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“The cold smell ofpotato mould, the squelch and slap

Ofsoggypeat, the curt cuts ofan edge

Through living roots awaken in my head.

But I’ve no spade tofollow menlike them.

Between myfinger and my thumb

The squatpenrests.

I'll dig withit.”

Digging by Seamus Heaney
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ABSTRACT OF THESIS

Thetsetse fly (Diptera: Glossinidae) is responsible for cyclical transmission of African
trypanosomes, which cause humansleeping sickness and veterinary infections on the
African continent. Amidst a complex milieu of fly, symbiont and bloodmealderived
factors, African trypanosomesdifferentiate and initially establish within the fly midgut
before migrating to the salivary glands. This PhD project aimed to investigate molecular
aspects of tsetse-trypanosomeinteractions, primarily from an immunological perspective.

Using RNA interference (RNAi), gene knockdown of Glossina Toll and Imd immune
signalling pathway members was attempted. As dsRNA injection resulted in high mortality

rates (30-70%), dsRNA feeding was chosen as an alternative means of dsRNAdelivery.

Notably, feeding of dsRNAspecific to either Toll or Imd members had nosignificant effect
upon fly mortality and resulted in high transcript knockdownin fly midgut but not fat body
tissue. Interestingly, neither trypanosome midgutinfection rate nor expression ofthe attacin

GmmAttA1 wasaffected following Toll/Imd member knockdown. However, increased fly

mortality following knockdownofthe same genes coupled with M. /uteus or E. coli

challenge was noted. A comparative analysis of dsRNA feeding versus dsRNAinjection

wasalso undertaken. Feeding of dsRNAspecific to the midgut-expressed gene fsetseEP
resulted in comparable knockdown to dsRNAinjection at both transcript and protein level.

However, significantly lower fly mortality was observed. Additionally, dsRNA feeding

represents a more natural method ofdsRNA administration to flies.

The teneral phenomenon, a phenotype unique to Glossinasp. refers to the higher

susceptibility of newly emerged, previously unfed flies to trypanosomeinfection thanflies
that have received several bloodmeals. In recent years, the term teneral has become

synonymous with nutritional status, without taking into consideration the age ofthe fly at

the time of the first bloodmeal. In this study, fly age at the time of the infective bloodmeal

was observedto contribute greatly to infection outcomeregardlessoffly species,
trypanosomespecies andparasite life cycle stage examined. Youngerflies (24 hr p.e.) were

at least twice as susceptible to trypanosomeinfection asolderflies (48 hrp.e.). Importantly,

infection outcome wasalso dependant on trypanosome numberimbibed in the first

bloodmeal. Expression analysis of milk gland protein, proventriculin-2 and a symbiont

specific protein indicated a possible role in mediating fly susceptibility to trypanosome

infection.

The effect of symbiont presence upontsetse immunity wasalso investigated. Clearance of

fly symbionts by per os ampicillin/tetracycline treatment resulted in activation of host
defence peptide (HDP) expression in midgut and fat body tissues. No significanteffect of

symbiontclearance uponfly susceptibility to trypanosomeinfection or attacin expression in

response to bacterial challenge was noted. While low fecundity was observed in the

ampicillin/tetracycline treated group, gentamycin treatmentresulted in fecundity

comparableto controlflies and Sodalis glossinidius clearance.

Studies of immuneresponsesto trypanosomes were extended to the insect Stomoxys

calcitrans, which lives sympatrically with Glossina but does not support cyclical

developmentoftrypanosomes. Within S. calcitrans midguts, differentiation of

trypanosomesdid not appear to occur and bloodstream form trypanosomes were cleared

rapidly (within 3 hours). Trypanosomeclearance wasnot affected by feeding of

antioxidants. Notably, procyclic form trypanosomessurvived for longer (24-48 hours) in

the fly midgut. Attempted RNAi knockdownofthe HDP stomoxyn wasunsuccessful.

Overall, this research offers new insights into tsetse-trypanosomeinteractions.
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CHAPTER1
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1.1 Introduction

African trypanosomiasis is an extremely important disease, in both medical and

socioeconomic terms, affecting both people and animals in sub-Saharan Africa.

The tsetse fly (Diptera: Glossinidae) is the sole known vector responsible for

cyclical transmission of African trypanosomes, the protozoan parasites

responsible for Human African Trypanosomiasis (HAT= sleeping sickness) and

African Animal Trypanosomiasis (AAT= nagana).In the early part ofthe last

century, several HAT epidemics occurred on the African continent but by the

early 1960s the disease was controlled and had almost disappeared. However,

relaxation of surveillance and control measures led to resurgence in human and

animalcases (Aksoyef al., 2003). In 2000, the World Health Organisation

(WHO)estimated approximately 60 million people and 50 million cattle were at

risk of contracting African trypanosomesin 37 countries of sub-Saharan Africa,

covering more than 9 million km’and correspondingto one third of Africa’s total

land area. Since that date, control efforts and population surveillance have

increased. In 2007, the number of new HATcasesreported dropped to 10,769

cases (WHO,2007). However,there isstill difficulty in assessing the current

situation in a numberof endemic countries due to a lack of surveillance and

diagnostic expertise. Additionally, the occurrence of major outbreaks recently in

Angola, the Democratic Republic of Congo and Sudanillustrate how quickly

resurgence of trypanosomiasis can occur (WHO fact sheet No. 259, 2006).

1.2 Humanand animaltrypanosomiases

HATcan assumeone of two forms depending onthe parasite strain involved.

Trypanosoma brucei rhodesiense and T. b. gambienseare the causative agents of

HATin East/ Southern Africa and Central/ West Africa respectively. Typically

the 7. b. rhodesiense transmission cycle involves wild and domestic animals but

intensified man to man transmission may occur during epidemics. The T. b.

gambiense transmission cycle is mostly human to human, involving animals to a

muchlesser extent. In humans, 7. b. rhodesiense infections are acute with the

infection lasting between a few weeksto several months, while 7. b. gambiense

infections are chronic and generally last for several years without any major signs



or symptoms. In both cases, without proper diagnosis and treatment, the outcome

is death with mortality resulting from neurological complications after penetration

of the parasite into the central nervous system (WHO, 2000; 2007). There are no

prophylactic drugs or vaccines available to prevent HAT. Therefore the earlier the

disease is detected the better the chance of survival. Currently only four drugs are

available to treat HAT; pentamidine, suramin, melarsoprol and eflornithine. Of

these four, only eflornithine has been registered within the past fifty years (WHO,

2000). Pentamidine and suramin are usedin the first stage of 7. b. gambiense and

T. b. rhodesiense infections respectively (i.e. trypanosomesare within the human

blood and lymphatic circulatory systems). Melarsoprolis used in the second stage

of both formsofthe disease (i.e. when trypanosomeshavecrossed the blood-brain

barrier). Eflornithine is only used in second stage 7. b. gambiense infections since

it is not effective against 7. b. rhodesiense. Howeverall treatments exhibit

toxicity and in manycasesresistance to these drugs is beginning to emerge

(Legroset al., 2002; Delespaux and de Koning, 2007).

Other parasite species and sub-species of the Trypanosoma genusare pathogenic

to animals. 7. b. brucei, T. congolense and T. vivax are the major causes of nagana

(a Zulu word meaning “to be depressed”’) in cattle. Nagana has an estimated

annual economiccost of approximately US$4.5 billion to the African economy,

due to losses in milk, meat and wool yields. Approximately 3 million cattle deaths

are caused yearly, with most cattle succumbingto infection-induced anaemia or

secondary opportunistic infections (Kristjanson eal., 1999). Naganais also

believed to be a majorrestriction to agricultural development in sub-Saharan

Africa, precluding land use from otherwise valuable land and limiting the use of

draught and pack animals (Jordan, 1986). Furthermore, animals may host human

pathogenic trypanosomes,especially 7. b. rhodesiense, and act as important

parasite reservoirs. While animals may also be infected with 7. b. gambiense,the

epidemiologicalrole of this reservoir is not well understood (WHO,2007).

Currently AAT control is predominantly managed by use of trypanotolerant

breeds ofcattle and the use of prophylactic and trypanocidal drugs.



2. Trypanosomevectors

2.1 Tsetse fly identification and distribution

Tsetse flies (Family: Glossinidae) are identifiable by several characteristic

features. Firstly, tsetse flies possess plumosearistae on the third antennal segment

(Fig. 1.1, Panel A). Secondly, the discal cell of the wing has a discernable

“hatchet” shape (Fig. 1.1, Panel B). Thirdly, they adopt a characteristic resting

posture with their single pair of wings folded scissor-like over their abdomen

(Leak, 1999).

Tsetse flies are currently restricted to sub-Saharan Africa (Fig. 1.2), between

approximately 4°N and 29°S, extending to 30° along the eastern coast and two

areas of the Arabian peninsula (Lehane, 2005). Twenty-three species and eight

sub-speciesoftsetse fly are currently recognised. Fly species are commonly

divided into three main groups depending on their ecological niche: forest

(Fusca), riverine (Palpalis) and savannah (Morsitans) (Leak, 1999; Lehane, 2005).

Fusca group species tend to be forest dwellers. However, G. brevipalpis is an

exception and is more regularly found in association with livestock. The Palpalis

group occurs in lowland forest but many are found in woodlandsof river banks

and lake shores of drier savannah areas. Morsitans group flies tend to be restricted

to scrub, thicket and woodlandsin savannah areas (Leak, 1999; Lehane, 2005).

Of the 31 knownspecies of Glossina,all are believed to be capable of

transmitting trypanosomes to someextent (Roditi and Lehane, 2008). With the

exception of G. brevipalpis, flies in the Fusca group are considered neither

medically nor agriculturally important. However, both Palpalis and Morsitans

groupflies are of major importance to man as they are major vectors of 7. brucei

sspp. Morsitans group species are currently the most economically important as

they are the major vectors of nagana. Palpalis groupflies are important vectors of

HATaspeople regularly encountertheseflies, particularly when visiting water

sources (Leak, 1999; Lehane, 2005).



 

 

  
 

Figure 1.1: Characteristic anatomical features of Glossina sspp.
PanelA:Side view of an engorged female G. m. morsitans resting during

diuresis. An anal droplet has started to form within minutes of feeding. The

characteristic arista (arrow) is used for species identification (image: R. Wilson

http://www.raywilsonbirdphotography.co.uk/Galleries/Invertebrates/vectors.html)

Panel B: Characteristic wing venation pattern oftsetse flies, with “hatchet cell”

highlighted (image: L. R. Haines)
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Figure 1.2: Map of distribution of tsetse fly species in sub-Saharan Africa,

indicating the species numberperlocation
(Image:http://ergodd.zoo.ox.ac.uk/tseweb/distributions.htm).



2.2 Tsetse life cycle

Thetsetse fly is unique amonginsect disease vectorsin that it possesses a

viviparous lifestyle i.e. the female fly gives birth to live young as opposed to

producing large numbers of eggs. Consequently, tsetse flies have a very low rate

of reproduction, typically producing 8-10 offspring in their lifetime under optimal

laboratory conditions (Leak, 1999; Attardo et al., 2006a). The fly’s reproductive

tract possesses extensive modifications to permit intrauterine larval development

including a reduced numberof ovarioles per ovary (two), a highly tracheated and

muscular uterus and modification of an accessory gland to supply nutrients to the

developing larvae (milk gland). Oogenesis begins before tsetse eclosion. A single

oocyte developsat a time, starting with one of the two ovarioles in the right ovary,

and takes 6-7 days to complete. Oogenesis appears to be regulated by the presence

of a developing embryoorlarvae in theuterus.

Female flies generally mate only once and once inseminated can store sperm for

the duration oftheir lifetime. Upon completion of oogenesis, an oocyte is

synchronously ovulated andfertilised in the uterus of the fly when it undergoes

embryonicandlarval development. The embryo hatches to a 1“ instar larva (L1

stage), moults through two moreinstar stages and is deposited as a fully

developed 3" instar larva (Fig. 1.3). This occurs approximately 16 days after

fertilisation in the case ofthe first offspring, but every 9 days thereafter. The larva

burrowsinto the ground whererapid pupariation takes place. The adult fly

emerges from the puparium approximately 4 weeksafter pupariation, depending

on temperature and humidity. Immediately after eclosion, the wings, abdomen and

thorax are highly compressed and the newly emerged fly has to expand by means

of air intake via the cibarial pump (Leak, 1999). Tsetse flies are obligate

bloodfeeders and the newly emerged adult fly requires 2-3 bloodmeals to

complete development (Aksoy ef al., 2003).
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Figure 1.3: Life cycle of the tsetse fly illustrating intrauterine, puparial and

adult developmental stages (Leak, 1999).



2.3 Stomoxys calcitrans identification and distribution

The genus Sfomoxys (Family: Muscidae) is comprised of 18 species, of which 17

have a mainly African distribution (Zumpt, 1973). The stablefly Stomoxys

calcitransis a pest species of worldwide distribution. Sfomoxys are approximately

7-8 mm in length, usually grey in colour and possess four longitudinal dark stripes

on the thorax (Lehane, 2005).

Both sexesare facultatively hematophagous and may often ingest several small

bloodmeals throughouta day. Flies feed on cattle, horses, sheep and goats but

may also feed on other animals such as dogs. Stomoxys give painful bites and

often cause significant blood loss in their host because of the numbersofflies

present. Theseflies significantly affect cattle weight gain and milk production and

are responsible for considerable annual economiclossesto the livestock industry

(Lehane, 2005). Furthermore S. calcitrans is responsible for the mechanical

transmission of several trypanosomespecies of veterinary importance. These

include 7. evansi, which affects equines, cattle, dogs and other vertebrate species

in South America and predominantly camels in North Africa, 7. vivax and

possibly African trypanosomesassociated with the tsetse fly (Maudlin, 2004;

Lehane, 2005).

2.4 Stomoxys calcitranslife cycle

Typically, oviposition takes place 6 to 9 days following adult emergence andafter

several bloodmeals have been imbibed. The female fly lays eggs in decaying

vegetable matter or horse manure andis capable of producing a total of 800 eggs

in batches of 25-50 eggs at a time. Larvae hatch between two and four dayslater,

depending on the environmental temperature. These saprophagouslarvae develop

through three larval stages, pupate and mature into adults. The averagelife cycle

is 4 weeks but may vary between 3-7 weeks, based on temperature (Lehane,

2005).



3. African trypanosomes

3.1 Trypanosomespecies

Trypanosomeparasites belong to the order Kinefoplastida due to the presence of a

kinetoplast organelle within the cytoplasm. This orderis further subdivided into

the suborder 7rypanosomatina, family Trypanosomatidae and genus

Trypanosoma. The genus Trypanosomarepresents several subgenera which may

be divided into two distinct groups based ontheir site of colonisation within the

insect vector and their modeoftransmission. Sfercocaria (subgenus

Megatrypanum, Schizotrypanum and Herpetosoma) develop in the insect hindgut

and are transmitted faecally. 7. cruzi and T. rangeli are the best known species

and infect many animal species. Species of the Salivaria (subgenus Nannomonas,

Duttonella, Trypanozoon and Pycnomonas) developin the anterior region of the

tsetse midgut and then terminally migrate to the salivary glands or mouthparts

where transmission occurs uponbiting. Several salivarian species are responsible

for the economic and medical devastation in Africa (Maudlin, 2004).

T. congolense, T. godfreyi and T. simiae (subgenus Nannomonas)are identified by

their lack of a free flagellum and small size (8-24 um). 7. congolense is one of the

major causes of trypanosomeinfection in livestock. T. simiae and T. godfreyi are

mainly associated with suid infections. Trypanosomesofthe subgenus Duttonella,

T. vivax and T. uniforme, have a larger kinetoplast than other salivarian

trypanosomespecies and an overall rounder shape. These species infect several

hosts including cattle, horse and sheep. Tranmission occurs mainly bythe tsetse

fly vector but may also occur mechanically by hematophagousinsects such as

Stomoxys (Maudlin, 2004). 7. brucei, T. evansi and T. equiperdum (subgenus

Trypanozoon) have large free flagellum, small kinetoplast and are

morphologically indistinguishable from each other. 7. 6. brucei is responsible for

Naganain cattle while 7. 6. gambiense and T. b. rhodesiense cause HAT in

humans.All three species are transmitted by tsetseflies. 7. evansi is mechanically

transmitted by hematophagousflies and causes Surra in both wildlife and

livestock. 7. equiperdum is a sexually transmitted tissue parasite whichinfects

horses. 7. suis (subgenus Pyncomonas), identifiable by a short flagellum and

small kinetoplast, is infective to pigs (Maudlin, 2004).



3.2 Trypanosome(T. brucei sp.) lifecycle

Both male and femaletsetse flies are obligate blood feeders. Thus both sexes can

act as cyclical vectors of African trypanosomes (Leak, 1999). Notably, differences

in life cycle events between various trypanosomespecies exist. However, the

developmental changes undergone by 7. brucei within the fly host have been

studied more extensively than those of other species and are described below. The

trypanosome undergoes a complex series of complex developmental changes

throughoutits life cycle as it alternates between the vertebrate host and the tsetse

fly vector. Within the vertebrate bloodstream, two different forms of trypanosome

are found: a long, slender form that replicates by asexual division and a short,

stumpy, non-replicating form (Fig. 1.4(1)). These extracellular trypanosome

parasites are covered with an immunogenic variant surface glycoprotein (VSG)

surface coat, which physically shields underlying membraneproteins from host

immuneresponses (Vickerman, 1969; Barry and McCulloch, 2001; Barry ef al.,

2005). The large repertoire ofVSG genes allows the expansion of antigenically

distinct trypanosome populations within the host. At high trypanosome

parasitaemia, the host immune launches an immuneassault and most of the

parasite population is destroyed. However, a small numberof trypanosomes

survive, because they express an antigenically distinct VSG coat, and parasites

expand in number. These cycles of trypanosomereplication and destruction result

in wavesoffluctuating parasitaemia within the host (Vickerman, 1985; Barry and

McCulloch, 2001).

Differentiation of the long slender bloodstream form (BSFs) to short stumpy BSF

occurs at high densities of long slender BSFs (Vassella et al., 1997; Seed and

Wenck, 2003). The switch from slender to stumpy BSF involves changes in

metabolism within the trypanosome,but the molecular signals involved are not

yet known. Short stumpy BSFsare believed to be pre-adapted for survival within

the insect midgut as they possess a functional mitochondrion (Brown, 1973). In

the vertebrate bloodstream host trypanosomesutilize glucose as an energy source.

Within the fly midgut glucoseis limiting and a moreefficient utilization of

glucose and aminoacids occurs via the TCA cycle and oxidative phosphorylation

in the mitochondrion.
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To study the early events of trypanosomeestablishmentin the tsetse midgut, 7. b.

brucei trypanosomesexpressing green fluorescent protein (GFP) under the control

of a procyclin promoter have been produced (Gibson and Bailey, 2003).It is

evidentthat differentiation of the BSF to the procyclic form (i.e. the insect

midgut-adapted form) (Fig. 1.4(2)), which involves replacement of surface VSGs

by procyclins, occurs rapidly after the bloodmeal ingestion by the fly (Acosta-

Serrano ef al., 2001; Vassella et al., 2001; Gibson and Bailey, 2003)(Fig. 1.4(2)).

What exactly triggers differentiation from the vertebrate BSF to the insect

procyclic form in vivo is unknown. However,differentiation may be induced by a

drop in temperature (Imbugaef al., 1992), cis-aconitate or citrate (Overath ef al.,

1986), mild acid stress (Rolin ef al., 1998) and proteases (Huntef al., 1994) in

vitro.

Forthe first three days, trypanosomesare mostly contained within the bloodmeal

as it is being digested and multiply rapidly. Typically, by six days post bloodmeal,

flies can be divided into two groups.In the first group, most flies will have

cleared the ingested trypanosomesfrom their midguts i.e. will have self-cured.

The second groupofflies will have established midgut infections (Gibson and

Bailey, 2003). Critical events in the self-cure process occur around three days

after infection, whenthe relatively small proportion of surviving trypanosomes

(~10%) either die or rapidly multiply in number (Gibson and Bailey, 2003).

However, in mostflies, trypanosomesfail to expand in numbersandflies self-cure

the infection (Dipeolu and Adam, 1974; Gibson and Bailey, 2003).

Trypanosomesin an established infection migrate to the ectoperitrophic space 3 to

5 days post infection (p.i.) (Gibson and Bailey, 2003) (Fig. 1.4(3)). It is believed

that this occurs either by direct penetration through the peritrophic matrix (PM) or

by circumnavigation around the open, posterior end of the PM in the hindgut (see

Section 5.1). Typically the midgut population reaches about 5 x 10° trypansomes

(Van den Abbeele et al., 1999; Gibson and Bailey, 2003) and self-regulation of

parasite population densities occurs. A novel form ofcell death is believed to

occur in trypanosomes, knownasproto-apoptosis, to maintain trypanosome

numberswithin the midgut (Welburn and Maudlin, 1997). In some trypanosome

infections, cyst-like forms have been observed (Robertson, 1913; Evans and Ellis,

11



1983; Gibson and Bailey, 2003) with some containing highly motile forms while

others have appeared to consist of aggregates of trypanosomes. Whether these

cysts represent an unknownlife cycle stage, degenerating or phagocytosed

trypanosome forms is unknown. However, Gibson & Bailey (2003) noted a

similarity in morphologyto procyclic trypanosomestreated with Con A in vitro to

induce cell death.

From six to eight days post infection, large numbers of trypanosomescongregate

within the proventriculus (PV) (Van den Abbeele ef al., 1999; Gibson and Bailey,

2003; Sharmaet al., 2008)(Fig. 1.4(4)). Here they appear to cease division,

elongate to mesocyclic formsandlater differentiate into long trypomastigotes

(Van den Abbeeleet al., 1999). Trypanosomesthen migrate back into the

endoperitrophic space by actively penetrating the PM and moveanteriorly in the

lumen ofthe foregut to the opening of the hypopharynxat the tip of the proboscis.

Analternative theory of migration involvesthe direct penetration of the tsetse

salivary glands after trypanosomeshavetraversed the fly haemolymph

(Mshelbwa, 1972). It is generally accepted that this is unlikely as trypanocidal

factors knownto be present in the haemolymph (Croft ef al., 1982) would act as a

majorbarrier for trypanosomesattemptingto traverse it. Early positioning of

trypanosomesin the anterior midgut and PV should also favour passage through

the foregut to the salivary glands (Peacockef al., 2007).

Asymmetric division of the proventricular epimastigote form generates both long

and short parasites (Fig. 1.4(5)) andit is either the asymmetrically dividing

trypanosomeorthe short epimastigote that arrives at the salivary gland (Sharmaef

al., 2008). Eachtsetse fly has two salivary glands. Evidence suggests that each

gland is invaded and colonized separately, with few epimastigotes constituting the

founder populations (Peacockef al., 2007). The short epimastigote formsare

believed to attach to the salivary gland epithelium by interdigitation oftheir

membranes(Fig. 1.4(6)). Upon binding, the non-infective epimastigotes complete

several roundsofreplication and differentiate into the metacyclic form.

Differentiation (metacyclogenesis) includes the appearance of a VSG surface coat.

Metacyclic VSGs comprise a specific VSG repertoire subset and their expression

is regulated differently to bloodstream VSGs(Barryef al., 1998; Graham eral.,
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1999). Mitochondrial changesalso occur, including loss of mitochondrialcristae

and Krebs cycle enzymes. The biochemical changes accompanythe posterior

migration of the kinetoplast before the parasite detaches into the lumen as a

mature, free-form, infective metacyclic trypomastigote. At this point, each mature

metacyclic parasite has undergone the transformations necessary for survival in a

mammalian host. Notably, there are distinct differences betweenthe life cycle of

T. brucei sp. trypanosomesand other African trypanosomespecies. T. vivax

completesits entire life cycle in the proboscis of the fly. 7. congolense infections

develop in the midgut and mature in the hypopharynx (Maudlin, 2004).

The numberofflies that develop a mature infection and the length of time

required for an infection to establish and mature into a transmissible form can

vary depending on several factors, including fly species (Welburn and Maudlin,

1989; Welburn ef al., 1994), fly sex (Distelmansef al., 1982; Dale et al., 1995)

(see Section 2.7) and parasite strain (Dale ef al., 1995). Recent evidence suggests

migration of trypanosomesfrom the PV to the salivary glands may occur

continuously (Peacock ef al., 2007; Sharmaet al., 2008), albeit at low numbers,as

opposed to beingrestricted to a limited time “window”(Van den Abbeeleefal.,

1999). The signals that trigger differentiation and migration events of the

trypanosome within the tsetse fly are largely unknown. Oncea fly is infectedit

will produce infective metacyclics for the duration ofits life, which can be 150 or

more days for females and about half that for males (Lehane and Mail, 1985;

Msangief al., 1998). Thus, there is potential for infective parasites to be

transmitted every time a fly feeds on a new host. In addition, flies are capable of

harbouring mixed infections of two or more species of trypanosome (Lehaneer

al., 2000; Van den Bosscheetal., 2004; Kubiet al., 2005; Peacock et al., 2007).

Sexual reproduction has been reported in 7. b. brucei in the salivary glands and

may exist in other trypanosomespecies (Jenni ef al., 1986; Peacocket al., 2007;

Gibsonet al., 2008). However, mating is not an obligatory part of the

trypanosomelife cycle and occurs in only a proportion offlies co-infected with

two different strains of 7. b. brucei (Jenni et al., 1986; Schweizeret al., 1988). It

has been suggested that the unattached epimastigote is the mating stage (Gibson ef

al., 2008) (Fig. 3(5)) but the mechanism of genetic exchange is not yet known.

Underfield conditions mating may be a rare event (Koffi, 2009).
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Figure 1.4: Diagram ofthe life cycle stages of T. b. brucei within the tsetsefly.
Stages of the trypanosomelife cycle within the tsetse are indicated within circles
joined by a red arrow.(1) Short stumpy (SS) and long slender (LS) BSFsare

ingested with the infective bloodmeal. (2) Transformation of short stumpy (SS)
BSFinto procyclics (P) occurs within the midgut endoperitrophic space. (3)

Procyclics (P) differentiate into mesocyclics (Ms) within the ectoperitrophic
space. (4) Transformation of mesocyclics (Ms) into long trypomastigotes (LT)
occurs, which give rise to asymmetrically dividing trypomastigotes (ADE). (5)

Trypomastigotes (ADE) divide into long epimastigotes (LE) and short
epimastigotes (SE). These three stages are present in both the PV andsalivary

glands. (6) Epimastigotes (E) interdigitate with the salivary gland epithelium at

their anterior ends and subsequently mature into the non-dividing, mammalian

infective metacyclics (M). Note the gradual migration of the kinetoplast in the fly

stages of the parasite, culminating in a position anterior to the nucleusin the

trypomastigote and epimastigote forms. The reversion of this position to the

posterior endofthe parasite is a signature of mature metacyclics. Trypanosome

morphology wasbased on observations by Van den Abbeeleef al. (1999), Szoor

et al. (2006) and Sharmaef al. (2008).
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3.3 Parasite surface coat

Throughouttheir life cycle, trypanosomesare covered by different surface coat

molecules. Successful differentiation of BSF to procyclic forms involves the

shedding of surface VSG and replacement with a set of new surface molecules,

the best known being the procyclins (Roditi and Pearson, 1990; Beecroft ef al.,

1993). The procyclins are major glycosyl phosphatidyl (GPI)-anchored proteins

possessing C-terminal internal repeats of either glu-pro (EP) or gly-pro-glu-glu-

thr (GPEET), and comprise a surface coat of approximately three million

procyclin molecules per cell (Pays and Nolan, 1998; Roditi et al., 1998; Roditi

and Lehane, 2008). Three isoforms of EP procyclin, EP1, EP2 and EP3, are

known whichdiffer in the length of their repeats, the sequence of their N-terminal

domainsand the presence or absence of N-glycosylation sites. Analysis of

procyclin expression by mass spectrometry has indicated that trypanosomes

exhibit distinct procyclin expression profiles in vivo. All four procyclins were

present at similar levels within a few hoursof differentiation to procyclics

(Vassella et al., 2001). However, three days post infection the procyclic coat

consisted primarily of the GPEET form with lower amounts of EP forms (Acosta-

Serrano ef al., 2001). This GPEET form was 11 residues shorter than that of in

vitro cultured procyclic culture form trypanosomes (PCFs). From seven days post

infection, GPEET procyclin disappeared and expression switched to the

glycosylated isoforms EP1 and EP3. Interestingly, the non-glycosylated isoform

EP2 wasnot detected. EP1 and EP3 werealso truncated in comparison to

isoforms expressedbyin vitro cultured PCFs. Transcripts of EP2 were quite

abundantin fly-derived procyclic forms but EP2 proteins were not been identified

on trypanosomesin the fly (Urwyleref al., 2005).

While tsetse procyclins exhibit complex expression profiles suggesting a selective

advantage in their production, their functions remain unknown.Proteolysis in the

fly removes the N-terminal domainsofall procyclins but the amino acid repeat

sequencesare largely resistant to proteolysis (Acosta-Serranoef al., 2001). Thus,

procyclins mayservea protective role, aid parasite development and/or possible

ligand-associated parasite-vector signalling (Roditi and Pearson, 1990; Ruepp ef

al., 1997). Interestingly, parasites expressing procyclins with truncated N-termini
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canstill establish midgut infections to similar levels as wild type parasites under

laboratory conditions and form mature metacyclics within the salivary glands

(Linigeref al., 2004). Therefore, procyclins are not crucial for migration of

procyclic forms from the tsetse midgutto the salivary glands (Vassella ef al.,

2009). In co-infection experiments, procyclin null mutants were rapidly outgrown

in the midgut by wild type parasites. This suggests that under field conditions,

where mixed infection in flies are common (Lehane et al., 2000), surface

procyclins probably play a significant role in trypanosomefitness (Vassella ef al.,

2009). As trypanosomeepimastigotes within the tsetse salivary glands typically

lack a procyclin coat (Urwyler et al., 2005), the function of the procyclin coat

molecules probably occurs earlier in trypanosome developmentwithin thefly.

T. congolense procyclics express several major stage-specific surface molecules

different to those expressed by 7. brucei. In the early stage of 7. congolense

midgut infection, a protease-resistant surface molecule (PRS) is expressed

(Butikofer et al., 2002), while later, a heptapeptide-repeat containing molecule

(Butikofer et al., 2002) and a glutamic acid-alanine rich protein (GARP)are

expressed (Bayneef al., 1993; Beecroft et al., 1993; Utz et al., 2006).

Interestingly, 7. congolense procyclins bear similarity to 7. brucei procyclins in

being acidic and having repeat sequencesrich in glutamic acid, glycine, threonine

and proline (Utz et al., 2006). Genes related to GARP have been identified in both

T. simiae and T. godfreyi. Epimastigote forms of 7. congolense and T. brucei,

found in the proboscis and salivary glands respectively, express related surface

glycoproteins named congolense epimastigote specific protein (CESP) (Inoueef

al., 2000) and brucei alanine-rich proteins (BARP) (Urwyleref al., 2005). The

function of these different parasite surface molecules is unknown.It is in the

salivary glands that nascent and mature metacyclics (re)acquire a VSG coatin

preparation for transfer to the next mammalian host (Tetley and Vickerman,

1985).
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4. Symbionts

Tsetse flies are haematophagousinsects and rely on symbiotic bacteria to provide

nutrients which are either unobtainable from their restricted diet or which they are

unable to produce. Tsetse flies possess three different endosymbiotic bacteria; the

obligate primary symbiont Wigglesworthia glossinidia, the commensal secondary

symbiont Sodalis glossinidius and Wolbachia pipientis symbiont. The functional

role of these symbiontsis difficult to determine dueto the difficulty of selective

elimination of these symbionts. Furthermore,their elimination results in reduced

lifespan and fecundity (Nogge, 1976; Pais ef al., 2008). The reproductive capacity

of aposymbiotic flies is partially restored whenflies receive B-complex vitamin

supplementation, suggesting these symbionts may play an importantrole in

vitamin synthesis (Nogge, 1981).

4.1 Sodalis glossinidius

S. glossinidius is a facultative mutualistic endosymbiont and is found both intra-

and extracellularly within multiple tissues, predominantly within the tsetse midgut

but also in the milk gland, haemolymph, fat body, muscle and salivary glands of

the fly (Cheng and Aksoy, 1999; Attardo ef al., 2008). Symbionts are maternally

transmitted to the larva via the milk gland secretions of the host female (Cheng

and Aksoy, 1999). Unlike Wolbachia and W. glossinidia, S. glossinidius can be

cultured in vitro which maybeindicative of the relatively recent symbiosis with

tsetse (Matthew ef al., 2005). Analysis of the S. glossinidius genome (4.2 Mb)

reveals features associated with free-living enterics (Toh ef al., 2006). However,

the functional role of S. glossinidius in vivo is largely unknown. Antibiotic

treatmentoftsetse to reduce S. glossinidius numbers, using the metabolic inhibitor

streptozoticin, resulted in decreased fly lifespan. Additionally S. glossinidius has

been thoughtto be associated with fly susceptibility to trypanosomes (Welburn

and Maudlin, 1991; Dale and Welburn, 2001).

Howthetsetse fly tolerates the presence of S. glossinidius within its system is

largely unknown. Analysis of the symbiont’s genomehasrevealed several

immunogenic componentsofits cell membranediffer from pathogenic bacteria,
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including a missing O-antigen, a modified outer membrane protein A (OmpA)and

a truncated lipopolysaccharide (LPS) (Toh et al., 2006). Recent studies by Weiss

et al. (2008) haveindicated that although S. glossinidius may induce the

expression of immune-related genes,it can still survive within the host fly. This

maybeattributed to S. glossinidius’ resistance to host defence peptides (HDPs,

formerly knownas antimicrobial peptides), such as diptericin and attacin (Hao ef

al., 2001; Hu and Aksoy, 2005) or avoidance of host immuneresponses by

entering host haemocytes through use ofits Type III secretion system (Dale and

Welburn, 2001). Within the host, S. g/ossinidius uses an acylated homoserine

lactone (AHL)-based system to monitor their local population density and

modulate gene-expression with bacterial cell density within the fly (Pontesef al.,

2008) thus preventing overactivation of host immune responses.

4.2 Wigglesworthia glossinidia

Phylogenetic characterisation of W. glossinidia from different tsetse species has

shownthey form a distinct clade within the Enterobacteriaceae (Aksoyef al.,

1995). The symbiotic relationship between tsetse and W. glossinidia is ancient

(50-80 million years old) and is evidenced by the highly streamlined W.

glossinidia genome (~700 kb) (Akmanet al., 2002). W. glossinidia are found

within specialised cells, bacteriocytes, which form the bacteriome within the

tsetse midgut (Akmanet al., 2002). Based on electron microscopy and bacterium

specific FISH analysis, these bacteria are also knownto be present extracellularly

in the milk gland lumen (Attardo ef al., 2008). Transmissionis believed to occur

horizontally via the mother’s milk secretions (Denlinger and Ma, 1975; Attardo et

al., 2008). However,it is not known whether W. glossinidia cells or whole

bacteriocytes are transferred from motherto larva. While W. glossinidia has

retained the genetic machinery required to synthesise a complete flagellum (the

expression of which mayfacilitate horizontal transmission), neither a flagellum

nor motility has been observed in vivo (Akmanet al., 2002). The role of W.

glossinidia is associated with host fecundity as clearance of these bacteria results

in hoststerility (Nogge, 1976; Pais et al., 2008). Attempts to cultivate W.

glossinidia in vitro have been unsuccessfulso little is knownofits metabolic

products. However, based on analysis of the W. glossinidia genome, W.
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glossinidia has the capability to synthesize carriers, prosthetic groups and

cofactors including B vitamins (Akmanet al., 2002).

4.3 Wolbachia pipientis

Wolbachia are membersofthe a-Proteobacteria (O'Neill et al., 1993) and are

transovarially transmitted between host generations. Infection of arthropods with

this symbiont is widespread and can spread rapidly throughout insect populations.

In colonisedtsetse flies, Wolbachia infections of 100% can be detected, while

infections vary significantly in field populations (Chengef al., 2000). Within the

host, Wolbachia infections in G. m. morsitans and G. brevipalpis are limited to

reproductive tissues, while in G. austeni, Wolbachia are detected in several

somatic tissues (Chengef al., 2000). Interestingly, Wolbachia has developed

several mechanismsofaltering host reproduction, including cytoplasmic

incompatibility (CI), to enhanceits transmission to host offspring (Turelli and

Hoffmann, 1995). The reproductive phenotypes Wolbachia infection may confer

remain to be determined.

5. Tsetse-trypanosomeinteractions: insect innate immunity

Despite the fact that tsetse flies are the sole knownvectors responsible for cyclical

transmission of trypanosomes,tsetse flies exhibit a natural refractoriness to

trypanosomeinfection. Even under optimal laboratory conditions, whenflies are

fed at regular intervals, only a proportion offlies will establish a midgut infection

(Fig. 1.5). Under these ideal laboratory conditions, the degree of susceptibility to

trypanosomesdecreases with fly age (Distelmansef al., 1982; Welburn and

Maudlin, 1992; Kubief al., 2006). Considering a male fly can take up to 30

bloodmealsin its lifetime, and a female 50 bloodmeals, one can assumea fly

remainsrefractory to trypanosome midgut infection for the majority of its

lifespan. Furthermore, many ofthese established midgut infections will fail to

lead to a maturesalivary gland infection (Van den Abbeele et al., 1999; Peacock

et al., 2006).
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Figure 1.5: G. m. morsitans teneral phenomenon.

The timing ofthe infective bloodmeal (BM)affects the trypanosome midgut

infection prevalence. The infective BM containing T. b. brucei (TSW196) BSF
trypanosomes wasgiven at one of the stated bloodmeals (x-axis) and resulted in
the indicated prevalence of infection (mean +/- S.E.M.). N = cumulative sample

size number(male), R = numberofreplicates (Lehane laboratory, unpublished
results).
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Evidently, there are separate factors governing both trypanosomeestablishment

and maturation. However,the specific factors responsible for governingfly

susceptibility to trypanosomeinfection are largely unknown.It has been

demonstrated that the status of the fly immune system has a profound effect on the

outcomeoffly infection with brucei group trypanosomes (Haoef al., 2001).

Immune stimulation, by injection withlive E. coli or lipopolysaccharide (LPS)

into the haemocoelofthe fly, prior to feeding an infective bloodmeal led to a

statistically significant decrease in trypanosome midgutinfection rates (Haoef al.,

2001). Recently, studies by Pais ef al. (2008) have shown theselective elimination

of W. glossinidia symbionts by ampicillin antibiotic treatment leads to an

increased susceptibility to trypanosome midgutinfection in non-teneralflies. It

has been suggested that symbiont clearance maylead to a decreasein fly basal

immunity thus affecting host immuneresponsesto trypanosomeinfection.

However, these W. glossinidia-cleared flies had compromised ability to digest

their bloodmeals and an increase in trypanosomesusceptibility was only observed

in olderflies. Therefore the effect of nutritional starvation, known to cause

increased parasite susceptibility (Kubi et al., 2006), cannot be discounted.

Efforts to identify the tsetse immune molecule(s) responsible for conferring

trypanosomeresistance or susceptibility have been hampered bythe lack of a

completed Glossina genome. Current knowledge of the insect innate immune

system is based primarily on studies of the model insect Drosophila melanogaster

where available molecular tools have been used to determine the nature of the

immune responses (Lemaitre and Hoffmann, 2007; Aggarwal and Silverman,

2008). However, the completion and annotation of Glossina ESTlibraries from

several tissues, including the major immunoresponsivetissues of midgut (Lehane

et al., 2003) and fat body (Attardo ef al., 2006b), has provided the foundation for

more extensive studies of the Glossina innate immune system at a molecular

level.

Insects rely predominantly on innate immuneresponsesto fight pathogen

infection and possess a complex interacting innate immune system composed of

an arsenal of immuneresponses. These may be divided into five main categories

and include (1) physical barriers, such as the insect cuticle and PM;(2) epithelial

21



barriers and epithelial immuneresponses; (3) cellular immune responses such as

melanization and phagocytosis; (4) production of effector molecules such as

HDPsand reactive oxygen species (ROS); (5) protease cascadesleading to

melanization and coagulation (Lehaneef al., 2004; Lemaitre and Hoffmann,

2007). In agreement with other animals, the outcomeofinfection in tsetse is often

determined by the route of infection. For example, injection of E. coli kills G. m.

morsitans but ingestion of the same numberofbacteria does not (Weissef al.,

2008). Additionally, the route of infection determines the nature of the immune

response with quite distinct epithelial and systemic immuneresponseprofiles to

the same pathogen (Hao ef al., 2001). Those trypanosomesinvolvedin the natural

life cycle are exposed only to epithelial immune responses throughoutthe parasite

life cycle. While trypanosomes havebeenreported in the tsetse haemocoel

(Mshelbwa, 1972; Otieno ef al., 1976) these are almost certainly not involved in

the normallifecycle. Those trypanosomes whichdotraverse the midgut

epithelium are rapidly killed by an unidentified systemic immune response (Croft

et al., 1982) which effectively confines the trypanosomesto the lumen ofthe

alimentary canal.

5.1 Peritrophic matrix

The insect midgut epithelium is physically protected from abrasion by food and

the pathogens it may contain by the PM (previously knownasthe peritrophic

membrane) (Lehane, 1997). The PM is composed of a highly organised,

glycosaminoglycan-rich layer reinforced with chitin (Tellam et a/., 1999). In

tsetse, the PM is constitutively expressed, forming a protective sleeve along the

entire length of the midgut. Type II PM sleeve, such as that occurring intsetse

flies, physically separates the midgut lumen into two compartments(see inset,

Fig. 1.4). The endoperitrophic space is where the food lies and the ectoperitrophic

space is the region between the PM andthe midgut epithelium. Clearly, by

separating the food from the midgut epithelium, the PM must act as a molecular

sieve through which digestive enzymes and nutrients destined to be absorbed must

pass. The molecular sieving properties of the PM vary with changesin the

surrounding ionic environment (Miller and Lehane, 1993). Typically, the tsetse

PM hasa pore size of 9 nm, making the PM permeable only to globular molecules
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less than 150 kDa (Miller and Lehane, 1990). Consequently, the tsetse PM

presents a barrier to procyclic trypanosomesthat need to reach the ectoperitrophic

space to continue their development.

Whether trypanosomespenetrate the PM,or circumnavigate around its broken

endsin the hindgut to get to the ectoperitrophic space,is still the subject of

speculation. Thereis little dispute that trypanosomesreturning to the

endoperitrophic space, from six to eight days post infection, actively penetrate the

PM.Given the data obtained mainly by transmission electron microscopy(Ellis

and Evans, 1977; Gibson and Bailey, 2003), it seems probable that trypanosomes

also actively penetrate the PM when entering the ectoperitrophic space three to

five days post infection. Penetrationis likely to be preceded by a specific

attachment event, so it is interesting to note that GFP-expressing T: b. brucei

procyclics tend to line up parallel with the PM and becomeassociated with tsetse

gut fragments upon dissection (Gibson and Bailey, 2003). How trypanosomes

achieve PM penetration is unknown,and no chitinase gene has been identified

from the trypanosome genome. However, chitin can be a relatively minor

componentof dipteran PM (Tellam ef al., 1999) and other enzymes capable of

dealing with glycosaminoglycans may be more importantin the penetration event.

In support of penetration rather than circumnavigation via the hindgut, only small

numbersofprocyclics were observed in the posterior region of the midgut when

GFP expressing parasites were used. These parasites were considered to be an

indication ofa failed infection cycle in its terminal stages (Gibson and Bailey,

2003).

5.2 Immunesignalling

Indirect evidence indicates immuneevents early in the fly lifetime are crucial in

determining fly susceptibility to trypanosomeinfection (Haoef al., 2001). This

suggests that up-regulation of particular fly immuneresponsive genesearly in the

infection process can provide a protection against the establishment of

trypanosomeinfections in the midgut.
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Genetic studies have demonstrated Drosophila uses two distinct immune

signalling pathways, the Toll and immunodeficiency (Imd) pathways to respond

to different classes of microbe and regulate expression of immune effector

molecules (Fig. 1.6) (De Gregorio ef al., 2002). The Imd pathwayis most heavily

involved in regulating epithelial immuneresponses. The Toll pathwayis activated

by fungal and Gram-positive bacterial infections while the Imd pathway responds

to Gram-negative bacteria. These pathways are highly conserved amongstinsect

species and bear similarity to the vertebrate Toll-like receptor (TLR) and tumor

necrosis factor (TNF) pathways (Lemaitre and Hoffmann, 2007). The immune

response maybedividedinto three key stages; first recognition of pathogens,

second activation of the signal transduction pathway(s) and third production of

immuneeffector and regulator molecules. Orthologous membersofboth

pathways, both intracellular and extracellular, have been identified from Glossina

ESTdatabases (Table 1.1) (Lehaneef al., 2003; Lehaneet al., 2004). Recent work

has demonstrated the immune responseis highly regulated in Drosophila as over-

or underexpression of immuneresponsesis detrimental to host health (Lemaitre

and Hoffmann, 2007).

5.2.1 Recognition

Distinguishing self from non-self is a key componentof the innate immune

response. Differential expression of immune effector HDP genesindicates the

tsetse immune system can distinguish between virulent and avirulentstrains of

bacteria (Weiss et al., 2008), between trypanosomeand bacterial infections and

also between different trypanosomelife stages i.e. procyclic and BSFs (Haoef al.,

2001). In Drosophila, pathogen recognition is achieved by two families of

pathogen recognition receptors (PRRs) which each recognise a certain class of

pathogen associated molecular pattern (PAMP). Two families of PRRs, the

peptidoglycan recognition proteins (PGRPs) and the Gram-negative binding

proteins (GNBPs), are known.Interestingly these are proteins originally derived

from enzymes knownto degrade microbial cell wall components, thus evolving

from a microbicidal to a recognition role (Lemaitre and Hoffmann, 2007). Each

PRR recognizesa certain class of pathogen associated molecular patterns

(PAMPs)enabling the innate immunesystem to differentiate between different
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classes of pathogen and mount an appropriate immune responseofspecific

duration and intensity (Aggarwal and Silverman, 2008). Notably, no PRR hasyet

been identified for African trypanosomesalthoughit is clear that there is a tsetse

immune responseto their presence (Haoef al., 2001). Binding of PRRs to a

pathogenleadsto activation of Toll/Imd downstream signalling cascades.

Importantly, molecular crosstalk may occur between the Toll and Imd pathways,

giving rise to a wide spectrum of possible immuneresponses to pathogen invasion

(Tanji and Ip, 2005; Tanji ef a/., 2007). Signalling culminatesin the activation and

nuclear translocation of NF«Btranscription factors Dorsal/Dif (Toll pathway) or

Relish (Imd pathway).

5.2.1.1 Peptidoglycan recognition proteins (PGRPs)

PGRPsform a highly conserved group of proteins, found in both insects and

mammals (Werneref al., 2000), which bind to peptidoglycan (PG), a component

of the bacteria envelope. All share a conserved PGRP domain of approximately

160 aminoacids and possess high sequencesimilarity to N-acetyl-muramy1-L-

alanine amidases (NAMLAA)(Werneref al., 2000). To date 13 PGRP genes have

been identified in Drosophila that can be spliced into at least 17 PGRP proteins.

These PGRPscan be grouped into two classes. The short PGRP proteins (PGRP-

SA, -SB1, -SB2, -SC1A, -SC1B, -SC2 and —SD) have short transcripts and short

5'-untranslated regions. They have a signal sequence, lack a transmembrane

domain and are mostlikely secreted. However, long PGRP proteins (PGRP-LAa,

-LAb,-LAc, -LB, -LCa, -LCx, -LCy, -LD, -LE and —LF are comprised of long

transcripts and long 5'-untranslated regions (Werneref al., 2000; Lemaitre and

Hoffmann, 2007; Aggarwal and Silverman, 2008; Maillet e¢ a/., 2008). Most long

PGRPsare transmembraneproteins but three, -LAc, -LB, -LE, lack this single-

pass transmembrane domain. These three PGRPsalso lack a signal peptide

meaning they are likely to be located intracellularly or, in the case of PGRP-LE,

maybesecreted via an, as yet, unknown, mechanism (Takehanaef al., 2002).

Importantly, the roles of individual PGRPsin the innate immune system can

differ. Several PGRPs (PGRP-SA,-SD, -LE and -LC) have abolished amidase

function due to replacementofa critical cysteine residue within the PGRP domain
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(Mellroth et al., 2005). These PGRPsact as recognition receptors for microbial

PG within the innate immune system. PGRP-LC (Gottar et al., 2002) and -LE

(Takehanaef al., 2002) are involved in recognition of Gram-negative bacteria and

activation of the Imd signalling pathway. However, PGRP-SA (Michelet al.,

2001) and —SD have demonstrated function in recognition of Gram-positive

bacteria in the Toll signalling pathway. Some PGRPs (PGRP-SC1/2 and -LB)

have retained their amidase activity and are involved in degradation of PGN and

downregulation of innate immuneresponses. Depletion of PGRP-SC1/2 and

PGRP-LBin Drosophila by RNAipresents a specific overactivation of the Imd

signalling pathway after bacterial challenge (Bischoff et al., 2006; Zaidman-Remy

et al., 2006). A role of PGRP-LB hasbeen noted in downregulating tsetse immune

responsesto virulent bacteria but not avirulent bacteria (Weissef al., 2008). While

PGRP-LFhasnotretained amidaseactivity,it also acts as a negative regulator of

both the Imd and JNK pathway. This maybe bydirect interaction with PGRP-LC

or sequestration of circulating PGN.Interestingly, PGRP-LF is the only PGRP

bearing two PGRP domains, which should result in increased capacity to bind

PGN (Maillet et al., 2008).

5.2.1.2 Gram-negative binding proteins (GNBPs)

In contrast to PGRPs, GNBPshave only been identified in invertebrate species.

Three GNBPsare encoded in the Drosophila genome (Kim ef al., 2000). GNBPs

wereoriginally identified in Bombyx mori for their capacity to bind different

microbial compounds(Leeef al., 1996). Pili-Floury ef al. (2004) first

demonstrated the role of GNBP1 in regulating responses to Gram-positive

bacteria by performing gene knockdown of GNBP1 by double-stranded RNA

(dsRNA)which rendered flies more susceptible to Gram-positive bacterial

infection. However, sensing of Gram positive bacteria is mediated by both

GNBP1 and PGRP-SA (Gobert et al., 2003). The circulating PGRP-SA/GNBP1

complex activates a downstream proteolytic cascade that leads to the cleavage of

the cytokine Spiatzle and activation of the Toll receptor.

Detection of fungi by the innate immune system is mediated by twoparallel

pathways. Thefirst pathway involves GNBP3-mediated detection of fungal cell
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wall components. GNBP3 displays 65% sequence identity to the N-terminal

domain of the lepidopteran B 1,3 glucan recognition protein (Ma and Kanost,

2000) and bindsdirectly to B-(1,3)-glucan (Gottar et al., 2006). GNBP3 mutants

are sensitive to the yeast Candida albicans but not to Gram-positive bacteria. The

second pathwayinvolvesthe serine protease Persephone (PSH) which,instead of

relying on a PRR,is probably proteolytically cleaved by secreted fungal virulence

factors, such as PRIA from M. anisopliae (Gottar et al., 2006). psh mutants were

originally identified as suppressors of the necrotic (nec) phenotype (Levashinaef

al., 1999). nec encodesa serine protease inhibitor and nec loss-of-function

mutants possessa constitutively activated Toll pathway acting in a psh-dependant

manner (Levashinaez al., 1999; Ligoxygakisef al., 2002). Live entomopathogenic

fungi stimulate the PSH pathway independently of the GNBP3-mediated pathway,

while yeast or dead fungi activate the GNBP3 pathway.

5.2.1.3 Discrimination between bacterial peptidoglycans

In Drosophila, recognition of bacteria occurs through binding of PRRsto specific

forms of peptidoglycan (PGN), a polymeric componentofthe bacterial cell wall.

PGNconsists of long glycan chains of alternating N-acetylmuramic acid residues

with N-acetylglucosamine residues. These are cross-linked to each other by short

peptide bridges (Mengin-Lecreulx and Lemaitre, 2005). The ability of Drosophila

to discriminate between Gram-positive and Gram-negative bacteria relies mainly

on specific recognition of different forms of PGN (Leulier e7 al., 2003; Kaneko er

al., 2004; Lemaitre and Hoffmann, 2007; Aggarwal and Silverman, 2008). PGN

of Gram-negative bacteria differs from most Gram-positive bacteria by the

substitution of lysine with meso-diaminopimelic acid (DAP) at the third position

of the peptide chain and a 1,6-anhydro form of N-acetylmuramic acid in the

glycan chain (Stenbakef al., 2004). In addition, the localization of PGN within

the cell wall differs between the two classes of bacteria. PGN in Gram-negative

bacteria exists in a single layer found in the periplasmic space beneath the

lipopolysaccharide (LPS) and outer membrane. However PGN in Gram-positive

bacteria is in layers at the bacterial surface (Lemaitre and Hoffmann, 2007).
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The insect innate immune system can distinguish between these two types of

PGN. The Imd pathwayis activated by DAP-type PGN while the Toll pathwayis

activated by Lys-type PGN. Unlike the vertebrate immune system,the insect

immunesystem is not activated by LPS. Previous reports of a role of LPS in

activating the insect innate immune system maybeattributed to contamination of

LPS preparations by PGN (Kanekoef al., 2004). Studies by Filipe et al. (2005)

have demonstrated the Imd pathwayis activated by both monomeric and

polymeric DAP-type PGN. Howeverthe Toll pathway requires, at the least, a

muropeptide dimer of Lys-type PGN to beactivated.

5.2.2 Activation of signal transduction pathways

5.2.2.1 Toll pathway

Binding of PRRsto a pathogenleadsto the activation of Toll/Imd downstream

signalling cascades. The Toll pathway consists of a distinct set of conserved

componentproteins, deletion of which results in increased susceptibility to Gram-

positive bacteria and fungi and a decreased expression of several immune genes,

in particular the HDP drosomycin (Lemaitre ef al., 1996). The Drosophila

genomeencodesnine Toll proteins in total, of which only one appears to be

involved in invertebrate immunity. In additionto its role in regulating immune

responses, the Toll pathway is an evolutionarily conserved signalling cascade that

is involved in establishment of the dorso-ventral axis in Drosophila embryos

(Lemaitre ef al., 1996; Lemaitre and Hoffmann, 2007; Aggarwal and Silverman,

2008).

Unlike the vertebrate Toll-like receptors (TLRs), Drosophila Toll is not a PRR

and does not bind directly to pathogens or pathogen-derived compounds.Instead,

it is activated upon binding cleaved Spatzle, an extracellular cytokine found in the

haemolymph (Weberet al., 2003; Hu et al., 2004). Recognition of Gram-positive

bacteria and fungi involves three distinct pathways that converge on Spatzle

cleavage. The recognition of Gram-positive bacteria occurs via the PRRs PGRP-

SA and PGRP-SD (Michelet al., 2001; Bischoff et al., 2004). In addition, PGRP-

SA functions in a complex with the PRR GNBP1 (Wangef al., 2006). The serine

protease Grass is believed to function downstream of these receptors (Kambris ef
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al., 2006). The recognition of fungi can occur via two other distinct pathways. In

one, fungal glucans are detected by the PRR GNBP3 (Gottare¢ a/., 2006). In the

second, Toll activation by entomopathogenic fungi is mediated by an extracellular

cascade involving psh and the inhibitory serpin nec (Levashinaet al., 1999;

Ligoxygakis ef al., 2002). Studies have shownthe overexpression ofpsh or loss of

function of nec leads to Spatzle-dependantactivation of Toll in the absence of

immunestimulus. This PSH-dependant pathwayis probably activated by

pathogen producedproteases, such as PR1 (Gottaret al., 2006).

Recognition of pathogen(s) by PGRP-SA/GNBP1, PGRP-SD, GNBP3 or PSH

causes activation ofa series of serine protease cascades which ultimately

converge on twoserine proteases, Spirit and SPE.Spirit is thought to act upstream

of SPE and cleave SPEtoits active form. SPE then endoproteolytically cleaves

the pro-Spatzle to the active form (Weberef al., 2003; Hu ef al., 2004; Kambris e¢

al., 2006). Interestingly, the prodomain and C-terminal 106 amino acids (C-106)

remain stably associated with each other. The prodomainis released when the

Toll extracellular domain binds to a dimer of C-106 (Weberef al., 2007). This

leads to formation of an asymmetric Toll dimerat the plasma membrane and

initiation of the intracellular componentof the signalling cascade (Weberef al.,

2003). Through use of immunoprecipitation, a heterotrimeric association of the

death domains of MyD88, Tubeand the protein kinase Pelle to form a receptor-

adaptor complex with the Toll dimer was identified (Sun ef al., 2002b). Activation

of Pelle causes phosphorylation and ubiquitin/proteosome mediated degradation

of Cactus, the Drosophila IkB homolog (Fernandezet al., 2001). This frees the

Cactus-associated NF«Bclass proteins Dorsal and Dif, causing them to migrate

from the cytoplasm to the nucleus (Bergmanne7 al., 1996; Reach ef al., 1996; Wu

and Anderson, 1998) and inducetranscription of immune responsive genes such

as the defensin, cecropin and drosomycin HDPgenes (De Gregorio ef al., 2001;

Irving et al., 2001; Lemaitre and Hoffmann, 2007).

5.2.2.2 Imd pathway

The Imd pathway wasinitially identified by Lemaitre ef al. (1995) who

demonstrated that flies with the immunedeficiency mutation (imd) had impaired
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expression of several HDPs.In addition, imd mutant flies were more susceptible

to infection with Gram-negative bacteria but more resistant to Gram-positive

bacteria and fungi. Activation of the Imd pathway mayoccur by one of two PRRs,

PGRP-LE or PGRP-LC (Choeef al., 2002; Gottar et al., 2002; Takehanaetal.,

2002; Leulier et al., 2003; Kaneko et al., 2006) and is influenced bynitric oxide

and the PLA2fatty acid cascade (Lehaneef al., 2004). Recognition of DAP-type

PGNleads to multimerisation of PGRP-LEor heterodimerization of PGRP-LCx

and —LCa (Changef al., 2005; Mellroth et al., 2005) at the plasma membrane.

Once assembled, the receptors signal via their N-terminal domains whichshare a

short conserved motifcritical for signalling (Kaneko ef al., 2006). This motif has

weak homologyto the RHIM motif, found in proteins important for the TRIF-

dependant pathway in vertebrate TLR signalling (Sun ef al., 2002a; Meylaneral.,

2004). The Imdprotein, which possesses a death domain with similarity to

mammalian receptor interacting protein 1 (RIP 1) (Georgel ef al., 2001), is found

immediately downstream of the PGRP-LE/LC receptor. How the interaction

between Imd and the PGRP-LE/LCreceptor is mediated is not fully understood as

pegrp-lc mutants that fail to interact with Imdarestill able to support signalling

(Kanekoef al., 2006).

Within the cell cytoplasm, the Imd protein activates Drosophila TAK1 (dTAK1)

through whatis believed to be a ubiquitination-mediated meansofactivation via a

complex of the Drosophila ubiquitin carrier proteins Bendless (ubiquitin-

conjugating enzyme Ubc13), UEV1 and a yetto be identified E3 ubiquitin ligase

(Wangef al., 2001; Zhou et al., 2005). The E3 ubiquitin ligase could potentially

be the Drosophila inhibitor of apoptosis 2 (dIAP2) which wasidentified in a

large-scale RNAi screen using Drosophila S2 cells (Kleino ef al., 2005). dIAP2

contains N-terminal baculovirus IAP repeat domainsand a C-terminal RING

ubiquitin ligase domain. Flies lacking diap2 showeda low level of challenge-

independentRelish processing similar to wild-type flies but only a modest

increase in Relish cleavage in response to immune challenge (Huhef al., 2007)

indicating a role of Diap2 in regulating Relish cleavage. The apical caspase Dredd

is also involvedin signalling between Imd and dTAK1, possibly as an E3-ligase

accessory factor (Zhouet al., 2005). Dredd forms a complex with BG4, a

homolog to mammalian Fas-associated death domain protein (FADD) and Imd
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(Leulieref al., 2002). dTAK1is likely to act in a complex with transforming

growth factor-activated kinase 1 (TAK1)-binding protein (TAB) (Geuking ef al.,

2005; Kleino ef al., 2005; Zhuangef al., 2006). Ablation of TAB2 by RNAi

abolishes the induction of all immune response genes following Gram-negative

bacterial stimulation indicating its requirementfor signalling (Valanneefal.,

2007).

Activation of the dTAK1/TAB2 complex leads to induction of two downstream

branches of the Imd pathway, c-Jun N-terminal kinase (JNK) or NF«KB/Relish

(Silvermanef al., 2003). In the case of the NF«B/Relish branch, dTAK1

phosphorylates and activates the Drosophila IKK complex (Lu et al., 2001;

Silvermanef al., 2003). The Drosophila IKK complex consists of two subunits;

Ird5 (IKK) (Lu ef al., 2001) and Kenny (IKKy) (Silvermanef al., 2000).

Following activation, the IKK complex directly phosphorylates the NF«B factor

Relish (Silverman ef al., 2000). With its composite structure, comprising a DNA-

binding Rel homology domain and an IKB-like domain, Relish bears similarity to

the mammalian NF«B precursors p100 and p105 (Stoven ef al., 2003). Relishis

processed by endoproteolysis to generate two stable fragments: REL-68, which

contains the Rel homology domain (RHD), and REL-49, which includes the IkB-

like region with six ankyrin repeats (Stoven ef al., 2000). Coimmunoprecipitaton

experiments and mutational analysis indicate cleavage of Relish requires Dredd, a

Drosophila caspase-8 like protein, which acts directly on Relish (Leulieref al.,

2000; Stoven ef al., 2000; Stoven ef al., 2003). Cleavage of Relish results in

translocation of REL-68 to the nucleus, where it binds to DNA leading to the

synthesis of HDPs, while the REL-49 fragment remains in the cytoplasm.

5.2.2.3 JNK pathway and JAK/STAT pathway

Activation of the JNK pathway is also mediated by the dTAK1/TAB2 complex.

This pathway is involved in embryonic developmental processesas inhibition of

this pathway, through loss of function mutants, results in inhibition of dorsal

closure (Slussef al., 1996; Holland et al., 1997). In addition the Imd/JNK

pathway hasbeenlinked to up-regulation of stress response and woundrepair

genes in the adult fly (Sluss ef al., 1996; Boutros etal., 2002; Silvermanefal.,
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2003). JNK proteins are a family of protein kinases related to mitogen-activated

protein (MAP) kinase. The JNK branch of the Imd pathwayis activated by

dTAK1 which activates Hemipterous, a homolog of vertebrate MKK7/JNKK

(Holland ef al., 1997; Chen et al., 2002). Hemipterous then phosphorylates basket

whichactivates the transcription factor, activator protein 1(AP-1). There is

contention overthe exact role of the JNK pathway in regulation of HDP

expression. Kallio et al. (2005) reported the JNK pathway wasessential for

normal host defence peptide (HDP) release in Drosophila 82 cells using targeted

dsRNAtreatments. However, another study indicates a negative regulatory role of

the JNK pathwayin controlling NF«B-mediated transcriptionalactivity.

KnockdownofDrosophila Jnk or AP-1 was shown to enhance the expression of

NF«Btarget genes, whereas their overexpression was inhibitory for the

expression of NF«Btarget genes (Kim ef al., 2005).

Downregulation of the Imd pathwayalso occurs via cooperation between JNK

and JAK-STATsignalling pathway components. The transcription factor AP-1,

activated by the JNK pathway,andthetranscription factor, Stat92 activated by the

JAK-STATpathway, function to negatively regulate Relish. These transcription

factors have bindingsites in the promoter regions of several Relish dependant

genes (Kim ef al., 2007). Mutation of either AP-1 or Stat92 bindingsites leads to

higher levels of an AttA reporter. AP-1 and Stat92 bind in the gene promoter

region and form a repressosome complex with the Drosophila HMGprotein,

dorsal switch protein 1 (Dsp1) and histone deacetylase HDAC1to cause

inhibition of the immuneeffector gene (Kim ef al., 2007).

5.2.2.4 Interactions between Toll and Imd pathways

The signalling molecules of both Toll and Imd pathwaysare distinct. However

these signalling pathwaysare not mutually exclusive and the occurrence of

crosstalk between the two pathways may increasethe diversity of immune

responsesthat occur in response to pathogen recognition (Tanji and Ip, 2005;

Tanji et al., 2007). Studies have demonstrated that double mutants of the two

pathways haveincreased susceptibility to microbial challenge and some HDP

genes, such as metchnikowin, are regulated by both pathways (De Gregorioet al.,
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2002; Rutschmannef al., 2002; Hedengren-Olcott et al., 2004). More recently,

Tanji et al. (2007) demonstrated stimulation of Drosophila S2 cells with truncated

Spatzle and PGN(-), ligands of the receptors Toll and PGRP-LCrespectively,

together induced higher expression of four HDP genes than when usedsingly.

RNAiand promoteranalysis studies indicated that the cooperation of different

NF«B-related transcription factors mediates the synergistic relationship between

the Toll and Imd pathways (Tanji ef al., 2007). Furthermore, the coexpression of a

toll mutant with constitutive Toll expression, with PGRP-LC using the Yp1-Gal4

driver indicated synergy can occur only when both Toll and Imd pathwaysare

stimulated at lower levels. However, when stimulated at a higher level, each

pathway can inducethe target genes optimally and independently (Tanji ef al.,

2007). This synergistic effect was also observed in vivo as infection experiments

using the fungus Beauveria bassiana and Gram-negative bacterium Pseudomonas

entomophila resulted in synergistic activation of diptericin and cecropin A gene

expression (Tanji ef al., 2007).

5.2.2.5 Negative regulation of the Toll pathway

The intensity and duration of innate immuneresponsesis tightly regulated at

multiple levels, including negative regulation of the Toll and Imd pathways. As in

mammals, overexpression of immune genes can be detrimental (Libert e7 al.,

2006; Lemaitre and Hoffmann, 2007; Aggarwal and Silverman, 2008). For

example, constitutive activation of NF«KB signaling and HDP expression in

Drosophila fat body confers enhanced pathogenresistance to transgenic flies but

also reducesfly lifespan (Libert et al., 2006). Therefore downregulation of

immunity is critical for health, fecundity and longevity.

Downregulation of immunesignalling occurs at several points of the Toll

pathway. Extracellularly, regulation of upstream pathwayserine proteases occurs

by the serpin Necrotic. Intracellularly, the Toll pathway is repressed by WntD, a

member of the Wnt family of ligands. WntDis a target of Toll/Dorsal signalling

and creates a negative feedback loop to repress Dorsal activation (Ganguly ef al.,

2005; Gordonef al., 2005). WntD blocks nuclear translocation of Dorsaleither

downstream of, or in parallel to, Cactus as WntDis able to block the translocation
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of Dorsal even in cactus mutants (Gordon et al., 2005). wntD mutants show

defects in embryonic Dorsal regulation and ventral cell invagination. In the

context of fly immunity, wntD mutants show elevated basal and induced HDP

expression and higher mortality rates due to deleterious hyperactivation of these,

and possibly other, Dorsal target genes (Gordonet al., 2005).

5.2.2.6 Negative regulation of the Imd pathway

Negative regulation occursat several intracellular points of the Imdsignalling

pathway. dTAK1is a critical branch point of the Imd pathway for JNK and

NF«B/Relish activation, which in turn negatively regulate each other. Negative

regulation of the JNK pathway is mediated by Relish-dependantactivation of

genes responsible for dTAK1 degradation (Park ef al., 2004a). Degradation of

dTAK1leads to a rapid termination of JNK signalling as in Drosophila S2 cells

with constitutively expressed Relish the stability of dTAK1 is decreased

significantly (Park ef al., 2004a).

Tsudaet al. (2005) have demonstrated Plenty of SH3s (POSH)is also involved in

negative regulation of Imd/JNK signalling. posh-deficientflies exhibit delayed

and sustained JNKactivation and Relish induction indicating this gene is required

for accurately timed activation and termination of the JNK cascade. This

hyperactive immuneresponseis also believed to account for the high mortality

rate observed in posh mutants. POSH contains a RING finger domain, possessing

ubiquitin ligase activity, and is auto-ubiquitinated. Glutathione-S-transferase

(GST) pull-downassay and immunoprecipitation show POSH can bind dTAK1.

Also, the POSH RINGfinger domain can ubiquitinate dTAK1. It is hypothesized

that POSH negatively regulates the JNK pathway by regulating the stability of

dTAK1via the ubiqutin/proteosome degradation pathway.

Caspar wasoriginally identified by genetic screening of Drosophila mutants with

ectopic melanization, a feature observed in mutants suffering from

hyperactivation of immuneresponses (Kim ef al., 2006). A single homolog of

Caspar wasidentified in the mammalian genome, Fas-associating factor] (FAF1),

which has been reported to associate with components of the TNF/NF«B
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signalling pathway, such as FAS, FADD,caspase-8 and NF«B (Chuef al., 1995;

Park et al., 2004b). Fat bodycells of caspar-deficientflies exhibit nuclear

translocation of Relish and expression of diptericin even in the absence of

bacterial infection. Unlike other mutants where hyperactivation of Imd causes

hypersusceptibility to infection, a higher survival rate was observed in caspar

mutants than wild-typeflies after immune challenge with E. coli (Kim et al.,

2006). Caspar suppresses the nuclearlocalization of Relish by inhibition of

Dredd-dependantcleavage of Relish. Notably it also contains multiple ubiquitin-

related domains conserved in FAF1. Thus,it is likely Caspar regulates protein

degradation of Imd pathway component(s) via these domains.

Defense repressor 1 (dnr1) is believed to act as a repressor of the Imd pathway by

negatively regulating Dredd-dependantactivation of Relish. While Dnrl

knockdown by RNAicaused Dipt-lacZ expression in the absence of immune

stimulation in vitro, simultaneous loss of Dredd or Relish restored cells to their

resting state. Furthermore, a C-terminal RING finger domain,with highest

homology to RING fingers domains found in IAPs,is present in Dnr1. Mutation

ofa critical residue in this domain greatly destabilizes Dnr1 indicating, as with

other IAPs, Dnr1 regulates its own stability through ubiquitin-mediated

proteolysis (Foley and O'Farrell, 2004). Thus, a feedback inhibitory loop appears

to be present, whereby Dredd activity promotes accumulation of its own inhibitor,

Dnrl.

Importantly, Khusher al. (2002) also identified SkpA, Slimb and dCullin1 as

possible regulators of the Imd pathwayby controlling Relish stability. skpA

encodes a homologofthe yeast and human Skp1 proteins, which function as

subunits of Skp1/Cullin/F-box protein (SCF)-E3 ubiquitin ligases that target

substrates to the 26S proteasome. Mutation of slimb and dcullin], components of

the Drosophila SCF induced Diptericin expression (Khush ef al., 2002). Jn vitro,

gene knockdownofskpA andslimb increasedfull-length Relish protein and

processed Rel-homology domain levels. Potentially these SCF-dependanteffects

could be mediated by Caspar (Aggarwal and Silverman, 2008).
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Mostrecently the Imd pathway regulators PGRP-LC-interacting inhibitor of Imd

signaling (PIMS) and Rudra havebeen identified (Aggarwal er al., 2008; Lhocine

et al., 2008). Both are potent inhibitors of Imd pathway PRRs: PIMSnegatively

regulates Imd by interacting with PGRP-LC,causing its depletion from the

plasma membrane(Lhocine efal., 2008) while Rudra binds to both PGRP-LC and

PGRP-LE,disrupting their signalling complex (Aggarwaletal., 2008). PIMSis

required to suppress Imdsignalling in response to commensal bacteria and

modulate Imd-mediated responsesto bacterial infection. Its basal expression is

dependant on the presence of commensal microbiota. In PIMS-deficient mutants,

commensals activate constitutive expression of HDPs and immunestimulation

with Gram-negative bacteria causes hyperactivation of HDPs. RNAitargeting of

Rudra in cells causes activation of HDPs.Jn vivo, rudra mutantflies also exhibit

hyperactivated HDP genesand are mostresistant to the pathogen Erwinia

carotovora carotovora.
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Figure 1.6: Schematic representation of the Toll and Imdsignalling

pathways.

The function of the Toll and Imd signalling pathways has beenintensively

investigated in D. melanogaster and has been reviewedin detail by Lemaitre and

Hoffmann (2007) and Aggarwaland Silverman (2008). This figure is modified

from these references. The omniBLASTsearch tool wasusedto identify putative

G. m. morsitans orthologs(at 1e-20orless) ofall identified Drosophila Toll and

Imd pathwaygenesinall library clustered EST translated sequences of G. m.

morsitans (www.genedb.org). Orthologsofall Toll and Imd pathway members

depicted were identified (except WntD) and are summarised in Table 1.1.
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5.2.2.7 Tissue specific immune regulation

While antibacterial and antifungal responsesare controlled by distinct

intracellular signalling cascades, distinct regulatory mechanismsalso exist for

local and systemic induction of HDP genes in Drosophila. To determine the

tissue-specific regulation of HDP genes, Tzouef al. (2000) generated transgenic

strains of Drosophila expressing the green fluorescent protein (GFP) under the

control of the promotersofthe genesof interest. Using this method, they

concludedthat local bacterial infection triggered induction of a subset of HDP

genes in surface epithelia in a tissue-specific manner whereas during the systemic

responseall HDP genescould be activated in the fat body. Natural infection of the

digestive tract of adults with the Gram-negative bacteria E. c. carotovora(strain

Ecc15) triggered induction of diptericin, attacin, drosocin, metchnikowin and

defensin in PV and midguttissues, drosomycin and drosocin in the tracheae and

diptericin, cecropin and metchnikowin in Malphigian tubules. In imd mutants,

expression of these HDPs wasseverely impaired in the oral region and tracheae

yet remain fully inducible in the fat body, indicating imdplays a critical role in

regulating HDP promoter induction in surface epithelia (Tzouef al., 2000).

In addition to the Imd/Relish signalling pathway, other tissue specific mechanisms

exist to control activation of HDPsin epithelia. Differential fat body and epithelial

immuneresponsesoccur in responseto injection of bacteria into the Drosophila

haemocoel suggesting different receptors trigger these genesin different

compartments. Alternatively or additionally, tissue-specific transcription factors

mayalso exist, which associate with Relish to trigger induction ofa distinct subset

of HDP genesin a specific epithelial surface. This could account for drosocin and

diptericin expressionin different epithelial locations despite both being regulated

the Imd/Relish pathway (Tzou e7 al., 2000).
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5.2.3 Production of effector molecules

5.2.3.1 Host defence peptides

HDPsare effector molecules of the humoral defence system. Most HDPsare

small (<10 kDa), cationic and exhibit a broad spectrum ofactivity against

bacteria, viruses, fungi and transformed cells (Lemaitre and Hoffmann, 2007). In

addition, the antiparasitic activity of HDPs has been illustrated in several vector-

parasite systems (Durvasula ef al., 1997; Shahabuddin etal., 1998; Boulangeret

al., 2002a) including the tsetse-trypanosome system (Haoefal., 2001; Boulanger

et al., 2002b; Haoet al., 2003; Hu and Aksoy, 2005; Hu and Aksoy, 2006). Many

HDPstarget pathogensby disturbing the pathogen membranepotential or by

disrupting internal cell functioning leading to cell death by apoptosis or necrosis.

Early research into these immune mediators in G. m. morsitans using zone of

inhibition assays identified attacin and cecropin-like antibacterial factors in the

haemolymph following immunestimulation with different bacterial species

(Kaayaef al., 1987). This antibacterial activity was inactivated by treatment with

purified InA from Bacillus thuringiensis, a proteolytic enzyme with specificity for

cecropinsandattacins. Later, four HDPs were characterized in G. m. morsitans:

an attacin, a cecropin,a defensin and a diptericin (Haoet al., 2001; Boulanger er

al., 2002b). Morerecently, characterisation of the G. m. morsitansattacin loci has

recognised that attacin genes are organised in three clusters encoding three

different attacins: attA, attB and attD. The amino acid sequences of AttA and

AttB are almost identical while AttD is only 69% identical to the AttA/B form.

These genesare differentially regulated (Wangef al., 2008). Interestingly, two

additional HDPs, one with anti-Gram-negative activity and the other with anti-

Gram-positive activity, have been identified following trypanosomechallenge but

remain uncharacterised (Boulangerer al., 2002b). To date, 20 HDPsof 7 different

classes have been identified in Drosophila (Lemaitre and Hoffmann, 2007).

Within Glossina, unstimulated gut tissue indicates low transcript expression of

attacin and constitutive low transcript levels of defensin. Constitutive defensin

transcript expressionin guttissue has also been noted in Anopheles gambiae

(Dimopoulosetal., 1997) and S. calcitrans (Lehaneet al., 1997; Munksetal.,

2001). Attacin and defensin transcripts are up-regulated in the midgut, PV andfat
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body in response to immunestimulation with live £. coli (Hao et al., 2001; Hao et

al., 2003). Diptericin has been foundto be constitutively expressed in normalflies

with mockinjection with E. coli results in only a modest induction over basal

level. The expression of cecropin in response to bacterial stimulation in guttissue

has not been fully characterized.

In vivo analysis of HDPtranscript expression during trypanosomeinfection has

indicated that these peptidesare differentially regulated in the haemolymph and

the major immunoresponsive tissues of midgut, fat body and PV in response to

trypanosomeinfection (Haoef al., 2001; Haoer al., 2003; Hu and Aksoy, 2006).

Early in the infection process, the presence of trypanosomesin the midgut or

haemolymphdoesnot leadto activation and increased transcription of midgut or

fat body HDPs (Haoetal., 2001). However by Day6,as parasite numbers

increase, attacin (Att A/B and AttD) and defensin expressionis high in the fat

body (Haoet al., 2001; Hao ef al., 2003; Wangef al., 2008). In self-curedflies

HDPtranscript expression levels fall but in flies with established midgut

infections these expression levels remain high in the fat body and PV (Haoet al.,

2001; Hao etal., 2003). This does not appear to affect parasite viability within the

tsetse midgut. Therefore, trypanosomes mayexhibit a stage-specific sensitivity to

particular immune molecules, with procyclic trypanosomesexhibiting higher

resistance to the trypanocidal activity of HDPs than BSF trypanosomes.

Alternatively, fat body synthesised peptides circulating in the fly haemolymph

mayfail to reach parasites located in the midgut environment.

Trypanocidalactivity of a HDP, stomoxynisolated from the facultative

hematophagousfly S. calcitrans, has been reported previously (Boulangere/ al.,

2002a). Furthermore,there is direct evidenceoftrypanocidal activity of Glossina

HDPs(Hu and Aksoy, 2005; Hu and Aksoy, 2006; Nayduch and Aksoy, 2007).

Recombinant attacin (AttA1) inhibited both BSF and PCF growthin vitro (Hu and

Aksoy, 2005). Jn vivo, gene knockdownof the AttA1 peptide orits transcriptional

regulator, Relish, in G. m. morsitans ledto statistically significant increase in

midgut and mature salivary gland trypanosomeinfection rates (Hu and Aksoy,

2006). Relish also regulates cecropin expression but whether cecropin possesses

trypanocidalpropertiesis yet to be investigated directly. Also differential
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expression of AttA1 in a trypanosomesusceptible species (G. m. morsitans) and

two trypanosomerefractory species(G. pallidipes and G.p. palpalis) of tsetse has

been reported (Nayduch and Aksoy, 2007). Refractory species showed higher

attacin expression in fat body (systemic) and proventiculus/ midgut(local) tissues

in comparisonto susceptible flies in both teneral and blood-fed state. Knockdown

ofattacin transcript expression in G. pallidipesled to increased fly susceptibility

to trypanosome midgutinfection although the possible confounding effects of

high mortality rate, starvation, wounding and low sample size numbershould be

noted (Nayduch and Aksoy, 2007). Thus, this HDP maybe an important regulator

of tsetse-trypanosomeinteractions.

Notably, several investigations of HDP function in mediating tsetse-trypanosome

interactions bypass a natural trypanosome developmental stage by using PCF

rather than BSF trypanosomesto infect the flies (Hao ef al., 2001; Haoef al.,

2003)or do notstate the trypanosomelife cycle stage used (Nayduch and Aksoy,

2007). Furthermore, supplementation of bloodmeals with glucosamine (Haoetal.,

2001; Hao et al., 2003) may disruptthe natural infection process and confound the

interpretation of results (Peacock ef al., 2006).

5.2.3.2 Antioxidants

In addition to the NF«B pathway-mediated defense system, the NF«B-

independent production of microbicidal ROSis a key componentofinsect

epithelial immuneresponses (Haef al., 2005a, b; Lemaitre and Hoffmann, 2007).

In Drosophila, natural gut infections with bacteria are associated with rapid

synthesis of ROS.In tsetse, increased ROS and NO expression has been reported

in the PV in response to trypanosomechallenge (Hao efal., 2003). It is known

that the free radical ROSactivates a cell death pathway in 7: b. brucei PCFs

(Ridgley et al., 1999). Furthermore up-regulation of oxidative stress genes has

been demonstrated in the midgut transcriptomeofinfected flies (Lehaneef al.,

2003; Munks ef al., 2005) andself-curedflies (Lehaneer al., 2008). Hao ef al.

(2003) have hypothesised that reactive intermediates such as NO or H2O2 may

function as chemicalsignals to mediate communication between different

immunoresponsive tissues.
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Indirect evidence suggests a role of antioxidants in signalling during parasite

developmentin the fly and protecting tsetse flies against trypanosomes(Haoet

al., 2003; Macleodet al., 2007a; Macleod et al., 2007b). Recently Macleodef al.

(2007) demonstrated that co-feeding of different antioxidants (glutathione,

cysteine, N-acetyl-cysteine, ascorbic acid oruric acid) with infective

trypanosomesin the bloodmealto tsetse flies led to significant increases in midgut

infection rates. Furthermore, N-acetyl-D-glucosamine (GlcNAc), which has

routinely been used to boost trypanosome midgut infection rates, has also been

shownto be an anti-oxidant molecule (Xin et al., 2006). The original

interpretation of increased infection rates in flies fed GleNAc wasthat this sugar

neutralised specific trypanocidallectins in the midgut permitting higher infection

rates to occur (Maudlin and Welburn, 1987; Welburn ef al., 1989; Murphy and

Welburn, 1997). However, more recently it has been shownthat glucosamine can

scavenge ROS, superoxide and hydroxylions (Xin ef al., 2006) offering a simpler

explanation of its function in vivo.

A role for transferrin in immunesignalling by up-regulation of nitrous oxide in

vertebrates has been noted (Stafford and Belosevic, 2003). Recently, knockdown

of transferrin in G. m. morsitans was demonstrated to havea statistically

significant impact on trypanosomeprevalence,resulting in almost a doubling of

trypanosome midgutinfection rate (Lehaneef al., 2008). The mechanism of

involvement oftsetse transferrin in mediating tsetse-trypanosomeinteractionsis

still unknown but may be analogousto its function in vertebrates.

Recent studies in the model insect D. melanogaster have demonstrated that

Drosophila dual oxidase (dDuox) enzyme, and not NADPH oxidase (dNox),

provides the main source of ROSthat limits bacterial proliferation in the midgut

(Ha etal., 2005a; Haet al., 2005b). The infection-inducible nature of intestinal

dDuox suggests the transcriptional role of dDuox mayplay pivotalrole in fly

midgutprotection against invading pathogens. dDuoxis capable of generating

HO)andthe highly microbicidal HOCIderived from H202 by neutrophil-derived

myeloperoxidase (MPO)type activity. Physiological regulation of ROSlevels in

the midgut is achieved via dDuox-dependant ROSgeneration and immune-

regulated catalase (IRC)-dependant ROS removal (Haet al., 2005a). A fine redox
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balanceis critical as knockdownofeither dDuox or IRC leads to higher mortality

rates due to either insufficient or prolonged oxidative stress responses

respectively.

Oxidative stress is also believed to be involved in control of parasites in other

vector-parasite systems including Plasmodium-mosquito and Trypanosoma-

Rhodnius. Augmented production ofNO has been noted in Anopheles stephensi,

An. gambiae and An. pseudopunctinpennis following P. berghei infection

(Luckhart ef al., 1998; Herrera-Ortiz et al., 2004; Molina-Cruz et al., 2008). Also,

the R. prolixus NO system respondsto T. rangeli and T. cruzi, implicating

involvement in trypanosomeinfection regulation (Whitten ef al., 2001; Whitten er

al., 2007). Furthermore, trypanotolerance in Cape Buffalo is associated with

increased levels of serum ROS (Wangef al., 2002).

5.2.3.3 Lectins

The lectin hypothesis wasfirst proposed by Welburn and Maudlin (1987) and

arguesthat tsetse midgut-expressedlectins are the predominantfactor killing

trypanosomesin vivo in thetsetse fly. This argument is based primarily on

evidence that the feeding oflectin inhibitory sugarsto flies increases trypanosome

midgut infection rates (Maudlin and Welburn, 1987; Ingram and Molyneux, 1988;

Welburn et al., 1994). Based on theeffects of the plant lectin concanavalin A on

trypanosomesin vitro, lectin-mediated killing of trypanosomesis believed to

occurby a process termed proto-apoptosis (Welburn and Maudlin, 1999; Pearson

et al., 2000). A lectin specific for D-glucosamine (GlcN) and with lesser affinity

for N-acetyl-D-glucosamine (GlcNAc)has been identified in tsetse midgut

(Ibrahim et al., 1984; Ingram and Molyneux, 1988). Most ofthis lectin is found

attached to the PM (Lehane and Msangi, 1991). The lectin phenomenonis

hypothesized to occur naturally and to the greatest extent in newly-emergedflies,

wherelectins are neutralised by the build-up of inhibitory sugars released from

chitin by the endochitinase of the endosymbiontS. glossinidius during the pupal

period.
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The ability of older starved flies to become infected (Kubief al., 2006) conflicts

with this hypothesis as both youngerandolderflies are reported to have similar

midgutlectin levels (Lehane and Msangi, 1991). More recently, the multiple

effects of GlcNAc or D-glucosamine (GlcN)inclusion in the bloodmeal upon

trypanosomegrowth andtsetse physiology have been reported (Peacockeral.,

2006; Ebikemeef al., 2008). Both sugars slowed bloodmeal movementalong the

midgut. GleN significantly increased the size of bloodmeal taken as wellas

increasing the fly mortality rate. Interestingly, GlcNAc stimulated trypanosome

growth in the midgutandin vitro in the absenceofany fly-derived factors. The

ability of GlcNAc to enhance trypanosome PCF growthin vitro (Ebikemeetal.,

2008) does not seem to involve any direct effect of GlcNAc upon metabolic

processes within the trypanosome./n vitro experiments have instead shownthat

GlcNAcindirectly enhancesthe rate of L-proline metabolism by inhibiting the

trypanosomehexosetransporter, thus depriving the parasite of D-glucose

(Ebikemeef al., 2008). However PCFscultured in D-glucose free medium, and

therefore in possession a metabolism that is primed for L-proline use, do not

appear to have a higherinfection rates when usedto infecttsetse flies. This

suggests that the metabolic impact of GlcNAc on trypanosomeshasno bearing on

the success of trypanosomeestablishment within the tsetse midgut (Ebikeme er

al., 2008). These off-target effects complicate the interpretation of experiments on

the trypanosomeprevalence phenotype observed (Peacock er al., 2006). In

addition, the lectin hypothesis contends that higher symbiontdensities lead to

increased susceptibility but similar symbiont densities have been reported in G. m.

morsitans, a savannah species, and G. fuscipesfuscipes, a riverine species (Weiss

et al., 2006). This is surprising considering G. fuscipes fuscipesflies are more

refractory to 7. congolense trypanosomeinfection than G. m. morsitans (Harley

and Wilson, 1968). Aboveall, the demonstration that GleNAc (which has

routinely been included in infected blood mealsto artificially boost trypanosome

midgut infection rates) is an anti-oxidant molecule (Xin er al., 2006) suggests a

simpler explanation (see above)for the effect of this sugar on tsetse-trypanosome

interactions.
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5.2.3.4 Other potential effector molecules

The prophenoloxidase (proPO) cascade mayplaya role in tsetse-trypanosome

interactions as inhibition of phenoloxidase (PO)activity with phenylthiourea

(PTU)increases midgut trypanosomeinfection rates (Nigam ef al., 1997).

Furthermore, 7. b. rhodesiense has been shownto significantly activate

haemolymph proPO of female G. m. morsitans (Nigam etal., 1997).

TsetseEP protein mayalsoplay role in tsetse-trypanosomeinteractions. This

immunoresponsive protein is expressed strongly in the midgut of Glossina andis

up-regulated in response to immunestimulation with Gram-negative bacteria

(Haines er al., 2005). Unusually, this protein exhibits a high sequenceidentity to

the EP-form procyclin found on the surface of procyclic 7: b. brucei and

possesses glutamic acid-proline (EP) repeats along over 40% ofits length. This

molecular mimicry is unusualin nature andtherole ofthis protein in mediating

fly responses merits further investigation.

5.3 Effects of trypanosomeinfection on host physiology

Trypanosomeinfection may have multiple effects on the tsetse host. A

suppression subtractive hybridisation study by Lehaneet al. (2008) identified

molecules differentially expressed in G. m. morsitansflies with established and

self-cured 7. b. brucei trypanosomeinfection. Analysis of the gene fragments

generated suggested trypanosomeinfection has a marked effect upon the

metabolism ofthe fly host. Furthermore, the data suggested that flies which had

self-cured of trypanosomeinfection displayed an increased energy usage and an

oxidative stress response.

Withinthetsetse fly, procyclic trypanosomes employ the aminoacid proline as a

source of energy.Proline reserves are typically used by thetsetse fly for flight. In

infected male flies, trypanosomescan reducetheflight potential by 15 per cent

(Bursell, 1981). Trypanosome infection in female flies would be far more costly

in termsofflight potential as females have smaller proline reserves dueto the

energy required for larval development. Recently, Huef al. (2008) investigated
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the cost of trypanosomeinfection on fly reproductive fitness. Two trypanosome

strains were selected that differentially activated the host immune system: a 7. b.

rhodesiense wild type strain which induced expression of attacin and defensin in

trypanosomeinfected flies and a mutant strain which did not. Only infection with

the wild typestrain led to a significant increase in larval deposition periods and a

decrease in milk gland protein expression (Huef al., 2008). This suggests

activation of tsetse immuneresponsesby infection with immunogenic

trypanosomesdelayslarvigenesis via decreased expression of the milk gland

protein vital for larval growth.

Trypanosomeinfection may also impact the feeding behaviourofinfected tsetse

hosts. Infection of G. m. morsitans and G. austeni with T. b. brucei reportedly

results in increased probing behaviour and more voracious feeding (Jenniefal.,

1980). Accumulation of large numbers oftrypanosomesin the salivary glands or

proboscis have been observed which may impede functionof labral

mechanoreceptors as detectors of blood flow rate in the gut (Molyneux and Jenni,

1981). Thus, an infected fly may take several smaller meals or feed for longer,

either scenario leading to increased trypanosometransmissionto the vertebrate

host.

5.4 Fly immune system and microbial balance

Tsetse flies carry a range of micro-organisms (Section 4) and must manage to

coexist with their symbiotic micro-organismswhilestill protecting themselves

from the onslaught of pathogenic organisms. The host factors that maintain this

homeostatic relationship are largely unknownand ourcurrentinsight is based

primarily on studies in Drosophila. Recently Ryuet al. (2008) have identified the

intestinal homeobox gene Caudal (Cad) as a key factor in repressing NF«B-

dependant HDPgenesin Drosophila. Although Drosophila commensal organisms

can induce a high level of local Imd-regulated NF«B activation only a subset of

target genesis activated. Regulation of the immune system istightly controlled as

overexpression of HDP genes in Cad-knockdownflies caused a shift in the

commensalpopulation in the midgut. In particular, the dominance of

Gluconobactersp. strain EW707eventually led to gut apoptosis and host

47



mortality in Drosophila. The model proposed involves interplay between Cad and

the NF«Btranscription factor Relish to regulate the expression of HDPs, which in

turn defines the microbial community andinsect health (Ryu ef al., 2008).

Whetherthis is also the case in Glossina is unclear however an ortholog of Cad

has been identified in the EST library (cn9066, e-value 1.2e-47).

The HDPdiptericin is constitutively expressed in the PV and fat bodyoftsetse

(Haoet al., 2001; Hao ef al., 2003). This expression profile has been attributed to

the presence of symbionts, in particular to the presence of S. glossinidius in the

gut and haemolymph.Interestingly, S. glossinidius is resistant to the Gram-

negative bactericidal activity of mature synthetic diptericin in vitro (Haoet al.,

2001) whereasthe non-native bacterium £. co/i is not. Furthermore,S.

glossinidius is also moreresilient to recombinantattacin (receGmAttA1) than £.

coli (Hu and Aksoy, 2005). Thus it is possible S. glossinidius may have evolved

HDPresistancetraits permitting survival in the hostile tsetse midgut environment

while invading pathogensare eliminated.

5.5 Adaptive immunity

The existence of immunological memory has long been noted in vertebrates, with

humansutilising vaccination long before key mechanismsof adaptive immunity

were knownor understood. Vertebrate adaptive immunity is characterised by

long-term protection against specific antigens achieved by antibodies which

consist of a large diversity of somatically rearranged immunological receptors.

Whether invertebrates are capable of adaptive immunity to pathogen challenge

has long been a matter of contention. In a recent study, Dongef al. (2006a)

identified Down syndromecell adhesion molecule (Dscam)asan alternatively

spliced hypervariable immunoglobulin domain containing gene responsible for

generating a broad range of pathogen recognition receptors (PRRs) in Anopheles

gambiae mosquitoes. The gene contains 101 exonsincluding three variable Ig

exon cassettes. Alternative splicing of this gene producesa highly diverse set of

over 31,000 potential splice forms (Dongef al., 2006a). Challenge with different

pathogensleadsto production of specific AgDscam splice-form repertoires.

Interestingly, an ortholog of Dscam has beenidentified from a Glossina EST
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library (cn9121, e-value 6.0 e-21). Whether Glossina is also capable of adaptive

immunity and Dscam confers protection against invading trypanosomes and

bacteria, is currently unknownbut could represent an exciting avenue for future

research.

6. RNAinterference

RNAinterference (RNAi) has expandedstudies of gene function by permitting

highly targeted knockdownofspecific genes. Since its discovery in C. elegans

(Fire et al., 1998), RNAi has been shownto be a functional meansof gene

silencing in a wide variety of organisms, including plants, helminths, insects and

parasites, highlighting its ancient conserved origin. Moreover, RNAi has

revolutionised the study of tsetse-trypanosomeinteractions. The slow

reproductive rate in tsetse (one offspring every nine days; 40 daysadult to adult)

and the high costs of maintaining colonies has prevented maintenance of large

numbers of mutant fly lines. Also, the unusual viviparous reproductive system of

tsetse flies prevents the developmentof germline transgenesis (Aksoyef al.,

2003). Consequently, gene knockdown through RNAiis a particularly valuable

tool in this species and has enabledin vivo studies of gene function in adult tsetse.

6.1 Mechanism of RNAi

RNAiis a meansof genespecific post-transcriptional knockdownandistriggered

by double-stranded RNA (dsRNA) mediated degradation of homologous mRNA

sequencesin the target organism. In different organisms the RNAi pathwaysare

comprised of different proteins and mechanismsbut operate by convergent

strategies (Siomi and Siomi, 2009). In the current model of RNAi two main steps

are involved. Theinitiator phase involves recognition of dsRNA and cleavage into

smaller fragments. The subsequent effector phase involvesthe incorporation of

cleaved dsRNAinto a multi-protein complex capable of silencing homologous

mRNAtranscripts (Fig. 1.7).

Gene knockdownby exogenously introduced dsRNAinitially involves

recognition of dsRNA by the enzyme Dicer, a memberofthe RNaseIII family of
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nucleases highly conservedin plants, fungi, flies and mammals (Bernsteinef al.,

2001). Species may encode more than one copy of Dicer in their genome. D.

melanogaster encodes two copies of Dicer, Dicer-1 (Der-1) and Dicer-2 (Der-2),

each with slightly differing functions. Mutation in Der-1 blocks processing of

miRNAprecursors while mutation in Der-2 blocks processing of siRNA

precursors(Lee etal., 2004). dsRNAis cleaved by Dicer into short interfering

RNA(siRNA) fragments 21-23 base pairs (bp) in length (Zamore, 2000;

Hammond, 2005). Importantly, the size of the siRNA fragment dictates the

efficiency of gene silencing. Fragments longer than 23 bp tendto beless effective

at RNA silencing (Elbashiret al., 2001a). Also siRNAs with twoor three

nucleotide overhangsat the 3’ end are moreefficient in target RNA degradation

than blunt ended duplexes (Elbashiref al., 2001b).

To act as guides in the RNAi pathway siRNAs must then be incorporated into a

RNA-inducing silencing complex (RISC). In Drosophila, siRNAsfirst bind to the

Der-2/R2D2 (D2/R2) complex. This formation precedes RISC formation in vitro

and in vivo (Liu et al., 2003; Tomari et al., 2004) and is termed the RISC loading

complex (RLC). How the duplex siRNAsare converted to single stranded guide

RNAduring RISC assembly is unknown. However, thermodynamic differences in

the base-pairingstabilities of the 5’ ends of the two siRNAstrandsare believed to

determine which of the two siRNAstrands is assembled into the RISC (Tomariet

al., 2004).

While the exact components of the RISC have not been fully elucidated,it is

knowntwoproteins of the Argonaute family, Argonaute-1 (Ago-1) and

Argonaute-2 (Ago-2) (Martinez et al., 2002) form part of the complex. These

proteins are highly conserved (Carmell er al., 2002). Ago-2 mediates cleavage of

the non-incorporated strand of the siRNA fragment and allows subsequent

incorporation of the remainingstrand into the RISC complex (Liu etal., 2004;

Randet al., 2005). Additionally, Ago-2 is the enzymeresponsible for cleavage of

target mRNA. However,additional cofactors are also required for RISC activity

as purified Ago-2 cannotuse double-stranded siRNAsto degrade target mRNA

(Liu et al., 2004). After assembly of the RISC complex, targeted degradation of

mRNAhomologousto the incorporated siRNAstrand takes place. Cleavage ofthe
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target mRNA occurs between nucleotide 10 and 11 upstream ofthe 5' end ofthe

guide siRNA.Interestingly, RISC activity does not require active mRNA

translation (Senef al., 2005). Most of our knowledge of RNAi in Glossinais

based uponstudies in the model insect D. melanogaster. Analysis of Glossina

ESTdata (www.genedb.org/genedb/glossina) reveals orthologs of Der-2, Ago-1

and Ago-2 components of the RNAi machinery.

6.2 dsRNA administration

Although several methodsexist to administer dsRNA to the organism ofinterest

these are often very species specific. Stable transgenic expression of RNA hairpin

constructs (Kennerdell and Carthew, 2000; Tavernarakis ef al., 2000) and the use

of recombinantviruses to deliver the dsRNA (Travanty ef al., 2004) has been used

in some Diptera. However, the most commonly used methodfor analysis of gene

function in insects is the direct injection of dsRNA directly into the hemocoel.

Gene knockdownbyinjection of dsRNA into adult Diptera was first demonstrated

in Anopheles gambiae by Blandinet al. (2002) who showed successful gene

knockdown of the HDP defensin following injection of dsRNAspecific to this

gene. This technique has been successfully extended to analysis of Glossina genes

(Hu and Aksoy, 2006; Attardo etal., 2008; Lehaneef al., 2008). To date, three G.

m. morsitans genes, namely a transferrin, the transcriptional activator Relish and a

HDPattacin, have been identified as possible mediators of tsetse-trypanosome

interactions using this technique.

While direct injection of dsRNAinto the fly haemocoelis generally used,it is

clearly not ideal when studying functions of the fly immune system. For example,

control injections with PBSresult in an increased expressionof attacin and

defensin transcripts in the tsetse fat body until 18-30 hours post-injection (Hao et

al., 2001) andattacin has been shownto play role in tsetse-trypanosome

interactions (Hu and Aksoy, 2006; Nayduch and Aksoy, 2007). Thusany injection

based RNAistudies on immunity, including those of tsetse-trypanosome

interactions, should be interpreted with caution as it is knownthe establishment of

trypanosomesin the tsetse midgutis influenced by, amongstotherfactors, the fly

immune system (Hao efal., 2001; Hu and Aksoy, 2006; Lehaneetal., 2008).
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Figure 1.7: RNAsilencing in D. melanogaster following introduction of

exogenous dsRNA.

Initially, dsRNA is cleaved by the RNase III enzymeDicerto yield siRNA

duplexes. Then, siRNAsbind to the Der-2/R2D2 (D2/R2) complex. This precedes

RISC formation. The exact components of the RISC complex have not been fully

elucidated although Ago-1 and Ago-2 are knownto form part of the complex.

Ago-2 cleaves the non-incorporatedstrand of the siRNA fragmentand allows

subsequentincorporation of the remainingstrand into RISC. Also, Ago-2 is the

enzymeresponsible for cleavage of target mRNA. The loaded RISC complex is

then guided to target mRNAscontaining complementary sequence and the

expression ofthe corresponding genesis silenced.
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Aimsof the study

DependenceofT. brucei sspp. ontsetse flies for cyclical transmission meansthis

insect/parasite stage represents an important target for disease control strategies.

Understanding tsetse-trypanosomeinteractions at a molecular and immunological

level mayyield potential target molecules for novel control methods.

In this study, functionalanalysis of the roles of the two major insect immune

signalling pathways, Toll and Imd,in regulating tsetse fly immuneresponseswill

be undertaken using an in vivo reverse genetics approach. The effects of gene

knockdown by RNAiuponthe parameters of trypanosome midgut infection

prevalence, mortality following bacterial challenge and production of HDP

effector molecules will be assessed. Also, to evaluate whether dsRNA feeding

represents a preferential alternative means of dsRNA administrationtotsetse flies,

a comparative analysis of gene knockdownefficiency, longevity andfly

survivorship will be performed.

The influenceoffly ageat the first infective bloodmeal upon trypanosome

infection outcomewill also be examined by meansof trypanosomeinfection

experiments usingdifferent tsetse species, trypanosome species and trypanosome

life cycle stage combinations to observe whether a commontrend prevails.

Western blot analysis of a selection of fly and symbiont derived proteinswill be

performed to determine whether their expression levels correlate with fly

susceptibility levels to trypanosomes. Also, the effect of symbiont presence upon

tsetse basal immunity and susceptibility to trypanosomeinfection will be

ascertained by meansofantibiotic feeding, trypanosomeinfection experiments

and monitoring of HDP responses. Finally, initial investigations into immune

responsesof S. calcitrans, a non-permissive host of African trypanosomes,to

trypanosomechallenge will be undertaken by attempting gene knockdownofthe

HDPstomoxyn.Also, the effect of antioxidant feeding upon trypanosomesurvival

in the fly midgut will be examined. Overall, this doctoral research envisages to

further our understanding of the complexity of tsetse-trypanosomeinteractions in

the context of fly immunity.
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CHAPTER2

Therole of the Toll and Imd immunesignalling pathwaysin

regulating tsetse immune responses
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ABSTRACT

Thetsetse fly (Family: Glossinidae) is the sole vector responsible for cyclical

transmission of African trypanosomes to human and animalhosts. Parasite

transmission bythe insectis restricted by a natural refractoriness to trypanosome

infection. Indirect evidence suggests the tsetse immune system mayplay a role in

regulating developmentoftrypanosomeinfections as immune-stimulated flies

typically develop only half as many midgutinfections as controls. Furthermore,

gene knockdownstudies have identified the host defence peptide, attacin, andits

transcriptional regulator, Relish, as putative mediators of tsetse-trypanosome

interactions. However, the relative contributions of the upstream Toll and Imd

pathwayto Relish activation have not been fully elucidated.

In this study we attempted to investigate, by immunestimulation experiments and

RNAinterference (RNAi), the roles of the Toll and Imd regulatory pathways of

tsetse immuneresponsesagainst trypanosomeinfection, bacteria challenge and

host defence peptide regulation. Direct injection and per os immunestimulation

experiments implied only knownstimulants of the Drosophila Imd pathway

impacted significantly upon subsequent trypanosomeinfection rates. Based on

these observations, gene knockdownofseveral Toll/Imd pathway genes was

attempted. Due to high mortality rates (30- 70%) observed following injection of

dsRNAspecific to imd, dtak1, fadd and tube, dsRNA feeding was pursued. After

dsRNAtreatment, partial gene silencing was observed for dtak1, fadd, kenny,

relish and tube midguttranscripts (>25 %). However, neither imd nor ird5 midgut

transcripts responded to per os dsRNA treatment. Gene knockdown was

significantly lower (<15 %) in fat bodytissue for dtak/, fadd, kenny, relish and

tube than compared to knockdownlevels in the midgut.

Surprisingly, no significant difference in trypanosome midgut prevalence was

observed following gene knockdownofselected Toll/ Imd pathway members.

Also, transcript expression levels of the host defence peptide, attacin, did not

change in either midgutor fat body tissue following dsRNA treatment. However,

a significant increase in mortality following live E. coli or M. luteus injection was

noted in dtakI and kenny knockdownflies but not in tube knockdownflies.
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2.1 INTRODUCTION

Tsetse flies (Diptera: Glossinidae) are the sole known vectors responsible for

cyclical transmission of the protozoan Trypanosomaspp.parasites, the causative

agents of sleeping sickness in humansand naganain cattle in sub-Saharan Africa.

Flies exhibit a natural refractoriness to trypanosome infection and mature parasite

infection prevalenceis typically low (<1%), even in disease endemic areas (Lloyd

and Johnson, 1924; Aksoy ef al., 2003). Even under optimal laboratory

conditions, when all flies are fed a trypanosomeinfected bloodmeal, only a small

proportionofflies (10-25 %) will transmit the parasite to another mammalian host

(Hu and Aksoy, 2006; Peacock et al., 2007); Lehane laboratory, unpublished

results). The molecularbasis for this natural refractoriness to trypanosome

infection is not well understood. However, identification of the molecules

responsible for conferring fly refractoriness to trypanosomiasis could lead to

novel vector control strategies for managementofthis debilitating disease (Rio ef

al., 2004; Hu and Aksoy, 2006; Weiss ef al., 2008).

During the course of a natural infection, trypanosomesfaceat least three major

barriers to successful establishment and maturation within the fly host from the

insect’s immunesystem.Firstly, the establishment of a midgutinfection, followed

by invasion ofthe ectoperitrophic space and PV,relies on the trypanosome

surviving the host immuneresponse occurring within three days post infection

(Aksoyet al., 2003; Gibson and Bailey, 2003). Parasites replicating in the fly

midgut undergo a massiveattrition which eliminates trypanosomeinfections

completely in more than 50% of parasite exposed flies (Gibson and Bailey, 2003;

Peacocket al., 2007). Secondly, proventricular form trypanosomes must cross the

peritrophic matrix before invading the foregut. An estimated two-thirds of

established midgutinfections fail to progress beyond the PV (Peacocket al.,

2007). Host immuneresponsesin the PV (Haoet al., 2003; Hu and Aksoy, 2006)

maybe involved. Thirdly, in manyflies with foregut infections, trypanosomes

will either fail to reach orfail to establish a salivary gland infection (~75% failure

of foregut infections). This may be due to an immuneresponsein the salivary

glands (Hu and Aksoy, 2006; Peacocket al., 2007). During thelife cycle of the

African trypanosomewithinits tsetse fly host, the parasite remainsextracellular in
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the midgut, foregut or salivary gland lumen (Aksoyef al., 2003; Gibson and

Bailey, 2003; Roditi and Lehane, 2008). Consequently, parasites are exposed only

to epithelial immuneresponses throughout their development, establishment and

maturation phases.

In Drosophila melanogaster, the insect model on which the majority of our

knowledge of insect immunity is based, the Toll and Imd cascadesare the two

main immunesignalling pathways that govern fly innate immune responses and

are responsible for regulation of almost 80% of the genes induced upon septic

injury (De Gregorioef al., 2002). Analysis ofthe tsetse midgutepithelial EST

library revealed orthologs to almostall intracellular members of the Drosophila

Imd pathway while no intracellular members of the Drosophila Toll pathway

were identified (Lehaneef al., 2003; Lehaneef al., 2004). This suggests that

responsesin the midgut are regulated via the Imd pathway,asis the case in

Drosophila (Tzouetal., 2000; Buchonet al., 2009). In support of this contention,

artificial stimulation of the fly immune system byinjectionoflive E. coli (a

knownactivator of the Imd signalling pathway in Drosophila) prior to feeding a

trypanosome-infected bloodmeal, resulted in a significant decease in trypanosome

midgut prevalence (Haoet al., 2001). This indirectly suggests that the Imd

pathwaycould play a critical role in regulating fly immuneresponses in the

midgut epithelium, as in Drosophila (Buchonetal., 2009).

Recent advances in RNAi have madeit possible to manipulate tsetse gene

function in vivo andto ascertain the effects of tsetse gene knockdown onthe

ability to support trypanosomeinfection establishment and maturation (Hu and

Aksoy, 2006; Lehaneer al., 2008). Gene knockdownstudies by Huef al. (2006)

identified the antimicrobial peptide attacin (GmmAttA1), and its transcriptional

regulator Relish (a downstream memberof the Imd immunesignalling pathway),

as putative regulators of fly immune responses to trypanosomeinfection.

Knockdownofattacin orrelish resulted in a significant increase in trypanosome

midgutandsalivary gland infection prevalence. While relish is a known member

of the Imd pathway in Drosophila, crosstalk is known to occur betweenboth the

Toll and Imdsignalling pathways leadingto relish activation (De Gregorioet al.,

2002; Tanji er al., 2007). Thus the relative contributions of the Toll and Imd
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signalling pathways to Relish activation in Glossina, following trypanosome

infection or bacterial challenge, are not yet well understood.

There were three main aimsin this project. Firstly, to determine whetherthe Toll

pathwayor Imd pathway (members upstream of the Relish transcriptional

activator) contribute to regulation of fly immuneresponsesto trypanosomes.

Secondly, to ascertain whether gene knockdown ofToll/Imd pathway members

would lead to an increased susceptibility to bacterial infection. Thirdly, to

determine which of the known Glossina HDPsare regulated through these

pathways and whethertissue specific variation in HDP gene regulation by Toll/

Imd occurs.
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2.2 MATERIALS AND METHODS

Fly maintenance

Thetsetse fly (G. m. morsitans) colony was maintained at the Liverpool School of

Tropical Medicine (colony established in 2002 from the Bristol colony,itself

originally derived from flies from Zimbabwe). Flies were kept at 26° C +/- 1°C

and 60-70% relative humidity. Male flies were maintained on defibrinated horse

blood every 48 hours by artificial membrane system (Moloo, 1971) unless stated

otherwise.

Trypanosomestocks

Trypanosoma brucei brucei strain TSW196 bloodstream form (BSF)parasites

were used in all trypanosomeinfection experimentsasthis is a fly-transmissible

clone. BALB/c mice wereinfected by intra-peritoneal injection with T. b. brucei

strain TSW196 BSFs.Infections were monitored bytail bleed and observation

under 40X phase contrast. Parasites were obtained from mice at peak parasitaemia

by anaesthetising the mice and collecting blood by cardiac puncture into a syringe

containing heparin to preventclotting. Blood was mixed 1:1 with sterile 20%

glycerol in phosphate buffered saline glucose (PSG, pH 8.0). 0.4 mlaliquots were

transferred into cryovials, slowly frozen at -80°C using a freezing container

(Nalgene Mr. Frosty, Rochester, USA) and thenstored in liquid nitrogen.

Trypanosomeinfection

Preparation of the trypanosomeinfectious bloodmeal was performed by adding

200 ul of infected mouse stabilate to 5 ml of defibrinated horse blood (TCS

Biosciences, Buckingham, UK), giving a final concentration of approximately 2 x

10° trypanosomes/ ml. The following day, unfed flies were removed. Flies were

maintained on defibrinated horse blood and six daysafter the infectious

bloodmeal fly midguts were dissected.

Trypanosomeinfection determination

Each fly midgut wasdissected from cold anaesthetised (4°C)flies in PBS on a

glass slide. The infection status was determined by searching for procyclic
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trypanosomesin 10 random fields by light microscopy under 125 X

magnification.

Bacteria and immunestimulant stocks

Escherichia coli strain K12 RM148 and Micrococcus luteus bacteria were grown

on Luria broth (LB)plates at 37 °C. Cells were washed and resuspended in

phosphate buffered saline (PBS) to an adjusted cell concentration of OD=0.5 at

Agooo-. Heat-killed bacteria were prepared by incubating cells at 75°C for 10

minutes. Bacterial death was confirmed by streaking 200 ul of each stock onto an

LB plate and checking for bacterial growth after 1 day (E. coli) or 2 days (M.

luteus) at 37°C. Stocks were frozen in 200 pl aliquots at -80 °C.

Peptidoglycan (derived from Staphylococcus aureus, WA12963, Lot 1104645;

Fluka Chemie, Switzerland), laminarin (derived from Laminaria digitata, L9634,

Lot 112K37812; Sigma Aldrich, Germany) and lipopolysaccharide (LPS, derived

from E.coli Serotype 026:B6, L8274, Lot 127H4096; Sigma Aldrich, Germany)

were resuspended in PBSto final concentration of 1 mg/ ml. Stocks were frozen

in 100 pl aliquots and stored at -80°C until use.

Fly injection

All injections were performed with needles made from borosilicate glass

capillaries (2.00 mm outside diameter) using a needle puller (PC10; Narishige,

Japan) to an approximate external tip diameter of 45 um.

Immunestimulant injection

Newly emerged male G. m. morsitans aged <30 hrs post emergence(p.e.) were

injected with 2 ul of the immune stimulantofinterest (i.e. LPS, laminarin,

peptidoglycan, M. luteus or E. coli) or, in the case ofthe control group, 2 kl PBS.

Flies were then offered an infective first bloodmeal the following day

(approximately 18 hourslater) containing 7. b. brucei TSW196 BSF

trypanosomes. Flies were maintained on defibrinated horse blooduntil dissection

6 days later.
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Immunestimulant feeding

Newly emerged male G. m. morsitans aged < 30 hrs p.e. were offered a bloodmeal

containing 7. b. brucei TSW196 BSFtrypanosomes(prepared as above). Included

in this infective bloodmeal was the immunestimulant(either 0.05 % (v/v) or 10 %

(v/v) final dilution) of interest (LPS or E. coli) or an equivalent volume of PBS

(control). The higher dilution of immune stimulant was chosen as the bloodmeal

size of a newly emerged male G. m. morsitans between 20-24 hrs p.e. was

estimated to be approximately 23 ul (see Chapter 4). Thus per 23 ul bloodmeal,

approximately 2 ul immunestimulant was imbibed, equivalentto the amount of

immune stimulant used in immunestimulant injection experiments. Flies were

maintained on defibrinated horse blood until dissection 6 dayslater.

Template gene sequences

To identify G. m. morsitans orthologs to known Drosophila melanogaster Toll

and Imd pathway genes, BLAST sequence similarity searches were performed

using EST data available from the GeneDB database(http://www.genedb.org)

(January and May 2006). The genes chosen for functional genomic analysis were

tube (a memberofthe Toll pathway), imd, ird5, dtak1, fadd, kenny and relish

(members of the Imd pathway). At least 70% homology was observed between

the Glossina and D. melanogaster sequences. dsRNA and RTPCRprimerpairs

were designed using the consensus gene sequencesavailable from GeneDB.In the

case of imd, a consensus sequence wasgenerated from sequence data available

from GeneDB (Gmm-1270) and from NCBI (Accession number DV611992).

Twoputative ‘ube transcripts (GMsg10360 and GMsg10964) were identified. As

these were identified as single, non-overlapping reads from the sameclone,

further sequencing was undertaken. The consensus sequences obtained for both

imd and tube are givenin the appendix. In Table 2.1 the clones selected from the

G. m. morsitans midgutlibrary or salivary gland EST library are shown. Where

more than one clone waspredicted to contain the gene of interest, PCR analysis

was performed, using both the RTPCR and dsRNAgenespecific primers, to

ensure the correct fragment size. Library clones were transformedinto E. coli XL-

1 Blue (Stratagene, California, USA)cells using the heat shock transformation

method. Plasmid preparations were made using the Miniprep Spin Kit (Qiagen,

California, USA).
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dsRNA synthesis

Genes were PCR amplified from the appropriate template plasmid using primer

pairs with a T7 promoter sequenceat the 5’ end (Table 2.2). dsRNA primers were

designed to sites within the ORF of the predicted protein. The PCR cycling

conditions were as follows: 94°C for 3 minutes, followed by 30 cycles of 94°C for

1 minute, 55°C for 1 minute and 72°C for 1 minute, and a final extension of 72°C

for 5 minutes. However, in the case of dstube, dskenny and dsdtak1 primerpairs,

an annealing temperature of 52°C was used.

PCR products were checked by 1.5% (w/v) agarose gel electrophoresis to ensure

the correct fragment sizes were obtained. dsRNA wassynthesized using the

MEGAscript High Yield T7 Transcription kit (Ambion, Huntingdon, UK)

according to manufacturer’s instructions. Template DNA was removed from the

transcription reaction by DNasetreatment. dsRNA waspurified using

MEGAclear™ columns (Ambion) and subsequently eluted in nuclease free water.

Eluates were concentrated in a Christ (Osterode, Germany) 2-18 rotational

vacuum concentrator to ~5 pg/ wl. dsRNA concentrations were measured using a

Nanodrop ND-1000 (Wilmington, DE) spectrophotometer immediately prior to

dsRNAinjection or feeding.

dsRNAinjection

Maleflies (<24 hoursp.e.) were fed one bloodmeal and injected with dsRNA the

following day. Flies were anaesthetized prior to injection by chilling on ice and

injected with 2 ul dsRNAsolution (5 pg/ wl in nuclease free water (NFW)) in the

dorsolateral surface of the thorax (scutum). Control group flies were injected with

2 ul NFW.Great care wastaken to ensure the needle was angled horizontally or

slightly dorsally to avoid any damage to the organs in the ventral half of the

thorax. Flies were fed 24 hours later and every 48 hours thereafter unless

specified.

dsRNAingestion

Male flies (<24 hours p.e.) were fed dsRNAin the first bloodmeal. While

bloodmeal size may vary betweenindividual flies, an average bloodmealsize of

23 ul blood per male fly (<24 hours p.e.) has been determined (see Chapter 4).
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dsRNA wasdiluted to approximately 10 ug dsRNAper 23 ul bloodmealperfly

by adding 2 ul dsRNA solution (5 t1g/ pl) to 21 pl of blood. Control group flies

had an equivalent volume ofNFincluded in the bloodmeal. Unfed flies were

removed 24 hours post feeding after chilling briefly at 4°C. Flies were

subsequently fed 24 hours later and every 48 hoursthereafter.

Host defence peptide profiling

Mature 6 day old male G. m. morsitansflies that had already received three

bloodmeals (i.e. had a robust immunestatus) were injected with either 2 1 PBS or

2 ul dead E. coli K12 RM148at 24 hourspost final bloodmeal. Midgut and fat

body tissue of 3 flies were harvested at 0 (i.e. preinjection), 2, 6, 8, 12, 18, 24, 30,

48 hours post injection.

RNAisolation

Tsetse salivary gland, midgut, fat body or flight muscle tissues were dissected in

PBS, snap frozen and maintained at -80°C prior to RNA extraction. Tissues were

frozen in pools of 10 for tissue expression analysis or batches of three for gene

knockdown/HDPexpression analysis. Total RNA wasextracted from individual

tissues using Trizol reagent (Invitrogen, Paisley, UK). RNA wastreated with

RNase-Free DNase (Promega, Southampton, UK) following extraction and then

quantified using a Nanodrop ND-1000 (Wilmington, DE) spectrophotometer.

RT-PCRanalysis

The Promega Access RT-PCR System (Promega, UK) was used for semi-

quantitative analysis of transcript expression. The G. m. morsitans GAPDH

(Accession number DQ016434) housekeeping gene was usedas a loading control.

The primers for determination of Toll/Imd pathway membertranscript abundance

in tsetse tissues are shownin Table 2.3. Where possible, primer pairs were

designed to regionsofthe gene notdirectly targeted by the gene specific dsRNA

construct. RTPCRcycling conditions were as follows: 95°C for 2 minutes,

followed by 25 cycles of 95°C for 30 seconds, 55°C for 30 seconds and 72°C for

1 minute. A final extension of 72°C for 5 minutes was used. An annealing

temperature of 52°C was used for GmmdTak1 primers. RT-PCR products were

analysed by gel electrophoresis using 1.5% (w/v) agarose gel. Bandintensities
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were measured using Gene Tools software on a Gene Genius Bio Imaging System

(Syngene). To check for genomic contamination of RTPCR samples, a PCR

reaction was performed using the RNA sample as template for the reaction.

In the case of monitoring host peptide expression, RTPCR cycling conditions

were as above but with an annealing temperature of 55°C and 23 cycles for attacin

(GmmAttA1), 50°C and 24 cycles for defensin and cecropin, and 53.4°C and 27

cycles for diptericin gene fragments. Primer pairs used to monitor HDPtranscript

expression are shown below:

 

 

 

 

      

Gene NCBI Primer sequence Gene
Accession region

Attacin AF368909 5' GCACAGTATCATCTAACC3’ 152- 564

5' GCCAAGAGTATTCATATCG 3' bp

Cecropin DQ016433 5' TTGCTTTAATACTCGCTCTTTCA3’ 50-345

5' CTTATGTGCTTAGGCGTATTTTT3' bp

Defensin AF368907_ 5’; CAGTCAACACTCAGCGTCGAAAGT3° 13-392

5'GTTCCACATTCAAGTCTTCGTTITCT3’ bp

Diptericin AF368906 5‘ TCAAAACGGCAGACACTCCA3’ 114-216

5' GTATGATGCCCCTCCACGAA3' bp
 

Table 2.4: Primer pairs used to monitor HDP peptide expression in G. m.

morsitans by RTPCR.

Statistical analysis

Statistical analysis was performed using SPSS16 statistical analysis software

(SPSSInc., Chicago,Illinois). In the case of immunestimulant injection/feeding

experiments and trypanosomechallenge experiments, mortality/infection data

were analysed in the multinomial logistic regression option in SPSS16 initially.

Date had no evidenteffect so the treatment classes were combined overdates and

then analysed using conventional Pearson chi-squared analysis. For bacterial

survival (following gene knockdown) experiments, cases were combined over the

three replicates due to the low sample size numberperreplicate. Statistical

analysis was performed using the log ranktest. Differences between experimental

groups were deemedstatistically significant at p< 0.05.
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2.3 RESULTS

2.3.1 Does prior systemic immune stimulation have an effect upon

trypanosomeinfection prevalence?

Immune stimulant injection experiments were undertaken to determine what

class(es) of immunestimulant had an effect upon subsequent trypanosome midgut

infection prevalence. Five different immune stimulants were chosen, namely LPS

(a componentof the Gram-negative bacterial cell wall), dead E. coli, (a Gram-

negative bacterium), dead M. Juteus (a Gram-positive bacterium), peptidoglycan

(a componentof the Gram-positive bacterial cell wall) and laminarin (a

componentofthe fungal cell wall, but commercially available as an isolate from

L. digitata), to encompassa variety of pathogen associated molecular patterns

(PAMPs) that may be encounteredbya tsetse fly withinits lifetime. Monomeric

and polymeric Gram-negative peptidoglycan (known contaminants within

commercially available LPS preparations) and E. coli are knownstimulantsofthe

Imd pathway in Drosophila (De Gregorioet al., 2002; Kanekoef al., 2004) while

M. luteus, peptidoglycan (derived from Gram-positive S. aureus) and laminarin

(De Gregorioef al., 2002; Bettencourt ef al., 2004; Filipe ef al., 2005) are known

stimulants of the Toll pathway in Drosophila. Newly emerged, previously unfed

G. m. morsitans maleflies (< 30 hrs p.e.) were injected with one of the chosen

immunestimulants(orsterile PBS in the case of the control group) and

subsequently fed an infective first bloodmeal containing 7. b. brucei TSW196

BSFtrypanosomes 24 hourslater. Determination of trypanosome midgut

infections rates was performed 6 dayslater.

In the control (PBS injected) group, a mean midgut infection rate of 50.8 +/-

2.69% (Mean +/-S.E.M.) wasobserved (Fig. 2.1). This is a typical midgut

infection rate observed following trypanosomechallenge at first bloodmeal with

T. b. brucei TSW196 BSFtrypanosomes(see Chapter1, Fig. 1.5). Interestingly, a

decrease in trypanosome midgutinfection rates was observed in flies challenged

with either LPS (31.42 +/- 4.3%) or E. coli (33.12 +/- 5.67%). This difference in

midgut infection rate was deemedtobestatistically significant when comparedto

the control group (E. coli: x’= 7.089, df =1, p<0.01; LPS: x°= 5.488, df=1,
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p<0.05). However, no significant difference in trypanosome midgutinfection rates

were observed between the control group and the M. /uteus (x°= 0.901, df =1, p=

0.343), peptidoglycan (x’= 0.875, df =1, p= 0.350) or laminarin (x°= 0.081; df=1,

p= 0.775) challenged groups. These results suggested that stimulation of the G. m.

morsitans systemic immune system with Gram-negative immunestimulants,

knownto activate the Imdsignalling pathway in Drosophila, cause increased fly

refractoriness to trypanosomeinfection. Thus, the Imd pathway pathway maybe

directly involved in regulating fly immuneresponsesto trypanosomeinfection.

Analysis of fly mortality rates following injection of different immune stimulants

wasalso performed (Fig. 2.2). Nostatistically significant difference in fly

mortality rate was observed between the control group and each of the

experimental groups; E. coli (= 0.001, df =1, p= 0.979), LPS (= 1.482, df=1,

p= 0.224), laminarin (x= 0.180, df =1, p= 0.672), peptidoglycan (x*= 6.067, df

=1, p= 0.114), M. luteus (x°= 2.47, df=1, p=0.116).
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Figure 2.1: Percent trypanosome midgutinfection in G. m. morsitans maleflies

following injection with different immune stimulants prior to the infective
bloodmeal. y-axis: trypanosome prevalence (%), x-axis: immune stimulant group. Mean

+/- S.E.M.values are shown for each group. Total numberof flies dissected per group is

indicated on the corresponding bar. Three replicate experiments were performed for each

immune stimulant except the M. /uteus group (r = 4) and the PBScontrol group (r = 13).

Asterisk (*) indicatesstatistical significance at p<0.05.
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Figure 2.2: Percent mortality of G. m. morsitans maleflies following injection of
different immunestimulants. y-axis: total mortality (%), x-axis: immunestimulant

group. Mean +/- S.E.M.values are shown for each group. This graph is based on data

collected for Fig. 2.1. The total numberofflies per groupis indicated on the

correspondingbar. Three replicate experiments were performed for each immune

stimulant tested except the M. /uteus group (r = 4) and PBScontrol group (r = 13).
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2.3.2 Does per os immunestimulation affect trypanosomeinfection

prevalence?

To investigate whether stimulation of the epithelial (local) immune response with

Gram-negative immunestimulants would have an effect upon midgut

trypanosomeprevalence, immunestimulant feeding experiments were performed.

The chosen immunestimulant, either dead E. coli or LPS, was co-fed with T. b.

brucei TSW196 BSFtrypanosomesin the first bloodmeal. Flies were dissected

and examined for midgut trypanosomeinfections 6 dayslater.

At low immunestimulant concentrations, nostatistically significant difference in

midgut trypanosomeinfection rates between the control and experimental groups

was observed (Fig. 2.3A) (E. coli: x° = 0.394, df =1, p=0.53; LPS: x°= 2.084, df=

1, p= 0.149). However, when the immunestimulant concentration was increased,

to a 10 % (v/v) dilution, a significant decrease in midgut trypanosomeinfection

rate was again observed in both the E. coli and LPStreated groups (Fig. 2.3B) (E.

coli: x°= 8.569, df= 1, p< 0.01; LPS: x*= 8.93, df= 1, p< 0.01). These results

suggest that per os stimulation of the Glossina midgut epithelial immune response

(which mayin turn up-regulate the systemic immuneresponse) with known

stimulants of the Imd pathway above a threshold dose, leads to a decrease in fly

susceptibility to trypanosomeinfection.
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Figure 2.3: Percent trypanosome midgut infection rate in male G. m.

morsitansflies following inclusion of either PBS (control), E. coli or LPS at

(A) 0.05 % (v/v) concentration or (B) 10 % (v/v) concentration with T. b.

brucei TSW196 BSFtrypanosomesin thefirst bloodmeal. y-axis: trypanosome

prevalence (%), x-axis= immunestimulant group, n= numberofflies. Mean +/-

S.E.M.values are shownfor each group. This data is representative of three

replicate experiments. Asterisk (*) indicatesstatistical significance at p<0.05.
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2.3.3 Tissue specific expression analysis of selected Toll and Imd pathway

genes

To further investigate the role of the Toll and Imdsignalling pathwaysin

regulating G. m. morsitans immuneresponsesto trypanosomesandbacteria, a

functional genomic approach wasadopted using the technique of RNAi. RNAi

was attempted upon several selected intracellular members of the Imd pathway,

namely imd, dtak1, fadd, kenny, ird5 and relish, which haveall been identified

from the G. m. morsitans midgut ESTlibrary. Also one intracellular member of

the Toll pathway, tube, which wasidentified from the G. m. morsitans salivary

gland ESTlibrary, but not the G. m. morsitans midgut ESTlibrary, was selected

for gene silencing.

Tissue specific analysis of tube, imd, dtak1, dfadd, kenny, ird5 and relish

transcript expression wasinitially performed in newly emerged (<30hrold),

unfed male G. m. morsitansflies, to confirm transcript presence. Transcripts of

each gene were identified within the immunoresponsivetissues of midgut and fat

body, as well as the salivary glands and flight muscle tissues (Fig. 2.4).
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2.3.4 Are Glossina Toll/Imd pathway membergenessusceptible to RNAi by

dsRNAinjection?

Initially, gene knockdownexperiments were performed against four ofthe

selected gene candidates- imd, dtak1, kenny and tube, by direct intrathoracic

injection of dsRNAinto the fly haemocoel. To ascertain whether high and

reproducible levels of gene knockdown could be attained, RTPCRanalysis of

transcript knockdownlevels in the two main immunoresponsive tissues of midgut

and fat body was performedat 3 days post injection. Injection ofNFW (2 wl) was

performed for the control group as this was the dsRNAresuspension buffer of

choice.

At three days post dsRNAtreatment, gene knockdownwasobserved in midgut

tissue of dsdtak1, dskenny and dstubetreatedflies for the gene transcripts of dtak/

(50.85 +/- 9.5% knockdown; Mean +/- S.E.M.), kenny (48.97 +/- 11.76%) and

tube (52.44 +/- 1.8%) respectively (Fig. 2.5A). However, up-regulation of imd

transcript expression wasnoted in fly midgut (156.66 +/- 17.64%). However, gene

knockdownin the fat body tissue wassignificantly lower than that observed in the

midgut tissue of dsRNAtreated flies (Fig. 2.5B). Mean gene knockdown of <10%

wasnoted for each respective gene targeted for knockdown: dtak/ (9.67 +/-

5.4%), kenny (5.12 +/- 2.57%), tube (8.96 +/- 5.95%) and imd (7.34 +/- 1.45%).

Mortality rates following injection of dsRNA were recorded over a 9 day time

period. High mortality rates were observed following injection of each individual

dsRNA(Fig. 2.6). In particular, injection of dsRNA specific to Imd pathway

membersresulted in total mortality rates above 50%, based on single replicate

experiment(Fig. 2.6A). Injection of dsRNAspecific to the Toll pathway member,

tube, resulted in a lower, butstatistically significant, mortality rate (Fig. 2.6B;

34.02 +/- 8.7%; x°= 23.254, df= 1, p<0.01). Regardless of the dsRNA construct

injected, the majority of fly mortalities were observed to occur within the first

four days following dsRNAinjection. A possibility is that only those failing gene

knockdown in fat body were ableto survive i.e. knockdownof these pathways in

fly fat body is lethal. However,this is unlikely as knockoutof these genesin D.

melanogasteris not lethal (Lemaitre ef al., 1995; Tanji et al., 2007).
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Figure 2.4: RTPCRanalysis of tissue specific expression of selected Imd

pathway members(fadd, imd, ird5, dtak1, kenny, relish) and Toll pathway
member(tube) in unfed G. m. morsitans maleflies (<30 hrs old). Screening of

(1) salivary gland, (2) midgut, (3) fat body and (4) flight muscle tissues.
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Figure 2.5: Percent normalized transcript expression in male G. m. morsitans

(A) midgut and (B) fat body of dtak1, kenny, tube and imdrelative to
normalized NFW control following gene specific dsRNA injection. Mean +/-

S.E.M.values are shownofthree replicate RTPCR experiments.
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Figure 2.6: Cumulative mortality rates of G. m. morsitans male flies following

injection of different dsRNA constructs specific to Imd (upper panel) or Toll
(lower panel) pathway members. Upperpanel: fly mortality following injection

of dsdtak1 (n= 33) (black squares), dsimd (n= 39) (hatches), dskenny (n= 33)

(triangles) or NFW (control) (n= 30) (diamonds). Lowerpanel: fly mortality

following injection of dstube (n= 114) (squares) or NFW (control) (n= 105)

(diamonds). y-axis = cumulative mortality rate (%), x-axis= days post injection.

Data shownin the upperpanelare representative of a single replicate. The data

shownin the lower panel are representative ofthree replicate experiments, with

Mean +/- S.E.M. values shown.
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2.3.5 Are Glossina Toll/Imd pathway membergenessusceptible to RNAi by

dsRNAfeeding?

To overcomethe experimental problems of high mortality rate and attendant

wounding (giving unwanted non-specific immunestimulation) which

accompanied dsRNAinjection, it was decided to attempt gene knockdown by

using a dsRNA feeding approach. A timecourse experiment was performed over a

9 day time period to determinethe level and duration of transcript knockdown,in

both midgut and fat body immunoresponsivetissues, following dsRNAinclusion

in the first bloodmeal. The genes targeted were the Imd pathway members imd,

dtak1, fadd, kenny, ird5 and relish, and the Toll pathway member, tube.

Analysis of transcript expression in male G. m. morsitansflies indicated that

successful gene knockdownofseveral the Toll and Imd pathway members

targeted could be achievedin the fly midgut by feeding dsRNA. Genespecific

knockdown wasobservedfor dtak1, fadd, kenny, relish and tube at day 3 (the first

timepoint sampled) andpersisted until day 9 (the final timepoint sampled) post

dsRNAtreatment (Fig. 2.7A). The highest mean gene knockdown wasobserved

in dsdtak1 treated flies, where dtak/ transcript silencing of ~ 80% was observed

over the 9 day time period. However, gene knockdown wasnot observedforall

dsRNAconstructs used. In the case of dsimd and dsirdtreated flies, up-regulation

of imd andird5 transcript expression was observedat day 3 (by 55 % and 62 %

respectively) and again at day 6 (by 35 % and 32 % respectively) in fly midgut. It

wasonly by day9 thattranscript levels were observed at almost the control levels

of expression.

Within fly fat body, lower levels of gene knockdown were observed than were

detectedin fly midgut (Fig. 2.7B). Gene silencing of <15 % was observed for

tube, fadd, kenny andrelish transcripts over the 9 day time period following

dsRNAtreatment. The highest percent gene knockdown wasobserved of dtak/ at

day 3 post dsRNAfeeding (31.37% +/- 24.36 %). However, this was highly

variable and decreased to 8.33 +/- 1.67% knockdownby day 6 post dsRNA

treatment. Up-regulation of imd and ird5 transcripts were observed in fly fat body

following dsimdor dsird5 treatment at day 3 post dsRNAtreatment (22 % and 48
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% respectively) and decreased by day 6 and day 9 to near control levels of

transcript expression. Low mortality rates (<< 5%) were observed for each dsRNA

construct and any mortalities observed could be attributed to natural death rather

than dsRNA treatment.
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Figure 2.7: Percent gene knockdownin male G. m. morsitans over a nine day
timecourse after dsRNA feeding. Normalized transcript expression in Panel (A)

midgut or Panel(B) fat body of dtak1,fadd, kenny, imd, ird5, relish and tube

relative to normalized NFW control values following 3 days (white), 6 days (grey)

or 9 days (dark grey) post gene specific dsRNA feeding. Mean +/- S.E.M. values

are shownofthree replicate RTPCR experiments except in the case of imd and

ird5, where one replicate experiment was performed.
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2.3.6 Does gene knockdownof selected Toll/Imd pathway membersafter

feeding dsRNAlead to increased fly susceptibility to trypanosomeinfection?

Trypanosomeinfection experiments were performed to determine whether gene

knockdownofeither Toll or Imd pathway membersled to an increase in fly

susceptibility to trypanosomeinfection. As gene knockdown wasconfirmed for

the dsRNAconstructs for the genes dtak/, fadd, kenny, relish and tube over a 9

day timecourse,it could be safely assumed that these genes would remain

knocked down throughout the trypanosomeestablishment period in the midgut

until the time of dissection i.e. from Day 4 until Day 10 post dsRNA feeding. The

gene ird5 wasalso targeted, despite the observed ird5 up-regulation at day 3 and

day 6 post dsird5 treatment, to determine if ird5 up-regulation impacted upon

trypanosome midgut prevalence. At 4 days post dsRNA ingestion (i.e. at 3

bloodmeal), flies were challenged with a bloodmealcontaining 7. 6. brucei BSF

trypanosomes. Trypanosome midgut infection prevalence was determined by

midgut dissection 6 dayslater.

Within the control (NFtreated) group, a midgut infection rate of 6.64 +/- 2%

(Mean +/- S.E.M) was observed, whichis a typical midgut infection rate for a 3"

bloodmealinfective feed with 7. b. brucei TSW196 (see Chapter 1, Fig. 1.5). No

statistically significant difference in trypanosomeinfection rate was observed

between the control (NFtreated group) and any of the dsRNAtreated groups

(x°= 7.474, df= 8, p= 0.242) following analysis of trypanosome midgutinfection

data (Fig. 2.8). Additionally, no significant difference in trypanosomeinfection

intensity was noted between control and dsRNA-treated groups (data not shown).

Analysis of fly mortality rates indicated nostatistically significant difference in

mortality rates between the experimental and control groups could be detected

(x*= 8.641, df= 8, p= 0.373).
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Figure 2.8: Percent trypanosome midgutinfection prevalence following
Imd/Toll pathway member gene knockdown by dsRNAfeeding. NFW

(control) (n= 191), dsfadd (n= 65), dsird5 (n=70), dskenny (n=71), dstube (n=65),

dsdtak1 (n=59) or dsrelish (n=63) treatment. y-axis= trypanosomeinfection

prevalence (%), x-axis= gene targeted by dsRNA feeding. Mean +/- S.E.M.values
are shownofat least three replicate experiments.
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Figure 2.9: RTPCR analysis of HDP expression in male G. m. morsitans over
a 48 hourtimeperiod after E. coli immune stimulation. Panel (A) attacin

(GmmAttA1), Panel (B) cecropin, Panel (C) defensin and Panel (D) diptericin
transcript expression over a 48 hourtime period in male G. m. morsitans midgut

(grey panels) and fat body (white panels) after control PBS injection(full line) or

dead E. coli injection (dashedline). y-axis= normalized transcript expression,x-

axis= hours post injection. Mean +/- S.E.M.values of three replicate experiments

are depicted.
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2.3.7 Does gene knockdownof selected Toll/Imd pathway membersafter

feeding dsRNAlead to alterations in HDP expression?

A timecourse experimentwasinitially performed to determine HDP expression

profiles in 6 day old male G. m. morsitans over a 48 hour time period after

injection of dead E. coli or PBS (control). This was undertaken to identify a

timepoint at which a maximum difference in HDP expression existed between

mock and immune-stimulated, injected flies. Thus, it would beeasier to

demonstrate significant changes, if any, in HDP expression following gene

knockdownofselected Toll and Imd pathway members and subsequent immune

stimulation. Previous studies have demonstrated that injection of £. coli results in

upregulation of the HDPsattacin, defensin and cecropin in Glossina fat body

(Haoef al., 2001; Hu and Aksoy, 2006). In this experiment, the transcript

expression profiles of these three HDPsand diptericin were compiled from both

fly midgut and fat body tissues.

In the PBSinjected group, little variation in expression of all four HDPs was

observed (< 1-fold difference in mean expression values over the 48 hour

timecourse) in either midgut or fat body tissues. However, upon E. coli challenge,

different HDPs exhibited different expression profiles. Diptericin transcript

expression (Panel D) did not changein either midgut or fat body tissues over the

48 hour timecourse. This result was in agreement with previous studies that

diptericin is constitutively expressed in fly fat body and PV (Haoef al., 2001; Hao

et al., 2003). Also, no significant increase in cecropin expression wasdetected in

fly midgut or fat body over the 48 hour time period following RTPCR analysis

(Panel B). This result was surprising as significant cecropin up-regulation has

previously been demonstrated by Northern analysis in responseto E. coli

challenge, even after 48 hours (Hu and Aksoy, 2006).

RTPCRanalysis of attacin and defensin transcripts (Panels A and C) indicated

transcript up-regulation occurred over the 48 hourtime period in both midgut and

fat body tissues in responseto E. co/i immunestimulation. These results

concurred with previous studies (Haoet al., 2001; Hao ef al., 2003; Hu and

Aksoy, 2006). In this study, the difference in defensin transcript expression
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between the control and E£.coli treated group was <2-fold in both midgut andfat

body tissues. Also the analysis of attacin transcript expression indicated up to 5-

fold difference in transcript expression in fly midgut (at 18 hours post injection)

and up to 3-fold difference in transcript expression in fly fat body (6-18 hours post

injection). By 48 hours post immune stimulation with E. coli, attacin transcript

levels had not dropped to control levels. Thus, it was decided to only monitor

attacin transcript expression (after gene knockdownofdifferent members of the

Toll and Imd pathways)as a difference in transcript expression could be easily

detected after immune stimulation for this HDP but not the otherthree.

Gene knockdown wasperformed on selected Glossina Toll and Imd pathway

members by dsRNAfeeding. Five days after dsRNA treatment (24 hoursafter

final, third bloodmeal) flies were given one of four treatments: non-injected,

wounded,injected with PBS or injected with dead E.coli. Flies were dissected 18

hours post injection and midgut and fat body tissues were harvested. RTPCR

analysis of attacin expression indicated that dsRNAtreatment had no significant

effect upon attacin transcript expression in either midgut or fat body tissues (Fig.

2.10). Surprisingly, lowerlevels of attacin expression were noted in the midgut of

E. coli challengedflies (Lanes 3-8, Midgut) than expected from the 48 hour

timecourse experiment (Fig. 2.9, Panel A). Higher attacin expression was noted in

the fat body samples challenged with E. coli (Lanes 3-8, Fat body). This pattern

wasobserved in two replicate experiments.
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Figure 2.10: RTPCRanalysis of attacin expression (GmmAttA1)in maleG.

m. morsitans midgut and fat body after gene knockdownof Toll/Imd pathway
members. Expression in (1) normal unchallenged flies, (2) NFW ( control)

treated and PBSchallenged, (3) NFW (control) and E. coli challenged, (4)

dsdtak1 treated and E. coli challenged (5) dsfadd treated and E. coli challenged

(6) dskenny treated and E. coli challenged (7) dsrelish treated and E. coli

challenged (8) dstube treated and E. coli challenged treated. This figure is

representative of two replicate experiments.
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2.3.8 Does susceptibility to bacterial infection vary following knockdown of

different Toll or Imd pathway members?

Tworepresentative Imd pathway members (dtak/ andfadd) and one Toll pathway

member(tube), which exhibited high gene knockdownin midgut tissue, were

selected for bacterial survival analysis. Knockdownflies were challenged with

either live E. coli or M. luteus four days after dsRNA treatment. Gene knockdown

wasconfirmed and cumulative mortality rates were noted over a 6 day time

period.

Analysis of fly mortality rates following E. coli injection indicated a significant

difference in mortality rate between the control (NFW group) and the dsdtak/

group (log ranktest, x= 3.809, p< 0.05) and control and the dskenny group (log

rank test, x°= 3.937, p<0.05). However, these mortality rates were noted to be

quite low overall; dsdtak1= 4/32 (12.5%), dskenny= 4/31 (12.9%) and could be

attributed in part to natural mortality. No significant difference in mortality rate

was noted between the control and the dsfube treated group (log rank test, p=1).

In M. luteus challengedflies, overall higher mortality rates were noted than in

E. coli challengedflies. Even in the control NFW water group, an overall

mortality rate of 33.3% was noted. However, the majority of mortalities in this

group were noted from day 5 onwards. A significant difference in mortality rate

was noted between the control group and the dsdtak/ group (log rank test, r=

15.155, p<0.01) and the control group and the dskenny group (log rank test, x=

9.325, p<0.01). No significant difference in mortality rate was observed between

the control and the dstube group (log ranktest, x= 1.524, p= 0.217).
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flies=30 per group.
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2.4 DISCUSSION

Insects rely on multiple innate immuneresponses, whichare partially conserved

amongst higher organisms (Lemaitre and Hoffmann, 2007), to defend themselves

against attack by parasites, bacteria, fungi and viruses. From an evolutionary

perspective, study of the Glossina immunesystem is of importance for several

reasons. Firstly, unlike the insect model Drosophila, tsetse flies have limited

contact with foreign microbial species. They exhibit a viviparouslifestyle

wherebythe larvae develop in utero and feed on milk gland secretions and thus

experience limited pathogen exposure comparedto the free-living Drosophila

larval stage. Also, tsetse flies feed solely on vertebrate blood unlike Drosophila

whichfeeds on plant sugars. Secondly, tsetse rely on microbial symbionts for

additional nutrients lacking in their hematophagousdiet. Therefore, their immune

system muststrive to simultaneously attain a balance between maintenance of

commensal populations and defence against harmful pathogens. Thirdly, the

tsetse-trypanosome system represents a different perspective on vector-parasite

interactions, as unlike other systems (e.g. mosquito-Plasmodium) parasites do not

cross the epithelial barrier (Gibson and Bailey, 2003). Thus the ecological

interactions between host blood, parasite and symbionts in Glossina are unique

and could lead to different host immuneresponsesto those of Drosophila.

The innate immunesystem ofthe tsetse fly is one of several factors that contribute

to tsetse refractoriness to trypanosometransmission (Leak, 1999; Haoer al., 2001;

Aksoyet al., 2003; Hao et al., 2003; Hu and Aksoy, 2006). Early work on tsetse

immunity has demonstrated that systemic immune events earlyin the life of a

tsetse fly can profoundly impactfly susceptibility to subsequent trypanosome

infection (Haoet al., 2001). In this study, we have demonstrated that activation of

either the epithelial (local) or systemic immuneresponses by Gram-negative, but

not Gram-positive, bacteria can influence fly susceptibility to trypanosome

infection. Morespecifically, stimulation of the local or systemic immune

responses with only knownactivators of the Imd pathway in Drosophila (i.e. E.

coli and monomeric and polymeric Gram-negative peptidoglycan contaminants

within LPS (Kanekoefal., 2004)) resulted in a decrease in trypanosome midgut

infection prevalence. The ability of a host to discern between different pathogens
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and elicit appropriate immuneresponsesis of paramount importanceto ensure fly

survival (Aggarwal and Silverman, 2008). Differential immune responses to BSF

and procyclic form trypanosomes(Haoef al., 2001) and virulent and avirulent

bacterial species (Weiss et al., 2008) have been reported. The results of this study

also highlighted the ability of the tsetse immune system to discern between

different pathogensandelicit different immune responses. Notably, activation of

epithelial immune responses was demonstrated to be dependanton the

concentration of immunestimulant (E. coli or LPS) used. This supports the

concept of a threshold response for local immuneactivation to differentiate

between symbionts and invading pathogens (Lemaitre and Hoffmann, 2007;

Schneider and Ayres, 2008).

Genesilencing by RNAihas been successfully demonstrated previously in

Glossina (Hu and Aksoy, 2006; Attardo et al., 2008; Lehaneef al., 2008) and has

widenedthepossibilities of immune geneanalysis in an organism restricted from

traditional germline technologies(i.e. transgenic flies and mutants) because ofits

viviparous life cycle. To elucidate the roles of the Toll and Imd pathwayin

immuneresponse to trypanosomeandbacteria challenge, gene knockdown

engendered by dsRNAinjection was attempted. Unexpectedly, high fly mortality

rates were noted (30-70%), particularly in flies targeted for knockdown of an Imd

pathway member. High survival rates (80-90%) following knockdownofthe HDP

attacin or its transcriptional regulator, Relish (a memberof the Imd pathway) were

previously reported (Hu and Aksoy, 2006). The discrepancy between the

experimental mortality rates may have beenas result of additional wounding

caused by injection of dsRNA with a handheld needle rather than a microinjector.

Alternatively, the high mortality rates may indicative of a backgroundinfection in

our tsetse colony, which maybe absent from other tsetse colonies. Interestingly,

higher mortality rates were observed following administration of dsRNA specific

to Imd pathway membersrather than Toll pathway members suggesting any

underlying infection may possibly be regulated by Imd.

While high levels of gene knockdown were observed in midguttissue following

dsdtak1, dskenny or dstube treatment, low levels of knockdown (<10%) were

observedin fat body tissue. As the majority of deaths were observed to occur

89



within the first four days following gene knockdown,it is possible that only flies

with incomplete gene knockdownsurvived. Surprisingly, prolonged up-regulation

of imd (after dsRNAinjection/feeding) and ird5 (after dsRNA feeding) was

observed. As dsRNAcan be recognised as a virus pattern molecule (Hiraief al.,

2004), one could argue that these genes were up-regulated as an anti-viral

response by Glossina. However, while the Toll pathwayis activated in response to

Drosophila X virus (Zambonet al., 2005) and regulates resistance to dengue virus

in Aedes aegypti (Xiet al., 2008), no role of the Imd pathway in mediating anti-

viral immuneresponseshas been reported in Drosophila to date (Dostert et al.,

2005; Zambonet al., 2005). Also, genome-wide microarray analysis of flies

infected with Drosophila C virus (DCV) showedthatviral infection triggers the

expression of 150 genes, butlittle overlap between these genes and those induced

by bacteria and fungi was observed (Dostert ef al., 2005).

The administration of dsRNAin the tsetses’ bloodmeal was a more natural route

of dsRNA introduction and proved anattractive alternative to dsRNA injection.

Significantly lower mortality rates were observed following dsRNA feeding than

dsRNAinjection and any mortality observed could beattributed to natural death.

Also, investigations of immunegene function are likely compromised by the

wounding caused by injection. While gene knockdownwasobserved in the

midgut tissue, knockdown of <15% wasobserved in fat body tissue. This may

indicate a failure of the short interfering RNA (siRNA) fragmentsto traverse the

fly midgut epithelium to reach othertissues or an inability of the RNAi signal to

spread due to the lack of a sid-1 ortholog. This gene is responsible for the

systemic spread of the RNAisignal in C. elegans (Winstonef al., 2002). Thus,

dsRNA feeding may provide a meansoftissue specific gene silencing. Notably,

only a single dsRNA probe wasdesigned for each geneof interest. Efficiency of

gene silencing may differ depending on the region of the gene the dsRNA probeis

targeted to (G. Caljon, personal communication). Based on the transcript

knockdownefficiencies of Glossina Tsall and Tsal2 salivary gland proteins using

six different dsRNA constructs, the C-terminal encoding region appears to be a

better target for gene knockdown.
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Previous evidence suggests attacin (GmmAttA1) expression is regulated by

relish, a downstream memberofthe Imd pathway (Hu and Aksoy, 2006). In this

study, transcript knockdown of Toll and Imd pathway members,including relish,

was observed in fly midgut. However, no significant effect upon the attacin

(GmmAttA1) expression was observed following gene knockdown and

subsequent immunestimulation with E. coli. Importantly, only semi-quantitative

RTPCRwas used to measure HDPtranscript abundance.It is possible that

measurementof transcript abundance, by either quantitative PCR (qPCR) or

Northern blot analysis, may enable detection of smaller, yet possibly significant,

variations in HDP expression following gene knockdown.Ofgreater significance

wasthe lack of protein expression monitoring due to the lack of available HDP

antibodies. Different proteins can exhibit variable knockdownkineticsat the

protein and transcript level. For example, partial knockdownatthe transcript level

of the immunegene fsefseEP resulted in complete knockdownatthe protein level

(Walsheet al., 2009). However, complete knockdownofattacin (GmmAttA1)

transcript in fly fat body and midgut after dsRNA injection, resulted in only

partial knockdownin fly haemolymph (Hu and Aksoy, 2006).

Interestingly, the Glossina midgut Imd pathway appearsto becritical for fly

survival following bacterial infection. However,no significant effect of Toll or

Imd membersilencing in the fly midgut upon trypanosome midgut prevalence or

intensity was detected. Previous evidence suggests the Imd pathwayis critical in

mediating fly responses to trypanosomes (Hu and Aksoy, 2006; Wangefal.,

2009a) as systemic gene silencing of either the Imd pathway receptor protein

perp-|c, downstream transcriptional factor relish or HDP attacin resulted in an

increasein fly susceptibility to trypanosomeinfection. Also, inducible local HDP

expression is mediated by the Imd pathway in Drosophila (Tzouetal., 2000;

Lemaitre and Hoffmann, 2007; Buchonet al., 2009). It is possible that

knockdown ofToll/ Imd pathwayproteins in the fly midgut was not complete,

thus Toll/ Imd signalling in the fly midgut wasnot fully blocked. Double

knockdown of two Imd pathway memberssimultaneously may have further

reduced Imd pathwaysignalling. Also, it would have beenofinterest to perform

double knockdown experiments, whereby a memberof both the midgut Toll and
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Imd pathway wastargeted, to rule out the possibility of molecular crosstalk

known to occur between the Toll and Imd pathways (Tanji et al., 2007).

Various other immune factors have been implicated in mediating fly refractoriness

to trypanosomeinfection, including lectins (Welburn ef al., 1989), transferrin

(Lehaneef al., 2008) and reactive oxygen species (Macleodef al., 2007a;

Macleodet al., 2007b). It is possible that impairment of signalling via the Toll or

Imd pathwayin the fly midgut could have led to compensation by another arm of

the tsetse immuneresponse. Alternatively, it could be hypothesized that fat body

immuneresponsesplaya critical role in regulating trypanosomeinfection

outcome. While trypanosomesdo notcross the midgut epithelium, molecular

studies on tsetse immunity to trypanosomes have demonstrated induction of HDP

transcripts in the fly fat body (Haoet al., 2001) and the presence of HDP peptides

in the fly haemolymph (Boulangeref a/., 2002b) early in the parasite midgut

establishment phase. Thus communication between the midgut and fat body

immunoresponsivetissues can occur, possibly mediated by reactive intermediates

such as NO or H2O> (Haoet al., 2003), leading to activation of fat body immune

responses which mayinfluence the establishment of trypanosomes. However,it

remains to be determined whether immunepeptides secreted into the haemolymph

can crossthe gut epithelia and act within the gut environment.
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2.5 FUTURE WORK

As of March 2009, GeneDBhasprovided access to the Glossina transcriptome

comprised of EST contigs clustered from midgut, salivary glands, head,

reproductive organs, larvae, pupae and fat body, male and female whole bodies

ESTlibrary sources (www.genedb.org/genedb/glossina). This information could

provide more robust sequence data for each of the Toll and Imd pathway members

and would enable improved primer design or targeting of other gene regions. As

midgut-specific gene knockdown wasobserved following dsRNA feeding,it

would be ofinterest to try optimising this system (i.e. increase dsRNA

concentration, different gene constructs) to investigate the feasibility of gene

knockdownintsetse fat body. Alternatively, or if unsuccessful, a titration

experiment to determine the minimal dose of dsRNA required to achieve

maximum gene knockdown with minimalfly mortality by dsRNA injection would

be of use. Gene knockdown work in this study included a NFcontrol instead of

a dsRNAcontrol. In future experiments, use of a dsRNA control in addition to a

NFW control would be prudent to discount the possible non-target, physiological

effects of dsRNA on host immunity.
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CHAPTER3

Prolonged gene knockdownin thetsetse fly Glossina morsitans

morsitans by feeding double-stranded RNA.

Walshe, D.P., Lehane S.M., Lehane, M.J. & Haines L.R. (2009) Insect Molecular

Biology 18(1); 11-19.

L.R.H. conceived the idea, L.R.H., D.W. and M.J.L. designed the experiments,

analysed the data and wrote the paper. D.W. performed RNA andprotein

extractions, RT-PCR and Northern analysis, L.R.H. performed RNAextractions,

RT-PCRand Western analysis.
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ABSTRACT

Reverse genetic studies based on RNAinterference (RNAi) have revolutionized

analysis of gene function in most insects. However,the necessity of injecting

double stranded RNA (dsRNA) mayinevitably compromise manyinvestigations,

particularly those on insect immunity. Furthermore, the injection oftsetse flies

can result in highly significant fly mortality rates.

In this study we demonstrated, at both transcript and protein level, that feeding

dsRNAin the bloodmeal to Glossina morsitans morsitans wasas effective as

injection of dsRNA in knockdown of the immunoresponsive gene fsetseEP

expressed in the fly midgut. However, feeding dsRNA failed to knockdownthe fat

body expressed transferrin gene, 24192, previously demonstrated to be

susceptible to gene silencing by dsRNAinjection. The mortality rates of dsRNA

fed flies were significantly lower than those of dsRNAinjected flies 14 days after

treatment (fed dsRNA:10.1% (+/-1.8%); injected dsRNA: 37.9% (+/- 3.6%);

Mean(+/- S.E.M.)). Importantly, this is the first demonstration of gene

knockdownin Diptera by feeding dsRNA andthe first example of gene

knockdownin a blood-sucking insect by including dsRNA in the bloodmeal.
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3.1 INTRODUCTION

Gene knockdown caused by RNAinterference (RNA1) has becomea valuabletool

for the study of gene function in a variety of plants, helminths, parasites and

insects. The technique permits specific, post-transcriptional gene knockdownin

whole organismsorcells by targeted mRNA degradation following introduction

of sequence specific double stranded RNAs (dsRNAs) (Napoli ef al., 1990; Fire et

al., 1998). Importantly, the general application of this gene-knockdownsystem to

adult insects has enabled the in vivo study of key genes in insects which lack the

sophisticated tool box available for model organisms such as Drosophila.

However, a majorlimitation of the RNAi system in insects is the use of a suitable

delivery system for the dsRNA. Thenecessity, in most cases, of injecting dsRNA

into the insect haemocoel to achieve gene knockdown compromises many

investigations because of the considerable stresses injection and attendant

woundingwill inevitably place on the insect. An obvious exampleis that cuticular

damagestimulates immune function (Brey ef al., 1993; Han et al., 1999),

complicating interpretation of any injection-based, gene knockdownstudies on

immunity.

Somealternatives to injection have been used including the stable transgenic

expression of RNA hairpin constructs (Kennerdell and Carthew, 2000;

Tavernarakis ef al., 2000), soaking of embryos in dsRNA (Eatonef al., 2002),

feeding dsRNA-expressing bacteria (Timmonsand Fire, 1998) and the use of

recombinantvirusesto deliver the dsRNA (Travanty ef al., 2004). However,

feeding dsRNA maybe the most appealing solution in most circumstances

because of its ease of administration, its less invasive nature and, in some cases,

becauseit is the natural route of delivery. Feeding dsRNA has been shownto

induce gene knockdownin nematodes (TimmonsandFire, 1998) and planarians

(Newmarket al., 2003) wherethis relatively simple approach has allowed the

developmentofpowerful, large scale screens (Fraser ef al., 2000; Pothofer al.,

2003). In contrast, early studies of feeding dsRNA to insects were discouraging.

Attempts to knockdown a midgut-expressed aminopeptidase N in Spodoptera

litura larvae by feeding dsRNA were unsuccessful although knockdown was
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achieved by dsRNAinjection (Rajagopalef al., 2002). Engineering yeastcells to

make double-stranded RNAandfeeding this yeast to Drosophila also failed to

work (Gura, 2000). However, more recent studies have shown success in some

insect species including hemiptera, coleoptera and lepidoptera (Araujo ef al.,

2006; Turneret al., 2006; Baum et al., 2007; Mao et al., 2007) and the tick Ixodes

scapularis (Acari: Ixodidae) (Soares et al., 2005) but surprisingly, has never been

reported in dipterans.

Tsetse flies (Diptera: Glossinidae) cyclically transmit many African trypanosome

species including Trypanosomabrucei rhodesiense and T. b. gambiense, causing

humansleeping sickness, and T. b. brucei causing nagana. These trypanosome

species establish in the midgut lumenofthe fly before completing maturation in

the mouthparts and salivary glands (Aksoyef al., 2003). Their establishmentin

the midgut is influenced by the fly immunesystem (Haoef al., 2001; Lehaneer

al., 2004; Hu and Aksoy, 2006; Lehaneef al., 2008) amongst other factors. We

have been using RNAi, engendered by injection of dsRNA into the adult

haemocoel, as an experimental tool to study tsetse fly-trypanosomeinteractions.

Delivery of dsRNA byinjection (wounding)is less than ideal because weare

investigating immuneresponsesin tsetse flies. In addition, we regularly encounter

relatively high mortality rates that complicate interpretation of the results (e.g.

those flies surviving injection may only have survived because gene knockdown

was incomplete). Consequently we have investigated the possibility of feeding

dsRNAtotsetse flies as a means of promoting RNAi. A comparative analysis was

undertaken of gene knockdownat both the transcript and protein level of two

immunity-related genes; one (tsetseEP) a gene strongly expressed in the midgut

(Chandra etal., 2004; Haineset al., 2005) and the second(transferrin, 24/92) a

gene expressed in the fat body but not the midgut (Hainesef al., 2005; Guzer al.,

2007; Lehaneef al., 2008).
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3.2 MATERIALS AND METHODS

Fly maintenance

Thetsetse fly (G. morsitans morsitans) colony was maintainedat the Liverpool

School of Tropical Medicine (colony established in 2002 from the Bristol colony,

itself originally derived from flies from Zimbabwe). Flies were kept at 26° C and

70% relative humidity. Male flies were fed defibrinated horse blood (TCS

Biosciences Ltd., Buckingham, UK) every 48 hours byartificial membrane

system (Moloo, 1971).

Trypanosomestocks

Trypanosoma brucei brucei strain TSW196 BSFparasites were used in

trypanosomeinfection experiments. Parasites were obtained from mice at peak

parasitaemia and frozen at -80 °C until use. Flies were infected by adding

approximately 10° trypanosomesper ml of blood from -80°C frozen stocks.

Fly injection

All injections were performed using borosilicate glass capillaries (2.00 mm

outside diameter) pulled using a needle puller (PC10; Narishige, Japan) to an

approximate external tip diameter of 45 um.

Preliminary injection experiments

Maleflies 6-8 days post emergence(p.e.) (i.e. flies that had received at least three

bloodmeals and had a robust immunestatus) were used in injection experiments.

Flies were injected with either nuclease free water (NFW), injection buffer (IB)

(0.1 mM sodium phosphate pH 6.8, 5 mM KCl) (Goto ef al., 2003) or

physiological buffer (PB) (138 mM NaCl, 10 mM KCl, 10 mM sodium phosphate

pH 7.2) (Gee, 1975). Solutions were 0.2 um filter sterilized and stored in frozen

aliquots at -20°C until use. All flies were offered a trypanosomeinfective

bloodmeal 24 hourspost-injection and were subsequently maintained on

defibrinated sterile horse blood offered every 48 hours. Unfed flies were removed.

Fly midguts were scored for trypanosomeinfection 6 days after the infective

bloodmeal feed by dissection. Ten fields of view were examined under 125 X

magnification using a light microscope and a single trypanosomewassufficient
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for a positive score. The mortality rate of the flies was recorded throughout the

experiment.

Statistical analysis

Buffer injection data wereinitially analysed in the multinomial logistic regression

option in SPSS15 (SPSSInc., Chicago,Illinois). It was shown that date had no

evident effect so the treatment classes could be combined overdates and analysed

using conventional Pearson chi-squared analysis. dsRNA feeding/ injection

mortality data were also analysed using Pearson chi-squared analysis.

dsRNA synthesis

PCR ampliconstailed with T7 promoter sequences were used to synthesize

dsRNAsusing the MEGAscript High Yield T7 Transcription kit (Ambion,

Huntingdon, UK) according to manufacturer’s instructions. TsetseEP and 2A192

templates were available as clones from the tsetse EST program (Lehaneefal.,

2003; Attardo et al., 2006b). Double stranded ampicillin (dsAMP) was generated

using pBluescript II SK+ as template and wasusedas a negative controlin the

experiments. Primer sequences used wereas follows with T7 promotersites

underlined:

AmpT7A

5' TAATACGACTCACTATAGGGTTGCCGGGAAGCTAGAGTAAGTA3'

AmpT7B

5' TAATACGACTCACTATAGGGAACGCTGGTGAAAGTAAAAGATG3!

EPT7A

5' TAATACGACTCACTATAGGGTTCTGGCAAACCCTCAAT3’

EPT7B

5' TAATACGACTCACTATAGGGCTACGATAAATATGTCCCTCTAAT3'

ds2A192A

5' TAATACGACTCACTATAGGGAAATGGCAACGGGAAATAGG3'

ds2A192B

5' TAATACGACTCACTATAGGGCAAAACGGAAACGGAATACAAAAA3'
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PCRcycling conditions were as follows: 94°C for 2 minutes, followed by 30

cycles of 94°C for 30 seconds, 55 °C for 1 minute, 68°C for 2 minutes anda final

extension of 68°C for 7 minutes. Template DNA was removedfrom the

transcription reaction by DNase treatment. dsRNA waspurified using

MEGAclear™ columns (Ambion)andeluted in nuclease free water. Eluates were

concentrated in a Christ (Osterode, Germany) 2-18 rotational vacuum

concentrator to ~5 g/ wl. dsRNA concentrations were measured using a

Nanodrop ND-1000 (Wilmington, DE) spectrophotometer.

dsRNAinjection

Male flies (<24 hours p.e.) were fed one bloodmeal and injected with dsRNA 24-

48 hourslater. Flies were anaesthetized prior to injection by chilling on ice and

subsequently injected with 2 ul dsRNA solution (5 pg/ ul in nuclease free water)

in the dorsolateral surface of the thorax (scutum). Great care was taken to ensure

the needle was angled horizontally orslightly dorsally to avoid any damageto the

organsin the ventral half of the thorax. Flies were subsequently fed 24 hourslater

and every 48 hours thereafter.

Estimation of bloodmealsize

Male flies < 24 p.e. were taken (n=6), preweighed in individual cages and offered

a bloodmealof defibrinated horse blood. Unfed flies were removed andfedflies

were weighed immediately after feeding was completed and before diuresis had

begun. While bloodmeal size may vary betweenindividualflies, an average

bloodmealsize of 22.87 +/- 2.82 ul (Mean +/- S.E.M.) was determined. An

average bloodmealsize of 23 ul was adopted in all dsRNA feeding experiments.

dsRNAingestion

Maleflies (<24 hours p.e.) were fed dsRNAin the second bloodmeal. dsRNA was

diluted to approximately 10 ug dsRNAper 23 ul bloodmealperfly by adding 2 ul

dsRNA(5 pg/ pl) to 21 ul of blood. Unfed flies were removed 24 hourspost

feeding after chilling briefly at 4°C. Flies were subsequently fed 24 hourslater

and every 48 hoursthereafter.
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RNAandprotein isolation

Tsetse midgut/ fat body tissues were dissected in PBS, snap frozen and

maintained at -80°C prior to RNA andprotein extraction. All tsetseEP midgut

samples were frozen individually except those for Northern analysis which were

frozen in pools of 5. 24/92 fat body samples were frozen in pools of 5. Total

RNAandprotein was extracted from individual tissues using Trizol reagent

(Invitrogen, Paisley, UK). RNA wastreated with RNase-Free DNase (Promega,

Southampton, UK) following extraction and was quantified using a Nanodrop

ND-1000 (Wilmington, DE) spectrophotometer.

RT-PCRanalysis

The Promega Access RT-PCR System (Promega, UK) was used for semi-

quantitative analysis of transcript expression. The G. m. morsitans GAPDH

(Accession number DQ016434) housekeeping gene wasused asa loading control.

The primers used in semi-quantitative RT-PCR reactions for determination of

transcript abundancein tsetse tissues were:

Gm GAPDHA 5’ CTCAGCTTCTGTGCGTTG 3'

Gm GAPDHB_ 5’ AGAGTGCCACCTACGATG 3'

GmmEPA 5’ ACCGTTCGTTCGCTTTACTAC3'

GmmEPB 5' ACCCGCAGCCGTTTGACTTTC3’

ds2A192A

5' TAATACGACTCACTATAGGGAAATGGCAACGGGAAATAGG3'

ds2A192B

5' TAATACGACTCACTATAGGGCAAAACGGAAACGGAATACAAAAA3'

TsetseEP RT-PCRcycling conditions were as follows: 48°C for 45 minutes, 94°C

for 2 minutes, followed by 30 cycles of 94°C for 30 seconds, 53.4 °C for 1

minute, 68°C for 2 minutes and a final extension of 68°C for 7 minutes. GAPDH

RT-PCRcycling conditions were as above but an annealing temperature of 55°C

was used. TsetseEP genomic DNAgivesa larger productsize (a putative intron)

than tsetseEP mRNA(approximately 365 bp vs 315 bp respectively). This

information wasused to ensure genomic DNA contamination wasnotpresent in

experimental templates. 24/92 RT-PCR cycling conditions wereas for tsetseEP
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but using an annealing temperature of 57 °C. RT-PCR products were analysed by

gel electrophoresis using 1.5% (w/v) agarose gel. Band intensities were measured

using Gene Tools software on a Gene Genius Bio Imaging System (Syngene,

Cambridge, UK). When a doublet waspresent ‘setseEP band intensity was

determined by measuring the intensity of the lower band of the doublet.

Northern analysis

Northern analysis was performed using the NorthernMax Formaldehyde System

for Northern Blots (Ambion, UK). 10 ug of total RNA wasloaded on a 1%

formaldehyde agarose gel. The Strip-EZ PCR probe synthesis and removalkit

(Ambion, UK) wasused to synthesize single stranded DNA probes which were

labeled with [a32P] dATP (MP Biomedicals, IIlkirch, France). Membranes were

hybridized overnight at 42°C and given 2 x 5 minute low stringency washes and 2

x 15 minute high stringency washes before exposure to Kodak BioMax MRfilm.

Bandintensities were measured using Gene Tools software on a Gene Genius Bio

Imaging System (Syngene, UK).

Immunoblots

Immunoblotting of tsetseEP protein, using Hybond'"-P polyvinylidenedifluoride

(PVDF)transfer membrane (Amersham Biosciences, Amersham, UK), was

performed as described previously (Hainesef al., 2005). 1/8 tsetse midgut was

loaded per lane. The primary antibody used wasa 1:20,000 dilution of anti-EP

repeat mouse mAb TRBP1/247 (Richardsonet al., 1988) and the secondary

(detecting) antibody was a 1:50,000 dilution of horseradish peroxidase conjugated

goat anti-mouse IgG/IgM (H+L) (Caltag Laboratories, South San Francisco, CA).

Immunoblotting of the transferrin 2A192 was performed using a 1:1000 dilution

of GmmTsfspecific rabbit antisera (Guz et al., 2007) with 1/5 fat body equivalent

loaded per lane. The secondary antibody was a 1:20,000 dilution of horseradish

peroxidase conjugated goat anti-rabbit IgG/IgM (Pierce, Woburn, MA). Kodak

Biomax MRfilm (Eastman Kodak Company, Rochester, NY) was used to detect

chemiluminescence. After developmentof the autoluminograms, proteins were

stained on the PVDF membrane with 0.2% (w/v) nigrosine in PBS to ensure

equivalent protein loading perlane.
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3.3 RESULTS

3.3.1 Does the nature of the RNA diluent affect fly mortality and

susceptibility to trypanosomeinfection?

In orderto identify the correct delivery medium for RNAi experiments,

preliminary injection experiments were performed to determine the effect of

different solutions on tsetse fly mortality rate and immune response to

trypanosomes.Injection buffer (IB) solution, which possesses a high potassium

concentrationrelative to its sodium concentration, was previously used in gene

knockdownexperiments using adult D. melanogaster (Gotoet al., 2003).

Physiological buffer (PB) solution has a high sodium concentration relative to its

potassium concentration and wasdesignedto reflect the ionic composition ofG.

m. morsitans haemolymph (Gee, 1975). These were compared to nuclease free

water (NFW). Considering the data in both Fig. 3.1 and Fig. 3.2 the most

acceptable buffers were deemedto be 41 PB, 6 pl PB, 2ul NFW or 2ylIB.

Preliminary experiments on RNAibyinjection of dsRNA gavevery inconsistent

results using the 2 pl IB buffer but much more consistent results when 2 wl] NFW

was used (data not shown), possibly due to dsRNAprecipitation by the salt within

the IB buffer. As a result, 2 ul NFW wasadoptedasthe standard delivery system

for dsRNAbyinjection. This volume ofNFW hasbeen used previously in RNAi

by injection to knockdowntheattacin gene in G. m. morsitans (Hu and Aksoy,

2006). This is also the dsRNAdiluent used in gene knockdownstudies in

mosquitoes (Blandin ef al., 2002), pea aphids (Jaubert-Possamaiet al., 2007) and

sandflies (Sant'Annaef al., 2008).
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Figure 3.1: Mean midgutinfection rates (“) following injection with
different types and different volumesof injection buffer (Mean +/- S.E.M.).

(1) Control: infected but non-injected flies (n= 92); (2) 2 pl PB injected (n= 30);

(3) 4 pl PB injected (n= 52); (4) 6 pl PB injected (n= 29); (5) 2 pl NFW injected

(n=40); (6) 4 yl NFW injected (n=52); (7) 6 ul NFW injected (n=23); (8) 2 pl IB

injected (n= 37); (9) 4 wl IB injected (n= 54); (10) 6 wl IB injected (n=29). This

data is representativeofat least 3 replicate experiments. 4 jl IB, 6 wl IB, 4 pl
NFWand 6 pl NFW wereidentified as groups with infectionrates significantly

above control levels (Pearson chi-squared analysis, p< 0.01).
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Figure 3.2: Mean mortality rates (“%) at 6 days following injection with

different types and different volumesof injection buffer (Mean +/- S.E.M.).

(1) Control: infected but non-injected flies (n= 107); (2) 2 pl PB (n= 55); (3) 4 wl

PB (n= 64); (4) 6 wl PB (n= 32); (5) 2 pl NFW (n= 54); (6) 4 ul NFW (n= 62);(7)

6 wl NFW (n= 24); (8) 2 wl IB (n= 55); (9) 4 ul IB (n= 64); (10) 6 pl IB (n= 32).
This data is representative ofat least 3 replicate experiments. 2 1] PB and 2 pl IB

were identified as groups with mortality rates significantly above control levels

(Pearson chi-squared analysis, p< 0.01).
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3.3.2 Is it possible to knock down fsetseEP transcript expression by feeding

dsRNA?

An initial experiment was undertaken to determine if knockdown ofthe fsetseEP

gene waspossible by feeding dsRNAto G. m. morsitans. Flies were offered a

bloodmeal containing either dsfsetseEP or dsAMP (control dsRNA). Comparison

of tsetseEP transcript expression by semi-quantitative RT-PCR analysis revealed

that knockdownoftsetseEP transcript occurred at three days post dsfsetseEP

ingestion. tsetseEP transcript knockdownpersisted in flies for up to 19 days post-

dstsetseEP feeding (Fig. 3.3).

Northern analysis was used to confirm gene knockdown.Flies were dissected 2

days and 4 days following RNAi. tsetseEP transcript knockdown wasconsistently

greater in dsfsetseEP injected flies: Day 2 (63.87 +/- 8.27%) and Day 4 (84.79 +/-

5.81%) compared with dsfsetseEP fed flies (Day 2 (22.6 +/- 7.25%) and Day 4

(57.61 +/- 1.28%), Mean +/- S.E.M.of 2 replicate experiments (Fig. 3.4).

Interestingly, a doublet was observed in the majority of dstsetseEP fed fly

samples (Fig. 3.5, asterisks). This appears to be indicative of gene knockdownin

Glossina as we have found the appearance of such a doublet for a range of genes

we are working on (Lehane laboratory, unpublished observations).
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Figure 3.3: Semi-quantitative RT-PCRanalysis of tsetseEP transcript

expression following feeding dstsetseEP (black line) or dsAMP(greyline).

Data is presented as mean knockdown(%)oftsefseEP transcript against days post

feeding dsRNA.Bandintensities were normalized separately for each lane using

the corresponding GAPDHloading control bandintensities. Each data point

represents two individual flies (Mean +/- S.E.M.).
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Figure 3.4: Northern analysis of tsetseEP transcript knockdownafter

dstsetseEP feeding or injection.

Panel A: The upperpanel showsfsetseEP expression 2 days (Lanes 1-6) and 4

days (Lanes 7-12) post treatment. Lanes 1 & 7 NFW fed; Lanes 2 & 8 dsAMPfed;

Lanes 3 & 9 dstsetseEP fed; Lanes 4 &10 NFWinjected; Lanes 5 & 11 ds4MP

injected; Lanes 6 & 12 dstsetseEP injected. Square symbol denotes fed dstsetseEP

samples while the diamond symbol denotes ds¢setseEP injected samples. The

lower panel represents the corresponding GAPDHloadingcontrols for each

sample. Band intensities were normalized separately for each lane using the

corresponding GAPDHbandintensities. Knockdownresults were expressed as
the percentage knockdownachieved using the gene-specific dsRNA compared
with the respective NFW control. Each lane represents five individualflies. This

data is representative of 3 replicated biological experiments. The results are also
presented quantitatively in Panel B: dstsetseEP fed (1) 2 days and (2) 4 dayspost

treatment; dstsetseEP injected (3) 2 days and (4) 4 dayspost treatment.
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3.3.3 Is dsRNA ingestion comparable to injection?

The following experiment was performed to compare gene knockdown when

dsRNAwasdelivered by either feeding or injection. Flies less than 24 hoursp.e.

were fed a normalfirst bloodmeal andthe fed flies subjected to one of two

treatments. The first group was injected 24 hoursafter the first bloodmeal with 10

ug dstsetseEP (5 wg/ wl in NFW). The second group wasfed 48 hourspostfirst

bloodmeal with dstsetseEP in the second bloodmeal(10 pg/ 23 ul bloodmeal/ fly)

and unfedflies were removed.

KnockdownoftsetseEP was determined, at both transcript and protein level, over

a 14 day period. Transcript knockdown wasobservedin both dsfsetseEP fed and

dstsetseEP injected flies from 24 hours post- dstsetseEP treatment (Fig. 3.5(b)). A

comparative analysis of normalized densitometry data indicated that transcript

knockdown washigherin dstsetseEP injectedflies than dstsetseEP fed flies until

one weekpost treatment after which equal transcript knockdown wasobserved.

Transcript knockdownpersisted until at least day 20 for dstsetseEP fed and day

22 for dstsetseEP injected flies (Fig. 3.5(b)). While ¢setseEP transcript always

persisted, albeit weakly, in both knockdowngroups, tsetseEP protein expression

disappeared completely in both dsfsetseEP fed and dstsetseEP injected flies by

day 4. Suppressed expression of tsetseEP protein was sustained until 15 days post

treatment and unexpectedly, protein levels had not returned to control levels by

measurementat day 22 (Fig. 3.5(a)).
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Figure 3.5: Protein and transcript analysis of dstsetseEP fed and injected

flies.

Panel 1 depicts knockdown by dsRNA feeding and Panel 2 depicts knockdown
by dsRNAinjection. The x-axis of all panels indicates number of days post

dsRNAtreatment. Row a: Western analysis of tsetseEP protein levels using the
anti-tsetseEP protein antibody mAb 247. 1/8 of a tsetse midgut equivalent was
loaded per lane. Row b: RT-PCRanalysis of tsetseEP transcript expression. Row

c: RT-PCR analysis GAPDHcontrols. Each lane represents the protein/ RNA

isolated from a single tsetse midgut. Lanes: C represents the control tsetse midgut

harvested 24 hourspost first bloodmeal; the remaining columnsare experiments

1, 2, 3, 6, 10, 12, 15 , 17 and 22 days post treatment. The asterisk (*) indicates the

second, doublet band that appears upon knockdownofthe tsetseEP transcript. The

data is representative of three replicate biological experiments. Panel 3 showsthe

mean knockdown (%)oftsetseEP transcript following dstsetseEP feeding (black

line: Days 0, 1, 4, 6, 8, 14) or dstsetseEP injection (black dashedline: Days0,1,

5, 7, 9, 15). Semi-quantitative RT-PCR band intensities were normalized

separately for each sample using the corresponding GAPDHcontrol band

intensities. % transcript knockdown wasdeterminedagainst flies from the same

batch sacrificed immediately before dsRNA treatment. Knockdownresults are

expressed as the mean knockdown (%) +/- S.E.M.of three biological replicates.
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3.3.4 Is fly mortality affected by the route of dsRNA delivery?

As wehaveroutinely observed high mortality rates following injection of dsRNA

(Lehane laboratory, unpublished observations), we ascertained whether feeding

dstsetseEP led to a lower mortality rate compared to injection of dsfsefseEP (Fig.

3.6). The mortality rates exhibited by the dstsetseEP fed (n= 133) and dstsetseEP

injected (n= 276) groups 14 daysafter treatment differed significantly (dsfsetseEP

fed: 10.13 +/-1.83%; dstsetseEP injected: 37.88 +/- 3.58% (Mean +/- S.E.M.); x

= 33.82, p<0.01) (Fig. 3.6, Panel A). Overall, comparing mean mortality rates,

fourfold more flies die when injected than when fed dstsetseEP. Additionally, the

majority of the deaths in the dstsetseEP injected group (35%) occurred within the

first five days following injection (Fig. 3.6; Panel B) whereas mortality rates in

dstsetseEP fed flies were at normallevels forflies in our colony (data not shown).

3.3.5 Can feeding dsRNAsuccessfully silence genes in tissues beyond the

midgut?

Thetransferrin gene, 24/92, is strongly expressed in fly fat body but not

expressed in fly midgut (Guz ef al., 2007; Lehane ef al., 2008). Knockdownof

this gene atthe transcript level by dsRNAinjection has been demonstrated

previously (Lehaneet al., 2008). We confirmed knockdown of 24/92 at both

transcript and protein levelin fly fat body after ds2A/92 injection (Fig. 3.7, Panel

A). In contrast, transcript knockdown wasneither observed at 4 days by Northern

analysis (Fig. 3.7, Panel B) nor at 7 days post dsRNA feeding by RT-PCR

analysis (Fig. 3.7, Panel A). The absenceoftransferrin knockdown by feeding

ds2A192 wasalso confirmed by Western blotting (Fig. 3.7, Panel A).
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Figure 3.6: Fly mortality rates following dstsetseEP treatmentby feeding or

injection.

Panel A: Total mortality (%) of (1) dstsetseEP fed flies (n= 133) and (2)
dstsetseEP injected flies (n= 276) at 14 days post treatment (Mean +/- S.E.M.).

Fourreplicate experiments were performed. Panel B: Cumulative mortality rate

(%) of dstsetseEP fed (dashed line; n=48) vs dstsetseEP injected (solid line; n=80)

flies. The x-axis indicates the number of days post dsRNA treatment. The data

represent a single experimentbut reflects the trend observed in fourreplicate

experiments.

112



 

 

 

    
Figure 3.7: Analysis of 2A192 transferrin expressionin fly fat body, at

transcript and protein level, following dsRNA treatment.

PanelA:(a) Western blot and (b) RT-PCR of 24/92 expression following

feeding (Lanes 1-3) and injection (Lanes 4-6) treatment. Lanes: (1) NFW fed; (2)

dsAMPfed; (3) ds2A192 fed; (4) NFW injected; (5) ds4MPinjected; (6) ds2A4192

injected. The corresponding GAPDHloading control is shownin (c). This data is

representative of three replicate experiments. Panel B: Northern analysis of

2A192 transcript levels 4 days post dsRNAtreatment. Lanes: (1) NFW fed;(2)

dsAMPfed, (3) ds24192 fed. Lower row corresponds to the GAPDH loading

controls. The data is representative of three biological replicates.
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3.4 DISCUSSION

Administration of dsRNA into an organism canlead to the post-transcriptional

knockdown of genes sharing specific sequence with the introduced dsRNA. To

achieve this long dsRNAis digested into short interfering RNA of 21-23bp

(siRNA) by an RNAIII-like enzyme (the Drosophila gene is named Dicer)

(Bernstein et al., 2001). The siRNAare then incorporated into an RNA-induced

silencing complex (RISC), which is responsible for degradation ofmRNA with

homologyto the siRNA (Meister and Tuschl, 2004). In plants and the helminths

C. elegans and Schmidtea mediterranea, RNAiis systemic as the message spreads

from cell to cell throughout the body of the animal (Fire ef al., 1998; Newmarket

al., 2003). In contrast, mammaliancells are capable of taking up dsRNAbut not

of transmitting the signal throughout the body (Saleh efal. , 2006).

Interestingly, while all insects studied to date respond to RNAi,they varyin their

ability to distribute the signal. In Drosophila, dsRNAis taken up by cells and

causes gene knockdownlocally but the RNAisignal is not distributed

systemically (Van Roesselet al., 2002; Roignantef al., 2003; Dietzl et al., 2007).

In contrast, juvenile grasshoppers are capable ofdistributing the RNAisignal

throughout their body (Dong and Friedrich, 2005). The gene responsible for

systemicdistribution of the RNAisignal in C. elegans is SID-1 (Winstonetal.,

2002). In agreement with the data above, an ortholog of S/D-/ has been found in

the grasshopper (DongandFriedrich, 2005) but is not apparent in Drosophila.

Consistent with the data presented in this paper Blast searches of the available

Glossina sequences at GeneDB(http://www.genedb.org/genedb/glossina/) failed

to identify an ortholog of S/D-1.

Further NCBI Blast searches of GenBank sequencesrevealed orthologs in one

coleopteran, one lepidopteran, two hymenopteransand three hemipterans but no

ortholog in a dipteran. This may imply that systemic spreading of RNAiis absent

in Glossina and perhaps generally absent in Diptera. If this is the case then fed

dsRNAwill have to cross the Glossina midgut epithelium in order to cause gene

knockdownin tissues other than the midgut. In addition, if spreading is not

present in Glossina, then it is possible RNAi may be mosteffective in epithelial
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surfaces directly exposed to dsRNAandless effective in dense, mulitilayered

organs. In consequence,the barrier to dsRNA uptake presented by the insect

midgut epithelium will be a crucial factor determining the ability to knockdown

insect genes by feeding dsRNA.

From ourstudiesit is clear that dsRNA can enter the midgutepithelial cells

themselves, promote RNAi and lead to knockdownofthe midgut associated gene

tsetseEP.Webelievethis is the first reported example of successful gene

knockdownin a dipteran by dsRNA feeding. While RNAi was achieved in /xodes

scapularis and Rhodnius prolixus by feeding dsRNAin anartificial meal (Soares

et al., 2005; Araujo et al., 2006) this is the first report of gene knockdown in a

hematophagousinsect by including dsRNA in the bloodmeal. Incorporation in the

bloodmealis clearly preferable as it avoids any complications dueto anartificial

diet. We have confirmedthat the fat body expressed transferrin gene 24/92 is

susceptible to RNAi engendered by injection of dsRNA (Lehaneef al., 2008).

Consequently, the failure to knockdown 24192 by feeding dsRNA suggests that

dsRNAis either not reaching the fat body cells or at least not present in sufficent

quantities to promote gene knockdownpossibly because the midgut is a physical

barrier. However, the insect midgut epithelium is not always a barrier to dsRNA.

For example, knockdownof a pheromone binding protein gene in adult Epiphyas

postvittana antennae by feeding larvae has been demonstrated (Turneret al.,

2006). But whetherthis is direct penetration of dsRNA through the midgut,

release of dsRNA from the midgut during the larval adult transition or a message

spreading phenomenonis unknown.

Anybarrier effect of the midgut may well vary from insect to insect because of

species- specific intestinal conditions. An example is aminopeptidase gene

expression in the midgut of Spodopteralitura larvae whichis susceptible to

knockdown by dsRNAinjection but not by dsRNA feeding (Rajagopalef al.,

2002). Blood-sucking insects vary considerably in the organization of digestion,

which mayaffect the efficiency of fed dsRNA in causing RNAi. For example,

tsetse flies have a continuousdigestive system in which only the posterior half of

the midgutis involvedin digestion. In contrast, adult mosquitoes digest blood as a

batch process with the blood mealdirectly deposited in the digestive region of the
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midgut. Such differences may have consequencesfor the stability and absorption

of dsRNA andthe speed at which knockdownproceeds.

Although dsRNAshould be designed to target one particular gene, off target

effects may occurif short-interfering RNAs (siRNAs) have sequence homology

with genes not intended for RNAitargeting (Kulkarnief al., 2006). Knockdown

of midgut genes by feeding dsRNA as opposedto injecting dsRNA could help

avoid this pitfall by limiting the dsRNA spreadto a localized area, thus reducing

the probability of encountering more genes with sequence homology.

A simple cost-benefit analysis of dsRNA feeding as a means of gene knockdown

suggests a reduction in both the expense of dsRNA andtechnician time compared

to injection. Based on the observed average mortality rates, 25 additionalflies are

needed following injection to guarantee 50 flies surviving 14 days post treatment

(a typical experimental situation in our laboratory). Injecting an extra 25 flies

requires another 250 pg dsRNA.In addition, an adept technician can only inject

40 flies per hour thus nearly two hours of technician time is saved by feeding in

each of these typical experiments (Table 3.1).

Theresults of this study indicate that feeding of dsRNA in the bloodmeal may be

a useful tool to complementrather than replace dsRNA injection by enabling

investigation of localized gene knockdown effects as opposed to systemic gene

knockdowneffects. Alternatively, optimisation of dsRNAdelivery in the

bloodmeal(e.g. concentration, timing) or use of different dsRNA constructs

designedto various regionsof the target gene (G. Caljon, personal

communication) may render more insect genes susceptible to knockdown by

feeding dsRNA.It would beof functionalinterest to observe whether dsRNA

feeding can differentially silence expression of a gene clearly expressed in both

midgut andfat bodytissues. This would simplify and improve the time and cost

efficiency of knockdown experiments as well as strengthening experimental

design by eliminating ambiguous complications from high mortality rates and

injection artefacts.
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Injection Oral delivery
 

Specificity of delivery
- the minimal concentration of dsRNA
required for knockdownis easy to
determine
- dosage of dsRNA quantitative and
easily controlled (reproducible)

Rapid kinetics

- induction of immediate and systemic

Limited effects onfly fitness
- elimination of injection/ wound
related immune responses
- localized response to dsRNA

- can maintainflies at insectary
conditions while feeding, thus

reducing stress and eliminating
chilling effects

 

 technician
- longerfly recovery time from injection
Monetary costs

- advanced equipmentrequired for

making injection needles (needle puller
plus needle beveller)

- higher mortality rates thus need more
flies, dsRNA, technician time per

experiment to compensate

- increased quantity of dsRNA required
to compensate for high mortality  

® response to dsRNA Time savings

o - not restricted to midgut - 10 minute feed/ fly group
oO - no previoustechnical training

required to administer dsRNAin

bloodmeal
- no recovery time required from
injection
Lower monetary costs

- no specialized equipment

required

- lower mortality rates observed

Compromisedfly fitness Ambiguity with dosage
- wounding mayinfluence immune - minimal concentration of dsRNA
response required for knockdowndifficult to

- activation of systemic response to determine
dsRNA - dosage of dsRNA not

- risk of dehydration and exposure to quantitative: must work with

microbes rangesinstead of exact quantity
Excessive handling offlies - must considerthe effects of
- anaesthetizing of flies on ice required feeding excess dsRNA
prior to injection - insect bloodmeal volume must
-risk of needle stick injury to technician be known but mayvary with age,

os Time costs sex, size of fly and starvation

© - technician time: injection time alone: status
© 1 fly per 90 secondsforskilled Delayed onset of knockdown

- gene knockdownkinetics may
be delayed by digestion
processes  
  
Table 3.1: Comparative cost analysis of dsRNA feeding versus injection

117



3.5 FUTURE WORK

To date, the method of RNAisignal spread in Glossinais not yet fully understood.

As the genomeof this hematophagousinsect approaches completion, it would be

of interest to determine whether specific differences exist in the architecture and

machinery of the Glossina RNAi system in comparison to the model insect

Drosophila.

Also, of interest to the insect community as a whole, would be the discernment of

gene-specfic knockdowneffects from off-target effects caused by fly wounding

(in the case of dsRNA injection) or injection of non-specific dsRNA.Byutilising

a proteomics-based approach, such as iTRAQ(isobaric tag for relative and

absolute quantitation), the protein profiles of flies exposed to different treatments

could be compared to ascertain changes caused by the dsRNA construct and by

the mode of dsRNA administration. Furthermore, knockdown atthe protein level

could be confirmed and the compensatory effects employed by the insect

following gene knockdownidentified.

Notably, the phenotypic effects of tsetseEP protein knockdown haveindicated a

possible role in mediating tsetse-trypanosomeinteractions (L. Haines,

unpublished results). An increased susceptibility to trypanosome midgut infection

has been observed following tsetseEP knockdown by dsRNAinjection. While not

addressedin this study, it would be of importance to ascertain whetherthis

phenotype would also be observed following feeding of dstsefseEP in the

bloodmeal.

Importantly, the findingsof this study are of interest to the insect community as a

whole. dsRNA feeding represents a method of administering dsRNAthat could

also be applied to studies of gene function in other hematophagousinsect vectors

including mosquito and sandfly species.
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CHAPTER4

Redefining the Glossina teneral phenomenon

L.R.H.conceived the idea, both L.R.H. and D.W.designed and performed the

experiments, L.R.H. performed Western blot analysis, D.W. performed RTPCR

analysis and both D.W.and L.R.H.analysed the data.
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ABSTRACT

Tsetse flies (Diptera: Glossinidae) are responsible for cyclical transmission of

African trypanosomes.In both field and laboratory populations, flies exhibit a

natural refractoriness to trypanosomeinfection. However, during the so called

teneral period ofa fly’s life (i.e. before the newly emergedfly has taken first

bloodmeal), flies are at their most susceptible to trypanosomes. Surprisingly, the

current definition of the term teneral does not consider the age ofthetsetse fly,

only its nutritionalstatus (i.e. pre-first bloodmeal), at the time of the infective

bloodmeal.

In this study, we demonstrate that fly age at the time ofthe first infective

bloodmealis a key determinantof fly susceptibility to trypanosomeinfection. 48

hr post emergence(p.e.) flies were significantly more resistant to trypanosome

infection than 24 hrp.e.flies. This trend was consistently observed regardless of

fly sex, fly species (Glossina morsitans morsitans or Glossina palpalis palpalis),

trypanosomespecies (Trypanosoma brucei brucei or Trypanosoma congolense),

trypanosomelife stage (BSF or PCF) or trypanosome concentrationtested.

Although none can be formally linked to the changing susceptibility of the fly, the

expression levels of several fly and symbiont-derived factors were investigated to

ascertain their possible role in determining fly susceptibility to trypanosome

infection. Western analysis of milk gland protein and several symbiont specific

proteins, expressed by S. glossinidius and/or W. glossinidia, indicated expression

of these proteins decreased over a 48 hourtime period. Peritrophin2 protein, a fly-

derived factor, exhibited different expression levels in G. m. morsitans and G.p.

palpalis. At the transcript level, using semi-quantitative RTPCR, expression of the

HDPsattacin (GmmAttA), cecropin and defensin did not differ between 24hrp.e.

and 48hr p.e.flies in either midgut or fat body tissues. In light of our conclusions,

the necessity for adopting a consistent tsetse/trypanosomeresearch protocol

within a series of experiments is discussed.
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4.1 INTRODUCTION

Tsetse flies (Diptera: Glossinidae) are the sole known vectors responsible for

cyclical transmission of African trypanosomes. Paradoxically,flies are largely

resistant to infection with trypanosomes. This natural refractoriness to

trypanosomeinfection can be observed in both laboratory (Duke, 1935;

Distelmansef al., 1982; Welburn and Maudlin, 1992; see Chapter 1, Fig. 1.4) and

field populations (Leak, 1999; Harley, 1971; Tarimoer al., 1985; Aksoyef al.,

2003) oftsetse flies. In laboratory populations, transmission rates of between 1-

20% are typically observed (Lehaneef al., unpublished results; Moloo and

Kutuza, 1988; Molooet al., 1992), depending onthe fly species and parasite

strain combination. A combination ofintrinsic and extrinsic factors is believed to

determine vector competence, including the age-specific susceptibility of tsetse to

trypanosomeinfection (Leak, 1999; Aksoy ef al., 2003).

In the tsetse research community, the term teneral is used to describe a newly

emergedfly that has notyethad its first bloodmeal. A teneral fly is marked by a

soft, often described as soapy-feeling, exoskeleton and lighter body coloration

(Leak, 1999). Duringthis period,flies are highly susceptible to trypanosome

infection (Welburn and Maudlin, 1992). However, while the term “teneral” has

been universally adopted by the tsetse community, it is quite poorly defined in

literature. Surprisingly, as used in the tsetse community, it does not consider the

age of the fly only its nutritional status (i.e. unfed) at the time of the infective

bloodmeal. Therefore it assumesthat fly age at the time of the first infective

bloodmealhaslittle or no influence on the degree offly susceptibility to

trypanosomeinfection. Depending ontsetse species and the nutritional status of

the newly eclosed adult fly, teneral flies can survive for up to one week before

dying of starvation (Kubi er a/., 2006; Lehane lab, unpublished observations).

Thus, there is the potential for teneral flies to possess a wide variety of

physiological states during the period of time from fly emergence to imbibing the

first bloodmeal dependant onthestresses the fly encounters(e.g. pathogen

infection, fat reserves utilised).
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Importantly, early studies on the influence of fly age on fly susceptibility to

trypanosomeshavepreviously illustrated the importance offly age at the time of

the first infective bloodmeal in determining trypanosomeinfection outcome. Van

Hoofet al. (1937) originally demonstrated the “teneral phenomenon”by studying

the infection rates of T. b. gambiense in Glossinafuscipesfuscipes flies and

noting that the highest midgut infection rates were obtained inflies fed an

infective meal 0-1 days post emergence(p.e.). This observation waslater

confirmed by Wijers (1958) whoreported that when flies were offered a first

bloodmealcontaining infective 7. b. gambiense trypanosomes, youngerG.p.

palpalis emergents (aged < 30 hrs p.e.) were more susceptible to trypanosome

infection than older emergents aged 30-78 hrs p.e. Additionally, more recent

evidence suggests that G. p. palpalis flies are more susceptible to 7. congolense

infection as younger, unfed flies than as older, fed flies (Distelmansef al., 1982;

Mwangelwaet al., 1987). Using T. b. brucei trypanosomes, Otienoet al. (1983)

demonstrated the teneral phenomenonexisted in G. m. morsitansflies (aged 0-24

hrs p.e.). Notably, the highest susceptibility to mature trypanosomeinfections was

observedin flies aged 1-8 hrs p.e. at the time of the infective bloodmeal.

The degree to whichfly age affects fly susceptibility to trypanosomeinfection can

vary dependantonthetsetse/trypanosome species combination employed. In

contrast to Wijers (1958) observations using G. p. palpalis and T. b. gambiense,

age at the infective first bloodmeal wasless important in experiments on

infectivity of 7. b. rhodesiense to G. ffuscipes and G. m. morsitans (Harley,

1971). Also,little difference in susceptibility to trypanosomeinfection was

observed between previously unfed 2 day old flies and 11 day old flies that had

received several bloodmealsprior to the infective bloodmeal. Between older G.p.

palpalis flies aged 2-3 and 10-11 daysold the difference in susceptibility to T. 5.

gambiense wasnot as marked as between younger,previously unfed flies < 30 hrs

p.e. or > 30 hrsp.e. (Wijers, 1958). Wheninfected at the first bloodmeal,G.

austeni and G. m. morsitans flies aged one day old or younger exhibited the same

T. congolenseinfection rates as older flies aged 1- 2 weeksold that had already

received several bloodmealspriorto the infective feed (Ward and Bell, 1972).

Interestingly, G. austeni did not appear to become non-infective as they aged,
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with 100 day old flies that had received regular bloodmealsstill capable of

transmitting 7. congolense trypanosomes (Ward and Bell, 1972).

The age ofthefly at the time offirst infective bloodmeal may have important

implications for infection outcomeand for the interpretation of experimental

results, where fly age may differ between experimental groups and may be

dependanton the tsetse/ trypanosome species combination. However, despite this

pioneering earlier research and data collected from different vector-parasite

pairings, what specific physical or molecular components are responsible for

conferring fly refractoriness are not yet known. Furthermore, this research seems

to have been forgotten by the tsetse research community and standardization of fly

age routinely used appearsto be absent.

There were two main aimsin this project. First, to verify that fly age at the time of

infective first bloodmeal influences fly susceptibility to trypanosomeinfection.

This wasinvestigated using different Glossina species (G. m. morsitans and G.p.

palpalis), trypanosomestrains (T. b. brucei and T. congolense), trypanosomelife

cycle stages (BSF and PCF) and trypanosome concentrations in the infective

bloodmeal. The second aim was to determine the changing expressionprofiles of

a series of midgut based factors to see if they were likely candidates for factors

influencing fly susceptibility to trypanosome infection. Completed formation of

the peritrophic matrix, molecular maturity of the midgut (e.g. immune system,

proteases), variation in symbiont number, pH gradient differences, antioxidant

level changes and larval meal turnover during this time period may contribute to

decreased susceptibility of flies to trypanosome infection (Welburn and Maudlin,

1999; Walsheet al., (2009) manuscript in press).

To investigate these factors, Western blot analysis was undertaken to determine

the expression profile of milk gland protein (a componentof the female fly’s milk

secretions passed to the developing larva) (Attardo ef al., 2008), peritrophin 2

(Pro2) (a molecule associated with the peritrophic matrix) (Hao and Aksoy, 2002)

and also three symbiont-specific proteins, expressed by S. glossinidius and/or W.

glossinidia. Atthe transcript level, expression of the immune effector molecules

attacin, cecropin and defensin wasalso investigated.
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4.2 MATERIALS AND METHODS

Fly maintenance

Thetsetse fly (G. m. morsitans) colony was maintainedat the Liverpool School of

Tropical Medicine (colony established in 2002 from the Bristol colony, itself

originally derived from flies from Zimbabwe). G. p. palpalis were supplied as

puparia from the International Atomic Energy Agency (IAEA), Siebersdorf,

Austria. Both species were maintained at 26 °C (+/- 1 °C) and 70% (+/- 5%)

relative humidity and fed defibrinated horse blood (TCSBiosciencesLtd.,

Buckingham, UK) every 48 hoursbyartificial membrane system (Moloo, 1971).

Collection of tsetse flies

Experimental male and female tsetse flies were collected during three hour time

intervals to ensure an adequate numberofflies per experimental group. For

example, the 24 hr p.e. group consisted of flies aged between 21-24 hoursp.e.

while the 48 hr p.e. group consisted offlies aged between 45-48 hours p.e. at the

time of first infective bloodmeal.In this study, the 24 hrp.e. and 48hrp.e. time

points were chosenas these time points are used routinely in laboratory studies of

trypanosomeprevalence in tsetse flies (Gingrich et al., 1985; Hu ef al., 2008). For

the 72 hour timecourse experiment, flies were collected over a four hour window

e.g. flies were aged 8-12 hrs p.e. in the 12 hr p.e. group, to ensure a large enough

group offlies were collected and fed at the first bloodmeal.

Trypanosomestocks

T. b. brucei strain TSW196 BSFparasites (Young and Godfrey, 1983) and 7.

congolense strain 1/148 BSF parasites (Paindavoineef al., 1986) were obtained

from mice at peak parasitaemia and kept frozen at -80 °C until use. 7. b. brucei

strain TSW 196 PCF trypanosomeswere transformed from their corresponding

BSFbytransformation at 27°C (Brunet al., 1979) and subsequently weaned to

MEMwith 10% FBSasdescribed previously (Stebeck ef al., 1995). PCF's were

harvested at log-phase growth (7 x 10° tryps/ml) and washed twicein sterile PBS

to removetraces of medium-derivedantibiotics.

124



Determination of trypanosomeconcentration in blood stabilates

To determine trypanosomeconcentration in bloodstabilates, a vial of stabilate

was thawed, vortexed and 30 ul placed in an eppendorftube. To this aliquot was

added 60 ul lysis solution (Buffer A: 170 mM Tris pH 7.65 and Buffer B: 0.83%

NH4CI; 1:9 ratio of Buffer A: Buffer B). The solution was gently mixed and 10 ul

loaded onto a Neubauer haemocytometer. Trypanosome numbers were counted

within five minutes to ensure only living trypanosomes were counted.

Infective bloodmealfeeding

Trypanosome numbers were estimated using a Neubauer haemocytometer. For

BSFtrypanosomeinfection experiments, a concentration of approximately 5 x 10°

trypanosomes/ ml horse blood was used. For PCF trypanosome infection

experiments, PCF trypanosomeswere adjusted to a final density of 5 x 10°

trypanosomes/mlhorse blood. Experimentalflies wereinitially offered an

infective bloodmeal for 10 minutes and, if not many had yet fed, were allowed to

feed for a further 15 minutes. Unfed flies were removed 24 hourslater by chilling

flies for 10 minutesto 4°C.

Infection determination

Fly midguts were scored for trypanosomeinfection 6-10 days after the infective

bloodmeal feed by dissection. Ten fields of view were examined under 125 X

magnification using a light microscope (Vickers, UK) and a single trypanosome

wassufficient for a positive score.

Estimation of bloodmealsize

Male and female G. m. morsitans flies aged 24 hr p.e. (n=9) or 48 hr p.e. (n=9)

were weighed in cages of known weightprior to being offered a bloodmeal of

defibrinated horse blood. Flies were observed feeding and, once fully engorged,

were weighed using a Sartorius balance immediately before diuresis had begun.

RNAandproteinisolation

Tsetse midgut and fat body tissues were dissected in PBS, snap frozen in pools of

2, 3 or 5 as specified and maintained at -80°C prior to RNA andprotein

extraction. Total RNA wasextracted using Trizol reagent (Invitrogen,Paisley,
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UK). RNA wastreated with RNase-Free DNase (Promega, Southampton, UK)

following extraction and was quantified using a Nanodrop ND-1000 (Wilmington,

DE)spectrophotometer.

Immunoblots

Immunoblotting of tsetse milk gland protein, using Hybond™-P polyvinylidene

difluoride (PVDF) transfer membrane (Amersham Biosciences, Amersham, UK),

was performed as previously described (Attardo ef al., 2008). For milk gland

protein analysis, one tsetse midgut equivalent (from a pool of twoflies per

sample) was loaded per lane of a 12.5% acrylamide gel. The primary antibody

used wasa 1: 20,000 dilution of polyclonal anti-milk gland protein rabbit

antiserum (a gift from G. Attardo, Yale University) and the secondary (detecting)

antibody was a 1:20,000 dilution of horseradish peroxidase conjugated goatanti-

rabbit IgG/IgM (H+L) (Pierce, Woburn, MA). Immunoblotting of W. glossinidia

and S. glossinidius specific protein expression was performed as described above

but using a 1: 30,000 dilution of polyclonal anti-Sodalis mouse antiserum (a gift

from T. Pearson, University of Victoria) and a 1: 50,000 dilution of horseradish

peroxidase conjugated goat anti-mouse IgG/IgM (H+L) (Caltag Laboratories,

South San Francisco, CA). Also, immunoblotting of peritrophin 2 (Pro-2) was

performed using a 1:10 dilution of monoclonal mouse a Pro2 (mAb4A2) (agift

from T. Pearson, University of Victoria) with one midgut equivalent (from a pool

of three flies (G. p. palpalis) or five flies (G. m. morsitans) loaded per lane. The

secondary antibody was a 1:50,000 dilution of horseradish peroxidase conjugated

goat anti-mouse IgG/IgM (Pierce, Woburn, MA). Kodak Biomax MRfilm

(Eastman Kodak Company, Rochester, NY) was used to detect

chemiluminescence. After development of the autoluminograms, proteins were

stained on the PVDF membrane with 0.2% (w/v) nigrosine in PBS to ensure

equivalent protein loadingperlane.

RT-PCRanalysis

The Promega Access RT-PCR System (Promega, UK) wasused for semi-

quantitative analysis of HDPtranscript expression. The G. m. morsitans GAPDH

(Accession number DQ016434) housekeeping gene was usedas a loading control.

The HDPanalysed wereattacin (GmmAttA AF368909), cecropin (DQ016433)
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and defensin (AF368907). The primers used for determination oftranscript

abundancein tsetse midgut or fat body tissues were:

Gm GAPDHA 5’ CTCAGCTTCTGTGCGTTG 3'

Gm GAPDHB 5’ AGAGTGCCACCTACGATG3’

AttAF 5'GCACAGTATCATCTAACC3’

AttBR 5'GCCAAGAGTATTCATATCG3'

CecF 5'TTGCTTTAATACTCGCTCTTTCA3’

CecR 5'CTTATGTGCTTAGGCGTATTTTT3’

DefF 5’ CAGTCAACACTCAGCGTCGAAAGT3'

DefR 5’ GTTCCACATTCAAGTCTTCGTTTCT3’

RT-PCRcycling conditions were as follows: attacin and GAPDH gene

amplification was at 48°C for 45 minutes, 94°C for 2 minutes, followed by 23

cycles of 94°C for 30 seconds, 55°C for 1 minute, 68°C for 2 minutes and final

extension of 68°C for 7 minutes. Cecropin and defensin gene amplification

conditions were as above, but an annealing temperature of 50°C was used. RT-

PCR products were analysed by gelelectrophoresis using 1.5% (w/v) agarosegel.

Bandintensities were measured using Gene Tools software on a Gene Genius Bio

Imaging System (Syngene, Cambridge, UK).

Statistical analysis

Statistical analysis was performed using SPSS16 (SPSSInc., Chicago,Illinois).

Pearson chi-squared analysis was performed to determineif significant

differences in trypanosomeinfection rates were present between experimental

groups. ANOVAwasused for comparison of bloodmeal size. Differences were

deemedstatistically significant at p< 0.05.
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4.3 RESULTS

4.3.1 Do previously unfed, newly eclosed flies exhibit an age-dependant

susceptibility to trypanosomeinfection?

To determine if older G. m. morsitans emergents are more susceptible to

trypanosomeinfection than younger emergents, two groups of male flies aged

either 24 hr p.e. or 48 hr p.e., were challenged with 7. 6. brucei TSW196 BSF

trypanosomesin their first bloodmeal. These two time points were chosenas flies

<24 hrsp.e. or < 48 hrs p.e. are typically used in laboratory based investigations

offly susceptibility to trypanosomes (Gingrich ef al., 1985; Macleodefal., 2007a;

Macleodet al., 2007b; Huet al., 2008).

A difference in midgut infection rate was determined between the two age groups

and wasconsistently observedin five replicate experiments (Fig. 4.1A). Statistical

analysis revealed the difference in mean midgutinfection rates between male 24

hr p.e. (60.54 +/- 2.23%) (Mean +/- S.E.M.) and 48 hr p.e. (34.38 +/- 4.14%) flies

wasstatistically significant (x°= 30.03, p< 0.01) (Fig. 4.1C). This age-dependant

susceptibility to trypanosomeinfection at the first bloodmealis hereafter referred

to as the teneral phenomenon.

The teneral phenomenonwasalso observed in female G. m. morsitans. A

difference in midgut infection rates was observed between 24hrp.e. and 48 hr

p.e. flies in three replicate experiments (Fig. 4.1B). The difference in mean

midgutinfection wasstatistically significant (Fig. 4.1C) between younger (71.65

+/- 3.89%) and olderflies (48.28 +/- 4.39%; x°= 13.77, p<0.01).
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Figure 4.1: The relationship between trypanosome midgut prevalence and

age of newly eclosed male and female G. m. morsitans.

Percent trypanosome midgut infection rates observed in G. m. morsitans male

(Panel A and C) and femaleflies (Panel B and C) infected with 7. b. brucei

TSW196 BSFtrypanosomes. y-axis = midgut infection rate (%), x-axis= replicate

number (Panels A and B); x-axis = fly sex (Panel C). Panel A showsfive

replicates of maleflies. Panel B showsthree replicates of female flies. Panel C

correspondsto the mean % +/- S.E.M. midgut infection rates based on Panel A
and B. 24 hr p.e. flies = black bars, 48 p.e. old flies = grey bars, white numbers=

numberofflies dissected intotal.
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4.3.2 Is this teneral phenomenonconsistently observed regardless of tsetse or

trypanosomespecies used?

The study was extendedto another Glossina species, G. palpalis palpalis, a

riverine species of Glossina, to determineif the teneral phenomenonheld true

regardless of tsetse fly species used. Two groups of male G. p. palpalis flies, aged

either 24 hr p.e. or 48 hr p.e., were challenged with 7. b. brucei TSW196 BSFin

the first bloodmeal. Again,a statistically significant difference in mean midgut

infection rate between 24 hr p.e. (51.7 +/- 6.42%) and 48 hr p.e. groups (22.85 +/-

5.79%) was observed (x*= 16.84, p<0.01) (Fig. 4.2A).

A difference in trypanosomesusceptibility of female G. p. palpalis flies aged 24

hr p.e. compared to 48 hr p.e. was also observed whenflies were challenged with

T. b. brucei TSW196 BSFtrypanosomesin the first bloodmeal. Interestingly,

significantly lower midgut infection rates were observed in female G. p. palpalis

flies than in their age-matched male counterparts (Fig. 4.2A). However, statistical

analysis of mean midgutinfection rates of female flies 24 hr p.e. (24.16 +/-

5.09%) and 48 hr p.e. (9.96 +/- 2.61%) revealed the teneral phenomenonwasalso

exhibited by female G.p. palpalis flies (x°= 9.01, p<0.01).

To determine if the teneral phenomenon was exhibited by G. m. morsitansflies

challenged with a different trypanosome species, G. m. morsitansflies were fed T.

congolense strain 1/148 BSF trypanosomes(Fig. 4.2B). Male flies aged 24 hr p.e.

and 48 hr p.e. exhibited mean midgut infection rates of 71.83 +/- 4.53% and 53.76

+/- 6.03% respectively. This difference in midgut infection rates wasstatistically

significant (x= 12.28, p<0.01). Overall, midgutinfection rates of female G. m.

morsitansflies with T. congolense BSF trypanosomes were comparableto their

male counterparts. Female flies aged 24 hr p.e. and 48 hr p.e. exhibited mean

midgut infection rates of 75.87 +/- 3.93% and 43.22 +/- 5.06% respectively. The

difference in midgut infection rates between these two groups wasstatistically

significant (x°= 10.17, p<0.01).
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Figure 4.2: The teneral phenomenon asobserved using different Glossina and

trypanosomespecies

Percent trypanosome midgutinfection rates of male and female G. p. palpalis
challenged with 7. b. brucei TSW196 BSF trypanosomes(Panel A) and G. m.
morsitans challenged with T. congolense strain 1/148 BSF trypanosomes(Panel
B). x-axis= fly sex, y-axis= % midgut infection, 24 hr p.e. = black bars, 48 hr p.e.

= grey bars, white numbers= numberofflies dissected in total. Mean +/- S.E.M.
of three replicate experiments are depicted in each panel.
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4.3.3 Doesthe life cycle stage of trypanosomeusedto infect flies influence the

observed trend?

Manyresearchers use procyclic formsto infect tsetse flies. Consequently, to

ascertain whether the teneral phenomenonpersisted regardless of trypanosome

life cycle stage used to infectflies, both 24 hr p.e. and 48 hr p.e. male G. m.

morsitansflies were challenged with T. b. brucei TSW196 PCF trypanosomes

(Fig. 4.3). Mean midgut infection rates of 24 hr p.e. flies (32.95 +/- 2.51%) were

higher than 48 hr p.e. flies (14.53 +/- 4.57%). The difference in midgut infection

rate between the two groupswasstatistically significant (x*= 10.77, p<0.01). Male

flies fed BSF trypanosomes(a collection offive replicates depicted in Fig. 2.1,

Panel A) had infection prevalences of 60.54 +/- 2.23% (24 hr p.e.) and 34.38 +/-

4.14% (48 hr p.e.) respectively, which differed significantly from each other ("=

30.03, p<0.01) (Fig. 4.3). Interestingly, the fold difference in trypanosome

infection rate between younger and older new emergents was 2.26 in PCFfedflies

compared to 1.76 in BSF fed flies. However, much lower midgut infection rates

were observed overall in male flies challenged with PCF trypanosomes than with

BSFtrypanosomes(Fig. 4.3). Despite being pre-adapted for insect midgut

conditions PCF trypanosomesarelesslikely to establish in the fly midgut possibly

due to the trypanolytic activity of complement in the blood (Ferrante and Allison,

1983).
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Figure 4.3: Percent midgut infection rates of G. m. morsitansflies challenged
with either PCF or BSF T. b. brucei TSW196 trypanosomes.

Flies were infected with either BSF or PCF 7. 6. brucei trypanosomesatthefirst
bloodmeal. y-axis = midgut infection %, x-axis = trypanosomelife cycle stage
used to infect flies, 24 hr p.e. flies = black bars, 48 hrp.e. flies = grey bars, white

numbers= numberofflies dissected in total. Mean +/- S.E.M.values of three

replicate experiments (PCF) and five replicate experiments (BSF) are shown.
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4.3.4 Are 24 hourold flies more susceptible to lower concentrationsof

trypanosomesin the infective bloodmealthan 48 hourold flies?

Male G. m. morsitansflies aged either 24 hrp.e. or 48 hr p.e. were offered a first

bloodmeal containing different concentrations of 7. b. brucei TSW196 BSF

trypanosomes. The 24 hr p.e. (1/10) and the 48 hrp.e. (1/10) groups were offered

an infective first bloodmeal containing 10-fold fewer trypanosomes(5 x 10°

parasites/ml). The 24 hr p.e. (1/100) and the 48 hr p.e. (1/100) groups were

offered an infective first bloodmeal containing 100 fold fewer trypanosomes(5 x

10° parasites/ml).

Consistent with previous experimental results, a difference in midgut infection

rates between the 24 hrp.e.(1/10) (59.63 +/- 2.75%) and 48 hr p.e. (1/10) (23.42

+/- 5.66%) groups was observed. This wasstatistically significant (x°= 21.14,

p<0.01) and agreed with the previous trend observed between 24 hr p.e. and 48 hr

p.e. flies fed trypanosomesneat trypanosomeconcentrations (5 x 10° parasites/ml)

However, lower midgut infection rates were observed in both the 24 hr p.e.

(1/100) group (20.33 +/- 3.89%) and 48 hr p.e. (1/100) group (8.85 +/- 2.4%) than

the (1/10) groups (Fig. 4.4). Notably, the difference in mean midgut infection rate

between the 24hrp.e. (1/10) and 48 hr p.e. (1/10) groups wasnotstatistically

significant (x” = 1.83, p=0.176). Interestingly, the difference in infection rate was

statistically significant between the two 24 hr p.e. groups (x* = 32.66, p<0.01) and

the two 48 hour p.e. groups (x”= 7.71, p<0.01). These results indicated that the

teneral phenomenonis dependantnot only on the age ofthe fly at the time of the

infective bloodmeal but also on the trypanosome concentration in the infective

bloodmeal.
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Figure 4.4: Midgutinfection prevalence of male G. m. morsitans fed different

T. b. brucei BSF trypanosomeconcentrationsin the first bloodmeal.

Parasite concentrations were adjusted to either a 1:10 dilution (5 x 10°
trypanosomes/ml) or a 1:100 dilution (5 x 10° trypanosomes/ml). x-axis = dilution

of parasite infective bloodmeal used, y-axis = midgut infection %. Flies in the 24

hr p.e. 1/10 (n= 72) and 48 hrp.e. 1/10 (n= 84) groups were offered a bloodmeal

containing tenfold less parasites than in the 24 hr p.e. (n= 83) and 48 hr p.e. (n=

78) control groups. 24hr p.e. flies = black bars, 48 hr p.e. flies = grey bars, white

numbers= numberofflies dissected in total. Mean +/- S.E.M.values of three

replicate experiments are shown.
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4.3.5 Is there a difference in bloodmealsize between 24 houroldflies and 48

hourold flies?

To ascertain whether the higher susceptibility to trypanosomeinfection of

younger emergents compared to older emergents could be attributed to differences

in bloodmeal size, the mean bloodmealsize of both male (n=9) and female (n=9)

G. m. morsitansflies at 24 hr p.e. and 48 hr p.e. was determined. It was observed

that regardless of sex, a larger bloodmealsize was taken by olderflies than by

youngerflies (Fig. 4.5). 48 hr p.e. male flies took a bloodmeal almost twice in size

to that taken by male 24hr p.e.flies (17.16 +/- 2.67 mg vs 31.68 +/- 0.9 mg). This

difference in bloodmealsize wasstatistically significant (F= 29.52, df =1,

p<0.01). While a larger bloodmealsize was taken by 48 hr p.e. female flies than

by 24 hr p.e. female flies (27.24 +/- 1.17 mg vs 34.67 +/- 0.95 mg), the difference

in bloodmeal size (27%) wasless than that observed between younger and older

maleflies. This difference in bloodmeal size between female groups was

statistically significant (F= 16.53, df =1, p<0.01). As larger bloodmeals and thus a

greater numberof parasites were imbibed byolderflies, and older flies are more

resistant to trypanosomeinfection,it is not possible that the difference in midgut

infection rate observed between youngerand olderflies can be attributed to

difference in bloodmealsize.
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Figure 4.5: Average bloodmealsize of 24 hr p.e. and 48 hrp.e. G. m.

morsitans male and femaleflies.

Male (n=9) and female (n=9)flies were offered a bloodmeal and weighed

immediately after feeding. 24 hr p.e. = black bars, 48 hr p.e. = grey bars, x-axis =

fly sex, y- axis = bloodmeal size (mg). Mean +/- S.E.M.valuesofthree replicate

experiments are shown.
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4.3.6 How doesfly susceptibility to trypanosomeinfection vary over a 72

hourtime period?

To determine differencesin fly susceptibility to trypanosome midgut infection

over a 72 hourperiod, a timecourse experiment was performed (Fig. 4.6). Flies

were collected during a four hour time-windowevery 12 hours. All flies were then

offered to feed from the same infective bloodmealat the same time. Maleflies

were most susceptible to trypanosomeinfection at 12 hr p.e. (70.71 +/- 3.21%)

and 24hr p.e. (71.6 +/- 5.49%). After the 24 hour timepoint, trypanosome midgut

infection rates dropped. The lowest midgut infection rate was observed at 72

hoursp.e. (34.39 +/- 4.39%). A statistically significant difference in midgut

infection rates of male flies was observed betweenthe six different groups (x?=

58.48, df=5, p< 0.01). A similar trend was observed in trypanosome midgut

infection rates of femaletsetse flies, based on a single replicate experiment. The

lowest midgut infection rate was observedat the 60 hr p.e. timepoint (20%),

although a low sample size number (n=4) should be noted.

Linear regression analysis was performed for both male and femalefly infection

datasets. The square ofthe correlation coefficient (R’) values for both male and

female flies indicated that a strong correlation exists between trypanosome

prevalence and how youngthe newly emergedfly is when offered thefirst

infective bloodmeal (male R’= 0.84; female R*= 0.76). Notably, by using the

simple equation y= mx + b,it is possible to predict an infection range by entering

the age p.e. of the flies.

Whenflies were collected over the timecourse and then offered a bloodmeal,

unfed flies were removed to exclude any false negative results. It was noted that

there was distinct timepoint(36 hr p.e.) at which more maleflies fed (Fig. 4.7,

Panel A). Only 3% of this group did not take a bloodmeal. Prior to this timepoint,

~25% offlies did not feed. In femaleflies, this trend was even more pronounced

(Fig. 4.7, Panel B). Only 27% offlies fed that were aged < 12 hr p.e. at the time of

the infective bloodmeal, although this was based on a low sample size number

(n=15). Interestingly, the highest % of bloodmeal acceptance by female flies was

by the 48 hr p.e. group (89%), based on a single replicate experiment.
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Figure 4.6: Variation in fly midgut infection rates of male and female G. m.

morsitans aged between 12 and 72 hrsp.e. with T. b. brucei TSW196 BSF.

Male (blue) and female (pink) were collected every 12 hours and infected with a

first bloodmeal containing 7. b. brucei TSW196 BSFtrypanosomes. x-axis = age

(hr p.e.), y-axis = midgut infection %. Mean +/- S.E.M.values are shownfor three
replicate experiments using male G. m. morsitans. Total sample size numbers for

maleflies: 12 hr p.e.= 109; 24 hr p.e.= 91; 36 hr p.e.= 106; 48 hr p.e.= 95; 60 hr
p-e.= 101; 72 hr p.e. = 79. One replicate experiment was performed for female
flies. Sample size numbers for female flies: 12 hr p.e= 4; 24 hr p.e.= 20; 36 hr
p.e.= 25; 48 hr p.e.= 42; 60 hr p.e.= 15; 72 hr p.e.= 41. Linear trendlines for both

male (blue) and female (pink) data sets are also depicted.
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Figure 4.7: Feeding success of male and female G. m. morsitansflies at

different ages post eclosion.

Feeding data is based onflies collected for the experiment represented in Fig. 4.6.

The numberofmale flies (Panel A) and female flies (Panel B) of different age
groupsthat refused to feed at time of the infective first bloodmealis illustrated in

this figure. x-axis= age of emergent, y-axis= % flies that refused the bloodmeal,

n= numberofflies. This data is representative of three replicate experiments

(Panel A)or a single replicate experiment (Panel B). The dashed line denotes a

10% bloodmealrefusal rate in male flies.
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4.3.7 Can inconsistent teneral fly age between experimental replicates

obscure trypanosomeinfection phenotypes?

Researchers may often be restricted to low numbersoftsetse flies for

experimental use due to colony constraints (small colony size or low emergence

rates) or dependenceonreceiving puparia from an off-site source. When large

group numbersofflies are required, it is often commonpractice to extend the

timeframe of collection and harvest all emergedflies into the same group.

However, in doing so, there is no method to ascertain the average fly age of the

emergents within this group. This may affect the ability to replicate an experiment

and affect phenotypes observed.

To illustrate the effect of using teneral flies of an undefined age range upon the

accuracy of trypanosomeinfection prevalence, previously collected trypanosome

midgut infection prevalence data (4 x 24 hr p.e. replicates and 4 x 48 hr p.e.

replicates; Figure 4.1) were compiled into a theoretical model. Five hypothetical

situations (A-E) were designed such that each situation was a combination of four

replicates from 24 hrp.e. and 48 hr p.e. (Table 4.1). For example, A is comprised

of four infection rates from 24hr p.e. flies. The data is shownasa fraction with

(midgutinfection/ total numberofflies that imbibed infective bloodmeal) shown.

This data is shownas 4:0 as no data from 48hrp.e. flies was used. B contains

three ofthe original 24 hrp.e. data and substitutes the last with a 48 hr p.e. value.

This new datasetis a 3:1 ratio. The remaining ratios are 2:2, 1:3 and 0:4 for 24 hr

p.e.: 48 hr p.e. groups.

The mean (+/- S.E.M)values of the homogenous24 hrp.e. and 48 hr p.e. groups

were calculated to be A: 58.67 (+/- 1.57%) and E: 37.68 (+/- 3.21%). When the

replicates of varying fly age were mixedinto a single dataset (B, C and D), the

mean (+/- S.E.M.) values were B: 53.72 +/- (7.24%), C: 47.74 (+/- 7.65%) and D:

44.10 (+/- 3.85%). A shift in mean and S.E.M.values could cause the phenotype

to be obscured, such as in groups B and C. This example demonstrates the

necessity of using flies of known age bracket for experiments.
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eclosion

A B C D E
4:0 3:1 22 1:3 0:4

27/44 27/44 27/44 27/44 0/28

29/48 29/48 29/48 ¢ 6

17/29 17/29

19/35 0/29 0/29 0/29 0/29

Mean 58.67 53.72 47.74 44.10 37.68

SD 3.15 14.48 15.32 Tet 6.42

SEM 57 7.24 105) 3.80 — 321     
 

Table 4.1: Analysis of five datasets grouped according to when newly eclosed

male G. m. morsitans were infected with T. b. brucei TSW196.

This information on trypanosomeinfection prevalence (midguts infected/total

flies dissected) was obtained from the experimental data represented in Figure 4.1

(replicates 1 - 4). Infected teneral flies are groupedinto five theoretical groups,

columnsA - E, which are comprised of four data replicates. Each of these datasets

is made using a ratio of 24 h (white cells):48 h (dark grey cells) replicates. The

meaninfection prevalence (Mean), standard deviation (SD) and standard error of
means (SEM)drastically fluctuate for each set depending on the agesofflies used

for each replicate.
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4.3.8 Does the protein profile of a 24 hr fly midgut differ from that of a 48 hr

fly?

Several hypotheses were investigated to understand whataspectsofthefly

physiology could contribute to this observed teneral phenomenon. These were

physical maturity of the midgut (maturation of the PM), larval meal hangover,

symbiont contributions and expression of immuneeffector molecules.

Initially, 1D gel electrophoresis was performedto identify any differences in the

overall protein profile of fly midguts over a 48 hr time period. No marked

difference in the overall protein profile was observed between midgut samples

(Fig. 4.8). Western blot analysis was then undertaken to determineif the

expression of specific tsetse midgut expressed proteins, namely milk gland protein

and Pro2, differed over the 48 hour time period. In addition, the expression of

symbiontspecific proteins, from S. glossinidius and/or W. glossinidia, over this

timecourse was determined.

Proteins derived from fly and symbiont sources exhibited distinct protein

expression profiles. As would be expected over a 48 hour time period, milk gland

protein (23 kDa) in G. m. morsitans midgut decreased steadily (Fig. 4.8). Also,

expression of symbiontspecific proteins was determined over a 48 hour

timecourse. GroEL protein (60kDa) expressed by both S. glossinidius and W.

glossinidia, an unknownprotein expressed by S. glossinidius (18 kDa) and outer

membrane protein C (OmpC)(11 kDa) expressed by S. glossinidius all decreased

over this time period (Fig. 4.9). Proventriculin-2 (Pro-2) is a protein localized to

the PM andis likely synthesized by the PV (Hao and Aksoy, 2002). The use of a

cross-reactive antibody (IgM) enabled determination of Pro-2 expression in both

G. p. palpalis and G. m. morsitans species (Fig. 4.10). Pro-2 expression was

conservedin all age groups of G. p. palpalis fly examined and detected in both

fed and unfedflies. In G. m. morsitans, Pro-2 expression increased over time and

washighest in Day 5 old flies that had been bloodfed.
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Figure 4.8: Western blot analysis of G. m. morsitans milk gland protein

expression in the fly midgut over a 48 hourtime period.

Lane 1: 0-4 hrs p.e., Lane 2: 4-8 hrs p.e.; Lane 3: 8-12 hrs p.e.; Lane 4: 12-16 hrs

p.e.; Lane 5: 20-24 hrs p.e.; Lane 6: 44-48hrs p.e.; Lane L: protein marker. Each

lane represents one midgut equivalent loading from a poolof twoflies per sample.

PVDFwasstained with nigrosine to show protein loading.

 

 

a apomere ie ; 45    
Figure 4.9: Western blot analysis of W. glossinidia and S. glossinidius protein

expression in G. m. morsitans midgut over a 48 hour time period.

The same PVDFas shownin Fig. 4.8 was reprobed with polyclonal anti-Sodalis

mouseantiserum. Lanes 1-6 are as in Fig. 4.8 except Lane 7 whichis a nigrosine

stained PVDFto show representative protein loading. Lane L: protein marker.

Eachlane represents one midgut equivalent loading from a pool of two flies per

sample. Film overlay shows GroEL (60 kDa), S. glossinidius specific protein (18

kDa) and S. glossinidius OmpCprotein (11 kDa).
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Figure 4.10: Pro2 protein expression in unfed and fed G.p. palpalis and G. m.

morsitans fly midguts.

Lanes 1-4: G. p. palpalis male fly midguts. Lane 1: 1 hr p.e.; Lane 2: 12 hr p.e.;

Lane3: 24 hr p.e.; Lane 4: 5 day old (fed) fly. Lanes 5-7: G. m. morsitans male
fly midgut. Lane 5: 24 hr p.e.; Lane 6: 48 hr p.e.; Lane 7: 5 day old (fed) fly. Each

lane represents one midgut equivalent loading from a poolof either 3 flies (G.p.

palpalis) or 5 flies (G. m. morsitans).
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4.3.9 Does fly basal immunity differ between 24 hourp.e. and 48 hourp.e.

flies?

To investigate whether HDPscontribute to fly refractoriness to trypanosome

infection, semi-quantitative PCR analysis was performed of three Glossina HDPs

known to be differentially expressed in G. m. morsitans. The transcript levels of

attacin (GmmAttA), defensin and cecropin were determined in both midgut(Fig.

4.11, Panel A) and fat body (Fig. 4.11, Panel B) of 24 hr p.e. and 48 hr p.e. G. m.

morsitansflies. These two tissues were chosen are they are the main

immunoresponsivetissues in Glossina.

Attacin and defensin transcripts were detected in both fly midgut and fat body

tissues. However, cecropin transcripts were detected in the fat body but not in the

midgut. No significant differences in HDPtranscript expression levels were

detected between 24 hrp.e. or 48 hrp.e.flies in either of the immunoresponsive

tissues examined.
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Figure 4.11: Expression of the HDPs attacin (GmmAttA1), cecropin and

defensin in midgut and fat body of G. m. morsitans aged 24 hrp.e. or 48 hr

p-e.

Midgut (Panel A) and fat body (Panel B) of male G. m. morsitansflies aged 24 hr

p.e. (Lanes 2, 4 and 6) or 48 hr p.e. (Lanes 3, 5 and 7). Lane 1: molecular marker;

Lanes 2 and3: attacin transcript expression; Lanes 4 and 5: cecropin transcript

expression; Lanes6 and 7: defensin transcript expression. Thefigure is

representative of 3 replicate experiments.
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4.4 DISCUSSION

Previous work has provided evidence suggesting that the age ofthe teneralfly at

the time of the infective bloodmeal may influence fly susceptibility to

trypanosomeinfection (Van Hoof, 1937; Wijers, 1958; Distelmansef al., 1982;

Mwangelwaet al., 1987). However, more recently, the concept of the teneral

phenomenonhas beensimplified to mean “adults who have not yet taken their

first meal” (Hargrove, 2004). This definition assumesthatall flies are equally

susceptible to trypanosomesregardless of age post eclosion and as a result may

affect infection data interpretation. The aim ofthis study wasto thoroughlytest

the influence of ageatfirst bloodmeal on trypanosomeinfection outcomeby using

clearly defined timepoints typically used by researchers in the tsetse community.

Here we demonstrate, unequivocally, that the age of a teneralfly is a key

determinant of susceptibility to trypanosomeinfection, using strains of 7. b.

brucei and T. congolense in G. p. palpalis and G. m. morsitans. Furthermore,this

was observedto be the case regardless of fly sex, fly species, trypanosome species

and trypanosomelife stage used in this study but dependant on the concentration

of trypanosomesin the infective bloodmeal.

The age-related susceptibility of flies to trypanosomeinfectionis typically

observedin both sexes, althoughto a lesser extent in female flies (Maudlin ef al.,

1990). However, female G. m. morsitans, aged 24 hr p.e. and 48 hr p.e., were

deemed more susceptible to 7. b. brucei midgut infection than their male

counterparts. This observation wasnot repeated using anothertsetse vector, G.p.

palpalis which wasalso challenged with 7. b. brucei trypanosomes.In this case,

female flies were far less susceptible to trypanosomeinfection than maleflies.

Why female G. m. morsitans are more susceptible than G. p. palpalis females to

trypanosome midgut infection using the samestrain and concentration of 7. b.

brucei is unknown.

Also,in this study it was observed that younger emergents were more susceptible

to lower doses of trypanosomesin the infective bloodmeal than older emergents.

Most notably, the combination offly age post eclosion (48 hr p.e.) with low

parasitaemia (5 x 10° trypanosomes/ml)resulted in a midgut infection prevalence
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of 8.85%, which is equivalent with the natural refractory phenotype exhibited by

older, fed flies that have had at least two previous bloodmeals (see Chapter 1, Fig.

1.5). Notably, this could not be attributed to the difference in bloodmealsize

imbibed by younger and older emergentsas olderflies of both sexes consistently

took a larger bloodmeal (and hence imbibed more trypanosomes) than younger

flies. Whether older unfed emergents require a significantly higher dose of

trypanosomesthan younger unfed emergents to develop a midgut infection is

unknownand would require further experimental work.

Muchofthe available data on trypanosomeconcentration in the infective

bloodmeal and trypanosomesusceptibility is based onflies from a single age

range, usually < 24 hours p.e. Otienoef al. (1983) demonstrated thatflies (< 24

hrs p.e.) fed on dilutions containing as low as 3.3 trypanosomes/ ml were as

readily infected in salivary glands (8.7%) as those exposed to higher

concentrations of trypanosomes(12.2%) in the infective bloodmeal. However,it

wasnotedthat flies exposed to the highest trypanosome concentrations showed

the highest midgut infection rates. Page (1972) demonstrated G. m. morsitans <

24 hrs p.e. more readily developed salivary gland infections whenthe infective

bloodmeal contains a moderately high dose of trypanosomes,in particular short

stumpy form trypanosomesin the 10,000 — 20,000 forms/ml range. These results

andthe results of this study conflict with those of Welburn and Maudlin (1989)

whoargued that one trypanosomeis sufficient to infect a susceptiblefly.

In addition, the age-related teneral phenomenon could not be attributed to

lifecycle form. A distinct difference in midgut infection prevalence was observed

between younger and older newly-emergedflies when flies were offered a

bloodmeal containingin vitro transformed T. b. brucei PCF trypanosomes. Also,

the teneral trend wasnotrestricted to a single species of trypanosomes.7.

congolense trypanosomeswere fed to G. m. morsitansflies and the resultant

midgutinfection rates also highlighted the difference in susceptibility between

youngerandolderflies to trypanosomeinfection.

These findings have important implications for the tsetse research community.

Firstly, they highlight the need for researchers to consider fly age, particularly in
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laboratory-based experiments of trypanosomesusceptibility. Failure to closely

regulate fly age mayleadto difficulties in interpretation of experimentalresults.

This is exemplified in recent studies by Kubief al. (2006) whereby nosignificant

difference in midgut infection rate was observed between groupsof “teneral”

male G. m. morsitansflies aged either 0, 1 or 2 days post emergence following

experimental infection with either 7. b. brucei or T. congolense. The observation

conflicts strongly with the findings of this study but may beattributed to biased

fly age within the experimental groups used by Kubief al. Flies do not always

emerge at evenly spaced timepoints and the age ofthe flies used by Kubi efal

could not be accurately defined in terms of hours p.e. To further investigate the

effect of biased fly age upon trypanosomeinfection prevalence, a theoretical set

of experiments were designed in this study using combinations of younger and

olderteneral flies for each infection replicate. If care is not taken to standardize

fly age in each experimentalreplicate, differences in fly infection rates may be

simply attributed to fly age rather than other experimental treatments. Also,

different rates of gene knockdown could potentially be observed depending on

when the dsRNAis delivered and whetherthe transcript ofinterest is

differentially expressed in younger and older emergents.

Secondly, the results of this study may be exploited to obtain either high or low

trypanosomeinfection rates in newly emerged, previously unfed flies as a

consistent and predictive trend in male G. m. morsitans susceptibility to T. b.

brucei BSF trypanosomeinfection over a 72 hour period was determined. Thirdly,

the current definition of the teneral term proposed by Welburn and Maudlin

(1992)is called into question asit is based solely on the bloodmealstatus ofthe

fly i.e. unfed. To encompassthe findings of our study and thoseofearlier

researchers (Van Hoof, 1937; Wijers, 1958; Distelmansef al., 1982), we suggest

the term “teneral, hours post eclosion”e.g. teneral, 24 hours post eclosion, be

adopted by researchersin place of the term “teneral” to encompass the importance

of fly age in determining trypanosomeinfection outcomeat the first bloodmeal.

Whatspecific physical or molecular componentsare responsible for conferring fly

refractoriness to trypanosomeinfection are not yet known. However, considering

the age of a “teneral” fly can range between 0-72 hours post emergence (Kubier
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al., 2006), it is important to consider the physiology of the fly during this long

teneral period. Developmentofthe tsetse fly is incomplete when it emerges from

the puparial case. To complete full formation of cuticle, muscles and reproductive

system, nutritional resources from the first two or three bloodmeals are required

(Langley, 1970; Tobe and Davey, 1974; Langley, 1977; Aksoyef al., 2003). Fly

susceptibility to trypanosomeinfection decreases overtime, providing a fly

receives regular bloodmeals (see Chapter 1, Fig. 1.4), and thus may belinked to

this maturation process.

Interestingly, starvation later in a fly’s life can clearly lead to increased

susceptibility to trypanosomeinfection (Gingrich ef al., 1982; Kubi et al., 2006).

Clearly, during this teneral period, starvation is not the important factor and is

being strongly overridden by whateveris leading to refractoriness to trypanosome

infection. Fly starvation in this instance may simply be a correlate of time and the

importantfactor is the time required for maturation of the other systemsin the fly

leading to refractoriness.

Determination of the factors responsible for conferring fly susceptibility to

infection is difficult, given the teneral fly midgut is a highly complex environment

comprised of both fly and symbiont derived molecules. Howeverthe protein and

transcript expression work undertaken in this project may give us some potential

candidate molecules. Several fly specific factors may contribute to fly

susceptibility to trypanosomeinfection. The TypeII peritrophic matrix (PM) of

the tsetse fly has been proposedto act as a physical barrier to trypanosome

infection establishment within the midgut environment (Lehaneef al., 1996).

Newly emerged G. m. morsitansflies lack a fully formed PM and PM

developmentis rapid overthe initial 18 hrs p.e. (0.95 mm/hr) (Lehane and

Msangi, 1991). The rate slows thereafter and the PM is complete, lining the entire

length of the midgut, by 84-90 hrs p.e. The PM or PM-associated proteins could

accountfor differences in trypanosomesusceptibility of younger unfed emergents

comparedto older unfed emergents. Pro-2 protein is found associated with the PM

and is secreted by the PV (Hao and Aksoy, 2002). Significant up-regulation of

this protein was detected in G. m. morsitans salmon mutants (Haddowetal.,

2005) which are knownfor their marked susceptibility to trypanosomeinfection
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(Gooding, 1979). Although further characterisation of the Pro-2 bandshasnotyet

been initiated, Pro-2 expression within the fly midgut differs clearly between

younger and older emergents (Fig. 4.10) and this protein could potentially be

involved in regulating fly susceptibility to trypanosomes.

Otherfly-derived factors, including larval meal hangover, may be involvedin

determining trypanosomeinfection outcome. Tsetse flies possess a viviparous

reproductive lifestyle whereby adult female flies carry their offspring in utero for

the duration of embryonic and larval development. Nutrients are provided to the

developing larva in the form of a milk secretion from a modified accessory gland,

composed of mainly fat transferred from the fat body during early larvigenesis

and consisting of more protein during late larvigenesis (Moloo, 1976; Langley and

Bursell, 1980). The major milk gland protein, a memberofthe lipocalin protein

family (Attardo et al., 2006a), accounts for over 90% of the milk gland secretion

(Osir et al., 1991). This milk gland protein was observed to decrease within the

fly midgut decreased over the 48 hour time period selected in this study (Fig. 4.8).

A high milk gland protein concentration may positively influence trypanosome

survival and establishment by creating a more amenable midgut environment to

invading parasites.

Also, tsetse midgut lectins have been suggested to be involved in determining fly

susceptibility to trypanosomes (Maudlin and Welburn, 1987; Welburn eg al.,

1989; Welburn and Maudlin, 1992). The major evidence for lectin involvementin

trypanosomesurvival in vivo is based on studies by Welburn and Maudlin (1992)

where addition of D-glucosaminesugarto the infective feed of non-teneralflies

increased midgut infection rates comparable to those in teneralflies. However,

morerecently, studies have demonstrated the multiple effects of these sugars on

tsetse physiology and trypanosome growththat are notrestricted solely to

inhibition of midgut lectins (Peacockef al., 2006; Ebikemeef al., 2008).

It has been hypothesised that sugar inhibition of endogenouslectin occurs

naturally within the teneral fly. Endogenous GleNAcproduction occurs when

endochitinase is secreted by the endosymbiont S. glossinidius within the fly

midgut at the puparial stage (Welburn and Maudlin, 1991). Thus GlcNAc

production maybe higher in youngerflies than in olderflies. Interestingly, in this
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study, the S. glossinidius and W. glossinidia specific proteins investigated

decreased over the 48 hour time period suggesting a decrease in symbiont

numbers. This may bepredictable if the composition of the larval meal within the

fly midgutis also considered. Larval milk secretions also contain symbionts as

this is the means of transmission from motherto offspring (Denlinger and Ma,

1975; Attardo et al., 2008). The endochitinase enzymeorpossibly another

symbiont-derived factor may contribute to fly susceptibility to trypanosome

infection.

Other host immunefactors, such as HDPs, may beinvolvedin the regulation of

host responses to trypanosomeinfection. Gene knockdownof the HDPattacin in

G. m. morsitans and G. pallidipes and ofits transcriptional regulator, Relish, in G.

m. morsitansled to an increase in fly susceptibility to trypanosome infection (Hu

and Aksoy, 2006). More recently, studies of G. m. morsitans immuneresponses

have shownthatstarvation can affect both uninduced immune gene expression

and immunegenelevels inducedin responseto bacterial or trypanosomal

challenge (Akodaet al., 2009). Subjecting newly emerged (<32hr p.e.),

previously unfed, tsetse flies to a period of extreme starvation (4 days) caused a

significant reduction in uninduced baseline transcript expression levels ofattacin,

cecropin and defensin. However, no significant differences in expression of these

three HDPs were observed betweenstarved or non-starved flies in response to E.

coli or trypanosomechallenge. In this study, the baseline transcript levels of three

differentially expressed HDPs, namely attacin, cecropin and defensin, was

determinedin 24hr p.e. and 48 hr p.e. G. m. morsitans flies to ascertain whether

variation in baseline HDP expression could account for changesin fly

susceptibility to trypanosomes. Diptericin was not includedin the analysisasit is

constitutively expressed and showsno difference in expression between control

and immunestimulated flies (Hao ef al., 2001). If the absence of HDPscauses an

increase in fly susceptibility to trypanosomeinfection, lower transcript abundance

in youngerflies would have been expected. No significant differences in HDP

transcript expression weredetected in either fly midgut or fat body tissues

between youngerand older emergents (Fig. 4.11). However, transcript expression

does not always equate with protein expression. Alternatively, these HDPs may be

transcribed differentially in younger and olderflies upon uptake of a bloodmeal.
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Also,it is important to consider that HDPs comprise only a subset of a repertoire

of fly immune molecules. Other immune molecules such as antioxidants (Macleod

et al., 2007a; Macleodet al., 2007b) may be differentially expressed between

youngerand older emergents and could account for differences in susceptibility to

trypanosomeinfection.

Importantly, in contrast to the experimental observations that age and earliness of

infective feed are important, field data suggest that the longer fly lives the

greaterthe likelihood of trypanosomeinfection (Ryan ef al., 1982; Tarimoef al.,

1985; Leak, 1999). Studies by Harley (1967) estimated that 80% of trypanosome

infections were foundin G. pallidipes flies aged more than 40-50 daysold.

Several studies suggest that only a proportion of the fly population are active and

feed within 48 hours of emergence (Jackson, 1946; Harley, 1967). In the wild,

only a small proportion offlies is thought to feed in the within the first 24 hours

of emergence (Leak, 1999). Thus the currently estimated contribution of “teneral”

flies to trypanosometransmission in the field may be an overestimation and merits

further investigation.
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4.5 FUTURE WORK

In this study, most of the experiments were performed using maletsetseflies. It

would be ofinterest to determine if the same trends are observed in femaleflies,

in particular whether the teneral female’s sensitivity to low bloodmeal

trypanosomeparasitaemia differs from that of male flies. Additionally, more

tsetse species and trypanosomestrains could be screened asin this study, as

existence of the teneral phenomenon using Subgenus Nannomonasand

Trypanozoon trypanosomeswas demonstrated but not Subgenus Duttonella.

Throughoutthis study, differences in midgut infection rates between 24 and 48

hourold flies were determined. However, from an epidemiological perspective,it

would be of greater importance to determine if mature salivary gland infection

rates are also influenced byfly ageat the time ofinfective first bloodmeal.

Current evidence suggests the transmission index(i.e. the proportion of salivary

gland infections maturing from established midgut infections) is more or less

constant (Welburn ef al., 1995; Kubi et al., 2005; Macleodef al., 2007a; Peacock

et al., 2007).

While the tsetse symbiont genomesare complete, the lack of a complete and

annotated tsetse genome has impededidentification of tsetse proteins responsible

for fly refractoriness to trypanosomeinfection. This hasrestricted protein

profiling technologies, such as iTRAQ,which could be used to identify

differentially expressed proteins in 24 hr and 48 hr p.e. fly midguts. The iTRAQ

technology can differentially label and run up to 12 samples, permitting the

relative abundance determination of the selected peptide of interest between

samples (Rosset al., 2004). However,it is important to considerthat the teneral

midgut is a highly complex mixtureofproteins, which are derived from both

tsetse and symbiont sources. The difference in protein concentration between 24

and 48 hourold tenerals, due to larval meal hangover, would require the

identification of housekeeping proteins to use for internal standards.
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CHAPTER 5

Therole of tsetse endosymbionts in regulating tsetse immune

responses

A.C. Darby, D.W.and L.R.H. designed the experiments, D.W. performed the

experiments and analysed the data.
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ABSTRACT

Tsetse flies (Diptera: Glossinidae) are medically important vectors of African

trypanosomes,the causative agents of African sleeping sickness, and also harbour

two vertically transmitted mutualistic endosymbionts: Wigglesworthia glossinidia,

a primary intracellular obligate symbiont, and Sodalis glossinidius, a secondary

facultative species. Both are vertically transmitted to the developing larvae in

utero via milk gland secretions of the viviparous female fly. Notably, the effect of

symbiont presence upon adult host immuneresponsesto trypanosomeparasites
and other invasive microorganismsis not well understood. Recent evidence

suggests vertically transmitted symbionts may impart immuneprotectionto their

insect hosts against parasite and pathogen invasion.

In this study, two different antibiotic treatments were tested to investigate their

efficacy in symbiont clearance. In addition, the effect of symbiont clearance upon

host immunity was determined using two different antibiotic treatments, namely

gentamycin or ampicillin/ tetracycline, administered continuously in bloodmeals

to male G. m. morsitansflies. Western blot analysis of W. glossinidia andS.

glossinidius proteins revealed that both antibiotic treatments resulted in reduction

of symbiont numbers from the fly midgut/bacteriome. However,

ampicillin/tetracycline treated flies exhibited a quicker rate and greater clearance

of symbionts compared to gentamycintreated flies.

Analysis of fly immuneresponses indicated a short-term up-regulation of host

defence peptides (HDP) in both fly midgut (attacin and cecropin) and fat body

(attacin and defensin) tissues in response to symbiont clearance by

ampicillin/tetracycline treatment. No significant difference in basal HDP
expression was noted between symbiont-reducedflies and control flies after day 3

of antibiotic treatment. Interestingly, no difference in attacin transcript expression
following per os immunestimulation with dead E. coli, live S. glossinidius or

dead S. glossinidius challenge was noted between controlor antibiotic treated
flies. Also, no significant effect upon fly susceptibility to trypanosomeinfection

wasnoted in antibiotic-treated flies compared to control groupflies challenged
with T. b. brucei TSW196 bloodstream form trypanosomesateither the 1“ or 7”
bloodmeal.

Although ampicillin/tetracycline treatment was detrimental to fly fecundity,
gentamycin treated female flies exhibited puparial productionratesclose to that of

the control groups. Additionally, S. glossinidius were not presentin the F1

progeny of gentamycin treated mothers. Thus gentamycin treatment may represent

a meansto generate symbiont-reduced F1 progenyfor future investigationsofthe

impact of symbiont presence upontsetse fly immunity and overall fitness

costs/benefits of symbiotic associations.
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5.1 INTRODUCTION

Symbiotic relationships between metazoans and their commensalbacteria are

commonplace in nature (Brownlie and Johnson, 2009) and commensal intestinal

bacteria are knownto influence different aspects of host physiology. The

functional roles of insect microbiota reflect those observed in higher vertebrate

systems (Dillon and Dillon, 2004). Intestinal bacteria may contribute to the host’s

nutrient supply through synthesis of vitamins and aminoacids (Nogge, 1976;

1981; Akmanef al., 2002; Kitano and Oda, 2006) as well as stimulating gut

development. Mice that have no commensalbacterial flora have an undeveloped

mucosal immune system (Macphersonef al., 2001). Also, the commensal

bacterium Bacteroides thetaiotaomicron is knownto stimulate angiogenesis

during postnatal intestine development in mice (Stappenbecker al., 2002).

Perhaps most importantly, in both invertebrate and vertebrate hosts, indigenous

microbiota can limit the concentration of potentially pathogenic bacteria in the gut

by competing for space and nutritional resources (a phenomenon often termed

colonisation resistance (CR)) (Kitano and Oda, 2006). Germ-free locusts,

Schistocerca gregaria, reared in an isolator system and provided with a y-

irradiated diet, were found to be more susceptible to fungal entomopathogens

(Charnleyef al., 1985) due to the absence of antifungal phenolics typically

producedbyresident gut microbiota (Dillon and Charnley, 1995). Colonisation

resistance towardsa bacterial pathogen wasalso shownin locusts; an increase in

diversity of resident bacterial species in the locust gut resulted in reduced growth

of the insect pathogen Serratia marcescens (Dillon et al., 2005). Furthermore,

aseptically reared larvae of the lepidopteran species, Homona magnanima, were

discovered to support significantly higher growth of Bacillus thuringiensis than

larvae with a resident gut microbiota, suggesting a role ofthe intestinal bacteria in

regulating growth ofthe pathogenin the larvae (Takatsuka and Kunimi, 2000).

Morerecently, the process of “symbiont-mediated protection” wherebyvertically

transmitted symbionts confer their hosts with protection against pathogens or

predators,has been identified in plants (Arnoldef al., 2003), vertebrates (Barton

et al., 2007) and invertebrates (Oliveret al., 2005; Hedges and Johnson, 2008;

Teixeira ef al., 2008; Brownlie and Johnson, 2009; Gross, 2009). Several cases of
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symbiont-mediated protection have been reported in insects. For example, the

endosymbiont Wolbachia pipientis can protect Drosophila melanogaster from

mortality caused by Drosophila C virus (DCV), a horizontally transmitted RNA

virus found in both laboratory and wild populations of D. melanogaster.

Drosophila cured of Wolbachia infection exhibited higher susceptibility to DCV

induced mortality (Hedges and Johnson, 2008; Teixeira ef al., 2008; Brownlie and

Johnson, 2009). Also, the endosymbionts Hamiltonella defensa and Serratia

symbiotica increase the host pea aphid Acyrthosphion pisum resistanceto its

parasitoid wasp predator Aphidius ervi by increased mortality of the wasp larvae

during development(Oliveref al., 2005). Interestingly, development of

Plasmodium infections in Anopheles gambiaeis believed to be regulated by the

mosquito’s natural midgut microbiota by stimulating a basal immuneactivity

(Frolet et al., 2006; Dong et al., 2009). Mosquitoes cleared of their midgut

microbiota exhibit a higher susceptibility to P. falciparum infection (Dongef al.,

2009).

Three species of symbiotic bacteria have been identified in tsetse flies, namely the

obligate mutualist Wigglesworthia glossinidia, the facultative mutualist Sodalis

glossinidius and a parasitic microbe belonging to the genus Wolbachia. Notably,

all three symbionts are knownto affect different aspects of host tsetse physiology.

W. glossinidia has already been implicated in aiding host nutrition as elimination

of W. glossinidia by antibiotic treatment leads to fly sterility (Nogge, 1976),

which can bepartially rescued by supplementation of the diet with B-complex

vitamins (Nogge, 1981). Furthermore, analysis of the highly streamlined

Wiggleworthia genome (700 kb) has revealed retention of 62 genes involved in

cofactor, prosthetic group andcarrier biosynthesis (Akmanef al., 2002). The

selective elimination of S. glossinidius by the metabolic inhibitor streptozotocin

has been previously reported to reduce the longevity offly progeny (Dale and

Welburn, 2001). Wolbachia strains are knownto beparasitic in insects, enhancing

transmission via sex-ratio distortion and reproductive incompatibility (Chenger

al., 2000), althoughin tsetse this has not yet been observed.

It is knownthat both W. glossinidia and S. glossinidius are recognised by the host

immune system (Weissef al., 2008), are able to withstand host immune responses
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(Rio et al., 2006) and are tolerated by the host. However, the effect symbionts

have upon fly immunity to pathogens andparasites, especially towards African

trypanosomes,is not yet fully understood. Notably, W. glossinidia andS.

glossinidius symbionts are situated in close proximity to the ingested bloodmeal

and thus encounter any pathogenspotentially ingested within it. W. glossinidia

reside intracellularly within specialised epithelial cells (bacteriocytes) in the

anterior midgut while S. glossinidius populations exist both intracellularly and

extracellularly within the fly midgut, fat body, milk gland and haemolymph

(Chenget al., 2000; Attardo et al., 2008). Thus, S. glossinidius, W. glossinidia and

their metabolic products could potentially interact directly with the

immunoresponsive midgut tissue or with bloodmeal-associated pathogens.

Several studies has suggested that S. glossinidius may influence fly susceptibility

to trypanosomeinfection by indirect interaction with the fly immune system

(Welburn and Maudlin, 1991; 1999). It has been hypothesized that invading

trypanosomescan only establish within the fly midgut if they can successfully

evade the trypanocidalactivity of an N-acetyl-D-glucosamine (GleNAc)-specific

lectin (Welburn et al., 1994). Feeding oflectin inhibitory sugar led to an increase

in fly susceptibility to trypanosome midgut infection. This lectin-inhibition was

hypothesised to occur naturally within the fly through S. glossinidius-mediated

production oflectin inhibitory sugar (GlcNAc), which accumulates during

puparial developmentasa result of the symbiont’s chitinolytic activity (Welburn

et al., 1994). However, morerecently, the multiple effects of sugar feeding upon

tsetse physiology and trypanosome growth have been highlighted (Peacocket al.,

2006). N-acetyl glucosamine is a known scavenger of ROS, superoxide and

hydroxylions (Xin ef al., 2006) and an effect on trypanosomeinfection rates

through reduction of ROSchallengeis a strong alternative hypothesisto the lectin

theory. Indirect evidence suggests a role for antioxidantsin signalling during

parasite developmentin the fly and protecting tsetse flies against trypanosomes

(Hao et al., 2001; Hao et al., 2003; Macleodet al., 2007a; Macleodef al., 2007b).

The symbiont W. glossinidia has also been linked to host immunity. Ampicillin

treatment(per os) of female flies has been shownto selectively eliminate W.

glossinidia symbiontsin their progeny.Interestingly, these progeny exhibited
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variability in susceptibility to trypanosomeinfection; only older fed progeny, as

opposedto teneral flies <48 hr p.e., showed an increased susceptibility to midgut

trypanosomeinfection (Pais ef al., 2008). However, the role W. glossinidia plays

in bloodmeal digestion wasalso considered and the contribution of nutritional

starvation, knownto result in higher midgut trypanosomeinfection prevalences

(Kubi et al., 2006), could not be discounted. Moreover, the same per os treatment

regime using the same concentration of ampicillin has also been shownto

significantly reduce S. glossinidius populations (Weisset al., 2006). Therefore,

the specific contributions of S. glossinidius or W. glossinidia to host susceptibility

to trypanosomeinfection cannot be separated.

There were four main objectives in this study. Firstly, to compare the efficiency

and efficacy of S. glossinidius and W. glossinidia clearance by continuous

supplementation of the host bloodmealdiet with one of two different antibiotic

treatments, either gentamycin or ampicillin/tetracycline combination. Notably,

these antibiotics exhibit different modes of antibacterial activity. Secondly,to

determinethe effect, if any, of an antibiotic-supplemented diet uponfly lifespan

and fecundity maintained. Thirdly, to ascertain whether the commensal

microbiota of Glossina influences the host’s midgut immuneresponses. Host

immuneresponses to symbiont clearance were determined by analysis of host

defence peptide (HDP)transcript levels in midgut and fat body tissues.

Additionally, HDP transcript expression levels in aposymbiotic and control flies

were monitored upon challenge with T. b. brucei BSF trypanosomes, FE.coli and

S. glossinidius to ascertain the influence symbionts have on HDP expression

profiles. The final objective wasto investigate the potential of generating an

aposymbiotic fly colony by monitoring the efficiency of symbiont clearance in

progenyofantibiotic-treated females.
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5.2 MATERIALS AND METHODS

Fly maintenance

Thetsetse fly (G. m. morsitans) colony was maintained at the Liverpool School of

Tropical Medicine (colony established in 2002 from the Bristol colony,itself

originally derived from flies from Zimbabwe). Flies were kept at 26° C +/- 1°C

and 60-70% relative humidity. Flies were fed defibrinated horse blood (TCS

Biosciences, Buckingham, UK) byartificial membrane system every 48 hours

unless stated otherwise (Moloo, 1971).

Antibiotic treatments

Newly emerged flies (<24 hours post eclosion) were maintained on one of four

different bloodmeal treatments: (1) defibrinated horse blood only (BM group); (2)

defibrinated horseblood plus supplement (BMSgroup)(3 ul/ ml blood); (3)

defibrinated horseblood, supplement(3 pl/ml), ampicillin (30 ug/ml) (Sigma, UK)

and tetracycline (5 ug/ml) (Sigma, UK)(BMSAgroup)or (4) defibrinated

horseblood, supplement plus gentamycin (50 pg/ml) (Sigma, UK). The bloodmeal

supplement wasprepared using a modification of the Nogge protocol (Nogge,

1976). MEM vitamin solution (Life Technologies catalogue no. 11120-052) was

supplemented with thiazole (100 pg/ml) (Sigma, UK), lipoic acid (100 ug/ml)

(Sigma, UK) and biotin (100 pg/ml) (Sigma, UK).

Bacterial stocks

Escherichia coli strain K12 RM148 bacteria were grown on Luria broth (LB)

plates at 37 °C. Cells were washed and resuspended in phosphate buffered saline

(PBS)to an adjusted cell concentration of OD=0.5 at Agoo. Heat-killed bacteria

were prepared by incubating cells at 75°C for 10 minutes. Bacterial death was

confirmed by streaking 200 ul of each stock onto an LB plate and checking for

bacterial growth at 37°C after 1 day. Stocks were frozen in 200 ul aliquotsat

-80°C,

S. glossinidius bacteria were isolated and cultured from G. m. morsitans colony

flies as described previously (Matthew ef al., 2005). For experimental purposes,

cells were cultured in MMI medium (Sigma, UK) for three days before use. Cells

162



were washedin PBS, spun at 3800 rpm for 10 mins and resuspended in PBSto

OD=0.5 at Agoo. S. glossinidius were killed by snap freezing at -80°C.

Immunechallenge of antibiotic treated flies

At day 13 post BM, BMS, BMSAor BMSGtreatment, male G. m. morsitans

were fed a bloodmeal containing a 10% (v/v) dilution of either PBS (control),

heat-killed E. coli (OD=0.5 at Agoo), heat-killed S. glossinidius (OD=0.5 at Agoo)

or live S. glossinidius (OD=0.5 at Agoo) in defibrinated horse blood. Flies were

offered the bloodmeal for 10 minutes and only flies that had taken a bloodmeal

were dissected 18 hours later. Midgut and fat body samples were frozen in pools

of 5 flies for subsequent HDP expression determination.

Trypanosomeinfection

Preparation of a trypanosome-containing bloodmeal was performed by adding

200 ul mouse blood to 5 ml defibrinated horse blood, giving a final concentration

of approximately 2 x 10° trypanosomes/ ml. Unfedflies were removed 24 hours

later. Flies were maintained on the designated feeding regime (i.e. BM/BMS/

BMSAor BMSG)until six days after the infectious bloodmeal, when fly midguts

were dissected.

Trypanosomeinfection determination

The infection status of each fly was determined by midgut dissection of cold

anaesthetised (4°C) flies in PBS on a glass slide and subsequent search for

procyclic trypanosomesin 10 random fields by light microscopy under 125 X

magnification.

RNAandprotein isolation

Tsetse midgut/ fat body tissues were dissected in PBS, snap frozen and

maintainedat -80°C prior to RNA extraction. All midgut and fat body samples

were frozen in pools of 3. Total RNA wasextracted from tissues using Trizol

reagent (Invitrogen, Paisley, UK). RNA wastreated with RNase-Free DNase

(Promega, Southampton, UK) following extraction and was quantified using a

Nanodrop ND-1000 (Wilmington, DE) spectrophotometer.
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RT-PCRanalysis

The Promega Access RT-PCR System (Promega) was used for semi-quantitative

analysis of transcript expression. The G. m. morsitans GAPDH (Accession

number DQ016434) housekeeping gene wasusedasa loading control. The

primers used in semi-quantitative RT-PCRreactions for determination of

transcript abundanceintsetse tissues were:

 

 

 

      

Gene NCBI Primer sequence Gene

Accession region
Attacin AF368909 5' GCACAGTATCATCTAACC 3’ 152-564 bp

5' GCCAAGAGTATTCATATCG3’

Cecropin DQ016433 5' TTGCTTTAATACTCGCTCTTTCA3’ 50-345 bp

5' CTTATGTGCTTAGGCGTATTTTT3’

Defensin AF368907 5' CAGTCAACACTCAGCGTCGAAAGT3’ 13-392 bp

5' GTTCCACATTCAAGTCTTCGTTTCT3'
 

RTPCRcycling conditions were as follows: 48°C for 45 minutes, 94°C for 2

minutes, followed by 23 cycles of 94°C for 30 seconds, 55 °C for 1 minute, 68°C

for 2 minutes and a final extension of 68°C for 7 minutes for attacin (GmmAttA1)

and GAPDH.An annealing temperature of 50°C and 24 cycles was used for

RTPCRanalysis of defensin and cecropin transcript abundance. RTPCR products

were analysed by gel electrophoresis using 1.5% (w/v) agarose gel. Band

intensities were measured using Gene Tools software on a Gene Genius Bio

Imaging System (Syngene, Cambridge, UK).

Immunoblots

Immunoblotting of W. glossinidia and S. glossinidius specific proteins was

performed using Hybond""-P polyvinylidene difluoride (PVDF)transfer

membrane (Amersham Biosciences, Amersham, UK)using a 1:30,000 dilution of

polyclonal anti-Sodalis mouse antiserum or a 1:20,000 dilution of monoclonal

anti-Sodalis mouse antibody (mAb 2G4). A 1:50,000 dilution of horseradish

peroxidase conjugated goat anti-mouse IgG/IgM (H+L) (Caltag Laboratories,

South San Francisco, CA) was used as secondary antibody. Unless otherwise

stated, a single tsetse midgut equivalent was loaded per lane. Kodak Biomax MR

film (Eastman Kodak Company, Rochester, NY) was used to detect

chemiluminescence. After developmentof the autoluminograms, proteins were
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stained on the PVDF membrane with 0.2% (w/v) nigrosine in PBS to ensure

equivalent protein loading perlane.

Fecundity cost of antibiotic treatment

Breeding cages of G. m. morsitansflies were set up using 48 females flies aged

< 24 hours p.e. Twelve 7-day old male flies that had received 4 bloodmeals(i.e.

were sexually mature and healthy) were added per cage (4:1 ratio female:male).

Flies were maintained on a feeding regime of BM/ BMS/ BMSAor BMSGover a

14 week period. Puparia were collected overthis time period and puparial weights

determined using a Sartorius analytical balance.

Statistical analysis

Statistical analysis was performed using SPSS16 statistical analysis software

(SPSSInc., Chicago,Illinois). A one-way analysis of variance (ANOVA)test was

used to determine if the HDP expression levels differed significantly between the

BM, BMSand BMSAtreated groups. Wherestatistical differences were found, a

Tukey B post hoc test was conducted. In the case of trypanosomechallenge

experiments, infection data were initially analysed in the multinomiallogistic

regression option in SPSS16. Date had no evident effect so the treatment classes

were combined overdates and then analysed using conventional Pearson chi-

squared analysis. Differences were deemedstatistically significant at p< 0.05.
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5.3 RESULTS

5.3.1 Can symbiont numbersbe reduced byfeedingflies the antibiotic

gentamycinin the bloodmeal?

A titration experiment was performed to determinefirstly if the Glossina

symbiotic bacteria, S. glossinidius and W. glossinidia, could be cleared by per os

gentamycin treatment in the bloodmeal and secondly at what gentamycin

concentration clearance of these symbionts was effective after one week.For their

first two bloodmeals,flies were offered a bloodmeal containing gentamycin at one

of three different concentrations, either 5 ug/ml, 25 pg/ml or 50 pg/ml. Fly

midguts were examined for symbiont clearance 4 dayslater.

Western blot analysis of fly midguts showed S. glossinidius clearance at a dose of

50 pg/ml (Fig. 5.1; Lane 4), as indicated by the partial disappearance of an 18 kDa

S. glossinidius-specific protein band. The nigrosine-stained PVDF membrane

confirms equal protein loading per lane andinterestingly, showsthat no

significant differences in the overall midgut protein expression profile were

present between control and gentamycin-treated groups.
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Figure 5.1: S. glossinidius clearance from male G. m. morsitans midguts
following gentamycin treatment. Western blot analysis using mAb 2G4,an anti-
Sodalis mouse monoclonal antibody, on male G. m. morsitans midguts following

treatment with Lane (1) no antibiotic (control), Lane (2) 5 ug/ml gentamycin,

Lane (3) 25 pg/ml gentamycin or Lane (4) 50 pg/ml gentamycinin the first two
bloodmeals. Flies were starved for 4 daysprior to harvest of 8-day old fly

midguts. One midgut equivalent was loaded perlane from a poolof4 flies.
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5.3.2 How quickly does antibiotic treatment clear tsetse midgut symbionts?

A three week timecourse experiment was subsequently undertaken to determine

the efficacy of symbiont clearance using twodifferent antibiotics. Male flies were

fed on one of four treatments: bloodmeal only (BM); bloodmeal + vitamin

supplement (BMS); bloodmeal + vitamin supplement + ampicillin (30 pg/ml) +

tetracycline (5 ug/ml) (BMSA); or bloodmeal + vitamin supplement + gentamycin

(50 pg/ml) (BMSG). Western blot analysis of fly midguts was performed using an

anti-Sodalis polyclonal antiserum. This antiserum detects three proteins expressed

by Glossina symbionts; Hsp60, a 60 kDa heat shock protein expressed by both W.

glossinidia and S. glossinidius, an unknown 18 kDa S. glossinidius specific

protein and the S. glossinidius specific Omp C-like protein (11 kDa).

Overthe 3 week time period, all three symbiont proteins were continuously

expressed in the BM treated group (Fig. 5.2, Panel A) indicating that the symbiont

population remainedstable overthis time period. In the BMStreated group,

Hsp60 expression (60 kDa) was observed to be consistent overall (Fig. 5.2, Panel

B) but decreased expression of the 18 kDa and OmpC-like (11kDa) S. glossinidius

specific proteins was noted at day 15 and day 21. This could possibly be attributed

to the natural variation in S. glossinidius numberperfly and wasnotbelieved to

be due to anti-bacterial activity of the bloodmeal supplement.

As expected, antibiotic treatment affected the protein expression of both W.

glossinidia and S. glossinidius specific proteins. In the BMSAgroup,S.

glossinidius specific proteins were neither detected at day 7, the first timepoint

sampled,norat later timepoints (Panel C). Additionally, a marked decrease in

Hsp60 expression was noted in the BMSA group compared to the BM and BMS

control groups. In the BMSGtreated group, a reduction in the expression of the

OmpC-like and 18 kDa S. glossinidius specific proteins was observed at day 7

onwards. A steady decrease in Hsp60 expression was noted over the 3 week time

period although clearance levels were not as high as seen in the BMSAtreated

group.
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Figure 5.2: Effect of gentamycin or ampicillin/tetracycline antibiotic
treatment upon symbiont protein expression in male G. m. morsitansflies
over a 21 day time period. Western blot analysis of male G. m. morsitans
midguts at day 7, 11, 15 and 21 of a feeding regime of (A) BM, (B) BMS(C)
BMSAor (D) BMSGwasperformed using an anti-Sodalis polyclonal antibody

that detects Hsp60 (60 kDa), S. glossinidius specific protein (18 kDa) and Omp C-

like protein (11 kDa) expression. One midgut equivalent was loaded per lane from

a poolof3 flies. This blot is representative of two replicate experiments.

Nigrosine staining of the membrane indicated equal loading perlane.

169



5.3.3 Does antibiotic treatment result in activation of host HDP immune

responses?

To investigate whether antibiotic treatment resulting in death of symbiotic

bacteria would lead to activation of Glossina innate immuneresponses, male G.

m. morsitans flies were maintained on a BM, BMS or BMSAsupplemented

bloodmeal feeding regime and HDP expression levels were monitored. The

BMSAantibiotic group was chosen for HDP expression analysis as clearance of

host symbionts appeared to be higher and quickerin this group than in the BMSG

treated group. Using the semi-quantitative method of RTPCR,transcript levels of

the differentially regulated HDPsattacin, cecropin and defensin were monitored

over the timecourse in both midgut and fat body immunoresponsive tissues. As

diptericin levels were not observedto fluctuate over the timecourse from a single

midgut replicate (data not shown), further analysis of diptericin expression was

not pursued.

Interestingly, differences in HDP expression profiles were observed in both

midgut and fat body tissues after control or antibiotic treatment. At day 1, in fly

midguttissue, attacin, cecropin and defensin transcript expression levels of the

BMSAgroup did not differ significantly from that of the control groups, BM and

BMS(Fig. 5.3, Panel A and B). However, by day 3, attacin and cecropin

expression was higher in the BMSA-treated group than in the control groups. This

difference in attacin and cecropin expression between the BMSAandcontrol

groupsat day 3 wasstatistically significant (Fig. 5.3, Panel A; Table 5.1).

However, after day 3, attacin and cecropin levels decreased in the BMSAtreated

group. Nostatistically significant difference in expression level was observed

between the BMSAandthe two control groupsat any of the other later

timepoints. In comparison to attacin and cecropin transcript expression, defensin

transcript expression in the fly midgut was far more variable (Fig. 5.3, Panel C).

Nodistinctive trend of expression could be discerned across the timecourse and

no significant difference in transcript expression was observed between the

BMSAandthe two control groupsat any of the timepoints examined (Table 5.1).
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In the fly fat body, significant differences in transcript expression between the

control groups (BM and BMS)andthe antibiotic treated group (BMSA) were

observed from day | post treatmentin the case of attacin and defensin transcript

expression (Fig. 5.4, Panel A & C). Analysis of attacin expression in fly fat body

indicated a significant difference in expression between the BM/BMScontrol

groups and the BMSAtreated group at day 1, day 3 and day 5 but not from day 5

onwards (Fig. 5.4, Panel A; Table 5.1). Defensin transcript levels of the BM/BMS

control groups differed significantly from the BMSAantibiotic treated group at

day 1 and day 3 (Fig. 5.4, Panel C; Table 5.1) by notat later timepoints. Overall,

cecropin expression wassignificantly lowerin fly fat body tissue for all three

experimental groups than in fly midgut tissue over the 3 week timecourse. No

significant difference in transcript expression was noted between the BMSA

group and the two controls groupsat any of the timepoints examined.

Interestingly, levels of HDP expression in fly midgut between the three groups did

not differ significantly from each other at day 19, the final timepoint sampled;

attacin (F(2, 6)= 2.67, p=0.148), cecropin (Fi, = 0.79, p=0.50), defensin (F(2, 6=

0.33, p=0.73) (Fig. 5.3; Table 5.1). Furthermore, no significant difference in HDP

expression wasnotedin fly fat body tissue between the three groups at day 19;

attacin (F(z, = 0.93, p=0.44), cecropin (Fi, 6)= 0.63, p=0.57), defensin (Fi, 6)=

1.09, p=0.39) (Fig. 5.4; Table 5.1). This indicated that basal HDP transcript

expression did not differ significantly in flies possessing either higher or lower

numbers of S. glossinidius and W. glossinidia symbionts.

In both fly midgut and fat body samples,statistically significant differences in

HDPtranscript expression were noted between the BMS/BMSAgroupsand the

BM group or between the BM/BMSAgroupsand the BMSgroup at various

timepoints (Table 5.1, marked *). The difference in meantranscript expression at

these timepoints was not as marked as was that viewed between the BM/BMS

control groups and BMSAgroupat day 3. Also, much lower standard error was

observed at these timepoints in comparison to other timepoints.
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Figure 5.3: HDP expression in male G. m. morsitans midgut following
ampicillin/tetracycline treatment over a 19 day timecourse. RTPCRanalysis

of: Panel A: attacin, Panel B: cecropin and Panel C: defensin HDPtranscript

expression over a 19 day time course following BM (blue), BMS(red) or BMSA

(green) treatment. Mean +/- S.E.M. values are depicted of three replicate

experiments.
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Figure 5.4: HDP expression in male G. m. morsitans fat body following
ampicillin/tetracycline treatment over a 19 day timecourse. RTPCRanalysis

was performed of: Panel A: attacin, Panel B: cecropin and Panel C: defensin

HDPtranscript expression over a 19 day time course following BM (blue), BMS

(red) or BMSA(green) diet treatment. Mean +/- S.E.M.values are depicted of

three replicate experiments.
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Gene Day Tissue ANOVA Tissue ANOVA
AtA 1 MG Foo= 3.16; p=0.12 FB Foo= 21.58: p<0.01 **

3 MG Foe= 19.76; p<0.01 ** FB Foa= 12333; p.0.01 **

5 MG Fao= 1.25; p=0.35 FB Fow= 17.13; p<0.01 **
7 MG Foo= 0.34; p=0.72 FB Fo6= 2.97; p=0.13
9 MG Foew= 0.87; p=0.47 FB Foo= 4.50; p=0.06

1 MG Foo= 1.45; p=0.31 FB Foo= 2.35; p=0.18
13. MG Fao= 10.57; p<0.05 * FB Foo= 4.77; p=0.06
15 MG Foo= 13.93; p<0.01 * FB Foo= 2.96; p=0.13
17 MG Foo= 0.14; p=0.87 FB Fo6= 2.96; p=0.13
19 MG Foo=2.67; p=0.15 FB Foo= 0.93: p=0.44

Gene Day Tissue ANOVA Tissue ANOVA
Cec | MG Foo= 2.71; p=0.15 FB Foo= 2.75; p=0.14

2 MG Foa= 85.72; p<0.01 ** FB Foe 1.99; ps0.05 *

5 MG Foo= 1.74; p=0.25 FB Fa6= 0.94; p=0.44
7 MG Foo= 2.43; p=0.17 FB Foo= 0.71; p=0.53
9 MG Fo= 2.42; p=0.17 FB Foe= 6.97; p<0.05 *

i MG Foo= 0.47; p=0.65 FB Fa6= 3.75; p=0.09
13. MG Foo= 0.54; p=0.61 FB Fa6= 3.85; p=0.08
15 MG Foe= 6.73; p<0.05 * FB Fee= 10.85; p<0.01 *

17 MG Foo= 2.34; p=0.18 FB Foo= 0.89; p=0.46
19 MG Foo= 0.79; p=0.50 FB Foe= 0.63; p=0.57

Gene Day Tissue ANOVA Tissue ANOVA
Def 1 MG Fo= 0.61; p=0.58 FB Fow= 4.79; p<0.05 **

3 MG Foo= 1.40; p=0.32 FB Fa6= 13.44; p<0.01 **
5 MG Foo= 0.28; p=0.77 FB Fo= 0.79; p=0.50
7 MG Foo= 3.28; p=0.11 FB Fo6= 1.02; p=0.41
9 MG Foo= 25.98; p<0.01 * FB Fo6= 0.44; p=0.67
11 MG Foeo= 2.13; p=0.2 FB boos)29; p.0.05.5

13 MG Fo6= 0.02; p=0.98 FB Fa6= 3.83; p=0.09
15 MG Fo6= 1.93; p=0.23 FB Fow= 5.92; p<0.05 *
17 MG Foo= 1.04; p=0.41 FB Foo= 2.72; p=0.14
19 MG Foo= 0.33; p=0.73 FB Fa6= 1.09; p=0.39    

Table 5.1: Statistical analysis using ANOVAto determinethe effect of
antibiotic treatment upon HDPtranscript expression in G. m. morsitans male

flies. Attacin (Att), cecropin, (Cec) and defensin (Def) transcripts were analysed

from midgut (MG) andfat body (FB) tissue sources. * and ** indicate a
statistically significant difference (p<0.05) was detected following ANOVA

analysis. ** indicates a significant difference was shown between the BMSA and

control (BM and BMS)groupsfollowing the Tukey B post hoctest. * indicates a

significant difference was shown between BM/BMSAand BMSor BMS/BMSA

and BM.Statistical analysis of the mean +/- S.E.M.values of three replicate

experiments was performed.
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5.3.4 Do symbionts alter naturalfly refractoriness to trypanosomeinfection?

Male G. m. morsitans flies, maintained on a BM, BMS, BMSA or BMSGdiet

were challenged with 7. b. brucei TSW196 BSFtrypanosomesateither day 1 (i.e.

previously unfed flies < 30 hrs old) or day 13 of the feeding regime. These

timepoints were chosenas they represented either a period of symbiont clearance,

high HDP expression throughoutthe parasite midgut establishment phase and

high midgut susceptibility to trypanosome infection (day 1) or a period of low

symbiont number, lower basal HDPexpression and neartotal refractoriness to

trypanosomeinfection (day 13). Both BMSA and BMSGantibiotic treatments

were chosen to discern whether different symbiont clearance levels had different

effects upon trypanosomesusceptibility.

Whenflies were challenged with trypanosomesat day | and examined for

trypanosomeinfection 6 days later, mean infection rates of 59.66 % (+/- 5.86)

(BM), 61.02 % (+/- 4.65) (BMS), 51.04 % (+/- 1.04) (BMSA)and 47.53 % (+/-

1.63) (BMG)were observed. These midgut infection rates were as expected for

teneral flies aged <24 hr p.e. challenged at the 1bloodmeal with 7. b. brucei

TSW196 BSFtrypanosomes(see Chapter 1, Fig. 1.5). Importantly, co-feeding of

antibiotics with trypanosomesdid not appear to detrimentally affect the

trypanosomes. Additionally, no significant difference in susceptibility to

trypanosomeinfection wasdetected between the four groups (x°= 4.21, df= 3, p=

0.24) (Fig. 5.5).

In the case offlies in the BM (n=72), BMS (n=71) and BMSG (n=67)treated

groups, challenged with trypanosomesin the 7" bloodmeal at day 13, no infected

flies were detected. In the BMSAtreated group (n=65) only 1 infected fly was

identified (1.39 % +/- 0.08; Mean +/- S.E.M.). These infection rates of were as

expected for flies challenged at 7" bloodmealwith 7. b. brucei TSW196 BSF

trypanosomes(see Chapter 1, Fig 1.5). No significant difference in trypanosome

infection rate was detected between the four groups based on three replicate

experiments (x°= 2.84; df= 3; p=0.42). Notably, no significant difference in

mortality rate (x= 1.71; df= 3; p= 0.64) was detected between the four
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experimental groups. Therefore, antibiotic treatment was not detrimental to male

longevity over the timeframe chosen.
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Figure 5.5: Percent midgut T. b. brucei trypanosome prevalence of male G. m.

morsitansflies maintained a gentamycin or ampicillin/ tetracycline
supplemented diet. Flies were maintained on a BM (n= 87), BMS(n= 86),
BMSA(n=90) or BMSG(n= 82) diet and challenged with 7. b. brucei TSW196
BSFtrypanosomesat 1*' bloodmeal. Mean +/- S.E.M values are shownofthree

replicate experiments.
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5.3.5 Is the fly immuneresponseto E. coli or S. glossinidius altered by the

symbiontload?

Flies cleared or possessing symbionts were challenged with live or dead bacteria

(E. coli or S. glossinidius) and the immune responses monitored by measuring

attacin HDPtranscript levels. These immunestimulants were selected to compare

how a fly immunologically responds to a pathogen (E. coli) or symbiont(S.

glossinidius). By day 13, symbiont numbers were reduced in both the BMSA and

BMSGgroups(Fig. 5.1). The HDP attacin was chosen to monitor fly immune

responsesas by day 13 expression of this HDP had reached a steady state basal

level of expression in both midgut and fat body tissues of BMSA-treated flies

(Fig. 5.3 & Fig. 5.4).

In fly midguttissue, up-regulation of attacin expression was always observed in

response to E. coli challenge in each of the treatment groups (Fig. 5.6). However,

this immune response washighly variable betweenreplicates as indicated by the

large standard error values. Notably, no significant difference in attacin

expression was observed between the control groups (BM or BMS)andthe

antibiotic treated groups (BMSA or BMSG)in responseto heat-killed £. coli,

heat-killed S. glossinidius or live S. glossinidius challenge in the midgut (Fig. 5.6,

Panel A). Additionally, in fly fat body (Fig. 5.6, Panel B), no significant

difference in attacin expression was noted between the four groups following £.

coli or S. glossinidius challenge.

177



 

N
o
r
m
a
l
i
z
e
d

r
e
l
a
t
i
v
e
e
x
p
r
e
s
s
i
o
n

   
 

Figure 5.6: Attacin (GmmAttA]1)transcript expression in male G. m.
morsitans in responseto E. coli or S. glossinidius immunestimulation.
Normalized expression of attacin (GmmAttA1) in male G. m. morsitans (A)
midgut or (B) fat body after maintainence on a BM (blue), BMS(red), BMSA

(green) or BMSG(yellow) supplemented diet and immunechallenge on day 13

with (C) Control PBS, (ED) dead E. coli, (SD) dead S. glossinidius or (SL)live S.

glossinidius. Mean +/- S.E.M.of three replicate experiments are shown.
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5.3.6 Does antibiotic feeding affect G. m. morsitans fecundity?

To investigate the possibility of generating an aposymbiotic fly colony, female G.

m. morsitans flies were maintained on a diet of BM/BMS/BMSA or BMSG

treatment over a 14-week period. The effect of antibiotic treatment on the

fecundity parameters of total puparia production and puparial weight was

calculated. Additionally, female fly mortality was recorded overthis time period

to determineif antibiotic treatment also affected the longevity of treated flies.

Interestingly, marked differences in puparia production were noted between the

two antibiotic treatments (Fig. 5.7).

No distinct difference in puparia production was noted between the control BM

group (121.67 +/- 8.41; Mean +/- S.E.M.) and BMSGtreated group (106 +/-

18.15). A higher number of puparia were produced in the BMStreated group

(142.67 +/- 33.02) although high variability was also evident. However, a

significantly lower number of puparia were produced by the BMSAtreated group

(10.33 +/- 0.67) and these were only the result of the first gonotrophic cycle.

Furthermore, while no significant difference in puparial weight was noted

between the BM, BMS and BMSGtreated groups (Table 5.2), puparial weights of

the BMSAtreated group were consistently lower. A difference in overall mean

puparial weight of 13.13% was noted between the BMS and BMSAtreated

groups.

Analysis of the mortality rates of female flies indicated no marked difference in

total mortality between the BM, BMS, BMSAor BMSGtreated groups by week

14 (Fig. 5.8). However, it was noted that from week 4 until week 12 a lower

mortality rate was exhibited by the BMSAtreated group in comparison to the

control groups (Week 4: BMS= 13.19 +/- 5.93%, BMSA=7.64 +/- 2.78%; Week

12: BMS= 77.08 +/- 7.22%, BMSA= 57.64 +/- 10.37%).
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Rep 1 Rep 2 Rep 3 Overall

Mean
BM 23.11+/-0.26mg 20.93+/-0.39mg 22 +/-0.31 mg 22.01 +/-

(n=137) (n= 108) (n= 120) 0.63 mg
BMS 23.15 +/-0.27 20.02 +/-0.46mg 21.51 +/-0.31 mg 21.56 +/-

mg (n=197) (n= 83) (n= 148) 0.91 mg
BMSA 19.81 +/- 0.87 18.38 +/-0.7mg 17.99 +/-1.04mg 18.72 +/-

mg (n=9) (n= 11) (n= 11) 0.55 mg
BMSG 23.21 +/- 0.31 20.60 +/-0.44mg 20.91 +/-0.24 mg 21.58 +/-

mg (n=120) (n= 70) (n= 128) 0.82 mg

 

 

     
Table 5.2: Puparial weights of progeny derived from G. m. morsitans female

flies maintained on a BM/BMS/BMSAor BMSGsupplementeddiet. n=

numberofpuparia weighed per replicate. Mean +/- S.E.M. values are shown.
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Figure 5.7: Puparia production of G. m. morsitans female flies maintained on
gentamycin or ampicillin/ tetracycline antibiotic treatment. Total number of

puparia produced by BM, BMS, BMSAor BMSGfed females over a 14 week

time period. Mean (+/-) S.E.M.of three replicate experiments are shown.
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Figure 5.8: Cumulative mortality rate (“%) of G. m. morsitans femaleflies

maintained on antibiotic supplemented bloodmeals. Flies were fed on BM

(blue), BMS (red), BMSA (green) or BMSG (yellow) supplemented diet over a 14
week time period. Total number of females = 144 per group. This figure is

representative of three replicate experiments.
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Figure 5.9: Analysis of S. glossinidius specific protein expression in F1
progeny of gentamycin treated G. m. morsitans mothers. Western analysis of

tsetse midguts of male G. m. morsitans F1 progeny was performed using the mAb

2G4 anti-Sodalis mouse antibody of either BMSG maintainedflies (Lane 1) or

BM maintainedflies (Lane 2). % midgut equivalent was loadedper lane of 2

pooled midguts. This blot is representative of one replicate experiment. The

PVDF membraneisstained with nigrosine to visualize protein content in lanes.
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5.3.7 Do progeny of gentamycin-treated female flies have reduced symbiont

numbers?

Western blot analysis was performed to determine if gentamycin antibiotic

treatment of G. m. morsitans female flies resulted in a reduction or clearance of

symbionts in the midguts of their F1 progeny. A complete reductionin S.

glossinidius, as marked by the disappearance of an 18 kDa protein, was observed

in the progeny of gentamycin treated flies (Fig. 5.9, Lane 1) versus the progeny of

normal bloodmeal fed flies (Fig. 5.9, Lane 2). However, the monoclonalanti-

Sodalis antibody (mAb 2G4)is S. glossinidius specific. Thus the prevalence of W.

glossinidia in the F1 progeny following gentamycin treatment of mothers could

not be determined from this blot and would require further Western analysis or

alternatively PCR analysis (Pais ef al., 2008). Interestingly, the overall midgut

protein expression profile of F1 progeny assayed differed significantly from each

other. Most notably a protein band at 23 kDa was poorly expressed in the progeny

of gentamycin-treated flies (Lane 1) compared to progeny ofcontrol flies (Lane

2). Furthermore, an unknown 28 kDaprotein was more highly expressed in the

midguts of progeny of gentamycin-treated flies versus progeny of controlflies.

182



5.4 DISCUSSION

The roles that W. glossinidia, S. glossinidius and Wolbachia play in influencing

the physiological processesof the tsetse host, including digestion, reproduction

and immunity have been difficult to dissect. This is due, in part, to the difficulty

of selective elimination of a single symbiont by antibiotic treatment. While S.

glossinidius clearance has been reported previously by feeding tsetse

streptozotocin (Dale and Welburn, 2001), this has not been reported inliterature

since. Also, W. glossinidia-free but S. glossinidius intact flies have been generated

by per os ampicillin treatment (Pais ef al., 2008). However,this finding conflicts

with earlier reported clearance of S. glossinidius using this same treatment (Weiss

et al., 2006). In this study, the effect per os gentamycin or ampicillin/tetracycline

treatment had uponS. glossinidius and W. glossinidia symbiontclearance, fly

mortality, puparia production and fly immuneresponsesto bacteria and

trypanosomes wasinvestigated.

Gentamycin is a broad spectrum aminoglycosideantibiotic that is inexpensive and

used routinely in tissue andcell culture. It kills bacteria by binding the 30S

subunit of the bacterial ribosome, interrupting protein synthesis (Matsunagaefal.,

1986). Sensitivity of Serratia marcescens, another memberofthe y-

Proteobacteria, to this antibiotic has been previously reported (Stock ef al., 2003).

Ampicillin is a beta-lactam antibiotic and acts as a competitive inhibitor of the

enzymetranspeptidase.It blocks the final stage of bacterial cell wall synthesis,

whichleadsto cell lysis of Gram-negative and Gram-positive bacteria.

Tetracycline is a broad-spectrum polyketide antibiotic that binds the 30S

ribosomal subunit and prevents docking of amino-acylated tRNA (Zakeri and

Wright, 2008). Per os treatment of G. m. morsitans using ampicillin (50 ug/ml) or

tetracycline (25 ug/ml) has been reported to have a detrimental effect upon tsetse

fecundity (Dale and Welburn, 2001) and longevity (Nogge, 1976). In this study,

an ampicillin/tetracycline combination treatment was chosen. This protocol was

previously employed to generate aposymbiotic flies with no reported effect upon

numberof offspring (S. Aksoy, personal communication).
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While previous studies have investigated symbiont clearance at the DNA level

(Weisset al., 2006; Pais et al., 2008), in this study it was decided to investigate

symbiontclearanceat the protein level. The use of a polyclonal anti-Sodalis

mouse antiserum enabled screening of midguttissues for both S. glossinidius and

W. glossinidia specific proteins, while use of a monoclonalanti-Sodalis antibody

permitted screening for a S. glossinidius specific protein. Specificity of both the

antiserum and the antibody was previously confirmed by screening of W.

glossinidia (isolated from G. m. morsitans bacteriomes), in vitro cultured S.

glossinidius and a selection of other Gram-negative bacteria (L. R. Haines,

personal communication). Interestingly, a slight difference in molecular mass of

the Hsp60 protein expressed by S. glossinidius and W. glossinidia was detected,

which concurred with previous observations (Hainesef al., 2002). This protein

wasalso detected as a characteristic doublet in Western blots using the polyclonal

anti-Sodalis mouse antiserum.

A marked difference in symbiont clearance efficiency was noted between the two

different antibiotic treatments used in this study. This could be attributed to the

use of a double antibiotic treatment protocol versus a single antibiotic treatment

protocol and the different modesof action of these antibiotics. Gentamycin has

been reported as effective against extracellular bacteria, but ineffective against

facultative intracellular pathogens such as Shigella spp. and Listeria spp. due to an

inability to penetrate mammalian cells (Kadurugamuwaand Beveridge, 1998).

Thus,it is possible that only partial clearance of symbionts, particularly from

bacteriocytes and fat body, was achieved for this reason. In contrast, ampicillin

and tetracycline are both knownto affect intracellular and extracellular bacterial

growth (Hoerauf etal., 1999; Carryn et al., 2003). Thus, W. glossinidia located

within bacteriocytes and intracellular S. glossinidius could be killed by these

antibiotics.

The effect of symbiont clearance uponthe fly immune system wasinvestigated

following ampicillin/tetracycline treatment. This particular treatment was chosen

for analysis of host immuneresponses as higher symbiont clearance was noted by

this treatment than by gentamycin treatment. Four classes of host defence peptides

(HDPs) have beenidentified and characterised in Glossina to date- attacins (3), a
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defensin, a cecropin and a diptericin (Hao ef al., 2001; Boulangeret al., 2002b;

Wangef al., 2008). Attacin (GmmAttA1), defensin and cecropin expression was

monitored as these transcripts have previously been demonstrated to be up-

regulated in response to Gram-negative bacteria (Hao ef al., 2001; Hu and Aksoy,

2006), while diptericin appears to be constitutively expressed (Haoef al., 2001;

Hao et al., 2003; D. Walshe, unpublished observations). In this study, only

expression of HDPs was monitored butit is also likely that up-regulation of other

immuneeffector molecules e.g. ROS (Haoet al., 2003; Macleodet al., 2007a;

Macleodet al., 2007b) also occurred in response to symbiontclearance.

In the insect model Drosophila, resident microbiota are recognised by the host

immune system. However,the intestinal homeobox gene caudal regulates the

commensal-gut mutualism by repressing NFkB-dependant HDPgenes(Ryuef al.,

2008). Glossina possesses an ortholog of the Drosophila caudal gene (cn9066,

1.2e-47), thus it is likely Glossina immuneresponses to symbiotic bacteria are

regulated in a similar manner. Feeding ofantibiotic to G. m. morsitans flies most

likely led to W. glossinidia and S. glossinidius symbiont death and lysis, causing a

massiverelease of bacterial molecules possessing pathogen associated molecular

patterns (PAMPs). These were recognised by the fly’s immunesystem via pattern

recognition receptors (PRRs) causing an up-regulation of host immuneresponses.

Notably, clearance of Wolbachia was not monitored in this study. However,

tetracycline treatment has been reported to clear Wolbachia infectionsin filarial

nemotodes (Hoeraufef al., 1999). Thus Wolbachia clearance may also have

contributed to HDP expression.It is unlikely up-regulation of HDPs occurred

directly in response to the antibiotics themselves as HDP expression of the

antibiotic treated groups was not up-regulated throughout the duration of the

timecourse experiment.

Activation of host immuneresponses occurred rapidly within both the fly midgut

and fly fat body. A significant difference in attacin and defensin transcript

expression between BM/BMSand BMSAwasnotedas soon as day | post

antibiotic treatment in fly fat body. Interestingly, a peak in HDP expression was

observedat day 3 in fly midgut (attacin and cecropin) and day | (defensin) and

day 3 (attacin)in fly fat body. This apparent faster up-regulation of HDPsin fly
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fat body versus midgut tissue mayreflect the cellular location of symbionts within

the fly itself and accessibility of the antibiotics to the symbionts. W. glossinidia

are located intracellularly within bacteriocytes and extracellularly within the

lumen of the milk gland (Attardo ef al., 2008). S. glossinidius are found both

intracellularly and extracellularly within the fly midgut, fat body, haemolymph

and milk gland (Pinnock and Hess, 1974; Cheng ef al., 2000; Attardo ef al., 2008).

Thusit is possible that clearance ofintracellular bacteria occurred more slowly

than clearance of extracellular bacteria. Alternatively, it is possible that the

threshold level of PAMPsrequired for HDPactivation in these two different

immunoresponsive tissues may differ. The fly midgut environmentcontains a

highly concentrated numberof bacteria, especially within the bacteriome,andit is

probably exposedto higher levels of symbiont-derived PAMPsona regularbasis

than fly fat body. As activation of an immuneresponse within the fly midgut can

profoundly influence the gut microbiota and insect health (Muyskens and

Guillemin, 2008; Ryu ef al., 2008), it plausible that a higher PAMP load would be

required for activation of midgut immuneresponses.

To date, Glossina midgut HDP expression profiles have not been fully elucidated.

Previous studies revealed up-regulation of attacin and defensin transcripts in G. m.

morsitans PV in responseto bacterial challenge (Haoef al., 2003). However, in

contrast in this particular study, neither HDP transcript could be detected in

midgut tissue of systemically immunechallenged flies. More recently, lower

expression of attacin has been reported in fly midgut tissue in responseto

bacterial challenge than in fly fat body (Hu and Aksoy, 2006). In this study,

significant up-regulation of cecropin and attacin transcripts was observed in male

flies after symbiont clearance by antibiotic treatment. In the case of the BMSA

treated group, this could be attributed in part to variation in symbiont numbers

between individualflies. However, no discernable trend in defensin expression

following symbiont clearance by antibiotic treatment could be established. Up-

regulation of defensin expression has been noted in Stomoxyscalcitrans and

Triatoma brasiliensis in response to bloodfeeding (Munksef al., 2001; Waniek e¢

al., 2009). However, similar expression profiles between the two control groups,

BM and BMS,would have been expected and a high degree of variability was

recorded betweenall three groups.
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In the fly fat body, marked up-regulation of attacin and defensin transcripts was

detected by antibiotic-mediated clearance of symbionts. Surprisingly, low

expression of cecropin transcripts was noted throughoutthe timecoursein all three

groups and nosignificant up-regulation of cecropin expression wasdiscerned in

the BMSAtreated group. However, up-regulation of cecropin transcripts in

response to Gram negative bacterial challenge in fly fat body has previously been

reported (Hu and Aksoy, 2006).

Atthe final timepoint (day 19) of the timecourse, no significant difference in HDP

expression was observed in either midgut or fat body tissues of the BM, BMSor

BMSAtreated groups. Thus reduction of symbiont numbersdid not appear to

have a significant effect upon fly basal immunity. Analysis of fly immune

responsesto E. coli or S. glossinidius (dead/live) was monitored by measuring

changesin attacin transcript expression. This molecule was chosenas significant

up-regulation ofthis transcript in both midgut and fat body tissues was observed

in response to E. coli (Chapter 2) and symbiontclearance. Interestingly, fly

immuneresponsesdid notdiffer significantly between control and aposymbiotic

flies to either E. coli or S. glossinidius (dead/live) challenge.

Additionally, trypanosome midgut establishment rates were determined following

T. b. brucei BSF trypanosome challenge of BM, BMS, BMSA or BMSG

treatment groups. Two timepoints were chosen for trypanosome challenge as they

represented (1) a period of high susceptibility to trypanosomeinfection and high

HDPexpression in responseto antibiotic treatment (day 1) and (2) a period of low

susceptibility to trypanosomeinfection and low basal HDP expression in

antibiotic treated groups (day 13). The BMSG group wasalso included to

determineif any difference in midgut establishment existed between twodifferent

antibiotic treatments with two different symbiont clearance rates. No significant

effect upon trypanosome midgut prevalence was noted following 1* bloodmeal

trypanosomechallenge or following 7" bloodmeal trypanosomechallenge

indicating that the antibiotic-mediated clearance of symbionts did not influence

fly susceptibility to trypanosomeinfection. Also, these results suggest that the

antibiotic treatmentitself did not have a detrimental effect upon trypanosomes.

However,these findings contradict recent observations that a decrease in W.
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glossinidia numbersresults in a higher susceptibility of older flies or the F1

progeny of ampicillin treated female flies to trypanosomeinfection (Paisef al.,

2008). Also, Dale and Welburn (2001) suggested selective clearance ofS.

glossinidius by streptozotocin treatmentled to a reduction in fly susceptibility to

trypanosomeinfection in streptozotocin-treated females or their Fl progeny.

However, in this study, as we could not confirm clearance of symbionts at 1“

bloodmeal trypanosomechallenge,there is a distinct possibility that symbionts

and their metabolites werestill present at a high enough concentration that

ingested trypanosomes encountered an environment favourable to establishment.

Also, if symbionts cause an increased susceptibility to trypanosomeinfection, a

decrease in trypanosomesusceptibility would be difficult to detect if flies were

challenged with an infective bloodmeal at day 13, when the majority offlies are

already refractory to trypanosomeinfection. Thus, it would be ofinterest to

challengeflies at 2™ bloodmeal(day 3) with infective trypanosomes. Underthese

circumstancesflies would have received at least one antibiotic feed and S.

glossinidius numbers would have hadtimeto decline. 7. b. brucei TSW196

trypanosomeinfection rates at 2™ bloodmealare typically ~30% (see Chapter1,

Fig. 1.5). Therefore, differences in fly susceptibility to trypanosomes would be

easier to detect than if flies were challenged with trypanosomesatlater

bloodmeals. Also, it would be necessary to challenge F1 progeny ofantibiotic

treated flies that were already cleared of their symbionts and devoid of symbiont-

derived metabolites.

Previous studies by Haoet al. (2001) have shownthat stimulation of the Glossina

systemic immunesystem with E. coli leads to a decrease in fly susceptibility to

trypanosomeinfection. Also, the HDPattacin has been incriminated in mediating

fly susceptibility to trypanosomeinfection (Hu and Aksoy, 2005, 2006; Nayduch

and Aksoy, 2007). In this study, while a significant increase in midgut attacin and

cecropin transcript expression (day 3) and fat body attacin and defensin transcript

expression (day 1) was observed after BMSAtreatment, no significant effect was

noted upon trypanosome midgutprevalence.It is possible that activation of

midgut HDPsby day 3 wastoolate or at too low a concentrationto affect

trypanosomeswithin the fly midgut environment. Alternatively, as the tsetse

immune system is known to mount differential immune responsesto different
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pathogens(Haoef al., 2001) and virulent and avirulent strains of bacteria (Weiss

et al., 2008), it is possible the spectrum of immuneeffector molecules produced in

response to symbiont clearance wasnotsufficient to affect trypanosome

establishment.

Although high symbiont clearance wasdetectedin flies treated with

ampicillin/tetracycline, a dramatic impact upon fly fecundity wasalso observed.

Thusthis treatment was not deemed to be a viable option for generation of

aposymbiotic F1 progeny.Interestingly, tetracycline treatment has been noted to

result in bacteriome degeneration (Schlein, 1977; Pais et al., 2008) and impaired

bloodmeal digestion (Pais ef al., 2008) which could account for the low numbers

of puparia obtained from ampicillin/tetracycline treated females. Interestingly,

high numbers of F1 progeny were obtained from gentamycin-treated G. m.

morsitans femaleflies. Additionally, symbiont reduction was detected in F1

progeny of gentamycintreatedflies, thus demonstrating the ability of this

antibiotic to penetrate the fly milk gland. Therefore gentamycin was deemed a

promising antibiotic treatment for generation of aposymbiotic flies. However,

further investigation would be required to determine if W. glossinidia numbersare

affected in F1 progeny. If a sustainable colonyis desired, the complete clearance

of W. glossinidia is unfavourableas it has been reported to result in fly sterility at

parental (Nogge, 1976) and F1 generation(Pais e¢ al., 2008). Ascertaining the rate

of puparial hatching and fecundity status of F1 progeny would beofinterest.

Interestingly, female flies treated with BMSA (between weeks 8-12) showed a

higher survivorship than BM/BMSor BMSGtreated females and the presence of

microbial flora may have influencedtheflies’ longevity. Is it possible that

stimulation of basal immunity by symbiotic bacteria leadsto a trade-off in fly

longevity? Notably, An. gambiae mosquitoes cleared of their gut microbiota and

then challenged with P. falciparum exhibited a higher survival rate than

mosquitoes challenged with P. falciparum only (Donget al., 2009). However,

mortality rates did not differ between the two groups of mosquitoes after feeding

on non-infected blood suggesting increased mortality was caused by the co-

occurrence of gut bacteria and malaria parasites (Dongef al., 2009). It would be

of interest to extend the timecourse of the trypanosomeinfection experiments
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beyond 6 days post infective bloodmeal to observe whetherthis is also the case in

symbiont-clearedtsetse.
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5.5 FUTURE WORK

In this study, clearance levels of G. m. morsitans symbionts by antibiotic

treatment were determined within the fly midgut environment only. However,S.

glossinidius and W. glossinidia populations have also been detected in the milk

gland lumen (Attardo ef al., 2008), that are then passed to the developing larvae in

utero. Thus, in future studies, it would be beneficial to determine symbiont

clearance from fly milk gland to determine the likelihood of symbiont clearance in

the F1 progenyofantibiotic treated females.

Also,in this study, screening of only a single F1 progeny sample (derived from

two individualflies) was performed to determine symbiont clearance efficacy

using aS. glossinidius specific monoclonal antibody. Screening of a larger sample

size of Fl progeny should be performedto ascertain both S. glossinidius and W.

glossinidia clearance. It would be of interest to determine whether symbiont

clearance differs in F1 progeny produced from earlier and later gonotrophic cycles

of antibiotic-treated females. The fecundity of F1 progeny wasnotassessedin this

study but should be investigated to determine the possibility of establishing a

symbiont-free G. m. morsitans colony. Also, it would be necessary to examine the

emergencerates of F1 pupae.

Examination of fly immuneresponseswaslimitedto flies treated directly with

antibiotic. However, it would be morepertinent to determine the immune

responsesof their progeny, which were demonstrated to possess lower numbers of

S. glossinidius and thus possess lower concentrations of S. glossinidius-derived

metabolites. Notably, Western blot analysis was the only method used to

determine symbiontclearancein this study. A titration series should ideally have

been performed to determine the lowerlimit of symbiont detection by screening

against an in vitro culture of known S. glossinidius density. Also, use of

microscopy and bacterial staining should be used in future studiesto verify

presence or absence of symbionts and to determinethe effect of antibiotic

treatment and clearance of symbiont populations uponthe fly midgut physiology.
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CHAPTER6

Innate immuneresponses of Stomoxys calcitrans to trypanosomes
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ABSTRACT

Stomoxys calcitrans is sympatric withtsetse flies and often feeds on the same

vertebrate hosts. However, despite exposure to the trypanosomesresponsible for

African trypanosomiasis in humansand animals,S. calcitrans does not act as a

cyclical vector. Previous evidence has suggested a role of the host immune system

in regulating S. calcitrans responses to imbibed trypanosomes.In this study, we

attempted to gatherinitial data on the role of the HDP stomoxyn and ROS upon

trypanosomesurvivalin the fly midgut.

Using a trypanosomestrain which expressed GFP underthe control of a procyclin

promoter, differentiation of BSF to procyclic form trypanosomes wasnot

observed in the S. calcitrans midgut. Additionally, all BSF trypanosomes were

cleared from the fly midgut within three hours of trypanosomeingestion.

However, procyclic trypanosomessurvived for 24-48 hours post ingestion of the

infective meal. RNAi of the HDP stomoxyn wasattempted by dsRNAinjection to

investigate whether knockdownofthis gene would result in a increase in BSF

trypanosomesurvival in the fly midgut. However, no gene knockdown was

observed in midgut tissue when measuredat the transcript level. Inclusion of the

antioxidant molecule glutathione (10 mM or 20 mM final concentration) in the

infective meal had no effect upon trypanosome longevity in the fly midgut.
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6.1 INTRODUCTION

Thestable fly Stomoxys calcitrans, is an important biting nuisance ofcattle and a

mechanical vector of several pathogensof veterinary importance, including the

trypanosomespecies Trypanosomavivax (Leak, 1999; Maudlin, 2004; Lehane,

2005). Interestingly, despite the fact that S. calcitrans is a sympatric species with

the trypanosome vector Glossina, feeds on the same vertebrate hosts as Glossina

and possesses similar midgut architecture to Glossina, this fly species does not act

as a cyclical vector of trypanosomes (Maudlin, 2004; Lehane, 2005). Complete

clearance of T. b. brucei trypanosomes from S. calcitrans midguts has been

reported to occur between two and four days of trypanosomeingestion (Abdally,

1996). Comparative analysis of the factors underlying S. calcitrans resistance to

trypanosomeinfection and Glossina susceptibility to trypanosomeinfection is of

interest from an evolutionary perspective. Also, in terms of parasitic disease

control, understanding vector biology is a key component.

The insect innate immunesystem is believed to play a key role in mediating

vector-parasite interactions in manydifferent insect-parasite systems (Aksoyet

al., 2003; Lehaneet al., 2004; Lemaitre and Hoffmann, 2007; Aggarwal and

Silverman, 2008). Considering the life cycle of T. brucei sspp. parasites, which

are transmitted by Glossina (but not S. calcitrans), infections initially establish in

the fly midgut and then mature in thefly salivary glands. Importantly, these

parasites remain extracellular within the host and do notcross the epithelial

barrier (Gibson and Bailey, 2003). Also, 7. vivax trypanosomeinfections, which

are transmitted by both Glossina and S. calcitrans species, develop and mature

within the mouthparts of Glossina solely (Maudlin, 2004). Thus, fly epithelial

immuneresponsesare likely to have a major impact upon the successorfailure of

trypanosomeinfection.

Two key components ofthe epithelial immune response to pathogen invasion

have been identified; firstly release of reactive oxygen species (ROS) and

secondly production of host defence peptides (HDPs) (Tzouefal., 2000; Haet al.,

2005a; Haet al., 2005b; Lemaitre and Hoffmann, 2007). Both have been

implicated in mediating Glossina immuneresponsesto T. b. brucei trypanosomes
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(Hu and Aksoy, 2005; Hu and Aksoy, 2006; Macleod et al., 2007a; Macleod et

al., 2007b). Studies by Macleodet al. (2007a, b) showedthat inclusion of

antioxidants in the infective bloodmeal fed to G. m. morsitansflies resulted in a

significant increase in fly susceptibility to trypanosome midgut and salivary gland

infection. Knockdownof the HDPattacin (GmmAttA1) orits transcriptional

regulator, Relish, led to an increase in fly midgut and salivary gland susceptibility

to trypanosomeinfection (Hu and Aksoy, 2006). These findings support

observationsofthe inhibitory effects of recombinant attacin (recGmAttA 1)

against both the BSF and PCFof 7. b. brucei in vitro (Hu and Aksoy, 2005).

Studies of S. calcitrans immunity suggest that S. calcitrans possess midgut

specific factors that act against invading microorganisms.It is already knownthat

the anterior fly midgut produces two defensin HDPs (Lehaneet a/., 1997) that are

secreted into the fly midgut lumen (Munksef a/., 2001; Hamilton ef al., 2002).

Notably, aS. calcitrans specific HDP, named stomoxyn, wasidentified to be

constitutively expressed in the anterior midgut (Boulangeref al., 2002a). This

molecule displayed significant trypanolytic activity in vitro to T. b. rhodesiense

parasites. However, the activity of this protein in vivo andits role in mediating

Stomoxys- trypanosomeinteractionsis not fully understood.

Although germline transformationis possible in S. calcitrans (O'Brochtaet al.,

2000), the technique of RNAialso represents an attractive method to knockdown

genetranscripts of interest in adult flies. This technique has already been

successfully applied to studies of gene function in a variety of vector-parasite

systems, including mosquito-Plasmodium (Ostaet al., 2004; Donget al., 2006b;

Antonovaet al., 2009) and Glossina-Trypanosoma (Hu and Aksoy, 2006) .

However, no studies of gene knockdownin adult Muscidaeflies have been

reported to date. In this project, feeding of BSF and procyclic form trypanosomes

was performed to determine whetherparasite survival differs between these two

different life cycle stages. Gene knockdown of the HDP stomoxyn was attempted

within the fly S. calcitrans to determine if successful gene knockdown impacted

upon trypanosomeinfection longevity within the fly midgut. Also, the effect of

inclusion of the antioxidant glutathione upon trypanosomesurvivalin the fly

midgut was investigated.
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6.2 MATERIALS AND METHODS

Insects

S. calcitransflies were cultured as described previously (O'Brochtaef al., 2000).

In brief, flies were maintained at 22-24 °C, 60% relative humidity in a 12 hour

light: 12 hour dark cycle. Larvae were reared on a mixture of bran (1 litre), wood

shavings(1 litre), molasses chaff (1 litre), dried calf milk (400 ml), malt extract

(200 ml), yeast tablets (20) and water (1.5 litre). The mixture was allowed to

ferment for 3 days before use. Breeding adult flies were fed on cotton wool swabs

soaked with defibrinated horse blood (TCS Biosciences, Buckingham, UK) or

10% sucrose prepared using water of high purity (18Q). Under these conditions

the lifecycle took approximately 28 days. Experimentalflies were collected and

wings were clipped prior to use in all experiments.

Trypanosomes

Thetsetse fly transmissible strain 7. b. brucei 427 Variant 3 (MOVS/UG/60/427)

BSFstrain (Gibsonef a/., 2008), which expressed GFP on differentiation to the

procyclic parasite form, were obtained from mice at peak parasitaemia and kept

frozen at -80 °C until use. PCF trypanosomeswere obtained from their

corresponding BSFby transformation at 27°C (Brun ef al., 1979) and

subsequently weaned to MEM with 10% FBSasdescribed previously (Stebeck e¢

al., 1995). PCFs wereharvested at log-phase growth (1 x 10° tryps/ml) and

washedtwice in sterile PBS to remove traces of medium-derived antibiotics.

Preparation of infective meal

Infective meals were prepared in either defibrinated horse blood (TCS

Biosciences, Buckingham, UK)or heat inactivated serum derived from

defibrinated horse blood.In brief, to prepare the serum, defibrinated horse blood

wascentrifuged at 3,600 rpm for 15 minutes to separate serum and red blood

cells. Serum wasthen heat-inactivated at 56 °C for 30 minutes. S. calcitrans were

fed either BSF (1 x 10° trypanosomes/ ml) or PCF trypanosomes(1 x 10°

trypanosomes/ ml) by placing a pool of blood/serum within a Petri dish containing

ten flies. Flies were observed feeding and any flies than had not fed within 15

minutes were removed from the experiment.
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Antioxidant solutions

Stock solutions (250 mM)of glutathione (Sigma, UK) wereprepared initially in

sterile NFW wateranddiluted to a final concentration of 10 mM or 20 mM in

serum.

Infection determination

Fly midguts were examined for surviving trypanosomesat stated timepoints after

the infective feed by dissection. Twenty fields of view were examined under 250

X or 400 X magnification using a light microscope (Vickers, UK) or Zeiss HAL

100 confocal microscope.

dsRNAsynthesis

Stomoxyn template was amplified from S. calcitrans mRNA using the T7Stom

primerset listed below without flanking T7 sites. The 220 bp ampliconidentity

wasconfirmed by DNA sequencing (GATC Biotech, Cambridge, UK) and ligated

into the pCR-TOPOII vector using the TopoTAcloning kit (Invitrogen, UK).

dsRNAswere synthesized using PCR ampliconstailed with T7 promoter

sequences and the MEGAscript High Yield T7 Transcription kit (Ambion,

Huntingdon, UK) according to manufacturer’s instructions. Double stranded

ampicillin (dsAMP) was generated using pBluescript II SK+ as template and used

as a negative dsRNAcontrol in the experiments. Primer sequences used were:

T7StomU:

5' TAATACGACTCACTATAGGGAGATGTATCCAATTCACTTTTCA 3’

T7StomL:

5' TAATACGACTCACTATAGGGAGAGCAACTACAGCAGCTCCACTTC 3'

AmpT7A

5' TAATACGACTCACTATAGGGTTGCCGGGAAGCTAGAGTAAGTA3'

AmpT7B

5' TAATACGACTCACTATAGGGAACGCTGGTGAAAGTAAAAGATG3'

Template DNA was removedfrom the transcription reaction by DNase treatment.

dsRNAwaspurified using MEGAclear™columns (Ambion) and eluted in

nuclease free water. dsRNA eluates were then concentrated to ~4 pg/ wl using a
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Christ (Osterode, Germany) 2-18 rotational vacuum concentrator. dsRNA

concentrations were measured using a Nanodrop ND-1000 (Wilmington, DE)

spectrophotometer.

dsRNAinjection

Maleflies (aged 24-48 hours p.e.) were fed one bloodmeal and injected with

dsRNA 24 hourslater. Flies were anaesthetized by chilling on ice and

subsequently injected with 1.5 ul dsRNA solution (4 ug/ ul or 3 wg/ ul) in the

dorsolateral surface of the thorax (scutum). Flies were subsequently fed

defibrinated horse blood 24 hours later and dissected on day 3 post dsRNA

injection.

RNAandprotein isolation

S. calcitrans midgut tissues were dissected in PBS, snap frozen and maintained at

-80°C prior to RNA andprotein extraction. Total RNA wasextracted from

individual tissues using Trizol reagent (Invitrogen, Paisley, UK). RNA was

treated with RNase-Free DNase (Promega, Southampton, UK) following

extraction and was quantified using a Nanodrop ND-1000 (Wilmington, DE)

spectrophotometer.

RT-PCRanalysis

Promega Access RT-PCR System (Promega, UK) was used for semi-quantitative

analysis of stomoxyntranscript expression. The S. calcitrans $14 ribosomal gene

(Accession number AF 119387) was used as a loading control. Stomoxyn primers

were designed to the submitted mRNA sequence Accession number AF467987 to

yield a 220 bp product. The primers used for determination oftranscript

abundance in fly midgut were:

T7StomU:

5' TAATACGACTCACTATAGGGAGATGTATCCAATTCACTTTTCA3’

T7StomL:

5' TAATACGACTCACTATAGGGAGAGCAACTACAGCAGCTCCACTTC3'

S14F: 5' CACTGGCGGCATGAAGGTAAAAG3'

S14R: 5‘ TCTGCGTGTGGAATCGGAAGGAAT3'
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RT-PCRcycling of stomoxyn and the S14 ribosomal gene amplification were

performed at 48°C for 45 minutes, 94°C for 2 minutes, followed by 25 cycles of

94°C for 30 seconds, 55°C for 1 minute, 68°C for 2 minutes anda final extension

of 68°C for 7 minutes. RT-PCR products were analysed by gel electrophoresis

using 1.5% (w/v) agarose gel. Using Gene Tools software on a Gene Genius Bio

Imaging System (Syngene, Cambridge, UK) bandintensities were then measured.
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6.3 RESULTS

6.3.1 How long do BSF and PCFtrypanosomessurvive in the midgutofS.

calcitrans?

In a preliminary study, 7. b. brucei BSF trypanosomes have been reported to

survivein the S. calcitrans midgut for two to four days following ingestion of

trypanosomes(Abdally, 1996). To investigate the longevity of survival of the

GFPstrain of 7. b. brucei and whether surviving BSF trypanosomes were capable

of differentiating to the procyclic form, BSF trypanosomeswere fed to 24-48 hour

old, previously unfed S. calcitrans female and maleflies.Initially, feeding

experiments were performed by including trypanosomesin a normal bloodmeal of

defibrinated horse blood. However, the numberofred blood cells present made

counting of surviving trypanosomesdifficult. Consequently, flies were fed

trypanosomesin heat-inactivated horse serum instead. Flies were then dissectedat

regularintervals and the midgut tissue examined for surviving trypanosomes.

Interestingly, flies were observed to feed readily on horse serum. Clearance of

BSFtrypanosomesfrom the fly midgut occurred more rapidly than reported in

previous studies (Abdally, 1996). Small numbers of motile trypanosomes were

observed in both male and female flies by 15 minutes post ingestion of the

infective meal. However, by two hourspost ingestion, trypanosomeshad been

cleared in most fly midguts. By three hours after feeding, no trypanosomes were

observed in any ofthe dissected midguts (Fig. 6.1). No significant difference in

trypanosomesurvival was noted between the two sexes. Also, of the live

trypanosomesdetected, none were observedto fluoresce. This suggestedthat

differentiation of trypanosomesfrom the BSFto the procyclic form did not occur

in vivo in S. calcitransflies. Correct differentiation to the procyclic form, reported

by expression of GFPby this 7. b. brucei strain, was confirmed in male G. m.

morsitans (aged <24 hrsp.e.).

Interestingly, based on a single replicate experiment in male S. calcitrans, PCF

trypanosomeswere observed to survive for a longer time period in the fly midgut

than BSF trypanosomes. Fly midguts were examined at four timepoints, namely
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15 minutes, three hours, 24 hours and 48 hours post feeding of an infective meal.

Ten trypanosomeswere observedperfield 15 minutes after feeding a PCF-

containing meal (n=3). This decreased to 1-2 trypanosomesper field at three

hours (n=3) and 24 hourspost infection (n=3). By 48 hours post delivery of the

infective meal,all trypanosomeswere cleared from the insect midgut (n=3).
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Figure 6.1: Survival of BSF trypanosomesin male and female S. calcitrans

midguts. y-axis= number of trypanosomesdetected per midgut; x-axis= number

of hours after ingestion of infective meal; blue = male flies, red= female flies; n=

9 flies in total per timepoint. Mean +/- S.E.M.values of three replicate

experiments are shown.
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Figure 6.2: Effect of glutathione treatment (10 mM or 20 mM) uponsurvival
of BSF trypanosomesin male S. calcitrans midguts. y-axis= number of

trypanosomesdetected per midgut; x-axis= numberofhours after ingestion of

infective meal; blue= control group, light green= 10 mM glutathione, dark green=

20 mM glutathione; n= flies in total per timepoint. Mean +/- S.E.M. values of

three replicate experiments are shown.
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6.3.2 Does inclusion of the antioxidant glutathionein the infective meal affect

trypanosomesurvivalin the fly midgut?

To determine if reduction of reactive oxygen species concentration present in the

midgut could result in an increase in trypanosome longevity in the fly midgut, the

antioxidant glutathione wasincludedin the infectious meal. Two concentrations

of glutathione were chosen, namely 10 mM and 20 mM.These concentrations

were chosen as 10 mM glutathione was demonstrated to have statistically

significant effect upon trypanosome midgutinfection in G. m. morsitans (Macleod

et al., 2007b). No significant effect upon trypanosomelongevity was noted in

male S. calcitrans provided with either 10 mM or 20 mMglutathionein the

infectious meal based on three replicate experiments (Fig. 6.2). Fewer than two

trypanosomes weredetected per group two hoursafter imbibing the infectious

meal. All trypanosomes were cleared by three hours post administration of the

infectious meal.

6.3.3 Is stomoxyn susceptible to gene knockdown by dsRNAinjection?

Stomoxyn transcripts are expressed in the anterior midgut of S. calcitrans (PV,

thoracic and reservoir regions) but not in the posterior midgut (Boulangeret al.,

2002a). More recently, transcripts have been reported in the salivary glands

(Wangef al., 2009b). Initial experiments were performed to investigate whether

this gene wassusceptible to gene knockdown by dsRNAinjection. Based on

bodily dimensions,the size of a S. calcitrans fly is roughly twothirdsthat of a G.

m. morsitans fly. As G. m. morsitansflies are typically injected with 10 ug

dsRNAtargeted to the gene of interest (Hu and Aksoy, 2006), total concentrations

of 4.5 ug and 6 pg dsRNA waschosenfor injection of S. calcitrans. Flies were

observedto tolerate dsRNA injection well, with 100% survivorship observedafter

injection with either concentration of dsstomoxyn (n= 6) or dsAMP (n= 6)

(control). However, analysis of midgut tissue 3 days after dsRNA treatment

indicated that gene knockdown had not occurredat either of the dsRNA

concentrationstested (Fig. 6.3).
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Figure6.3: Effect of dsstomoxyn or dsAMP(control) treatment upon
stomoxyn expression in S. calcitrans male flies. Panel A: Stomoxyntranscript

expression. Panel B: S14 ribosomal protein loading control. Lane 1: non-injected,

Lane 2: NFW injected; Lane 3: 4.5 ug dsAMP; Lane 4: 6 pg dsAMP; Lane 5: 4.5

ug dsstomoxyn; Lane 6: 6 ug dsstomoxyn.
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6.4 DISCUSSION

S. calcitrans lives sympatrically with Glossina sspp., feeds on many of the same

vertebrate hosts and may face regular challenge from the presence of

trypanosomesin the bloodmeal (Maudlin, 2004; Lehane, 2005). However, S.

calcitransflies are able to kill and clear trypanosomes moreefficiently from their

midgut environment than Glossina (Abdally, 1996). This difference in

susceptibility to trypanosome infection mayreflect the different feeding habits

and microbial challenges faced by these two species. Glossina flies feed on

vertebrate blood solely while S. calcitrans feed on plant sugars and blood

(Lehane, 2005). Consequently, the latter species most certainly is exposed to more

regular microbial pathogen challenge than the former. Also S. calcitranslarvae,

unlike Glossina, do not develop in utero and thus are exposed to a wide variety of

microorganismsatthis early life stage while Glossina are not.

In Glossina, the exact trigger(s) responsible for differentiation of vertebrate BSF

to the insect procyclic form in vivo is unknown.In vitro, differentiation may be

induced by a drop in temperature (Imbugaef al., 1992), cis-aconitate or citrate

(Overath ef al., 1986), mild acid stress (Rolin ef al., 1998) and proteases (Hunter

al., 1994). This factor appears to be absent from the S. calcitrans midgut as BSF

trypanosomeswere notobserved to differentiate within the S. calcitrans midgut.

Notably, clearance of BSF trypanosomesoccurred more rapidly than clearance of

PCF trypanosomesfrom the S. calcitrans midgut. This may be due to the

difference in immuneeffector molecule efficacy against BSF and PCF

trypanosomelife cycle stages. Boulangeref al. (2002a) showedthat the HDP

stomoxynexhibited an inhibitory concentration (ICso) of 37 uM against BSF

trypanosomesbutno anti-parasitic activity was reported against PCFs, even at the

highest concentration tested (113 uM). High concentrations of the HDP stomoxyn

may occur within the midgut and may explain whyS. calcitransis not a cyclical

vector of trypanosomes.

Gene knockdown of the HDP stomoxyn wasattempted in this study but was

unsuccessful with the single dsRNA construct used.It is possible that this gene is

simply not susceptible to gene knockdown by RNAi,as has been observed in
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knockdownstudies of several Glossina genes by dsRNAinjection (Lehane

laboratory, unpublished observations). Importantly, efficiency of gene knockdown

may vary dependanton the gene region the dsRNAconstruct is designed to (G.

Caljon, personal communication). However, due to the small size of the mRNA

transcript sequence (314 bp) the design of dsRNA constructs wasrestricted. It

would be ofinterest to vary several parameters e.g. concentration of dsRNA,

screening for knockdownat different timepoints, to optimise knockdownofthis

gene and elucidate in vivo whetherit is essential for protection of S. calcitrans

against trypanosomeinfection. Notably, if successful gene knockdowncould be

attained by dsRNAinjection, dsRNA feeding would also be an attractive means of

dsRNAdelivery (see Chapter 3). dsRNA feeding would enable avoidance ofthe

complications of immuneresponse due to wounding caused by dsRNAinjection.

In the insect model D. melanogaster, oxidant-mediated antimicrobial responses

are used in midgutepithelial barrier defence against invading microorganisms (Ha

et al., 2005a; Ha et al., 2005b; Lemaitre and Hoffmann, 2007; Aggarwal and

Silverman, 2008). Given the strong, regular microbial challenge S. calcitransis

likely to face throughoutits life, this oxidant system is also probably conserved in

this insect species. In this study, inclusion of the antioxidant glutathione in the

infective meal had no observed effect upon trypanosomesurvivalin the fly

midgut. This contrasts strongly with studies in G. m. morsitans, whereby dramatic

increases in midgut trypanosome infections were observedafter antioxidant

feeding using 10 mM (Macleoder al., 2007b). However,it is important to note

that only one antioxidant was tested and expandingantioxidant feeding

experiments to encompass a concentration range and wider variety of antioxidants

would be ofinterest.

S. calcitrans represents a valuable model for studies of insect-parasite interactions

as a non-permissive vector of 7. brucei sspp. trypanosomes. This study represents

initial investigations into the role of ROS and the HDP stomoxynin mediatingS.

calcitrans immuneresponsesto trypanosomeinfection.
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6.5 FUTURE WORK

In this study, attempts were made to develop an RNAisystem to S. calcitrans

adult flies. Encouragingly, flies appear to tolerate dsRNAinjection with high

survival rates observed after injection of a high concentration of dsRNA(6 pg).

Thus, it would be ofinterest to either design several other constructs to further

attempt knockdownofstomoxyn or extend gene knockdownstudies to a range of

other host defence effector molecules e.g. defensins Smd1 and Smd2 (Lehaneer

al., 1997). More recently, the salivary gland transcriptome ofthe S. calcitrans has

been completed (Wangef al., 2009b), thus providing a wealth of other potential

gene knockdowntargets. Interestingly, three previously unidentified peptides of

putative antimicrobial function were reported, namely SC-4-22-3, a protein with

53% similarity to a Drosophila protein containing GGYrepeats, a diptericin and

truncated fragments of a homolog of sarcotoxin. These genes could be targeted by

either dsRNAinjection or potentially dsRNA feeding, in either a bloodmealor

sugar meal, to avoid complications of fly immuneresponse due to wounding

caused by injection.

S. calcitrans thrives despite living in intimate contact with septic flora. A

comparative immunesystem analysis of Drosophila, Glossina and Stomoxys,

whicheach have different behaviours, life cycles and encounterdifferent

pathogens, would be extremely informative for understanding fly immunity and

immune system evolution underdifferent selective pressures.
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Primer sequences used for further sequencing of the Tube gene:

 

 

 

 

 

 

 

 

   

Primer Primer sequence

Gmsgl0964L S' ATTCCCCTTATTTGCCCATTTTAG3'

Gmsgl0360U_ 5' TACCGCGACCAACAGCAGAA 3’

Gmsgl0360L 5'GGCGACATTAGTTGGGACACA3'

Gmsg-10360 5' CAAAGGCATGCGAAATGCCGATG3'

Gmsg-10964 5' CGTTGGCTGCGTATTACACAC3’

GmsgCON1 5' GACCATGATTACTCC GCTCTTCAC 3'

GmsgCON2 5' CGTCAA GGCTTCAAACTCAGCAAC3'

Gmsgl0964U_ 5’ GITTTTCCAGCAGCAAGCACATT3'  
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Abstract

Reverse genetic studies based on RNAinterference

(RNAi) have revolutionized analysis of gene function

in most insects. Howeverthe necessity of injecting

double stranded RNA (dsRNA)inevitably compromises

many investigations particularly those on immunity.

Additionally, injection of tsetse flies often causes

significant mortality. We demonstrate,at transcript and

protein level, that delivering dSRNAin the bloodmeal

to Glossina morsitans morsitans is as effective as

injection in knockdown of the immunoresponsive

midgut-expressed gene TsetseEP. However, feeding

dsRNAfails to knockdown the fat body expressed

transferrin gene, 2A192, previously shown to be

silenced by dsRNAinjection. Mortality rates of the

dsRNAfed flies were significantly reduced compared

to injected flies 14 days after treatment (Fed: 10.1%

+ 1.8%; injected: 37.9% + 3.6% (Mean + SEM)). This is

the first demonstration in Diptera of gene knockdown

by feeding and thefirst example of knockdownin

a blood-sucking insect by including dsRNAin the

bloodmeal.

Keywords: RNAi, Glossina, dsRNA feeding, Trypano-

soma, immunity.

Introduction

Gene knockdown engenderedby RNAinterference (RNAi)

has becomea valuable tool for the study of gene function

in a variety of plants, helminths, parasites and insects. The

technique permits specific, post-transcriptional gene

knockdownin whole organismsorcells by targeted mRNA
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degradation following introduction of sequence specific

double stranded RNAs (dsRNAs)(Napoli et a/., 1990; Fire

et al., 1998). Importantly, the general application of this

gene-knockdown system to adult insects has enabled

the in vivo study of key genesin insects which lack the

sophisticated tool box available for model organisms

such as Drosophila.

Finding a suitable delivery system for dsRNA can be

a majorlimitation of the RNAi system in insects. The neces-

sity, in most cases,of injecting dsRNAinto the haemocoel

of the insect to achieve gene knockdown compromises

manyinvestigations because of the considerable stresses

injection and attendant woundingof the insectwill inevitably

place on the insect. An obvious example is that cuticular

damagestimulates immunefunction (Brey et a/., 1993; Han

et al., 1999), complicating interpretation of any injection-

based, gene knockdown studies on immunity. Some

alternativesto injection have been usedincluding the stable

transgenic expression of RNAhairpin constructs (Kennerdell

& Carthew, 2000; Tavernarakis et a/., 2000), soaking of

embryos in dsRNA (Eaton et a/., 2002), feeding dsRNA-

expressing bacteria (Timmons & Fire, 1998) and the use of

recombinant viruses to deliver the dsRNA (Travanty efal.,

2004). However, feeding dsRNA may be the most appealing

solution in most circumstances becauseofits ease, its less

invasive nature and, in some cases, becauseit is the natural

route of delivery. Feeding dsRNA has been shown to

induce gene knockdown in nematodes (Timmons Fire,

1998) and planarians (Newmarkefal., 2003) where this

relatively simple approach hasallowed the developmentof

powertul, large scale screens (Fraser et al., 2000; Pothof

et al., 2003). In contrast, early studies of feeding dsRNAto

insects were discouraging. Attempts to knockdown a

midgut-expressed aminopeptidase N in Spodopteralitura

larvae by feeding dsRNA were unsuccessful although

knockdown was achieved by dsRNAinjection (Rajagopal

et al, 2002). Engineering yeast cells to make double-

stranded RNA and feeding this yeast to Drosophila also

failed to work (Gura, 2000). However, more recent studies

have shown success in some insect species including

hemiptera, coleoptera and lepidoptera (Araujo et a/., 2006;

Turner et a/., 2006; Baum et al., 2007; Mao et al., 2007)

11



12 D. P. Walshe etal.

and the tick Ixodes scapularis (Acari: Ixodidae) (Soares

et al., 2005) but surprisingly, has never been reportedin

dipterans.

Tsetseflies (Diptera:Glossinidae) cyclically transmit

manyAfrican trypanosomespeciesincluding Trypanosoma

brucei rhodesiense and Trypanosoma brucei gambiense,

causing humansleeping sickness, and Trypanosoma brucei

brucei causing nagana. These trypanosome species

establish in the midgut lumenof the fly before completing

maturation in the mouthparts and salivary glands (Aksoy

et al., 2003). Their establishmentin the midgutis influenced

by the fly immune system (Hu & Aksoy, 2006; Lehaneetal.,

2008) amongstother factors. We have been using RNAi,

engenderedbyinjection of dsRNAinto the adult haemocoel,

as an experimental tool to study tsetse fly-trypanosome

interactions. Delivery of dSRNAby injection (wounding)

is less than ideal because weareinvestigating immune

responsesintsetseflies. In addition, we regularly encounter

relatively high mortality rates that complicate interpretation

of the results (e.g. those flies surviving injection may only

have survived because gene knockdownwasincomplete).

Consequently we haveinvestigated the possibility of feed-

ing dsRNAtotsetseflies as a means of promoting RNAi. A

comparative analysis was undertaken of gene knockdown

at both the transcript and protein level of two immunity-

related genes; one (TsetseEP) a gene strongly expressed

in the midgut (Chandra et al., 2004; Haines ef al., 2005)

and the second(transferrin, 2A192) a gene expressed in

the fat body but not the midgut (Haines et a/., 2005; Guz

et al., 2007; Lehaneetal., 2008).

Results

Doesthe nature of the RNA diluentaffect fly mortality and

refractorial capacity?

In order to identify the correct delivery medium for RNAi

experiments, preliminary injection experiments were

performed to determine the effect of different solutions on

tsetse fly mortality rate and immune responseto trypano-

somes.Injection buffer (IB) solution, which possesses

a high potassium concentration relative to its sodium

concentration, was previously used in gene knockdown

experiments using adult Drosophila melanogaster (Goto

et al., 2003). Physiological buffer (PB) solution has a high

sodium concentrationrelative to its potassium concentration

and was designedto reflect the ionic composition of

Glossina morsitans morsitans haemolymph (Gee, 1975).

These were compared to nuclease free water (NFW).

Considering the data in both Figs 1 and 2 the most accept-

able buffers are 4 ul PB, 6 wl PB, 2 ul NFW or 2 wl IB.

Preliminary experiments on RNAi by injection of dsRNA

gave very inconsistent results using both PB andIB buffers

but much more consistent results when NFW was used

(data not shown). Consequently we have adopted 2 ul
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Figure 1. Mean midgutinfection rates (%) following injection with different

types anddifferent volumesof injection medium (Mean + SEM). (1) Control:

infected but non-injectedflies (n = 92); (2) 2 ul PB injected (n = 30); (3) 4 ul

PB injected (n = 52); (4) 6 ul PB injected (n = 29); (5) 2 ul NFW injected

(n = 40); (6) 4 ul NFWinjected (n = 52); (7) 6 ul NFW injected (n = 23); (8)

2 ul IB injected (n = 37); (9) 4 ul IB injected (n = 54); (10) 6 ul IB injected

(n = 29). This data is representative of at least 3 replicate experiments.4 ul

IB, 6 pl IB, 4 wl NFW and 6 ul NFW wereidentified as groups with infection

rates significantly above control levels (Pearson chi-squared analysis,

P<0.01).
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Figure 2. Mean mortality rates (%) at six days following injection with

different types and different volumes of injection medium (Mean + SEM).

(1) Control: infected but non-injected flies (n = 107); (2) 2 ul PB (n = 55);

(3) 4 ul PB (n = 64); (4) 6 wI PB (n = 32); (5) 2 ul NFW (n = 54); (6) 4 nI NFW

(n = 62); (7) 6 wl NFW (n = 24); (8) 2 uw! IB (n = 55); (9) 4 ul IB (n = 64);

(10) 6 ul IB (n = 32). This data is representative of at least three replicate

experiments. 2 ul PB and 2 ul IB were identified as groups with mortality

rates significantly above control levels (Pearson chi-squared analysis,

P<0.01).

NFW as our standard delivery system for dsRNA by

injection. This volume of NFW hasbeenusedpreviously in

RNAibyinjection to knockdown the attacin gene in G. m.

morsitans (Hu & Aksoy, 2006) and NFWis used in mos-

quitoes (Blandin etal., 2002).

Is it possible to knock down TsetseEPtranscript expression

by feeding dsRNA?

An initial experiment was undertaken to determineif

knockdown of TsetseEP waspossible by feeding dsRNA.

Flies were offered a bloodmeal containing either dsTsetseEP

© 2008 The Authors
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Figure 3. Semi-quantitative RT-PCR analysis of tsetseEPtranscript

expression following feeding ds TsetseEP(blackline) or dsAMP(greyline).

Data is presented as mean knockdown(%)of tsetseEP transcript against

days post feeding dsRNA.Bandintensities were normalized separately for

eachlane using the corresponding GAPDHloading control bandintensities.

Eachdata point represents twoindividualflies (Mean + SEM).

or dsAMP(control). Comparison of TsetseEPtranscript expres-

sion by semi-quantitative RT-PCR analysis revealed that

knockdown of TsetseEP transcript occurred at three days

post ds TsetseEP ingestion. TsetseEPtranscript knockdown

persistedin flies for up to 19 days post- ds TsetseEPfeeding

(Fig. 3). Northern analysis was usedto confirm the observed

knockdown.Flies were dissected 2 days and 4 daysfollowing

RNAi. TsetseEPtranscript knockdown wasconsistently greater

in ds TsetseEPinjected flies: Day two (63.87 + 8.27%) and

Day four (84.79 + 5.81%) compared with dsTsetseEPfed

flies (Day two (22.6 + 7.25%) and Dayfour (57.61 + 1.28%),

Mean + SEM of2 replicated experiments (Fig. 4).

Interestingly, a doublet was observed in the majority

of dsTsetseEPfed fly samples (Fig. 5, asterisks). This

1 2 3 4 5 6 7 8 9 10:11 12
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appearsto be indicative of gene knockdownin Glossina

as we have found the appearance of such a doublet for a

range of genes we are working on (Walshe, unpublished

observations).

Is dsRNA ingestion comparable to injection?

The following experiment was performed to compare

knockdown when dsRNA wasdelivered by feeding or

injection. Flies less than 24 h post emergence(p.e.) were

fed a normalfirst bloodmeal and the fed flies subjected to

one of two treatments. The first group was injected 24h

after the first bloodmeal with 10 ug ds 7TsetseEP(5 ug/l in

NFW). The secondgroupwasfed 48 postfirst bloodmeal

with dsTsetseEP in the second bloodmeal (10 1g/23 pl

bloodmeal/fly) and unfed flies were removed. Knockdown

of TsetseEPwas determined, at both transcript and protein

level, over a 14 day period. Transcript knockdown was

observedin both ds TsetseEP fed and ds TsetseEPinjected

flies from 24h post- dsTsetseEP treatment (Fig. 5B). A

comparative analysis of normalized densitometry data

indicated that transcript knockdown was higher in

ds TsetseEPinjected flies than ds7setseEPfedflies until

one weekposttreatment after which equal knockdown was

observed. Transcript knockdownpersisted until at least day

20 for ds TsetseEPfed and day 22 for ds TsetseEPinjected

flies (Fig. 5B). While TsetseEPtranscript always persisted,

albeit weakly, in both knockdown groups, TsetseEPprotein

expression disappeared completely in both dsTsetseEP

fed and ds TsetseEPinjectedflies by day four. Suppressed

expression of TsetseEPprotein wassustained until 15 days

post treatment and unexpectedly, protein levels had not

returned to control levels by measurement at day 22

(Fig. 5A).
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Figure 4. Northern analysis of tsetseEP knockdownafter ds TsetseEP feedingorinjection (A). The results are also presented quantitatively in (B). (A) Upper

panel: tsetseEP expression two days (Lanes 1-6) and 4 days (Lanes 7-12) post treatment. Lanes 1 & 7 NFWfed; Lanes 2 & 8 dsAMPfed; Lanes 3 & 9

ds TsetseEPfed; Lanes 4 &10 NFW injected; Lanes 5 & 11 dsAMPinjected; Lanes 6 & 12 ds TsetseEPinjected. Square symbol denotesfed ds TsetseEP samples

while the diamond symboldenotesdsTsetseEPinjected samples. The lower panel represents the corresponding GAPDHloading controls for each sample. Band

intensities were normalized separately for each lane using the corresponding GAPDHbandintensities. Knockdownresults were expressed as the percentage

knockdown achievedusing the gene-specific dsRNA compared with the respective NFW control. Each lane representsfive individualflies. This data is

representative of 3 replicated biological experiments. (B) dsTsetseEPfed (1) 2 days and (2) 4 days posttreatment; dsTsetseEP injected (3) 2 days and

(4) 4 days post treatment.
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Figure 5. Protein and transcript analysis of ds TsetseEP fed (Panel 1) and

ds TsetseEPinjected (Panel 2)flies. Row a: Western analysis of tsetseEP

protein levels using anti-TsetseEPprotein antibody mAb 247. 1/8 of a tsetse

midgut equivalent wasloadedperlane. Row b: RT-PCRanalysis of tsetseEP

transcript expression. Row c: RT-PCRanalysis GAPDHcontrols. Each lane

represents the protein/RNAisolated from a single tsetse midgut. Columns:

C represents the control tsetse midgut harvested 24 h postfirst bloodmeal;

the remaining columnsare experiments1, 2, 3,6, 10, 12,15, 17 and 22 days

post treatment. The asterisk (*) indicates the second doublet band that

appears upon knockdownof the tsetseEPtranscript. The data is

representative of three replicated biological experiments. Panel 3 shows the

mean knockdown (%) of tsetseEPtranscriptfollowing ds TsetseEP feeding

(black line: Days 0, 1, 4, 6, 8, 14) or ds TsetseEPinjection (black dashedline:

Days0, 1, 5, 7, 9, 15). Semi-quantitative RT-PCR bandintensities were

normalized separately for each sample using the corresponding GAPDH

control bandintensities. % transcript knockdown wasdetermined against

flies from the same batch sacrificed immediately before dsRNAtreatment.

Knockdownresults are expressed as the mean knockdown(%) + SEM of

three biological replicates.

 

 

   

 

Is fly mortality affected by the route of dsRNA delivery?

As we haveroutinely observed high mortality rates following

injection of dsRNA (Walshe, unpublished observations),

wedeterminedif feeding ds TsetseEPled to a lower mortality

rate compared to injection of dsTsetseEP (Fig. 6). The

mortality rates exhibited by the dsTsetseEP fed (n= 133)

and dsTsetseEPinjected (n = 276) groups 14 daysafter

treatment differed significantly (dsTsetseEP fed: 10.13 +

1.83%; ds TsetseEPinjected: 37.88 + 3.58% (Mean + SEM)

Pearson chi-squared = 33.82, P< 0.01) (Fig. 6, Panel A).

Overall, comparing mean mortality rates, fourfold moreflies

die wheninjected than whenfed ds TsetseEP. Additionally,

the majority of the deaths in the ds TsetseEPinjected group

(35%) occurred within thefirst five days following injection

(Fig. 6; Panel B) whereas mortality rates in ds TsetseEP fed

flies were at normallevels for flies in our colony (data not

shown).

Can feeding dsRNA successtully silence genes in tissues

beyond the midgut?

The transferrin gene, 2A192, is strongly expressedin fat

body but not expressed in midgut (Haineset a/., 2005; Guz

et al., 2007; Lehane eta/., 2008). Knockdownof this gene

at the transcript level by dsRNAinjection has been demon-

strated previously (Lehane efal., 2008). We confirmed

knockdown of 2A792 at both transcript and protein level

after ds2A 192 injection (Fig. 7, Panel A). In contrast, tran-

script knockdown wasnot observed at either 4 days by

Northern analysis (Fig. 7, Panel B) or 7 days post dsRNA

feeding by RT-PCRanalysis (Fig. 7, Panel A). The absence

of transferrin knockdown by feeding was also confirmed by

Westernblotting (Fig. 7, Panel A).

Discussion

Administration of dsRNA into an organism canlead to the

post-transcriptional knockdown of genes sharing specific

sequence with the introduced dsRNA.To achieve this the

long dsRNAis digested into short, interfering RNA of 21—

23 bp (siRNA) by an RNAIll-like enzyme (the Drosophila

geneis named Dicer) (Bernstein et al., 2001). The siRNA

are then incorporated into an RNA-induced silencing
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Bs 35 | > 35 Figure 6. Mortality rates following ds TsetseEP

= | = treatment. Panel A: Total mortality (%) of (1)

3 i | 5 95 ds TsetseEPfedflies (n = 133) and (2) dsTsetseEP

oe Ss injected flies (n = 276) 14 days post treatment

= Z (Mean + SEM). Four replicate experiments were

2 15] a 15 performed. Panel B: Cumulative mortality rate (%) of
; t = ds TsetseEPfed (grey dashedline; n = 48)vs.

5 | S 5 ae ds TsetseEPinjected (black line; n = 80)flies. The data

| | cere represent a single experimentbut reflects the trend

1 2 12 3 4 5 6 7 8B 9 10 1 12 observedin four replicate biological experiments.
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Figure 7. Panel A: Western blot (Row a) and RT-PCR

(Rowb) of 2A 192 expression following ds2A 192feeding

(Lanes 1-3) and ds2A192injection (Lanes 4-6). Lanes:

(1) NFW fed; (2) dsAMPfed;(3) ds2A192 fed; (4) NFW

injected; (5) dsAMPinjected; (6) ds2A 192 injected. Row

C: corresponding GAPDH RT-PCRcontrol. Each lane

represents a pooloffive flies. The data is representative

of three replicate biological experiments. 1/5 of a

fatbody equivalent was loadedperlane for Western

analysis. Panel B: Northern analysis of 2A 192 transcript

levels 4 days post treatment; Lanes (1) NFW fed; (2)

dsAMPfed, (3) ds2A 192 fed. Lower row correspondsto

the GAPDHloading controls. The data is representative

of three biological replicates.

complex (RISC), which is responsible for degradation of

mRNAwith homologyto the siRNA (Meister & Tuschl, 2004).

In plants and the helminths Caenorhabditis elegans and

Schmidtea mediterranea, RNAi is systemic as the message

spreadsfrom cell to cell throughout the body of the animal

(Fire et al., 1998; Newmark et a/., 2003). In contrast,

mammalian cells are capable of taking up dsRNAbut not

of transmitting the signal throughout the body (Saleh

et al., 2006). Interestingly, while all insects studied to date

respond to RNAi, they varyin their ability to distribute the

signal. In Drosophila dsRNA is taken up by cells and

causes gene knockdownlocally but the RNAisignalis not

distributed systemically (Van Roesselet a/., 2002; Roignant

et al., 2003; Dietz! et a/., 2007). In contrast, juvenile

grasshoppers are capable of distributing the RNAisignal

throughout the body (Dong & Friedrich, 2005). The gene

responsiblefor systemic distribution of the RNAi signalin C.

elegans is SID-1 (Winston et al., 2002). In agreement with

the data above, an ortholog of S/D-71 has beenfoundin the

grasshopper(Dong & Friedrich, 2005) but is not apparent

in Drosophila. Consistent with the data presented in this

paperBLasTsearchesofthe available Glossina sequencesat

GENEDB(http:/Avww.genedb.org/genedb/glossina/index.jsp)

failed to identify an ortholog of S/D-7. Further NCBI BLasT

searches of GENBANK sequencesrevealed orthologs in one

coleopteran, one lepidopteran, two hymenopterans, and

three hemipterans but no ortholog in a dipteran. This may

imply that systemic spreading of RNAiis absent in Glossina

and perhaps generally absentin the Diptera.If this is the

case then fed dsRNA will have to cross the Glossina midgut

epithelium in order to cause gene knockdownin tissues other

than the midgut.In addition, if spreading is not present in

Glossina, thenit is possible RNAi may be mosteffective

in epithelial surfaces directly exposed to dsRNAandless

effective in dense, mulitilayered organs. In consequence,

the barrier to dsRNA uptake presentedby the insect midgut

epithelium will be a crucial factor determining the ability to

knockdowninsect genes by feeding dsRNA.

From our studiesit is clear that dsRNA can enter the

midgutepithelial cells themselves, promote RNAi and lead

to knockdownof the midgut associated gene TsetseEP We

believe this is the first reported example of successful gene

© 2008 The Authors
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knockdownin a dipteran by dsRNA feeding. While RNAi

was achieved in /. scapularis and Rhodnius prolixus by

feeding dsRNAin anartificial meal (Soares et al., 2005;

Araujo et al., 2006)this is the first report of gene knockdown

in a hematophagous insect by including dsRNAin the

bloodmeal. Incorporation in the bloodmealis clearly

preferable asit avoids any complications due to an artificial

diet. We have confirmed that the fat body expressed

transferrin gene 2A192 is susceptible to RNAi engendered

by injection of dsRNA (Lehaneetal., 2008). Consequently,

the failure to knockdown 2A 192 by feeding dsRNA suggests

that dsRNAis either not reaching the fat body cells or at

least not present in sufficent quantities to promote gene

knockdown possibly because the midgut is a physical

barrier. However, the insect midgut epithelium is not always

a barrier to dsRNA. For example, knockdown of a pheromone

binding protein genein adult Epiphyas postvittana antennae

by feeding larvae has been demonstrated (Turneretal.,

2006). But whetherthis is direct penetration of dsRNA

through the midgut, release of dsRNA from the midgut

during the larval adult transition or a message spreading

phenomenonis unknown.

Anybarrier effect of the midgut may well vary from insect

to insect because of species-specific intestinal conditions.

An example is aminopeptidase gene expression in the

midgutofS./itura larvae which is susceptible to knockdown

by dsRNAinjection but not by dsRNAfeeding (Rajagopal

et al., 2002). Blood-sucking insects vary considerably in the

organization of digestion, which mayaffect the efficiency of

fed dsRNAin causing RNAi. For example, tsetseflies have

a continuous digestive system in which only the posterior

half of the midgutis involved in digestion. In contrast, adult

mosquitoes digest blood as a batch processwith the blood

meal directly deposited in the digestive region of the

midgut. Such differences may have consequencesfor the

stability and absorption of dsRNAandthe speed at which

knockdownproceeds.

Although dsRNAshould be designedto target one par-

ticular gene, off target effects may occurif short-interfering

RNAs (siRNAs) have sequence homology with genes

not intended for RNAi targeting (Kulkarni et al/., 2006).

Knockdown of midgut genes by feeding dsRNA as

Journal compilation © 2008 The Royal Entomological Society, 18, 11-19
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opposedto injecting dsRNA could help avoid this pitfall by

limiting the dsRNA spread to a localized area, thus

reducing the probability of encountering more geneswith

sequence homology.

A simple cost-benefit analysis of dsRNA feeding as a

means of gene knockdown suggests a reduction in both

the expense of dsRNAandtechnician time compared to

injection. Based on the observed average mortality rates,

25 additionalflies are neededfollowing injection to guarantee

50flies surviving 14 days post treatment(a typical experi-

mental situation in our laboratory). Injecting an extra 25flies

requires another 250 ug dsRNA.In addition, an adept

technician can only inject 40 flies per hour thus nearly 2h

of technician time is saved by feeding in each of these

typical experiments (Table 1).

Feeding dsRNA may be a useful tool to complement

rather than replace dsRNAinjection i.e. enabling localized

gene knockdowneffects to be investigated as opposed to

systemic gene knockdowneffects. Also,it is possible that

optimisation of dsRNAdelivery in the meal (e.g. concentration,

timing) may render more insect genes susceptible to knock-

downbyfeeding dsRNA.It would be of functionalinterest to

see whether dsRNAfeeding candifferentially silence expres-

sion of a geneclearly expressedin both midgut and fatbody

tissues. This would simplify and improve the time and cost

Table 1. Comparative cost analysis of dsRNA:feedingvs.injection

efficiency of knockdown experiments as well as strengthen-

ing experimental design by eliminating ambiguous com-

plications from high mortality rates and injection artefacts.

Experimental procedures

Fly maintenance

The tsetse fly (Glossina morsitans morsitans) colony was

maintained at the Liverpool School of Tropical Medicine (colony

established in 2002 from the Bristol colony,itself originally derived

from flies from Zimbabwe). Flies were kept at 26 °C and 70%

relative humidity. Male flies were fed defibrinated horse blood

every 48 h byartificial membrane (Moloo, 1971).

Trypanosome stocks

Trypanosomabrucei brucei strain TSW196 bloodstream form

parasites were used in trypanosomeinfection experiments. Parasites

were obtained from mice at peak parasitaemia and frozen at

-80 °C until use. Flies were infected by adding approximately 10°

trypanosomesper mlof blood from —80 °C frozen stocks.

Fly injection

All injections were performed using borosilicate glass capillaries

(2.00 mm outside diameter) pulled using a needle puller (PC 10;

Narishige, Japan) to an approximate externaltip diameter of 45 tm.

 

Injection Oral delivery

 

PROS Specificity of delivery

— the minimal concentration of dsRNA required for

knockdownis easy to determine

— dosage of dsRNA quantitative and easily controlled (reproducible)

Rapid kinetics

— induction of immediate and systemic response to dsRNA

—notrestricted to midgut

Limited effects onfly fitness

— elimination of injection/wound related immune responses

— localized response to dsRNA

—can maintain flies at insectary conditions while feeding,

thus reducing stress and eliminating chilling effects

Time savings

— 10 min feed/fly group

—no previous technicaltraining required to administer

dsRNAin bloodmeal

— no recovery time required from injection

Lower monetary costs

—no specialized equipment required

— lower mortality rates observed
 

CONS Compromisedfly fitness

— wounding may influence immune response

— activation of systemic response to dsRNA

— risk of dehydration and exposure to microbes

Excessive handlingofflies

— anaesthetizingof flies on ice requiredprior to injection

— risk of needle stick injury to technician

Time costs

— technician time:injection time alone:

1 fly per 90 s for skilled technician

— longerfly recovery time from injection

Monetary costs

— advanced equipmentrequired for making injection needles

(needle puller plus needle beveller)

— higher mortality rates thus need moreflies, dsRNA,

technician time per experiment to compensate

— increased quantity of dsRNA required to

compensate for high mortality

Ambiguity with dosage

— minimal concentration of dsRNA required for

knockdowndifficult to determine

— dosageof dsRNA not quantitative: must work with

ranges instead of exact quantity

— mustconsiderthe effects of feeding excess dsRNA

— insect bloodmeal volume must be knownbut mayvary with age,

sex, size of fly and starvation status

Delayed onset of knockdown

— gene knockdownkinetics may be delayed by digestion processes
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Preliminary injection experiments

Male flies six to eight daysp.e.(i.e.flies that had received at least

three bloodmeals and had a robust immunestatus) were usedin

injection experiments. Flies were injected with either nucleasefree

water (NFW), injection buffer (IB) (Goto ef a/., 2003) or physiological

buffer (PB) (Gee, 1975). Solutions were 0.2 um filter sterilized

and stored in frozen aliquots at —20 °C until required for use.All

flies were offered a trypanosomeinfective bloodmeal 24 h post-

injection and were subsequently maintained on defibrinated

sterile horse blood offered every 48 h. Unfed flies were removed.

Fly midguts were scoredfor trypanosomeinfection 6 daysafter the

infective bloodmeal feed by dissection. Ten fields of view were

examined under 125x magnification using a light microscope

and a single trypanosomewassufficient for a positive score.

The mortality rate of the flies was recorded throughout the

experiment.

Statistical analysis

Buffer injection data wereinitially analysed in the multinomial

logistic regression option in SPSS15 (SPSS Inc., Chicago, IL,

USA). It was shownthat date had noevidenteffect so the treat-

ment classes could be combined over dates and analysed using

conventional Pearson chi-squared analysis. dsRNA feeding/

injection mortality data were also analysed using Pearson chi-

squared analysis.

dsRNA synthesis

PCR ampliconstailed with T7 promoter sequences were used

to synthesize dsRNAsusing the MEGAscript High Yield T7 Transcrip-

tion kit (Ambion, Huntingdon, UK) according to manufacturer's

instructions. TsetseEP and 2A192 templates were available

as clones from the tsetse EST program (Lehaneeta/., 2003;

Attardo etal, 2006). Double stranded ampicillin (dsAMP) was

generated using pBluescriptIl SK + as template and was used as a

negative control in the experiments. Primer sequences used were

asfollows:

AmpT7A 5’-TAATACGACTCACTATAGGGTTGCCGGGAAGCTAGA-

GTAAGTA-3’

AmpT7B5’-TAATACGACTCACTATAGGGAACGCTGGTGAAAGT-

AAAAGATG-3’

EPT7A 5’-TAATACGACTCACTATAGGGTTCTGGCAAACCC-

TCAAT-3’

EPT7B 5’-TAATACGACTCACTATAGGGCTACGATAAATATGTCCC-

TCTAAT-3’

ds2A192A 5’-TAATACGACTCACTATAGGGAAATGGCAACGGG-

AAATAGG-3’

ds2A192B 5’-TAATACGACTCACTATAGGGCAAAACGGAAACGG-

AATACAAAAA-3’

Template DNA was removedfrom the transcription reaction by

DNasetreatment. dsRNA waspurified using MEGAclear™ columns
(Ambion) and eluted in nucleasefree water. Eluates were concen-

trated in a Christ (Osterode, Germany) 2-18 rotational vacuum

concentrator to ~5 pg/ul. dsRNA concentrations were measured

using a Nanodrop ND-1000 spectrophotometer (Wilmington, DE).

dsRNAinjection

Male flies (< 24 h p.e.) were fed one bloodmeal and injected with

dsRNA 24-48h later. Flies were anaesthetizedpriorto injection by

chilling on ice and subsequently injected with 2 | dsRNAsolution

© 2008 The Authors
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(5 ug/ul of nuclease free water) in the dorsolateral surface of the

thorax (scutum). Great care was taken to ensure the needle was

angled horizontally or slightly dorsally to avoid any damageto the

organsin the ventral half of the thorax. Flies were subsequently fed

24 h later and every 48 h thereafter.

dsRNA ingestion

Maleflies (< 24 h p.e.) were fed dsRNAin the second bloodmeal.

While bloodmealsize may vary betweenindividualflies, an average

bloodmeal size of 23 yl blood per male fly (< 24 h p.e.) has been

determined (data not shown). dsRNAwasdiluted to approximately

10 ug dsRNAper 23 ul bloodmeal perfly by adding 2 ul of NFW

(5 ug dSRNA/ul) to 21 pl of blood. Unfed flies were removed 24 h

post feeding after chilling briefly at 4 °C. Flies were subsequently

fed 24 h later and every 48 h thereafter.

RNA andprotein isolation

Tsetse midgut/fat body tissues were dissected in PBS, snap

frozen and maintained at —80 °C prior to RNA andprotein

extraction. All TsetseEP midgut samples were frozen individually

except those for Northern analysis which were frozenin pools of

5. 2A192 fat body samples were frozen in pools of 5. Total RNA

and protein was extracted from individual tissues using Trizol

reagent(Invitrogen, Paisley, UK). RNA wastreated with RNase-

Free DNase (Promega, Southampton, UK)following extraction and

was quantified using a Nanodrop ND-1000 spectrophotometer

(Wilmington, DE).

RT-PCRanalysis

The Promega Access RT-PCR System (Promega) was used for

semi-quantitative analysis of transcript expression. The Glossina

morsitans morsitans GAPDH (Accession number DQ016434)

housekeeping gene wasused asa loading control. The primers

used in semi-quantitative RT-PCR reactions for determination of

transcript abundancein tsetse tissues were:

Gm GAPDHA5’-CTCAGCTTCTGTGCGTTG-3’

Gm GAPDHB 5’-AGAGTGCCACCTACGATG-3’

GmmEPA 5’-ACCGTTCGTTCGCTTTACTAC-3’

GmmEPB 5’-ACCCGCAGCCGTTTGACTTTC-3’

ds2A192A 5’-TAATACGACTCACTATAGGGAAATGGCAACGGG-

AAATAGG-3’

ds2A192B 5’-TAATACGACTCACTATAGGGCAAAACGGAAACGG-

AATACAAAAA-3’

TsetseEP RT-PCRcycling conditions were asfollows: 48 °C for

45 min, 94 °C for 2 min, followed by 30 cycles of 94 °C for 30 s,

53.4 °C for 1 min, 68 °C for 2 min and a final extension of 68 °C for

7 min. GAPDH RT-PCRcycling conditions were as above but an

annealing temperature of 55 °C was used. TsetseEP genomic

DNAgivesa larger product size (a putative intron) than TsetseEP

mRNA(approximately 365 bp vs 315 bp respectively). This infor-

mation was used to ensure genomic DNA contamination was not

present in experimental templates. 2A192 RT-PCR cycling

conditions were as for TsetseEPbut using an annealing temperature

of 57 °C. RT-PCR products were analysed by gel electrophoresis

using 1.5% (w/v) agarose gel. Band intensities were measured

using GeneTools software on a Gene Genius Bio Imaging System

(Syngene, Cambridge, UK). Whena doublet was present TsetseEP

bandintensity was determined by measuring the intensity of the

lower band of the doublet.

Journal compilation © 2008 The Royal Entomological Society, 18, 11-19
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Northern analysis

Northern analysis was performed using the NorthernMax Formal-

dehyde System for Northern Blots (Ambion). 10 ug of total RNA

wasloaded ona 1% formaldehyde agarosegel. The Strip-EZ PCR

probe synthesis and removal kit (Ambion) was used to synthesize

single stranded DNA probeswhich were labeled with [o.32P]

dATP (MPBiomedicals,Illkirch, France). Membranes were hybridized

overnight at 42 °C and given 2 x 5 min low stringency washes

and 2 x 15 min high stringency washes before exposure to Kodak

BioMax MR film. Band intensities were measured using Gene

Tools software on a Gene Genius Bio Imaging System (Syngene).

Immunoblots

Immunoblotting of TsetseEPprotein, using Hybond™-P polyvinylidene

difluoride (PVDF) transfer membrane (Amersham Biosciences,

Amersham, UK), was performedas previously described (Haines

et al., 2005). 1/8 tsetse midgut was loaded perlane. The primary

antibody used was a 1:20 dilution of anti-EP repeat mouse mAb

TRBP1/247 (Richardson et al., 1988) and the secondary(detecting)

antibody was a 1:50 000 dilution of horseradish peroxidase

conjugated goatanti-mouse IgG/IgM (H + L) (Caltag Laboratories,

San Francisco, CA). Immunoblotting of the transferrin 2A192

was performed using a 1:1000 dilution of GmmTsf specific antisera

(Guz et al., 2007) with 1/5 fat body equivalent loaded perlane.

The secondary antibody was a 1:20 000dilution of horseradish

peroxidase conjugated goat anti-rabbit IgG/IgM (Pierce, Woburn,

MA). Kodak Biomax MRfilm (Eastman Kodak Company, Rochester,

NY) wasused to detect chemiluminescence. After developmentof

the autoluminograms,proteins were stained on the PVDF membrane

with 0.2% (w/v) nigrosine in PBS to ensure equivalentprotein loading

perlane.
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1 Background

1.1 HUMAN AND ANIMAL TRYPANOSOMIASES

African trypanosomiasisrefers to a set of diseases of humans and their domes-

ticated animals, which have devastating consequences for Africa. Tsetse flies

(Diptera: Glossinidae) are the sole insect vectors responsible for cyclical trans-

mission of African trypanosomes, the protozoan parasites responsible for

Human African Trypanosomiasis (HAT = sleeping sickness) and African

Animal Trypanosomiasis (AAT = nagana).In the early part of the last century

several HAT epidemics occurred on the African continent, but by the early

1960s the disease was controlled and had almost disappeared (Steverding,

2008). However, relaxation of surveillance and control measures led to resur-

gence in HAT,peaking in 1997 at an estimated 450,000 cases (Barrett, 2006)

with an estimated 60 million peopleat risk in 37 countries of sub-Saharan Africa

(correspondingto one third of Africa’s total land area) (WHO,2000). Sincethat

date, case detection and treatment have been increased, and by 2007, the

reported number of new HAT cases had dropped to 10,769 (WHO, 2007),

which probably equates to 50-70,000 total human cases.

HATcantake two forms depending on the parasite involved. Trypanosoma

brucei rhodesiense and T. b. gambiense are the causative agents of HAT in

East/Southern Africa and Central/West Africa, respectively. Typically, the

T. b. rhodesiense transmission cycle involves wild and domestic animals,

but intensified human to human transmission may occur during epidemics.

The T. b. gambiense transmission cycle is mostly from human to human,

involving animals to a much lesser extent. In humans, T. b. rhodesiense

infections are acute, lasting from a few weeks to several months, while T. b.

gambiense infections are chronic, generally lasting for several years, often

without any major signs or symptoms. There are no prophylactic drugs or

vaccines available to prevent HAT. In both cases, without proper diagnosis

and treatment, the outcome is fatal. Therefore, the earlier the disease is

detected the better the chance of survival. However, all four drugs currently

used to treat HAT exhibit toxicity and, in many countries, drug resistance is

beginning to emerge (Legros et al., 2002; Delespaux and de Koning, 2007;

Balasegaram et al., 2009).

Other parasite species and sub-species of the Trypanosoma genus are

pathogenic to many wild and domestic animal species. In particular, T. b.

brucei, T. congolense and T. vivax are major causes of the animal form of

trypanosomiasis. Disease severity is dependent on both the pathogenicity of

the parasite strain and the genetics of the mammalian host (Courtin et al.,

2008). While most African wildlife is tolerant of the parasites, domesticated

livestock are highly susceptible to disease, particularly if they originate from

European stock. Despite implementation of many tsetse control strategies,
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nagana still has a large impact on agricultural and livestock production

systems and land use. The disease has an estimated annual economic cost

of approximately US $4.5 billion to the African economy due to losses in

milk, meat and wool yields through adult mortality, calf mortality and

subsequent depressed herd growth (Kristjanson eft al., 1999). Furthermore,

nagana is a major restriction to the development of arable agricultural in

sub-Saharan Africa, limiting the use of draught and pack animals and

preventing the development of mixed agricultural practices (Jordan, 1986).
Currently, nagana is managed predominantly by use of trypanotolerant

breeds of cattle and use of chemoprophylactic and trypanocidal drugs

(Miruk et al., 2008).

1.2. TRYPANOSOME SPECIES

Twodistinct groups of insect-transmitted trypanosomes are generally recog-

nized. The Stercocaria (subgenus Megatrypanum,Schizotrypanum and Herpe-

tosoma) and the Salivaria (subgenus Nannomonas, Duttonella and

Trypanozoon). Stercorarian trypanosomesdevelop in the hindgut of the insect

and are transmitted in the faeces. The predominant vectors of stercorarian

trypanosomesare tabanids, triatomines, leeches and ticks. It is the salivarian

trypanosomes which cause nagana and African sleeping sickness. Thesalivar-

ian trypanosomes developin the anterior part of the tsetse fly alimentary canal

and are transmitted via the mouthparts. Tsetse flies are the major vectors of

T. brucei trypanosomes but mechanical transmission of several salivarian

trypanosome species, by tabanids and Stomoxys vectors, also occurs. Only

the salivarian trypanosomes exhibit antigenic variation, a unique form of

parasite immune evasion within the mammalian host (Cross, 1996) and it is

several of these species which are responsible for the complex of diseases

knownas African trypanosomiasis. T. vivax (subgenus Duttonella), believed to

be the most ancient of the salivarian trypanosomes, produce a high incidence

of infection in the tsetse proboscis (Haag et al., 1998) and are serious patho-

gens of cattle. The Nannomonas subgenus is comprised of three species:

T. congolense (Broden, 1904), T. simiae (Bruce et al., 1912) and T. godfreyi

(McNamaraet al., 1994). Of these, T. congolense is the most economically

important, with a broad host range and wide geographical distribution.

T. simiae and T. godfreyi are primarily associated with suid infections; the

former being extremely pathogenic (acute) and the latter producing a chronic,

sometimes fatal, infection in pigs. The Trypanozoon subgenus contains the

trypanosomes causing HAT (7. b. gambiense and T. b. rhodesiense) and

T. b. brucei which is one of the parasites causing nagana. T. b. brucei is

unable to infect humans asit is sensitive to a trypanolytic factor in human

serum (Oli ef al., 2006) and is thus restricted to development in domestic

animals and manyspecies of wildlife.
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Ofthe African trypanosomes,T. congolense, T. b. brucei, T. b. gambiense and

T. vivax have been selected for partial or complete genome sequencing by a

consortium of institutes: The Institute for Genome Research (TIGR), now the

J. Craig Venter Institute (Rockville, MD), and the Wellcome Trust Sanger

Institute (Hinxton, UK). All genomesare in various states of completion. At

the time of writing, the nuclear genomeof T. brucei (TREU927 GUTat 10.1),

the model species most often used for studying trypanosomebiology, had been

completed and the T. b. gambiense (MHOM/CI/86/DAL972) genomeis in the

last stages of finishing, with 8x coverage. Also, the partial nuclear genome

sequence (5x coverage) of T. congolense (IL3000) and T. vivax are being

assembled (http://www.sanger.ac.uk/Projects/Protozoa/).

1.3. TSETSE IDENTIFICATION AND DISTRIBUTION

The nametsetse (pronouncedtsee—tsee) is derived from the noise the fly creates

whenitraises its body temperature by contraction of flight muscles decoupled

from the wings,prior to energetically demanding events (e.g. birth of the larva,

flight, rapid dehydration of the bloodmeal). Interestingly, tsetse means ‘‘fly’’

in the Tswana language and in Sechuanait is interpreted as ‘‘fly destructive

to cattle’’. Tsetse flies are easily distinguishable from other insects (Fig. 1).

They are light brown to black in colour and, dependant on the species,

are roughly twice the size of a housefly. Characteristic aristae are present on

the third antennal segment (Fig. 1A). In addition, the unique ‘‘hatchet’’ wing

cell is found in the centre of each wing between the fourth and fifth

veins (Fig. 1B). Also, tsetse flies adopt a characteristic resting attitude with

their single pair of wings folded scissor-like over the dorsal surface of the

abdomen.

  
FIG. 1 Characteristic anatomical features of Glossinasspp. (A) Side view ofan engorged

female Glossina morsitans morsitans resting during diuresis. An anal droplet has started

to form within minutes of feeding. The characteristic arista (arrow), a thin structure

bearing a single unidirectional row of branchedsetae, is used for species identification.

Photo: R. Wilson http://www.raywilsonbirdphotography.co.uk. (B) The middle of the
wing containsa unique venationpattern resembling a hatchet, which is also characteristic
oftsetse flies. Photo: L. Rafuse Haines.



 

THE ENEMY WITHIN 123

Tsetse flies fall into a single genus, Glossina, and are restricted to sub-

Saharan Africa except for two localities in the Arabian peninsula. Twenty-

three species and eight sub-species of tsetse fly are currently recognized

(Leak, 1999; Krafsur, 2009). These are divided into three distinct clades:

Morsitans, Palpalis and Fusca, which are named after the best known species

in each subgenus. Commonly these groups are described by the ecological

niches they occupy; savanna (Morsitans), riverine (Palpalis) or forest (Fusca)

groups. In Central and West Africa, the riverine species (Palpalis group) tend to

feed predominantly on reptiles and ungulates. Humans regularly encounter

these flies, particularly when visiting water sources, and these species are

important vectors of humansleeping sickness. The savannah-woodlandsspecies

(Morsitans group) are the most economically important, as they preferentially

feed on livestock and wildlife and are the major vectors of nagana. Both the

Palpalis and Morsitans groupsare vectors of T. brucei sspp. Mosttsetse from the

third clade (Fusca group) inhabit the damp, evergreen forests. The exception is

G. brevipalpis, which is more regularly found in association with livestock.

With the exception of G. brevipalpis, flies in the Fusca group are not considered

to be medically or agriculturally important. Whether this will change when

further pressure on land use drives them into more regular encounters with

humansand their domesticated animals remainsto be seen.

1.4 TSETSE LIFE CYCLE AND PHYSIOLOGY

Tsetse are unique amonginsect disease vectors in that they possess a viviparous

lifestyle. Consequently, flies have a very low rate of reproduction, typically

producing 8-10 offspring in their lifetime in optimal laboratory conditions

(Leak, 1999; Attardo et al., 2006). The tsetse reproductive tract possesses

extensive modifications to permit intrauterine larval development, which

include a reduced numberof ovarioles per ovary (two), a highly tracheated

and muscular uterus and a modified uterine accessory gland (milk gland) to

supply nutrients to the developing larvae (Leak, 1999; Attardo et al., 2006).

Oogenesis begins before tsetse eclosion. A single oocyte develops at a time,

starting with one of the two ovarioles in the right ovary, and takes 6—7 days to

complete. Oogenesis appears to be regulated by the presence of a developing

embryoorlarvae in the uterus.

In most Glossina species, the female is sexually mature 48-72 h post-

eclosion (i.e. emergence of the adult insect from the puparium), while males

become fertile several days after eclosion. Female flies generally mate only

once and can store sperm for the duration of their life. Upon completion of

oogenesis, an oocyte is synchronously ovulated and fertilized in the uterus

where it undergoes embryonic and larval development. The larva is solely

nourished by a milk-like secretion rich in proteins and lipids produced by a

pair of milk glands. A fully developed third instar larva is deposited by the
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female approximately 16 days after fertilization in the case of the first

offspring, and every 9 days thereafter. The larva burrows into the ground

where rapid pupariation takes place, and the adult fly emerges from the

puparium approximately 4 weeks later. In the tsetse field, the term teneral

is used to describe the period of time following emergence of the adult fly

from the puparium until it takes its first bloodmeal.

Both male and female adult tsetse flies are obligate haematophages capable

of transmitting trypanosomes. Tsetse flies are pool feeders and the repeated

penetration of mammalian host tissue by the tsetse proboscis results in the

formation of a sub-surface blood pool. Saliva is expressed into the wound and

trypanosomes are transmitted to the mammalian host at this stage.

The bloodmeal is sucked up through the proboscis and oesophagus and pro-

pelled into the rest of the alimentary canal by the rhythmic pumping of the

cibarial pump aided by the contraction of circular muscles that encompass

the oesophagus. The proventriculus (=cardia) (Fig. 2C) lies at the junction of

the oesophagus, midgut and crop duct. Blood maypass directly into the midgut

or into the extension of the foregut known as the crop (Fig. 2A), before

regurgitation into the midgut (Moloo and Kutuza, 1970). The proventriculus

acts as a valve regulating the directional flow of blood and is also the organ

responsible for producing the peritrophic matrix (PM) (see Section 2.5.1).

The tsetse midgut is a simple tube, lacking diverticula, running from the

proventriculusto the junction with the hindgut, which is marked by the entrance

of the Malpighian tubules into the alimentary canal (Fig. 2, top panel and

Fig. 2J). Although more complex divisions exist (Béhringer-Schweizer,

1977), the midgut can be crudely separated into three functional regions: the

anterior midgut, bacteriome (=mycetome) and posterior midgut. Thefirst part

of the anterior midgutis a linear tube running thoughthe thorax. Onceit enters

the abdomen, the anterior midgut becomes distended and here the blood is

stored and dehydrated prior to digestion. Epithelial cells of the anterior midgut

possess extensive infoldings of the basal plasma membrane with associated

mitochondria, enabling the fly to achieve this rapid dehydration (Béhringer-

Schweizer, 1977). The anterior midgut is interrupted approximately in its

middle section by a region of cells called the bacteriome (Fig. 2E). The

bacteriome houses the intracellular symbiotic bacteria Wigglesworthia

glossinidius.

Haemolysis and bloodmeal digestion commenceat the very beginning ofthe

posterior midgut, where haemolytic agents and digestive enzymesare produced.

Virtually all proteolytic enzymes are restricted to the posterior midgut

(Gooding, 1974a). The junction of the anterior and posterior midguts (Fig. 2F)

is obvious andtightly delineated in fedflies, as the bloodmeal changesin colour

from red to brown/black as haemolysis and digestion progesses. Cells of the

proximal part of the posterior midgut possess extensive rough endoplasmic

reticulum, large numbers of Golgi bodies and secretory vesicles allowingeffi-

cient production,storage and secretion of proteins (BOhringer-Schweizer, 1977).
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HindgutAnterior Midgut Posterior Midgut

 
FIG. 2. Anatomyof the alimentary canal of Glossina morsitans morsitans. Top panel

represents a dissected alimentary canal aligned anterior (left) to posterior (right). The

letters (A-L) correspond to the lower panels, which are magnified regions of the

digestive system visualized using light microscopy; (A) the crop, (B) salivary glands,
(C) the proventriculus capped by a modified fat body crown (oenocytes), (C—D) the most

proximal part of the anterior midgut that lies in the thorax, (D) the point where the
anterior midgut enters the abdomen, (E) the bacteriome that contains the obligate

symbiont Wigglesworthia glossinidia, (F-G) the most distal part of the anterior midgut

and the junction wherethe anterior and posterior midgut meet, demarked by a bloodmeal

colour change (from red to black), (H) fat body attached to the wall of the posterior
midgut, (I) the distinctive posterior midgutepithelial cells (luminal surface), (J) the bases
of the Malpighian tubules leave the alimentary canal at the junction of the midgut and

hindgut. The two Malpighian tubules each branch neartheir base to form a total of four

tubules, (K) ileum (severed from the MT and midgut) and the junction with the colon,

(L) colon endingin the bulbous rectum;note peritrophic matrix (*) exuding from a breach

in the hindgut wall. Photo: L. Rafuse Haines.

Cells of the distal part of the posterior midgut are involved in absorption of

digested products. They possess extensive smooth endoplasmic reticulum and

also lipid droplets and glycogen at various times of the digestive cycle

(Bohringer-Schweizer, 1977).



  

126 DEIRDRE P. WALSHEETAL.

1.5. TRYPANOSOME (T. BRUCEI SSPP.) LIFE CYCLE: DEVELOPMENT

AND DIFFERENTIATION

T. brucei has the most complex, but perhapsthe best characterized,life cycle of

all African trypanosomespecies. The trypanosomelife cycle wasfirst described

in detail by Muriel Robertson who described the successive stages of parasite

establishment and maturation within the insect and mammalian hosts, demon-

strated the migration of parasites through the fly midgut and provedthat only

salivary gland forms were capable of producing a mammalian infection

(Robertson, 1913). Since then, a more complete understanding of trypanosome

development has been achieved, with an agreed parasite nomenclature adopted

(Roditi and Clayton, 1999) and a consensus achieved on manyofthe barriers

presentin the fly that the trypanosome must overcometo survive and develop in

order to complete cyclical transmission.

Within the vertebrate bloodstream at least two different major forms of

trypanosomes are found; a long slender form, which replicates by asexual

division, and a short stumpy, non-replicating form (Fig. 3(1)). These extra-

cellular parasites are covered with an immunogenic surface coat composed of

approximately 107 identical variant surface glycoprotein (VSG) molecules

(Vickerman, 1969; Barry and McCulloch, 2001; Barry et al., 2005). The

VSG coat physically shields underlying membrane proteins from host

immune responses and is central to antigenic variation and survival in the

mammalian host. The consecutive, but mainly unpredictable, expression of a

large repertoire of VSG genes permits expansion of antigenically distinct

trypanosome populations within the host. After activation of host immune

responses (in reaction to high parasitaemia), the majority of the parasite

population is destroyed. A small number of trypanosomes survive because

they express an antigenically distinct VSG coat, and proceed to expand in

numbers. The continuous cycles of trypanosome replication and destruction

result in waves of fluctuating parasitaemia. The differentiation of the long

slender bloodstream form (BSF) into the non-dividing stumpy BSF occurs in

high density populations of long slender BSFs (Vassella et al., 1997; Seed

and Wenck, 2003). The switch to stumpy BSF involves changes in metabo-

lism within the trypanosome, but the molecular signals involved are not yet

known.Short stumpy BSFs are believed to be pre-adapted for survival within

the insect midgut due to the presence of a functional mitochondrion. In the

vertebrate bloodstream, trypanosomes utilize glucose as an energy source.

However, in the fly midgut, glucose is limiting and a moreefficient utiliza-

tion of glucose and amino acids occurs via the Krebs cycle and oxidative

phosphorylation in the mitochondrion.

To study the early events of trypanosomeestablishmentin the tsetse midgut,

T. b. brucei trypanosomesexpressing green fluorescent protein (GFP) underthe

control of a procyclin promoter have been created (Gibson and Bailey, 2003).

It is evident that differentiation of the BSF to the procyclic form (i.e. the insect



 

THE ENEMY WITHIN 127

5. Asymmetric division

  4. Proventriculus 6. Salivary glands

 

   
   

   

           
Peritrophic aN

matrix SN
Epithelium

Ss

Ls

3. Ectoperitrophic E 1. Bloodmeal
space Iss

P

2. Endoperitrophic space

FIG. 3 Diagram ofthelife cycle stages of T. b. brucei within thetsetse fly. Trypano-

some morphology was based on observations by Van den Abbeele et al. (1999) and
Sharmaetal. (2008). Stages of the trypanosomelife cycle within the tsetse are indicated

within circles joined by the red arrow; the grey arrow represents transit between insect

and mammalian host. 1. Short stumpy (SS) and long slender (LS) bloodstream forms

(BSFs) ingested with the infective bloodmeal; 2. Transformation of short stumpy (SS)
BSFinto procyclics (P) within the midgut endoperitrophic space; 3. Procyclics differen-

tiate into mesocyclics (Ms) within the ectoperitrophic space; 4. Transformation of
mesocyclics (Ms) into long trypomastigotes (LT), which give rise to asymmetrically
dividing trypomastigotes (ADT); 5. Trypomastigotes (ADT) divide into long epimasti-
gotes (LE) and short epimastigotes (SE). These three stages are present in both the

proventriculus and salivary glands; 6. Short epimastigotes (SE) interdigitate within the

salivary gland epithelium at their anterior ends, and subsequently mature into the non-
dividing, mammalian infective metacyclics (M). Note the gradual migration of
the kinetoplast in the fly stages of the parasite, culminating in a position anterior to the

nucleus in the trypomastigote and epimastigote forms. The reversion ofthis position to

the posterior end of the parasite is a signature of mature metacyclics.

midgut-adapted form), which involves replacement of surface VSGsby procy-

clins, occurs rapidly after bloodmeal ingestion by the fly (Fig. 3(2)) (Vassella

et al., 2001; Acosta-Serranoet al., 2001; Gibson and Bailey, 2003). Mostflies

successfully kill all invading trypanosomes in a process termed self-cure.
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Forthe first 3 days, trypanosomesare mostly contained within the bloodmealas

it is being digested. Thecritical events in parasite establishment appear to occur

approximately 3 days after infection, when the relatively small proportion of

surviving trypanosomes (~ 10%) either die or rapidly multiply in number

(Gibson and Bailey, 2003). Typically, from 8 days after the infected bloodmeal,

dissected flies can be confidently divided into two groups; the first in which

most flies will have self-cured (having completed the clearing of ingested

trypanosomes from their midguts) and the second which have established

midgut infections. Trypanosomes in an established infection migrate to the

ectoperitrophic space 3-5 days post-infection (Gibson and Bailey, 2003)

(Fig. 3(3)). It is believed that this occurs by direct penetration through the PM

(Ellis and Evans, 1977; Gibson and Bailey, 2003) although an alternative but

less likely, suggestion is that it occurs by circumnavigation around the open,

posterior end of the PM in the hindgut (see Section 2.5.1). Typically the midgut

population in an established infection reaches approximately 5 x 10° trypano-

somes (Van den Abbeeleef al., 1999; Gibson and Bailey, 2003).

From 6 to 8 days post-infection, large numbers of trypanosomes congregate

within the proventriculus (Van den Abbeele et al., 1999; Gibson and Bailey,

2003; Sharma ef al., 2008) (Fig. 3(4)). Here they appear to cease division,

elongate to mesocyclic forms andlater differentiate into long trypomastigotes

(Fig. 3(4)) (Van den Abbeele etal., 1999). Trypanosomesthen migrate back into

the endoperitrophic space by actively penetrating the PM and moveanteriorly in

the lumen of the foregut to the opening of the hypopharynxat the tip of the

proboscis. An alternative theory of migration involves the direct penetration of

the tsetse salivary glandsafter trypanosomeshavetraversed the fly haemolymph

(Mshelbwala, 1972). It is generally accepted thatthis is unlikely, as trypanocidal

factors knownto be presentin the haemolymph(Croft et al., 1982) would act as a

major barrier for trypanosomes attempting to traverse it. Early positioning of

trypanosomes in the anterior midgut and proventriculus should also favour

passage along the foregut to the salivary glands (Peacocket al., 2007).

Asymmetric division of the proventricular epimastigote form generates both

long and short parasites (Fig. 3(5)) andit is either the asymmetrically dividing

trypanosomeor the short epimastigote thatarrives at the salivary gland (Sharma

et al., 2008). Each tsetse fly has two salivary glands. Evidence suggests that

each gland is invaded and colonized separately, with few epimastigotes con-

stituting the founder populations (Peacocket al., 2007). The short epimastigote

formsare believedto attachto the salivary gland epithelium by interdigitation of

their membranes (Fig. 3(6)). Upon binding, the non-infective epimastigotes

complete several rounds of replication and differentiate into the metacyclic

form. Differentiation (metacyclogenesis) includes the appearance of a VSG

surface coat. Metacyclic VSGs display a specific VSG repertoire subset and

their expression is regulated differently to bloodstream VSGs (Barry et al.,

1998; Graham ef al., 1999). Mitochondrial changesalso occur, including loss

of mitochondrial cristae and Krebs cycle enzymes. The biochemical changes
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accompany the posterior migration of the kinetoplast before the parasite

detachesinto the lumen as a mature, free-form, infective metacyclic trypomas-

tigote. At this point, each mature metacyclic parasite has undergonethe trans-

formations necessary for survival in a mammalian host.

The above is an account of the most complex trypanosomelife cycle com-

pleted in the tsetse fly and it should be noted that there are distinct differences

betweenthelife cycle of T. brucei sp. trypanosomesandother African trypano-

somespecies. T. vivax completes its entire life cycle in the proboscisof the fly

while T. congolense infections develop in the fly midgut and mature in the

hypopharynx.

The numberof flies that develop a mature infection and the length of time

required for an infection to establish and mature into a transmissible form can

vary depending onseveral factors, including fly species (Welburn et al., 1989,

1994), fly sex (Distelmansef al., 1982; Dale et al., 1995) (see Section 2.7) and

parasite strain (Dale et al., 1995). Recent evidence suggests migration of

trypanosomesfrom the proventriculusto the salivary glands may occurcontin-

uously (Peacocket al., 2007; Sharma et al., 2008), albeit at low numbers, as

opposed to being restricted to a limited time ‘‘window’’ (Van den Abbeele

et al., 1999).

Oncea fly is infected it will produce infective metacyclics for the duration of

its life, which can be 150 or more days for females and abouthalf that for males

(Lehane and Mail, 1985; Msangi et al., 1998). Thus, there is potential for

infective parasites to be transmitted every time a fly feeds on a new host. In

addition,flies are capable of harbouring mixed infections of two or more species

of trypanosome (Lehaneet al., 2000; Van den Bosscheet al., 2004; Kubi etal.,

2005; Peacock et al., 2007). Sexual reproduction has been reported in T. b.

brucei in the salivary glands and mayexist in other trypanosomespecies (Jenni

et al., 1986; Peacock et al., 2007; Gibson etal., 2008). However, matingis not

an obligatory part of the trypanosomelife cycle and occurs in only a proportion

of flies co-infected with two different strains of T. b. brucei (Jenniet al., 1986;

Schweizer et al., 1988). It is suggested that the unattached epimastigote is the

mating stage (Gibson et al., 2008) (Fig. 3) but the mechanism of genetic

exchange is not yet known. Underfield conditions mating may be a rare event

(Koffi et al., 2009).

2 Tsetse-trypanosomeinteractions

It appears from the establishedliterature that all tsetse species are susceptible, to

some degreeatleast, to trypanosomeinfections. In general, tsetse in the Palpalis

group species tend to be poor vectors of congolense-type trypanosomes com-

pared to the Morsitans group flies (Harley and Wilson, 1968; Moloo and

Kutuza, 1988a; Ndegwa et al., 1992). Conversely, tsetse of the Morsitans

group are poorer vectors of T. b. gambiense than the Palpalis group (Richner
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et al., 1988). Care needs to be taken with muchof the data on susceptibility, as

often fly and trypanosomestrains used in experiments are from widely diver-

gent geographical origins. Manyfactors influence fly susceptibility to trypano-

some infection. Our understanding of these factors and their underlying

mechanismsisstill rudimentary. In this review, we concentrate on the physio-

logical factors influencingtsetse fly susceptibility to trypanosomes.

2.1 PARASITE SURFACE COAT

Throughout their life cycle in the tsetse fly, trypanosomes are covered by

different surface molecules. Successful differentiation of BSF to procyclic

forms involves the shedding of surface VSG and replacement with a set of

new surface molecules, the best known being the procyclins (Roditi and

Pearson, 1990; Beecroft et al., 1993). The procyclins are major GPI-anchored

proteins possessing extensive C-terminal glu-pro (EP) or gly-pro-glu-glu-thr

(GPEET)repeats, and comprise a surface coat of approximately three million

procyclin molecules per cell (Roditi et al., 1998; Pays and Nolan, 1998; Roditi

and Lehane, 2008). Three isoforms of EP procyclin, EP1, EP2 and EP3, are

known, which differ in the length of their repeats, the sequence of their

N-terminal domains and the presence or absence of N-glycosylation sites.

Analysis of procyclin expression by mass spectrometry indicated that trypano-

somesexhibit distinct procyclin expression profiles in vivo. All four procyclins

are present at similar levels within a few hours of differentiation to procyclics

(Vassella et al., 2001). However, 3 days post-infection, the procyclic coat

consisted primarily of GPEET with lower amounts of EP forms (Acosta-

Serrano et al., 2001). This GPEET was 11 residues shorter than that of

in vitro cultured procyclic culture forms (PCFs). From 7 days post-infection,

GPEETprocyclin disappeared and expression switched to the glycosylated

isoforms EP! and EP3. EP1 and EP3 were also truncated in comparison to

these isoforms expressed byin vitro cultured PCF. Transcripts of EP2 are quite

abundant in fly-derived procyclic forms but EP2 proteins have not yet been

confirmed in vivo (Urwyler et al., 2005).

While tsetse procyclins exhibit complex expression profiles (suggesting a

selective advantage in their production) their function remain unknown.Prote-

olysis in the fly removes the N-terminal domainsofall procyclins, but the acidic

aminoacid repeat sequencesare largely resistant to proteolysis (Acosta-Serrano

et al., 2001). Thus procyclins mayserve a protective role, aid parasite develop-

ment and/or influence ligand-associated parasite—vector signalling (Roditi and

Pearson, 1990; Ruepp et al., 1997). Interestingly, parasites expressing procy-

clins with truncated N termini canstill establish midgut infections to similar

levels as wild-type parasites under laboratory conditions and form mature

metacyclics within the salivary glands (Liniger et al., 2004). Thus, procyclins

are not crucial for migration of procyclic forms from the tsetse midgut to the

salivary glands (Vassella et al., 2009). However, in co-infection experiments,
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procyclin null mutants were rapidly outgrown in the midgut by wild-type

parasites. This suggests that under field conditions, where mixed infection in

flies is common (Lehane ef al., 2000), surface procyclins probably play a

significantrole in trypanosomefitness (Vassella er al., 2009). As trypanosome

epimastigotes within the tsetse salivary glands typically lack a procyclin coat

(Urwyler et al., 2005), the function of the procyclin coat molecules probably

occurs earlier in trypanosome developmentinthefly.

T. congolense PCFs express several major stage-specific surface molecules

different to those of T. brucei. In the early stage of T. congolense midgut

infection, a protease-resistant surface molecule (PRS) is expressed, while

later, a heptapeptide-repeat containing molecule (Butikofer et al., 2002) and a

glutamic acid—alanine-rich protein (GARP) are expressed (Beecroft ef al., 1993;

Bayne et al., 1993; Utz et al., 2006). Interestingly, T. congolense procyclins

bear similarity to T. brucei procyclins in being acidic and having repeat

sequences rich in glutamic acid, glycine, threonine and proline (Utz et al.,

2006). Also, genes related to GARP have beenidentified in both T. simiae

and T. godfreyi. Epimastigote forms of T. congolense and T. brucei, foundin the

proboscis and salivary glands respectively, express related surface glycopro-

teins named congolense epimastigote specific protein (CESP) (Inoue et al.,

2000) and brucei alanine-rich proteins (BARP) (Urwyler ef al., 2005).

The function of these different parasite surface molecules is still unknown.

In the salivary glands nascent and mature metacyclics (re)acquire a VSG

coat in preparation for transfer to the next mammalian host (Tetley and

Vickerman,1985).

2.2 HOST BLOOD FACTORS

Different trypanosomespecies are capable of infecting different mammalian

hosts, which implies that host blood factors can affect trypanosome survival

(Vickerman, 1985; Masaninga and Mihok, 1999). An intriguing question is

whetherornotthe influence of these host blood factors extends to trypanosome

establishment in the tsetse midgut. T. brucei developmental forms are present

in the midgutfor at least 8 days, before commencing migration and maturation

in the foregut and salivary glands. Astsetse flies ingest a new bloodmeal every

2448 h,there is ample opportunity for an ingested bloodmealto have an impact

on trypanosomesurvival.

The mammalianhost blood in which the trypanosomeinfection is acquired

by tsetse affects both differentiation (Nguu er al., 1996) and multiplication of

parasites in the fly midgut (Olubayo et al., 1994; Mihok et al., 1995). Buffalo

and eland blood support establishment of T. congolense infections in G. m.

morsitans less well than goat blood (Olubayo et al., 1994). This was apparent

from 3 days after the infective bloodmeal and occurred regardless of whether

flies were maintained on rabbit blood or the blood of the respective mamma-

lian hosts in which the infective meal was given (Olubayo ef al., 1994).
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This suggests that the trypanocidal eventin the fly midgut occurs early in the

infection process. Serum components of the blood may be either conducive

or detrimental to survival of trypanosomesin the fly (Reduth et al., 1994;

Mihokef al., 1995; Muranjan et al., 1997). The serum of the Cape buffalo,

for example, is trypanocidal to most species of trypanosomes (Reduth et al.,

1994). Using T. b. brucei BSF, the primary cause of parasite death was

inhibition of glycolysis by host hydrogen peroxide (HO2) generated by

xanthine oxidase (Muranjan ef al., 1997). Whether or not this effect

holds true for procyclic forms if a recently infected fly subsequently feeds

on Cape buffalo merits a more detailed study. However,it is unlikely the same

trypanocidal mechanism would occur in vivo since procyclic trypanosomes

metabolize proline, rather than glucose, as a major energy source (Muranjan

et al., 1997). While xanthine oxidase is present in the serum of other

mammals, it does not cause death of different trypanosome species in these

hosts (Cruz et al., 1983; Reduth et al., 1994). Therefore, it is possible that

generation of HO,to trypanocidal levels by xanthine oxidase in Cape buffalo

may be part of a wider metabolic cascade, including purine catabolizing

enzymes (Muranjan ef al., 1997). Thus, experiments using the serum of

different mammalian species, which show seeminglylittle correlation between

serum concentration and BSF trypanosome survival, may simply differ

in the molecular constituents of different mammalian host serums (Black

et al., 1999).

Host serum complement(an immunological cascade present in mammalian

serum, which, upon activation, induces lysis of target microbes) may also be

involved in causing trypanosome mortality (Ferrante and Allison, 1983; Black

et al., 1999). A BSF trypanocidal factor, which is heat labile (inactivated

following 30 min at 56 °C), has been documented in the serum of mammalian

species lacking any xanthine oxidase activity (Black et al., 1999). Also,

T. congolense and T. b. brucei PCFs are killed by another heat sensitive factor

in human serum (Ferrante and Allison, 1983). Similar PCF lytic activity was

observed in human serum deficient in complement C2 (part of the classical

complement pathway), as well as in ethylene glycol tetra-acetic acid (a prefer-

ential chelator of calcium ions, a crucial substrate for initiation of the classical

pathway). Consequently, the trypanocidal factor may rely on the alternative

complementpathway for activation (Ferrante and Allison, 1983).

The infective bloodmealorigin also appearsto play a keyrole in determining

the virulence and infectivity of the resulting salivary gland metacyclics

(Masaninga and Mihok, 1999). In vitro grown T. congolense BSFs were

mixed with either goat, eland or zebra blood and fed to G. m. centralis flies.

The resulting metacyclics used to infect BALB/c mice varied in their prepatent

periods and resulted in differences in mouse mortality rates (Masaninga and

Mihok, 1999). A strong selection pressure appears to be exerted by host blood,

most likely on the procyclic parasite stage exposed to incoming bloodmeals,

which maylead to differential killing of parasites.
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2.3. TSETSE MIDGUT ENVIRONMENT AND SIGNALS FOR DIFFERENTIATION

Efforts to determine the triggers responsible for trypanosome switching from

bloodstream to procyclic forms have primarily been conductedin vitro and have

occasionally ignored the realities of tsetse fly biology. A variety of methods

have been usedto define differentiation including morphological markers (Hunt

et al., 1994), the release of VSG proteins and concomitant detection of procy-

clins, or the detection ofDNA synthesis (Matthews and Gull, 1997). Other novel

approaches include the use of transgenic trypanosomes carrying the E. coli

glucuronidase (GUS) gene underthe control of procyclin expression elements

(Sbicego et al., 1999) and the use of GFP-expressing trypanosomesunder the

regulation of a procyclin-linked promoter (Sheaderet al., 2004).

Reduction of temperature alone from 37 to 27 °C caninitiate the differentia-

tion of BSFs to PCFs (Brownetal., 1973; Bienen et al., 1980; Overath et al.,

1986) and is conduciveto growth and proliferationofa transformed trypanosome

population. Using the GUS system, Sbicego et al. (1999) found that both citrate

and cis-aconitate (Krebs cycle intermediates) could induce trypanosomediffer-

entiation to PCF in vitro, in a manner independent of the commonly used

temperature shift (from 37 to 27 °C). This phenomenonappears to be highly

specific as other Krebs cycle intermediates, even whenpresentat relatively high

concentrationsin vitro (10 mM),did nottrigger parasite differentiation (Sbicego

et al., 1999). Also, compoundsclosely resembling citrate and cis-aconitate, for

example trans-aconitate and 5-fluoro-citrate, were trypanocidal (Huntef al.,

1994). To date, the citrate concentration of the fly midgut lumen has not been

reported. However,if similarto the low citrate concentration estimated within the

fly haemolymph(15.9 LM), this may be insufficient to trigger BSF differentiation

(Huntet al., 1994). However, BSFs exhibit hypersensitivity towards cis-aconitate

whenthey are exposedto a cold shock (Engstler and Boshart, 2004). Thus lower

concentrationsofcitrate and cis-aconitate maybe sufficient to trigger differenti-

ation of BSFs in vivo when used in combination with a temperature drop (Hunt

et al., 1994; Rolin et al., 1998; Fenn and Matthews, 2007).

Trypanosomedifferentiation mayalso be initiated in vitro by growth of BSFs

in low glucose medium (Milne ef al., 1998). This may reflect what occurs

in vivo, as changesin glucose concentration occur as the trypanosomestransfer

from a high glucose environment (mammalian bloodstream) to a lower glucose

environment(fly midgut). Furthermore, glucose concentration may bea factor

involved in controlling switches in procyclin expression at later stages of

trypanosome development(Morris et al., 2002).

Incubation of BSFs under mildly acidic conditions (pH 5.5) was shown to

cause differentiation to PCFs in vitro (with corresponding shedding of the VSG

coat and expression of procyclins) at 27 °C, even in the absence of cis-aconitate

(Rolin et al., 1998). However, this in vitro work seemsto have ignored condi-

tions in the tsetse fly, where the best available data suggest that the pH of the

midgutis highly alkaline. The use of microelectrodes to measure the midgut pH
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in unfed flies and fed flies 48 and 72 h post-feed has shown that the tsetse

digestive tract average pH lies between 9 and 9.5, with the lowest pH value

(pH 7.9) occurringin the posterior midgut 72 h post-feeding (Linigeret al., 2003).

The enzymes trypsin (see Section 2.4) and thermolysin stimulate trypano-

somedifferentiation in vitro. In the case of trypsin,at least, this occurs indepen-

dently of any slender BSFattrition effects (Sbicego et al., 1999). Pronase was

also shown to be an efficient trypanosome differentiation trigger, with up to

95% differentiation to PCFs achieved (Huntet a/., 1994). However, as far as we

are aware, of the proteases above only trypsin is found in the tsetse midgut

(Gooding and Rolseth, 1976). Another molecular trigger native to the tsetse

midgut, the Glossina proteolytic lectin serine protease (Gpl) isolated from

Glossina fuscipes fuscipes, has been identified as having a role in trypanosome

differentiation in vitro (Abubakar et al., 2006). To date, while several triggers of

differentiation from BSF to PCFs have beenidentified, the signals that cause

differentiation to epimastigote and metacyclic forms in vivo are unknown.

2.4 TRYPANOSOMES AND TSETSE DIGESTIVE ENZYMES

Tsetse flies are obligate haematophagesand thus are completely specialized for

digesting blood. The majority of their nutritional resources are obtained from

the protein content of the bloodmeal (Moloo, 1976; Kabayo and Langley, 1985).

Consequently, the fly has a range of proteolytic digestive enzymes in the

posterior, digestive portion of the midgut (Gooding and Rolseth, 1976;

Cheeseman and Gooding, 1985). The anterior portion is virtually free of pro-

teolytic activity and indeed the epithelium of the anterior midgut actively

secretes proteinase inhibitors into the gut lumen (Gooding, 1974b; Houseman,

1980; Stiles et al., 1991). It has previously been suggested that midgut proteases

are a major barrier to trypanosomeestablishment within the tsetse midgut

(Imbugaef al., 1992). Given the above, while this may be the case, it probably

only refers to trypanosomes entering the posterior midgut. In addition, fly

midgut trypsin levels do not differ in infected and refractory flies, suggesting

that digestive enzymes are not part of a protective response to trypanosome

infection. Neither feeding excess trypsin nor inhibition of trypsin results in any

difference in infection phenotype within the fly (Welburn and Maudlin, 1999).

Studies using tsetse midgut extracts have found no correlation between

tsetse gut protease activity and trypanosome infection rates (Mihok et al.,

1994). Collectively these data indicate that it is questionable whether tsetse

proteases have any major bearing on trypanosomeinfections within the fly gut.

Curiously, an increase in mRNAtranscript levels of certain digestion related

enzymes, namely the tsetse cathepsin B, zinc carboxypeptidase and zinc

metallo-protease, have been reported when a trypanosomeinfection is present

(Yan et al., 2002). It should be noted howeverthat protein levels, particularly

in the intestine of insects taking occasional meals, may not be proportional to

transcript levels.
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2.5 TSETSE IMMUNE SYSTEM

Despite their obvious efficiency in maintaining large burdens of trypanosome-

based disease in Africa, tsetse flies exhibit a considerable level of refractoriness

to trypanosomeinfection. Even under optimal laboratory conditions, whereflies

are fed at regular intervals, only a proportion of flies will establish midgut

infections and the numberdecreases dramatically after the adult fly has taken

three to four bloodmeals (Fig. 4) (Distelmans et al., 1982; Welburn and

Maudlin, 1992; Kubiet a/., 2006). Furthermore, less than half of the infections

that becomeestablished in the midgut will mature (Van den Abbeele et al.,

1999; Gibson and Bailey, 2003; Peacock et al., 2006). A key factor in this

refractorinessis the fly immune system (Haoet al., 2001). Immunestimulation,

by injection of live E. coli or lipopolysaccharide (LPS) into the haemocoel of

the fly prior to feeding aninfective bloodmeal,leadsto a statistically significant

decrease in trypanosome midgutinfection rates (Hao etal., 2001).

Identification of the tsetse immune molecule(s) responsible for conferring

resistance to trypanosome infection has been hampered by the lack of an

annotated Glossina genome (scheduled for completion in 2011). However, the

sequencing and annotation of EST libraries from several tissue sources,
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FIG. 4 G. m. morsitans teneral phenomenon. The timing of the infective bloodmeal

(BM)affects the prevalence of establishment of trypanosomesin the tsetse midgut. The

infective BM containing T. b. brucei (TSW196) BSFgiven at one of the stated blood-

meals (x-axis) results in the indicated prevalence of infection (mean + SE). N = cumula-

tive sample size number (male), R = number of replicates (Lehane laboratory,

unpublished results).
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including the major immunoresponsivetissues of midgut (Lehaneet al., 2003)

and fat body (Attardo et al., 2006), has provided the foundation for more

extensive studies of the Glossina innate immune system at a molecular level

(http://www.genedb.org/genedb/glossina/index.jsp).

Based largely on work on Drosophila melanogaster, it is knownthat insects

possess a complex, interacting, innate immune system. This system is com-

prised of physical barriers (such as the cuticle and the PM), cellular responses

(such as encapsulation and phagocytosis), and humoral responses, such as the

generation of host defence peptides (HDP, previously called antimicrobial

peptides), reactive oxygen species (ROS) and melanization by the phenolox-

idase pathway (Lemaitre and Hoffmann, 2007). The immune response depends

not only on the nature of the immunestimulus, but also its route of delivery,

with quite distinct epithelial and systemic immuneresponse profiles generated

to the same pathogen (Haoet al., 2001). Clearly, in tsetse-trypanosomeinter-

actions, it is the epithelial immune responses of the alimentary canal and

salivary gland tissuesthat are likely to be of major importance,as trypanosomes

involved in the natural life cycle are exposed only to epithelial surfaces

throughout the parasite life cycle. Trypanosomes have been reported in the

tsetse haemocoel (Mshelbwala, 1972; Otieno et al., 1976), but these are almost

certainly not important to the completion of the normal life cycle. Those

trypanosomesthat do traverse the midgut epithelium are rapidly killed by an

unidentified systemic immuneresponse (Croft et al., 1982), which effectively

confines the trypanosomesto the lumen of the alimentary canal.

2.5.1. Peritrophic matrix

The insect midgutepithelium is physically protected from abrasion by food (and

the pathogensit may contain) by the peritrophic matrix (PM,previously known

as the peritrophic membrane) (Lehane, 1997). The PM is composed ofa highly

organized, glycosaminoglycan-rich layer reinforced with chitin (Tellam e¢al.,

1999). In tsetse, the PM is constitutively expressed, forming a protective sleeve

along the entire length of the midgut. Type II PM, such asthat occurring in

tsetse flies, physically separates the midgut lumen into two compartments. The

endoperitrophic space is where the food lies and the ectoperitrophic spaceis the

region between the PM and the midgutepithelium (see inset, Fig. 3). Clearly, by

separating the food from the midgut epithelium, the PM mustact as a molecular

sieve through which digestive enzymes and nutrients destined to be absorbed

must pass. The molecular sieving properties of the PM vary with changesin the

surroundingionic environment (Miller and Lehane, 1993). Typically, the tsetse

PM has a pore size of 9 nm, making the PM permeable only to globular

molecules less than 150 kDa (Miller and Lehane, 1990). Consequently, the

tsetse PM presents a barrier to procyclic trypanosomesthat needto get into the

ectoperitrophic space to continue their development.
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Whether trypanosomes penetrate the PM, or circumnavigate around its

broken ends in the hindgut to get to the ectoperitrophic space, is still the

subject of speculation. There is little dispute that trypanosomes returning to

the endoperitrophic space, from 6 to 8 days post-infection, actively penetrate

the PM. Given the data obtained mainly by transmission electron microscopy

(Ellis and Evans, 1977; Gibson and Bailey, 2003), it seems probable that

trypanosomes also actively penetrate the PM whenentering the ectoperi-

trophic space 3-5 days post-infection. Penetration is likely to be preceded

by a specific attachmentevent,soit is interesting to note that GFP-expressing

T. b. brucei PCFstendto line up parallel with the PM and becomeassociated

with tsetse gut fragments upon dissection (Gibson and Bailey, 2003). How

trypanosomes achieve PM penetration is unknown, and nochitinase gene has

been identified from the trypanosome genome. However, chitin can be a

relatively minor component of dipteran PM (Tellam et al., 1999) and other

enzymescapable of dealing with glycosaminoglycans may be more important

in the penetration event. In support of penetration rather than circumnavi-

gation via the hindgut, only small numbers of procyclics were observed in the

posterior region of the midgut when GFP-expressing parasites were used.

These parasites were considered to be an indication of a failed infection

cycle in its terminal stages (Gibson and Bailey, 2003).

2.5.2 Immune signalling

Genetic studies have demonstrated that Drosophila uses two main immune

signalling pathways to control immuneresponses to pathogen challenge. The

Toll and Imd (immunodeficiency) pathways respond to different classes of

microbes and are used differently in various fly tissues (De Gregorio et al.,

2002). The Imd pathway is predominantly involved in regulating epithelial

immune responses and is most strongly utilized following Gram-negative

bacterial challenge. The Toll pathway is most heavily involved in systemic

immuneresponsesandis activated most by fungal and Gram-positive bacterial

infections (Fig. 5). These pathwaysare highly conserved amonginsect species

and bear similarity to the vertebrate Toll-like receptor (TLR) and tumour

necrosis factor (TNF) pathways. The Drosophila immune system is also

highly regulated as over- or underexpression of immune responsesis detri-

mental to host health (Lemaitre and Hoffmann, 2007; Ryu et al., 2008;

Aggarwal and Silverman, 2008). The immune response may be divided into

three key stages: recognition of pathogens, activation of the signal transduc-

tion pathway(s) and production of immune effector and regulator molecules.

Orthologousintracellular and extracellular members of both pathways have

been identified from Glossina EST databases (Table 1), although very little

experimentation to gather functional evidence for their role in tsetse flies has

been undertaken.
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FIG.5 Schematic representation of the Toll and Imdsignalling pathways. The function

of the Toll and Imd signalling pathways has beenintensively investigated in Drosophila

melanogaster and has been reviewedin detail by Lemaitre and Hoffmann (2007) and

Aggarwal and Silverman (2008). This figure is modified from these references. The

omniBLASTsearch tool was used to identify putative G. m. morsitans orthologs (at

le~*° or less) of all identified Drosophila Toll and Imd pathway genesin all library
clustered EST translated sequences of G. m. morsitans (http://www.genedb.org). Ortho-

logs of all Toll and Imd pathway members depicted were identified (except WntD) and

are summarized in Table 1.

2.5.3. Recognition and activation

Differential regulation of immune effector HDP indicates that the tsetse

immunesystem can distinguish between virulent and avirulentstrains of bacte-

ria (Weiss et al., 2008), between trypanosomeandbacterial infections and also

between different trypanosomelife stages, that is procyclic and bloodstream

forms (Hao et al., 2001). In Drosophila, pathogen recognition is achieved by

pattern recognition receptors (PRRs), which each recognize a certain class of

pathogen-associated molecular pattern (PAMP). Two families of PRRs, the

peptidoglycan recognition proteins (PGRPs) and Gram-negative binding pro-

teins (GNBPs), are known.Interestingly, PRRs are proteins originally derived

from enzymes knownto degrade microbial cell wall components, thus evolving
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from a microbicidal to a recognition role (Lemaitre and Hoffmann, 2007).

A role for PGRP-LB, a known negative regulator of the Imd pathway in

Drosophila, has been noted in downregulating tsetse immune responses to

virulent but not avirulent bacteria (Weiss et al., 2008). Notably, no PRR has

yet been identified for African trypanosomes,although it is clear that there is a

tsetse immuneresponseto their presence (Hao et al., 2001). Binding of PRRsto

a pathogen leads to activation of Toll/Imd downstream signalling cascades.

Signalling culminates in the activation and nuclear translocation of NFKB

transcription factors Dorsal/Dif (Toll pathway) or Relish (Imd pathway). This

in turn causes transcription of immune effector genes such as HDPs. Impor-

tantly, molecular crosstalk may occur between the Toll and Imd pathways, thus

giving rise to a wide spectrum of possible immune responses to pathogen

invasion (Tanji and Ip, 2005; Tanji er al., 2007).

In Drosophila, control of induced epithelial immune responsesis associated

with the Imd signalling pathway (Tzou et al., 2000). Gene knockdownofthe

Imd pathwaytranscription factor Relish in tsetse flies has been demonstrated to

cause an increase in midgut andsalivary gland infection rates with trypano-

somes (Hu and Aksoy, 2006). This evidence implicates the Imd pathwayin

regulating fly susceptibility to trypanosomeinfection. Furthermore, knockdown

of Relish leads to downregulation of attacin, a HDP associated with tsetse—

trypanosome interactions (Hao ef al., 2001; Hu and Aksoy, 2005, 2006;

Nayduch and Aksoy, 2007).

2.5.4 Effector molecules

HDPsare evolutionarily conserved effector molecules of the humoral defence

system and are found amongall classesoflife. They exhibit a broad spectrumof

activity against bacteria, fungi, viruses and transformed cells (Lemaitre and

Hoffmann, 2007). In addition, the anti-parasite activity of HDPs has been

illustrated in several vector—parasite systems (Durvasula eft al., 1997;

Shahabuddin ef al., 1998; Boulanger et al., 2002b) including a tsetse—

trypanosome system (Hu and Aksoy, 2005; Hu and Aksoy, 2006). Many

HDPstarget pathogens by disturbing the pathogen membranepotential or by

disrupting internal cell functioning leading to cell death by apoptosis or necro-

sis. Early research into these immune mediators in G. m. morsitans identified

four HDPs: an attacin (AttAl), a cecropin, a defensin and a diptericin (Hao

et al., 2001; Boulanger et al., 2002a). More recently, characterization of the

G. m. morsitans attacin loci has recognized that attacin genes are organized in

three clusters encoding three different attacins: attA, attB and attD. The amino

acid sequences of AttA and AttB are almost identical while AttD is only 69%

identical to the AttA/B form. These genes are differentially regulated (Wang

et al., 2008). Interestingly, two additional HDPs, one with anti-Gram-negative

activity and the other with anti-Gram-positive activity, have also identified
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following trypanosome challenge (Boulanger et al., 2002a). These HDPs

remain uncharacterized.

In vivo analysis of HDPtranscript expression during trypanosomeinfection

has indicated that these peptides are differentially regulated in the haemo-

lymph and in the major immunoresponsive tissues of midgut, fat body and

proventiculus (Hao ef al., 2001, 2003; Hu and Aksoy, 2006). Early in the

infection process, the presence of trypanosomesin the midgut or haemolymph

does not lead to activation and increased transcription of midgut or fat body

HDP genes (Hao et al., 2001). However, by day 6, as parasite numbers

increase, attacin (AttA/B and AttD) and defensin transcript expression is

high in the fat body (Hao et al., 2001, 2003; Wang et al., 2008). In self-

cured flies HDPtranscript expression levels fall, but in flies with established

midgut infections expression levels remain high in the fat body and proven-

triculus (Haoet al., 2001, 2003). This does not appearto affect the viability of

the parasite population within the midgut, although it remains to be seen if

individual parasites are affected, thus resulting in a change in the nature of the

parasite population. It is possible that trypanosomes exhibit a stage-specific

sensitivity to particular immune molecules, with procyclics exhibiting higher

resistance to the trypanocidal activity of HDPs than BSF trypanosomesas was

observed in vitro by Haineset al. (2003). Alternatively fat body synthesized

peptides circulating in the fly haemolymph mayfail to reach parasites located

in the midgut environment.

The trypanocidalactivity of HDPs has been recognized. Stomoxyn,isolated

from the facultative hematophagousfly Stomoxys calcitrans, exhibits trypano-

cidal activity (Boulangeret al., 2002b). In addition, there is direct evidence of

trypanosomekilling by Glossina HDPs themselves (Hu and Aksoy, 2005; Hu

and Aksoy, 2006; Nayduch and Aksoy, 2007). Recombinant attacin (AttA1)

inhibited both BSF and PCFgrowthin vitro (Hu and Aksoy, 2005). Jn vivo, gene

knockdownofthe AttA1 peptide, or its transcriptional regulator Relish, led to a

statistically significant increase in midgut and mature salivary gland trypano-

some infection rates (Hu and Aksoy, 2006). Relish also regulates cecropin

expression in Glossina, but whether cecropin possesses trypanocidal properties

is yet to be directly investigated. Morerecently, differential expression of AttA1

transcripts in a trypanosome susceptible species (G. m. morsitans) and two

comparatively trypanosome-refractory species (G. pallidipes and G.p. palpalis)

has been reported (Nayduch and Aksoy, 2007). Refractory species showed

higher attacin transcript expression in fat body (systemic) and proventiculus/

midgut (local) tissues in comparison to susceptible flies in both teneral and

blood-fed states. Knockdown of attacin expression in G. pallidipes led to

increased trypanosomesusceptibility, although the possible confoundingeffects

of high mortality rate, starvation, wounding and low sample numberin this

study should be noted (Nayduch and Aksoy, 2007). Nevertheless, the evidence

suggests that attacin may be an important regulator of tsetse-trypanosome

interactions.
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Notably, several investigations of HDP function in tsetse—trypanosomeinter-

actions bypass a natural trypanosome developmental stage by using PCF rather

than BSF trypanosomesto infectthe flies (Haoet al., 2001, 2003). It is too early

to say how this experimental approach to infection affects the tsetse—

trypanosomeinteraction but it clearly runs the risk of bypassing part of the

natural fly immune response. In some cases, the authors do not state the

trypanosomelife cycle stage used (Nayduch and Aksoy, 2007). Furthermore,

supplementation of bloodmeals with glucosamine (Haoet al., 2001, 2003) may

disrupt the natural infection process and confoundthe interpretation of results

(Peacocket al., 2006).

The HDPdiptericin is constitutively expressed in the proventriculus and fat

body of tsetse (Hao ef al., 2001). This HDP expression profile has been

attributed to the presence of symbionts, in particular to the presence of Sodalis

in the gut and haemolymph.Interestingly, Sodalis is resistant to the Gram-

negative bactericidal activity of mature synthetic diptericin in vitro (Hao et al.,

2001), whereas the non-native bacterium E. coli is not. Sodalis is also more

resistant to recombinant attacin (recGmAttA1) than E. coli (Hu and Aksoy,

2005) and to a battery of other Gram-negative and Gram-positive bacteriolytic

HDPs(Hainesef al., 2003). Thus, it is possible Sodalis may have evolved HDP

resistance traits permitting survival in the hostile tsetse midgut environment

while invading pathogensare eliminated.

2.5.5. Antioxidants

In addition to the NFKB pathway-mediated defense systems, the NF«B-inde-

pendent production of microbicidal ROSis a key componentofinsect epithelial

immune responses (Ha et al., 2005a; Lemaitre and Hoffmann, 2007). In

Drosophila, natural gut infections with bacteria are associated with rapid

synthesis of ROS. Studies have demonstrated thatit is Drosophila dual oxidase

(dDuox), and not NADPH oxidase (dNox), that provides the main source of

ROSthat limits bacterial proliferation in the midgut (Haet al., 2005a,b). The

infection-inducible nature of intestinal dDuox suggests the transcriptional role

of dDuox mayplay a pivotal role in fly midgut protection against invading

pathogens. dDuox is capable of generating H2O., and the highly microbicidal

HOCIis derived from HO, by neutrophil-derived myeloperoxidase (MPO)

type activity. Physiological regulation of ROSlevels in the midgut is achieved

via dDuox-dependant ROS generation and immune-regulated catalase (IRC)-

dependant ROS removal (Haet al., 2005a,b). A fine redox balanceiscritical, as

knockdownof either dDuox or IRC leads to higher mortality rates due to either

insufficient or prolonged oxidative stress responses respectively.

It is known that ROSactivates a cell death pathwayin procyclic T. b. brucei

trypanosomes(Ridgley et al., 1999). In tsetse, increased ROS andnitric oxide

(NO)transcript expression have been reported in the proventriculus in response

to trypanosome challenge (Hao ef al., 2003). Additionally, upregulation of
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oxidative stress genes has been demonstrated in the midgut transcriptome of

infected flies (Lehane et al., 2003; Munks et al., 2005) andself-cured flies

(Lehane et al., 2008). Hao et al. have hypothesized that reactive intermediates

such as NO or HO, may function as chemical signals to mediate communica-

tion between different immunoresponsivetissues (Haoef al., 2001, 2003).

Indirect evidence suggestsa role for antioxidantsin signalling during parasite

development in the fly and protecting tsetse flies against trypanosomes (Hao

et al., 2001, 2003; Macleod et al., 2007a,b). Recently, Macleod et al. (2007b)

demonstrated the feeding of different antioxidants (glutathione, cysteine,

N-acetyl-cysteine, ascorbic acid or uric acid) in the infective bloodmealled to

significant increases in midgut infection rates. Also, glucosamine, which has

routinely been used to boost trypanosome midgut infection rates, has been

shownto be an antioxidant molecule (Xin et al., 2006). The original interpreta-

tion of increased infection rates in flies fed glucosamine was that this sugar

neutralized specific trypanocidallectins in the midgut, permitting higher infec-

tion rates to occur (Maudlin and Welburn, 1987; Welburn et al., 1989; Murphy

and Welburn, 1997) (see Section 2.5.6). However, with this more recent dem-

onstration that N-acetyl glucosamine can scavenge ROS, superoxide and

hydroxyl ions (Xin et al., 2006), an effect on trypanosome infection rates

through reduction of ROS challengeis a strong alternative hypothesis.

Oxidative stress is believed to be involved in control of parasites in other

vector—parasite systems, including the Plasmodium—mosquito and Trypano-

soma-Rhodnius systems. Augmented production of NO has been noted in

Anopheles stephensi, An. gambiae and An. pseudopunctinpennis following

P. berghei infection (Luckhart et al., 1998; Herrera-Ortiz et al., 2004). The

R. prolixus NO system respondsto T. rangeli and T. cruzi, implicating involve-

mentin trypanosomeinfection regulation (Whitten et a/., 2001, 2007). Further-

more, the stable suppression of trypanosomeparasitaemia in Cape buffalo is

associated with increased levels of serum ROS (Wanget al., 2002).

A role for transferrin in immunesignalling and the upregulation of NO in

vertebrates has been suggested (Stafford and Belosevic, 2003). Recently,

knockdown of transferrin in G. m. morsitans was demonstrated to have a

statistically significant impact on trypanosomeprevalence, resulting in almost

a doubling of trypanosome midgut infection rate (Lehane et al., 2008). The

mechanism of involvement of tsetse transferrin in mediating tsetse—

trypanosomeinteractionsis still unknown,butthereis the intriguing possibility

that it may be analogousto the function in vertebrates.

2.5.6 Lectins and programmedcell death

Susceptibility, defined as midgut establishment of T. congolense or T. b. brucei

in G. m. morsitans infected at the first bloodmeal, can be selected for with

results apparent in the Fl generation (Maudlin, 1982). This susceptibility is

an extra-chromosomaltrait inherited through the female line (Maudlin and
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Dukes, 1985). G. m. centralis infected with T. congolense show similar suscep-

tibility phenotypes.It appears the effect operatesin both the midgut andforegut,

becauseselected lines showed similar phenotypes to T. vivax infection (Moloo

and Kutuza, 1988a). The lectin hypothesis was proposed as the mechanism

underpinning this phenotype by Maudlin and Welburn (1987). They arguedthat

midgut-expressed lectins were the predominant factor killing trypanosomes

in vivo in the tsetse fly, with lectin levels modulated by the changing number

of the symbiont Sodalis glossinidius in the fly midgut (Welburn and Maudlin,

1999). This argument wasbased primarily on evidence that feeding of sugars

capable of inhibiting lectins increased trypanosome midgut infection rates

(Maudlin and Welburn, 1987; Ingram and Molyneux, 1988; Welburn et al.,

1994). Additionally, based on the effects of the plant lectin concanavalin

A (Con A) on trypanosomesin vitro, lectin-mediated killing of trypanosomes

was believed to occur by a process termed proto-apoptosis (Welburn

and Maudlin, 1999; Pearson et al., 2000) (see below). A lectin specific for

D-glucosamine and with lesser affinity for N-acetyl-p-glucosamine has been

tentatively identified in tsetse midgut (Ibrahim ef al., 1984; Ingram and

Molyneux, 1988). Most of this lectin is found attached to the PM (Lehane and

Msangi, 1991). Inhibition of midgut lectins was hypothesized to occurnaturally

to the greatest extent in newly emergedflies, where lectins were neutralized by

the build-up of inhibitory sugars released from chitin by the endochitinase of the

symbiont Sodalis during the pupal period (Welburn and Maudlin, 1999).

Theincreased potential of older starved flies to be infected when compared

with age-matched non-starved flies (Kubiet al., 2006)is in disagreement with

the lectin hypothesis, as both are reported to have similar midgutlectin levels

(Lehane and Msangi, 1991). More recently, the multiple effects of N-acetyl-p-

glucosamine or D-glucosamine inclusion in the bloodmeal upon trypanosome

growth and tsetse physiology have been reported (Peacock et al., 2006;

Ebikeme et al., 2008). Both sugars slowed bloodmeal movement along the

midgut. Glucosamine significantly increased the size of bloodmeal taken, as

well as increasing the fly mortality rate. Interestingly, N-acetyl-p-glucosamine

stimulated trypanosome growth in the midgut and in vitro in the absence

of any fly-derived factors. The ability of N-acetyl-p-glucosamine to enhance

trypanosome PCFgrowth in vitro does not seem to involve any direct effect of

N-acetyl-p-glucosamine upon metabolic processes within the trypanosome

(Ebikemeet al., 2008). In vitro experiments have instead shownthat N-acetyl-

D-glucosamine indirectly enhances the rate of L-proline metabolism by inhibit-

ing the trypanosomehexosetransporter, thus depriving the parasite of p-glucose

(Ebikemeet al., 2008). However, PCFs cultured in p-glucose free medium, and

thus possessing a metabolism primed for L-proline use, do not appear to have a

higher infection rate when used to infect tsetse flies. This suggests that the

metabolic impact of N-acetyl-p-glucosamine on trypanosomes has no bearing

on the success of trypanosomeestablishment within the tsetse midgut (Ebikeme

et al., 2008). These off-target effects of feeding glucosamine complicate the
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interpretation of experiments on the trypanosome prevalence phenotype

observed (Peacocket al., 2006). Above all, the demonstration that glucosamine

(which has routinely been includedin infected bloodmealsto artificially boost

trypanosome midgut infection rates) is an antioxidant molecule (Xin et al.,

2006) suggests a simpler explanation (see Section 2.5.5) for the effect of this

sugar on tsetse—trypanosomeinteractions.

In addition,the lectin hypothesis contends that higher symbiontdensities lead

to increased susceptibility. However, a correlation between symbiont density

and susceptibility does not occurin all instances (Shaw and Moloo,1991; Weiss

et al., 2006).

Successfully established midgut infections show an average parasite density

of approximately 5 x 10° cells per midgut (Van den Abbeele et al., 1999;

Gibson and Bailey, 2003), but this number can vary with clone and species of

trypanosome. Procyclic trypanosomes share a commonenergy source (proline)

with their tsetse hosts (Welburn and Maudlin, 1999), which may become a

limiting factor if trypanosome numbers expand too far. It is possible that

trypanosomesself-regulate their numbers and that quorum sensing may be

involved in the process (Acosta-Serrano et al., 2001; Roditi and Lehane,

2008). More specifically, it has been suggested that the cleaved N-terminal

fragments of trypanosomeprocyclins might be involved in a density-sensing

mechanism, which the trypanosomesuse to control their population densities

(Acosta-Serranoet al., 2001). However, this mechanism maynotbe essential as

procyclin knockout mutants arestill fly-transmissible (Vassella et al., 2009).

A novel form of cell death is believed to occur in trypanosomes, known as

proto-apoptosis, andit is suggested that this is part of the mechanism by which

trypanosomes regulate numbers within the midgut (Welburn et al., 1996;

Murphy and Welburn, 1997; Welburn and Maudlin, 1997). In support of this

idea, incubation of PCFs of T. b. brucei, T. b. rhodesiense or T. congolense

trypanosomes(but not their corresponding BSFs) with the plant lectin Con A

in vitro induces growth arrest and death, with many of the characteristics of

programmed cell death (PCD) (Welburn and Maudlin, 1997; Murphy and

Welburn, 1997). In tsetse, with some trypanosomeinfections, cyst-like forms

have been observed embedded in the PM (Robertson, 1913; Evans and Ellis,

1983; Gibson and Bailey, 2003). Somecysts contain highly motile forms while

others appear to consist of aggregates of rounded up trypanosomes. Whether

these cysts represent an unknownlife cycle stage or degenerating trypanosome

forms is unknown. Gibson and Bailey (2003) noted that these forms resembled

the morphologically altered PCF trypanosomestreated with Con A in vitro to

induce cell death.

Proteins upregulated during the process of PCD include the trypanosome

protein kinase C receptor, which is similarly upregulated in the short stumpy

BSF.This suggests that stumpy form BSFs are removed from the trypanosome

population within the mammalian hosts (should ingestion by a tsetse host not

occur). This would avoid triggering a wider immune response within the
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mammalian host, which could jeopardize the survival of the long slender BSF

population (Murphy and Welburn, 1997).

2.5.7. Otherpotential effector molecules

Melanization plays an important role in insect defence reactions such as wound

healing, sequestration of microorganisms, encapsulation and the production of

intermediates toxic to invading pathogens (Lemaitre and Hoffmann, 2007).

Prophenoloxidases (ProPOs) are oxidoreductases related to hemocyanins that

mediate melanization. These molecules have been implicated in tsetse—

trypanosome interactions as inhibition of phenoloxidase (PO) activity with

phenylthiourea (PTU) increases midgut trypanosome infection rates (Nigam

et al., 1997). Furthermore, T. b. rhodesiense has been shownto significantly

activate haemolymph proPO of female G. m. morsitans (Nigam etal., 1997).

Such a complex biochemical cascade as occurs in the ProPO system is almost

certainly highly reliant on the controlled environmentof the haemolymphforits

successful operation, andit is hard to see how it could operate effectively in the

midgut lumen, with the possible exception of the immediate surface of the

epithelium. However, it is possible that proPO may be a means ofkilling

those parasites which do enter the haemocoelofthe fly.

TsetseEP protein may also play a role in tsetse-trypanosomeinteractions.

This immunoresponsive protein is expressed strongly in the midgut of Glossina

(Chandra et al., 2004) and is upregulated in response to immune stimulation

with Gram-negative bacteria (Hainesef al., 2005). This protein exhibits a high

sequenceidentity to the carboxy terminal region of the EP form ofprocyclins,

which is found on the surface of procyclic T. b. brucei. The glutamic acid—

proline (EP) repeats found on both molecules are extremely unusual and it

seems unlikely that they coincide in the tsetse midgut solely by chance. The

potential role of tsetseEP in mediating fly responses to trypanosomeinfection

merits further investigation.

2.5.8 Adaptive immunity

The existence of immunological memory has long been knownin vertebrates,

with humansutilizing vaccination before key mechanismsof adaptive immunity

were knownor understood. Vertebrate adaptive immunity is characterized by

long-term protection against specific antigens achieved in part by antibodies

that consist of a large diversity of somatically rearranged immunoglobulin

receptors. The possibility that invertebrates are capable of adaptive immunity

to pathogen challenge has recently re-emerged as a possibility (Watson eral.,

2005; Dong er al., 2006; Dong and Dimopoulos, 2009). For example, Dong

et al. (2006) identified Down syndromecell adhesion molecule (Dscam) as an

alternatively spliced, hypervariable immunoglobulin domain containing gene

responsible for generating a broad range of pathogen recognition receptors
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(PRRs) in Anopheles gambiae mosquitoes. The gene contains 101 exonsinclud-

ing three variable Ig exon cassettes. Alternative splicing of this gene produces a

highly diverse set of over 31,000 potential splice forms. Challenge with differ-

ent pathogensleads to production of specific AgDscam splice-form repertoires.

Interestingly, an ortholog of Dscam has beenidentified from a Glossina EST

library (cn9121, e-value 6.0 x 10~?!). Whether Glossina uses this gene in

immuneresponsesto trypanosomesor bacteria remainsto be elucidated.

2.5.9 Fly immune system and microbial balance

Glossina carries a range of microorganisms (see Section 3) and hence, must

manageto coexist with these symbionts whilestill protecting themselves from

the onslaught of pathogens. The host factors that maintain the homeostatic

relationship between the tsetse host and its symbionts are largely unknown,

and our current insight is based primarily on studies in Drosophila. Recently,

the intestinal homeobox gene Caudal (Cad) has been identified as a keyfactor in

repressing NF«B-dependant HDPgenesin Drosophila (Ryuet al., 2008). Thus,

although Drosophila commensal organisms can induce a high level of local

Imd-regulated NF«B activation, only a subset of target genes is activated.

Regulation of the immune system is tightly controlled, as overexpression of

HDPgenesin Caudal knockdownflies caused a shift in the commensal popula-

tion in the midgut. In particular, the dominance of Gluconobactersp. strain

EW707 eventually led to gut apoptosis and host mortality in Drosophila. The

model proposed by Ryuet al. (2008) involves interplay between Caudal and the

NFkBtranscription factor Relish to regulate the expression of HDPs, which in

turn defines the microbial community andinsect health. Whetherthis is also the

case in Glossina has not yet been investigated, although an ortholog of Caudal

has been identified in the EST libraries (cn9066, e-value 1.2 x 10~ +”) making

this a possibility.

2.6 EFFECTS OF TRYPANOSOME INFECTION ON TSETSE PHYSIOLOGY

Trypanosomeinfection may have multiple effects on the tsetse host. A suppres-

sion subtractive hybridization study (Lehane et al., 2008) identified molecules

differentially expressed in established versus self-cured T. b. brucei infections

in G. m. morsitans. Analysis of the gene fragments generated suggested that

trypanosomeinfection has a marked effect upon the metabolism ofthefly host.

Flies self-cured of trypanosomeinfection displaying the signals of increased

energy usage and an oxidative stress response comparedto infectedflies.

Within the tsetse fly, procyclic trypanosomes employ the aminoacid proline

as a source of energy, while the fly typically uses proline reserves forflight. In

infected male flies, trypanosomes infection can reduce the flight potential by

15% (Bursell, 1981). Trypanosomeinfection in female flies would be far more
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costly in termsof flight potential as females have smaller proline reserves due to

the energy required for larval development. Recently, Hu et al. (2008) investi-

gated the cost of trypanosome infection on fly reproductive fitness. Two

trypanosomestrains were selected that differentially activated the host immune

system: a T. b. rhodesiense wild-type strain that induced expression of attacin

and defensin in trypanosomeinfectedflies and a mutantstrain that did not. Only

infection with the wild-type strain led to a significant increase in larval deposi-

tion periods and a decrease in milk gland protein expression. This suggests that

activation of tsetse immuneresponsesby infection with immunogenic trypano-

somes delays larvigenesis via decreased expression of the milk gland protein

vital for larval growth.

Trypanosomeinfection may also impact the feeding behaviour of infected

tsetse hosts. Infection of G. m. morsitans and G. austeni with T. b. brucei

reportedly results in increased probing behaviour and more voracious feeding

(Jenni et al., 1980). Accumulation of large numbers of trypanosomesin the

salivary glands or proboscis has been observed, and may impede function of

labral mechanoreceptors as detectors of blood flow rate in the gut (Molyneux

and Jenni, 1981). Thus an infected fly may take several smaller meals or feed for

longer, either scenario potentially leading to increased trypanosometransmis-

sion to the vertebrate host.

2.7 FLY SEX, AGE AND STARVATION AND TRYPANOSOME TRANSMISSION

Susceptibility to parasite infection is also influenced bythe sex ofthe fly. This is

evident in midgut infections with T. congolense and T. brucei, but not in

infections with T. vivax. Most laboratory studies (Burtt, 1946b; Harley, 1971;

Distelmanset al., 1982; Mwangelwaet al., 1987; Hide et al., 1991; Moloo,

1993; Welburn et al., 1995; Dale et al., 1995), but not all (Welburn and

Maudlin, 1992; Molooet al., 1992; Moloo, 1993), suggest that male flies are

more susceptible. Female G.p. palpalis are moreresistant to developing mature

T. congolense infections (Distelmans et al., 1982) than males. Unexpectedly,

this sex-dependent phenomenonwasnotobserved with T. congolense infections

in G. m. morsitans (Dale et al., 1995). Of interest, compared to a virgin G. m.

morsitans, a mated female is twice as refractory to T. b. brucei infection

(Macleodet al., 2007a).

Although both sexes are capable of transmitting parasites, both male and

female flies are innately resistant to parasite infection and this resistance

increases rapidly with age (Fig. 4). This natural refractoriness to trypanosome

maturation and/or establishmentis seen in both laboratory andfield populations

(Distelmans er al., 1982; Leak 1999) and is termed the teneral phenomenon

(Welburn and Maudlin, 1992).

In the tsetse community the term teneral is used to describe a newly emerged

fly that has not yet hadits first bloodmeal. The fly during this time is marked by



  

150 DEIRDRE P. WALSHEETAL.

a soft, often described as soapy-feeling, exoskeleton and lighter body colora-

tion. While tsetse researchers universally use the word ‘‘teneral’’, they seem to

have forgotten that the term represents a highly variable physiological state,

particularly in terms of fly susceptibility. Depending on tsetse species and the

nutritional status of the newly eclosed adultfly, teneral flies can survive for up

to | week before dying of starvation (Kubiet al., 2006; Lehane lab, unpublished

observations).

Van Hoofet al. (1937) originally demonstrated the ‘‘teneral phenomenon’’,

that is the higher susceptibility of a newly emerged fly to trypanosome

infection compared to an older fed fly, using G. f. fuscipes challenged with

T. b. gambiense. The highest midgut establishment rates were obtainedinflies

fed the infective meal 0-1 days post-emergence (p.e.). This work waslater

confirmed by Wijers (1958), who observed that G. p. palpalis emergents less

than 30 h p.e. were more susceptible to a first infective bloodmeal infection

than flies 30-78 h p.e. In recent years, the teneral definition has shifted to a

nutritional focus and teneral has become synonymous with ‘‘unfed’’. Many

published papers ignore the fact that parasite susceptibility during this teneral

period can vary widely, and consequently flaws in experimental design may

confound data interpretation. Speculation on why newly emergedflies are so

susceptible to trypanosomes is profuse. Incomplete formation of the PM,

variable antioxidant or lectin concentrations, molecular maturity of the midgut

(i.e. proteases), immaturity of the immuneresponse,larval meal turnover (pre-

and post-meconium expulsion), pH gradient differences and variation in sym-

biont loads may,either singly or as a combination, play a role in creating the

teneral phenomenon. Although further research is required to confirm which

of these factors (if any) contribute to this age-related susceptibility to infec-

tion, it is crucial to standardize trypanosome infection experiments by redefin-

ing the definition for teneral as ‘‘hours post-eclosion’’ instead of simply

“unfed’’.

Starvation is a constantrisk the tsetse fly faces throughoutits lifetime. Flies

deprived of a bloodmealutilize energy reserves stored in the fat body and risk

death whenfat reserves drop to approximately 6% of the total dry body-mass

(Rogers et al., 1994), Male flies, which use most of each bloodmealfor lipid

production, are more resistant to starvation than females, which use the blood-

mealfor both lipid production and growth of the larva (Randolph and Rogers,

1981). Starvation may influence feeding behaviour with the range of host

choice expanding as the fly’s hunger intensifies (Bouyer et al., 2007) with

obvious consequences for the epidemiology of disease. Environmental condi-

tions, such as temperature and relative humidity, also influence fly starvation

with many Glossina species becoming hungrier during the dry season

(Jackson, 1933). Starvation is a key factor in tsetse-trypanosomeinteractions

because the nutritional status of the fly at the time of the infective bloodmeal

is a key determinant of fly susceptibility to trypanosome infection (Gingrich

et al., 1982; Mwangelwaet al., 1987; Gooding, 1988; Kubi et al., 2006).
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Under laboratory conditions with bloodmeals given every 4 days, newly

emerged male tsetse flies are highly susceptible to trypanosome infection at

the first bloodmeal while older flies exhibit a significantly lower susceptibility

to trypanosome infection (Fig. 4) (Distelmans et al., 1982; Welburn and

Maudlin, 1992; Kubi er al., 2006). However, field studies of trypanosome

prevalence with fly age suggest a significantly higher proportion of the older

adult tsetse population than predicted develop a mature trypanosomeinfection

(Woolhouse et al., 1993; Msangi et al., 1998; Lehane et al., 2000). Recently,

laboratory-based studies by Kubi ef al. (2006) demonstrated a period of

starvation (3-4 days for teneral or 7 days for adult flies) increased fly

susceptibility to T. b. brucei or T. congolense infection, resulting in a signifi-

cantly higher number of T. congolense or T. b. brucei mature salivary gland

infections. In the case of T. congolense, a significantly higher number of

midgut infections were also observed. It is likely that the increased infection

rates noted in older field flies compared to laboratory flies is explained by

starvation events in the field. An explanation for this observation may be that

under high nutritional stress the physiological barriers to trypanosomeinfec-

tion are suppressed because the energy cost of an immuneresponse is high

(Schmid-Hempel, 2005; Ye et al., 2009).

Trypanosomeinfection may have a negative impact on fly longevity (Bursell,

1981). More immunogenic lines of trypanosomesadversely affect tsetse repro-

ductive fitness (Geigeret al., 2008), which suggests that trypanosomeinfection

places a selection pressure ontsetse flies.

2.8 ENVIRONMENTAL TEMPERATURE AND TRYPANOSOME TRANSMISSION

As puparial incubation temperature rises (within biological limits), so does

the ability of the corresponding adult fly to develop a mature infection

(Burtt, 1946a; Ndegwa et al., 1992). This is not attributed to an increase in

the number of flies that establish a midgut infection, but rather to an

increase in the proportion of these flies that go on to develop mature

infections (Dipeolu and Adam, 1974). The mechanism responsible is

unknown. However, this observed trend may have consequences in the

field for the distribution of trypanosomiasis. There is a positive correlation

between latitude relative to 7 °S (the median of tsetse distribution) and

infection rate (Ford and Leggate, 1961). Although the factors involved in

the field are undoubtedly complex (Jordan, 1965), ambient temperature also

increases towards the 7 °S median, implying that it may be puparial

incubation temperature that influences this trend. If that is the case, then

temperature plays a central role in determining the geographical distribution

and epidemiology of trypanosomiasis.
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3 Symbiont-tsetse-trypanosomeinteractions

3.1 WIGGLESWORTHIA GLOSSINIDIUS

All Glossina sp. harbour W.glossinidius, a primary obligate (beneficial) Gram-

negative endosymbiont. Based on concordant evolutionary analyses,it is esti-

mated the Wigglesworthia-Glossina symbiosis evolved in ancestral forms

between 50 and 80 million years ago (Chenet al., 1999). This bacterium resides

within the cytoplasm of specialized epithelial midgut cells, bacteriocytes, which

form a horseshoe shaped organ,the bacteriome(Fig. 2E), located in the anterior

midgut (Aksoy et al., 1995; Aksoy, 1995). The Wigglesworthia genome is

grossly reducedin size to less than 700 kb andis predicted to encode for 617

proteins (Akman et al., 2002). This streamlined genome has undergone massive

gene erosion as genes required for defense mechanisms, metabolic pathways,

DNArepair mechanismsandso on,are no longeressential as this endosymbiont

exists in a stable host environment. In fact, even a gene involved in chromosome

replication, dnaA, whichis considered essential for bacterial survival, has been

lost in Wigglesworthia (Akmanet al., 2002).

This memberof the Enterobacteriacae family, first observed over a century ago

(Stuhlmann, 1907), was thought to produce metabolites to compensate for nutri-

tional deficits in the host’s haematophagous diet and appears to be partially

associated with the metabolism of B-complex vitamins essential for tsetse

survival (Wigglesworth, 1929; Nogge, 1981; Akman et al., 2002). The elimination

of Wigglesworthia reduces fly longevity, rate of bloodmeal digestion and fecun-

dity by making femalessterile (Nogge, 1976; Dale and Welburn, 2001; Paiset al.,

2008), although supplementation of the host bloodmeal with vitaminspartially

reversesthis infertility phenotype (Nogge, 1981). It has been suggested that the

bacterium mayalso influence host digestive processes through either synthesis of

protoheme or glycerophospholipids, fatty acids and steroids (Pais et al., 2008).

Wigglesworthiais vertically transmitted from the female fly to her progeny

via milk gland secretions (Denlinger and Ma, 1975). More specifically, in situ

hybridization has identified Wigglesworthia exclusively associated with the

milk gland lumen and the canals leading to the secretory reservoirs (Attardo

et al., 2008). Recently, studies by Pais et al. (2008) have demonstrated that

selective elimination of Wigglesworthia symbionts by ampicillin antibiotic

treatment leads to increased susceptibility to trypanosome midgut infection in

non-teneralflies. This implies that symbiont clearance mayleadto a decrease in

fly basal immunity, thus affecting host immune responses to trypanosome

infection. However, these Wigg/eworthia-clearedflies also had a compromised

ability to digest their bloodmeals and increased trypanosomesusceptibility was

only observedin olderflies. Thus, neither the effect of ‘‘starvation’’, known to

cause increased parasite susceptibility (Kubi et al., 2006), nor the effects of

antibiotic treatment on the fly and its other symbionts can be discounted.
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3.2. WOLBACHIA PIPIENTIS

A secondary tsetse symbiont, Wolbachia pipientis, is also maternally inherited.

Unlike Wigglesworthia, it colonizes the female reproductive organs (not the

milk gland) and is transovarially transmitted to progeny. Wolbachia are the

most frequently described symbiotic association in arthropods; surveys have

indicated that more than 70% ofall insect species are infected with Wolbachia

(Werren and Windsor, 2000). Wolbachia belong to the subdivision of Gram-

negative intracellular alpha-proteobacteria and are most famous fortheir repro-

ductive manipulations of the host including parthenogenesis, feminization,

male-killing and cytoplasmic incompatibility (for a review of Wolbachia

insect symbioses see Siozios et al., 2008). It has been reported that 100% of

laboratory-reared tsetse colonies are infected with Wolbachia, while infections

in wild populations vary significantly (Cheng et al., 2000). Within infected

tsetse, Wolbachia colonizes several tissues, depending on the species of

Glossina. Using a Wolbachia-specific PCR-based assay, Wolbachia was

found in the reproductive tissues ofall infected tsetse species examined. How-

ever, a wider tissue tropism was observed in the somatic tissues (gut, head,

muscle, fat body, milk gland and salivary gland) in certain populations of

G. austeni (Cheng et al., 2000). The role Wolbachia plays in the tsetse is

unknown and whetherits presence influences trypanosomeinfection rates by

stimulating the fly immune system remains unknown. There are strong incen-

tives to investigate whether or not Wolbachia induce cytoplasmic incompatibil-

ity in tsetse because it is one means by which selective traits can be driven

through insect populations. As such,it is a highly desirable tool for promoting

the success of paratransgenesis, a potential disease control strategy involv-

ing engineered symbionts and alteration of fly susceptibility to parasite

infection — see Section 4.2 (Aksoy et al., 2003; Aksoy and Rio, 2005).

3.3. SODALIS GLOSSINIDIUS

Thethird tsetse symbiont, S. glossinidius, is a Gram-negative, microaerophilic,

non-motile bacterium that forms a new bacterial taxon and species in the family

Enterobacteriaceae (Dale and Maudlin 1999). Reinhardt et al. (1972) first

described Sodalis as small rickettsia-like organisms (RLO) that were separated

from the cytoplasm of midgut cells by a clear lytic zone. Pinnock and Hess

(1974) confirmed these observations and reported the presence of this pleomor-

phic microbein othertissues such as the fat body and ovaries. The development

of a Sodalis-specific PCR-assay further established that this symbiontresided in

the midgut, haemolymph and milk gland of teneral flies (Cheng and Aksoy,

1999; Attardo et al., 2008).

Sodalis can live both intracellularly and as free-living formsin the gut lumen.

This bacterium is one of the only insect symbionts that has been adapted to
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in vitro culture (Dale and Maudlin, 1999; Matthew et al., 2005), makingit a

model organism particularly for research on host cell invasion, evolutionary

biology (the transition from free-living to obligate endosymbiosis) and phyloge-

netic associations. In recent years, two new symbionts belonging to

the Sodalis lineage have beenidentified, a bacterial isolate from the bloodsuck-

ing fly, Craterina melbae (Novakova and Hypsa, 2007) and a bacteriocyte-

associated symbiont from the chewing louse, Columbicola columbae (Fukatsu

et al., 2007). Unlike other bacterial symbionts, Sodalis does not produce catalase

(characteristic of several microaerophiles) which, when combined with the

results of additional phenotypic tests, indicates that Sodalis has a reduced

biochemical profile when compared to other membersof the family Enterobac-

teriaceae (Dale and Maudlin, 1999). Initially, 85% of the Sodalis genome was

characterized by hybridization to E. coli gene macroarrays (Akman and Aksoy,

2001) and manypotential gene products were identified. Theuse of E.coli arrays

of course did not allow the identification of molecules unique to Sodalis, as

exemplified by the failure to detect genes of the type III secretion system

(Dale and Welburn, 2001) and genes encoding two chitinases. In 2006, the

genome of Sodalis was published (Toh et al., 2006). Unlike Wigglesworthia,

Sodalis has a much larger genome (4.1 Mb), but surprisingly it is predicted to

encode only 2432 proteins (which is approximately 50% of what would be

expected of a free-living organism). The presence of 972 pseudogenesindicates

this genomeis gradually eroding, although a previously designated pseudogene

(carA) has now been shownto be functional and transcriptionally responsive

despite its truncation (Pontes ef al., 2008). Extrachromosomal DNA revealed

another 160 potential ORFs located on four circular elements (Darby ef al.,

2005). While this would indicate a general transition to an obligate mutualistic

association with the tsetse, several virulence related-factors such as haemolysin,

phospholipases and invasion proteins have maintained functionality, implying

that pathogenic genes are being retained (Dale and Welburn, 2001; Toh ez al.,

2006; Feldhaar and Gross 2009). Observations by Pinnock and Hess (1974)

support this virulence conceptas originally Sodalis was described as a pathogen

based on electron microscopy of infected tsetse tissues; the host lytic zones

surrounding Sodalis might be indicative of an adverse reaction betweenthetsetse

host and the bacteria. In addition, the highly infected fat body in Glossina

pallipides showed signs of cellular disruption and degeneration that could not

be explained as procedural artefacts. This cellular disruption was also observed

when Sodalis, isolated from the haemolymphoftsetse, were cultured on a layer

ofAedes albopictus feeder cells (Welburn et al., 1987). Since Sodalis exists both

extracellularly in the haemolymphandintracellularly within tsetse midgut epi-

thelial cells and other tissues, the invasive form may represent a pathogenic

remnant.

Analysis of the Sodalis transcriptome indicates that quorum sensing may be

used to alter gene expression in response to intracellular symbiont density

(Pontes er al., 2008). It is further suggested that this may be a key adaptation
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strategy, with Sodalis andhost tissues both modulating gene expressionprofiles
and metabolic activities so that immuneresponses(in particular oxidative stress
responses) are minimized. When the impact of different stresses on all three
symbiont communities in the tsetse was assessed, the authors concluded that

there was a distinct flexibility in symbiont density (with the exception ofthe

teneral stage of the insect), which may help reduce friction between symbionts
and host tissues (Rio et al., 2006).

The biological contribution, if any, of Sodalis to the tsetse is unknown.
A mutualistic relationship has been postulated (and generally accepted) as
functional genes encoding enzymes required for vitamin synthesis (Akman

and Aksoy, 2001; Akman er al., 2002) (as observed in Wigglesworthia) are

present. Such a facultative association is supported by research showing that

tsetse longevity is reduced in flies lacking Sodalis (Dale and Welburn, 2001).

In addition, puparia that are heavily infected with Sodalis display increased

survival under adverse conditions (Bakeret al., 1990).

It has been suggested that Sodalis may influence tsetse vector competence.

Increased trypanosome midgutinfections were reported in both lab-reared and

wild tsetse that hosted high densities of rickettsia-like organisms (RLOs)

(Maudlin and Ellis, 1985; Maudlin et al., 1990). By comparing genetically

susceptible and refractory lines of G. m. morsitans, it was observed that the

midguts of the susceptible line were prone to the heaviest symbiontinfections.

To further investigate the role of symbionts (the involvement of Sodalis is

inferred) in vector competency, comparisons between refractory lines of G. m.

morsitans (Maudlin, 1982) and G. m. centralis (Moloo and Kutuza, 1988a)

showedthat parasite susceptibility is a maternally inherited factor. In addition,

puparial development at lower temperatures revealed a drastic reduction of

RLO numbersin teneral flies. This symbiont-depressed tsetse population sub-

sequently produced flies with a greater resistance to trypanosome infection

(Welburn and Maudlin, 1991). Examination of the midgutsof wild caughttsetse

also revealed a direct correlation between trypanosome infections and the

density of RLOs. Indeed, it was stated that a wild fly carrying RLOs wassix

times more likely to be infected with trypanosomes than a RLO-free fly

(Maudlin et al., 1990). However, other populations of wild fly do not reflect

such direct relationship between bacterial densities and tsetse refractoriness or

susceptibility (Moloo and Shaw, 1989; Geiger et al., 2005b). The vectorial

competence between different species of Glossina is highly variable (Harley

and Wilson, 1968; Moloo and Kutuza, 1988a,b; Reifenberg et al., 1997; Kazadi

et al., 2000). Using this fact as a basis, Geiger et al. (2005b) demonstrated no

correlation between Sodalis prevalence and maturation of a Trypanosoma con-

golense infection in twodistinct species of tsetse. However, they could not rule

out a potential role for Sodalis in the initial parasite establishment phase in the

fly midgut. Further work from the same groupinvestigatedthe genetic diversity

between Sodalis isolated from the same two species of flies using amplified

fragment length polymorphism markers (AFLP) (Geiger er al., 2005a). The data
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(albeit weak) implied that vector competence wasrelated to the genetic diver-

sity of Sodalis (not merely the absence/presence of the symbiont) as the

symbiont populations from each fly were distinct. The genetic diversity of

Sodalis was further interrogated by screening symbionts isolated from trypano-

someinfected and uninfected flies (Geiger et al., 2007). The ability of a specific

parasite species to establish in the insect midgutis statistically linked to the

Sodalis genotype present. To address host-specificity among Sodalis, Weiss

et al. (2006) transinfected two species of tsetse (previously cleared of native

Sodalis with ampicillin) with reciprocal Sodalis strains. Equal symbiont densi-

ties were obtained in surrogate hosts without seriously deleterious effects on the

fly. Regrettably, determining the effect of Sodalis transfection on the flies’

ability to vector trypanosomes wasnot reported. Although the above research

does not unequivocally link the tsetse symbionts to vector competenceit does

suggest that symbionts are involved and forms a strong foundation for future

investigations.

4 Towards new methodsof disease control

Current interventions for management and control of trypanosomiasis are

focused predominantly on drug chemotherapy andtsetse fly control especially

for the control of nagana (Torr ef al., 2005). While both these existing methods

are successful, their implementation over extended time periodshas not always

been sustainable (Vale 1982; Aksoyet al., 2003). Additionally, concern over the

developmentofresistance to available drugs and their toxicity is mounting, and

the prospects for new drugs to treat HAT and naganaare bleak (Legrosetal.,

2002; Fevre et al., 2006). New meansof controlling HAT are urgently required.

We may find new waysofcontrolling trypanosomiasis by exploiting the new

information becoming available from the genomeprojects on both tsetse and

trypanosomes. To exploit these resources to their fullest we need a means of

studying gene function in tsetse and means of expressing transgenic constructs

in the fly.

4.1 GENE KNOCKDOWNIN GLOSSINA

The very slow reproductive rate in tsetse (one offspring every 9 days; 40 days

adult to adult) and the high costs of maintaining colonies have prevented

maintenance of multiple mutantfly lines. In addition, the unusual, viviparous

reproductive system oftsetse flies prevents the development of germline trans-

genesis. Consequently, gene knockdown through RNA interference (RNAi)

(Fire et al., 1998) has been of particular value in the study of tsetse biology

and gene function. RNAi operates as a means of gene-specific post-transcrip-

tional knockdownandis triggered by double-stranded RNA (dsRNA) mediated

degradation of homologous mRNA sequencesin the target organism. In the
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current model of RNAi two major steps are involved. The initiator phase

involves recognition of dsRNA (that is expressed in or introduced into the

cell) and cleavage into short interfering RNA (siRNA) fragments 21—23 bp in

length by the enzyme Dicer (Zamore, 2000; Hammond, 2005). The subsequent

effector phase involves the incorporation of cleaved dsRNAinto a multi-protein

complex, known as the RNA-induced silencing complex (RISC), capable of

silencing homologous mRNAtranscripts (Siomi and Siomi, 2009).

Although several methods exist to administer dsRNA to the organism of

interest, these are often very species specific. Stable transgenic expression of

RNAhairpin constructs (Tavernarakis et al., 2000; Kennerdell and Carthew,

2000), and the use of recombinantvirusesto deliver the dsRNA (Travantyet al.,

2004) have been used in some Diptera. However, the most commonly used

method for dsRNAdelivery to insects is the direct injection of dsRNAinto the

haemocoel. This wasfirst demonstrated in A. gambiae by Blandinet al. (2002),

who showed successful gene knockdownof the HDP defensin. This technique

has been successfully extended to the analysis of Glossina genes (Hu and

Aksoy, 2006; Lehaneet al., 2008; Attardo et al., 2008). To date three G. m.

morsitans genes, a transferrin, an attacin and tsetseEP protein, have been

implicated in tsetse-trypanosomeinteractions through use of this technique.

Knockdown of these genes by dsRNA injection resulted in a statistically

significant increase in trypanosome midgut prevalence (Hu and Aksoy, 2006;

Lehane et al., 2008; Haines et al., 2009, submission pending).

While it is universally practiced, gene knockdownbydirect injection of dsRNA

into the tsetse haemocoel (and the physical damagethatit causes) is clearly not

ideal whenstudying fly immunity. For example, control injections with PBSresult

in sustained upregulation of attacin and defensin transcripts in tsetse fat body until

18-30 h post-injection (Haoet al., 2001). Cuticular damage is knownto stimulate

immuneresponsesin other insects including Bombyx mori and A. gambiae (Brey

etal., 1993; Han et al., 1999). Thus any injection based RNAistudies on immunity,

particularly those of tsetse—trypanosomeinteractions, should be interpreted with

caution asit is knownthatthe establishmentoftrypanosomesin the tsetse midgutis

influenced by, amongother factors, the fly immune system (Haoetal., 2001; Hu

and Aksoy, 2006; Lehaneet al., 2008). In addition, high mortality rates can occur in

flies following injection (Walshe et al., 2009) and this too can complicate the

interpretation ofexperimental results because gene knockdown mayhaveoccurred

to differing extentsin the surviving andkilledflies. More recently, successful local

gene knockdownin Glossina has been demonstrated by ingestion of dsRNA in a

bloodmeal (Walsheet al., 2009). Feeding dsRNA mayserve as an alternative and

preferable means of delivering dsRNAasoral administration is a more natural

route of delivery andless invasive than dsRNAinjection.

In this study, a comparative analysis of knockdownof the immunoresponsive

protein tsetseEP (Hainesef al., 2005), at both the transcript and protein level in

the midgut, was followedafter either feeding or injecting dsRNA. High knock-

downefficiency was observed using either method of dsRNA delivery, but a
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significantly lower mortality rate was observed following feeding dsRNA

compared to injection. Although the midgut specific tsetseEP protein was

successfully knocked down by feeding dsRNA, knockdown of the fat body-

expressed transferrin gene failed (Walsheet al., 2009). However,this gene can

be knocked down by dsRNA injection (Lehane ef al., 2008). Failure of the

RNAisignal to spread beyond the midgut epithelium may be dueto the apparent

absence of an ortholog to SID-1, the gene responsible for import of circulating

RNAisilencing signals in C. elegans, from available Glossina EST databases

(and from the Drosophila genome).So,it is possible that the RNAisignal is not

distributed systemically in Diptera (Van Roessel et al., 2002; Winston etal.,

2002; Roignantet al., 2003; Dietzl et al., 2007; Jose et al., 2009). Thus, while

fed dsRNA can clearly enter midgutcells, it may be unable to cross the midgut

epithelial barrier in order to cause gene knockdownin tissues beyond the

midgut. If this proves to be the case, it would be a valuabletoolin itself because

the use of two different methods of dsRNA delivery may permit dissection of

tissue-specific gene function by permitting tissue specific gene knockdown.

This study was the first demonstration of successful gene knockdownin a

dipteran by feeding dsRNA. As gene knockdown by feeding dsRNA has been

achieved in two other blood feeding arthropods, /xodes scapularis and Rhodnius

prolixus (Soares et al., 2005; Araujo et al., 2006), it is possible this useful

molecular tool may be more widely available in blood feeding insects.

4.2 PARATRANSGENESIS

Transgenesis (i.e. the introduction of foreign genes into a living organism) is

currently impossiblein tsetse flies due to the viviparouslifecycle. So, there is no

prospect of disease control through direct transgenic means. However, one

proposed approach to trypanosomiasis control involves the modulation of

vector competence through paratransgenesis (Aksoy et al., 2003; Weisset al.,

2008). This involves the genetic transformation of symbiotic bacteria residing in

the insect to produce anti-parasitic molecules into the midgut. This approach has

proven successful in the laboratory, reducing 7. cruzi transmission by

R. prolixus via expression of a HDP, cecropin A, by its endosymbiont Rhodo-

coccus rhodnii (Durvasula et al., 1997).

The foreign genes expressed by the symbiotic bacterium would have trypa-

nocidal properties that would in principal reduce or eliminate trypanosome

midgut establishment, thus breaking the parasite transmission cycle

(Durvasula et al., 1997; Aksoy et al., 2003). The endosymbiont Sodalis is the

target expression vector in the tsetse fly. This bacterium resides in the tsetse

midgut as well as other body sites. Consequently, invading brucei and congo-

lense group trypanosomes would encounter trypanocidal secretion products

before the trypanosomes could establish in the midgut. Already, recombinant

Sodalis produced in vitro may be reintroduced by microinjection into the

mother’s haemolymph and subsequently passed to intrauterine progeny
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in utero (Cheng and Aksoy, 1999). As Sodalis can be cultured in vitro (Matthew

et al., 2005) and a genetic transformation system has already been developed

(Beard ef al., 1993), the potential for successful paratransgenesis is high.

To date, several candidate anti-trypanosomal molecules have been identified

which could be introduced into Sodalis to control trypanosome midgut estab-

lishment. One candidate is tsetse attacin (Hu and Aksoy, 2006). Less obvious,

but potentially more powerful candidate molecules are also underinvestigation.

For example, BMAP-18is a truncated form of the bovine myeloid antimicrobial

peptide-27 (BMAP-27). BMAP-27 (Skerlavaj et al., 1996) is expressed by

bovine neutrophils and exhibits low toxicity to mammalian cells, insect cells

and Sodalis, yet causes rapid death to both BSF and PCFtrypanosomes (Haines

et al., 2003). The truncated BMAP-18 peptide can kill a variety of kinetoplastid

parasites, including trypanosomes and Leishmania, yet exhibits reduced cyto-

toxicity to Sodalis, mammalian andinsectcell lines (Hainesetal., 2009). Thus

BMAP-18 is also a strong candidate for use in a paratrangenesis approach.

Several technical problems will need to be overcomebefore this technology

can be applied to disease control. A suitable biological drive system, such as use

of Wolbachia (Aksoyet al., 2003), would be required to ensure replacement of

the susceptible wild tsetse population with the refractory population. Addition-

ally, this approach would only be suitable for trypanosome species (brucei and

congolense groups) that establish in the fly midgut. Therefore, another tactic

would be required to control trypanosome species such as T. vivax, which

establish in the mouthparts and would not be affected. How rapidly trypano-

some resistance would appear with such a system in place is an unknown and a

concern. Therefore, it would probably be advantageous to have selection of

effector molecules available for use in a managedcontrolstrategy.

5 Conclusion

This review has comeat an important time. The genomeresources nowavailable

for tsetse flies, their symbionts and the trypanosomesthey transmit have dramat-

ically increased possible lines of scientific enquiry. Currently, the GeneDB and

Vectorbase data repositories contain comprehensive, annotated Glossina EST

libraries and completed annotationofthe full tsetse genomeis projected for 2011.

That will mean the complete repertoire of fly, symbiont and trypanosome gen-

omeswill soon be available. There are also a range of moleculartools, including

RNAi, proteomics, mutant trypanosomelines and an in vitro culture system for

Sodalis, that will further our research endeavours on the enemy within.

Webelieve that the technical resources now available meanthatit is time for a

more integrated approach in research on tsetse—-trypanosomeinteractions rather

than the traditional, more fragmentary, approach based on entomology,bacteri-

ologyor trypanosomebiology. To this end we haveusedthis review to try to make

the pertinent entomological information moreavailable to a wide audienceacross
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the subject. We have taken an entomological viewpoint to examinethe interact-

ing biology of the three major componentsofthe tsetse-trypanosomeinteraction,

the fly, its symbiotic bacteria and the invading trypanosome.

Wehavealsotried to highlight the problems webelieve are associated with

some experimental approaches currently adopted in the entomologicalfield.

For example, routinely feeding trypanosomesin a blood meal containing glucos-

amine; failure to precisely define the starvation period prior to the infective

bloodmeal;infecting flies with procyclic rather than blood stream form trypano-

somes;the inappropriateness in somestudies, particularly susceptibility studies,

of using long established fly and trypanosomelaboratory cultures with no view to

the geographical origins of either. Continued use of these experimental

approaches maywell create increasing problemsin interpretation of data.

Webelieve that more field-based studies, despite their difficulties, would be a

valuable addition to the understanding of the tsetse-trypanosomeinteraction.

Also, the majority of studies on this vector—parasite system have centered on

T. brucei, with T. congolense and T. vivax interactions comparatively lightly

investigated. Given the economic importanceof both T. vivax and T. congolense

and the available genomic resources more emphasis on relations of these

trypanosomes with Glossina is also called for.

Finally, we are of the opinion that with major improvementsin the technical

resources available for experimentation of tsetse—trypanosomeinteractions the

remaining major brake slowing progress in the tsetse-trypanosomeresearch

field continues to be the high cost and difficulty of tsetse fly colony mainte-

nance. This difficulty has resulted in only a small number of laboratories

studying this phenomenon.It is important that funding bodies are fully aware

of this fundamental problem if this field of research is to expand.
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