relative to whole
body and mi~gut

Fisher'sExact test of Blast2GO was performed on the cardia enriched genes to determine

the putative molecular aspects that underlie cardia structure and function (Table 4-3).

Thisanalysisshowed enrichment of pathways linked with chitin binding, chitin metabolic

process,cell mobility, carbohydrate binding and glycoprotein biosynthesis, peptide cross-

linkingand muscles (microtubule cytoskeleton organization).
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able 0-3"Functional classification of cardia-enriched genes

GO-IO P~Value Test* Ref**Term FOR

GO:0005576 Extracellular region 5.85E-03 1.12E-05 26 296

GO:001602l Integral component of membrane l.11 E-03 2.17E-07 108 1953

GO:0030246 Carbohydrate binding

GO:0008061 Chitin binding

3.33E-02 2.29E-05 10

3.23E-03 5.25E-06 9

49

33

GO:0004653 Polypeptide N- 1.82E-03 1.41E-06 6 7
acetylgalactosaminyl transferase
activity

GO:0048870 Cell motility 2.57E-02 6.99E-05 22 255

GO:0006030 Chitin metabolic process 1.44E-03 6.51 E-07 11 42

GO:0035225 Determination of genital disc 2.57E-02 7.31 E-05 5 10
primordium

GO:0045317 Equatorspecification l.7IE-08 l.55E-12 9 2

GO:0048105 Establishment of body hair 3.21 E-03 4.92E-06 4
planar orientation

GO:0009101 Glycoprotein biosynthetic 3.33E-02 2.20E-05 13 85
process

GO:0007156 Homophilic cell adhesion via 5.85 E-03 1. 16E-05 9 37
plasma membrane adhesion
molecules

GO:0007476 Imaginal disc-derived w1I1g 3.41 E-02 1.17E-04 19 209
morphogenesis

GO:0090176 Microtubule cytoskeleton 3.21E-03 4.92E-06 4 1
organization involved 111
establishment of planar polarity

GO:0035310 Notum cell fate specification 1.44E-03 6.31E-07 5 2

GO:OO16318 Ommatidial rotation

GO:0018149 Peptide cross-linking

GO:0009791 Post-embryonic development

2.66E-02 7.93E-05 7

l.34E-02 3.27E-05 4

3.30E-02 1.07E-04 28

27

3

382

GO:0035159 Regulation of tube length, open 3.30E-02 1.05E-04 6 19
tracheal system

CC- Cellular component, MF - Molecular function, BP - Biological processes

* umber of input genes from DE data set; ** Entire C. morsitans genes.
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4.4. Expression of genes coding for peritrophic matrix (PM) related proteins

T else flies have type II peritrophic matrix (PM) constitutively produced by cells in the.
cardia (Hegedus et al.. 2009; Rose et al.. 2014; Weiss et al .. 2014). Examination of the

cardia-enriched dataset for genes encoding proteins associated with the structural

component and or function of the PM identi fled 34 genes (Figure 4-2) including C. Ill.

morsitans peritrophins, chitin synthase among others (Aksoy et al., 2016; Hao and

Aksoy, 2002; Weiss et al., 2014), most of which were the most abundant in both cardia

transcriptomes. None of the peritrophins genes (which encode major PM proteins) were

DE upon infection of the cardia with T congolense . Other genes encoding proteins that

form components of the PM (midgut trypsin, porin, C -type lectin and tsetseEP protein)

were reduced upon infection. Interestingly, expression of chitinase (an enzyme that

degrade chitin backbone of the PM) was induced in infected cardia, suggesting an

increased level of Chitinase activity that may compromise the integrity of the PM thereby

enabling the parasite to easily bypass this barrier.
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GMOY008340-RA 16.42
GMOY009378-RA 28.42
GMOY005026-RA 46.34
GMOY009531-RA 429.86
GMOY005309-RA I 5904.03
GMOY000466-RA 876.78
GMOY007063-RA 604.08
GMOY010369-RA , 182.41
GMOY010816-RA ,_,_.~ ,,~~__ . ~~_ I 175.81
GMOY008462-RA 491.88
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C«type lectin
Cytochrome p450
Dynein AAA. ATPase
Uncharacterised conserved hypothetical
Midgut trypsin
C-type lectin
Midgut.trypsin.l
Glycosyl transferase family
Cytochrome b561
Chitin synthase 2
Serine protease inhibitor
Transferrin
Secreted peptide
Multicopper oxidase superfamily
C type lectin
UDP glucose pyrophosphorylase
Transglycosidase
Chitinase.Chitl.precursor
Chitinase like protein
TsetseEP protein
Carboxlyesterase
Chitin deacetylase
Porin
Aspartyl protease
Angiotensin converting enzyme
Choline-o-acyltransferase
GmmProl
Serine type endopeptidase
GmmPer12
Trypsin PR03
GmmPer66
Serine protease 6
PR02

Figure 0-2. Expression analysis of genes encoding for proteins functionally associated with peritrophic matrix.
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4.5. Differential gene expression and enrichment analysis of parasite infected
(

cardia

To determine how cardia respond to an infection with T. congolense, RNA-seq libraries

from the infected and uninfected cardia were compared. This analysis generated 150 DE

nes. all of which were significant with at least 1.5 fold change. Most of the DE genes

( 8 genes) were downregulated in the trypanosome infected cardia while 62 were

ignificantly up-regulated. Volcano plot analysis of individual DE genes indicated that

tho e encoding proteins associated with immunity including transferrin, C-type lectin,

thioester containing proteins and antimicrobial peptide (cecropin and attacinD) were

induced in the trypanosome infected cardia (Figure 4.3A; Appendix 3: Table S3). Genes

downregulated in the trypanosome infected cardia encode tsetseEP protein, serine

protcascs 7 and 15. splice variant of C-type lectin as well as a number of metabolic

enzymes(trypsin).

The cardia transcriptome was validated by RT -qPCR on five randomly selected

DE genes (Appendix 3: Table S3). The RT-qPCR results exhibited a high level of
.

correlation (Pearson correlation = 0.968) with those of RNA-seq analysis (Figure 4.38)

accurately validating the cardia transcriptorne data (uninfected and infected cardia).
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Figure 0-3. Results of differentially expressed genes and transcriptome validation of uninfected and Trypanosoma congolense
infected cardia of Glossina morsitans.
A. Volcano plot showing differentially expressed of genes between uninfected and trypanosome infected cardia. The red dots indicate
points-of significantly DE genes with fold-change ~ 1.5 (lOg2= 0.58) and False Detection Rate (FDR) corrected p < O. 05 between
uninfected and infected cardia. The black dots indicate genes with no significance change. B. Table and a plot of transcriptome
validation.
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obtain a global snapshot of the tsetse molecular responses that could influence

ite infection outcome, the putative products of DE genes in \ t!1e cardia were

bJected to gene ontology (GO) analysis using profcom and canonical GSEA to

ermine enriched pathways in the infected and uninfected fly cardia (Table 4-4). The

EA GO term enrichment analysis of significantly up-regulated gene products revealed

mduction of pathways associated with innate immune response against microbes,

negative regulation of protein metabolic process and molecular function, regulation of

h drolase activity, and regulation of proteolysis. Similarly, Profcom enriched pathway

analysis of induced gene products also revealed induction of innate immunity, serine type

endopeptidase inhibitor activity, extracellular matrix pathways (Table 4-4). Genes whose

products are associated with transport and transmembrane were decreased in the infected

ardia (Table 4-4).
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Table 0-4. Gene ontology enrichment analysis of genes DE between infected and uninfected cardia

Software Increased
WebGestalt GOlD Description of Pathway P-Value FDR Test* Ref**BP GO:OO44092 Negative regulation of molecular function 1.94E-07 6.49E-05 8 171

GO:0030162 Regulation of proteolysis 4.03E-07 6.73E-05 8 188
GO:OO51248 Negative regulation of protein metabolic process A.92E-06 5.48E-04 8 262
GO:0051336 Regulation of hydrolase activity 3.59E-05 2.99E-03 8 344
GO:0006952 Defense response 7A6E-04 2.98E-02 7 406
GO:0009607 Response to biotic stimulus 1.20E-03 3.63E-02 6 359
GO:0002376 Immune system process 1.69E-03 4.99E-02 6 468

MF GO:0098772 Molecular function regulator 2.65E-04 3.00E-02 8 424
Decreased

GO ID Description of Pathway PValue FDR Test* Ref**
BP GO:OO06820 Anion transport IA8E-04 4.95E-02 7 224
MF GO:0022804 Active transmembrane transporter activity 6.73E-09 7.60E-07 13 272
Software Increased
Prof Com GOlD Description of Pathway Sim. P-value Hyp. P-value Test* Ref**
BP GO:0019731 Antibacterial humoral response 0.01 4.6E-II 6 20

GO:0050829 Defense response to Gram-negative bacterium 0.01 3.2E-IO 6 29
MF GO:0004867 Serine-type endopeptidase inhibitor activity 0.01 1.2E-08 5 25

GO:0005615 Extracellular space 0.01 2.8E-08 6 66
GO:0005576 Extracellular region 0.01 3.3E-06 8 364

Decreased
GOlD Description of Pathway Sim. P-value Hyp. P-value Test* Ref**

BP GO:0006810 Transport 0.01 3.5E-12 14 .3"10
CC GO:0016020 Membrane 0.01 8.9E-07 12 613

GO:0016021 Integral to membrane 0.01 5.8E-05 11 800

BP - Biological processes; MF - Molecular function; CC - Cellular component

* Number of input genes from DE dataset; ** Entire Drosophila genes in WebGestalt and Prof Com databases.
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4.6. Expression of immunity genes in the parasite infected cardia

munereactions are initiated when microbial surface molecules are recognized as "non-.
f" by a group of protein molecules known as pattern recognition receptors (PRRs) that

md to pathogen-associated molecules. Of the cardia DE genes. 27 encoded proteins with

immunity related functions, of which 14 and 13 were up- and down-regulated

pectivelydue to infection (Table 4.5). A family of genes that encoded PRR-associated

proteinsincluding Type II thioester-containing proteins (TEP2), Tep4 and Macroglobulin

(Tep6) were increased upon trypanosome infection. Two

antimicrobialpeptides (cecropin and attacinD), associated with IMD pathway were also

mducedin the infected cardia relative to the control. Other immune genes induced upon

trypanosomeinfection encoded serine pro teases. serpin5, transferrin and C-type lectins.

On the contrary. genes that code for proteins that help with digestion (trypsin) were

decreased as well as tsetseEP protein. serine protease 7 and serine protease 15.
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Table 0-5. Tsetse immunity genes differentially expressed in infected cardin compared to uninfccted cardia

Increased
Gene ID Gene Description logFC logCPM LR P-Value FDR
GMOYO 10488-RA Immune reactive putative protease 3.765 0.191 27.120 1.91 E-07 3.91E-06

inhibitor
GMOYOI1562-RA Cecropin 3.106 0.766 36.555 1.48E-09 5.41 E-07
GMOYOI1294-RA Par-1 2.541 0.094 22.177 2.49E-06 3.79E-04
GMOY008955-RA Thiolester containing protein IV (Tep4) 2.427 9.756 50.149 1.43E-12 9.77E-IO
GMOYO 10524-RA Attacin-D 1.685 3.278 19.086 1.25E-05 1.44E-03
GMOY010410-RA Hypothetical protein 1.543 2.123 12.761 3.54E-04 2.61 E-02
GMOY004228-RA Transferrin I 1.494 10.224 28.061 1.18E-07 2.67E-05
GMOYOO7805-RA Alpha crystalline 1.439 3.153 16.028 6.24E-05 5.75E-03
GMOY003657-RA . Serine protease inhibitor (serpin) 5 1.361 5.323 25.718 3.95E-07 7.37E~05
GMOY008340-RA C-type lectin 27kD 1.190 4.037 16.167 5.80E-05 5.41 E-03
GMOY010996-RA Thiolester containing protein 1I (Tep2) 1.160 11.163 26.372 2.82E-07 5.63E-05
GMOY007932-RA lonotropic receptor (Ir56b) 1.125 4.323 15.785 7.10E-05 6.33E-03
GMOY009437-RA Macroglobulin complement-related (Tep6) 0..876 4.903 15.989 6.37E-05 5.81 E-03
GMOY010266-RA Serine-peptidase 212 0.732 6.377 12.362 4.38E-04 3.10E-02

Decreased
Gene ID Gene Description logFC logCPM LR PValue FDR
GMOY006212-RA Cyp6a13 -1.075 5.353 37.925 7.35E-10 2.51 E-07
GMOY009378-RA Cyp9f2 -1.508 4.829 38.764 4. 78E-I 0 1.91 E-07_
GMOY009723-RA' Angiotensin-converting enzyme-related -1.538 12.865 23.375 1.33E-06 2.24E-04
GMOYOOO032-RA Tinrnan -1.923 0.708 17.248 3.28E-05 3.28E-03
GMOY006839-RA Trypsin-like serine protease precursor -1.934 13.364 34.580 4.09E-09 1.23E-06
GMOY006838-RA Trypsin-like serine protease precursor -2.252 7.356 18.409 1.78E-05 1.92E-03
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GMOYOIOI32-RA
GMOY003306-RA
GMOY009952-RA
GMOY007063-RA
GMOY007649-RA
GMOY005310-RA
GMOY005309-RA

FC - Fold change

CPM - Counts per million

Cypog l
Protein TsetseEP
Serine protease 7
Midgut trypsin
Serine protease IS
Fat body trypsin
Midgut trypsin

~.301
-2.745 12.280 18.367 1.82E-OS I
-3.068 1.467 15.502 8.24E-05 7.20E-03
-3.556 9.239 16.655 4.4XE-05 4.28E-03
-4.854 13.129 34.621 4.01 E-09 I.DE-06
-5.427 11.207 50.031 1.51 E-12 9.77E-IO
-7.525 12.527 40.303 2.17E-IO 9.60E-08

FOR - False discovery rate
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Efficiency of knockdown of PM-associated genes (GmmPer12 and

GmmPerl08)

Ieof two PM associated peritrophins [PerI2 and Perl 08 (Rose.er al., 2014)] were.
ed to understand how they affect the integrity of the PM and subsequently, their

m mediating host-microbe interactions. The two genes were chosen because 1)

12isamongthe most abundant protein of the PM and its gene highly expressed in the

·a as well as being cardia 'enriched, 2) Per108 has interesting domains (mucin

. ) and may help provide tensile strength to the PM during blood meal acquisition

protect the insect gut from enzymatic attack, and 3) both Per12 and Perl08 are

proteinaceouscomponent of the tsetse PM (Rose et al., 2014). The consecutive

cialRNAi knockdown approach reduced the expression of target genes by 51-81%

treatmentflies (dsPer12, dsPerl 08, and dsPer 121108) compared with dsGFP controls

19ure4.4). These results show that the RNAi gene silencing method used here

gnificantlysuppressed the expression of Peri 2 and Perl 08 genes thus paving way for

downstreamfunctional analysis.

j

GFP Perl2 Perl2/108
dsRNA - treatment

Target gene: PerHlH
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o~----~--~~~~~GFP Perl 08 Perl 2/108
dsRNA - treatment

Figure0-4.Expression of dsRNA-mediated silenced genes relative to control
GFP - control,Per12 and/or 108 are treatments.
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4.8. Effects of RNAi knockdown of Perl2 and/or Perl08 genes on exogenous

bacterial infection

Glossina morsitans niorsitans Perl] and Pcrl08 code for major proteins of tsetse PM, a

tructure that modulates bacterial colonization dynamics and infection outcome in tsetse

fly (Weiss e: 01.. 2014). Perl2 and/or Perl08 were experimentally knocked down to

determine if they could modulate bacterial infection outcome in tsetse fly as an indication

of PM integrity (Weiss et al., 2014). Results from this study indicate that a significantly

higher percentage (dsPer12 vs dsGFP; P=O.OI) of tsetse flies that received dsPerl2

urvived Serratia infection. No significant difference in the survival rate of tsetse flies

were observed in those provided with Perl08 or Per121l 08 dsRNAs relative to those that

received dsGFP (dsPerl08 'is dsGFP; P=O.39, Perl21108 vs dsGFP; P=O.07) (Figure 4-

5). Lack of significance difference between dsPerl2;108 and dsGFP flies can be due to

diluted concentration of dsRNAs during the feeding and injection of the combined

dsPerl211 08.
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dsRNA treated Gmm \VT

(Serratia challenged)
- dsGFP (N=55)
- dsl'er l? (N=49)
- dsPerf08 (N=49)
- dsPerl2/108 (N-58)

o 205 10
Time (Days post-challenge)

15

re 0-5. Glossina morsitans peritrophin modulate the integrity of tsetse PM.

Tsetsesurvival curves after sequential per os provisionmg with dsPerl2, 108 and
Perl 21l08followed by live Serratia.

4.9. Effects of RNAi knockdown of Per12 and/or Perl08 genes on digestion

efficiency

Inthecourseof knockdown of Perl 2, Perl08 or Per121108 together, it was observed that

theseflies had more blood in their gut relative to their control counterparts (dsGFP),

suggestingthat silencing of these genes could interfere with blood digestion process of

the fly. As such, midgut weights of the gene specific dsRNA-treated flies and those of

control (dsGFP-treated) were measured as an indicator of digestion efficiency

(Narasimhanet al., 2014) and compared. Analysis of these results however showed no

ignificant (P>0.05) differences between the control and treatments (Figure 4-6),

suggestingthat knock down of these two methods do not significantly interfere with

bloodmeal digestion in the fly midgut.
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Figure 0-6. Relative midgut weight of tsetse flies treated with gene specific dsRNA
measured 48 hrs. post blood meal.
Tsetse that received dsPer 12, 108 and Per121108 followed with blood meal.
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dsRNA treatment

4.10. Effects of RNAi knockdown of Per12, 108 or Per12/108 on trypanosome

infection

The RNA silencing of these genes resulted in significantly more flies with trypanosome

midgutinfection relative to the dsGFP treated controls [dsPer12, P=0.02; dsPerl08,

P=O.Ol;and dsPer12/108, P=0.02 (Figure 4-7)].
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re 0-7. Trypanosome infection rate in gene silenced flies compared to control
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Tc-Trypanosoma congolense, Tb-Trypanosoma brucei brucei, N-Number of flies, GFP-

Green fluorescentprotein. dsPer12, 108 and PerI2/108 flies that received gene specific

dsRNA followedwith infectious blood meal.
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4.11. Mapping statistics of the PB reads to Glossina transcripts

Majorityof the Glossina transcripts (slightly over 50.0%) were categorized as having low

relativeabundance due to low number of reads (~100 unique reads) that mapped to them.

Only 1.0% of the transcripts were categorized as having high relative abundance

(>10,000 unique reads) (Table 4-6).
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ble 0-6. Proportion of PB reads that mapped per Glossina transcript.

Number of genes

PB-Control PB-Infected

of reads BRep-l BRep-2 BRep-l BRep-2

7185 (54.8%) 6190 (47.2%) 7637 (58.3%) 6105 (46.6%)

unique 4208 (32.1%) 3752 (28.6%) 4132 (31.5%) 3626 (27.7%)

1584 (12. 1%) 2759 (21.1 %) 1234 (9.4%) 2934 (22.4%)

120 (0.9%) 376 (2.9%) 96 (0.7%) 411(3.1%)

6 (0.1%) 26 (0.2%) 4 (0.0%) 27 (0.2%)

Brep-I.Zand 3 - biological replicates. N - number of ge~es in each category. % - percentage
ofthenumberof genes in each category.

4.12. Proboscis-enriched genes and functional classification

LOXanalysis identified 668 (5.1 %) transcripts to be preferentially expressed in the PB

(hereafterreferred to as 'PB-enriched') relative to G. m. morsitans midgut (Aksoy et al.,

.
2016) and whole head tissues (Figure 4-8, Appendix 4: Table S4). Twenty-five genes

were expressed at comparable levels in both PB and midgut tissues, while 2859 genes

wereexpressed in both PB and whole head datasets. Two hundred and ninety-six and 904

genesshowed preferential expression in the midgut and whole head respectively.
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7

668

Figure 0-8. Number of genes preferentially expressed in the PB (pB-enriched

dataset)relative to the whole head and whole midgut transcriptomes

Analysisof the PB-enriched datasets for the putative proteins with signal peptides (SP)

and/ortrans-membrane (TM) domains identified 148 genes predicted to code for proteins

withat least one or more TM domains, 62 with SP domain and 28 predicted to contain
.

bothSP and TM domains (Appendix 4: Table S4). Notable among the genes encoding

transmembraneproteins included five tetraspan ins, . major facilitator superfamily, four

ionotropic receptors (IRs), and innexins. Two takeout (to) genes, one of which code for

proteinwith a TM domain and the other with both TM and SP domains, were also PB-

enriched.
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CGO gene ontology (GO) functional analysis of the PB-enriched daiasets was done

blain a global snapshot of the molecular mechanisms that underlie PB functions.
gure 4-9). This analysis showed that with respect to the biological processes, gene

broadly associated with muscle structure and activity. organ development

gland development. mesoderm development, open tracheal system

elopment) and conditioned taste aversion were enriched. For the molecular function

tegory, gene products involved in binding (actin binding, sequence specific DNA-

inding, histone deacetylase binding and enhancer binding), structural constituent of

muscles and channel activities (potassium channel activity and glutamate calcium ion

hannel activity) were enriched. Gene products associated with muscle and ionotropic

lutamate receptor complexes were enriched 111 cellular component category.

Transcription factor activity and signaling related gene products were enriched in both

biological processes and molecular function categories.

69
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Figure 0-9. Functional classification of proboscis-enriched genes based on gene
ontology
Genespreferentially expressed in the tsetse fly proboscis were analyzed using Blast2GO
geneontology tool. The terms were categorized into biological processes, molecular
functionand cellular processes, The number of genes assigned to each term in different
categoriesare indicated in brackets,
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.13. Expression of G. 111. morsitans mcchanoreceptors in the PB

\

t else PB contain sensory receptors [sensilla. referred to as Lei mechanoreceptors

et al.. 1973)]. The PB transcriptome was searched for expression of transcripts that

tamely encode mechanoreceptors. To identify these genes, gene sequences that code

Drosophila mechanoreceptors were searched in FlyBase using "mechanoreceptor'

ery. Drosophila was used because 1) it is a well characterized fly, 2) it is a close

lativeto Glossina in the evolutionary tree and 3) in the tsetse genome, mechanoreceptor

e have not been annotated. This resulted in 44 genes. Using the putative protein

uences of the 44 genes, their homo logs were BLASTP searched in G. 111. niorsitans

peptidedataset in VectorBase using an Evvalue 10-1°. This identified 12 putative G. Ill.

morsitans mechanoreceptor proteins that were abundantly expressed in the PB relative to

thewholehead, midgut and salivary gland tissues (Figure 4-10).
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Fold Change (based on RPKM)
PB WII WMG SG PB/WH PB/WMG PBlSG VectorBase description Log,RPKM

10
RA 4.54 106.91 2038.45 MDA receptor 1 8

6
10.19 24.47 17.20 Ras related small GTPase rho type 4

2

11.76 613.79 924.06 Unknown ~tein

9.34 50.47 98.92 Unknown protein

88.28 424.68 179.89 Ras-related small GTPase rho type

31.l1 51.14 44.79 Chloride channel protein

6.78 1215.78 1266.26 No mechanoreceptor potential B

38.48 343.25 1435.49 No.mechanoreceptor potential C

32.55 306.93 1482.02 Rootletin

28.16 1551.95 3927.62 Cut

23.35 12289.81 3113.11 Reduced mechanoreceptor potential A

67.18 13352.05 12632.73 Glutamate receptor NMDAR2

re 0-10. Graphical representation of transcript abundance of genes encoding
anoreceptors.
heat map was generated by plotting the normalized RPKM values (Logz

transformed)of individual transcript from uninfected fly tissues, clustered using
euclideandistance calculation and ward.D clustering methods. PB-proboscis, WH-whole
bead,WMG-wholemidgut, SG-salivary gland.

4.14. Microscopic analysis oftbe tsetse proboscis

Microscopicanalysis of tsetse PB, using Alexa Fluor 488 Phalloidin staining,

demonstratedthe presence of muscles at the base of the organ in the thecal bulb and

wherethe PB attaches to the fly's head (Figure 4-11 A-C). DAPI staining revealed the

presenceof nuclei aligned along the lateral side of the proximal region (closer to the

head)of the labrum (Figure 4-11 D), indicating that cells line the organ's lumen. The
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y results, in conjunction with the RNA-seq data (Section 4.11 above). support

arnatureoftsetse PB.

eO-II. Microscopic illustration of tsetse proboscis after Alexa Fluor 488
Doidinstaining.

e A, B and C indicate tsetse labrum at its site of attachment to the thecal bulb, after
ovingthe labium. The shape and general structure is observed by light microscopy,
musclesare fluorescence green after staining with phalloidin (dyes actin). Shown are
ventral (A), side (B) and dorsal (C) views of 'the thecal bulb. White arrowheads
tify muscles that attach the labrum to the thecal bulb. Red arrow-heads identify

usclesthat attach the thecal bulb to the fly's head. CD) Side view of the labrum and
bypophraynxstained with DAPI and observed using fluorescent microscopy. The picture

orientedfrom head (left) to the tip of the proboscis (right). A chain of nuclei can be
observeddistributed along the dorsum of the labrum.
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Differential gene expression and enrichment analysis of parasite infected

proboscis

transcriptional response of the PB to infection with T congolense parasites revealed

(3.1%) genes to be differentially expressed, of which 38 (0.9%) and 88 (2.1 %) were

ificantly(FC2:1.5) up- and down-regulated, respectively (Figure 4-12A, Appendix 5:

Ie S5). When the PB-enriched dataset was considered, 43 (6.4%) genes were DE with

en and five being significantly up- and down-regulated, respectively (Figure 4-12A,

ndix 5: Table S5). The transcriptional response of the PB upon T congo/ense

fectionwas validated via RT -qPCR on eight differentially expressed genes selected

m the infected PB dataset (Appendix 1: Table S 1). The RT-qPCR data exhibited a

gh level of correlation with results obtained from the RNA-seq analysis (Pearson

rrelation = 0.974), thus confirming the accuracy. of PB infected and uninfected
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• Whole transcriptome
• PB-enriched

•

10 100 1000 10000 100000 lXl06

Number of'unlque reads

Foldcbange J..og2 of Fold change l.og2 of
PI'8CeIR name In PCR PCR in IUiA-5t( RNA-se
Low-density lip o receptor-like 1.575260596 0.6555905 I4 1.80547470 0.1152378207
Scavenger Receptor Class A, Member 5 -1.667682792 -0.737844902 -1.988441781 -0.991638322
Papilin -1.89430770 I -0.921670693 -2.12~15075 -1.0R6R86157
Tob 1.863214323 0.897793635 1.5391 ~6363 0.622167922

Sell' 1.505680419 0.590415591 1.801609455 0.1149286304
Transferrin -1.579315393 -0.65929931 -1.5278669 -0.611518891

YiJ'P"C-likel 1.513106806 0.597513827 1.89466732 0.921944551

Hemnlectin -2.717019129 -1.442024723 -2.546 t 37089 - 1.348310099
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re 0-12. Differentially expressed genes and transcriptome validation of
Infected and Trypanosoma congolense infected proboscis of Glossina morsitans.
Differentiallyexpressed genes between T. congolense infected PB and uninfected PB

oftsetsefly. The ticks in both the Y and X axis are positioned in a LOglOscale. B. Table
andplotfor transcriptome validation.
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1 of individual DE gene putative products to predict processes that, may have been

led upon trypanosome infection identified six processes. Two muscle and/or

eleton related proteins, Fibrilin-2 and Unconventional myosin XVIIIa, were

ificantly up- and down-regulated respectively, while the remaining gene products

luding cytoplasmic actin-5C (up-regulated) were only moderately affected (Figure 4-

). Genes whose products are associated with oxidoreduction were generally down-

lated upon T. congolense infection except sestrin, which was significantly

gulated (Figure 4-13B). Among the oxidoreduction genes decreased upon infection

detoxification genes: cytochromes-Pa Stl (CYP.<;), cytochrome bi-related and

orionperoxidase. Another group or genes decreased upon infection, encoded proteins

nked with cell adhesion/junction and extracellular matrix (Figure 4-13C).

In addition. transcript levels for genes encoding proteins linked with cell growth,

IIdivision and survival were increased in expression upon infection (Figure 4-130) as

ell as genes that encode proteins associated with signal transduction and

neurotransmission (Figure 4-13 E). Expression of genes encoding six major tsetse salivary

gland proteins in infected PB were decreased (Figure 4-13F). Expression of salivary

gland protein encoding genes in the PB was unexpected and was speculated that they may

have originated from tiny pieces of salivary gland tissues (at the SG-hypopharynx

Junction) that contaminated the PB preparation. Other DE transcripts included

peritrophinA, low density lipoprotein receptor and leislitnalynosin like peptide protein

(Figure 4-13G).
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A. Muscle/Cytoskeleton PB-Control PB-Infected FC
Actin 578 (GMOY001776-RA)----------- 1.23
Myophilin(GMOY004791-RA) 1.44
Fibrillin-2(GMOY006184-RA)· 1.72

Coronin(GMOY004363-RA) 1.45
TroponinC at 25D (GMOYOI1043-RA) 1.26

M)Uinregulatorylight chain (GMOY002419·RA) -1.33
UaconventionalmyosinXVl!Ia(GMOYOI1457-RA) -1.68

Actinbindinganillin (GMOYOO1094-RA) • -1.23
FilarninB (GMOY008660-RA) -l.33

Cytoplasmicactin 5C (GMOY007085-RA) ~ -l.38
B. Redox balance and detoxyfication

Sestrin (GMOy006537-RA)
Cytochromeb5 related (GMOY00570I-RA)

l'lobebIe.cytochrome-P45049al (GMOYOO9I7J-RA)
Chorion.peroxidase(GMOy008441-RA)

Glutathione-S-transferasc(GMOYOI0465-RA)
Glutathionesynthetase (GMOY007444-RA)

CeDadbesioo/junctionand extracellular matrix
Peroxidasin (GMOY009602-RA)

Laminin (GMOY005915-RA)
Papilin (GMOY004447-RA)

D. Cell growth and cell dMsion
Yippee like (GMOYOlI7S6-RA)

Arrest andDNA Damageinducible (GMOY00440I-RA).BII ••
promotingcomplexsubunit.4 (GMOY000573-RA)
Celldivisioncontrol protein (GMOy002095-RA)

Insulin-degradingenzyme (GMOY002126-R.A)
E. Signaltrunsduction, neurotransmitters

and oeuropeptide receptors
Neuropilinand toUoid I (GMOY007948-RA)

Amalgam (GMOY009893-R.A)
PutativeCorazoninreceptor (GMOY006527-RA)

F. Major salivary gland proteinsr-~!!"- _
Apyrase (GMOYO12313-RA)10,;,.;1.......;; ••• "

Tsal2 (GMOYOI2360-RA)
Tsal2 (GMOYOJ2361-RA)

deaminase-relatedgrowth factor (GMOYOt 2373-RA)
Tsnll (GMOYOI2071-RA)

Salivarysecretedprotein (GMOY005628-R.A)
G. Miscellaneous

meedl adhc~ionmoleculeDscam2 (GMOYOOS707-RA)----- •••...•,.......,----- .•••.•2.46 0.0033
Ubiquitinconjugatingenzyme.E2 (GMOy008989-RA) 1.44 2.909£-12

Lowdensity lipo receptor I(GMOYOO694S-RA) 1.58 0.0163
Lcishmanolysinlike peptidase (GMOY01l522-RA) -1.70 4.271E-08

Cytoglobin 1(GMOY009014-RA) -1.66 4.174E-23
Fibroblastgrowthfactorreceptor (GMOYOII 073-RA) -1.50 0.0045

Peritrophin.A (GMOY009571-RA) -1.27 0.0035
Figure 0-13. Heat maps representation of differentially expressed transcripts in
ditTerentfunctional categories.
Heat maps obtained by plotting the normalized expression profiles (RPKM, Log,
transformed)of individual transcripts in uninfected and infected conditions in the R-
packagesoftware. The heat maps (dendrograms) were clustered using euclidean distance
calculationand ward.D clustering methods. The clusters were then manually separated to
variousfunctional categories.

1.90
••• ..-. •.•3.01

1.30
1.23
1.60

FDR, p-value Log: RPKM
0.0456 .20
0.0235 .15
l.078E-13 ]0
0.0035 ._
2.283E-1O • ~
4.27.lE-08
0.001l
0.0395
9.951£-07
2.543E-16

1.50
-3.11
-1.49
-1.48
-1.27
-1.23

0.000
4.010E-13
3.664£.06
4.782E-06
1.027E-08
0.0014

-1.49 1.145E-22
·1.38 5.239E-06
-1.78 2.977£-06

0.0353
0.0049
3.06IE-05
0.0147
1.l%E-05

1.47 0.0110
-----------2.84 0.0198

-1.76 0.0077--------------------~

77

-6.97
-3.84
-2.76
-2.74
-2.12
-1.28

0.0009
7.505E-39
3.365E-06
0.00514
1.l69E-04
0.0429



m insight into the nature of the molecular response(s) following infection with T

\

ense. the significantly DE (FC:::-l.5) putative PB gene products were subjected to

ennchmentanalysis using Profcom (Antonov e/ al.. 2008). This analysis showed that

e proteins associated with protein binding pathway were significantly up-

ted, while putative products associated with metabolic processes, extracellular

nand ATP-binding were down-regulated (Table 4-7).

Ie0-7.Significantly enriched pathways of DE gene products

Pathway ID Description of Sim. P- Hyp. P- Test* Ref**

pathway value value

Increased

GO:OOO5515 Protein binding 0.08 0.022 5 975

Decreased

GO:OO05524 ATP binding 0.07 0.006 8 738

GO:OO05576 Extracellular region 0.02 0.001 7 365

GO:0016021 Integral to membrane 0.04 0.003 9 802

GO:0008152 Metabolic process 0.01 9.00E-09 12 335

- Molecular function, CC - Cellular component, BP - Biological processes

from DE dataset; ** Entire Drosophila genes in Prof Com

4.16. Expression of immunity genes in parasite infected proboscis

Forty-oneimmune related transcripts were DE upon T congolense infection of the PB

(Table4-8. Appendix 6 Table S6). Of these only four [Tob, Growth-blocking pep/ide,

dOll'n syndrome cell adhesion molecule (Dscam) and Secreted Wg-interacting molecule]

were up-regulated with the remaining ones being down-regulated (Table 4-8). Of the

down-regulated genes were two prophenoloxidases, hemolectin, C-type lectins,
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1II. eaters. major royal jellv, glucose delivilrogcnases and D.\'('(/I// variant. Serine

inhibitor (Sel'pinll) and serine protease genes. including' ~eril1e proteas«

response integrator and serine proteose 7, also showed decreased expression in

led PB.
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Table 0-8. Tsetse immunity transcripts differentially cxpressed hctwccn infcctcd-PB compared to uninfcctcd PB.

Increased cxprcssion
Gene 10 Gene Description Fold change FOR, P-value Uninfected

RPKM
GMOY005707-RA Down syndrome cell adhesion 2.46 0.003 34.05

molecule
GMOYOI0320-RA Tab (Ecdysone-induced gene 71Ee) 1.54 1.166E-07 13340.1
GMOYOI1342-RA Growth-blocking molecule 1.43 0.007 811.5
GMOY006991-RA Secreted Wg-interacting molecule 1.21 0.004 713
GMOYOOI164-RA GTpase Rab2 1.12 0.035 2768.3
Decreased expression
Gene ID Gene Description Fold change FDR, p-value Uninfected

RPKM
GMOYOI0972-RA Larval serum protein-like 3 -5.43 I.OOE-06 100.5
GMOYOI0728-RA Larval serum protein-like 4 -5.38 0.049 15.6
GMOYOO0810-RA Glucose dehydrogenase -3.18 0.015 17.65
GMOYOO 1557-RA Major royal jelly 1 -2.93 0.049 20.05
GMOY003789-RA Hemolectin -2.55 0.014 6019.45
GMOY003l59-RA Eater -2.52 0.026 527.45
GMOYOO1221-RA Glucose dehydrogenase -1.99 2.287E-07 139.6
GMOYOlI147-RA CGI2213 -1.96 2.185E-05 322.35
GMOYOO0466-RA Salivary C-type lectin -1.93 4.785E-06 138.75
GMOYO 11959-RA Down syndrome cell adhesion -1.78 0.006 96.35

molecule
GMOYOI0768-RA Serine Protease Immune Response -1.64 0.001 311.15

Integrator
GMOY008966-RA Serine protease 7 -1.57 0.038 133.55
GMOY010673-RA Transferrin -1.53 0.002 1428.25
GMOY002009-RA Serrate -1.50 0.001 207.4
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Infected RPKM

83.9

20532.9
1163.25
864.35
3121.15

Infected RPKM

18.5
2.9
5.55
6.85
2364.15
209.5
70.2
164.85
71.75
54.2

189.2

85.3
934.8
138.35



.17. Transcript levels of genes encoding secreted and transmembrane proteins

putative!proteorne of DE genes was interrogated for TM and/or SP domains. Secreted

ems may be injected into the vertebrate host bite site during blood meal acquisition

a uch may play critical role(s) in host-parasite interactions. A total of 148 genes

mg proteins with TM and/or SP domains, of which 12 Pfs-cnriched were identified

gure 4-14A, Appendix 7: Table S7). Of the 148 genes, 95 encoded proteins with TM

ains of which amino acid permease, serotonin receptor, slimfast hotnolog-Z,

'Q panins 42Ei, late bloomer and xenotropic/polytropic receptor genes were induced

n trypanosome infection. Conversely, fatty acvl-reductases, adenylate cyclase tvpe-Z

synaptic vesicle transporter TM coding genes were down-regulated in infected PB

igurc 4-148). Thirty-five genes encoded putative secreted proteins 7 of which were

uccd while the remaining showed reduced expression (Figure 4-14C). Some of the

wn-regulated genes included.ti/Jril1ogcl1 A, \'ell 0//1 carboxvlases, serine protease caster-

k takeout-like and two genes coding for hypothetical proteins. Eighteen genes that code

rproteins with both TM and SP motifs were identified in DE data sets (Figure 4-140),

up-regulated and the remaining 14 were reduced in trypanosome
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FIgure0-14. Summary of specific differentially expressed protein encoding genes that

containtransmembrane and/or signal-peptide domains in the proboscis.

( ) Readabundance and fold difference in gene expression. Genes in red are PB-enriched

while thosein blue are from the complete PB transcriptome. (B-D) Fold change (based on

RPKM differences) in expression of protein encoding genes that contain transmembrane

(TM;B), signal peptide (SP; C) or both TM and SP domains (D) in T congolense infected

proboscis.This analysis is based on RNA-seq data from PB-enriched and complete PB

transcriptomedatasets and contain only' genes whose combined RPKM and number of

TM domainsis at least 1000 and 3 respectively for TM proteins and a combine RPKM of

at least 500 for SP
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4.18. T1:J'P(f//Osol1U1 congolense transcripts identified in infected cardia and

proboscis organs

R 'A-seq expression analyses of parasite transcripts expressed by T. congolensc in the

ardia(hereafter referred to as Cvparasites) and proboscis (hereafter referred to as PB-

parasites)were carried out to identify genes preferentially expressed by parasites in these

two fly organs. T congolense reads identified from infected cardia and PB are described

m eetion 4.1 above. Reads were detected for 91.8% of the 13549 T. congo/ense IL3000

genes,88.7% of which had at least 5 RPKM in either one of the libraries. Most of these

genes(74% and 66% of the C- and PB-parasite transcripts respectively) exhibited low

transcript abundance (<::; I00 total reads). An average of 1.1% of the genes were

categorizedas having high abundance (> I0,000 total reads) in both libraries (Table 4-9).

Table 0-9. Mapping statistics of T. congolense TCl3 reads from G. morsitans cardia

or proboscis to the T. congolense transcripts,

o. of reads Number of genes
mapped per gene C-parasites PB-parasites

BRep-l BRep-2 BRep-3 BRep-l BRep-2
0-100unique reads 8910 (66.7%) 11091 9716 11988 5811 (43.5%)

(83.0%) (72.7%) (89.7%)
101-500 unique 3937 (29.5%) 2104 3273 1226 (9.2%) 6364 (47.6%)
reads (15.8%) (24.50%)
501-1,000 uruque 338 (2.5%) 114 (0.9%) 254 (1.9%) 102 (0.8%) 813 (6.1 %)
reads
1,001-100,000 173(\.3%) 49 (0.4%) 115(0.9%) 42 (0.3%) 370 (2.8%)
uniquereads

C-parasites - parasites from the cardia; Pfs-parasites - parasites from the proboscis; BRep

- Biological replicate.
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4.19. Transcript abundance of the top 99 percentiles

. comprising the top 99 percentile (RPKM) in each tissue (Cvparasite or PB-

ite) stage was examined to identify the most abundantly expressed genes in each

e. and assess the extent of overlap. This analysis identified 131 genes, of which 56

common between C - and PB-parasites. The remaining 75 genes were in the top

KM percentile in one of the tissue-specific parasites (Figure 4-15, Appendix 8: Table

) Gene ontology enrichment analysis of the putative shared gene products showed

ched terms broadly related to ribosome, translation, transport and GTPase activity

igure 4-\5) being enriched. Metabolic pathway analysis of the shared most abundant

ne products identified cysteine and methionine, aspartate superpathway, methionine

lvage cycle, glycerol degradation, trypanothine and S-adenosylmethionine biosynthesis,

well as peroxide metabolic pathways being enriched ..
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B
Category GOlD Term FDR P-value Test* Ref>'*
Cell GO:0005840 Ribosome 7.98E-09 3.56E-12 15 172
component GO:0022627 Cytosolic small ribosomal subunit 1.77E-04 5.93£-07 3 3

GO:0000314 Organellar small ribosomal subunit 4.84E-02 7.12E-04 2 5
Molecular GO:0003735 Structural constituent of ribosome 1.89E-08 1.26E-11 14 154
function GO:0015114 Phosphate ion transmembrane ,9.55£-03 7.24E-05 2 2

transporter activity .
GO:0005315 Inorganic phosphate transmembrane 9.55E-03 7.24E-05 2 2

transporter activity
GO:0003924 GTPase activity L35E-02 1.1IE-04 5 57
GO:0004478 Methionine adenosylrransfcrase 2.11E-02 2.16E-04 2 3

activity
GO:0019843 rRNA binding 2.878-02 3.07E-04 3 16
GO:00055 I5 Protein binding 2.92E-02 3.19E-04 10 325
GO:0005200 Structural constituent of 3.33E-02 3.71E-04 3 17

cytoskeleton
GO:0015224 Biopterin transporter activity 3.33E-02 4.30E-04 2 4

Biological GO:00064 12 Translation 9.198-07 1.43E-09 15 261
processes GO:0006817 Phosphate ion transport 9.55E-03 7.24£-05 2 2

GO:OOOO028 Ribosomal small subunit assembly 9.55£-03 7.24E-05 2 2
GO:00069 I5 Apoptotic process 1.67E-02 1.60E-04 3 13
GO:0006556 Ssadenosylmethionine biosynthetic 2.11E-02 2. 16E-04 2 3

process
GO:0015877 Bioprerin transport 3.33E-02 4.30E-04 2 4
GO:0006986 Response to unfolded protein 3.33E-02 4.30E-04 2 4
GO:OO51258 Protein polymerization 4.35£-02 6.IIE-04 3 20

re 0-15.The 99 percentile most highly expressed T. congolense genes in cardia-

proboscis-parasite transcriptome.

Spatialdistribution of 99 percentile most abundantly expressed T congolense TC 13

esin C- or PB-parasites. B. Gene ontology(GO) enrichment analysis of the common

Jy expressed genes. Common genes with higher expression in C- or PB-parasite

llanscriptomesare indicated with ,*, in respective directions.

Of theremaining75 most abundant transcripts, 33 genes were present only in the top 1%

RPKM of the C-parasite library. These .putatively encoded Glycosomal

phosphoenolpyruvatecarboxykinase, Zinc finger protein (ZC3H36), Cytochrome oxidase

IV, Cysteine peptidase, and several transporter and receptor-type adenylate cyclase

proteins.In addition, putative cell surface proteins, such as Procyclin-like and GARP

proteins,were most abundant in C-parasites (Appendix 8: Table S8). The remaining
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nes (42 out of 7S) were most abundantly expressed in PB-parasites and they included

transcripts encoding 23 ribosomal proteins. three histones (H2A. two-H'zb). two aetins.

and several cell surface proteins (Appendix 8: Table S8). Thus, the PB-parasite data

Imply an increased rate of protein synthesis at this stage. which is an important

phenomenon during active cell division.

4.20. Global differential analyses of TI)'PaIlOSoma congolense transcriptome and

enrichment analysis

To characterize potential molecular differences between trypanosome developmental

tages in cardia and proboscis, cardia-parasite and proboscis-parasite libraries were

compared. This comparison identified 2131 (IS.9%) differentially expressed genes, of

which S9.2% exhibited significantly higher expression in cardia-parasites relative to

proboscis-parasites (Figure 4-16/\. Appendix 9: Tab'le S9). Because of the limited

number of biological replicates used, some genes with lower fold change need

verification. The DE genes with the greatest fold change in favor of cardia-parasites

encoded receptor-type adenyl ate cyclases, transporter proteins (pteridine, amino acid and

ABCs), putative cell-surface protein, procyclin-like protein, protein associated with

differentiation S (PADS) and zinc finger ZC3H22 protein. Similarly, YSG, two invariant

surface glycoproteins, three histones (two-H2B and H4), zinc finger type C2H2 proteins

and a number of hypothetical proteins were among those with the greatest fold change in

proboscis- compared to cardia-parasites ,(Figure 4-16A. Appendix 9: Table S9). RT-

qPCR validation of the RI A-seq data revealed high correlation (Pearson correlation =

0.99) between these two analytical methodologies (Figure 4-16A, Appendix 9: Table S9).
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B. Transcriplome ,'alidatioD
Fold thange IFOld Change I I
(RT-qPCR) Log2 RT-qPCR ,(RNA-seq) !Log2 RNA-scq):Putative produ,'! name TrytripUR gene /0

I Hypothetical protein Tell '000_0_02370
Hypothetical protein Tc1l3ooo _7_34.JO
Hypothetical protein TclL3000_0_37480
l ucin alanine rich protein TclL300(U _2150
RNA-binding protein Tdl3000.11.1436O
BTI family-cPteridine iransportor Tcll3000_0_56730
Cyrochromc C oxidase TclL3000_1_1680
Amino acid transporter TclL3000 10 13970;;?:~

WI_"_,~ ...•",,_..
1,.1L •• ~~1;_'_
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- .31164274
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1.37650519
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0.461010048 1.802760377

-3.397039309
-3.073068109
-2.471290522
-2.555434013
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Figure 0-16. Differentially expressed genes between cardia- and PB-parasite
transcrlptemes and validation of the transcriptomes
A.Volcanoplot of showing individual differentially expressed genes between C-parasites
and PB-parasites in G. morsitans. B. Transcriptome validation. The transcripts are
supportedby at least 30 reads in either categories (in C-parasites or PB-parasites) with at
leastfive RPKM (Reads Per Kilobase Million) by CLC-Genomics and edgeR analysis
(Robinsonet al., 2010; McCarthy et al., 2012). The red dots indicate individual DE genes
withfold-change ~ 2 (Iogz ~ 1) and False Detection Rate (FDR) corrected p < 0.05
betweenC-and PB-parasites, that display both large magnitude fold-changes (x axis) and
high statistical significance (-IOglOof p value, y axis). Points having a fold-change less
than2 (log, = 1) and False Detection Rate (FDR) corrected p value less than 0.05 are
shownin black, and are regarded as genes with non-significance change between
parasitesin cardia and proboscis.
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i 1

GO Fishers exact test of DE gene products revealed 37 and fi\:e enriched Gene

gy (GO) terms associated with C- and PB-parasites, respectively (Table 4-10). The

enriched te1111Sof putative proteins up-regulated in C-parasites were broadly

iated with nucleotides (nucleotide binding and cyclic nucleotide biosynthetic

; the energy carriers), ATP binding, protein phosphorylation, signaling, cell

I component of cell membrane, membrane region, cytoplasmic side of plasma

brane),adenylate cyclase activity, quorum sensing as well as microtubules, protein

threonine and transport processes. On the other hand, putative products of genes

gulated in the PB-parasite were associated with nucleosome, cytoplasmic part,

organelle, protein folding and protein heterodimerization activity
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Tablc 0-10. Gcnc ontology analysis of diffcrcntially expr-essed gcncs bcrween C-parasltes and PB-parasltes In

Higher in the Car dia

Category GO-ID Term FDR P-Value Test* Ref**
CC GO:0016021 Integral component of membrane 2.21 E-07 3.0SE-09 109 404

GO:0005871 Kinesin complex 7.88E-07 1.19E-08 24 32
GO:0005874 Microtubule 1.38E-04 3.29E-06 25 52
GO:0098589 Membrane region 2.87E-03 9.66E-05 7 4
00:0020016 Ciliary pocket 3.85E-03 1.37E-04 10 12
00:0009898 Cytoplasmic side of plasma membrane 6.24E-03 2.24E-04 6 3
00:0036477 Somatodendritic compartment 4.17E-02 1.94E-03 3 3

MF 00:0004016 Adenylate cyclase activity 2.15E-13 7.66E-16 35 30
00:0000166 Nucleotide binding 1.30E-12 5.82E-15 208 837
00:0005524 ATP binding 1.51 E-09 1.25E-II 152 589
00:0004674 Protein serine/threonine kinase activity 8.82E-09 1.00E-IO 45 89
00:0003777 Microtubule motor activity 3.83E-07 5.63E-09 30 49
GO:0042578 Phosphoric ester hydrolase activity 1.72E-05 3.34E-07 32 70
00:0022892 Substrate-specific transporter activi ty 5.26E-05 1.14E-06 42 117
00:0005275 Amine transmembrane transporter activity 8.46E-05 1.91E-06 16 20
00:0008017 Microtubule binding 2.20E-04 5.54E-06 25 54
00:0004198 Calcium-dependent cysteine-type endopeptidase activity 4.37E-04 1.15E-05 11 10
00:0004722 Protein serine/threonine phosphatase activity 8.65E-04 2.47E-05 14 20

00:0004713 Protein tyrosine kinase activity 1.03E-03 3.01 E-05 5 o -~
00:0015291 Secondary active transmembrane transporter activity 2.61 E-03 8.57E-05 8 6
00:0015224 Biopterin transporter activity 6.57E-03 2.42E-04 4 0

00:0061630 Ubiquitin protein ligase activity 2.57E-02 1.09E-03 4 1

00:0015189 L-Iysine transmembrane transporter activity 4.17E-02 1.94E-03 3 0
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BP 00:0006468 Protein phosphorylatIon 8.76£-1
00:0009190 Cyclic nucleotide biosynthetie process 4.74E-14 1.48E-16
GO:OO3SSS6 Intracellular signal transduction 9.94E-IO 7.76E-12
GO:OOO7018 Microtubule-based movement S.S8E-06 9.SXE-08 33
GO:0006865 Amino acid trarisport 8.S7E-05 1.95E-06 17
GO:0006470 Protein dephosphorylation 2.68E-04 6.87E-06 24
GO:OO10933 cAMP-mediated signaling 2.56E-03 8.35E-05 6 2
GO:0000372 Quorum sensing 3.85E-03 1.37[-04 10 12
GO:OO15'677 Biopterin transport 6.57E-03 2.42E-04 4 0
GO:0052106 Quorum sensing involved in interaction with host 1.29E-02 5.IIE-04 <) 12
GO:000~283 Cell proliferation 4.00E-02 1.81 E-03 8 12
GO:OO15819 Lysine transport 4.17E-02 1.94E-03 3 ()

GO:OOI9889 Pteridine metabolic process 4.17E-02 1.941:-03 3 {J

GO:0044145 Modulation of development () ,. symbiont involved 111 4.66E-02 2.24[-03 9 16
interaction with host
Higher in the Proboscis

Category GO-ID Term FDR P-Value Test* Rcf**
CC GO:0000786 Nucleosome 3.41 E-03 5.28E-06 8 10

GO:0044444 Cytoplasmic part 1.94E-02 6.92E-05 123 1340
GO:0043227 Membrane-bounded organelle 4.91 E-02 4.05E-04 124 1410

MF GO:0046982 Protein heterodimerization activity 1.68E-03 3.75E-07 9 9
BP GO:0006457 Protein folding 3.41E-03 4.49E-06 22 JOO

MF - Molecular function, CC - Cellular component, BP - Biological processes

* Number of input genes from DE dataset; ** Entire Trypanosoma congolense genesets.
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.21. :\lctabolic pathways

KEGG (Okuda et al.. 2008) and TrypanoCyt (Shameer et at .. 1.015) analyses of.
nve products of DE genes for enriched metabolic pathways identified pathways

Iy linked with protein/amino acid metabolism. A survey of individual genes

tified those that encode proteins putatively associated with the Krebs cycle.

iratory chain and oxidative phosphorylation to be DE between C-parasites and PB-

ites (Figure 4-17 A). The parasites in these two tissues also differentially expressed

putative proteins that likely function to protect the parasite from

such as antioxidants (Figure 4-17B) and in the pentose phosphate

thway (Figure 4.17C). Putative proteins linked to lipid metabolism involving sterol

10 ynthcsis and ether lipid metabolism were up-regulated in C-parasites and PB-

parasites. respectively (Figure 4-17D). Lastly, genes, whose products function in the

lycolytic pathway also showed differential expression. The majority of them. notably

hexokinase, phosphofructokinase, fructose-bisphosphate aldolase and enolase. were up-

regulated in PB-parasites (Figure 4-17E).
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o idative phosphorylation
Proboscis Cardia

(TcIL30oo_I_1680) Cytochrome oxidase subunit_IV
---- (TcI1.30oo.1 J . J 2320) Vacuolar proton pump subunit B

(TcJL30oo 10 10700) P-type H ATPase
(TcIL30oo=8_2290) H ATPasc G subunit
(TcIL30oo_6_3530) Succinate dehydrogenase subunit 3
(TcLL30oo JO 2580) Cytochromc c oxidase assembly protein
(TcIL30oo=0_08640) NADH cytochrome b5 reductase
(TclL30oo 3 1.740) Inorganic pyrophosphatase •
(TcIL30oo:l I. 1681 0) NAnH dehydrogenase subunit Nl8M
(Tcl1.30oo ) 940) Electron trans port protein SCOI.2
(TclL30oo:l 1.7660) Acidocalcisomal pyrophosphatase
(TcJL30oo 0 21670) Vacuolar type h ATPase subunit
(TcIL3000:m 8200) NADH dehydrogenase
(TclL30oo_0_T4100) Cytochrome oxida e subunit VIl

••••...r-r- ••••• i4 (Tc1L30oo 3 630) Cytochrome oxidase subunit VU
(TclL3000=8:6450) Succinate dchydrogenase ubiquinone
(TcIL3000_0_59370) ADH cytochrome b5 reductase
(TclL30oo_8_3420) Electron transfer protein
(TclL3000_9_6S0) Electon transport protein SCOI/SC02

~

CIL30oo 0 53850) Vacuolar type proton translocating pyrophosphatase I
c11.30oo:l 1.7980) NADH ubiquinone oxidoreductase complex

TclL3000_6_ 4420} ATP synthase epsilon chain.
rreu.sooo.t 1.9840) ATP synthase

___ ••••.• (Tcl LJOoo_1 0_70) Vacuolar ATP synthase

(TcfL30oo_0_04430) Trypanothione tryparedoxin dependent peroxidase I
(TcIL3000_6_3430) Superoxide dismutase
(TcIL3000 9 5590) ADPH cytochrome p450 reductase
(TclL3000=0:269 10) Trypanothione synthetase
(TclL3000.11.15750) Superoxide dismurase
(TcIL30oo_10_8870) Trypanothione reductase
(TcTL3000_9 1970) Tryparedoxin peroxidase
(TcLL3000_8-2020) Tryparcdoxin peroxidase
(TcIL3000.1 f15820) Iron superoxide dismutase

Pentose phosphate pathway
Proboscis ardia.11••• (TclL3000 0 27080) 6 phosphogluconolactcnase

(TclL30oo-0-60440) Ribose.phosphate pyrophosphokinase
(TclL3000=5::::3230) Phosphoribosylpyrophosphate synthetase
(TC/L30oo _10 10440) Ribulose 5 phosphate 3 epimerase
(Tc1L30oo 8 ()730) Hpcf-I1Hpal aldolase citrate lyase family
(TclL3000-6-1860) Adenosine kinase
(TcIL3000=!O_2120) Gluco e 6 phosphate I dehydrogenase
(TclL3000 8 6020) Transketolase
(TclLJOOO::::S::::3590)Ribose phosphate pyrophosphokinase putative.
(TeIL3000_0_10000) transaldolasc

Fo

(TcJL30oo 10 11530) Phosphatidic acid phostpharase putative.
(TcJL30oo-0 17370) Alkyl dihydroxyacetone phosphate synthase
(TcTL3000-0- 40730) ESCO acctyltransferase domain containing protein
(TcJ L3 000- 4-2580) Hydroxymethylglutaryl CoA lyase mitochondrial.
(TcLL30oo::::7-3980) HD domain containing protein
(TclL30()()_ J()_ J 1750) Phosphatidic acid phostphatas e
(TclL30oo.1 1.15590) C 14 sterol reductase
(TC\L3000_8_7210) Squalene synthase
(Tc1L30oo \0 13910) Mevalonate kinase
(T cIL3 000::::9_3150) lsopenrenyl diphosphate delta isomerase type 11.
(TC/L30oo_0_37460) Squalene synthase
(TcIL3000_8_5930) 3 hydroxy 3 methylglutaryl CoA synthase

~~:JRm~~(TcIL3000 _0_38930) Hexokinase
(TclL3000_0_08790) Aldehyde dehydrogenase family.6~;,;;;~~1(TcIL30oo.1 1.2180) Pho phoglycerate kinase
(TclL30oo_9_3050) Fructose 1.6 bisphosphare.
(TcIL30oo_10_ 4760) Fructose bisphosphate aldolase
(TcIL30oo '10 2500) Enolase

____ ..I (Tel L3000~::O)i2400) ATP dependent 6 phosphofructokinase

Figure 0-17. Differential expression of genes in metabolic pathways.
Heatmapsshowing the expression profiles consisting of respective RPKMs clustered
using euclideandistance calculation and ward.D clustering methods.
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4.22. Expression of genes regulating Trypanosoma congolensc differentiation
,

'f'C1I1(}SO/l/1I congolense differentiates into several forms during development in tsetse

fore becoming mammalian infective MCFs in the PB. In T brucei. this process is

ulated by a number of proteins, including RNA-binding proteins (RBPs) (Kolev et 01..

14). lipid phosphate phosphatases (LPP) (Alves c Silva ct al.. 2016) and/or Proteins

sociated with Differentiation (PADs), also known as Major Facilitator Superfamily

FS) transporters expressed by the BSF trypanosomes (Dean et al., 2009). In this study

RBPs, five PADs and four LPPs were found to be differentially expressed (Figure 4-

18,Appendix 10. Table S 10). Most of these RBPs were highly expressed in the cardia-

parasites relative to proboscis-parasites notably zinc finger protein (ZC3 H20) and RBP6.

The RBPs that exhibited higher expression in proboscis-parasites relative to C -parasites

mcluded ALBA3, RBSR2,3, RBP7A and Zinc finger protein (ZC3H24). All differentially

expressed PADs were highly expressed in cardia-parasites compared to proboscis-

parasites, with the exception of only two that were upregulated in proboscis-parasites. In

contrast to RBPs and PADs, the expression of all currently known LPPs to exist in T.

congolense genome were highly expressed in proboscis-parasites relative to cardia-

parasites.
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Abreviation Putative gene function

•
ALBA}
LPP
LPP
LPP
LPP
IF
lFP
PADS
PAD5
PADS
PAD
PAD
PUFI
DRB!))
RBPIO
RBI'Ii
DRBDII
DRBDII
DRBDII
DRBD12
DRBDI4
DRBOI7
RBP3
RBPJI
RBP31
RBP31
RBP35
RBP7A
RBSR2
TRRM2
RBP
RBP
RBP
U1W2
UBP2
CCCHI2
CCCHI2
lC31124
ZC31l39
lC3f140
lFPI
lC3H18
lC3H10
lC31120
ZC31J22
Z('3H29
lC3HJ3
lOH36
lC3H42
C3HI
ZFP
IF
lPRI
lPRI

GeneID

TcIL3000_ (1780
T c1L3000 _10) 1530
Tcl13000 !O 11750
TclL3000 10 11760
TcIL3000_IO_II960
TdL3000 _9.2890
TdL3000 _9.5220
TclL3000_0.02l60
TdL3000_0 34980
TdL3000 7 49S0
TclL3000 J_2130
TclL3000 _0_06360
TclL3000)O )630
TclL3000 9)060
TclL3000 8 2670
TclL3000_0 03630
TclL3000JJ560
TdL3000 J.2570
TclL3000} _2590
TdL3000 _0_ 60400
TclL3000.11.870
TclL3000 8 280
TclL3000.11.490
TclL3000_0.12870
TclL3000_.0.4751O
TclL3000 0_4S350
TclL3000_9 51S0
TclLJOOO .10_10310
TclL3000_0_S911O
TcILJOOO_O)5100
TdL3000 _8_550
TclL3000.1_29&0
TclL3000 _0_23180
Tcl13000 _()_08080
TdL3000.11.470
TclL3000_0_2509O
TdL3000.5_1490
TclL3000.s )790
TclL3000)0_12810
TclLJOOO !O 12820
Tc1L3000 _6.3030
Tc\L3000_7_1440
TclL3000 _7 _2000
TclL3000 7_1980
TclL3000.1 2020
TclL3000 0 53290
TclL3000 10 _9940
TelL3000_1O .10870
TclL3000_0)5930
TclL3000.l 116460
TclL3000.11.I5970
TclL3000 10 13390
TclLJOOO)_2800
TclL3000 5 2810

ALBA-Domain Protein
Phosphatidic acid phosphatase, putative
Phosphatidic acid phosphatase, putative
Phosphatidic acid phosphatase, putative
Phqsphatidic acid phosphatase, pulntive
Predicted zUle finger protein
Prediettd zinc linger protein, NA binding protein, putative
Protein associated with differentiation 5, putative
Protein associated with differentiation 5, putative
Protein associated with differentiation 5, putative
Protein associated with differentiation 5, putative
Protein Associated wiih Differentiauon, putative
Pumilio RNA binding protein PUF I, putative
RNA·binding protein
RNA-binding protein RBPIO, putative
RNA-binding protein RRP6, putative
RNA·binding protein, putative
RNA-binding protein, putative
RNA-binding protein, putative
RNA.binding protein, putative
RNA-binding protein, putative
RNA-binding protein, plualtvc
Rl~A-binding protein, petutive
RNA-binding protein, putative
Rl~A·binding protein. put31ive
RNA·binding protein. putative
Rl~A-binding protein, putative
RNA·binding protein, putative
RNA-binding protein. putative
R.NA·binding protein, putative
RNA.binding protein, putative
RNA-binding protein, putative
RNA-binding protein, putative
RNA-binding protein, UBP2
RNA-binding protein. UBP2
line finger CCCH domain containing protein I~
Zinc linger CCCIl domain containing protein 12
Zinc finger CCCH domain-contsining prolein24
Zinc finger CCClI domain-containing protein 39
linc finger CCCH domain-containing protein 40
linc finger protein 1
Zinc finger protein family member. putative
lUIC finger protein family member, putative
Zinc finger protein family member, putative
Zinc finger prorcin family member, putative
Zinc finger protein family member, putative
linc finger pnllein family member. putative
line finger protein family member. putativ e
Zinc linger protein family member. putative
line linger protein, Oil I type-like
Zinc finger protein, putative
Zinc finger proteul, putative
Zinc-finger protein ZPR I. putative
Zinc-fineer protein ZPRI. putUlivc

Figure0-18. Volcano plot showing differential expression of genes between cardia
and proboscisparasites putatively associated with trypanosomes differentiation.
The red dots indicate points-of-interest with fold-change ~ 2 (logz = 1) and False
DetectionRate (FDR) corrected p < O. 05 between cardia and proboscis parasites. The
black dots indicate genes with no significance change.
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4.23. Expression profiles of cell-surface proteins genes
I

urface of T congolense is covered by a dense layer of glycoprotein, the composition

which is characteristic of each differentiation stage. Most of these glycoproteins are

ched to the plasma membrane by a glycosylphosphatidyl inositol (GPI) anchor or are

n membrane (TM), and have been grouped into mulrigenc families (Jackson ct (1/ ..

13). In the differentially expressed gene set, 223 genes were identified to encode

tative cell surface proteins (CSPs) based on the presence of predicted GPI-anchor or

1M protein domains (Figure 4-19; Appendix II: Table S II). For the putative GPI-

anchored proteins (Figure 4-19A), analyses showed that all the six genes putatively

encoding 'GARP' and "iii ' subfamily proteins, and the single protein of "i ' subfamily of

the Fam50 (Jackson et (II., 2013), were significantly upregulated in cardia-parasites

relative to Pb-parasitcs. In addition, two Farn 12, (procyclin-like). four Fam47

(transalidase). three Fam5I (adenylate cyclase, ESAG4) and several hypothetical GPI-

anchored protein coding genes were also induced in cardia-parasites. The G PI-anchored

protein coding genes induced in the proboscis-parasites included ten putative VSG

proteins, three of which were metacyclic-specific VSGs [m-VSG-3, 6,10; (Eyford et al.,

2011; Helm et al., 2009)] (Figure 4-19A). In the C-parasite dataset, one up-regulated

gene encoded a putative VSG (TcIL3000_0_07340). Apart from the VSGs, other

upregulated genes in proboscis-parasites that encoded putative GPI-anchored CSPs

included Fa11l50's three 'CESP' subfamily genes, the single (TclL3000_0_02370)

subfamily 'iv gene as well as two Fam46 (major surface protease gp63) and Farn 14

(procyclin-associated gene; PAG 1-2,4-5) (Jackson et al.. 2013). Also, up-regulated in
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8-parasites were genes encoding a haptoglobin-hemoglobin receptor protein, an amastin
\

aceglycoprotein and several hypothetical proteins (Figure 4-19A). '.

For the genes encoding putative TM proteins, 14 members of Fam51 (adenylate

lase. ESAG4), several members of transporter families [Fam54 (amino acid

Iranporter), Fam56 (ABC transporter). Fam57 (Folate transporter. ESJ\G 10), Fam59

Glucose transporter), Fam60 (Membrane transporter), Fam61 (Nucleoside transporter)

and Fam62 (Cation transporter)], a lipase (Fam63) and a zinc-finger (Fam76), and several

ther gene families (Fam72, 73, 80 and 81) coding hypothetical proteins to be highly

expressed by the cardia-parasites compared to proboscis-parasites (Figure 4-19B).

imilarly, in the proboscis-parasites, at least a member of different gene families (Fam64,

Fam69, Fam14, Fam49, Fam66, Fam67, FamlO, Fam54, and Fam74) was found to be

induced relative to cardia-parasites. Most of the proboscis-parasites induced TM CSPs

werehypothetical uncharacterized (F igure 4-19B).
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ure 0-19. Heatmaps of T. congolense genes encoding cell surface proteins.

GPI anchored proteins. Prediction of the putative GPI-anchor cell sUIi.face proteins was

ermined by FragAnchor (Poisson ct al.. 2007), PreclGPI (Pierleoni e; al.. 2008) and

IgPI (Eisenhaber et al.. 1999). B. Transmembrane proteins. Trans-membrane helices

predicted using TMHMM (Krogh et al., 200 I). The expression profiles consists of

pective Loge transformed RPKM clustered using euclidean distance calculation and

ard.D clustering methods. IFam 13116 (VSGs), 2Fam50 (Brucci alanine-rich protein).

Fam51 (Expression site-associated gene 4), .\Fam54 (Amino acid transporter), )Fam56

Be transporter), 6Fam57 (Folate transporter, ESAG 10), 7Fam60 (Membrane transporter

protein), sFam61 (Nucleoside transporter), 'iFam67 (Cysteine peptidase), 1°Fam 12

Procyclin-Iike), "Faml4 (Transferrin receptor-like, PAG-likc).

The T congolense gcnome also encodes parasite species specific CSPs. These T

ongolense unique CSPs [grouped into Fam17-22 (Jackson et al .. 2013) showed that

these genes were expressed at low levels in both the C -parasites and PB-parasites

(Appendix 12: Figure SI). Nonetheless, some members ofFam17 and Faml8 were up-

regulated in the C-parasites relative to PB-parasites, while three members of Fam20 and a

member of Fam21 showed higher expression in PB-parasites relative to C -parasites. The

expression level of members of Fam22 CSPs were negligible « I RPKM).

4.24. Developmental stage-regulated expression of selected CSPs expressions

Semi-quantitative RT -PCR analysis was used to track the tissue and developmental stage-

regulated expression of selected CSP encoding genes following normalization of samples

using T congolense gapdh across all tsetse tissues (midgut, cardia and proboscis) and

BSF (Figure 4-20A). Genes encoding GPI-anchor GARP, putative cell surface protein

(TcIL3000 II 47420). and TM Receptor adcnylate cyclase (GRESAG4,

98



IL3000.11.6410) were most abundant in the cardia relative to other tsetse tissues and

F parasites. Similarly. expression of TM Pteridine transporter (Td~3000_10_7850)

higher in parasites colonizing the cardia and midgut than in the PB and BSF. The

(TclL3000 10 2930). CESP family and

thetical protein genes (TcIL3000_0_02370 and TclL3000_7_3440) showed higher

ression in PB-parasites than those colonizing other tissues (Figure 4-20B).

The expression of two hypothetical genes (TclL3000 0 02370 and

1L3000_7_3440) whose products have GPI-anchor motif and signal peptide, and also

wed higher expression in proboscis-parasites relative to cardia-parasites in both semi-

uantitative RT-PCR as well as RNA-seq analysis was further tested in different infected

fly tissues and BSF parasites by RT -qPCR. The ANOV A analysis of RT -qPCR results or

the c two genes indicate that they were both significantly (F(, :'''1 = 21.39. P < 0.000 I)

hIghlyexpressed by proboscis-parasites relative to parasites rest of the tsetse tissues and

The gene encoding TclL3000 0 02370 protein was expressed in bacteria and

polyclonal antibody raised against this recombinant protein in rabbit. The antibody was

then used to localize TclL3000_0_02370 protein in parasites derived from distinct tsetse

ti sues. The hypothetical protein (TcIL3000 _°_02370) which is predicted to be

glycosylated, contain 453-amino acids and encoded a putative GPI-anchor (position 429)

and signal peptide motif (positions 1-2:n This hypothetical protein was chosen for IFA

analysis because its orthologue in T. brucei, was shown to be expressed preferentially by

metacyc\ic stage parasites (Savage et (/1.. 2012). Based on immunof1uorescent and

confocal laser microscopy analysis, the expression of TclL3000_0_02370 protein was
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to be localized on the surface of parasites residing in the PB, with minor staining

observed in cardia-parasites (Figure 4-20D), The minor staining- in the cardia-

ites may indicate that the expression of this protein probably starts in the population

residing in the cardia and reaches its peak expression when parasites

to epirnastigote in the proboscis, as previously described in proteomic

lysis of T congolense four life cycle stages (Eyford et al. 2011),
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re 0-20. Expression analysis of selected cell surface protein encoding genes.

Expression analysis of T congolense TC 13 gapdh used for normalization of cDNA

tsetse midgut, cardia and proboscis including bloodstream f01111'parasites from

led mice. B: Normalized stage-regulated gene expression profiles and levels for

icted likely GPI-anchored and transmembrane .. *, indicate transmembrane protein

. C: Analysis of expression or two GPI-anchored protein via quantitative RT-PCR.

: Cellular localizations of T congolense TcIL3000 _°_02370 in the insect tissue specific

fe cycle stages as examined by immunofluorescent staining and confocal laser

croscopy. Red indicates immunolluorescence staining of TcIL3000_0_02370, and blue

icates the nucleus and kinetoplast.
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CHAPTER FIVE

DISCUSSION

. Introduction

the current study, Next generation sequencing technique (RNA-sequencing) was used

determine the interaction between T. congolense parasite (the causative agent of AA T)

Ietse fly (G. 171. inorsitansi in the cardia and proboscis. In addition, functional

lysis of two tsetse peritrophin (CI11I11PerI2 and CII1I1lPerI08) proteins on tsetse

trophic matrix integrity and trypanosome infection dynamics was determined.

erall, the T congolense infection rate in laboratory reared C. morsitans was less than

°0. a phenotype that is common in insect vectors (Aksoy, 2003; Aksoy et (/1., 2003;

oye/al., 2001; Dyer et (/1., 2013b; Roditi and Lehane. 2008). In the presence of T.

this analysis indicated that the expression of most genes in both

Iectcd cardia and proboscis were significantly reduced compared to the control.

ggesting that the parasite may be modifying their expression to enable it survive.

lternatively, G. niorsitans may as well regulate their expression for survival too. For T.

ngolense specific gene expression analysis, most genes were up regulated in the C-

asites than in the PB-parasites. Artificial silencing of CIIIII/Perl 2 and/or CmmPerl08

RNAi, interfered with the integrity of the PM resulting in increased trypanosome

ection rate in the treated flies compared to the control; suggesting these proteins fOIl11

structural component of the PM in line with previous finding (Rose et al., 2014), and

modulate trypanosome infection outcome in the tsetse vector.
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5.2. Transcriptional profiles and functional roles of Glossina morsitans cardia

genes during Trypanosoma congolense infection

cardia is an organ which is located at the junction of the foregut and midgut. Cardia-

ennched dataset was used to characterize molecular composition and function of the

t c cardia. Analysis of the cardia-enriched dataset suggest that the cardia produce

chitinand carbohydrate molecules and may as well be involved in organ development.

One such organ that has been proposed to be produced by the cardia is the peri trophic

matrix(PM), a chitinous ancl proteinaceous membrane that separate food from the insect

nidgut epithelia (Hegedus et al., 2009; Lehane, 1997; Rose et al.. 2014; Weiss et al.,

014). From the cardia transcriptorne, the most abundantly expressed genes were cardia-

nrichcd and encoded proteins that 1'01111 major structural component of the PM which

includedpcritrophins (Rose et al .. 2014). Additionally. cardia-enriched datasct contained

thegene that encode Chitin synthase an enzyme that synthesize PM (Weiss c! (/1 .. 201-f).

and several genes that encode wingless proteins that regulate Wnt-signaling pathway

(Loganand Nusse, 2004; Lucas et al., 2015), and Iroquols/IRX transcription factors that

regulates several processes during embryonic and larval development in Drosophila

(Cavodeassi et al.. 2001). The Writ-signaling pathway and IroquoislIRX transcription

factors in tsetse mediate the synthesis of the PM (Aksoy et al., 2016). These results

uggest that the main function of the cardia of insects is to synthesize PM. Analysis of

cardia-enriched also identified genes whose products are associatecl with muscles

uggesting the muscular nature of the organ. Recent transcriptome analysis of T. bruce!

infected cardia revealed that these parasites interfere with the muscle structure of the

cardia (Vigneron et al.. 2018).

104



Infection of the cardia with T. congolense resulted in majority of the genes being

wn-regulated. One pathway. immunity. was induced in the infected 'cardia suggesting

t this pathway is active and is likely to play an important role in infection process. Of

immunity genes induced upon infection were three TEPs (Tep2, 4 and 6), which are

nem recognition receptors (PRRs) proteins involved in innate immune system of

6) and are able to respond to diverse groups of microbes including Plasmodium

Blandinet al.. 2004), bacteria (Moita et ({I" 2005; Stroschein-Stevenson et ({I., 2006),

fungi (Callc/ic/a albicansi (Stroschein-Stevenson er (1/" 2006; Urbanova et ({I" 2015)

fections via phagocytosis. Thioester containing proteins also respond to viral (dengue

uusl infection by inducing the expression of AMPs (Xiao ct al., 2014). In C. 111.

IOnilc/II.I. TEPs were reported to respond to T. bruce! infection in the salivary gland

Matetovici ct al.. 2016; Telleria cf al., 2(14) and in the midgut (Weiss ct ill" 201-+).

High expression ofTEPs in the infected cardia suggest a possible role of these proteins in

mteractingwith T. congolense in this organ. Another immunity gene induced encoded C-

type lectin (~TL) which recognize a plethora of carbohydrate ligands leading to

Carbohydrate/CTL interactions on the cell surfaces, in the extracellular matrix (ECM), or

on soluble secreted glycoproteins. This may facilitate processes like cell adhesion,

ell cell interactions, glycoprotein turnover, and pathogen recognition leading to innate

Immuneresponses. In mosquitos, CTLs were demonstrated to have an antibacterial effect

a well as antagonize Plasmodium parasite development in the mosquito gut (Osta ct a/.,

2004; Schnitger et al., 2009). Interestingly, in tsetse flies, infection of the salivary gland

and proboscis with T. bruce! and T. cotigolensc respectively lead to significant down-
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lation ofCTLs expressions in these organs (Awuochc et (/1.,2017; Matetovici et (/1.,

, Telleria et 01., 2014). On the other hand. reduced expression of a CTl variant

d be a way of trypanosomes modulating its response to the parasite survival.

ever. the role of CTLs during tsetse-trypanosome interactions is obscure and need to

Additionally, two AMPs induced in the T congolense infected cardia suggest that the

pathway also play an important role in parasite control in this organ. The AMPs are

enseproteins that help protect insects against pathogenic pathogens. They were shown

be upregulated in T bruce! infected salivary gland (Materovici et al., 2016), detected

m the fat body and cardia (Attardo ct 01., 2006; Hao et ([I., 2003; Hao et al., 2001) as

II as in hemolymph (Boulanger et (/1., 2002) of tsetse nics with established gut

fections. Transferrin, an immune molecule (Geiser and Winzerling. 2012). is an iron-

mding glycoprotein that help transport iron (Nichol (>1 (/1., 20(2). prevent oxidative

. as well as function in vitellogenesis (Yoshiga et 01., 1997) was also induced in the

fected cardia. However, expression of transferrin was found to be significantly reduced

mgut and PB of G. morsitans infected with T. brucei (Guz et al., 2007). In other insects,

ransferrin has been documented to function as an antioxidant protecting them from

idative stress (Chaitanya et al., 2016; Chaitanya et (t/., 2014; Kim et al., 2008; Kim et

1.. 2012). Thus, increased level of transferrin in infected cardia may be linked with host

re ponse to reduce levels of free radicles in the cardia. a situation that may enhance

trypanosome infectivity. Additionally. the increased expression of transferrin may also be

Implicated in the defense against the trypanosomes in the cardia (Lehane et al., 2008).

erine proteases (SPs) and serine protease homo logs (SPHs), a family of Toll or IMD
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unc pathway activators (Christoph ides et al., 2002; Ross et al.. 2003) were detected

mfectedcardia. One serine peptidase 212 and Serpin5 were upregulated in the infected

ta while serine protease 7 and 15 down-regulated. Serpins also known as SPHs,

late the proteolytic cascades of the Toll and IMD pathways as well as activate the

plcmcnt like-system by cleaving thioestor-containing proteins in insects (Gulley ct

2013). In mosquitos, Serpins were found to kill Plasmodium in the t1y midgut and

vary gland (Abraham et 0/., 2005; Pinto et al., 2008) and in tsetse, they were found to

induced in T. brucei infected salivary gland (Matetovici et al., 2016; Telleria et al.,

14). However. artificial silencing of four Serpins (Serpin3. 5, 9 and 10) via RNAi

reased T. brucei infection rate in tsetse midgut regardless of the silenced gene. This

Id mean that tsetse serpins may inhibit the activity of cascade activators of the

mplcment system as described for Scrpin 10 (Ooi ct al.. 2015) promoting infection

css. Further studies to elucidate the roles of SPs and Serpins in trypanosome infected

Of the down-regulated genes was tsetse EP protein, a protein with an extensive

dipeptide repeats comprising 40%. The repeat portion is

ignificantly similar to the EP repeat of T. bruce! procyclin surface coat (Vassella et al.,

2001).The tsetse EP protein function as an immune molecule (Haines et al., 2005) by

antagonizing both T. brucei and T. congolensc infection establishment in the tsetse

midgut(Haines et al.. 20 I 0). The decreased expression of tsetse EP in the infected cardia

maysuggest that the parasite may be modulating fly's immune response for its survival.

Finally, analysis of down-regulated gene products suggest a decreased metabolic process
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in the infected cardia, similar to what was observed in T congolcnse infected tsetse

:cis (Awuoche et al.. 2017).

For insects to be able protect themselves against pathogens, they need to selectively

gnize and mount an effective immune response against potentially virulent microbes.

limingof this response is critical and depends on the structural integrity of the PM. a

brane that initially separates microbes present in the gut lumen from the immune-

nsive epithelial cells located in the ectoperitrophic space (Hegedus ct al., 2009;

ane, 1997). In mosquitoes and sandf1ies, the PM serve as a physical barrier preventing

usmodium and Leishmania parasites from establishing infections in guts of their

tive vectors (Billingsley and Rudin, 1992; Coutinho-Abreu et 01., 2013; Kato et 01.,

8: Kuraishi et al., 2011: Shahabuddin ct al., 1993), while in Drosophila, PM also

iates infection outcomes in the zut bv rezulatinu the induction of antimicrobial'- .- -- ~

mune responses (Wang et al.. 2013c). In this study. RNAi based knockdown of

mmPerl2 and GIIll11Perl08 suggested that GJIlJ1/PerI2. one of the most abundant PM

roteins (Rose et al.. 2014) interfered with the integrity of the PM as indicated by the

highnumber of f1ies that survived Serratia infection. Similar results were obtained when.
t e chitin synthase was completely knocked down by R Ai-rnediated but not pro 1 and

pro2 with knocked down (Weiss et al., 2014). Thus, Weiss et ([I.. hypothesized that in

tsetse, PM mediates infection outcomes by temporally regulating immunological

detection of microbe-associated molecular patterns (MAMPs) by host gut epithelial

unmune responsive cells. The intact PM could thus enable microbes (bacteria) to form

Immuneevasive biofilm before getting into the ectoperitrophic space (Weiss et aI., 2014)

enabling the bacteria to proliferate thereby overcoming the host immunity.
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Knockdown of GI11mPerl2 and/or GmmPerl08 resulted in significantly higher

ber of flies infected with pathogenic trypanosome species compared to the control.
This result also mirror a study where chitin synthase, pro J, and pro? were knocked-

and T. brucei infection prevalence in dsRNA treated tsetse flies were increased

fold (Weiss ('I al.. 2014). In addition, T. brucei was also shown to suppress

ression of Plvl-associated genes in infected tsetse flies (Aksoy et al., 2016) suggesting

t these parasites modulate PM integrity for their development and subsequent

smission. Recently. when dsRNA of chitin synthase was added to the blood meal of

dy T brucei challenged flies, higher numbers of flies in the treatment had both

idgut and salivary gland infection compared to the dsG FP controls (Vigneron et a!..

\8). These results suggest that disruption of the PM increases infection rate in the

tsc gut that can eventually give rise to mature salivary gland or PB infections. This

may be because PM prevent pre-mature immune responses enabling maturation of

unmunes defenses able to eliminate trypanosomes. The PM may as well be a barrier to

trypanosome translocation from the ectoperitrophic space of the midgut. which IS an

ential step. for successful PB and salivary gland colonization. Taken together. these

results suggest that tsetse cardia is an immune responsive organ whose function is to

ynthesize the PM and that knockdown 0 f other cardia PM -related genes (Perl2 and

Per\08) can have subtle effects on the PM integrity thereby modulating trypanosome

infection outcomes. Infection of the cardia with T. congolense parasites also tend to

reduceexpression of gene products functionally associated with metabolism.
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The molecular composition and function of Glossina tnorsitans probosces

and its response to TIJ'pmIOSOl1la congolense infection

PB-enriched genes were used to putatively describe the molecular composition and

Ion of the tsetse PB. Enrichment of IRs and glutamate-gated calcium ion channel

ems. normally associated with chernoscnsation (Benton et a!.. 2009), coupled with

expression of proteins functionally linked with conditioned taste aversion (CTA) that

ble insects to discriminate between toxic and nutritious foods (Wright et al .. 2010) in

PB-enriched datasets, suggest that tsetse PB have a gustatory function. In D.

anogasfer, lRsin the gustatory organ (Croset et 01.. 20 I0) are thought to function in

ecting tastants (Abu in et al., 2011; Rytz et al .. 2013). Apart from the gustatory roles,

PB also assess the feeding environment as described in mosquitoes (lung et al.. 2015;

aekawa et al., 2011: Matthews ct 01.. 2(16) and Drosophila (Morucll. 2009). The CTA

nse has been demonstrated in several organisms (Wright. 2011: Wright et al .. 2010)

ich enable them detect and avoid consuming foods containing virulent pathogens

bin et al., 2014; Zhang et 01.. 2005). Collectively. these findings suggest that tsetse

B may also function in host selection and gustation choices. including avoidance of

ic foods during feeding. Further functional studies can shed light on how these

ttributes in tsetse PB are linked to the antennae chemosensory apparatus and their

potential role in facilitating narrow host selection and exclusive haematophagy in tsetse

The extensive network of muscles at the thecal bulb (visualized via microscopy),

and identification of muscle-associated genes in PB-enriched data set, may ensure the

tructural integrity of the organ (Dos Remedios ef 01.. 2003; White et 01.. 2014), enable
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movement (Jobling, 1933) and pumping (Bauder et 01., 2013; Karolyi et (/1., 2014;

er. 1989) processes, all of which are important for blood feeding; The microscopy

It also revealed for the first time the presence of cells lining the lateral proximal

of the labrum wall, a region associated with a high density of attached parasites in

ected flies (Molyneux et al.. 1979: Thevenaz and Hecker. 1980; Vickerman, 1973).

region contain a group of sensory receptors LCI mechanoreceptors (Rice et (II ..

73) known to monitor the rate of blood flow during tsetse feeding (Livesey et (II.,

980) and interact with T. congolense and T vivax parasites that firmly attach at their

e (of mechanoreceptors) forming rosette structures (Clarke. 1965; Evans et 01.. 1979;

olyneux, 1980; Molyneux et al., 1979; Vickerman, 1973). Twelve distinct genes that

code for mcchanoreceptors was found to be preferentially expressed in the PB relative to

the head and whole midgut transcriptomcs confirming their function in the PB. The cells

Identified in this study) and expression of mechanoreceptors in the same region of the

labrum. suggest that these cells synthesize the receptors that trypanosomes may attach to

during their development. Further functional studies would provide insight into which

etse receptors are involved in trypanosome-proboscis interactions.

Analysis of T. congolense infected PB showed that the majority of genes were

ignificantly down-regulated, with only a few being up-regulated. The up-regulated

transcripts encoded for proteins associated with cell cycle and cell survival processes,

reflecting an enhanced cell division and tissue growth and maintenance upon infection.

This mirrors the previous findings in G. 111. niorsitans SG infected with T. brucei (Telleria

el al .. 2014). The significantly down-regulated transcripts encoded metabolic, immunity,

cell adhesion/junction and extracellular matrix related proteins, and secreted proteins.
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ng the putative secreted proteins detected in the PB transcriptorne, six were major

roteins, which were also reduced in T. brucei infected SG (Matetovici et al., 2016:

eria ct al.. 2014; Van Den Abbeele et al.. 2010). The impact of this reduced

ion. in conjunction with physical interference of parasites with phagoreceptors

reduced labrum diameter by rosette forming parasites. can lead to prolonged tsetse

ing lime with multiple feeding attempts before the f1y can reach full engorgement

esey et (II.. 1980; Moloo and Oar, 1985; Molyneux and lenni, 1981; Roberts, 1981;

combination of these phenomenon in parasite

mission and host infection success has been described (Evans et ([I., 1979; Livesey et

1980; Molyneux et 01., 1979; Van Den Abbcele et ([I .. 2010).

Several immunity genes (able to distinguish various pathogens ranging from viral

fungal invaders) were found to be DE upon T. congolcnsc infection of the PB. Of

e, were two variants of DSC({I1/ of which one variant was upregulated and the other

reased. Dscatn gene is capable of producing many different isoforms (Smith et al ..

11:Yu et al.. 2009) and can exhibit pathogen specific immune memory (Armitage et

.2015). RNA silencing of Dscatn in Drosophila and Anopheles gatnbiae resulted in an

unpaired ability to phagocytose bacteria (Watson et al., 2005) and resist Plasmodium

Donge/ al., 2006), respectively. In mosquitoes, pathogen-specific splice forms of Dscam

are expressed upon immune challenge (Dong et al., 2012; Dong et al.. 2006). Future

mvestigations are warranted on the full variants of DSCCll71 encoded in tsetse and on the

role of the splice variants expressed in the PB. Generally, other genes associated with

unmunity, including lectins. hetnolectin (Hml ) and transferrin were reduced upon

trypanosome infection, suggesting a reduction of tsetse defense systems. Lectins and Hml
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activating the complement system and agglutinating parasite surface

hydrates (Fujita. 2002: Fujita et al.. 2004). Reduced levels of Lectins in the tsetse

gut during initial stages of trypanosome infection increase infection rates and

fection maturation in the fly midgut (Maudlin and Welburn. 1988a: Welburn and

audlin. 1990). Hml is an antimicrobial protein (Lesch ct «!.. 2007) with multiple

mains, including von Willebrand factor C and D, and two discoidin domains (Goto et

1.2001; Kotani et (II., 1995). In Drosophila, silencing of /117/1 led to bleeding defects

upon injury (Goto et al., 2003). It remains to be seen if Lectins some of which have been

shown to possess discoidin motifs (Frazier et al.. 1975: Lesch ct al.. 2007) and Hrnl. can

mlerfere with establishment of epimastigotes in tsetse PB. Taken together, these results

uggcst that T. congolense infection negatively affects immune function in tsetse PB. a

ituation that can facilitate parasite survival and development in this niche.

Two tetraspanin (Tsp) genes identified in the PB-enriched dataset. were up-

regulated upon infection. Tetraspanins arc molecular facilitators linked with cell

adhesion/junction, the extracellular matrix and function in host-pathogen interactions

(Adell et al.. 2004; Hemler, 2003; Ley and Zhang, 2008; Martin et 01" 2005; Spoden et

(//.,2008; VanCompell1011e et 01" 2003). Increased expression of Tsps have been reported

in T brucei infected SGs of G. 111. niorsitans (Matetovici et al.. 2016) and Dengue virus

infected A. aegypti (Sim et al., 2012). Although the importance of this induction in the

tsetse system is unknown. Tsps are thought to be involved in fly-parasite interactions

(Murungi et al., 2014). On the other hand, the expression of other cell adhesion/junction

and extracellular matrix linked genes were down-regulated, contradicting results reported

from T btucei infected SGs (Matetovici et al.. 2016). Attachment of T. congolense
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ites to the PB wall is an important aspect of parasite life cycle, and ensures that the

remains infected its entire life span and is mediated by the Pls-parasite flagellum.
raction resulting in the formation of hemi-desmosome-like junctional complex (Evans

al.. 1979). Ligand receptors involved in this interaction is unidentified requiring

tionaI studies to potentially elucidate direct interacting partners between putative PB

IIsurface proteins or TM proteins identified here and T congolense.

5.4. Molecular characterization of Trypattosma congolense parasites inhabiting

the cardia or proboscis of tsetse flies

High throughput RNA expression analysis was used to examine molecular differences of

congolense developmental forms colonizing the cardia (C -parasites) and proboscis

PB-parasites) of C. 117. morsitans. Results from these analyses reveal that C-parasites

xpress genes that encode products linked to nuclcotidcs/nucleosides. cell signaling and

quorum sensing (QS). and several transport systems. suggesting parasite adaptation to

arying nutritional environments in the vector. The PB-parasites, on the other hand,

express putative proteins associated with cell proliferation, in line with previous finding

(Peacock et (£/ .. 2012a). Greater cell division processes observed in PB-parasites may

either enable multiplication of EMF or generation of short MCFs of T congolense from

long EMF (Peacock et 01.. 2012a). In cultures of long attached EMFs, MCFs only

appeared if short, attached trypomastigotes were present (Prain and Ross, 1990).

As extracellular parasites, African trypanosomes, including T. congolense. should be

able to sense and respond appropriately to changes in their host environment. This feature

i critical for the parasite to monitor nutrient availability, space and prevent accumulation

of toxic metabolic waste for survival (Mony and Matthews, 20 I 5). This process likely
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olves a repertoire of receptors, reporter molecule( s) and signaling pathways, with

e evidence that cAMP and QS may also play important roles in thi's fascade (Makin

Gluenz, 2015; Mony and Matthews. 2015). Increased expression of receptor-like

nylate cyclases (ACs; ESAG4/GRESSAG). QS and signal transduction proteins in C-

sites suggest that these parasites can also monitor their density (Mony and Matthews,

15)and engage in social behaviors as described for procyc\ic T. brucei (Oberholzer et

1.2010; Oberholzer et {[I .• 2015; Saada et ([I., 2015). The African trypanosome genomes

encodean unusually expanded repertoire of ACs, with T. bruce! encoding over 80 and T.

ngotense 45 (Salmon et al.. 20 12b). This expansion only exists in the extracellular

trypanosomes, but not in related intracellular kinetoplastids like T. cruzi and Leishmania.

In T. brucei. one well studied member of subfamily of ACs is an expression site

a ociatcd gene (ESAG.:l). which is a BSF stage specific flagellar pocket protein involved

m disrupting host innate immunity (Salmon et al .. 20 12b). Insect stage-specific T. bruce!

Cs have also been identified, suggesting similar roles during parasite development in

the tsetse vector (Saada ct 01.. 2014: Savage et al., 2016). Adenylate cyclases can also

control cell division (Salmon et al.. 2012a) and signal for social motility (Lopez et al ..

2015). As such, upregulation of T. cottgolense ACs in the cardia can only be linked to

increased function of cAMP mediated signaling pathways and social motility (Makin and

Gluenz, 2015), as C-parasites do not divide (Peacock et al .. 2012a). Aspects ofQS and

ignal transduction like social activities, including social motility, can facilitate

trypanosome movement in the tsetse vector (Oberholzer et al., 2010), as was postulated

for T brucei procyc\ics in tsetse midgut (Imhof et ([I., 2014; Imhof et al.. 2015). Quorum

cnsing may also boost host nutrient accessibility while overcoming host defenses for
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Ivai (Saada et ({I., 2015). These results suggest that T. congolense C -parasites may

engage in social behaviors that can enable them to move from the cardia en masse to

nize the foregut as well as maximize the ability of these parasites to acquire nutrients

m the cardia. The nutrient transporter proteins expressed by C-parasites may further

nee parasite uptake of metabolites in the cardia lumen.

Also detected was the expression of genes whose products potentially regulate

ite differentiation, e.g RBPs, PADs and LPPs (Alves e Silva ct 0/., 2016; Dean et

2009; Hendriks et ([1.,2001; Kolev et al .. 2012; Kolev et 0/.,2014). In T. brucei,

erexpression or the gene encoding RNA Binding protein 6 (RBP6) using pLEWIOO

lor in in vitro cultured noninfectious PCF resulted in generation of mammalian

fectivc MeF (Kolev et al., 2012). The zinc finger protein, ZC3H20, regulates

fferentiation and growth of PCF (Hendriks ('I al.. 2(01). while ZC3H 11 stabilizes heat-

k protein 70 and enables survival or BSF in the animal host (Droll et al.. 2013).

Ds have been identified in T. brucei, where PAD2 enables differentiation of BSF cells

procyclics during the early stages of fly midgut infection (Dean et al., 2009). The

pression of all LPPs were induced in T. congolense PB-parasites similar to their T.

icei homologs, which are also induced in tsetse SG (Alves e Silva et al., 2016).

Ithough the roles of RBPs and PAD have not been elucidated in T. congolense, here it is

speculated that they may perform similar functions as in T. brucei. The increased

e pression of LPPs might be important for the uptake of phospholipids from PB by the

attached parasites, in order to support parasite growth, proliferation and differentiation in

thePB (Brindley et al. , 2009: Pascual and Cannan, 2013).

116



eral African trypanosome CSPs that may be involved in host-parasite interactions

been identified (Jackson et al.. 2013). Analysis of data from this study revealed that.
mbersofFam50 subfamily "iii ', 'i' and 'GARP' were induced in C-parasites while

members of the "CESP' subfamily were induced in PB-parasites. This result

diets previously held knowledge based on in vitro cultured T congolensc stages

GARP is shown to be preferentially expressed by EMF stage parasites (Butikofer

2002: Eyford et al.. 2011), which occur in tsetse PB (Peacock et al., 20 12a). While

roles orGARP and "iii ' subfamily of proteins are unknown, CESP protein is thought

enable EMF attachment to the PB wall (Sakurai et al., 2008).

The expression levels of four invariant surface glycoproteins (ISGs), the

toglobin-hernoglobin receptor (HpHbR) and several VSGs. including three

viously identified metacyclic specific-VSGs. were induced in PB-parasitcs (Eyford C{

2011: Helm et al.. 2(09). The VSGs may be a preadaptation strategy of the parasite

rtransmission to the animal host and evasion of host immunity (Donelson et al .. 1998).

The role of ISGs in T congolense is unknown, but their T brucci homolog (lSG 75)

functions in suramin metabolism in BSFs (Alsford et a/ .. 2012). The HpHbR of T.
ngolcnse has high affinity for hemoglobin and is strategically expressed on the surface

f EMF parasites (Eyford et a/ .. 20 11; Lane-Serff et a/., 2016), which appear in the PB,

and cibarium. In the PB, the HpHbR may enable the parasites to acquire heme from

meomingblood during tsetse feeding (Higgins et al., 2017: Lane-Serff et a!.. 2016). In T

bmcei. HpHbR is BSF-specific, and it helps the parasite to acquire haptoglobin-

hemoglobin complexes for heme (Vanhollebeke et al., 2008). In addition, several

hypothetical CSPs were also induced in Pls-parasites. notably TclL3000 _0_02370, which
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ght to be involved in EMF to MCF development (Eyford et al.. 20 II). This single

gene (TclL3000_0_02370), has multi-copy orthologues (Tb~27.7.360) in T

genome and that are preferentially expressed by parasite colonizing tsetse SG

wen the small number of MCF (Thevcnaz and Hecker. 1980) that get deposited

saliva into the mammalian host bite site, the metacyclic developmental stage

15 a bottleneck for transmission. If MCF -specific proteins can be effectively

led at the bite site, it could block parasite infection establishment in animal hosts.

s this end, studies in mice immunized with radiation-attenuated trypanosomes

led from animal blood 5-days post challenge with infected tsetse showed protection

in Ia subsequent parasite challenge. Again, mice that were challenged twice with T

'go/ells£! infected tsetse then treated with trypanocid~l drugs after each challenge. and

lIy followed by homologous parasite challenge. resulted in sterile immunity

antulya et al.. 1978b, 1980). However, immunity to trypanosornes in these experiments

short-lived (Nantulya, 1986). Such strategies have also been tried in Plasmodium

by targeting the CS antigen ofsporozoites from mosquito SG (Schwenk et al., 201l:

ala et al., 1985) and other antigens (Chaturvedi et ([I., 2016) to block transmission.

Theproteins expressed by immature parasite stages in the fly also present possible targets

r genetic modification to prevent parasite maturation in the vector (Aksoy ct al., 2001).

However, it should be noted that T c017golc17SC populations, particularly those in tsetse

PB.are variable, and gene expression analyses of these parasites is complex and difficult

to tease apart.
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.5. Study limitations

limitations of the current study include: the tsetse flies (G. 111. morsitansv used in this

yare laboratory reared, under controlled environment and as such using them for the

y may not give the actual molecular responses that may occur in the natural

Ironment. Second. the T. congolcnsc parasite used here is a strain that had been

pted to the lab animals, thus using them for such studies may not give true retlection

the gene expression in nature. Third. the proboscis (PB) of T. congolense infected

flies contain diverse parasite stages including long trypomastigotes, epimastigotes,

metacyclics and metacyclics which are difficult to tease apart. Thus, parasite

riptorne of the infected PB in the current study cannot claim to be focused only on

mammalian infective metacyclics but also other f0l111S making it difficult to assign

rcssion values of genes to particular stage. Lastly. the number of biological replicates

to generate PB transcriptome were only two which is short of one replicate to enable

more robust statistical analysis. Thus. care is required in interpreting the PB.
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CHAPTER SIX

lARY OF FINDINGS, CONCLUSIONS AND RECOMMENDA nONS

3655Glossina niorsitans challenged with T cougolense (TCD) parasite, only 284

had full infection in the midgut, cardia and proboscis. The cardia express genes

e for proteins that form the structural components of the PM and enzyme Chitin

se that synthesize PM suggesting that this organ is important in PM production.

ity related genes were induced in the cardia upon T congolense infection

ting increased activity of defense systems in this organ. The tsetse GmmPer12 and

er108 differentially mediates infection outcomes in tsetse fly following infection

pathogenic T congolcnsc and T. brucci. Besides, GmmPerl2 forms a major

nent of the PM structure that upon being silenced compromises the integrity of the

PM. The proboscis or tsetse Il y is muscular with chcmoreceptors or

PB genes were also significantly suppressed

infection with T. congolensc. The T COllgO/CI1SC parasites in the cardia have the

bility to sense and engage in social behavior like social motility, and absorb protein

amino acid metabolites or nutrients from the cardia lumen, while the parasites in the

cis undergo vigorous cell di vision.

6.2. Conclusions

The tsetse cardia is a proteinaceous organ with some muscles whose cells principally

ynthesis the peritrophic matrix (PM) components. Cardia is also immunologically

responsive to pathogens and microbes. Infection of the cardia with T congolense

parasite seems to suppress transport and metabolic processes in this organ. Besides,
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morsitans peritrophins (GI1II11Perl2 and Gmll/Perl08) modulate infection rate of

by African trypanosomes (T congolense and T bruceiy. Artificial knockdown

the GmmPerl2 compromises the integrity of the tsetse PM.

may also exhibit chemosensory functions.

the reduced expression of gene products

iated with metabolic processes and immune system of the fly potentially

that can facilitate parasite survival and subsequent

insect vector, or may represent vector survival responses

congolense genes were upregulated in the parasites inhabiting

the cardia than those residing in the tsetse proboscis. The C -parasites are covered by

hm50 'G/\I~.P', "iii and "i subfamily cell surface proteins and express several

families of transporter genes suggesting that these parasites scavenge for nutrients

from the cardia lumen. Additionally, the C-parasites can also engage in social

behaviors like social motility. The PB-parasites on the other hand express CESP and

VSG proteins including mVSGs which are associated with EMF that attach to PB

wall and mammalian infective metacyclic stage parasites respectively. The insect

stages of T congolense engage in oxidative phosphorylation for energy.

6.3. Recommendations from the current study

Comparative transcriptome profile of T. congolense infected cardia (from this study)

versus T brucei infected cardia from the recently published dataset (Vigneron et al..

2018) should be performed to identify differences in molecular response of G.

morsitans cardia to these t\VO closely related African trypanosome parasites.
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The role of C. 1I10rsi!([I1S' proboscis in conditioned taste av~rslon should be.
determined to know if tsetse flies can also select nutritious food compound from the

for T. congolense hypothetical proteins (TcIL3000_0_02370 and TcIL3000_7 _3440),

predicted ill silica to be expressed on the parasite surface. further protein localization

in the bloodstream from parasites, midgut, cardia and among the diverse proboscis

parasites should be analyzed by agglutination test, electron microscopy or confocal

lesser microscopy.

6.4. Recommendations for future research

Functional analysis of the C. niorsitans immune related genes like TEPs upregulated

in the infected cardia and functionally characterize the C. niorsitans most abundant

peritrophin, GmmPer66 on the integrity of the peri trophic matrix (PM).

Characterize tsetse proboscis as chemosensory organ and identify receptor proteins in

the proboscis that either T. congolense or T vivax attach before undergoing

metacyclo genesi s.

3. Determine the role of various T cotigolensc putative CSPs in as transmission

blocking vaccines as well as the role of RNA-binding proteins, PADs and LPP in T

congolense in regulating parasite differentiation.
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