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Summary 

Tsetse flies (Glossina spp.) are medically and agriculturally important vectors that transmit 

Trypanosoma spp. parasites responsible for human sleeping sickness and animal African 

trypanosomiasis. The tsetse fly is colonized by a low diversity microbiota with only two symbiotic 

bacterial species (family Enterobacteriaceae) present in the midgut and other tsetse tissues: an 

anciently associated mutualist Wigglesworthia glossinidia and a more recently established secondary 

symbiont Sodalis glossinidius – the latter which appears in many tsetse tissues in close proximity to the 

trypanosome parasite. So far, it has been experimentally challenging to study the specific role of these 

bacterial symbionts on the tsetse fly biology. In contrast to the obligate symbiont W. glossinidia, our 

current knowledge on how S. glossinidius affects tsetse at the molecular level is very limited. Here, 

important questions that remain to be answered are how the S. glossinidius population is controlled 

in the tsetse fly and whether S. glossinidius can affect the vector competence for the trypanosome 

parasite –which is still a highly controversial issue in the literature.  

In this PhD study, we successfully established for the first time a tsetse fly line that is specifically devoid 

of S. glossinidius (Chapter 3). This proved to be a useful tool in the investigation of how S. glossinidius 

influences the tsetse fly biology. Comparison of host biological parameters showed that S. glossinidius 

presence/absence did not affect fly survival but symbiont presence resulted in a decreased female 

fecundity.  

Through comparative transcriptomic analysis, we found that S. glossinidius presence/absence did not 

strongly affect the expression of tsetse innate immunity-related genes. Only when exposing S. 

glossinidius-free flies to at least 106 colony-forming units of S. glossinidius, a moderate immune 

activation could be observed. This was in sharp contrast when flies were exposed to pathogenic E. coli 

bacteria or to a closely related non-tsetse derived Sodalis strain - both leading to high immunity gene 

expression levels. Moreover, our results indicate the ability of S. glossinidius bacteria to have limited 

host immune detection as well as to resist host immune activity, two mechanisms likely to be involved 

in the maintenance of the tsetse-S. glossinidius association (Chapter 4).  

Using a comparative metabolomic analysis we identified increased levels of pterins and queuine 

related compounds, suggesting the symbiont might be providing these for the tsetse host, but also 

depletions of carbohydrates (e.g. sorbitol) and a purine precursor (i.e. inosine monophosphate; 

Chapter 5). Here, we also assessed the possible impact of S. glossinidius on the vector competence for 

African trypanosome parasites. We found that S. glossinidius does not affect the susceptibility of young 

flies to establish an infection with Trypanosoma brucei or T. congolense. In contrast, older S. 

glossinidius-harbouring flies showed an increased resistance against infection when flies were exposed 

to a nutritional stress. The trypanosome infection was increased in flies maintained on the above 

mentioned purine precursor, making us postulate that the S. glossinidius symbiont and the 

trypanosome parasite are potentially in a nutrient competition in the tsetse fly environment. 

In sum, this PhD contributes to the improvement of our knowledge on the interactions of the S. 

glossinidius symbiont with its tsetse fly host (including immunity and metabolism) and provides novel 

insights in how S. glossinidius might impact the tsetse fly vector competence for the African 

trypanosome parasite. 
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Samenvatting 
Tseetseevliegen (Glossina spp.) zijn medisch en veterinair belangrijke vectoren die Trypanosoma spp. 

parasieten overbrengen, verantwoordelijk voor de menselijke slaapziekte en de dierlijke Afrikaanse 

trypanosomiasis. De tseetseevlieg is gekoloniseerd door een microbiota van lage diversiteit bestaande 

uit slechts twee bacteriesoorten (familie Enterobacteriaceae) aanwezig in de middendarm en andere 

tseetsee weefsels: een lang geleden geassocieerde mutualist Wigglesworthia glossinidia en een meer 

recent geassocieerde secundaire symbiont Sodalis glossinidius die voorkomt in tseetsee weefsels waar 

nauw contact mogelijk is met de trypanosoom parasiet. Tot dusver is het experimenteel uitdagend 

geweest om de specifieke rol van deze bacteriële symbionten voor de tseetseevlieg biologie te 

bestuderen. In tegenstelling tot de noodzakelijke symbiont W. glossinidia is onze huidige kennis over 

hoe S. glossinidius de tseetseevlieg op moleculair niveau beïnvloedt erg beperkt. Belangrijke vragen 

die hier beantwoord moeten worden zijn i) hoe de S. glossinidius populatie in de tseetseevlieg wordt 

gecontroleerd en ii) of S. glossinidius de vector competentie voor de trypanosoom parasiet kan 

beïnvloeden, een controversieel onderwerp in de literatuur.  

In deze doctoraatsstudie hebben we eerst succesvol en voor de eerste keer een tseetseevlieg kolonie 

opgebouwd waarin S. glossinidius specifiek verwijderd is (Hoofdstuk 3). Dit bewees een handig 

instrument te zijn in het onderzoek naar hoe S. glossinidius de tseetseevlieg biologie beïnvloedt. De 

vergelijking van verschillende gastheer biologische parameters toonde aan dat de S. glossinidius 

aan/afwezigheid de overleving van de vlieg niet aantastte maar de aanwezigheid van de symbiont 

resulteerde in een verminderde voortplantingscapaciteit van de wijfjes.  

Een vergelijkende transcriptoom analyse toonde aan dat S. glossinidius aan/afwezigheid geen sterke 

invloed had op de expressie van immuniteit-gerelateerde genen van de tseetseevlieg. Enkel wanneer 

S. glossinidius-vrije vliegen blootgesteld werden aan minimaal 106 eenheden van S. glossinidius, kon 

een gematigde immuun activatie geobserveerd worden. Dit was in sterk contrast met vliegen die 

werden blootgesteld aan pathogene E. coli bacteriën of aan een nauw verwante, niet-tseetsee 

afkomstige Sodalis stam: beiden leidden tot hoge expressie niveaus van de immuniteitsgenen. 

Bovendien laten onze resultaten veronderstellen dat S. glossinidius bacteriën minder door de gastheer 

immuniteit worden gedetecteerd en dat ze resistent zijn tegen immuun activiteit. Deze twee 

mechanismen zijn waarschijnlijk betrokken bij het in stand houden van de tseetsee-S. glossinidius 

associatie (Hoofdstuk 4). 

Aan de hand van een vergelijkende metabolische analyse konden we een verhoogde aanwezigheid van 

pterines en queuine-gerelateerde componenten detecteren in Sodalis-bevattende vliegen, wat 

suggereert dat de symbiont deze kan voorzien voor de tseetsee gastheer. Daarentegen werden in deze 

vliegen verlaagde waarden van koolhydraten (bv. sorbitol) en een purine precursor (i.e. inosine 

monofosfaat) geobserveerd (Hoofdstuk 5). We bekeken hier ook de mogelijke impact van S. 

glossinidius op de vector competentie van de tseetseevlieg voor Afrikaanse trypanosoom parasieten. 

We vonden dat S. glossinidius de ontvankelijkheid van jonge vliegen niet beïnvloedde voor een infectie 

met Trypanosoma brucei of T. congolense. In tegenstelling, oudere S. glossinidius-bevattende vliegen 

vertoonden een hogere resistentie tegen infectie wanneer vliegen bijkomend werden blootgesteld aan 

een nutritionele stress. Bovendien was de trypanosoom infectie ook verhoogd in vliegen blootgesteld 

aan de hierboven vernoemde purine precursor, waardoor we postuleerden dat de S. glossinidius 

symbiont en de trypanoom parasiet mogelijk in competitie zijn voor nutriënten in de tseetseevlieg . 

Samenvattend, dit doctoraat draagt bij tot het verbeteren van onze kennis over de interacties van de 
S. glossinidius symbiont met de tseetseevlieg gastheer (waaronder immuniteit en metabolisme) en 
biedt nieuwe inzichten in hoe S. glossinidius de tseetseevlieg vector competentie kan beïnvloeden voor 
de Afrikaanse trypanosoom parasiet.  
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1.1. African trypanosomiasis 

African trypanosomiasis is a vector-borne disease caused by protozoan parasites of the genus 

Trypanosoma and affects both humans and animals. Both human and animal African 

trypanosomiasis are exclusively transmitted by tsetse flies (Glossina spp.: Diptera) which 

restricts their distribution to sub-Saharan Africa [1]. 

1.1.1. Human African trypanosomiasis 

Human African trypanosomiasis (HAT), also called sleeping sickness, is a neglected tropical 

disease that mainly affects people in rural areas or poor urban environments exposed to the 

tsetse fly. HAT is caused by two T. brucei subspecies. T. b. gambiense, found in West and 

Central Africa, is responsible for 98% of the reported cases and leads to a chronic form of HAT 

that can last for several years. T. b. rhodesiense occurs in East and South Africa and causes an 

acute form of HAT lasting only a few weeks or months [2].  

The disease evolves in two distinct successive stages which finally results in death if left 

untreated [3]. In a first haemolymphatic stage parasites reside in the subcutaneous tissue of 

the tsetse bite and infect the lymph nodes and the blood circulation. At this stage, people 

develop a fever, headaches, malaise, and other immune related symptoms. In the meningo-

encephalitic stage, parasites have crossed the blood-brain barrier to enter the nervous system 

resulting in neurological disorders like behavioural and sleep abnormalities, ultimately leading 

to coma and death.  

Today, no prophylactic treatments or vaccines are available for HAT due to antigenic variation 

where the parasite changes its surface molecules. Effective drugs for treatment exist. The 

choice of treatment depends on the trypanosome species and the disease stage. Four drugs 

are registered for HAT: pentamidine, suramin, melarsoprol, and nifurtimox, the latter always 

administered in combination with eflornithine in a therapy called ‘nifurtimox eflornithine 

combination therapy [4]. Furthermore, two novel drugs are now available, fexinidazole and 

acoziborole, of which the former passed all clinical trails [5].  

Since the 20th century there have been three major HAT outbreaks, the last one occurring in 

the 1990s [6]. In 2017, the number of new cases reported by the World Health Organization 

(WHO) was below 2,000, although the actual number is expected to be higher due to 

underreporting [7]. This shows the feasibility to fully eliminate HAT. Currently, a campaign has 

started to eliminate T. b. gambiense-caused HAT as a public health problem [8]. Through 

sustained control and surveillance efforts relying on accurate diagnosis and subsequent 

treatment of the patient with appropriate drugs, as well as control of the tsetse fly vector 

using insecticide-treated tiny targets, the WHO aims to eliminate Gambiense-HAT as a public 

health threat by 2020 and the goal is to make zero-transmission possible by 2030 [9]. Unlike 

T. b. gambiense that is mostly transmitted from human to human, T. b. rhodesiense has a 

major parasite reservoir in wildlife and domestic animals [10]. Therefore, control of T. b. 

rhodesiense is more complicated and focusses mainly on vector control strategies. In contrast 

to T. b. gambiense-caused HAT, the point of eradication for T. b. rhodesiense-caused HAT or 
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animal African trypanosomiasis is not nearly at sight, despite many ongoing efforts to control 

the diseases. 

1.1.2. Animal African trypanosomiasis 

Animal African trypanosomiasis (AAT), also called nagana, remains a major burden for sub-

Saharan livestock, particular for cattle husbandry, and is more widespread than HAT [11–13]. 

Each year AAT is responsible for more than 3 million deaths in cattle, leading to a direct annual 

loss of US$ 1.0-1.2 billion in cattle production making it one of the most important livestock 

diseases in Africa [14, 15]. While often treated as a single disease, AAT is in fact a disease 

complex caused by several trypanosome species. Besides T. brucei brucei, T. congolense and 

T. vivax are renowned to cause AAT in cattle and game, either by a single infection or a 

combination. In East Africa, T. congolense is the main cause of AAT, while in West Africa T. 

vivax is mostly reported [16]. In addition, T. evansi (mechanical transmission) and T. 

equiperdum (sexual transmission) significantly contribute to AAT worldwide [17]. 

  

Clinical manifestations of AAT depend on the level of parasitaemia and are characterized by 

anaemia, fever, lethargy, abortion, weight loss, and death within a few weeks. Occasionally, 

the disease stabilizes six to eight weeks after infection leading to either a slowly recovery of 

the animal or into a chronic AAT form lasting for a few months or years [18]. Two main drugs 

are used for AAT treatment: diminazene aceturate and isometamidium chloride. However, 

large-scale AAT elimination campaigns performed all over sub-Saharan Africa have failed so 

far due to an increased development and spread of drug resistance, poor drug quality (often 

fake drugs or improper drug storage), and/or incorrect drug administering such as giving sub-

optimal doses [19, 20]. 

1.2. Trypanosoma spp. 

1.2.1. Classification 

African trypanosomes belong to the order of Kinetoplastida. These are protozoa characterized 

by a single mitochondrion at the base of their flagellum, containing a circular DNA network 

referred to as the kinetoplast [21]. The trypanosome parasites are further categorized to the 

family of Trypanosomatidae which comprises around 400 species that can infect a wide range 

of hosts. This family contains species that cause several severe vector-borne diseases including 

African trypanosomiasis and Chagas disease (genus Trypanosoma) and leishmaniasis (genus 

Leishmania) [22].  

Trypanosome species that infect mammalian hosts are subdivided in Stercoraria, i.e. 

trypanosomes transmitted through the insect faeces like Trypanosoma cruzi (Chagas disease), 

and Salivaria, i.e. trypanosomes transmitted via the saliva during blood feeding [23]. The 

Trypanozoon subgenus belongs to the Salivaria group and comprises the two HAT causing 

species T. brucei rhodesiense and T. b. gambiense and the AAT causing T. b. brucei [24]. 
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1.2.2. Trypanosoma life cycle 

African trypanosomes have an alternating life cycle between a mammalian host and the 

vector, i.e. tsetse fly. Trypanosome parasites have an obligate developmental cycle in the fly 

before transmission is possible and tsetse flies are the sole vectors of African trypanosomes; 

except for T. vivax that can also be mechanically transmitted by other biting flies.  

In the mammalian host, metacyclic trypomastigotes transfer to the blood circulation after a 

bite from an infective tsetse fly (Fig. 1.1) [25]. Although a subpopulation of parasites remains 

intradermally at the site of inoculation, most parasites migrate and reach the lymph nodes 

within 18 h after the bite and reach the blood circulation within 42 h after the bite [26]. 

Metacyclic trypomastigotes differentiate into the bloodstream form (consisting of slender and 

stumpy forms) and parasites undergo multiplication through binary fission. The bloodstream 

form of the parasite remains freely swimming in the blood and can again be picked up by the 

tsetse fly during feeding.  

 

Fig. 1.1. Developmental stages of the Trypanosoma brucei life cycle. The cycle alternates between a 
mammalian (human or animal) stage and an obligate developmental cycle within the tsetse fly 
(Glossina spp.) [25].  
 

Only the stumpy form of the mammalian bloodstream trypomastigotes differentiates into 

procyclic trypomastigotes within the tsetse fly. These can establish a parasite population in 

the fly’s posterior midgut (Fig. 1.1) - the first main barrier for parasite development within the 

tsetse fly. From here, a part of the procyclic trypomastigotes elongate and migrate forward to 

the anterior midgut. Parasites then enter the proventriculus, where they further differentiate 

into long asymmetric dividing epimastigotes. This specific stage migrates upstream into the 

lumen of the salivary glands where they complete cell division to generate a short 
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epimastigote that attaches to the gland’s epithelium. This is the starting point of the 

colonization of the tsetse salivary glands with a complex differentiation into the final 

metacyclic stage that can be transmitted to a new mammalian host [27, 28].  

The natural prevalence of trypanosome infection in the tsetse fly is in fact very low (< 0.1% for 

T. brucei), a phenomenon referred to as fly refractoriness [29, 30]. The ability of a tsetse fly to 

develop a mature trypanosome infection, called vector competence, is determined by several 

key tsetse factors including the tsetse species and sex [31]. The tsetse fly’s innate immune 

system and its endosymbiotic associations are also major determinants for trypanosome 

infection outcome (see further under 1.4.4). Finally, the fly’s age and nutritional status also 

strongly affect trypanosome infection as freshly emerged, unfed (teneral) flies are significantly 

more susceptible to infection than older flies [32] and older flies under starvation are more 

prone to infection compared to normally fed flies [33]. 

1.3. Glossina spp. 

1.3.1. Classification and distribution 

The tsetse fly belongs to the phylum of Arthropoda and the order of Diptera. Tsetse flies are 

together with louse and bat flies members of the superfamily Hippoboscidea which are 

entirely blood-feeding and characterized by a distinct reproductive biology called 

adenotrophic viviparity (see further under 1.3.2). Tsetse flies are restricted to the humid and 

sub-humid zones of sub-Saharan Africa lining in the so-called ‘tsetse belt’, spanning the African 

continent with a northern and southern edge at resp. 14° and -20° of latitude (Fig. 1.2) [34].  

Tsetse belongs to the family Glossinidae which has just one genus, Glossina. This genus is 

further divided into three subgenera characterized by morphological and genomic differences: 

the morsitans group (subgenus Glossina sensu stricto), the palpalis group (subgenus 

Nemorhina), and the fusca group (subgenus Austenina), reviewed in [35]. The three subgenera 

also differ in their host preferences and susceptibility to trypanosome species. Tsetse species 

of the morsitans group or savannah type (G. morsitans spp., G. swynnertoni, and G. pallidipes) 

are found in savannah woodlands all over sub-Saharan Africa (Fig. 1.2) and are the main 

vectors for T. b. rhodesiense. The palpalis group or river type (G. palpalis spp., G. fuscipes spp., 

and G. tachinoides) occurs in Central and West Africa (Fig. 1.2) and mainly transmits T. b. 

gambiense [36]. In Uganda, both the savannah and river types are present. The fusca group 

inhabits humid forests in West Africa (Fig. 1.2) and is considered to be the oldest tsetse fly 

group. The morsitans and palpalis group are the major vectors for both T. b. brucei and T. 

vivax, while T. congolense is transmitted by all three tsetse flies groups [37].  
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Fig. 1.2. Geographical distribution of tsetse flies (Glossina spp.) in sub-Saharan Africa. Tsetse flies 
occur exclusively in the so-called ‘tsetse belt’, a region with a northern and southern edge at resp. 14° 
and -20° of latitude as indicated in the figure [34]. 
 

1.3.2. Glossina life cycle  

Tsetse flies (Glossina spp.) have a lifespan of ca. 3-4 months, a size of 8-17 mm, and are 

morphologically characterized by i) a distinctive proboscis attached to the bottom of the head, 

ii) wings which are at rest folded like the overlapping blades of a pair of scissors, iii) a hatchet-

like structure formed in the veins in the middle of each wing, and iv) antenna with branched 

arista hairs (Fig. 1.3A-C).  

The fly’s unusual mode of reproduction (called adenotrophic viviparity) is characterized by 

the egg that hatches into a larva inside the uterus of the female - so the female gives live birth 

(Fig. 1.3B). Over the course of their lifespan, each female produces only around 8-10 offspring. 

Females only mate once in their life time and the sperm is long-life stored in their 

spermathecae. Every 9-10 days, one of the female’s ovaries releases a mature egg which is 

fertilized by the sperm. The larva then undergoes an intrauterine development of three 

successive larval stages (1st-3rd instar larvae) [38]. During the intrauterine development, the 

larva is nourished by milk gland secretions released from the mother. These secretions consist 

mostly of lipids during early larval development and later shifts to a combination of lipids and 

proteins [39]. The milk secretions also contain two endosymbiotic bacterial species 

(Wigglesworthia glossinidia and Sodalis glossinidius) which are in this way vertically 

transmitted to the progeny [40]. After birth, i.e. larviposition, the larva buries rapidly into the 

soil where it soon pupates (Fig. 1.3D). The new adult fly emerges only around 30 days later.  
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Fig. 1.3. Morphological features characteristic of the tsetse fly. A. Male tsetse fly, picture taken by Luc 
Verhelst. B. Female tsetse fly giving live birth, picture taken by Ray Wilson. C. Anatomy of the tsetse fly 
[41]. D. Final stage of pupation, picture taken by Ray Wilson. 
 

1.3.3. Blood feeding 

Both male and female tsetse flies are hematophagous and require a blood meal every 3-4 days 

[42]. Feeding on vertebrate hosts is extremely dangerous for insects because of the animal’s 

defensive behaviour [43]. Insects therefore limit the number of feeding and ingest a 

disproportionally large amount of blood during one bite [44]. After skin penetration by the 

tsetse fly proboscis, the vertebrate blood is actively pumped to the oesophagus, passing the 

proventriculus, and shortly stored in the crop. Next, the blood flows back from the crop to the 

proventriculus and arrives in the anterior midgut. Studies using Glossina austeni showed that 

after taking a blood meal, the fly excretes large amounts of water and salts (i.e. the nutrient-

poor fraction) within around 30 min after feeding [45]. This considerably reduces the fluid 

volume, making the insect mobile again, and concentrates the nutrient-rich fraction.  

Blood digestion takes place in the posterior part of the tsetse fly midgut that is rich in 

haemolytic agents and digestive enzymes. The composition of the vertebrate blood is heavily 

biased towards proteins. They account for ca. 90% of the dry weight, with haemoglobin and 

albumin being the most abundant proteins [44]. This large amount of proteins forms a rich 

nutrient pool, but can also lead to toxic concentrations of amino acids and haem after protein 

degradation. After water and salt excretion, blood feeding insects indeed face an excess of K+ 

and Ca2+ ions - once blood cells are digested - and nitrogenous waste (uric acid and organic 

anions) - after digestion of blood proteins [46]. Moreover, digestion of the blood meal can 

result in the formation of reactive oxygen species (ROS) that damage a variety of biological 
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processes [46]. Hematophagous insects have therefore developed multiple strategies to cope 

with this toxicity, including the formation of insoluble haem aggregates, haem-and iron-

binding proteins, and the elevation of antioxidant enzymes e.g. superoxide dismutase and 

catalases (to minimize ROS levels) [44, 46]. 

1.4. The insect innate immune system 

The first line of the insect defences are structural barriers like the cuticle or epithelia lining the 

respiratory or gastrointestinal tract. Unlike vertebrates, owning an innate and an adaptive 

immunity to combat infection, insects depend solely on an innate immunity. The insect’s 

innate immune system comprises cellular and humoral responses (Fig. 1.4). The cellular 

immune system is based on the activity of haemocytes involved in phagocytosis, 

encapsulation, and opsonization of larger pathogens like parasites [47]. The humoral response 

against infection is based on conserved signal transduction pathways leading to the release of 

immune effector molecules with antimicrobial activity.  

 

 

Fig. 1.4. Overview of the innate immune response of insects comprising cellular (e.g. phagocytosis, 
encapsulation, and opsoniation) and humoral immune responses, i.e. the signal transduction pathways 
and the release of immune effector molecules like antimicrobial peptides [48]. 
 

1.4.1. Detection of microbes 

Defence reactions are triggered by the recognition of microbe-associated molecular patterns 

(MAMPs) like bacterial peptidoglycan (PGN) or fungal β-1,3-glucan [49] involving the insect’s 

pattern recognition receptors (PRRs). Extensive insight in the insect’s innate immune system 

has been gathered from Drosophila melanogaster, reviewed in [48]. Here, the large and 

conserved family of peptidoglycan recognition proteins (PGRPs) is subdivided into two 

subfamilies: proteins with recognition capacities (e.g. PGRP-LC, -LE, -SA) and proteins with 

both recognition and enzymatic capacities that can bind and cleave PGN (e.g. PGRP-LB, -SC1) 

[50].  
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Detection of Gram-negative bacteria in insects occurs by binding of PRRs to diaminopimelic 

acid (DAP)-type PGN. In D. melanogaster, this is largely mediated by the membrane-bound 

PGRP-LC, found in fat body and gut cells, and the extracellular PGRP-LE leading to the 

activation of the immune deficiency (Imd)-pathway [51, 52] (Fig. 1.5). The PGN monomer, 

called tracheal cytotoxin (TCT), is the minimal PGN motif to efficiently induce the Imd-pathway 

[53, 54]. Detection of Gram-positive bacteria occurs by the secreted recognition molecules 

PGRP-SA, PGRP-SD, and (counterintuitive) a member of the Gram-negative binding protein 

(GNBP) family, i.e. GNBP1, resulting in the activation of the Toll-pathway (Fig. 1.5). The 

minimal motif needed for activation of the Toll-pathway is a muropeptide dimer of L-lysine 

(Lys)-type PGN [55]. Fungi and yeast also trigger the Toll-pathway and detection is here 

mediated by resp. persephone and GNBP3. Other types of PRRs include secreted thioester-

containing proteins (TEPs) that function as opsonins [56] and soluble C-type lectins that bind 

to oligosaccharides like N-acetylglucosamine on the microbial cell surface. C-type lectins were 

shown to be important for phagocytosis and melanisation (by activation of the pro-phenol 

oxidase cascade) [57]. 

1.4.2. Immune signalling pathways 

Expression analysis using microarray of Imd-/Toll-pathway double mutant D. melanogaster 

flies showed that these two pathways regulated ca. 80% of the genes induced upon injury 

demonstrating their importance in surviving infection [58]. Both pathways require a nuclear 

factor-κB (NF-κB) family member for further downstream immune effector gene expression: 

relish for the Imd-pathway and dorsal or dorsal-related immunity factor (dif) for the Toll-

pathway [51, 59].  

For the Imd-pathway, the transcription factor relish is activated after PGRP-LC recruits the 

adaptor Imd which in its turn binds to the Fas-associated death domain (FADD) and Death 

related ced-3/Nedd2-like caspase (Dredd) [60, 61] (Fig. 1.5). Dredd is a caspase that associates 

with relish by directly cleaving it after relish is phosphorylated [62]. Phosphorylation of relish 

occurs through the inhibitor of κB kinase (IKK) signalling complex consisting of IKKβ (also called 

immune response deficient 5; ird5) and IKKγ (also called key or kenny) [63]. The IKK complex 

in itself is likely activated by the transforming growth factor β (TGF-β) activated kinase 1 

(TAK1) and its adaptor Tak1-associated binding protein 2 (TAB2) that contains an ubiquitin 

binding domain, a process that probably also involves the pathway components Imd and 

FADD. The initial activation of TAK1 is thought to occur via the inhibitor of apoptosis 2 (iap2), 

a protein that is also required for a sustained immune response [64]. Once relish is cleaved, 

the relish homology domain (Rel) transfers from the cytoplasm to the nucleus where it 

initiates the transcription of immune effector genes like cecropin and diptericin [65]. In 

addition to phosphorylation of the IKK-complex, TAK1 activates an additional signalling 

pathway, i.e. the c-Jun N-terminal kinase (JNK)-pathway. This pathway is likely involved in 

wound repair and stress response [66, 67].  
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Fig. 1.5. The two major immune signalling pathways of the Drosophila melanogaster humoral 
immune system : the Toll-pathway and the immune deficiency (Imd)-pathway. Genes with homologs 
in Glossina morsitans morsitans are highlighted with [G]. Antimicrobial peptide (AMP) gene expression 
in D. melanogaster is regulated by two conserved signalling pathways: the Toll-pathway, mainly 
activated by Gram-positive bacteria, fungi, and yeast, and the Imd-pathway, mainly activated by Gram-
negative bacteria. ANK: Ankyrin repeats; dif: dorsal-related immunity factor; dnr1: defence repressor 
1; dredd: death related ced-3/Nedd2-like caspase; FADD: Fas-associated death domain; GNBP: Gram-
negative binding protein; iap2: inhibitor of apoptosis 2; IKKβ: I-kappaB kinase β (component of the IKK 
(IκB Kinase) complex); IKKγ: I-kappaB kinase γ (also called key, kenny; component of the IKK (IκB Kinase) 
complex); P: phosphoryl-group; PGN: peptidoglycan; PGRP: peptidoglycan recognition protein; RHD 
(Rel): Rel homology domain; SPE: Spätzle processing enzyme; TAB2: TAK1-associated binding protein 2; 
TAK1: transforming growth factor β (TGF-β) activated kinase 1; Ub: ubiquitin; USP36: ubiquitin-
proteasome related protein 36. Figure adapted from [48].  
 

Activation of the Toll-pathway occurs after binding of a cleaved form of Spätzle to the 

membrane-bound Toll receptor [68] (Fig. 1.5). Spätzle is first processed by proteolytic 

cascades after binding to the secreted recognition molecules. Binding of Spätzle to the Toll 

receptor induces dimerization of Toll which leads to the recruitment of three intracellular 

components: MyD88, Tube, and Pelle [69]. After phosphorylation of cactus this component is 

degraded by the proteasome and consequently the Rel transcription factors dorsal and dif are 
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released which can then translocate to the nucleus leading to the transcription of immune 

effector genes like drosomycin [70, 71].  

A third pathway, the janus kinase/signal transduction and activator of transcription 

(JAK/STAT)-pathway, is likely involved in the antiviral immune response of D. melanogaster. 

This pathway comprises the receptor domeless, the transcription factor STAT and a negative 

regulator, the suppressor of cytokine signalling (SOCS) [72].  

1.4.3. Immune effector molecules 

A hallmark of the insect’s humoral immune response is the production and secretion of 

antimicrobial peptides (AMPs). AMPs are either locally produced (for instance by epithelial 

cells lining the gut wall) or systemically (by fat body cells), further released into the hemocoel. 

Expression analysis indicated some overlap regarding the regulation of several AMPs by the 

Imd-and Toll-pathways E.g. drosomycin that is largely dependent on the Toll-pathway also 

receives a minor input from the Imd-pathway in the systemic response and is exclusively 

regulated by the Imd-pathway in the local response [73, 74]. In addition to AMPs, the humoral 

response consists of ROS and nitrogen oxide (NO), generated by resp. the dual oxidase (duox) 

system and a NO synthase (NOS) mediated reaction [75, 76]. 

1.4.4. The innate immune system of the tsetse fly 

Many immunity associated genes identified in D. melanogaster appear to be present in the 

tsetse fly as well (highlighted in Fig. 1.5). Most notably, the Imd-pathway transcription factor 

relish revealed high amino acid similarities with its D. melanogaster counterpart. RNAi-

mediated relish silencing showed that the transcription factor in the tsetse fly regulated the 

expression of the AMP encoding genes attacin and cecropin and only partially of defensin in 

the fat body tissue of flies that were exposed to Gram-negative bacteria [77]. Loss-of-function 

of PGRP-LC in tsetse lead to a reduced expression of the AMP encoding gene attacin in the 

tsetse fly’s midgut, whereas silencing of PGRP-LB expression resulted in increased attacin 

expression. This shows resp. a recognizing and regulating role for PGRP-LC and PGRP-LB of the 

Imd-pathway in the tsetse fly [78].  

A trypanosome infection in the tsetse fly triggers oxidative stress as well as AMP encoding 

gene expression (attacin, cecropin, and defensin) [79, 80]. Feeding flies with antioxidants 

supplemented blood (e.g. glutathione, cysteine, or ascorbic acid) resulted in a substantial 

increase in midgut trypanosome infection [81]. Moreover, nutrient deprivation in tsetse flies 

decreases AMP levels [82], which could explain the increased susceptibility of starved flies to 

develop a trypanosome infection in the midgut [33]. A role of the cellular immune response 

in trypanosome elimination has not been reported so far and is rather unlikely as parasites do 

not enter the fly’s hemocoel.  
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1.5. The microbiota  

1.5.1. Research on host-microbiota interactions: the need for a suitable experimental 

system 
Research in the last 10-20 years has convincingly demonstrated that the natural microbiota 

influences many host physiological parameters including developmental, immunological, and 

metabolic processes. The human microbiome project (HMP) was a five year initiative launched 

in 2008 aiming to envisage the full extent of the human microbial diversity using genomic tools 

like 16S rRNA gene sequencing and metagenomics [83, 84].  

The same tools were also used to correlate many human healthy/diseased states with 

alterations in the microbiota communities. A healthy microbiota (i.e. host-microbe 

homeostasis) is characterized by a diverse and abundant microbial community (Fig. 1.6). 

Among the positive effects attributed to a healthy microbiota are: colonization resistance (i.e. 

protection against pathogens) [85, 86], facilitating immune development but without an over 

inflammation [87, 88], and aid in polysaccharide digestion and short chain fatty acid (SCFA) 

production [89]. Deregulation of the microbiota (leading to a state called dysbiosis) can occur 

after e.g. antibiotic treatment and is characterized by changes in composition, density, or 

function. This can lead to overgrowth of invading microorganisms, intestinal inflammation, 

and reduced SCFA production (Fig. 1.6). Dysbiosis has been linked to the pathogenesis of 

multiple inflammatory conditions in humans including inflammatory bowel disease (IBD) and 

autoimmune diseases e.g. rheumatoid arthritis [90–92]. These diseased states are associated 

with an ‘inappropriate’ immune activation and a loss of self-tolerance in the case of the 

autoimmune diseases [93, 94]. But it remains unclear whether modifications in the microbiota 

community are cause or consequence of these diseased states.  

 

Fig. 1.6. Host-microbe interactions in the mammalian gut, the importance of a balance in microbiota 
composition and density (indicated by homeostasis versus dysbiosis) and several known factors that 
can disturb or restore homeostasis. Figure adapted from [95].  
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Despite the availability of modern molecular techniques, our understanding of the functional 

bases and causalities of the reciprocal host-microbiota interactions mentioned above remain 

largely unknown. The field of microbiota studies in humans currently requires a transition 

from correlation studies towards causality studies. However, mammalian microbial 

communities are complex and dynamic consortia, with a large variety of inter-connected 

microbial taxa and ecological networks that are difficult or impossible to mimic in an 

experimental setting. Gnotobiotic animals, e.g. germ-free pigs that are (mono)-colonized with 

specific microbe(s), can be effective in linking putative functions to specific bacterial species 

[96] although they have several disadvantages; they are expensive, labour-intensive, difficult 

to implement, and do not allow high-throughput experimental set-ups. The experimental use 

of less complex host-microbiota systems is of high value in this field of research. Indeed, 

simpler animal models with less microbial species will likely provide complementary insights 

into the complex nature of co-existence with commensal bacteria [97].  

Insect systems have proved to be valuable models for mammalian studies in development and 

immunity. They have resembling gastrointestinal tracts [98] and present striking parallels in 

innate immunity [99, 100]. Other benefits of insects as model systems are: their ease of 

manipulation, the possibility to use large numbers, cheap housing facilities, and limited ethical 

concerns [101].  

 

1.5.2. Experimental insect-microbiota systems 

A proper understanding of host-microbe interactions in environments where multiple 

microorganisms co-exist requires manipulation of the microbial community and ideally the 

capacity of the symbiont to be cultivated and re-infect hosts.  

D. melanogaster harbouring and depleted of symbionts raised as powerful tools to address 

the function of resident microbial species [102–105]. Here, axenic D. melanogaster flies (i.e. 

flies devoid of all microbiota members) are obtained by bleaching embryos and further 

maintaining flies on an adequate diet [106]. Gnotobiotic D. melanogaster are obtained by 

transferring the bleached embryos to vials inoculated with single microbial suspensions. This 

resulted in mono-colonization of axenic flies with e.g. Lactobacillus brevis, Lactobacillus 

plantarum, or Acetobacter pasteurianus [104].  

Also honey bees are currently used as an experimental system for gut microbiota research 

since only a small number of bacterial species dominate the honey bee gut community and 

bees can be grown axenically with the possibility of genetical manipulation [107].  

However, it is preferred to achieve selective symbiont elimination rather than recolonization 

of axenic individuals to study the functional contributions of symbionts. Targeting of one single 

symbiont implies less experimental disturbances of the in vivo system (insects do not need to 

be exposed to antibiotic or bleach treatments prior to symbiont re-exposure) and leaves other 

resident microbial species intact. This has been proven feasible for aphids. Here, the primary 

symbiont Buchnera can be specifically targeted by injection with rifampicin. Specific 
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elimination of the secondary symbiont Serratia in aphids can be obtained by injection with 

ampicillin [108, 109]. Horizontal transfer of secondary symbionts (Serratia symbiotica, 

Hamiltonella defensa, or Regiella insecticola) in aphids proved to be possible via feeding or via 

injection into the haemocoel [110, 111].  

1.5.3. Functions of the insect microbiota 

Insect symbionts can be classified into two main groups: primary symbionts that have a long-

term association with their host, are obligate mutualists, andare vertically transmitted to the 

offspring and secondary symbionts that are non-essential for insect survival, are also mainly 

vertically transmitted although horizontal transfer is possible. We will review in the next 

sections how insect-symbiont associations beneficially affect their insect hosts. Overall, these 

benefits are divided into two core aspects: nutrition and defence [112, 113].  

Insect microbiota and nutrition 

Many insects that feed on extremely nutrient poor or unbalanced diets are associated with 

obligate mutualistic microbes (primary symbionts) that provide them with specific nutrients 

or degrade more complex polysaccharides. Most research on host nutrition-microbiota 

interactions has focused on these insects.  

An intensively studied example is the interaction between the primary symbiont Buchnera 

aphidicola and the plant phloem sap-feeding aphid Acyrthosiphon pisum. The Buchnera 

genome displays extensive degeneration but has retained the capabilities to synthesise 

essential amino acids (of which around 50% are released in the surrounding) [114]. Studies 

have shown that potentially 58 metabolites are transferred at the host-symbiont interface in 

the symbiont-harbouring host tissue, i.e. the bacteriome [115]. Transcriptomic and proteomic 

analysis of bacteriome host cells showed an enrichment of enzymes that are capable to 

synthesize precursors that Buchnera needs for amino acid synthesis [116, 117], however the 

effect of these enzymes on the metabolite pools and turnover rate in these host cells needs 

further investigation.  

In termites, which feed on plant-fibre rich diets like wood, the microbiota in the hindgut 

degrade the cellulose-rich plant materials leading to the production of SCFAs in spite of the 

fact that the termites themselves have, unlike mammals, intrinsic cellulase activity [118]. In 

addition, the termite microbiota modulates the nitrogen economy of the insect by recycling 

waste nitrogen or fixing atmospheric nitrogen [119, 120]. Recycling of insect nitrogenous 

waste into essential amino acids was also observed in many other insects including ants, 

planthoppers, and cockroaches [121–123].  

In D. melanogaster, which feeds on a less extreme diet, i.e. nutrient-rich fermenting fruits, 

flies that lack resident microbes have a general reduced basal metabolism but also increased 

levels of lipids and glucose [124, 125]. There are contradictory studies regarding the effect of 

the Drosophila microbiota on the fly longevity: in absence of the microbiota Drosophila was 

reported to have a shortened lifespan [126], normal lifespan [127], and increased lifespan 
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[128]. There are indications that a shortened lifespan in symbiont-depleted flies is diet-

dependent [129], although the actual mechanisms of the microbiota-host nutrition interaction 

explaining these inconsistent results are not clear. 

Recently, the gut microbiota of hematophagous insects (mosquitoes) showed an intense 

boost following blood digestion, leading to modification in microbial density and composition 

[130, 131]. This indicates that resident microbial species largely benefit from the excessive 

nutritional status following a blood meal. 

 

Insect microbiota and defence 

It has become clear that the resident microbiota in insects provides protection against many 

natural enemies including fungi, viruses, bacteria, parasitic protozoa, and wasps [87, 132]. 

Several important examples on how the insect microbiota affect the vector transmission 

efficiency of medically important pathogens are described here.  

Indirect protection: mediated via the insect immune system 

In Anopheles mosquitoes, vectors of the Plasmodium parasite that causes malaria, a global 

transcriptome comparison between symbiont-free and symbiont-harbouring individuals 

showed striking parallels in immune gene expression affected by the microbiota and by 

Plasmodium parasites [133]. Further in vitro and in vivo studies showed a cross-reactivity 

between the Imd-pathway receptor PGRP-LC induced by Gram-negative bacteria and a further 

response toward Plasmodium [134–136]. Here, PGRP-LC activated a signalling pathway 

involving a NF-κB transcription factor (the ortholog of Drosophila relish called rel2) that 

controlled the burst of symbiotic bacterial proliferation after blood feeding and in its turn also 

targeted Plasmodium infection as PGRP-LC knockdown resulted in higher oocyst infection.  

In Aedes mosquitoes, vectors that spread arboviruses causing dengue fever, chikungunya, and 

yellow fever, the symbiont Wolbachia elevates a basal systemic immunity resulting in 

increased levels of the AMPs defensin and cecropin [137]. High-throughput analyses and RNAi 

studies demonstrated that the Toll-pathway in Aedes mosquitoes was involved in the 

response to both the gut microbiota and in the anti-viral defence [138]. Symbiont-free Aedes 

mosquitoes were shown to be twice as much susceptible to infection with dengue virus 

compared to conventionally raised mosquitoes [139].  

Direct protection 

In addition to the indirect protection, i.e. involving the insect’s immune system, the microbiota 

can directly interfere with parasite transmission in vectors. An Enterobacter bacterium 

isolated from wild Anopheles mosquitoes in Zambia confers refractoriness against 

Plasmodium. This protection occurs independent of the insect as the bacterium itself 

produced ROS thereby targeting the parasite before it invades the midgut epithelium [140].  

In vitro experiments showed that three bacterial isolates from Aedes albopictus inhibit the 

development of the La Crosse virus, the causing agent of La Crosse encephalitis, likely by a 

direct bacterial secretion of anti-viral metabolites [141].  



Chapter 1 

16 
 

As pathogens and resident bacteria share the same host environment they also directly 

compete with each other for nutritional resources. The intracellular symbiont Wolbachia is 

known to sequester cholesterol in D. melanogaster. Similarly, Wolbachia in vectors could limit 

the lipid availability for dengue virus, Chikungunya virus, and Plasmodium as these viruses 

need host lipids for membrane remodelling during replication [142, 143].  

1.5.4. Function of secondary symbionts in insects 

Overall, the functional contributions of secondary symbionts to the insect host biology are far 

less understood compared to primary symbionts. Representative insect secondary symbionts 

are, among others, Wolbachia pipientis in Drosophila spp. and mosquitoes, Sodalis glossinidius 

in tsetse flies, Serratia symbiotica in pea aphids (A. pisum), and Spiroplasma poulsonii in 

Drosophila spp. [144–149].  

Recent studies have demonstrated that secondary symbionts are not mere passengers but in 

fact may have profound implications for their insect host functioning - both positive and 

negative. Positive effects include an increased resistance against pathogens, an increased 

capacity of the host to survive heat stress, and an altered host plant preference [150–153]. In 

other cases, secondary symbionts were shown to have a cost for their insect hosts, particularly 

at later developmental stages [154–156]. E.g. in aphids, secondary symbiont depleted 

individuals had an increased survival rate, fecundity, and body weight [110, 157, 158]. 

An example of the protective effect of secondary symbionts is Halmiltonella defensa in aphids 

that inhibits a parasitoid wasp which otherwise deposits an egg in the aphid’s body cavity 

leading to host tissue consumption and death after some days. This protection is only 

observed when H. defensa bacteria harbour a bacteriophage that contains genes encoding 

toxins [159], however the exact mechanisms and how the aphid avoid toxin-mediated damage 

are unclear. Also in aphids, the secondary symbiont Rickettsiella viridis was shown to influence 

body colour, thereby reducing the insect host’s susceptibility to natural predators [160].  

In whiteflies, infection with the secondary symbiont Rickettsia resulted in decreased host 

mortality due to the pathogenic Pseudomonas [161].  

1.5.5. Symbiosis in insects: to talk or not to talk with the host immunity? 

An important question in the field of symbiosis is how microbial communities are established, 

shaped, and maintained within the host. In insects, much more is known about the localization 

patterns and changes in density or composition than the molecular mechanisms that regulate 

them. Fig. 1.7 gives a schematic overview of different factors known to have an impact on the 

microbiota dynamics in insects: the insect’s immune system, diet, developmental stage, the 

anatomy of the gastrointestinal tract, pH and redox balance, or other (resident) microbial 

species [98, 124, 162]. For example, the diet in D. melanogaster strongly affects the microbiota 

diversity and density between individuals as flies live, breed, and feed on fermenting fruit, and 

acquire their gut microbiota from the environment [163, 164]. Different commensals have 
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different nutrient requirements [98, 165] and nutritional components like citric acid and 

essential oils favour distinct bacterial species by being harmful to others [98].  

 

 
Fig. 1.7. Factors described in the literature to influence microbiota communities in insects. The 
microbiota in insects can alter in composition or density due to the insect’s immune system, host diet, 
developmental stage, the anatomy of the gastrointestinal tract, pH and redox balance, or other 
(resident) microbial species [98, 124, 162].  
 

The insect host’s immune system is a major factor to overcome during the establishment and 

maintenance of a symbiotic association. Indeed, a long-term symbiotic relationship implies 

that microorganisms are not eliminated by the broad spectrum of innate immune defences 

and otherwise that resident microorganisms do not induce sepsis. It is of interest to lower 

host immunity, allowing symbiont survival, i.e. tolerance, as most symbionts provide 

beneficial functions. Otherwise, the insect needs to prevent uncontrolled microbial 

proliferation as this can lead to immune overstimulation and subsequent damage of its own 

tissues. Importantly, insects induce only a basal AMP production towards microbiota 

members not intended to obtain full elimination but rather to manage and regulate the 

microbiota density and composition [113]. A balance in the microbiota-immune cross-talk is 

achieved by both adaptations on the host-and symbiont-side and can be classified as: i) 

evading host immunity through compartmentalization, ii) modulation of the host immune 

response, and iii) bacterial adaptation to avoid immune sensing.  

(i) Most primary symbionts are harboured inside the cells (bacteriocytes) that form a 

specialized organ, the bacteriome [166], where immunity is lower to allow bacterial 

survival. In addition, this compartmentalization restricts symbiont abundance, 

preventing bacterial outgrowth. In the Drosophila gut, a certain level of 

‘compartmentalization’ is reported as AMPs are produced differently along the 
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gastrointestinal tract, an effect that is mediated by regionalized transcription 

factors [167], indicating the possibility to restrict bacteria to certain sites. Another 

strategy to evade immunity is the invasion of insect host cells. However, symbionts 

can be targeted here by other defence mechanisms such as the insect cell’s 

lysosomal system. Increased expression of a lysozyme has been observed in the 

Buchnera-harbouring host cells and this intracellular symbiont was reduced in 

numbers after activation of the aphid’s lysosomal components [168, 169].  

 

(ii) Symbionts can modulate their insect host’s immune system through negative 

feedback mechanisms, active at different levels of the signalling pathways. At the 

recognition level, enzymatic proteins like PGRP-LB and PGRP-SC can bind and 

cleave immunostimulatory PGN released by dividing bacteria, thereby preventing 

a full immune activation (Fig. 1.8). This has been shown to underlie the tsetse fly’s 

association with its primary symbiont (see further in section 1.6.1). Also in 

Drosophila, epithelial cells lining the gut and trachea have high expression of PGRP-

LB, indicating a local removal of bacterial immune elicitors [170]. At the signalling 

level, two regulators of the Imd-pathway were identified in Drosophila in response 

to commensal bacteria which were capable to inhibit downstream immune 

effectors. The first, poor Imd response upon knock-in (pirk) also called PGRP-LC- 

interacting inhibitor of Imd signalling (PIMS), is basally activated by commensal 

bacteria and prevents a constitutive AMP production as it binds to PGRP-LC [171] 

(Fig. 1.8). The second, the homeobox protein caudal restores gut microbiota 

homeostasis as it prevents NF-κB-mediated AMP gene expression [172] (Fig. 1.8). 

A third regulator, mitogen-activated protein (MAP) kinase phosphatase (Mkp3), 

was induced by commensal bacteria and shown to interfere with the activity of the 

duox pathway in a mesh-duox interaction [173, 174] (Fig. 1.8). Although many 

other negative immune regulators are documented, their ability in modulating the 

host immune response towards symbiotic microbes remains to be elucidated.  

 

(iii) Symbionts might avoid immune sensing due to a decrease, a lack, or modification 

of microbial immune elicitor molecules, i.e. MAMPs. This has been proposed to 

underlie the lack of a host immune activation to Wolbachia (wStr) in silk worm cells 

[175], to naturally Wolbachia-infected Drosophila simulans and Aedes albopictus 

[176], and to Spiroplasma poulsonii in Drosophila melanogaster [146]. Otherwise, 

Wolbachia evoked high immune levels in Aedes aegypti [142] and Anopheles 

gambiae [177] demonstrating the specificity of host-bacterial strain interactions. 

Moreover, although the Wolbachia pipientis (wMel) genome has many modified or 

missing genes encoding for cell wall components [178], it remains to be elucidated 

which exact genes underlie the avoidance of host detection.  
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Fig. 1.8. Modulation of the insect’s immune system allowing survival of resident microbial species. 
Left panel: interference with the insect’s immune deficiency (Imd)-pathway by negative regulators, i.e. 
peptidoglycan recognition protein (PGRP)-LB, PGRP-SC, poor Imd response upon knock-in (pirk), and 
caudal preventing the expression of antimicrobial peptide (AMP) encoding genes. Right panel: 
interference with the insect’s dual oxidase (duox) system by mitogen-activated protein kinase 
phosphatase (Mkp3) preventing the generation of reactive oxygen species (ROS).  Figure adapted from 
[179] and [165].  
 

How can beneficial and pathogenic microbes be distinguished in the insect? 

As the gut epithelium is in constant exposure to a wide-variety of microorganisms, including 

beneficials, commensals, or pathogens, insects mustdistinguish between these species. This 

can be challenging as beneficial and pathogenic species are often closely related and share 

the same MAMPs. Recently, the recognition protein PGRP-LE in the Drosophila gut epithelium 

was identified to underlie the different outcome of AMP production to beneficial and 

pathogenic bacteria [180] (Fig. 1.8).  

Although the bacterial PGN is present in both bacterial phenotypes, pathogenic infections are 

generally more transient and result rapidly in high bacterial loads. Resident bacteria have 

generally a more durable association, grow slower and thereby release less immune-activating 

PGN (Fig. 1.8). This lower level might not be sufficient to pass a threshold value for a full 

immune activation (91).  

In addition, bacterial uracil, one of the four RNA nucleobases and a well-known inducer of the 

duox system, was secreted by the pathogenic bacterium Erwinia carotovora in culture but not 

by the commensal Commensalibacter intestine [181] (Fig. 1.8), suggesting another way by 

which the host can distinguish between the two bacterial types. Indeed, whereas wild-type E. 

carotovora evoked ROS levels in Drosophila, a mutant strain unable to secrete uracil induced 

lower levels of ROS in vivo [181]. 
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1.6. The tsetse fly microbiota  

Tsetse flies have a microbiota of low diversity probably as the result of their relative sterile 

lifestyle, i.e. viviparous reproduction mode and feeding on sterile vertebrate blood. Tsetse 

flies are associated with a primary symbiont Wigglesworthia glossinidia, a secondary symbiont 

Sodalis glossinidius, a Wolbachia sp., and a virus called salivary gland hypertrophy virus.  

1.6.1. Experimental elimination of the tsetse fly microbiota 

Deprivation of all of tsetse fly’s bacterial species (i.e. generation of axenic tsetse flies) was 

achieved using the antibiotic tetracycline and further maintenance of flies on a vitamin-rich 

yeast extract [182]. So far, axenic tsetse flies were shown to have a compromised cellular and 

humoral immune system, an increased susceptibility to trypanosome infection, and a modified 

structure of the PM lining the midgut [182, 183].  

Specific elimination of tsetse’s symbiotic bacteria proved to be more difficult. In an attempt 

to target W. glossinidia, flies were maintained on an ampicillin feeding regime [105, 184]. 

However, previous experiments in our lab performed by De Vooght showed also a reduction 

of S. glossinidius after ampicillin treatment. Bacterial recolonization in axenic flies with W. 

glossinidia and S. glossinidius was obtained by feeding flies resp. with bacteriome extracts 

isolated from wild-type flies and cultured S. glossinidius extracts [182, 185]. Specific 

elimination of S. glossinidius showed to be possible using the antibiotic streptozotocin 

(described in Chapter 3). 

1.6.2. The primary symbiont: Wigglesworthia glossinidia 

The primary symbiont W. glossinidia has a long-term association with the tsetse fly of around 

50-80 million years and is vertically transmitted via the female’s milk gland secretions during 

the intrauterine larval development. This obligate mutualist is a Gram-negative bacterium and 

harboured intracellularly, i.e. in the cells of the bacteriome, located at the anterior midgut 

(Fig. 1.9). A second W. glossinidia population is present extracellularly in the milk gland lumen 

of tsetse females (Fig. 1.9) [186].  

Phylogenetic analysis of W. glossinidia isolated from Glossina brevipalpis and G. morsitans 

indicated extensive gene conservation between the two symbiont populations [187]. The 

bacterium has an extremely streamlined genome of 700 kb due to genome degeneration 

where symbionts lose gene functions they no longer need under the relaxed selection 

pressure in the host [188, 189]. However, it still contains a high number of genes involved in 

the de novo biosynthesis of metabolites including biotin, thiazole, lipoic acid, riboflavin 

(vitamin B2), folate, pantothenic acid, thiamine (vitamin B1), pyridoxine (vitamin B6), and 

prohaem, likely to supplement the tsetse fly’s nutrient deficient diet [105, 190, 191]. W. 

glossinidia was suggested to impact trypanosome-proline usage by the production of vitamin 

B6, an essential cofactor for proline [192]. Also vitamin B9 produced by W. glossinidia, which 

has a complete chorismate/vitamin B9 pathway, was suggested to affect trypanosome 

development as parasites are vitamin B9 auxotroph [193, 194], although experimental 

evidence is currently missing.  
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W. glossinidia is also important for female fecundity. Axenic flies (devoid of all microbiota 

members) obtained after tetracycline treatment, had a reduced host fecundity [105], a 

phenotype that could be restored using vitamin-rich yeast extracts and that was later 

associated with the loss of W. glossinidia [182].  

In addition, W. glossinidia is crucial for the development of a proper functioning immune 

system. Adult flies devoid of W. glossinidia during larval development (GmmWgm-) were 

immuno-compromised, being more susceptible to an infection with trypanosomes or E. coli 

[184]. These flies were characterized by a reduced expression of AMP-encoding genes (attacin 

and cecropin), a lower pro-phenoloxidase and melanisation activity, and a reduced amount of 

haemocytes. Recently, W. glossinidia was shown to increase the expression of an odorant 

binding protein (obp6) in the gut of tsetse larvae, a protein that is important for the production 

of crystal cells during melanisation, wound healing, in adult flies [185].  

The W. glossinidia-tsetse symbiosis relies on evading (through compartmentalization) and 

modulating the tsetse fly immunity. The cells of the bacteriome were shown to have an 

increased expression of the negative immune regulator PGRP-LB which was correlating with 

symbiont numbers and likely functions to scavenge PGN released by W. glossinidia [195]. 

Indeed, RNAi-mediated PGRP-LB knockdown led to increased expression of the AMP-encoding 

gene attacin indicating that PGRP-LB prevents strong immune activation in the bacteriome 

allowing survival of the primary symbiont. Furthermore, PGRP-LB has been documented to 

have a dual role by reducing trypanosome infection as it is significantly higher expressed in 

refractory compared to susceptible flies and in vitro studies showed that it had a direct anti-

trypanosomal effect on procyclic and bloodstream trypanosome forms [78, 196].  

 

Fig. 1.9. Tissue distribution of the endosymbiotic bacteria and trypanosome parasites in the tsetse 
fly [197]. Tsetse flies harbour a microbiota of low diversity with only three endosymbiotic bacteria: the 
primary symbiont W. glossinidia is found exclusively in the bacteriome and female milk glands, the 
secondary symbiont S. glossinidius has a wide-tissue tropism and occurs both in intra-and 
extracellularly, and a Wolbachia sp. located in the reproductive organs. 
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1.6.3. The secondary symbiont: Sodalis glossinidius 

The secondary symbiont Sodalis glossinidius is a Gram-negative bacterium that is recently 

established in the tsetse fly. The bacterium has a varying prevalence (0-64%) in the field [198, 

199] although it is found in all lab-colony flies. S. glossinidius is part of a large clade of Sodalis-

allied bacteria that are found in a broad spectrum of insects, with varying types of associations, 

including stinkbugs (Hemiptera - Scutelleridae and Pentatomidae) [200, 201], louse flies 

(Diptera - Hippoboscoidea) [202], slender pigeon lice and feather lice (Phthiraptera - 

Philopteridae) [203, 204], sheep keds (Diptera - Hippoboscoidea) [205], psyllids (Hemiptera - 

Psylloidea) [206], and weevils (Coleoptera - Curculionidae) [207]. The diversity of the 

ecological niches habituated by Sodalis-allied bacteria is further demonstrated by two 

bacterial isolates: one derived from a human wound infection, named strain HS, and one from 

the biofilm of a limestone deposit [208, 209]. Interestingly, unlike most symbionts, S. 

glossinidius still retained the capacity to grow outside its host [198, 210] which facilitates 

experimental work to study the establishment and evolution of insect–bacteria symbiosis.  

Tissue distribution, transmission, and function  

In tsetse flies, S. glossinidius displays a wide-tissue tropism, both intracellularly (in the fat body 

cells, oviduct cells, milk gland cells, uterus cells), and extracellularly in the midgut (where it is 

most abundant), hemocoel, salivary glands, and milk glands (Fig. 1.9) [186, 211].  

 

Similar to the primary symbiont, S. glossinidius is vertically transmitted via the female’s milk 

gland secretions during intrauterine larval development, although paternal vertical 

transmission and horizontal transfer are also observed [186, 212, 213].  

The functional contribution of S. glossinidius to the tsetse fly’s biology remain far less clear. S. 

glossinidius is present at higher densities in G. m. morsitans and G. p. palpalis compared to G. 

austeni and G. brevipalpalis. In 2001, Dale and Welburn reported that experimental 

elimination of S. glossinidius resulted in a reduced fly longevity [214], suggesting a mutualistic 

role for S. glossinidius. Several studies identified a link between the presence of S. glossinidius 

and an increased susceptibility of the tsetse fly to trypanosome infection [215, 216]. However, 

other authors have failed to find such a link [217–221]. In an attempt to explain a correlation 

between S. glossinidius and vector competence, the bacterium was proposed to secrete a 

chitinase that can cleave the insect’s chitin of the peritrophic matrix (PM) in the tsetse midgut 

and thereby releasing N-acetyl-D-glucosamine (GlcNAc) [214, 222]. GlcNAc was thought to 

neutralize a midgut lectin and/or scavenge ROS that otherwise target trypanosomes [223, 

224]. However, due to the lack of robust and convincing experimental evidence, this lectin-

hypothesis and the S. glossinidius-trypanosome interplay remains highly controversial.  

The S. glossinidius genome 

The S. glossinidius genome comprises one circular chromosome, three extrachromosomal 

plasmids, and one prophage. The bacterial genome has several features that reflect S. 

glossinidius transition state from a free-living bacterium towards symbiosis:  
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- The S. glossinidius genome has a large size of 4.2 Mb which is similar to those of the 

free-living enteric relatives E. coli, Salmonella, and Yersinia [144, 225, 226].  

- A large number of putative pseudogenes were identified in the genome, leading to a 

reduced coding capacity of ca. 50% [144, 225]. This can indicate that the process of 

genome degeneration has started. But a recent study using transcriptomics and 

proteomics in S. glossinidius cultures showed that many of the pseudogenes were in 

fact still active and stable over time [227]. 

- The genome contains three symbiosis regions (SSR) with genes similar to the type-3-

secretion system (TTSS) of the pathogenic bacteria Yersinia and Salmonella [144]. The 

TTSS is a protein attachment present in many Gram-negative bacteria consisting of a 

needle like structure (used as a ‘sensor’) and through which secreted proteins help 

bacteria infect eukaryotic cells. While the needle structure in the S. glossinidius 

genome has been maintained, the genome has lost or modified genes encoding the 

effectors and regulators.  

- The genome codes for flagella structures with genes specifically expressed during the 

tsetse fly larval and pupal stage, indicating that the bacterium might use its flagella 

during the vertical transmission [144].  

Genomic analysis demonstrated that S. glossinidius isolated from five tsetse species, i.e. G. m. 

morsitans, G. austeni, G. brevipalpis, G. fuscipes, and G. p. palpalis, had almost identical 16S 

rRNA gene sequences reflecting their close relationship [228] although this analysis relies on 

only one gene. Microsatellite analysis of S. glossinidius isolated from G. morsitans and G. 

palpalis showed that both tsetse species harboured genetically (slightly) distinct S. glossinidius 

species; different S. glossinidius genotypes were identified in G. palpalis from Burkina Faso 

and Cameroon [229–231].  

In contrast to W. glossinidia, S. glossinidius does not have a long co-evolutionary history with 

the fly as phylogenetic trees based on bacterial S. glossinidius genes do not show similarities 

with trees based on insect genes [232]. 

The S. glossinidius metabolism 

In vitro growth studies demonstrated that S. glossinidius can use multiple carbon sources 

including GlcNAc (accompanied with high acid production), glucose, sorbitol, and mannitol 

[198]. Genomic analysis showed that S. glossinidius has retained some free-living metabolic 

characteristics including functional pathways for glycolysis, gluconeogenesis, and the TCA 

cycle [144]. Its ancestral metabolic network is completely functional under reduced aerobic 

conditions (modelled with glucose as a sole external carbon source) revealing a biomass 

production rate similar to that of the free-living bacterium E. coli [233]. The S. glossinidius 

genome has retained the capacity to synthesize amino acids (except alanine) indicating the 

symbiont might produce these for its tsetse host. However, current experimental data on S. 

glossinidius cell cultures that confirm these predictions is currently missing.  The metabolic 

capacities of S. glossinidius also reflect the initial stage of transfer to a host-dependent 

symbiont, based on the earlier described large amount of pseudogenes:  
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- Degradation of many carbohydrate transport or metabolism genes is probably an 

adaptation to the carbohydrate-low content of the vertebrate blood. For instance, the 

S. glossinidius genome has only three intact systems to import GlcNAc, mannose, and 

mannitol.  

- In silico analysis predicted inactivation of three important metabolic pathways: 

glycogen biosynthesis from ATP and glucose, arginine production from glutamate, and 

oxaloacetate production from phosphoenolpyruvate in the TCA cycle [233].  

- A set of genes involved with the response to environmental cues including anaerobic 

conditions, nitrogen-limited conditions, and fluctuation in iron levels are present in the 

genome. The latter suggesting an adaptation to the iron-rich gut environment 

following blood digestion [144]. The S. glossinidius genome also contains a putative 

siderophore iron acquisition system which can be important for colonizing the fly 

environment as this has a fluctuating and extreme high concentration of haem and 

iron after blood feeding [234, 235]. 

- S. glossinidius likely has a co-dependency with W. glossinidia for thiamine as the S. 

glossinidius genome lacks thiamine biosynthesis encoding genes – which are present 

in the W. glossinidia genome - but still retained a thiamine ABC transporter by which 

S. glossinidius can salvage thiamine [144].  

Establishment of the tsetse-S. glossinidius symbiosis  

The S. glossinidius population in the tsetse fly varies according to the species, sex, and 

developmental stage with an increased density as the fly ages [236, 237]. Two studies 

monitored the S. glossinidius density over the tsetse lifespan showing that: i) in G. palpalis 

gambiensis the S. glossinidius numbers remained constant at the pupal stage (24 h, 48 h, and 

28 days after deposition) but increased in adult stages to reach a peak at around day 30 after 

emergence in males [238] and ii) in G. morsitans morsitans, S. glossinidius mainly colonizes 

the fly during the intrauterine larva at the L1 instar stage, followed by a strong proliferation 

after fly emergence, reaching a density peak at approximately two-weeks after emergence in 

males [239]. Interestingly, both studies showed that the S. glossinidius density decreased after 

reaching high densities, suggesting that regulatory mechanisms keep a tight control over the 

symbiont population. However, the regulatory mechanisms underlying the tsetse-S. 

glossinidius symbiosis remain largely unknown.  

S. glossinidius has a quorum-sensing system relying on acylated homoserine lactone to 

modulate its gene expression and consisting of two regulatory proteins: SogI, a homolog of 

LuxI and SogR1, a homolog of LuxR. A microarray study showed that the signal molecule 

synthesized by SogI, i.e. the N-(3-oxohexanoyl) homoserine lactone (OHHL), increased the 

expression of genes involved in the response to oxidative stress. This suggests a role of the S. 

glossinidius quorum-sensing system to deal with the oxidative burden that can arise from high 

bacterial densities (and hence a high metabolic activity) or with the establishment of S. 

glossinidius in the tsetse fly midgut [240]. In 2011, Pontes et al. showed that S. glossinidius 
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bacteria have a functional two-component regulatory system PhoP-PhoQ that is involved in 

the regulation of the bacterium’s sensitivity to AMPs, the expression of TTSS-encoding genes, 

as well as genes that code for proteins that can structurally modify lipid A, one of the main 

components of the bacterial lipopolysaccharide (LPS) [241].  

If and how S. glossinidius interacts with the tsetse fly’s immune system during symbiosis 

remains to be elucidated although some (contradictory) results were reported: 

- In vitro studies showed that S. glossinidius uses a TTSS-associated gene, i.e. the 

invasion gene C (invC) located on the SSR-2, to invade insect cells. This suggests the 

bacterium can enter host cells to evade the systemic immune responses [242]. 

However, this immune-escape mechanism is unlikely to be sufficient as the bacterium 

is also present in large numbers extracellularly in the haemolymph and the midgut 

lumen where it is visible and exposed to the insect’s immune system.  

- S. glossinidius bacteria in vitro were less sensitive to the AMPs diptericin, cecropin, and 

other (synthetic) cationic peptides [241, 243, 244], indicating the symbiont might be 

insensitive to the tsetse fly’s immune responses.  

- The density of S. glossinidius was not affected by increased attacin levels, obtained 

after RNAi-mediated PGRP-LB knockdown, suggesting that S. glossinidius is not 

regulated by the humoral immune system [195].  

- Otherwise, the outermembrane protein A (OmpA) of S. glossinidius bacteria was 

shown to be important for the activation of the tsetse fly’s immune system, suggesting 

the fly’s humoral immune system is involved in the control of the S. glossinidius 

population [245]. 

- The S. glossinidius OmpA was also shown in vitro to be important for biofilm formation 

and OmpA mutants were no longer able to colonize the tsetse fly, unless other 

endosymbiotic bacteria were present [246]. 

As described above, some studies started to explore the interaction between S. glossinidius 

and the tsetse fly’s immune system. However, to date a comprehensive overview of the fly’s 

immune response toward S. glossinidius is missing. Furthermore, it remains unknown 

whether the immune system plays a role in controlling S. glossinidius and whether this 

affects the tsetse vector competence to transmit the trypanosome parasite.  

1.6.4. Other microorganisms in the tsetse fly 

Tsetse flies also harbour a third endosymbiotic bacterium, a Wolbachia sp., which is located 

in the fly’s reproductive organs (Fig. 1.9), the early oocyte, embryo, and larvae [186]. 

Wolbachia is a Gram-negative bacterium that is unlike W. glossinidia and S. glossinidius (that 

are transmitted via the milk gland secretions) transovarially transmitted by colonizing the 

developing oocyte. Wolbachia is a widespread symbiont found in up to 76% of all insect 

species and is well-documented for its reproductive parasitism including male-killing, 

cytoplasmic incompatibility, and feminization [247]. In several cases, Wolbachia strains have 

developed mutualistic associations with their insect hosts. Indeed, in multiple mosquito lines 
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and Drosophila species a protective effect of Wolbachia has been demonstrated as the 

bacterium confers the insect with resistance against RNA viruses [248, 249]. In tsetse flies, 

Wolbachia is reported to induce cytoplasmic incompatibility in Glossina morsitans [250]. So 

far, no studies have linked Wolbachia with the tsetse fly’s susceptibility to trypanosome 

infection.  

In addition, flies harbour a virus called the salivary gland hypertrophy virus (SGHV; Fig. 1.9) 

which is mostly asymptomatic but can cause hypertrophy in the salivary glands and gonodal 

lesions at high titers [251]. In the field, prevalence of this DNA virus is observed to vary with 

the tsetse species and geographical location [252, 253]. SGHV can be vertically transmitted via 

the milk gland secretions as well as horizontally during blood feeding [254].  

Tsetse flies captured from the field (Glossina fuscipes and Glossina palpalis) were shown to 

contain bacteria (likely environmentally acquired) belonging to three main phyla determined 

using 16S rRNA analysis: Proteobacteria, Firmicutes, and Actinobacteria [255, 256]. Recently, 

Spiroplasma has been identified in both lab and field tsetse flies, exclusively in the palpalis 

group but not in the morsitans or fusca group [257]. Whether these bacterial species are 

capable to form a stable association in the tsetse fly and what the impact of these associations 

is on the fly’s vector competence requires further investigation. 
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2.1. Rationale and research questions 

Colonization of the gut and other tissues by microorganisms is a diverse and ubiquitous 

phenomenon in nature, common to all metazoans. In humans, the gastrointestinal tract alone 

harbours over 300 distinct microbial taxa, mainly anaerobic, commensal bacteria which can 

grow at high densities. Here, an estimated 1014 microbes are present, significantly exceeding 

the number of cells in the human body, which are documented to influence many host 

physiological processes [92, 258, 259]. The use of germ-free animals reared in sterile isolators, 

e.g. mice, rats, zebrafish, and pigs, has further emphasized the importance of resident 

microbes. These animals showed altered immune systems [260–262], less efficient whole-

body metabolism [263–267], and marked differences in gene expression of the 

gastrointestinal cells [268–270]. However, studies on the mammalian microbiota are severely 

hampered by the complexity of their wide variety of species, of which the majority is 

uncultivatable, and by ethical and practical reasons.  

In contrast to higher eukaryotes insects harbour a less diverse microbial community, enabling 

investigations that aim to understand the functional contributions of individual symbionts. 

Classical invertebrate models like Drosophila melanogaster are now successfully established 

in the research field of host-microbiota studies [271–274]. In addition to being excellent model 

systems, many insects that harbour bacterial symbionts are also important human/animal 

disease vectors or agricultural pests. In recent years, the natural microbiota in insects was 

shown to be a determining factor in  the infection outcome of Anopheles and Aedes 

mosquitoes, i.e. vectors that transmit resp. Plasmodium parasites causing malaria and dengue 

virus causing dengue fever [134, 135, 137].  

The tsetse fly, the blood feeding insect that transmits African trypanosomes, harbours only 

two symbionts in its alimentary tract: the long-term associated primary symbiont 

Wigglesworthia glossinidia and the more recently established secondary symbiont Sodalis 

glossinidius. Because the tsetse fly has a very low diversity microbiota, it is biologically well-

characterized, and its complete genomic blue print has been recently described [275], the 

insect provides an interesting system to study host-microbe interactions. Recently it was 

shown that the primary symbiont is important for the development of an efficient tsetse fly 

innate immune system [182]. However, our understanding at the molecular level of how S. 

glossinidius affects the tsetse fly biology, how the tsetse fly’s immune system is interacting 

with this symbiont to maintain rather than eliminate the bacterium, and whether S. 

glossinidius affects the fly’s ability to transmit trypanosome parasites represents a true black 

box in our knowledge. 

Therefore, in this PhD work I aimed to address three main research questions : i) is the S. 

glossinidius population in the tsetse fly controlled by the tsetse fly’s humoral immune system, 

ii) does the S. glossinidius symbiont affect the tsetse fly’s metabolome, and iii) is the vector 

competence for the trypanosome parasite influenced by S. glossinidius? 
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2.2. Experimental approach 

In order to address these research questions, the following research objectives were put 

forward: 

- To develop a methodology to generate S. glossinidius-free tsetse flies (GmmSod- flies); 

- To evaluate the impact of S. glossinidius on several key aspects of the tsetse fly biology; 

- To assess the involvement of immune genes in the control of the S. glossinidius 

population in the tsetse fly;  

- To determine the effect of S. glossinidius on the tsetse fly metabolism;  

- To address the impact of S. glossinidius on tsetse vector competence for the 

trypanosome parasite. 

The work and achievements related to these research objectives are described in four 

chapters outlined as followed:  

Chapter 3 –Describes the optimization of the antibiotic treatment used to establish a tsetse 

fly line specifically devoid of S. glossinidius (the GmmSod- tsetse fly colony). Evaluates the effect 

of S. glossinidius on several key host biological parameters (i.e. survival and fecundity).  

Chapter 4 – Addresses the interactions between S. glossinidius and the tsetse fly’s immune 

system through transcriptome comparison of GmmSod+ and GmmSod- tsetse flies as well 

recolonization in GmmSod- flies. Describes S. glossinidius’ susceptibility to the tsetse fly’s 

immune system and the use of a gene-targeted silencing approach to suppress tsetse’s 

humoral immune system.  

Chapter 5 – Focusses on the impact of S. glossinidius on the tsetse fly metabolome using a 

metabolomic approach and describes the effect of the S. glossinidius symbiont on the tsetse 

fly’s vector competence for the trypanosome parasite under nutrient-rich and nutrient-

stressed conditions. 

Chapter 6 – Discusses the main findings of this PhD in the research field of host-microbiota 

interactions and highlights the importance of these results in the context of disease-

transmitting arthropod vectors.  
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Specific elimination of Sodalis glossinidius from the tsetse fly and 

the overall effect of this symbiont on the tsetse fly biology 
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3.1. Introduction 

To investigate the impact of S. glossinidius on the tsetse fly’s biology it is of high interest to 

have a tsetse fly line available that is specifically devoid of S. glossinidius. Specific elimination 

of tsetse symbionts has been proven difficult due to a lack of prokaryote-specific antibiotics 

which often resulted in the elimination of the co-existing W. glossinidia rendering the fly 

sterile. So far, three studies reported a reduced S. glossinidius density in the fly using different 

antibiotic regimes. Feeding adult females on blood supplemented with 30 µg/ml ampicillin 

resulted in flies transiently cured of S. glossinidius [213]. However, ampicillin was also shown 

to target W. glossinidia [105]. Moreover, the presence of S. glossinidius was still detected in 

the midgut and abdomen after ampicillin treatment [105], indicating that this antibiotic 

cannot sufficiently nor specifically target S. glossinidius. Intrathoracic microinjection in teneral 

flies of tetracycline or rifampin at 1 µg/mg of body weight, and/or blood meal 

supplementations, resulted in flies devoid of all endosymbiotic bacteria [105], indicating that 

tetracycline and rifampin were not S. glossinidius-specific. A last study reported the specific 

elimination of S. glossinidius and not W. glossinidia using streptozotocin (2-deoxy-2-(3-

methyl-3-nitrosoureido)-d-glucopyranoside) [214]. Streptozotocin is a bacteriocidal analogue 

of GlcNAc, the main carbon source of S. glossinidius during growth [198] and is described to 

specifically enter eukaryotic cells via a glucose transport protein (Glut2) where it can alkylate 

DNA [276, 277] but the antibacterial mode of action of streptozotocin in prokaryotes is not 

equally well characterized. In the study of Dale and Welburn [278], female flies were given for 

28 days a feeding regime supplemented with streptozotocin at 20 µg/ml. During this period, 

the authors observed no effect on female fecundity (number of larvae produced per female 

and the emergence rate of flies) but a decreased survival rate in streptozotocin-treated flies 

[278]. In this chapter we first describe how we successfully established a stable tsetse fly line 

(GmmSod- colony) that is permanently devoid of S. glossinidius using streptozotocin and we 

summarize the effect of different streptozotocin treatments (administration methods and 

doses) on tsetse fly survival and fecundity. Here, key considerations were to obtain i) a 

complete S. glossinidius elimination, ii) intact W. glossinidia and Wolbachia populations, and 

iii) no or minimal impact on the tsetse fly biology.  

In the second part of this chapter we used our two tsetse fly colonies, i.e. S. glossinidius-

harbouring (GmmSod+) and S. glossinidius-free (GmmSod-) flies, to evaluate the impact of 

symbiont presence/absence on several key host biological parameters. We describe the effect 

of S. glossinidius on the tsetse fly survival and fecundity using the data collected from a weekly 

monitoring of our colonies and from small groups of ‘experimentally’ monitored tsetse flies. 

 

3.2. Materials and methods 

3.2.1. Tsetse flies 

In all experiments, Glossina morsitans morsitans (Gmm) Westwood flies from the colony of 

the Institute of Tropical Medicine (ITM, Antwerp, Belgium) were used. The colony was 

established at ITM in 1987 using pupae from the colony of Bristol, UK (Gmm pupae originally 
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collected in Zimbabwe; colony established in 1967) and from the colony of Vienna, Austria 

(Gmm pupae originally collected in Tanzania; colony established in 1973). The ITM colony flies 

are inbred and were fed min. 4 days/week with a mixture of commercially available 

defibrinated horse blood and bovine blood using an artificial membrane system.  Experimental 

flies were fed 3 days/week with commercially available defibrinated horse blood. All flies were 

maintained in standardized climatic conditions of 26±0.5 °C and 70±5% relative humidity.  

 

For crossing experiments, streptozotocin-treated females were mated 3-4 days after their 

emergence with streptozotocin-treated males and offspring flies were collected. Flies from 

0.5 µg/ml-treated mothers (per os) wereused to establish the GmmSod- colony. This GmmSod- 

colony was further maintained in the same climatic conditions and were given a normal 

feeding regime without antibiotics. On a regular basis, the S. glossinidius-free status of the 

colony flies was verified using the S. glossinidius-specific  quantitative real-time PCR (qPCR)-

assay as described in section 3.2.3. 

3.2.2. Streptozotocin treatments 

Different streptozotocin treatments varying the dose and the way of administration (injection, 

feeding) were tested in this study. The survival of the treated flies, their reproductive 

performance and the % S. glossinidius clearance in the offspring was determined.  

For the injection, newly emerged flies were briefly cold-shock anaesthetized and injected 

using a 33’ gauge Hamilton syringe with 1 µl of the antibiotic at a concentration indicated in 

Table 3.3 and Fig. 3.2. After injection, flies were maintained on either a streptozotocin-

supplemented or a normal feeding regime (three blood meals/ week) until the analysis.  

For the per os treatment (i.e. orally through antibiotic-supplemented blood meals), newly 

emerged flies received either only the first three feeding events a streptozotocin-

supplemented blood meal or flies were continuously fed with streptozotocin-supplemented 

blood (concentrations in Table 3.3 and Fig. 3.2). 

3.2.3. QPCR-based measurement of the bacterial abundance in the tsetse fly 

The bacterial abundances in the tsetse fly were measured by qPCR using the species-specific 

primers for single-copy genes listed in Table 3.1. For this, DNA was extracted from the fly 

tissue (abdomen or thorax) using the DNeasy Blood & Tissue kit (Qiagen) or the EZNA Tissue 

DNA kit (Omega).  

For the measurement of the S. glossinidius abundance in flies, the amplification of a S. 

glossinidius-specific exochitinase gene was performed in DNA extracted from tsetse fly tissues 

and from a 1:10 serially diluted S. glossinidius culture (102 CFU/ml – 107 CFU/ml) that allowed 

us to generate a S. glossinidius quantity versus Ct-value standard curve (Additional Fig. S3.1). 

For the bacterial standard curve, S. glossinidius bacteria were cultured (described in section 

4.2.1.) and the number of bacteria as CFU/ml was calculated using a spectrophotometer 

(Rochester) with an OD600 nm = 1 corresponding to 3.228 x 108 CFU/ml. The cultured bacteria 
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were centrifuged for 5 min at 5,000 g and the pellet was resuspended in the lysis buffer of the 

DNA extraction kit.  

Because the bacteria W. glossinidia and Wolbachia cannot be cultured, no similar standard 

curves could be generated for these symbionts. Their abundance in the fly was expressed as 

the bacterial copy number, resp. of the thiamine biosynthesis and 16S rRNA gene, relative to 

the copy number of the tsetse host α-tubulin gene. The copy numbers were determined with 

standard curves generated using a dilution series of a plasmid vector containing the species-

specific genes to link Ct-value with copy number (Additional Fig. S3.1). For this, the species-

specific gene sequences were amplified using the HotStarTaqPlus DNA polymerase (Qiagen), 

inserted into a Zero BluntTM TOPO vector (Invitrogen), and transformed into OneShotTOP10 

chemically competent E. coli cells (Invitrogen). Recombinant bacteria were selected with 

blue/white screening (X-gal) and the insert was validated by Sanger sequencing. Plasmids 

were purified using the PureLink™ HiPure Plasmid Midiprep (Invitrogen) and DNA was 

quantified with a Qubit2.0-Fluorometer using the dsDNA Broad Range kit (Invitrogen). Copy 

numbers were calculated as (the amount DNA ng * 6.022x1023) / (length bp * 109 * 650) with 

length the # bp of PCR product and vector.  

All gene-targets were qPCR amplified (in technical duplicate) using the SensiMix SYBR No-ROX 

kit (BioLine) in a total volume of 20 µl and 0.5 µM of each primer (except 0.3 µM for S. 

glossinidius) and using the LightCycler 480 system (Roche) with following cycling conditions: 

10 min./95°C, 40 cycles 10 sec./95°C, 10 sec./ 60°C, and 30 sec./72°C.  

Table 3.1. Primers used for qPCR-based measurement of the bacterial abundances in the tsetse fly. 
Tm: melting temperature of amplicon. 

Organism Gene name 
Genbank 

accession n° 
Amplicon 

(bp) 
Tm 

(°C) 
Primer Fwd (5’-3’) Primer Rev (5’-3’) 

Sodalis 
glossinidius 

Exochitinase Y11391 120 83 TGGGGACAGTACGATGGCAGAGC TCATAGGCGGTCGGGGATAATTGCG 

Wigglesworthia 
glossinidia 

Thiamine 
biosynthesis 

protein 
CP003315 130 74 AAGTTATGATAGAAGGACCAGGAC CCCGGAGCAATATCAGTAGTTAG 

Wolbachia sp. 16S rRNA JF494906 246 84 CATACCTATTCGAAGGGATAG GGATTAGCTTAGCCTCGC 

Glossina 
morsitans 
morsitans 

α-tubulin AF330159 160 78 CAAGGAGGACGCTGCGAATA CCACCACCGAACGAATGGAA 

 

3.2.4. Monitoring of fly survival and fecundity of GmmSod+ and GmmSod- flies 

Monitoring of survival and fecundity of the GmmSod+ and GmmSod- tsetse fly colonies was 

obtained on a weekly basis by reporting on the number of deceased females divided by the 

total number of producing females (mortality rate) and the number of deposited larvae 

divided by the total number of producing females (fecundity).  

Survival and fecundity was also evaluated in five ‘experimental’ groups. Three groups, each 

containing 30 GmmSod+ and 30 GmmSod- females, were collected in a period close after the 

establishment of the GmmSod- tsetse fly colony. The two other groups, containing 30 females 

and 20 males per tsetse fly type, were monitored two years after the establishment of the 
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GmmSod- tsetse fly colony. Fly survival and female fecundity (# larvae/female) were monitored 

on a daily basis during a variable observation period of at least 35 days.  

3.2.5. Graphs and statistical analysis 

Graphs were prepared in GraphPadPrism v5.0 and the data is represented as the mean +/- 

standard deviation. The same software was used for statistical analysis: two-tailed 

nonparametric t-testing (i.e. Mann-Whitney) for the bacterial numbers and the analysis of fly 

survival and fecundity of the colonies. Statistical analysis of fly survival and fecundity of the 

‘experimental’ tsetse groups was obtained with resp. Chi-square testing and two-tailed 

nonparametric t-testing (i.e. Mann-Whitney). P-values < 0.05 were considered statistically 

significant.  

 

3.3. Results 

3.3.1. The S. glossinidius abundance in the tsetse fly at different time points  

To determine how the S. glossinidius population size evolved during the tsetse fly lifespan, the 

number of bacteria (equivalent to CFU) were measured using a standard curve-based S. 

glossinidius-specific qPCR-assay on DNA extracted from male abdomen at different time 

points after fly emergence. In freshly emerged, unfed flies (teneral; day 0), the S. glossinidius 

number/ abdomen was highly variable ranging from 1.4x105 to 4.5x106 CFU (with an average 

of 1.6x106 CFU). Then, the S. glossinidius population expanded to reach high abundances with 

a maximum level ranging between 2.9x106 and 1.1x107 CFU (average 6.1x106 CFU) at day 21 

(Fig. 3.1; Table 3.2).  
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Fig. 3.1. and Table 3.2. The number of S. glossinidius bacteria in the tsetse fly abdomen at different 
time points after fly emergence. The S. glossinidius number was measured using a standard curve-
based S. glossinidius-specific qPCR-assay on DNA extracted from male abdomen collected at different 
time points (n =10/ time point). Day 0 is the day of fly emergence (teneral flies). The number S. 
glossinidius CFU is represented in log-scale on the y-axis. 
 

3.3.2. Finding the optimal streptozotocin treatment to eliminate S. glossinidius from the fly 

A series of experiments was performed in order to find the most optimal treatment with 

streptozotocin to clear S. glossinidius. The main challenges here were to determine the 
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appropriate dose and ways of administrating streptozotocin that i) did not affect the survival 

and reproductive capacity of the F0 female flies and ii) that resulted in viable and fertile F1, 

F2,… offspring flies that were 100% cleared from S. glossinidius. The different experimental 

set-ups and results are summarized in Table 3.3 and Fig. 3.2. 

Table 3.3. Different streptozotocin treatments tested in this study and the impact on tsetse survival 
and fecundity. The table accompanies Fig. 3.2 showing the % S. glossinidius reduction in males after 
treatment. G: gonotrophic cycle (= reproductive cycle), NA: not applicable (no crossing experiment).  

Administration method Streptozotocin dose No. flies Tsetse viability Tsetse fecundity 

Injection 20 µg 20 Lethal NA 

Injection and 3 blood meals 20 µg + 20 µg/ml 20 Lethal NA 

Injection 0.25 µg -5 µg 90 Not-lethal NA 

Injection 0.5 µg 15 Not-lethal NA 

Injection and 3 blood meals 0.5 µg + 20 µg/ml 15 Not-lethal NA 

3 blood meals 20 µg/ml 15 Not-lethal NA 

Injection and 6 blood meals 0.5 µg + 20 µg/ml 30 Not-lethal No larvae 

Injection and 3 blood meals 0.5 µg + 20 µg/ml 60 Not-lethal No larvae 

Injection and 3 blood meals 0.25 µg + 10 µg/ml 50 Not-lethal G1, G2 

3 blood meals 10 µg/ml 50 Not-lethal G1, G2 

3 blood meals 0.5 -10 µg/ml 80 Not-lethal NA 

Continuous blood meals 10-15 µg/ml 100 Not-lethal No G2 

Continuous blood meals 2.5-5 µg/ml 180 Not-lethal No G2 

Continuous blood meals 0.5 µg/ml 90 Not-lethal G1, G2, G3, etc. 

 

 
Fig. 3.2. Impact of the different streptozotocin treatments on the elimination of S. glossinidius from 
the tsetse fly. The figure accompanies Table 3.1 describing the different antibiotic treatments tested in 
this study. Adults were treated and the S. glossinidius abundance was evaluated in untreated offspring 
flies. The elimination of S. glossinidius was defined as the % reduction of bacterial abundance in treated 
versus untreated, age-matched counterpart flies. The bacterial numbers were measured using a 
standard curve-based S. glossinidius-specific qPCR-assay using DNA extracted from the abdomen. Min. 
N=5 independent replicates per group. Cont.: continuous, F0: streptozotocin-treated adults, F1: 
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untreated offspring. G: gonotrophic cycle (= reproductive cycle), inj.: intra-thoracic microinjection, po: 
per os. Pictures of female and male tsetse flies taken by Luc Verhelst, picture of the larva taken by Ray 
Wilson. 
  

First, an evaluation was made of the best method to administer streptozotocin in terms of S. 

glossinidius clearance. A comparison was made between injection, per os, and a combination 

treatment. Injection of teneral male flies with the sub-lethal dose 0.5 µg resulted in a S. 

glossinidius reduction in the abdomen of 55% on day 9 and 18% on day 13, showing that this 

administration is not very efficient to clear S. glossinidius from the fly (Fig. 3.3). Otherwise, a 

per os treatment giving teneral male flies three subsequent blood meals with 20 µg/ml 

resulted in 100% clearance on day 9 and 95% on day 13 (Fig. 3.3). Similar, the combination 

treatment resulted in 99% clearance on day 9 and 99% on day 13 (Fig. 3.3). In the thorax, 

injection resulted in a S. glossinidius reduction of 42% on day 9 and 9% on day 13, a per os 

treatment in 93% on day 9 and 96% on day 13, and a combination treatment in 95% on day 9 

and 95% on day 13 (Fig. 3.3). Based on these results we continued with the per os treatment. 
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Fig. 3.3. Determination of the optimal administration method to eliminate S. glossinidius from the 
tsetse fly. Teneral male flies (day 0) were injected with the non-lethal dose of 1 µl sterile saline with 0.5 
µg streptozotocin, received three blood meals supplemented with 20 µg/ml (po: per os), or received a 
combination treatment. The S. glossinidius numbers were measured at day 9 and 13 after treatment 
using a standard curve-based S. glossinidius-specific qPCR-assay using DNA extracted from the 
abdomen or thorax and compared to the bacterial numbers in untreated, age-matched, flies. Values 
are shown as mean with standard deviation of min. 5 replicates per group. * p-value < 0.05, ** p-value 
< 0.01, ns: not significant.  
 

Next, the effect of treating fertile F0 females on S. glossinidius clearance in the untreated F1 

progeny was examined. Each female only mates once in her life lifespan and stores the sperm 

in the spermathecae. Every 9-10 days, the female’s ovaries release a mature egg which is 

fertilized by the sperm and the mother gives life birth (called the gonotrophic cycles). Giving 

females three blood meals supplemented with high doses (20 µg/ml) comprised their larval 

production (see further). To evaluate the impact of low doses on S. glossinidius clearance, 

male flies were given three blood meals with 0.5-10 µg/ml which resulted in a reduction in the 

abdomen of resp. 86-98% showing that also at low doses S. glossinidius was cleared from the 

fly. 
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However, when females were given three blood meals with low dose of 10 µg/ml of 

streptozotocin, the S. glossinidius population increased again in the F1 progeny (bacterial 

regrowth), suggesting that a continuous per os treatment with a low dose is required to obtain 

sufficient S. glossinidius clearance in the offspring. Only by giving female flies a continuous 

treatment with the low dose of 0.5 µg/ml supplemented to each blood meal it was possible 

to completely disrupt the vertical transmission route and to produce viable and fertile 

offspring flies that were fully cleared of S. glossinidius (GmmSod-; Fig. 3.4).  
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Fig. 3.4. Elimination of S. glossinidius in the untreated F1 progeny of streptozotocin-treated F0 fertile 
mothers. The number of S. glossinidius bacteria in the F1 offspring (from the gonotrophic cycles G1 and 
G2) of reproductive females that were continuously per os treated with 0.5 µg/ml streptozotocin (3 
feedings/week). The S. glossinidius number was measured using a standard curve-based S. glossinidius-
specific qPCR-assay on DNA extracted from pupae or fly abdomens and compared to the number in 
age-matched flies collected from untreated pupae and flies (control). Values represent the bacterial 
number in each individual and are shown as mean with standard deviation of min. N=3 independent 
replicates per group. * p-value < 0.05, ** p-value < 0.01.  
 

An alternative method to generate a S. glossinidius-free progeny was tested by injecting 

streptozotocin in larvae immediately after birth, i.e. before they were pupated. Although here 

the exact % S. glossinidius reduction could not be calculated for this experiment as no control 

group with mock-injected flies was included. The abdomen of the freshly emerged flies still 

harboured 2x106 CFU S. glossinidius after injecting the larvae with 0.1 µg streptozotocin and 

3x106 CFU S. glossinidius after injecting with 0.05 µg streptozotocin, demonstrating that this 

was insufficient and an unsuccessful method to clear S. glossinidius from tsetse flies.  

 

Impact of streptozotocin on female fecundity  

Feeding F0 females streptozotocin supplemented blood meals severely hampered their 

fecundity. Indeed, flies continuously maintained on a 10 and 15 µg/ml streptozotocin feeding 

regime did not produce any offspring and flies maintained on a 2.5 and 5 µg/ml regime ceased 

depositing larvae after the first gonotrophic cycle (no G2 progeny; Table 3.3). Females fed with 

a 2.5 or 5 µg/ml feeding regime had a fecundity for the G1 cycle of rep. 0.6 and 0.5, compared 

to 0.9 for the untreated control group. The fly emergence rate of the offspring from 2.5 and 5 

µg/ml treated females was resp. 60% and 75%, compared to 89% for the control offspring.  
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The female reproductive organs of 2.5 and 5 µg/ml streptozotocin-treated flies showed severe 

atrophy when dissected three months after treatment compared to untreated flies (Fig. 3.5A-

B) and no developing larva could be detected in the uterus. In most cases an egg was observed 

in the ovaries indicating that the egg did not descend to the uterus or that flies underwent 

abortion. Only females that received a continuous per os treatment with the low dose of 0.5 

µg/ml produced a G2, G3, etc. progeny (Table 3.3) and females showed a fecundity of 1 for 

both the G1 and G2 cycle, with a fly emergence rate of their offspring of 67%. This experiment 

showed that continuously feeding the female flies (3x/week) with the low dose of 0.5 µg/ml 

was the most optimal treatment, as this did not affect the host biology and resulted in 

sufficient viable offspring.  

 
Fig. 3.5. Impact of the streptozotocin treatment on the female’s reproductive organs. A. Reproductive 
organs of female tsetse flies continuously receiving a feeding regime of 2.5 µg streptozotocin 
supplemented per ml blood, organs were dissected after 3 months treatment. B. Reproductive tissues 
of untreated, age-matched control females. U: uterus, O: ovaries.  
 

No impact of streptozotocin on W. glossinidia and Wolbachia 

To determine the impact of the continuous 0.5 µg/ml feeding treatment on the W. glossinidia 

and Wolbachia populations in the S. glossinidius-cleared offspring, the abundances of these 

bacterial symbionts were measured by bacterium-specific qPCR-assays. Fig. 3.6 shows that 

there was no significant difference in the bacterial numbers between F1 offspring from treated 

flies (collected from the second gonotrophic cycle) and untreated teneral and ten days old 

flies.  
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Fig. 3.6. Impact of the streptozotocin treatment on the W. glossinidia and Wolbachia abundances in 
the fly. Bacterial numbers were measured in the abdomen of male offspring flies collected from the 
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second gonotrophic cycle (F1G2) of reproductive females continuously fed with 0.5 µg/ml supplemented 
blood or untreated females (control). The bacterial numbers were measured using species-specific 
qPCR-assays and defined as the ratio of the bacterial gene copy number versus the tsetse host copy 
numbers (α-tubulin). Min. N=3 independent replicates per group. Values show the bacterial number in 
each abdomen and are represented as the mean with standard deviation. Ns: not significant. 
 

Monitoring of the S. glossinidius-free status of the GmmSod- colony  

By crossing the S. glossinidius-cleared progeny derived from 0.5 µg/ml treated females, it was 

possible to successfully establish a healthy and productive G. morsitans morsitans tsetse fly 

colony that is specifically devoid of the S. glossinidius symbiont population (GmmSod- flies). 

During this PhD study, the S. glossinidius-free status of this fly colony was monitored at a two-

week time interval by qPCR analysis as well as by bacterial plating, showing the absence of S. 

glossinidius in the flies (Fig. 3.7A) and intact populations of W. glossinidia and Wolbachia (Fig. 

3.7B).  
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Fig. 3.7. Long-term monitoring of the S. glossinidius-free status of the GmmSod- tsetse fly colony. A. 
The abundance of S. glossinidius bacteria in colony flies was determined at different time points after 
the initial establishment of the colony. For this, a standard curve-based S. glossinidius-specific qPCR-
assay was used on DNA extracted from the abdomen of teneral flies collected at a two-week interval 
from the GmmSod- and the GmmSod+ colony; the results are illustrated by three representative timepoints 
indicated as months after F0 treatment. (N=10/ time point for GmmSod- and N=5/ time point for the 
control GmmSod+ colony flies). B. The presence of the W. glossinidia and Wolbachia symbionts in 
GmmSod- and GmmSod+ flies were defined as bacterial genome copy numbers over tsetse host copy 
number (α-tubulin) and obtained using species-specific qPCR-assays. N=10 independent replicates per 
group. Values show the bacterial numbers in each abdomen and are represented as the mean with 
standard deviation. ** p-value < 0.01; *** p-value < 0.001; ns: not significant. 
 

3.3.6. Monitoring of tsetse fly survival and fecundity in S. glossinidius presence/absence  

The establishment of two parallel tsetse fly colonies, i.e. S. glossinidius-infected and S. 

glossinidius-free flies, both derived from the same G. morsitans morsitans colony flies, allowed 

us to compare some basic, weekly monitored biological variables. Survival and fecundity of 

both tsetse colonies (producing females) were compared over a nearly three years period. No 

differences in fly survival (represented as % weekly mortality in Fig. 3.8A) where observed 

between the two tsetse fly colonies. 

In contrast, a highly significant difference (p<0.0001) in female productivity was observed 

(calculated as the # pupae produced per producing female per week; Fig. 3.8B). Over the 
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entire monitoring period, S. glossinidius-harbouring flies produced ca. 19% less larvae 

compared to their S. glossinidius-free counterparts (Fig. 3.8B), suggesting that the presence 

of S. glossinidius in flies negatively affects female fecundity. 
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Fig. 3.8. Tsetse fly survival (A) and fecundity (B) of females of the GmmSod+ and GmmSod- colonies. A 
per week evaluation of the colonies was made by comparing the number of died flies (# mortality) to 
the total number of productive females (% mortality). Female productivity was calculated as the 
number of pupae deposited relative to the total number of productive females (productivity per female 
per week; p/f/w). The colonies were evaluated for a timespan of nearly three years (142 weeks), with 
an average producing females in 2016 of N= 2,028 GmmSod+ and N= 523 GmmSod-; in 2017 of N= 2,055 
GmmSod+ and N= 439 GmmSod-; and in 2018 of N= 2,747 GmmSod+ and N= 557 GmmSod-. *** p-value < 
0.001; ns: not significant.  

Fly survival and fecundity was also monitored on a daily base in five ‘experimental’ groups. 

First, three groups of 30 females/each were evaluated shortly after the establishment of the 

GmmSod- colony. Here, results suggest a negative impact of S. glossinidius on the fly survival 

although this was only significant in one of the three groups (i.e. group 2; Fig. 3.9A). In this 

group, 26 out of 30 (87%) GmmSod- females survived the 50-day monitoring period compared 

to 18 out of 30 (60%) GmmSod+ counterpart females (p=0.035; Fig. 3.9A).  

This experiment was repeated around two years after the establishment of the GmmSod- 

colony using two groups: one of 30 females (group 4) and one of 20 males (group 5). Again, 

results here suggest a negative impact of S. glossinidius on fly survival although this was not 

statistically significant (p= 0.17 for group 4 and p=0.21 for group 5; Fig. 3.9B) which can be due 

to the small sample sizes included in these experiments.  
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Fig. 3.9. Tsetse fly survival monitored experimentally in different groups of GmmSod+ and GmmSod- 
flies. A. Three groups of female flies collected early after GmmSod- colony establishment; monitored for 
90 days (group 1) or 50 days (groups 2-3). N=30 independent replicates per group. B. One group of 
females (N=30 per group) and one group of males (N=20 per group) collected around two years after 
GmmSod- colony establishment; monitored for resp. 120 days and 75 days. Survival was calculated as 
the percentage # flies surviving over # total flies included in the experiment. * p-value < 0.05; ns: not 
significant. 

 

The female fecundity was also monitored in the four experimental female groups mentioned 

above (n=30 flies/group). Only in group 2, GmmSod- females were significanlty more 

productive. Here, an average of 29 GmmSod- females produced 97 larvae whereas an average 

of 27 GmmSod+ females only produced 44 larvae (p=0.03; Fig. 3.10A). In the other three female 

groups, no significant effect was observed of S. glossinidius presence on female fecundity (Fig. 

3.10A-B).  
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Fig. 3.10. Female fecundity monitored experimentally in different groups of GmmSod+ and GmmSod- 
flies. A. Pupae deposited by the females of three groups collected early and B. around two years after 
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GmmSod- colony establishment. The number of pupae was counted daily after copulation of the females 
(indicated as day 0) and divided by the number of females alive at that time point. N=30 independent 
female replicates per group. Non-parametric t-testing; * p-value < 0.05; ns: not significant. 

 

 3.4. Discussion 
In this chapter we determined the optimal streptozotocin treatment to eliminate S. 

glossinidius from the fly. Previously, Dale and Welburn reported a negligible impact of 

streptozotocin feeding (20 µg/ml) on female fecundity or fly emergence of the progeny [214]. 

However, based on previous experiments in our lab and the results described in this chapter 

we report a strong reduction in female fecundity and a larval arrest after streptozotocin 

treatment, even at the low dose of 2.5 µg/ml. We showed that only females treated with the 

very low dose of 0.5 µg/ml had no decreased fecundity and produced a similar amount of 

larvae as non-treated females. The progeny of these 0.5 µg/ml treated females were 

completely deprived of S. glossinidius and still harboured intact W. glossinidia and Wolbachia 

populations. By crossing the S. glossinidius-free offspring flies with each other it was possible 

to build up a GmmSod- tsetse fly colony that we further maintained on a normal feeding regime, 

i.e. no additional streptozotocin treatments.  

Then we used our two tsetse fly lines, i.e. S. glossinidius-infected and uninfected flies with 

identical genetic backgrounds, to explore the impact of the S. glossinidius symbiont on several 

important biological variables of the tsetse fly. In the majority of our experiments, as well in 

the weekly monitoring of the fly survival over the three year time period since colony 

establishment, we did not find an effect of S. glossinidius on the tsetse fly survival. This is in 

contrast with the study of Dale and Welburn [214] that reported a strong and positive impact 

of S. glossinidius on the fly’s survival (i.e. 124 days survival in GmmSod+ flies and only 58 days 

survival in GmmSod- flies). Since the published data reporting a reduced fly survival rate in S. 

glossinidius-depleted flies were actually derived from male flies that were fed a high dose of 

20 µg/ml streptozotocin, we think that the strong S. glossinidius impact on the fly’s survival 

claimed by the authors is mainly due to a confounding direct effect of the antibiotic itself than 

due to symbiont depletion. Overall, we even observed a slightly negative effect of S. 

glossinidius on the tsetse fly survival which was significant in one tsetse fly group that was 

experimentally monitored. These experiments should be repeated including more biological 

replicates and longer monitoring times as the negative effect of S. glossinidius might be more 

pronounced at later fly ages.  

The weekly monitoring of female fecundity in our colonies showed that S. glossinidius-

harbouring females consistently produced less larvae compared to their S. glossinidius-free 

counterparts. This negative effect of S. glossinidius on female fecundity was only statistically 

significant in one of the tsetse fly groups that was experimentally monitored, possibly due to 

small sample sizes. Although the functional basis of the reduced fecundity in S. glossinidius-

harbouring flies remains unclear, these results suggest that overall S. glossinidius has a slight 

cost for the tsetse fly biology. 
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3.5. Additional files 
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Fig. S3.1. Standard curves used for the qPCR-based measurement of the bacterial abundance in the 
tsetse fly. Serial dilutions (1:10) of DNA extracted from S. glossinidius cultures or plasmids harbouring 
W. glossinidia-, Wolbachia-, or G. morsitans morsitans (α-tubulin)-specific genes. All primer pairs had 
an efficiency of min. 0.95. Cycle threshold values (Ct) are plotted against the calculated colony forming 
unit (CFU) or copy number (CN).  
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4.1. Introduction 

How host immune defence mechanisms are regulated to allow endosymbionts to establish 

chronic infections of their hosts without being eliminated can have important implications for 

host life history traits. On the one hand, symbiont presence can prime the host immune 

system [279, 280] thereby making the insect less vulnerable to pathogens [280, 281]. Indeed, 

as there is a functional overlap in the antibacterial, antiparasitic, and antiviral innate immune 

responses of insect vectors, the microbiota can be a driving force for alterations in the host 

defences that also affect establishment and maintenance of pathogens. Recent studies have 

demonstrated that the natural microbiota significantly contributes to determining the vector 

competence of blood feeding insect hosts to medically important pathogens [140, 282]. For 

example, both Anopheles vectors of human malaria and Aedes vectors of dengue fever have 

been shown to harbour a gut microbiota that stimulate the production of basal levels of 

immune effector molecules that control the proliferation of the bacterial populations, but also 

inhibit pathogen development [133, 138]. On the other end of the spectrum, if host immune 

responses triggered by the presence of microorganisms pose costs to, or limit the 

establishment and maintenance of other beneficial symbionts, symbiosis may select for a 

broadly reduced immune response to facilitate beneficial symbiont maintenance [283]. Some 

studies suggest that pea aphids have reduced their immune repertoire to facilitate its 

association with beneficial symbionts such as Buchnera [284]. While this strategy profits 

‘honest’, beneficial symbionts [285], it can leave hosts more susceptible to pathogens. 

 

In this chapter we investigated the cross-talk between the tsetse fly’s innate immune system 

and S. glossinidius. We aimed to address how the fly’s immune system has evolved to maintain 

rather than eliminate this secondary symbiont. Therefore we first compared immune gene 

expression levels in symbiont-harbouring (GmmSod+) and symbiont-free (GmmSod-) tsetse flies 

with identical genetic backgrounds (see Chapter 3). An RNA-seq based transcriptome analysis 

was performed on the abdomens of GmmSod+ and GmmSod- flies to obtain an overall picture of 

the immune genes differentially expressed in response to the symbiont’s presence/absence. 

Next, the immune gene expression levels were examined using RNA-seq and targeted-qPCR 

analyses in GmmSod- flies that were experimentally exposed to cultured S. glossinidius or E. 

coli. Beside these immune response analyses, the effect on the S. glossinidius abundance in 

the fly after E. coli-activation or RNAi-mediated attenuation of the tsetse immune system was 

determined.  

 

4.2. Materials and methods  

4.2.1. Tsetse flies and bacteria 

In all experiments, Glossina morsitans morsitans (Gmm) flies from the colonies of the Institute 

of Tropical Medicine (ITM, Antwerp, Belgium) were used. Experimental flies were fed 3 

days/week with commercially available defibrinated horse blood using an artificial membrane 

system and maintained in standardized climatic conditions of 26±0.5 °C and 70±5% relative 

humidity..  
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Sodalis glossinidius bacteria were grown on insect medium packed with horse blood cells at 

26°C under micro-aerophilic conditions as described by Matthew et al. [210]. Sodalis 

praecaptivus (a close non-insect associated relative of S. glossinidius) were grown on insect 

medium packed with horse blood cells at 37°C as described by Chari et al.[286]. The 

Escherichia coli strain used in this study was obtained from the OneShot®TOP10 kit 

(Invitrogen) related to the DH10B™ strain and was grown in liquid Luria-Broth (LB) medium or 

on 1% bacto-agar LB plates at 37°C.  

Bacterial exposure of tsetse flies was performed on day 8 after fly emergence by intrathoracic 

microinjection (33’ gauge Hamilton syringe) of 1 µl with 106 CFU live S. glossinidius (unless 

mentioned otherwise), 106 CFU live S. praecaptivus, or the non-lethal 105 CFU live E. coli. For 

this, cultured bacteria were collected by centrifugation at 5,000 g for 5 min and resuspended 

in sterile saline. Additionally, these flies received a blood meal supplemented with resp. 106 

CFU live S. glossinidius, 106 CFU live S. praecaptivus or 105 CFU live E. coli per 20 µl blood, the 

average amount of blood that one fly ingests during feeding. Prior to this blood feeding, the 

blood serum was separated and heat-inactivated for 30 min./56°C to avoid immune activation 

of the vertebrate cells. Only fully engorged flies were maintained for further analysis.  

4.2.2. RNA-sequencing 

Total RNA extraction  

Total RNA was extracted from homogenized abdomens of ten-day old GmmSod+ and GmmSod- 

flies and abdomens of flies 48 h after exposure for the GmmSod-Sod+, GmmSod-Ecoli+, and GmmSod-

H2O groups using the PureLink® RNA mini kit (Ambion) and DNaseI-treated (Ambion). RNA 

quality was validated using the RNA6000 Nano chip kit on a 2100 Bioanalyzer (Agilent). RNA 

quantity was determined using the Broad Range RNA kit on a Qubit2.0-Fluorometer 

(Invitrogen).  

Sequencing library construction 

Each sequencing library was prepared from a single abdomen with the TruSeq® stranded-

mRNA sample-prep kit (Illumina) starting with 700 ng total RNA for the GmmSod+ and GmmSod- 

groups (5 replicates/group) and 1000 ng for the GmmSod-Sod+, GmmSod-Ecoli+, and GmmSod-H2O 

groups (3 replicates/group). In brief, polyA-mRNA fragments underwent two rounds of 

purification with polyT-magnetic beads and were primed with random hexamers for first 

strand cDNA synthesis. Strand-specificity was preserved by incorporation of dUTP. Library 

quality was validated using the DNA1000 chip kit on a 2100 Bioanalyzer. Library quantity was 

determined using the qPCR KAPA library quantification kit (KapaBiosystems) on a LightCycler 

480 system (Roche). Libraries were normalized to 2 nM before pooling and 2x100bp paired-

end sequenced on an Illumina HiSeq1500 at the Center Medical Genetics (University Antwerp, 

Belgium). Each library was sequenced over different lanes (technical duplicate) to minimize 

lane-to-lane-confounding effects. The sequence data has been submitted to NCBI’s Sequence 

Read Archive (SRA; BioProject Accession Number PRJNA476840). 
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Data analysis 

Data quality was validated with FastQC (v0.11.416) [287] and sequencing analysis viewer (SAV) 

from the Illumina software. Raw reads were mapped with STAR (v2.5.2.b) [288] to the Glossina 

morsitans morsitans reference genome [289] (GmorY1 scaffolds and GmorY1.5 base features) 

downloaded from https://www.vectorbase.org [290]. Default parameters were used except 

for alignIntronMax 5000 and sjdbOverhang 99. Unmapped reads were adapter and quality 

trimmed with Cutadapt (v1.2.1) [291] and remapped to the reference genome with optimized 

parameters outFilterMatchNminOverLread 0.4 and outFilterScoreMinOverLread0.4. Mapping 

statistics were obtained with Log.Final.out. Reads were counted with STAR 

quantMode.GeneCounts using the gene dataset GmorY1.5 (12,969 gene models). The 

Bioconductor DESeq2 package (v1.20.0) [292] was used with default parameters for 

differential expression analysis. Statistically significant differences were accepted at p < 0.05 

and adjusted p-value for multiple-testing (Benjamini-Hochberg); false discovery rate (FDR) < 

10%. The putative members of Glossina innate immune pathways analysed in this study were 

obtained as described by Matetovici et al. [293].  

4.2.3. QPCR expression analysis  

Total RNA was extracted with the TRIzol® reagent (Invitrogen) from homogenized abdomens 

by performing two rounds of chloroform-phase separation, precipitated with isopropanol, and 

washed twice with 75% ethanol. Samples were treated with TurboDNase (Ambion). RNA 

quantity was determined by NanoDrop spectrophotometer and ratios 260/280nm and 

260/230nm were determined for RNA purity. CDNA was generated by reverse transcription of 

the total RNA using Transcriptor ReverseTranscriptase (Roche) and oligo (dT)15-primers 

(Promega). QPCR amplifications were obtained in technical duplicate using the SensiMix SYBR 

No-ROX kit (BioLine) in a total volume of 20 µl and 0.5 µM of each primer (except 0.7 µM for 

iap2) on a LightCycler 480 system (Roche) with following cycling conditions: 10 min./95°C, 40 

cycles 10 sec./95°C, 10 sec./ 60°C, and 30 sec./72°C.  

The primers used for all other expression analyses (listed in Table 4.2) were designed with 

Primer Blast from NCBI and verified with the website https://eu.idtdna.com/calc/analyzer for 

secondary structures (e.g. hairpins).  Here, the tsetse reference genes β-tubulin and 

pleiotrophic regulator 1 were used which were first selected by evaluating the expression 

stability of 10 suitable candidate reference genes using the total RNA extracted from 10 

abdomens per group (GmmSod-Sod+, GmmSod-Ecoli+, GmmSod-H20) and performing a geNorm 

analysis with the qBase+1.5 software (BioGazelle) (Additional Fig. S4.1).  

Table 4.1. Primer sequences used for the pilot expression analysis of section 4.3.1. GAPDH: 
glyceraldehyde 3-phosphate dehydrogenase; RP49: ribosomal protein 49. Tm: melting temperature of 
amplicon.  

Gene name Gene ID 
Amplicon 

(bp) 
Tm 

(°C) 
Primer Fwd (5’-3’) Primer Rev (5’-3’) 

attacinA1/B GMOY010521 
GMOY010523 

209 80 TTTTCACAGTCGCACCCATT AAACGCCTCCTGTCAAATCC 

cecropin GMOY011562 151 79 ATACTCGCTCTTTCAGTCAG CTCTAACAGTAGCGGCAACA 

https://www.vectorbase.org/
https://eu.idtdna.com/calc/analyzer
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β-tubulin GMOY000148 104 79 AGAGGTTCGCAACAGTATCG GTAACGACCATGACGTGGAT 

GAPDH GMOY000473 136 77 AAGAGTGCCACCTACGATGA TCGAACACCGACGAATGAGT 

RP49 GMOY001799 102 76 AATTGCTCACGGCGTGTCAT TGTGAACGCAAGCGTCCATT 

 

Table 4.2. Primer sequences used for transcriptome validation of the RNA-seq data and all other 
qPCR expression analysis. 1Genes used for transcriptome validation of the RNA-seq analysis. 2Genes 
used for the S. glossinidius-concentration, S. praecaptivus, and bacterial exposure in GmmSod+/GmmSod- 
flies experiments; dif: dorsal-related immunity factor; dnr1: defence repressor 1; GNBP1: Gram-
negative binding protein 1; iap2: inhibitor of apoptosis 2; ND: not defined; PGRP: peptidoglycan 
recognition protein; SOCS: suppressor of cytokine signalling; Tm: melting temperature of amplicon; vir-
1: virus-induced RNA 1. 

Gene name Gene ID 
Primer 

efficiency 
Amplicon 

(bp) 
Tm 

(°C) 
Primer Fwd (5’-3’) Primer Rev (5’-3’) 

PGRP-LC2 GMOY006094 0.97 90 75 GGCGCCCACACAAAAGGATA CAATTGCGCATCGTTCGGTA 

PGRP-LB1,2 GMOY006730 0.95 102 78 GAAACGACGCCACTGCATAG GATCACAAACGCAGAAGGGC 

GNBP11 GMOY011181 0.94 112 77 CAAATGATGCGTGGGGGTTC GGGCTGATACGGTTGCGATA 

relish1,2 GMOY013090 1.04 116 77 AGGGGGTCGCGAATTGACTA CCACCCGGAACGCTTCATAG 

iap21 GMOY003276 0.90 158 79 GAAGCACGTTTGCGGTCATT ACTACGTCACCGTACTCCCA 

caspar1 GMOY005909 0.94 118 77 ACAGCCAGAAGGTAATCGCC CCCCGTCCACTCTTGATGTC 

dnr11 GMOY000299 0.93 135 78 AGTTCGCGGCGTTGTAACTA TGATCGTGTACCTCCCGACT 

dorsal1 GMOY004477 0.90 103 75 ATCGTTTTCAGCCATCCGGT GGTGGGAGAGGTTGCGTAAA 

dif1 GMOY004479 0.94 117 77 AGGTTCTATACCCGGCGCTA GGCGCATCTTTTGTAACGCA 

cactus GMOY007166 0.91 114 77 ACGGAGAGTGCAAGTAACGA ATCTGCTGTTTGGGTGCCAT 

SOCS1 GMOY007838 0.98 113 78 ACAAGACAGTCCAACGGGTC CGCTGTTGCTTGATTGCTGT 

vir-11 GMOY003759 0.93 139 79 CTTGGCGTTGAATTTTGCTTTG GGAATGTATAACCGACACCCG 

attacinB GMOY010523 1.00 182 76 TATGGTCATCGCCAAACCGT TCCTTTCCGTTTTATTTTCCATTCT 

attacinD GMOY010524 0.95 150 74 AGCATTTTGGCGGACCGTT AGGGTTCCGTTGGCACAAATA 

defensinA2 AF368907.1 0.97 112 80 TGTTGCCGTTACTGCTTTGC GCGTTTCAATTCGCCCGTAA 

cecropin2 GMOY011562 0.95 89 75 GTCAGAGCGAAGCTGGTTGG TAGACCTTTCACGGTGGCATC 

β-tubulin GMOY000148 ND 104 79 AGAGGTTCGCAACAGTATCG GTAACGACCATGACGTGGAT 

pleiotrophic 
regulator 1 

GMOY006161 0.98 110 79 GGCGCAGGAGATCGTGTAAT TGTTTCGTACTGACCGCCAA 

 

Transcriptome validation of the RNA-seq data 

Transcriptome validation of the RNA-seq data was done by qPCR using 10 genes identified as 

differentially expressed between GmmSod-Ecoli+ and GmmSod-H2O in the RNA-seq analysis 

(primers in Table 4.2). For this, the same total RNA used to prepare the RNA-seq libraries was 

used (see section 4.2.2.).  

4.2.4. Fluorescence microscopy 

To monitor the colonization of bacteria after exposure in GmmSod- flies, GFP-expressing S. 

glossinidius (106 CFU) or E. coli (105 CFU) bacteria were obtained as previously described by De 

Vooght et al. [294]. In brief, the pGRG25 plasmid (with a multiple cloning site flanked by the 

left and right ends of Tn7) was used for insertion of the GFP-sequence in fusion with either a 

lacZ or GroEl promoter. The plasmids were then transformed into the bacteria through heat 

shock. Transformed bacterial cells were allowed to recover overnight prior to plating onto 

agar plates with ampicilin. A single recombinant colony was then inoculated into liquid culture.  
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GFP-expressing bacteria were introduced in flies on day 8 after emergence by intrathoracic 

microinjecting and per os (see section 4.2.1.). At day 2 and 5 after exposure, flies were 

sacrificed and the haemolymph and midgut tissues were collected on a glass slide for analysis 

by fluorescence microscopy (Zeiss LSM700).  

4.2.5. Imd-pathway activation  

On day 8 after emergence, flies were exposed to 105 CFU E. coli as described in section 4.2.1. 

After 48 h, DNA was extracted using the EZNA Tissue DNA kit (Omega) from the fly abdomens 

and used to measure the bacterial numbers (see section 3.2.4.). At the same time point total 

RNA was extracted from several abdomens and used for qPCR expression analysis (see section 

4.2.3.) of several key immunity genes to validate the Imd-pathway activation. 

4.2.6. RNAi-mediated Imd-pathway suppression  

Cloning of the relish coding sequence  

To construct the relish dsRNA, the complete relish coding sequence (cds; 2,599 bp) was first 

PCR amplified using the Phusion High-Fidelity PCR master mix (New England BioLabs) in a total 

volume of 50 µl and 0.5 µM of each primer (Table 4.3) with following cycling conditions: 30 

sec./98°C, 35 cycles 10 sec./98°C, 30 sec./65°C, 30 sec./72°C, and 10 min./72°C. For this, the 

cDNA template was generated from total RNA extracted from 10-day old wild-type abdomens 

as described in section 4.2.3. The PCR product was cloned into a ZeroBluntTM TOPO-plasmid 

(Invitrogen) and transformed into OneShot®TOP10 chemically-competent E. coli (Invitrogen). 

The insert sequence was validated by gel electrophoresis and Sanger sequencing.  

Table 4.3. Primers used for cDNA amplification of the complete relish coding sequence (cds).  

Primer name Gene ID 5’-3’ Primer Sequence Amplicon size (bp) 

Relish_cds_Fw 
Relish_cds_Rev 

GMOY013090 
TGCTTCGGGTTATTCGCCAG 

AAGCCAGTTGAGGACACCTTC 
2,599 

 

T7 primer design and dsRNA production 

Primer pairs with opposing T7 promoter sequences at the 5’ end were designed using the 

online tool E-RNAi [295] with default parameters. Primers were designed for three constructs 

(Relish_C1-C3) covering different domains of the relish sequence. Primers for dsRelish_C3 

were derived from [77]. The different dsRelish constructs were prepared by in vitro 

transcription (IT) using the Megascript RNAi kit (Ambion). The IT-templates were generated 

using the relish cds containing plasmid as a template and the Phusion High-Fidelity PCR master 

mix (New England BioLabs) in a total volume of 50 µl and 0.5 µM of each primer with the 

primers (Table 4.4) with following cycling conditions: 30 sec./98°C, 35 cycles 10 sec./98°C, 30 

sec./72°C, 30 sec./72°C, and 10 min./72°C.  
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Table 4.4 List of primers used for dsRNA synthesis of relish targeting constructs. T7 promoter 
sequence is in lowercase. 

Primer name 5’-3’ Primer Sequence 
Amplicon 
size (bp) 

Relish_C1_Fw 
Relish_C1_Rev 

taatacgactcactatagggGCCCGATTGGAAATTACTGA 
taatacgactcactatagggTCATAGCAAAGTCGCACCTG 

479 

Relish_C2_Fw 
Relish_C2_Rev 

taatacgactcactatagggGATGGCGAACGATCAAAAAT 
taatacgactcactatagggAGGCGTAATGTAATGCCGTC 

394 

Relish_C3_Fw 
Relish_C3_Rev 

taatacgactcactatagggTGGCGACTTTAATGAC 
taatacgactcactatagggCGCGAATAAACGGGAG 

570 

 

On day 6 after emergence, flies (cold-shock anesthetized) were intrathoracic microinjected 

(34’ gauge Hamilton syringe) with 10 µg of the dsRelish constructs dissolved in 2-3 µl sterile 

saline. On day 7 or 10 post injection, flies were sacrificed and DNA was extracted using the 

EZNA Tissue DNA kit (Omega) from the fly abdomens and used to measure the bacterial 

numbers (see section 3.2.4.). At the same time point total RNA was extracted from several 

abdomens and used for qPCR expression analysis (see section 4.2.3.) of several key immunity 

genes to validate the Imd-pathway suppression. 

4.2.7. DNA isolation and in vivo measurement of the bacterial abundance in the tsetse fly  

See section 3.2.3 in Chapter 3.  

4.2.8. Graphs and statistical analysis 

Graphs were prepared in GraphPadPrism v5.0 and the data is represented as the mean +/- 

standard deviation. The same software was used for statistical analysis (two-tailed 

nonparametric t-testing, i.e. Mann-Whitney, for bacterial numbers and expression values) and 

p-values < 0.05 were considered statistically significant.  

 

4.3. Results 

4.3.1. Pilot qPCR analysis of the tsetse immune response towards S. glossinidius and E. coli 

In a pilot experiment we aimed to address whether S. glossinidius elicits an immune response 

in the tsetse fly and how this response is compared to the ‘foreign’ bacterium E. coli. For this, 

both symbiotic (GmmSod+) and aposymbiotic (GmmSod-) flies were exposed on day 7 after fly 

emergence to different concentrations of S. glossinidius or E. coli and the flies received the 

same amount of bacteria per os on day 8. After 48 h, the expression levels of attacinA1/B 

(GMOY010521/GMOY010523) and cecropin (GMOY011562) (primers in Table 4.1) were 

derived as a read-out in cDNA extracted from fly abdomens and compared to the levels before 

challenge (day 7 after emergence). Although few independent biological replicates could be 

included in this analysis (as the GmmSod- tsetse fly colony was still being built-up) this 

experiment showed that flies exposed to 106 CFU or 2x105 CFU S. glossinidius resulted in 

increased cecropin expression levels (Fig. 4.1A). Overall, the expression values of the AMP 

encoding genes were higher in flies exposed to E. coli compared to S. glossinidius (Fig. 4.1A-

B), suggesting flies respond differently to exogenous compared to endogenous bacteria. 
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Fig. 4.1. Immune gene expression in symbiotic (GmmSod+) and aposymbiotic (GmmSod-) flies. Relative 
expression levels of the immune effector genes attacinA1/B (GMOY010521/GMOY010523) and 
cecropin (GMOY011562) was derived in GmmSod+ and GmmSod- flies exposed to A. S. glossinidius or B. E. 
coli. The expression levels were obtained by qPCR and normalized against the three reference genes β-
tubulin (GMOY000148), GAPDH (GMOY000473), and RP49 (GMOY001799). Expression in each 
abdomen is plotted relative to the mean of expression before challenge (day 7 after emergence) and 
represented in log-scale on the y-axis. Values are represented as the mean with the standard deviation. 
The independent replicates per group are indicated underneath the graphs and the relative expression 
values is shown in the graphs. * p-value < 0.05, ** p-value < 0.01, CFU: colony-forming units; HI: heat-
inactivated (30 min. at 70°C), na: not applicable (too few replicates for statistical analysis); ns: not 
significant. 
 

4.3.2. Expression analysis of innate immunity-related genes in symbiotic (GmmSod+) and 

aposymbiotic (GmmSod-) flies 

To identify genes and pathways that are affected by the presence/absence of the S. 

glossinidius symbiont, two RNA-seq based transcript analyses and several targeted qPCR 

experiments were performed. First, cDNA libraries were sequenced generated from mRNA 

extracted from male abdomen of symbiotic (GmmSod+) and aposymbiotic (GmmSod-) flies at two 

different tsetse life stages: i) freshly emerged, unfed flies (teneral; day 0) and ii) mature, ten-

day old flies. Second, cDNA libraries were sequenced generated from mRNA extracted from 

the abdomen of aposymbiotic flies re-exposed to S. glossinidius (GmmSod-Sod+), E. coli (GmmSod-

Ecoli+), or sterile saline (GmmSod-H20) (described in section 4.3.3).  

As the main scope of this chapter was to unravel the innate immune processes in the fly 

toward S. glossinidius, the RNA-seq experiments were used as a targeted approach by 

analysing the expression levels of putative tsetse immunity-related genes. The functional 

annotation and enrichment analysis of the RNA-seq data (of the genes identified as differential 

expressed) is provided in the Appendix I. 
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GmmSod+ versus GmmSod- flies 

The sequencing, mapping, and counting results of the teneral GmmSod+ and GmmSod- groups 

(n=5 independent replicates/group) are represented in Additional Table S4.1. In total, 

sequencing yielded 100-224 million high quality reads for the GmmSod+ group and 79-202 

million for the GmmSod- group. For each group, a high number of uniquely mapped reads 

(UMR) was obtained after mapping the raw reads to the Glossina morsitans morsitans 

reference genome (GmorY1). The UMR ranged between 82-194 million for the GmmSod+ group 

(77-89% of total raw reads) and 67-171 million for the GmmSod- group (74-88% of total raw 

reads). The principal component analysis (PCA)-plot of gene expression profiles from the 

independent biological replicates showed a large variation between the biological samples 

within each group (Additional Fig. S4.2A). Differential expression analysis between the teneral 

GmmSod+ and GmmSod- groups revealed 926 differentially expressed genes (DEG) out of 10,913 

expressed tsetse genes of which 416 were upregulated (of which 8% > 2-fold increase) and 

510 downregulated (of which 5% < 2-fold decrease; Fig. 4.2A). 

The sequencing, mapping, and counting results of the ten-day old GmmSod+ (n=5 independent 

replicates) and GmmSod- (n=4 independent replicates) groups are represented in Additional 

Table S4.2. In total, sequencing yielded 108-202 million high quality reads for the GmmSod+ 

group and 81-148 million for the GmmSod- group. The UMR ranged between 85-177 million for 

the GmmSod+ group (76-91% of total raw reads) and 68-125 million for the GmmSod- group (83-

87% of total raw reads). Also here, the PCA-plot of gene expression profiles from the 

independent biological replicates showed a large biological variation within each group 

(Additional Fig. S4.2B). Differential expression analysis between ten-day old GmmSod+ and 

GmmSod- flies revealed only 66 DEG out of 10,473 expressed tsetse genes of which the majority 

(59 genes, 89% of total DEG) was expressed at higher levels in GmmSod- flies (Fig. 4.2B).  

 
Fig. 4.2. Differential gene expression patterns obtained by RNA-seq analysis between the tsetse fly 
groups. A. Comparison of teneral (freshly emerged) GmmSod+ with GmmSod- flies. B. Comparison of 
mature (ten-day old) GmmSod+ with GmmSod- flies. Each dot represents the mean of expression 
(normalized counts) for a given gene. Significantly differentially expressed genes (DEG) were defined 
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by a p-value < 0.05 and a false discovery rate (FDR; Benjamini-Hochberg) < 10% and are shown in red. 
Numbers below the plots refer to the amount of up-and downregulated genes.  

In-depth analysis of genes putatively involved in the humoral immune response of the insect 

[48, 245] was performed by examining the expression of pattern recognition encoding genes, 

genes encoding components of the major insect immune signalling pathways (Imd-, Toll-, and 

JAK/STAT-pathway), and immune effector encoding genes (AMPs). The expression analysis of 

these genes showed a strong biological variation within each tsetse fly group (Fig. 4.3A-B). In 

teneral flies, the recognition encoding genes PGRP-LC (GMOY006094) and PGRP-LB 

(GMOY006730) were resp. 1.4 and 1.7 fold decreased in GmmSod+ compared to GmmSod- flies 

(Fig. 4.3A). Except for the negative regulator of the Imd-pathway Dnr1 (GMOY000299), which 

was 1.7 fold induced, no other immune signalling genes were affected (Fig. 4.3A). None of the 

six analysed AMPs, i.e. the four attacin genes (GMOY010521, GMOY010522, GMOY010523, 

GMOY010524) and the two cecropin genes (GMOY011562, GMOY011563), showed significant 

alterations in expression between teneral GmmSod+ and GmmSod- flies.  

In ten-day old flies, none of the identified 66 DEG were associated with putative tsetse innate 

immune processes. Here, also a large variation in expression was observed, in particular of the 

AMP encoding genes within the GmmSod+ tsetse fly group (Fig. 4.3B). 
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Fig. 4.3. Immune gene expression profiling in teneral (A) and ten-day old (B) symbiotic (GmmSod+) versus aposymbiotic (GmmSod-) flies. Heat maps show the 

transcriptional profiles of innate immune-related genes obtained by RNA-seq analysis. Genes encoding immune-related recognition proteins, components of  
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the three major immune signalling pathways; the immune deficiency (Imd)-, Toll-, and janus 
kinase/signal transduction and activator of transcription (JAK/STAT)-pathway, and antimicrobial 
peptides (AMPs). Heat maps were obtained by plotting the normalized read counts scaled by row. 
Colours indicate the z-scores ranging from -1 (blue: low expression) to 1 (red: high expression). The 
biological replicates are indicated above the columns. Significantly differentially expressed genes (DEG) 
were defined with p-value < 0.05 and a false discovery rate (FDR; Benjamini-Hochberg adjusted p-value) 
< 10%. Dif: dorsal-related immunity factor; FC: fold change; GNBP1: Gram-negative binding protein 1; 
iap2: inhibitor of apoptosis 2; key: Kenny; NA: not applicable; PGRP: peptidoglycan recognition protein; 
SOCS: suppressor of cytokine signalling; STAT92E: signal transducer and activator of transcription 92E; 
USP36: ubiquitin-proteasome related protein 36. 
 

4.3.3. Expression analysis of innate immunity-related genes in GmmSod- flies exposed to S. 

glossinidius or E. coli 

To examine whether S. glossinidius elicits an immune response after experimental re-

exposure in aposymbiotic flies, the immune gene expression was determined in GmmSod- flies 

that were exposed to either 106 CFU live S. glossinidius (GmmSod-Sod+), 105 CFU live E. coli 

(GmmSod-Ecoli+; positive control), or sterile saline (GmmSod-H20; negative control). CDNA libraries 

were prepared from fly abdomens (n=3 independent biological replicates/group) 48 h after 

exposure.  

The sequencing, mapping, and counting results are summarized in Additional Table S4.3. A 

total of 805 million high quality reads was obtained across all 9 samples; between 82-112 

million for the GmmSod-Sod+ group, 82-112 million for the GmmSod-Ecoli+ group, and 77-83 million 

for the GmmSod-H2O group. A minimum of 87% UMR was obtained after mapping to the GmorY1 

reference genome: 74-97 million for the GmmSod-Sod+ group (87-90% of the total raw reads), 

76-99 million for the GmmSod-Ecoli+ group (88-90% of the total raw reads), and 69-74 million for 

the GmmSod-H2O group (88-90% of the total raw reads). Additional Fig. S4.3A-B shows the PCA-

plots of gene expression profiles from the independent biological replicates.  

Exposure of GmmSod- flies to S. glossinidius did not evoke broad range transcriptomic 

alterations in the fly: comparison between the GmmSod-Sod+ and GmmSod-H2O tsetse fly groups 

revealed only 34 DEG out of 10,476 expressed tsetse genes (Fig. 4.4A) of which none were 

associated with putative tsetse innate immune processes. Otherwise, exposure of GmmSod- 

flies to E. coli resulted in 1,495 DEG out of 10,472 expressed genes compared to the H2O-

control of which 747 were upregulated (of which 29% > 2-fold increase) and 748 

downregulated (of which 27% < 2-fold decrease) (Fig. 4.4B). 
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Fig. 4.4. Differential gene expression patterns obtained by RNA-seq analysis in aposymbiotic 
(GmmSod-) flies exposed to S. glossinidius or E. coli. A. Comparison of GmmSod- flies exposed to 106 CFU 
S. glossinidius (GmmSod-Sod+) versus the related injection-control with sterile saline (GmmSod-H2O). B. 
Comparison of GmmSod- flies exposed to 105 CFU E. coli (GmmSod-Ecoli+) versus GmmSod-H2O. Bacterial 
exposure was performed on day 8 after fly emergence via intrathoracic microinjection as well as per os 
and the total RNA was extracted after 48 h. Each dot represents the mean of expression (normalized 
counts) for a given gene. Significantly differentially expressed genes (DEG) were defined by a p-value < 
0.05 and a false discovery rate (FDR; Benjamini-Hochberg) < 10% and are shown in red. Numbers below 
the plots refer to the amount of up-and downregulated genes.  
 

Three of the four analysed PGRP-encoding genes were upregulated upon E. coli exposure: an 

increase of 1.5-fold for PGRP-LC (GMOY006094) and 2.1-fold for PGRP-LA (GMOY006093), i.e. 

two PGRPs associated with Gram-negative bacterial sensing upstream of the Imd-pathway, 

and a 2.6-fold increase of PGRP-LB (GMOY006730), a negative regulator of the Imd-pathway 

(Fig. 4.5A). Also, a recognition protein encoding gene belonging to the GNBP-protein family 

that is associated with the Toll-pathway, GNBP1 (GMOY011181), was 2.0-fold increased in 

expression in response to E. coli, whereas no significant increase was observed of PGRP-SA 

(GMOY009549) which often co-operates with GNBP1 (Fig. 4.5A). In contrast to E. coli, flies 

exposed to S. glossinidius showed no significant up-or downregulation of immune recognition 

protein encoding genes in the RNA-seq analysis (Fig. 4.5A).  

Many key components of the Imd-pathway were significantly increased in expression in 

response to E. coli but not in response to S. glossinidius, including the transcription factor 

relish (GMOY013090), the IKK complex constituent kenny (key; GMOY010939), effete 

(GMOY009942), and the ubiquitination machinery component iap2 (GMOY003276) (Fig. 

4.5B). Several Imd-pathway regulatory protein encoding genes were also increased upon E. 

coli exposure, including a USP36 (GMOY007731), caspar (GMOY005909), and pirk (not 

annotated in the GmorY1 assembly) (Fig. 4.5B). Except for dorsal (GMOY004477), no 

components of the Toll-pathway were significantly up-or downregulated following E. coli 

exposure (Fig. 4.5B), indicating that this pathway is not significantly induced by Gram-negative 

bacteria in the tsetse fly. Components of the JAK/STAT-pathway that showed increased 
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expression in response to E. coli include a cytokine receptor encoding gene (GMOY005024; a 

possible domeless orthologue) and the negative regulator SOCS (GMOY007838), whereas 

expression of the JAK/STAT-pathway signal transducer and activator of transcription 92E 

(STAT92E; GMOY003394) was not affected by E. coli . No Toll-or JAK/STAT-pathway 

components were affected by S. glossinidius exposure in the fly (Fig. 4.5B).  

Furthermore, the downstream immune effector genes encoding different AMPs, i.e. attacin 

(four different genes: GMOY010521, GMOY010522, GMOY010523, and GMOY010524), 

cecropin (two different genes: GMOY011562 and GMOY011563), and defensinA (not 

annotated in the GmorY1 assembly) were highly increased in expression upon exposure to E. 

coli while none were affected by the S. glossinidius symbiont (Fig. 4.5C).  

 

QPCR-based validation of the RNA-seq analysis 

The outcome of the above described RNA-seq analysis was validated with qPCR by analysing 

the relative expression of a subset of 10 tsetse fly genes that were identified as up-or 

downregulated, or unaffected, in response to E. coli in the RNA-seq analysis (primers in in 

Table 4.2). The same total RNA extracted for the RNA-seq library construction was used for 

this analysis. Comparison of the fold changes in expression showed a very high similarity 

between the two methods, resulting in a Pearson’s value of 0.99, which confirms the validity 

of our RNA-seq analysis (Additional Table S4.4).  
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Fig. 4.5. Immune gene expression profiling in aposymbiotic (GmmSod-) flies exposed to S. glossinidius 
or E. coli. Heat maps showing the transcriptional profiles of innate immunity-related genes obtained 
by RNA-seq analysis of GmmSod- flies exposed to 106 CFU S. glossinidius (GmmSod-Sod+) or 105 CFU E. coli 
(GmmSod-Ecoli+) and their related injection-control with sterile saline (GmmSod-H2O). Bacterial exposure was 
performed on day 8 after fly emergence via intrathoracic microinjection as well as per os and the total 
RNA was extracted after 48 h. Genes encoding A. immune-related recognition proteins, B. components 
of the three major immune signalling pathways; the immune deficiency (Imd)-, Toll-, and janus 
kinase/signal transduction and activator of transcription (JAK/STAT)-pathway, and C. antimicrobial 
peptides (AMPs). Heat maps were obtained by plotting the normalized read counts scaled by row. 
Colours indicate the z-scores ranging from -1 (blue: low expression) to 1 (red: high expression). The 
biological replicates are indicated above the columns. Significantly differentially expressed genes (DEG) 
were defined by a p-value < 0.05 and a false discovery rate (FDR; Benjamini-Hochberg adjusted p-value) 
< 10%. Dif: dorsal-related immunity factor; FC: fold change; GNBP1: gram-negative binding protein 1; 
iap2: inhibitor of apoptosis 2; key: kenny; NA: not applicable; PGRP: peptidoglycan recognition protein; 
SOCS: suppressor of cytokine signalling; STAT92E: signal transducer and activator of transcription 92E; 
USP36: ubiquitin-proteasome related protein 36. 



 Sodalis glossinidius and tsetse immunity 

61 
 

4.3.4. Targeted qPCR expression analysis of innate immunity-related genes in GmmSod- flies 

exposed to S. glossinidius or E. coli  

The transcriptional profile of innate immunity-related genes in GmmSod- flies following 

exposure to S. glossinidius or E. coli was further investigated using an extensive targeted qPCR 

expression analysis on cDNA extracted from 10 individual abdomens per group (primers in 

Table 4.2). Similar as observed in the RNA-seq analysis, the expression levels of the pattern 

recognition encoding genes PGRP-LC and PGRP-LB were significantly increased in response to 

E. coli compared to the response to sterile saline (Fig. 4.6). S. glossinidius exposure on the 

other hand, did not evoke different expression levels of the Imd-pathway receptor PGRP-LC, 

however a moderate decrease of the negative regulator PGRP-LB (1.7-fold) was observed (Fig. 

4.6). The Imd-pathway components relish and iap2 were significantly increased in flies upon 

E. coli exposure and a moderate increase in expression of iap2 (1.3-fold) was detected in 

response to S. glossinidius (Fig. 4.6).  

We observed a 2.3-fold increase in expression of the recognition receptor acting upstream of 

Toll, i.e. GNBP1, in response to E. coli, whereas the other Toll-pathway components showed 

no altered expression levels and no Toll-pathway components were affected by S. glossinidius 

exposure (Fig. 4.6).  

The JAK/STAT-pathway regulator SOCS was 4.3-fold increased in response to E. coli but not to 

S. glossinidius (Fig. 4.6). The expression values of AMP-encoding genes attacinB, attacinD, 

cecropin, and defensinA were all highly increased upon E. coli exposure and at lower but 

significant levels in response to S. glossinidius, with a high variability observed between the 

biological replicates (Fig. 4.6).  
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Fig. 4.6. Relative expression levels of innate immunity-related genes obtained by qPCR analysis in 
aposymbiotic (GmmSod-) flies exposed to 106 CFU S. glossinidius or 105 CFU E. coli and their related 
injection-control with sterile saline (H2O). Bacterial exposure was performed on day 8 after fly 
emergence via intrathoracic microinjection as well as per os and the total RNA was extracted after 48 
h. The expression levels were normalized against the two tsetse reference genes β-tubulin 
(GMOY000148) and pleiotrophic regulator 1 (GMOY006161). Expression in each abdomen is plotted 
relative to the mean of the H2O-control group. Values are represented as the mean with the standard 
deviation. N=10 independent replicates per group. * p-value < 0.05, ** p-value < 0.01, *** p-value < 
0.001; dif: dorsal-related immunity factor; GNBP1: gram-negative binding protein 1; iap2: inhibitor of 
apoptosis 2; ns: not significant; PGRP: peptidoglycan recognition protein; SOCS: suppressor of cytokine 
signalling.  
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Next, we demonstrated that S. glossinidius was able to recolonize GmmSod- flies, even after the 

introduction of the immune-activating threshold of 106 CFU bacteria in the immunocompetent 

GmmSod- flies. Indeed, during the 28 days observation period, the S. glossinidius density 

remained at high levels (approximately 8.0x105 CFU) after introducing 106 CFU S. glossinidius 

via intrathoracic microinjection and per os (Fig. 4.7A). This clearly demonstrated that the 

introduced S. glossinidius bacteria remained viable and were able to establish a stable 

population in the fly. This was also illustrated by the reintroduction of GFP-tagged S. 

glossinidius bacteria that were widely abundant in the tsetse fly’s haemolymph and midgut 

analyzed at different time points after the reintroduction (e.g. day 5; Fig. 4.7B) while GFP-

tagged E. coli were nearly undetectable (data not shown). 

 

Fig. 4.7. S. glossinidius recolonization in the tsetse fly assessed after exposing aposymbiotic flies to 
106 CFU S. glossinidius on day 8 after emergence via intrathoracic microinjection and per os (GmmSod-

Sod+). A. Monitoring of the S. glossinidius abundance using a standard curve-based S. glossinidius-
specific qPCR-assay on DNA extracted from the fly abdomen at multiple time points after exposure; N=8 
independent replicates per time point. As a control, the S. glossinidius abundance was obtained in flies 
injected with sterile saline (GmmSod-H2O); N=3 independent replicates per time point. Values show the 
bacterial numbers in each abdomen and are represented as the mean with the standard deviation. The 
number S. glossinidius CFU is represented in log-scale on the y-axis. B. Visualization of S. glossinidius 
bacteria in the tsetse fly’s haemolymph and midgut two and five days after S. glossinidius exposure. 
 

4.3.5. Expression analysis of innate immunity-related genes in GmmSod- flies exposed to 

different S. glossinidius concentrations  

To determine whether the above described low immune response to S. glossinidius is 

dependent on the exposed S. glossinidius concentration, GmmSod- flies were exposed to 104 

CFU, 105 CFU, or 106 CFU S. glossinidius - previous studies have shown that exposing flies to 

107 CFU S. glossinidius results in a high mortality [296]. The transcriptional profile of immunity-
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related genes was determined by qPCR analysis 48h after exposure (primers in Table 4.2). This 

showed that the expression level of PGRP-LC was not affected in flies exposed to any of the S. 

glossinidius concentrations compared to the expression in control flies injected with sterile 

saline (Fig. 4.8), confirming our previous findings that the S. glossinidius symbiont does not 

upregulate the main Imd-pathway receptor. Only when flies were exposed to the highest dose 

of 106 CFU S. glossinidius, a downregulation of the Imd-pathway regulator PGRP-LB was 

observed (Fig. 4.8). In terms of effector molecules, the expression levels of the AMP-encoding 

genes cecropin and defensinA were only increased in flies that were exposed to 106 CFU S. 

glossinidius, while exposing flies to lower doses, i.e. 104 CFU and 105 CFU, did not affect AMP-

encoding gene expression (Fig. 4.8). These findings suggested a threshold-dependent immune 

response of the tsetse fly to the S. glossinidius symbiont, with only exposure to the high dose 

of 106 CFU resulting in a moderate immune response in the fly.  
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Fig. 4.8. Relative expression levels of innate immunity-related genes in the abdomen of aposymbiotic 

(GmmSod-) flies exposed to 104 CFU, 105 CFU, or 106 CFU S. glossinidius and their related injection-

control with sterile saline (H2O). Bacterial exposure was performed on day 8 after fly emergence via 

intrathoracic microinjection as well as per os and the total RNA was extracted after 48 h. The expression 

levels were obtained by qPCR analysis and normalized against the two tsetse reference genes β-tubulin 

(GMOY000148) and pleiotrophic regulator 1 (GMOY006161). Expression in each abdomen is plotted 

relative to the mean of the H2O-control group. Values are represented as the mean with the standard 

deviation. N=7 independent replicates per group. * p-value < 0.05; iap2: inhibitor of apoptosis 2; ns: 

not significant; PGRP: peptidoglycan recognition protein. 
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4.3.6. Expression of innate immunity-related genes in GmmSod- flies exposed to a non-tsetse 

derived Sodalis strain  

The availability of S. praecaptivus, a close non-insect associated relative of S. glossinidius, 

allowed to compare the host immune responses towards S. glossinidius and its free-living 

ancestor. For this, GmmSod- were exposed to 106 CFU S. glossinidius or 106 CFU S. praecaptivus 

and the transcriptional profile of immunity-related genes was examined by qPCR 48 h after 

exposure (primers in Table 4.2). In contrast to S. glossinidius, flies exposed to S. praecaptivus 

showed a 2.1-fold increase in expression of PGRP-LC compared to the expression in sterile 

saline-injected control flies, similar to the levels obtained in response to E. coli (Fig. 4.9). 

Expression of PGRP-LB was not different upon S. praecaptivus exposure and relish and iap2 

were resp. 2.1-fold and 2.3-fold increased (Fig. 4.9). The AMP-encoding genes attacinD, 

cecropin, and defensinA were highly increased in expression in response to S. praecaptivus 

(Fig. 4.9). These results demonstrated that, unlike S. glossinidius, the non-tsetse derived S. 

praecaptivus strain is effectively recognized by the Imd-pathway and leads to AMP gene 

expression at a similar level compared to flies exposed to the strong immune activator E. coli. 

Similar to the two RNA-seq based transcript analyses and the targeted qPCR expression 

analyses, also here, a substantial biological variation within each tsetse fly group was observed 

(Fig. 4.9). Several flies did not show any increased AMP encoding gene expression following S. 

glossinidius exposure, i.e. non-responders, and also some flies did not respond to S. 

praecaptivus and E. coli for attacinB and attacinD (Fig. 4.9).  
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Fig. 4.9. Relative expression levels of innate immunity-related genes in the abdomen of aposymbiotic 

(GmmSod-) flies exposed to 106 CFU S. glossinidius, 106 CFU S. praecaptivus , or 105 CFU E. coli and their 
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related injection-control with sterile saline (H2O). Bacterial exposure was performed on day 8 after fly 

emergence via intrathoracic microinjection as well as per os and the total RNA was extracted after 48 

h. The expression levels were obtained by qPCR analysis and normalized against the two tsetse 

reference genes β-tubulin (GMOY000148) and pleiotrophic regulator 1 (GMOY006161). Expression in 

each abdomen is plotted relative to the mean of the H2O-control group. Values are represented as the 

mean with the standard deviation. N=4 independent replicates per group. * p-value < 0.05; iap2: 

inhibitor of apoptosis 2; ns: not significant; PGRP: peptidoglycan recognition protein. 

 

4.3.7. The presence of S. glossinidius in the tsetse fly does not affect its capacity to mount 

an immune response after bacterial exposure  

Here we evaluated whether the observed absence of a host immune response to S. 

glossinidius is not due to an active suppression of the immune system by the symbiont. 

Therefore, the impact of an established S. glossinidius population on the capacity of the tsetse 

fly to mount an immune response to a strong immune activator was investigated by exposing 

GmmSod+ and GmmSod- flies to 105 CFU E. coli and analysing the transcriptional profile of 

immunity-related genes by qPCR after 48 h (primers in Table 4.2). This showed that the 

expression levels of PGRP-LC, relish, iap2, and the AMP-encoding genes attacinB, attacinD, 

cecropin, and defensinA after E. coli exposure were similar in GmmSod+ and GmmSod- flies (Fig. 

4.10), indicating that the presence/absence of S. glossinidius in the fly does not affect its 

capacity to activate the immune signalling pathway or expression of downstream effector 

encoding genes.  
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Fig. 4.10. Relative expression levels of innate immunity-related genes in the abdomen of symbiotic 
(GmmSod+) and aposymbiotic (GmmSod-) flies exposed to 105 CFU E. coli. Bacterial exposure was 
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performed on day 8 after fly emergence via intrathoracic microinjection as well as per os and the total 
RNA was extracted after 48 h. The expression levels were obtained by qPCR analysis and normalized 
against the two tsetse reference genes β-tubulin (GMOY000148) and pleiotrophic regulator 1 
(GMOY006161). Expression in each abdomen is plotted relative to the mean of the H2O-control groups 
in GmmSod+ and GmmSod- flies resp. Values are represented as the mean with the standard deviation. 
N=7 independent replicates per group. * p-value < 0.05; ** p-value < 0.01; iap2: inhibitor of apoptosis 
2; ns: not significant; PGRP: peptidoglycan recognition protein. 
 

4.3.8. The S. glossinidius population in the tsetse fly is not susceptible to an Imd-mediated 

immune response  

To evaluate whether the growth of S. glossinidius is affected by the host immune system, the 

effects of attenuating or activating tsetse’s humoral immunity on the S. glossinidius 

abundance in the fly were examined. First, the Imd-pathway was experimentally induced by 

subjecting flies to 105 CFU E. coli, which was validated by qPCR showing an increased 

expression of PGRP-LC, PGRP-LB, relish, and the AMP-encoding genes cecropin, attacinB, and 

defensinA 48 h after exposure (Fig. 4.11). Then, a S. glossinidius specific qPCR was used to 

measure the size of the S. glossinidius population in the fly abdomen showing that the S. 

glossinidius abundance was not affected by Imd-pathway activation (Fig. 4.12). Also the W. 

glossinidia population was not affected by the Imd-pathway activation but the Wolbachia 

population showed a significant decrease following immune activation; with a large biological 

variation observed within the control group (Fig. 4.12). 
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Fig. 4.11. Validation of immune deficiency (Imd)-pathway activation. Relative expression levels of 

innate immunity-related genes in the abdomen of symbiotic tsetse flies 48 h after being exposed to 105 

CFU E. coli via intrathoracic microinjection and per os or to the related injection-control with sterile 

saline (H2O). The expression levels were obtained by qPCR analysis and normalized against the two 

reference genes β-tubulin (GMOY000148) and pleiotrophic regulator 1 (GMOY006161). Expression in 

each abdomen is plotted relative to the mean of the H2O-control group. Values are represented as the 

mean with the standard deviation. N=10 independent replicates per group. ** p-value < 0.01, *** p-

value < 0.001. PGRP: peptidoglycan recognition protein. 
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Fig. 4.12. S. glossinidius, W. glossinidia, and Wolbachia abundances in the tsetse flies with an 
activated immune deficiency (Imd)-pathway. Humoral immune activation was derived by exposing 
flies on day 8 after emergence to 105 CFU E. coli via intrathoracic microinjection and per os. The 
bacterial numbers were evaluated in the abdomen after 48 h and in their related injection-control with 
sterile saline (H2O). The S. glossinidius number was measured using a standard curve-based S. 
glossinidius-specific qPCR-assay. The W. glossinidia and Wolbachia numbers were defined as bacterial 
genome copy numbers over tsetse host copy number (α-tubulin) and measured using species-specific 
qPCR-assays. Values show the bacterial numbers in each abdomen and are represented as the mean 
with the standard deviation. N=10 independent replicates per group. The number S. glossinidius CFU is 
represented in log-scale on the y-axis. * p-value < 0.05; ** p-value < 0.01; ns: not significant.  
 

Next, we aimed to investigate the impact of an impaired immune function on the S. 

glossinidius population. For this, RNA-interference (RNAi) was used to knockdown the 

expression of relish, the transcriptional activator at the downstream end of the Imd-pathway. 

First, three predicted RNAi constructs were designed (Fig. 4.13) targeting different domains 

of the relish sequence: i) dsRelish_C1 covering a large part of the relish homology domain 

(RHD; 158 aa of the 182 aa), ii) dsRelish_C2 covering a part of a low complexity region and a 

part of the Ankyrin (ANK)-repeats, and iv) dsRelish_C3 covering the complete RHD domain; 

primers for C3 were derived from [77].  

The silencing efficiency of the three relish- targeting constructs was first evaluated after 

injecting flies on day 6 after emergence with the constructs and analysing the immunity gene 

expression with qPCR on day 7 post injection (dpi) and 10 dpi (primers in Table 4.2). At 7 dpi 

dsRelish_C1 resulted in 47% reduced relish expression compared to flies injected with sterile 

saline; whereas dsRelish_C2 resulted in only 26% reduction and no reduced relish expression 

was observed after dsRelish_C3 injection (Fig. 4.14A). Flies injected with dsRelish_C1 showed 

a significant reduction (98%) of the expression level of cecropin (Fig. 4.14A). At 10 dpi, none 

of the three dsRelish constructs resulted in significantly reduced relish expression (Fig. 4.14B). 

As dsRelish_C1 yielded the highest silencing efficiency for relish and for the downstream AMP-

encoding genes at 7 dpi (13 days after fly emergence; when symbiont densities are high), this 

construct was used for further analysis.  
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Fig. 4.13. Relish domain architecture and dsRNA constructs. The black lines indicate the full-length 

protein. The characteristic domains are: relish homology domain (RHD) indicated in blue, 

immunoglobulin-like plexins transcription factors (IPT) indicated in orange and four Ankyrin-repeats 

(ANK) indicated in green. The pink boxes indicate low complexity regions. The red marks designate the 

region that was included in the pCR4Blunt-TOPO_Relish vector. The small black bars represent the three 

dsRNA generated constructs. The domains were predicted by analysis of the relish protein sequence 

(GMOY013090) derived from VectorBase with the SMART and Pfam websites.  
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Fig. 4.14. Evaluation of the silencing efficiency of three RNA-interference constructs designed to 

target relish expression in the tsetse fly. Relative expression levels of innate immunity-related genes 

in the abdomen of tsetse flies at day 7 (A) and day 10 (B) after being subjected to a dsRelish-treatment 

or to the related controls (dsGFP and injection-control with sterile saline; H2O) on day 6 after fly 

emergence. The expression levels were obtained by qPCR and normalized against the two reference 

genes β-tubulin (GMOY000148) and pleiotrophic regulator 1 (GMOY006161). Expression in each 

abdomen is plotted relative to the mean of the H2O-control group. Values show the relative expression 

in each abdomen and are represented as the mean with standard deviation. The % reduction in 

transcript level was compared to the H2O-control group and is indicated in the graph for each construct. 

Statistical analysis was made between construct treatments and the H20 injection-control. Min. N=5 

independent replicates per group. * p-value < 0.05, ** p-value < 0.01. C1: dsRelish_C1; C2: dsRelish_C2; 

C3: dsRelish_C3. 
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The effect of dsRelish_C1 treatment on the S. glossinidius population was examined in two 

independent RNAi-experiments by injecting flies on day 6 after emergence and analysing the 

bacterial numbers at 7 dpi. Using this methodology, it was possible to repress relish 

transcription with 48% and obtain a reduced expression of multiple AMPs: 98% for cecropin, 

and 96% for defensinA on day 7 after dsRelish treatment in the first experiment (Fig. 4.15A) 

and a reduction of 31% for relish, 89% for attacinB, 82% for cecropin, and 68% for defensinA 

in the second experiment (Fig. 4.15B). Measurement of the S. glossinidius abundance with 

qPCR showed no alteration in the bacterial numbers between dsRelish-treated flies and flies 

exposed to the injection-control of sterile saline (Fig. 4.16A), which was confirmed in the 

second, independent RNAi-experiment (Fig. 4.16B). A larger experimental variation was 

observed for the W. glossinidia and Wolbachia abundances between the two experiments 

(Fig. 4.16A-B). 

However, it is important to note that for these experiments, the immune system was not pre-

activated (e.g. by exposing flies to E. coli) before the dsRelish treatment. The expression levels 

of immunity genes obtained after construct injection were overall within the range of the 

levels after the injection-control of sterile saline, the latter having several strong outliers for 

most genes (Fig. 4.14 and Fig. 4.15). These results are therefore inconclusive to indicate that 

S. glossinidius is not controlled by the tsetse fly’s relish/Imd-pathway but – together with the 

previous experiments – they give an indication that the humoral immune system might not 

play a major role in controlling the S. glossinidius population in the tsetse fly.  
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Fig. 4.15. Analysis of immune deficiency (Imd)-pathway suppression. The RNA interference (RNAi)-

experiment was performed in duplicate (A. and B.). Flies were subjected to a dsRelish treatment or to 

the related controls (dsGFP and injection-control with sterile saline; H2O) on day 6 after emergence. 

Expression levels of innate immune-related genes in the abdomen were obtained 7 days after injection 

by qPCR analysis and normalized against the two reference genes β-tubulin (GMOY000148) and 

pleiotrophic regulator 1 (GMOY006161). Expression in each abdomen is plotted relative to the mean of 

the H2O-control group. The % reduction in transcript level is indicated for each gene in the graph. Values 
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show the relative expression in each abdomen and are represented as the mean with standard 

deviation. N=9 independent replicates per group. * p-value < 0.05, ** p-value < 0.01. 
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Fig. 4.16. S. glossinidius, W. glossinidia, and Wolbachia abundances in the tsetse flies subjected to a 
dsRelish treatment. The RNA interference (RNAi)-experiment was performed in duplicate (A. and B.). 
Flies were subjected to a dsRelish treatment or to the related controls (dsGFP and injection-control with 
sterile saline; H2O) on day 6 after emergence and the bacterial numbers were examined 7 days after 
injection. The S. glossinidius number was measured using a standard curve-based S. glossinidius-
specific qPCR-assay. The W. glossinidia and Wolbachia numbers were defined as bacterial genome copy 
numbers over tsetse host copy number (α-tubulin) and measured using species-specific qPCR-assays. 
Bacterial numbers were also obtained in untreated, age-matched wild-type counterpart flies for 
comparison. Values show the numbers in each abdomen and are represented as the mean with the 
standard deviation. N=10 independent replicates per groups and N=8 independent replicates for the 
wild-type flies. The number S. glossinidius CFU is represented in log-scale on the y-axis. * p-value < 0.05; 
** p-value < 0.01; *** p-value < 0.001; ns: not significant.  
 

4.4. Discussion 

This study extensively describes the interaction between S. glossinidius and the tsetse fly’s 

immune system. Despite the abundant presence of S. glossinidius within the tsetse fly’s 

haemolymph and midgut, i.e. environments where the bacterium is easily detectable by the 

host immune system, the transcript abundance of immunity-related genes was not 

significantly affected. Indeed, nor in teneral flies, nor in ten-day old flies, we could detect 

significant alterations in AMP-encoding gene expression between S. glossinidius presence/ 

absence. This suggests the existence of an immune tolerance mechanism towards this 

symbiont which is a prerequisite to establish an effective infection. Indeed, to allow the 

establishment of a sustained relationship with their host, facultative symbionts should not be 

perceived as hostile by the host immune system. Here, the ability to cultivate S. glossinidius 

outside its host allowed to investigate more in-depth how S. glossinidius is perceived by the 

tsetse immune system compared to a pathogenic enterobacterium E. coli. For this, the 
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immune responses in GmmSod- flies after infection by cultured S. glossinidius and E. coli was 

examined using RNA-seq and qPCR. Analysis of genes involved in immunity demonstrated that 

S. glossinidius did not activate a strong immune response in GmmSod- flies in contrast to 

exposure with the exogenous E. coli that resulted in a full immune activation likely mediated 

by the peptidoglycan recognition protein PGRP-LC. The observed upregulated AMP gene 

expression in response to E. coli in our study is consistent with previous studies where 

injection of E. coli resulted in the expression of multiple AMPs including 

defensin, attacin and cecropin, thus confirming the strong immunogenic nature of an E. coli 

infection in tsetse flies [243, 297]. Only when exceeding a threshold exposure of 106 CFU S. 

glossinidius, GmmSod- flies elicited a moderate immune response toward the symbiont. In 

addition, we demonstrated that the absence or presence of S. glossinidius in the tsetse fly 

does not alter the elevated immune effector response following exposure to E. coli. 

Conclusively, these results show that the absence of a tsetse immune response to S. 

glossinidius is not due to a S. glossinidius-mediated suppression of the immune system but 

rather the result of a compromised detection of S. glossinidius by the tsetse immune 

recognition mechanism.  

A substantial and significant individual variation was observed in the expression of AMP-

encoding genes in the bacteria exposed groups but especially after an E. coli challenge. Here, 

the expression levels of the AMPs were found to differ by more than 100- and 1000-fold 

between individual flies of one group for attacinD and attacinB resp., despite having 

controlled for age and time of infection. This finding is not unexpected and high variation in 

immune gene expression after ectopic infection among individual members from the same 

colony has also been reported in D. melanogaster [298], honeybees [299], and in B. terrestris 

[300]. Our experimental setup does not allow analysing the underlying causes for the observed 

variation, but whatever these are they could be of importance in the context of vector 

competence. Indeed, although tsetse flies are the sole vectors of African trypanosomes, they 

generally are refractory to infection, with estimates of <1% of flies having trypanosome-

infected salivary glands, even in endemic areas. The innate immune responses, particularly 

the AMPs regulated via the Imd-pathway, are among the factors that have been suggested to 

contribute to tsetse’s refractoriness to trypanosome transmission [77]. Further studies are 

needed to investigate the underlying mechanisms that drive individual variability in 

immunocompetence and whether this plays an important role in the refractoriness of the flies 

to trypanosome infection.  

Since host fitness costs are most likely minimized by limiting excessive endosymbiont 

proliferation, the factors that limit endosymbiont proliferation are of high relevance to 

understand how host-symbiont coevolution has shaped the host immune response. The 

observation that S. glossinidius elicits a moderate immune response only above a threshold 

density could indicate that the tsetse immune system plays a role in controlling the S. 

glossinidius densities to maintain it at a steady-state optimal level. Indeed, the proliferation 

of bacteria in the insect host has been shown to be controlled by the host immune system. 
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For example, the proliferation and localization of the primary symbiont of the Sitophilus 

weevil, Sodalis pierantonius, is controlled by a specific antimicrobial peptide, Coleoptericin A 

(ColA) [301]. ColA was shown to function as a “molecular guard” by preventing the symbiont 

from escaping the bacteriome. This compartmentalization strategy has recently been shown 

to be under the control of the same Imd-like pathway that regulates AMP expression upon 

bacterial infection [302]. Interestingly, Imd-pathway activation and AMP production in 

response to ectopic infection did not interfere with the S. pierantonius endosymbiont load 

[303], implying that the bacteriome possesses an immune program adapted to maintaining 

endosymbiotic homeostasis under standard conditions while retaining the ability to mount an 

immune response against exogenous microbial intruders without affecting its primary 

symbiont [304]. In our study, we monitored the effects of attenuating or activating the tsetse 

immune system on the S. glossinidius abundance in the fly. RNAi-mediated immune 

suppression did not seem to affect the S. glossinidius population (although further 

experiments are needed) nor did experimental activation of the Imd-pathway, suggesting that 

S. glossinidius is not susceptible to the tsetse immune responses and that the humoral 

immune system does not play a significant role in controlling S. glossinidius proliferation. 

These results are in agreement with studies on natural Drosophila-facultative endosymbiont 

associations, including Spiroplasma and Wolbachia, where no impact on the immune gene 

expression of their native hosts was observed [149, 305, 306]. Spiroplasma bacteria were 

neither detected nor affected by the D. melanogaster immune system, but their proliferation 

was shown to be constrained by the availability of haemolymph lipids which correlated to the 

nutritional state of the host [307]. This mechanism could also be important for controlling the 

proliferation of S. glossinidius (see Chapter 5). Indeed, genome sequencing has indicated that 

endosymbiotic bacteria have reduced metabolic capacities and are dependent on their hosts 

to provide them with compounds needed for their sustained proliferation [189]. The in silico 

analysis of the S. glossinidius metabolism has already revealed a heavy dependency on 

carbohydrates for energy production and a complete inactivation of the pathways for L-

arginine and thiamine biosynthesis, indicating that S. glossinidius is dependent on its host for 

supply of these metabolites [308], which provides an interesting perspective for future 

research. 

The recent discovery of a close non-insect associated relative of S. glossinidius, designated S. 

praecaptivus, provided us with the unique opportunity to compare the host immune 

responses towards S. glossinidius and its free-living ancestor strain. Indeed, several Sodalis-

allied symbionts, including S. glossinidius and S. pierantonius, have evolved independently 

from S. praecaptivus, as evidenced by comparative genomic analyses, showing that the 

symbiont genomes are subsets of this free-living bacterium [208, 309]. Exposure of tsetse flies 

to S. praecaptivus resulted in the upregulation of PGRP-LC followed by activation of the Imd-

pathway along with the induction of genes encoding AMPs while S. glossinidius failed to be 

recognized, indicating that the latter has developed mechanisms to overcome or evade the 

tsetse immune response during its transition towards symbiosis. Indeed, S. glossinidius has 

been shown in vitro to display a high level of resistance against the bactericidal actions of the 
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insect microbicidal peptide diptericin [243] and attacin [310]. In further support of this data, 

we showed in a previous study that S. glossinidius utilizes a PhoP-PhoQ two-component 

regulatory system to modulate the expression of genes involved in lipid A modifications that 

confer bacterial resistance to host derived AMPs in vivo [241]. Biofilm formation has also been 

suggested as a mechanism for S. glossinidius to evade its host immune system [246]. It is 

interestingly to note that injection of S. pierantonius in the weevil’s haemolymph does elicit a 

potent systemic immune response [311]. These data indicate that, when present in the 

haemolymph, S. pierantonius is recognized by the immune system as an intruder and attests 

that the endosymbiont is tolerated in the bacteriocyte cells only. It is noteworthy that despite 

being part of the same genus, S. pierantonius and S. glossinidius have developed a very 

distinct association with their host, i.e. intracellular versus extracellular, which begs the 

question of what factors have allowed for this different host-symbiont association. S. 

glossinidius has been shown to possess a modified outer membrane protein (OmpA) [245] 

which has been linked to host tolerance to this bacterium. S. pierantonius appears not to have 

any modification of its outer membrane proteins which may explain in part why it can trigger 

the immune response of its host when present in the extracellular environment, i.e. injected 

in the haemolymph [311, 312]. 

 



 Sodalis glossinidius and tsetse immunity 

75 
 

4.5. Additional files 
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Fig. S4.1. Identification of suitable tsetse fly reference genes. The geNorm analysis implemented in 
the BioGazelle qBase+1.5 software was used to identify the most stable and optimal number of 
reference genes for normalization in the RT-qPCR analyses. Ten reference targets were analysed by 
qPCR using ten abdomens per group (GmmSod-Sod+, GmmSod-Ecoli+, GmmSod-H2O). Each reference gene was 
tested against the other reference genes as the mean of expression (M) and a pairwise variation (V) 
and ranked based on the stability of expression. The optimal number of reference genes was identified 
as 2 as V < 0.15 when comparing the 2nd and 3th most stable targets. The genes found most stable are 
coloured in red. 

Table S4.1. Sequencing, mapping, and counting results of teneral symbiotic (GmmSod+) and 

aposymbiotic (GmmSod-) tsetse flies. Total reads as obtained after sequencing, UMR: uniquely mapped 

reads to the Glossina morsitans morsitans reference genome (GMOY1), % UMR of total input reads, 

number of transcripts with non-zero counts, % number transcripts with non-zero counts over total 

number of Glossina transcripts (12,969). PCC: Pearson correlation coefficient between biological 

replicates transcriptomes. 

Tsetse fly 
group 

Biol. 
repl. 

Total reads 
(M) 

UMR to 
Gmm 

% UMR 
No. 

transcripts 
% No. 

transcripts 
PCC Biol. repl. 

GmmSod+ 

flies  
(teneral) 

R1 111.0 98.6 88.72% 10,862 83.75% 
70.04% 
90.87% 

R1R2 
R1R3 

R2 102.6 91.0 88.63% 10,800 83.28% 
70.73% 
73.25% 

R2R3 
R2R4 

R3 224.0 193.6 86.45% 11,103 85.61% 
90.83% 
86.24% 

R3R4 
R3R5 

R4 100.2 82.2 82.05% 10,918 84.19% 
85.46% 
90.85% 

R1R4 
R4R5 

R5 131.4 101.2 76.94% 11,026 85.02% 
79.64% 
84.06% 

R1R5 
R2R5 

GmmSod- 

flies  
(teneral) 

R1 202.0 171.2 84.68% 11,128 85.80% 
93.86% 
91.93% 

R1R2 
R1R3 

R2 90.2 67.0 74.41% 10,694 82.46% 
95.40% 
90.62% 

R2R3 
R2R4 

R3 78.6 68.4 87.24% 10,753 82.91% 
90.76% 
90.77% 

R3R4 
R3R5 

R4 87.0 75.6 86.86% 10,764 83.00% 
93.88% 
85.57% 

R1R4 
R4R5 

R5 143.6 126.6 88.08% 11,086 85.48% 
85.07% 
86.27% 

R1R5 
R2R5 
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Fig. S4.2. Principal component analysis (PCA)-plots showing the sample clustering between the 
biological replicates of A. teneral symbiotic (GmmSod+; indicated as WTteneral) versus aposymbiotic 
(GmmSod-; indicated as Sod-teneral) flies and B. ten-day old symbiotic (GmmSod+; indicated as D10WT) 
versus aposymbiotic (GmmSod-; indicated as D10Sod) flies.  
 
Table S4.2. Sequencing, mapping, and counting results of ten-day old symbiotic (GmmSod+) and 

aposymbiotic (GmmSod-) tsetse flies. Total reads as obtained after sequencing, UMR: uniquely mapped 

reads to the Glossina morsitans morsitans reference genome (GMOY1), % UMR of total input reads, 

number of transcripts with non-zero counts, % number transcripts with non-zero counts over total 

number of Glossina transcripts (12,969). PCC: Pearson correlation coefficient between biological 

replicates transcriptomes. 

Tsetse fly 
group 

Biol. 
repl. 

Total reads 
(M) 

UMR to 
Gmm (M) 

% UMR 
No. 

transcripts 
% No. 

transcripts 
PCC Biol. repl. 

GmmSod+ flies  
(day 10)  

R1 124.0 106.0 85.65% 10,333 79.67% 
72.50% 
41.75% 

R1R2 
R1R3 

R2 202.0 177.0 87.77% 10,713 82.60% 
83.87% 
63.73% 

R2R3 
R2R4 

R3 127.0 107.0 84.54% 10,516 81.09% 
46.25% 
79.24% 

R3R4 
R3R5 

R4 113.0 85.7 75.70% 10,268 79.17% 
90.32% 
59.18% 

R1R4 
R4R5 

R5 108.0 98.1 90.53% 10,534 81.22% 
72.54% 
93.37% 

R1R5 
R2R5 

GmmSod- flies  
(day 10) 

R1 81.0 67.6 83.47% 10,166 78.39% 
55.13% 
75.24% 

R1R2 
R1R3 

R2 131.0 114.0 87.34% 10,470 80.73% 
68.04% 
54.17% 

R2R3 
R2R4 

R3 148.0 125.0 84.18% 10,710 82.58% 78.02% R3R4 

R4 145.0 124.0 85.33% 10,555 81.39% 90.68% R1R4 
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Table S4.3. Sequencing, mapping, and counting results of aposymbiotic flies exposed to 106 CFU S. 

glossinidius (GmmSod-Sod+), 105 CFU E. coli (GmmSod-Ecoli+), or sterile saline (GmmSod-H2O). Total reads as 

obtained after sequencing. UMR: uniquely mapped reads to the Glossina morsitans morsitans reference 

genome (GMOY1), % UMR of total input reads, number of transcripts with non-zero counts, % number 

transcripts with non-zero counts over total number of Glossina transcripts (12,969). PCC: Pearson 

correlation coefficient between biological replicates transcriptomes. 

Tsetse fly 
group 

Biol. 
repl. 

Total reads 
(M) 

UMR to 
Gmm (M) 

% UMR 
No. 

transcripts 
% No. 

transcripts 
PCC 

Biol. 
repl. 

GmmSod-Sod+ 

R1 112.0 97.2 86.58% 10,550 81.35% 88.49% R1R2 

R2 93.6 84.4 90.15% 10,694 82.46% 90.28% R1R3 

R3 81.6 73.6 90.06% 10,434 80.46% 72.85% R2R3 

GmmSod-Ecoli+ 

R1 84.6 76.4 90.16% 10,554 81.38% 77.35% R1R2 

R2 82.0 71.8 87.51% 10,517 81.10% 79.74% R1R3 

R3 112.0 99.0 88.59% 10,582 81.60% 97.85% R2R3 

GmmSod-H2O 

R1 83.4 74.4 89.26% 10,413 80.30% 95.83% R1R2 

R2 79.6 70.0 87.85% 10,356 79.86% 97.88% R1R3 

R3 76.6 68.8 89.81% 10,409 80.27% 98.67% R2R3 

 
Fig. S4.3. Principal component analysis (PCA)-plots showing the sample clustering analysis between 
the biological replicates of A. aposymbiotic flies exposed to 106 CFU S. glossinidius (indicated as Sod-
Sod+) versus the related injection-control (indicated as Sod-H2O) and B. aposymbiotic flies exposed to 
105 CFU E. coli (indicated as Sod-Ecoli+) versus the injection-control (indicated as Sod-H2O). 

Table S4.4. Log2 fold changes in expression values obtained by RNA-seq and qPCR analysis used for 
transcriptome validation of the RNA-seq analysis (GmmSod-Ecoli+ versus GmmSod-H2O). 

Gene ID Gene 
RNA-seq2 
log2 fold 
change 

qPCR 
log2fold 
change 

GMOY006730 PGRP-LB 1.53 1.76 

GMOY011181 GNBP1 1.07 1.24 

GMOY000299 Dnr1 -0.36 -0.59 

GMOY005909 Caspar 0.49 0.43 

GMOY003276 Iap2 1.27 1.36 

GMOY003759 Vir-1 -0.05 -0.08 

GMOY004477 Dorsal 0.70 0.83 

GMOY013090 Relish 1.68 2.04 

GMOY004479 Dif 0.00 0.30 

GMOY007838 SOCS 2.61 3.45 

 
PCC: 98.98% 
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4.6. Ethical approval 

Breeding and experimental work with tsetse flies was approved by the Scientific Institute 

Public Health department Biosafety and Biotechnology (SBB 219.2007/1410). Animal ethics 

approval for the tsetse fly feeding on live animals was obtained from the Animal Ethical 

Committee of the Institute of Tropical Medicine Antwerp (Ethical clearance N° BM2012-6). 

The experiments, maintenance and care of animals complied with the guidelines of the 

European Convention for the Protection of Vertebrate Animals used for Experimental and 

other Scientific Purposes (CETS n° 123). 
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5.1. Introduction  

A decreased pathogen infection in insects due to symbiont presence can also occur 

independent of the host’s immune system. Indeed, in D. melanogaster, the reduced infection 

with Candida albicans in symbiont-harbouring flies was also observed in immune-deficient 

flies, suggesting that other mechanisms underlie the symbiont-mediated protection [313]. 

Another example is the endosymbiont Wolbachia that does not activate strong immune 

responses in multiple insect hosts [175, 176], but its presence is providing protection against 

a wide range of pathogen infections (including resistance against RNA viruses [248, 249]) 

implying that non-immunity mechanisms are involved here.  

As symbiont and pathogen share the same host environment, it is possible that they are in 

direct competition with each other for host nutrient resources - as has been proposed for 

Wolbachia. Wolbachia sequesters cholesterol in D. melanogaster [314], lipids that are thus no 

longer available for viruses that require host lipids for their intracellular membrane 

remodelling during replication [315, 316]. Another example is the nutrient competition for 

lipids between the endosymbiont Spiroplasma poulsonii and a parasitic wasp in D. 

melanogaster, leading to a significant decrease of infection in the presence of the symbiont 

[317]. Besides lipids, no clear examples for nutrient competition between symbionts and 

pathogens have been described in insects so far. Besides depletion of nutrients, symbionts 

can also produce metabolites that can potentially damage pathogen development. This has 

been suggested for polyketides produced by symbionts in rove beetles [318] and psyllids [319] 

which are metabolites that can have a protective effect in their insect hosts against predators 

due to their toxic activity.  

In Chapter 4 we reported that neither S. glossinidius presence in the fly nor recolonization in 

S. glossinidius-free flies led to a strong host immune activation. A next step in our tsetse fly-S. 

glossinidius exploration is now to investigate whether and how S. glossinidius affects its host 

metabolism. First, we evaluated the impact of S. glossinidius on the tsetse fly weight and 

analyzed the fly’s survival under starvation. Next, we used an untargeted metabolomic 

approach to evaluate which metabolites differ in abundance between S. glossinidius 

presence/absence in older and starved tsetse flies.  

In the second part of this chapter we describe the impact of S. glossinidius on the vector 

competence of the tsetse fly to transmit African trypanosomes. We first evaluated the effect 

of S. glossinidius presence/absence in teneral flies on the infection outcome of two AAT-

causing trypanosome parasites, i.e. T. b. brucei and T. congolense. Here, we also assessed the 

parasite numbers for T. b. brucei in the midguts of trypanosome-infected flies. Next, the 

infection outcome of T. b. brucei was analysed in older and starved tsetse flies. Finally, we 

investigated the role of a metabolic compound (identified to be depleted by S. glossinidius in 

our metabolomic analysis) in the establishment of a T. b. brucei midgut infection in the tsetse 

fly and postulate a symbiont-parasite nutrient competition.  
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5.2. Materials and methods  

5.2.1. Tsetse flies 

In all experiments, Glossina morsitans morsitans (Gmm) flies from the colony of the Institute 

of Tropical Medicine (ITM, Antwerp, Belgium) were used. Experimental flies were fed 3 

days/week with commercially available defibrinated horse blood using an artificial membrane 

system and maintained in standardized climatic conditions of 26±0.5 °C and 70±5% relative 

humidity.  

The fresh weight of the abdomens was obtained in adult flies collected from the GmmSod+ and 

GmmSod- colonies (almost three years after GmmSod- colony establishment). 

5.2.2. QPCR-based measurement of the bacterial abundance in the tsetse fly 

See section 3.2.3 in Chapter 3. 

5.2.3. Untargeted metabolomic profiling 

Whole abdomenswere collected from four-week old GmmSod+ and GmmSod- flies that were 

starved for four days. For each group, four independent biological replicates (fly abdomens) 

were included. Each individual abdomens was weighted for normalization and transferred to 

a solution of chloroform:methanol: water (1:3:1) for metabolite extraction - at a ratio of 1:40 

according to their weight. Hydrophilic interaction liquid chromatography (HILIC) was carried 

out on a Dionex UltiMate 3000 RSLC system (Thermo Fisher Scientific, Hemel Hempstead, UK) 

using a ZIC®-pHILIC column (150 mm × 4.6 mm, 5 μm column, Merck Sequant). In brief, 10 µl 

of the samples were injected and eluted with a linear gradient (20 mM ammonium carbonate 

in water and acetonitrile) on the column over 26 min. at a flow rate of 0.3 ml/min. For the 

mass spectrometry analysis, a Thermo Orbitrap QExactive (Thermo Fisher Scientific) was 

operated in polarity switching mode. 

The HILIC run, the data analysis showing the relative intensity (calculated for each peak as the 

ratio of the mean values in each group), and statistics (calculated with a Student's t-test) was 

performed at the University of Glasgow (Glasgow polyomics; College of Medical, Veterinary, 

and Life Sciences).  

5.2.4. Trypanosome infection of tsetse flies  

Freshly emerged flies were given 24 h post-eclosion a blood meal containing tsetse fly 

transmissible trypanosome parasites, the pleiomorphic T. brucei brucei AnTAR1 strain, 

originally derived from the EATRO1125-stock [320] or the T. congolense MSOROM7 strain 

[321]. For this, bloodstream form parasites were harvested with the anticoagulant heparin 

from cyclophosphamide immune-suppressed mice (Endoxan®, Baxter) 6 days post-infection 

and mixed with defibrinated horse blood to obtain >106 trypanosomes/ml (containing ~80% 

intermediate/stumpy-forms for the T. brucei infection). For the IMP experiments, flies 

received five blood meals starting from the infective blood meal supplemented with IMP at a 

final concentration of 10 mM. Only fully engorged flies were maintained and fed 3 days/week 

with uninfected blood until dissection. After ca. 12 days, individual flies were analysed for the 
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presence of trypanosomes by microscopical examination of their midguts. In another series of 

infected flies, individual flies were microscopically examined around day 28 for the presence 

of trypanosomes in their midgut and the salivary glands (T. brucei) or proboscis (T. 

congolense).  

Measurement of the trypanosome (T. brucei) abundance in midgut-infected flies was obtained 

by qPCR analysis (see conditions in section 4.2.3.) using the 18S rRNA-targeting (105 bp) 

primers 5’-CGCCAAGCTAATACATGAACCAA-3’ and 5’-TAATTTCATTCATTCGCTGGACG-3’ at 0.5 

µM in 20 µl reaction volume.  

5.2.5. Graphs and statistical analysis 

Graphs were prepared in GraphPadPrism v5.0 and the data is represented as the mean +/- 

standard deviation. The same software was used for statistical analysis: two-tailed 

nonparametric t-testing (i.e. Mann-Whitney) for the fly weight, bacterial numbers, and 

parasite numbers, and Chi-square-testing (two-sided) for the fly survival rate under starvation 

and the trypanosome infection rate. P-values < 0.05 were considered statistically significant. 

  

5.3. Results 

5.3.1. The impact of S. glossinidius presence/absence on the tsetse fly’s nutritional status 

Effect of S. glossinidius on the tsetse fly’s weight 

In a first experiment we explored the impact of S. glossinidius on the tsetse fly’s nutritional 

status by comparing the fresh weight of adult abdomens in S. glossinidius presence/absence. 

We found that the weight of teneral flies which had received their first blood meal was 

significantly heavier in the absence of S. glossinidius (1.3x; p<0.01; Fig. 5.1). Also in three-week 

old flies, the abdominal weight was significantly higher in the absence of S. glossinidius (1.4x; 

p<0.001; Fig. 5.1). The negative effect of S. glossinidius on the abdominal weight was even 

higher under nutrient-limited conditions:  three-week old flies that were starved for four days 

had a weight that was 1.5x higher in the absence of S. glossinidius (p<0.01; Fig. 5.1).  
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Fig. 5.1. Tsetse fly’s weight in symbiotic (GmmSod+) and aposymbiotic (GmmSod-) flies. Teneral flies 
were analysed two days after receiving their first blood meal. Three-week old flies were analysed under 
non-starved conditions (i.e. two days after final blood meal) and starved conditions (i.e. four days after 
final blood meal). The fresh abdominal weight of males was evaluated. Min. N=26 independent 
replicates per group. Values show the mean and standard deviation. ** p-value < 0.01, *** p-value < 
0.001.  
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Effect of S. glossinidius on the tsetse fly’s survival under nutritional stress 

Then we explored the impact of S. glossinidius presence on the tsetse fly’s survival rate under 

nutrient-limited conditions. The experiment was performed in teneral and four-week old male 

flies. As a result, starvation did not lead to a significant change in survival in teneral flies in S. 

glossinidius presence/absence (Fig. 5.2). Otherwise, four-week old flies survived significantly 

longer during starvation in S. glossinidius absence (p<0.01; Fig. 5.2). This suggests that the 

presence of S. glossinidius has a physiological cost for the fly in older flies but not in young 

(teneral) flies.  
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Fig. 5.2. Impact of starvation on the survival rate of symbiotic (GmmSod+) and aposymbiotic (GmmSod-

) tsetse flies. The survival rate was calculated as the percentage of # flies surviving over # total flies 
included in the experiment. Teneral male flies: N=17 GmmSod+ flies and N=15 GmmSod- flies. Four-week 
old male flies: N=34 GmmSod+ flies and N=31 GmmSod- flies. ** p-value < 0.01; ns: not significant. 
 

Effect of nutritional stress on the S. glossinidius abundance in the tsetse fly 

In addition, we evaluated the effect of starvation on the S. glossinidius population in the fly. 

For this, the S. glossinidius abundance was measured by qPCR analysis in the abdomen of 

teneral and three-week old male flies under starvation and normal feeding conditions. This 

analysis showed a significantly decreased S. glossinidius abundance in teneral flies that were 

starved for five days compared to their ‘starting status’ after fly emergence (day 0; p<0.001; 

Fig. 5.3) and also compared to flies that had received a first blood meal after emergence 

(p<0.001; Fig. 5.3). Otherwise, the S. glossinidius number in three-week old flies was not 

significantly different under control and starved conditions (Fig. 5.3). This shows that the S. 

glossinidius population is only reduced in the teneral fly when nutrients are limited. 
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Fig. 5.3. Impact of starvation on the S. glossinidius population in the tsetse fly. The S. glossinidius 
abundance was obtained in the abdomen of teneral and three week old male GmmSod+ flies under 
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starvation and normal feeding conditions. The bacterial number was determined using a standard 
curve-based S. glossinidius-specific qPCR-assay. Values show the bacterial numbers per abdomen and 
are represented as the mean with standard deviation. N=10 independent replicates per group. The 
number S. glossinidius CFU is represented in a log-scale on the y-axis. *** p-value < 0.001; ns: not 
significant.  
 

5.3.2. Untargeted metabolic profiling in older flies under nutritional stress in S. glossinidius 

presence/absence  

To identify whether specific metabolic compounds in the tsetse fly are affected by S. 

glossinidius presence/absence, we performed an untargeted metabolomic analysis using the 

abdomens of four-weeks old and starved GmmSod+ and GmmSod- male flies. Samples were 

analysed for the presence and quantity of metabolites by mass spectrometry spanning a broad 

array of metabolic classes like amino acids, nucleotides, carbohydrates, lipids, cofactors, and 

vitamins. As a validation for S. glossinidius elimination, a significant reduction in meso-2,6-

diaminoheptanedioate levels (mDAP) levels (a compound specific to Gram-negative bacterial 

cell walls) was observed between S. glossinidius-harbouring and S. glossinidius-free flies 

(p<0.00001; Additional Fig. S5.1). A large amount of variation was observed between the 

biological replicates within each tsetse fly group (Additional Fig. S5.2), despite having 

controlled for the tsetse fly age and weight, indicating a large heterogeneity in metabolite 

levels in the flies that is not associated with symbiont presence/absence.  

As a result, out of the 877 putative metabolite signals, 72 signals (8% of total metabolite 

signals) showed a significant difference in abundance between S. glossinidius-harbouring and 

S. glossinidius-free flies. These compounds belonged to different metabolic classes including 

carbohydrates, peptides, and nucleotides. Additional Table S5.1 and Additional Table S5.2 

give an overview of the metabolites with the resp. highest increased and the highest 

decreased levels in S. glossinidius-free flies. The complete table with significant changes is 

provided in Additional file S5.3.  

Two classes that showed marked difference in metabolite levels in S. glossinidius 

presence/absence were compounds belonging to the nucleotide (Fig. 5.4) and queuine 

biosynthesis pathways (Additional Fig. S5.4). Indeed, many of these metabolites were 

consistently and significantly increased in S. glossinidius-harbouring flies, including 

methyladenine (1.59 fold, p=0.02) and cytosine (2.08 fold, p=0.01), i.e. two compounds of the 

nucleotide biosynthesis pathway (Fig. 5.4), and queuine (2.75 fold, p=0.004), aminomethyl 

carbaguanine (1.88 fold, p=0.01), and methylguanine (2.37 fold, p=0.02), three compounds of 

the queuine biosynthesis pathway (Additional Fig. S5.4).  

A third class of metabolites that was significantly increased in the presence of S. glossinidius 

were pterins, i.e. nitrogenous ring structures that form the basis of folates and nucleotides, 

e.g. dihydrobiopterin (6.55 fold, p=0.02), 2-amino-4-hydroxy-6-hydroxymethyl-7,8-

dihydropteridine (3.91 fold, p=0.04), and 6-pyruvoyltetrahydropterin (3.74 fold, p=0.05; 

Additional Table S5.2). Together, these results suggest that the S. glossinidius symbiont might 
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be capable of providing these compounds (related with the nucleotide, queuine, and pterin 

metabolism) for the tsetse fly under starvation. 

There were six detected metabolites that were decreased more than 2-fold (p<0.05) in S. 

glossinidius-harbouring flies (Additional Table S5.1). One of these compounds belonged to 

the nucleotide biosynthesis pathway, i.e. inosine monophosphate (IMP) and showed 

significantly decreased levels (p=0.01; Fig. 5.4) in the presence of S. glossinidius. Here, the 

IMP-levels were 2.3-fold increased in S. glossinidius-free flies compared to their S. glossinidius 

counterparts (one of the highest differences in depletion observed in our analysis), suggesting 

that S. glossinidius is depleting this nucleotide precursor (IMP) from the tsetse fly 

environment.  

 
Fig. 5.4. Impact of S. glossinidius presence on the nucleotide metabolism. Metabolites of nucleotide 
biosynthesis were different between symbiotic (GmmSod+) and aposymbiotic (GmmSod-) flies. Box plot 
shows the minimum value, first quartile, median, third quartile, and maximum value. N=4 independent 
replicates per group. * p-value < 0.05, ** p-value < 0.001; IMP: inosine monophosphate.  
 

5.3.3. The impact of S. glossinidius presence/absence on the vector competence of tsetse 

flies for Trypanosoma parasites  

Under nutrient-rich conditions 

To address the impact of S. glossinidius presence/absence on the vector competence, first, 

teneral flies were given a parasitized blood meal and further maintaining under nutrient-rich 

conditions. In total four different infection experiments were performed using this set-up.  

In experiment 1, we examined the infection outcome at the midgut level of GmmSod+ and 

GmmSod- flies that were given a first blood meal supplemented with Trypanosoma brucei 

brucei. Here, no significant difference was observed between S. glossinidius-harbouring and 

S. glossinidius-free flies. Indeed, resp. 40% and 32% of the GmmSod+ and GmmSod- flies showed 

a midgut trypanosome infection (p=0.18 for exp. 1; Table 5.1).  
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In two additional independent infection experiments (exp. 2 and 3), the progress of the T. b. 

brucei development was also verified at a later stage of the parasite’s life cycle, i.e. in the 

tsetse fly’s salivary gland when the maturation of procyclic parasites into the infectious 

metacyclic takes place. Also here, no significant differences were observed between GmmSod+ 

and GmmSod- flies, nor at the midgut level (p=0.72 for exp. 2 and p=0.12 for exp. 3; Table 5.2) 

nor at the salivary gland level (p=0.93 for exp. 2 and p=0.31 for exp. 3; Table 5.2). In addition, 

the trypanosome abundance in the midgut of infected flies (measured using qPCR analysis for 

flies of exp. 2) was not significantly different in S. glossinidius presence/ absence (p=0.10; Fig. 

5.5). 

In a last infection experiment (exp. 4), the infection outcome was examined for flies that were 

given a T. congolense parasitized blood meal as their first blood meal for comparison. Also 

here, no differences were observed between GmmSod+ and GmmSod- flies at the midgut level 

(p=0.46) or in the mouthparts (i.e. proboscis) (p=0.84; Table 5.3). Together, these results 

clearly showed that the establishment of a trypanosome infection in the tsetse fly midgut - 

and their subsequent maturation in the salivary glands (T. brucei) or mouthparts (T. 

congolense) - are not affected by the presence/absence of S. glossinidius. 

Table 5.1. Trypanosome infection outcome in tsetse fly midguts (MG) of symbiotic (GmmSod+) and 
aposymbiotic (GmmSod-) flies (dissection at day 12) that were given a Trypanosoma brucei brucei-
parasitized blood meal when they were newly emerged, one day post-eclosion.  

 
Symbiont status 
fly 

# MG 
infected/total flies 

Infection 
prevalence MG 
(%) 

p-value 

Exp. 1 GmmSod+ 29/73 39.7 0.18 
 GmmSod- 22/68 32.4  

 

Table 5.2. Trypanosome infection outcome in tsetse fly midguts (MG) and salivary glands (SG) of 
symbiotic (GmmSod+) and aposymbiotic (GmmSod-) flies that were given a Trypanosoma brucei brucei-
parasitized blood meal when they were newly emerged, one day post-eclosion.  

 
Symbiont 
status fly 

# MG 
infected/ 
total flies 

Infection 
prevalence 
MG (%) 

p-
value 

# SG 
infected/MG-
infected flies 

Infection 
prevalence 
SG (%) 

p-value 

Exp. 2 GmmSod+ 6/71 8.5 0.72 4/6 66.7 0.93 
 GmmSod- 7/70 10.0  4/7 57.1  
Exp. 3 GmmSod 20/83 24.1 0.12 12/20 60.0 0.31 
 GmmSod- 12/83 14.5  5/12 41.7  
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Fig. 5.5. Trypanosome infection numbers in the tsetse fly midgut of infected symbiotic (GmmSod+) and 
aposymbiotic (GmmSod-) flies. Analysis was performed 28 days after flies received a Trypanosoma 
brucei brucei-parasitized blood meal one day post-eclosion. The trypanosome abundance was 
measured using a standard curve-based trypanosome-specific qPCR-assay. Values show the parasite 
numbers in each midgut and are represented as the median per group. N=6 independent replicates for 
the GmmSod+ group and N=7 independent replicates for the GmmSod- group. The number of 
trypanosomes is represented in log-scale on the y-axis. Ns: not significant. 

 

Table 5.3. Trypanosome infection outcome in tsetse fly midguts (MG) and proboscis (prob) of symbiotic 
(GmmSod+) and aposymbiotic (GmmSod-) flies that were given a Trypanosoma congolense-parasitized 
blood meal when they were newly emerged, one day post-eclosion.  

 
Symbiont 
status fly 

# MG 
infected/total 

flies 

Infection 
prevalence 

MG (%) 

p-
value 

# Prob 
infected/ MG-
infected flies 

Infection 
prevalence 

prob (%) 

p-
value 

Exp. 4 GmmSod+ 19/119 16.0 0.46 18/19 94.7 0.84 
 GmmSod- 25/128 19.5  24/25 96  

 

 

Under nutrient-limited conditions 

In an additional series of experiments, we investigated whether the presence of S. glossinidius 

affects trypanosome development in older flies subjected to nutrient-limited conditions. For 

this, four-week old GmmSod+ and GmmSod- flies were starved (four days) prior to receiving the 

trypanosome-containing blood meal and the infection outcome was evaluated at the midgut 

level. In total, this experiment was performed three times using T. b. brucei parasites. In a first 

experiment, resp. 6% and 33% of the GmmSod+ and GmmSod- flies showed a midgut 

trypanosome infection (p=0.12; likely due to the small sample sizes; Table 5.4). 

In two additional independent infection experiments (exp. 2 and 3), we observed that the 
trypanosome infection prevalence in the fly midgut was significantly higher in S. glossinidius-
free flies compared to S. glossinidius-harbouring flies. Indeed, the infection rate at the midgut 
level in exp. 2 was resp. 2% and 14% of the GmmSod+ and GmmSod- flies (p=0.03; Table 5.4). In 
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exp. 3, resp. 4% and 15% of the GmmSod+ and GmmSod- flies showed a midgut trypanosome 
infection (p=0.01; Table 5.4). The results from these experiments indicated that the presence 
of S. glossinidius in older and starved tsetse flies leads to a decreased Trypanosoma midgut 
infection.  

Table 5.4. Trypanosome infection outcome in tsetse fly midguts (MG) of symbiotic (GmmSod+) and 
aposymbiotic (GmmSod-) flies that were given a trypanosome-containing- blood meal (T. brucei brucei) 
at a four-weeks old age and after for four days of starvation.  

 Symbiont status fly 
# MG 

infected/total flies 
Infection prevalence 

MG (%) 
p-value 

Exp. 1 GmmSod+ 1/18 5.6 
0.12 (small 

sample size) 
 GmmSod- 3/9 33.3  

Exp. 2 GmmSod+ 1/50 2.0 0.03 
 GmmSod- 7/50 14.0  

Exp. 3 GmmSod+ 4/95 4.2 0.01 
 GmmSod- 13/86 15.1  

 

The effect of inosine monophosphate (IMP) on trypanosome infection  

Here we explored whether IMP (i.e. the nucleotide biosynthesis related component that we 

identified to be deprived in S. glossinidius-harbouring flies) has an impact on the trypanosome 

infection outcome in the tsetse fly. For this, two independent infection experiments were 

performed using four-week old flies that were starved for four days prior to their T. b. brucei-

containing blood meal. After receiving the infectious blood meal, flies were maintained either 

on a normal feeding regime or on blood meals supplemented with IMP until analysis.  

In the two experiments, flies that had received the IMP-feeding regime showed a significantly 

higher infection outcome at the midgut level compared to normally fed flies. In exp. 1, none 

of the control flies and 11% of the IMP-treated flies showed a midgut infection (p=0.005; Table 

5.5). In the second experiment, 2% of the control flies and 20% of the IMP-treated flies showed 

a midgut infection (p=0.002; Table 5.5). From these results we concluded that the 

trypanosome development increases in conditions with larger amounts of IMP in the tsetse 

fly midgut.  

Table 5.5. Trypanosome infection outcome in tsetse fly midguts (MG) of symbiotic (GmmSod+) flies that 
were given a Trypanosoma brucei brucei-parasitized blood meal at a four-weeks old age and after four 
days of starvation. Control flies were maintained on a normal feeding regime. Treated flies received an 
inosine monophosphate (IMP)-supplemented infectious blood meal and were maintained on IMP-
supplemented blood meals.  

 Tsetse fly group 
# MG infected/total 

flies 
Infection 

prevalence MG (%) 
p-value 

Exp. 1 Control  0/67 0 0.005 
 IMP  7/62 11.3  

Exp. 2 Control  1/58 1.7 0.002 
 IMP  10/51 19.6  
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5.4. Discussion 

In this study we first explored the effect of S. glossinidius on the nutritional status of the tsetse 

fly. A negative impact of S. glossinidius was observed on the tsetse fly weight (an effect that 

was more pronounced in older flies and in flies subjected to a nutrient stressed condition) and 

on the survival rate of flies under nutrient starvation. The decreased survival rate was only 

observed in older flies and not in freshly emerged (teneral) flies possibly relating to the lower 

density of the bacterium in the latter flies. We also observed a decreased abundance of S. 

glossinidius bacteria when flies were exposed to a nutrient stress, an effect that was observed 

in teneral flies but not in older flies likely as older flies have more nutrient reserves. Together, 

these results indicate that the S. glossinidius symbiont might form a metabolic cost for the 

tsetse fly and that the bacterium might be depleting host resources. 

To further investigate the impact of S. glossinidius on the tsetse fly metabolome we performed 

a metabolomic analysis using older flies that were starved (i.e. the conditions where we 

observed the strong negative impact of S. glossinidius on survival and weight). The high 

biological variation observed in the metabolomic analysis indicates that individual tsetse flies 

might respond very different to the presence of S. glossinidius bacteria and was not 

completely unexpected as we also observed a high biological variation between flies in the 

two RNA-seq experiments and qPCR expression analyses (see Chapter 4); however, so far, no 

underlying causes have been identified for this. Our metabolomic analysis showed that the S. 

glossinidius symbiont interferes with several metabolic processes in the tsetse fly, including 

the carbohydrate, peptide, and nucleotide metabolism. Overall the changes in metabolites 

due to symbiont presence were relatively small (8% of total putative metabolite signals), 

specifically considering the extreme conditions of nutrient starvation used for this analysis. 

Previous genomic analysis suggested that the S. glossinidius symbiont has retained the genetic 

capacity to provide the tsetse fly with amino acids [144]. In our analysis we did not find 

significant changes in the levels of important free amino acids (e.g. threonine, arginine, or 

proline), potentially as the tsetse fly extracts these amino acids in sufficient amounts from its 

highly protein-rich diet - the vertebrate blood comprises proteins for ca. 90% of its dry weight. 

In contrast to amino acids, our results showed that the presence of S. glossinidius increased 

the levels of pterins in the tsetse fly, in the metabolically active dihydro and tetrahydro form. 

Pterins have a wide range of metabolic roles. They form important building blocks (including 

for nucleotides), they are intermediates in the folate biosynthesis, and they can function as 

co-factors in transfer reactions of multiple biological groups (such as methyl and formyl 

groups) [322]. So far, no literature is available on how S. glossinidius contributes to the pterin 

metabolism but bacteria were shown to produce pterins [323] indicating S. glossinidius might 

be providing them for the tsetse host. Two other classes of metabolites that were increased 

in flies harbouring S. glossinidius relate to the nucleotide biosynthesis (increased levels of 

methyladenine and cytosine) and the queuine biosynthesis (increased levels of queuine, 

aminomethyl carbaguanine, and methylguanine). Queuine is a derivative of guanine, found in 

tRNA [324], and is produced by bacteria [325]. The exact role of this micronutrient is unclear 
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but depletions of queuine in human cell lines were associated with development, 

proliferation, metabolism, cancer, and tyrosine biosynthesis [326], reflecting a mutualistic 

effect of S. glossinidius. There is evidence that some bacterial species (such as Rickettsia, 

another Gram-negative proteobacterium) synthesise queuosine (i.e. the nucleoside of 

queuine) from pterin-associated folates [327], suggesting that the increased pterin levels 

observed in S. glossinidius presence can lead to the increased queuine levels observed in the 

flies. Together, these results suggest that the S. glossinidius symbiont has an active synthetic 

pathway for several metabolites and that this active production can have a beneficial value 

for the tsetse host. In a next step, it will be useful to address the impact of S. glossinidius on 

the tsetse fly metabolome under non-starved conditions, i.e. in flies that received a normal 

feeding regime, to determine whether the bacterial symbiont provides the same/different 

metabolites in the absence of an external nutritient stress.  

The results from our metabolomic analysis also indicated that the presence of S. glossinidius 

associated with a depletion of nutritional compounds from its host environment. E.g. for the 

carbohydrates, very low levels of sorbitol (a sugar alcohol) were observed in S. glossinidius-

harbouring flies, indicating that sorbitol can be an important carbon source for the bacterium 

in the tsetse fly. Sorbitol is found in the serum and red blood cells [328] meaning its abundance 

in the tsetse fly midgut can be increased after every blood meal. In vitro studies showed that 

S. glossinidius indeed uses sorbitol as a carbon source [198] but currently no studies describe 

which enzymes in the S. glossinidius bacterium are involved in the sorbitol processing in this 

bacterium. The presence of S. glossinidius also strongly decreased the levels of a precursor in 

the purine biosynthesis pathway, i.e. IMP. There are other precursors important for purine 

biosynthesis, e.g. ribose 5-phosphate or glycine [329], but only the levels of IMP were 

decreased by S. glossinidius. In Leishmania parasites (i.e. purine auxotrophs) there is evidence 

that parasites can directly take up IMP from their surroundings [330] and that IMP has a 

pivotal role in the salvaging of purines by the parasite [331]. Thus, the decreased levels of IMP 

in S. glossinidius presence could be of interest in the context of the tsetse fly as vector of the 

African trypanosomes where the trypanosome has an obligate life cycle stage in the midgut. 

Indeed, trypanosomes are also unable to synthesize their own purines and rely on purine 

scavenging through nucleoside and nucleobase transporters [332]. Since both S. glossinidius 

and trypanosomes seemed to be nucleoside scavengers, they both rely on the tsetse fly 

environments for this compound and are potentially in a nutritional competition, especially 

when the fly is in a nutrition-deprived condition.  

In parallel to the analysis of the tsetse fly metabolome-S. glossinidius interaction, we 

investigated the impact of the symbiont on the tsetse fly’s vector competence for two AAT-

causing trypanosome parasites. Under normal nutrient conditions, the presence/absence of 

S. glossinidius did not affect the infection outcome of teneral flies given a trypanosome-

parasitized blood meal. This was the case for T. brucei brucei, a representative species for the 

two human-pathogenic trypanosomes, as well as for T. congolense, a major AAT-causing 

trypanosome species. Moreover, no differences were observed in parasite abundance of T. b. 
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brucei-infected midguts according to S. glossinidius presence/absence. Although the latter 

was investigated in only one experiment, including few replicates, and thus should be 

repeated for robustness. Overall, our results showed that the S. glossinidius symbiont does 

not affect the trypanosome infection rate or parasite numbers in the tsetse fly under nutrient-

rich conditions. 

Under nutrient-limited conditions, however, S. glossinidius presence significantly contributed 

to the tsetse fly’s resistance in older flies against a T. b. brucei midgut infection. As S. 

glossinidius-harbouring flies showed a depletion of the purine precursor IMP, we postulate 

that this increased resistance could be related to a nutrient competition between symbiont 

and parasite in the tsetse fly midgut. Indeed, scavenging of IMP by S. glossinidius bacteria 

would imply a reduced nucleotide availability for the trypanosome parasite and hence could 

have a negative effect on parasite growth and/or development. This hypothesis is further 

supported by the observation that the T. b. brucei midgut infection rate was increased in flies 

fed on blood supplemented with IMP.  

Further functional work is required to verify the scavenging of IMP by the S. glossinidius 

symbiont and trypanosome parasite. Here, IMP uptake assays on in vitro cultured S. 

glossinidius and midgut stage (procyclic) trypanosomes will already provide very useful 

information in this context.   
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5.5. Additional files 

 
Fig. S5.1. Validation of S. glossinidius elimination. Meso-2,6-diaminoheptanedioate (mDAP) levels 
were reduced in aposymbiotic (GmmSod-) compared to symbiotic (GmmSod+) flies. Box plot shows the 
minimum value, first quartile, median, third quartile, and maximum value. N=4 independent replicates 
per group. *** p-value < 0.001. 

 
Fig. S5.2. Principal component analysis to assess the biological variation and reproducibility of the 
metabolomic analysis. The plot shows the first two principal components calculated for the full dataset 
(878 signals identified as likely metabolites) including pooled and experimental samples. Pooled 
samples were run throughout the sample analysis, every 5th sample to evaluate the running of the 
instrument. Green: symbiotic flies (GmmSod+), red: aposymbiotic flies (GmmSod-). 
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Table S5.1. Putative metabolite signals that showed the highest increased levels in the absence of S. 
glossinidius reflecting a potential S. glossinidius depletion of these compounds. Isomers refer to the 
number of isomers in the used database and may not include all possible isomers. GmmSod+: S. 
glossinidius-harbouring flies; GmmSod-: S. glossinidius-free flies; NA: not annotated.  

neutral 
mass 

Formula Isomers Putative metabolite Metabolic class 
Fold change in 

GmmSod- vs 
GmmSod+ flies 

p-
value 

182.08 C6H14O6 6 D-Sorbitol 
Carbohydrate 
metabolism 

6.45 0.03 

218.06 C13H21N6O9P 1 (L-Seryl)adenylate NA 6.21 0.03 

357.13 C13H19N5O7 1 Asp-Ser-His Peptide(tri-) 3.75 0.00 

329.13 C12H19N5O6 1 Ser-Ser-His Peptide(tri-) 3.74 0.01 

275.14 C12H21NO6 1 Glutarylcarnitine NA 2.79 0.04 

348.05 C10H13N4O8P 3 IMP Nucleotide metabolism 2.29 0.01 

159.13 C8H17NO2 4 DL-2-Aminooctanoicacid NA 1.95 0.03 

274.96 C9H10BrNO2S 1 S-(4-bromophenyl)-L-cysteine NA 1.78 0.06 

451.27 C21H42NO7P 3 
1-16:1-

lysophosphatidylethanolamine 
NA 1.77 0.05 

 

 

Table S5.2. Putative metabolite signals that showed the highest decreased levels in the absence of 

S. glossinidius reflecting a potential production of these compounds by S. glossinidius. Isomers refer 

to the number of isomers in the used database and may not include all possible isomers. GmmSod+: S. 

glossinidius-harbouring flies; GmmSod-: S. glossinidius-free flies; NA: not annotated.  

neutral 
mass 

Formula Isomers Putative metabolite Metabolic class 
Fold change 

in GmmSod- vs 
GmmSod+ flies 

p-value 

190.1 C7H14N2O4 5 meso-2,6-Diaminoheptanedioate Amino acid Metabolism 0.06 0.00 

215.12 C10H17NO4 3 
4-(1-methyl-5-hydroxy-2-

pyrrolidinyl)-3-oxobutanoate 
methyl ester 

Biosynthesis of secondary 
metabolites 

0.14 0.04 

239.1 C9H13N5O3 4 Dihydrobiopterin 
Metabolism of cofactors 

and vitamins 
0.15 0.02 

235.07 C8H13NO7 2 N-Acetylgalactosaminate NA 0.16 0.01 

293.11 C11H19NO8 2 N-Acetylmuramate NA 0.25 0.05 

195.08 C7H9N5O2 1 
2-Amino-4-hydroxy-6-

hydroxymethyl-7,8-
dihydropteridine 

Metabolism of cofactors 
and vitamins 

0.26 0.04 

243.22 C14H29NO2 2 
[FA amino(14:0)] 2-amino-

tetradecanoic acid 
Lipids: fatty acyls 0.26 0.04 

237.09 C9H11N5O3 6 6-Pyruvoyltetrahydropterin 
Metabolism of cofactors 

and vitamins 
0.27 0.05 

218.09 C8H14N2O5 3 L-Ala-L-Glu Peptide(di-) 0.28 0.01 

277.12 C12H15N5O3 1 Queuine NA 0.36 0.01 
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Fig. S5.3. No impact of S. glossinidius on amino acid levels. Amino acid levels were not different 
between symbiotic (GmmSod+) and aposymbiotic (GmmSod-) flies. Box plot shows the minimum value, 
first quartile, median, third quartile, and maximum value. N=4 independent replicates per group. Ns: 
not significant.  

 

Fig. S5.4. Impact of S. glossinidius on the queuine metabolism. Metabolites of queuine biosynthesis 
were increased in symbiotic (GmmSod+) compared to aposymbiotic (GmmSod-) flies. Box plot shows the 
minimum value, first quartile, median, third quartile, and maximum value. N=4 independent replicates 
per group. * p-value < 0.05, ** p-value < 0.001.  
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Microbial symbiosis is a diverse and ubiquitous phenomenon in nature that has been shown 

to affect different aspects of host physiology. An increasing number of studies in both 

vertebrates and invertebrates demonstrated indeed a profound impact of resident microbial 

species on a wide variety of biological processes such as immunity and metabolic potential 

[333, 334]. Currently, human microbiota studies require a transition from correlation towards 

causality studies. However, these studies are severely hampered by the complexity of the 

mammalian microbial communities. In recent years, several insect systems emerged as 

powerful tools to provide complementary insights in this research field due to the simplicity 

of their microbiota. In addition, many insects are also disease vectors of medical or veterinary 

importance. Here, the natural microbiota has been demonstrated to interfere with the vector 

competence of e.g. Anopheles and Aedes mosquitoes, vectors of resp. the Plasmodium 

parasite that causes malaria and dengue virus that cause dengue fever [134, 135, 137]. 

 

Tsetse flies, i.e. blood feeding insects that transmit African trypanosomes, harbour a low 

diversity microbiota making them suitable model systems to study host-microbe interactions. 

In addition, the tsetse fly is biologically well-characterized and the complete genomic blue 

print of the fly as well of its two main symbionts has been described [144, 188, 275]. Recently 

it was shown that the primary symbiont, Wigglesworthia glossinidia, is important for the 

development of an efficient tsetse fly innate immune system [182]. However, our 

understanding at the molecular level of how the secondary symbiont, Sodalis glossinidius, 

affects the tsetse fly biology and whether S. glossinidius interferes with the fly’s ability to 

transmit trypanosome parasites represents a true black box in our knowledge. In this chapter, 

I discuss our exploration of the tsetse fly-S. glossinidius association and the use of this system 

as a potential new insect model to study host-microbe interactions. In addition, the 

importance of the tsetse fly-S. glossinidius association for trypanosome transmission in the 

field is discussed.  

6.1. Main findings of this PhD work 

Figure 6.1 reflects the main findings/conclusions of our experimental work. First, we managed 

to establish a tsetse fly line (Glossina morsitans morsitans) specifically devoid of S. glossinidius. 

This was obtained by treating fertile tsetse females with 0.5 µg/ml streptozotocin-

supplemented blood meals and further maintaining the S. glossinidius-free offspring on a 

normal feeding regime. A first evaluation of several key host biological parameters showed no 

effect of S. glossinidius on the tsetse fly survival while the symbiont significantly reduced larval 

production (i.e. female fecundity; right panel). Then, we investigated the interactions 

between the S. glossinidius symbiont and the tsetse fly’s humoral immune system. We 

performed multiple transcriptomic analyses (RNA-seq and qPCR-based) to identify changes in 

immunity related gene expression. Only after exposing S. glossinidius-free flies to a high 

density of S. glossinidius a moderate immune activation (increased AMP-encoding gene 

expression; left panel) was observed. This immune activation toward S. glossinidius was many 

magnitudes lower than to exogenous bacteria like E. coli or Sodalis praecaptivus, a non-tsetse 
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derived ancestor strain. Furthermore, we showed that S. glossinidius bacteria are immune 

insensitive as the population was not affected after a strong tsetse fly immune activation (left 

panel) indicating that S. glossinidius bacteria are not targeted by the fly’s immune reactions. 

Together, our results indicated that the S. glossinidius–tsetse fly immune interaction likely has 

evolved towards a situation where the bacterium does not activate immunity - enabling 

symbiont establishment in the different host tissues. However, it seems plausible that the 

tsetse immune system could be contributing in controlling the established S. glossinidius 

population to maintain it at a specific density level thus preventing outgrowth of the 

bacterium in the fly. Next, we explored the interaction between S. glossinidius and the tsetse 

fly metabolism. When older flies were exposed to nutritional stress, S. glossinidius had a 

negative impact on the fly survival. S. glossinidius also negatively affected the tsetse fly weight 

(right panel). Using an untargeted metabolomic analysis in older and starved flies, we showed 

that S. glossinidius had a significant impact on metabolites related to pterins, nucleotide and 

queuine biosynthesis compounds, and depletion of the nucleotide precursor IMP (right 

panel). Finally, we investigated the effect of S. glossinidius on the vector competence for 

trypanosome parasites. This was not affected by S. glossinidius under normal maintenance 

conditions (right panel). However, when exposed to a nutritional stress, older S. glossinidius-

free tsetse flies became more susceptible to establish a T. b. brucei midgut infection (right 

panel). Based on our results we speculate that the trypanosome and S. glossinidius could be 

in a direct nutrient competition for nucleotides related compounds in the tsetse fly’s 

alimentary tract (right panel).  

 

Fig. 6.1. Main findings of this PhD work. Left. S. glossinidius establishment in tsetse fly: Two 
mechanisms, S. glossinidius’ capacity to limit host immune recognition as well as to resist host immune 
attacks, are likely involved in the establishment and maintenance of the tsetse-S. glossinidius symbiosis. 
Right. Impact of S. glossinidius on tsetse biology, metabolism, and vector competence: S. glossinidius 
presence affects the fly metabolism and signifies a metabolic cost for the fly. This can lead to a nutrient 
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competition, e.g. for the nucleotide IMP compound, hampering trypanosome development in the 
midgut of older flies under nutrient stress. 

 

6.2. General discussion 

Knowing your friends: the cross-talk between the microbiota and host immunity  

S. glossinidius offers an interesting system to study the early processes of symbiont 

establishment as the bacterium is in a transition state from a free-living species towards 

symbiosis. In this work, we aimed to address whether S. glossinidius is sensitive to and 

controlled by the tsetse fly’s humoral immune system. Our results suggests that the 

establishment of a residual S. glossinidius-tsetse association is made possible by a dual track 

‘strategy’: i) a moderate immune activation that we propose to be mainly involved in a fine-

tuned control of the S. glossinidius density in the tsetse fly and ii) a high tolerance of S. 

glossinidius towards AMP-immune effectors. The exact mechanisms by which S. glossinidius 

activates immunity after reinfection remain to be elucidated as PGRP-LC expression was not 

affected. Here, immune activation could occur in a PGRP-LB/iap2 dependent manner as we 

observed resp. a reduced and increased expression of these genes. Indeed, it is possible that 

at high S. glossinidius densities, the tsetse fly suppresses the expression of PGRP-LB, a negative 

regulator of the Imd-pathway, leading to immune activation via increased iap2 expression, i.e. 

an important Imd-pathway intermediate.  

 

It is clear that S. glossinidius does not elicit the same level of immune activation as the 

exogenous E. coli. So, what could be the molecular basis of this different immune activation? 

It is plausible that S. glossinidius has less or modified immune elicitors on its bacterial surface 

making it less likely that the bacterium will be picked-up by the fly’s recognition molecules. 

Limited information is currently available in regard to this issue (Fig. 6.2A-B). Firstly, the S. 

glossinidius genome lacks genes encoding the O-antigen, a main component of the Gram-

negative LPS [144]; however, it remains controversial how effective LPS is in immune 

activation in insects [53]. Secondly, the amino acid sequence of OmpA (a Gram-negative cell 

wall protein involved in virulence) showed to be different between S. glossinidius and E. coli. 

However, the S. glossinidius OmpA modifications still allowed an immune activation toward 

the symbiont [245].  

 

Fig. 6.2. A. The cell wall of Gram-negative bacteria e.g. E. coli. B. The cell wall of S. glossinidius with 
a modified outer membrane protein A (OmpA) and missing O-antigen [144, 241, 245].  
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A reduced detection of commensal bacteria can be an important strategy for other symbionts 

as well, particularly as it is difficult for hosts to distinguish between beneficial and pathogenic 

species (same MAMPs, same innate immune mechanisms). E.g. the lack of a strong immune 

activation towards facultative symbionts in Drosophila, i.e. Wolbachia and Spiroplasma, was 

thought to be due to a severely modified cell wall structure of these bacteria [149, 175, 178]. 

Even the human commensal bacterium Bacteroides fragilis was shown to cover its bacterial 

surface proteins with fucose, a molecule that is abundant on the surface of intestinal epithelial 

cells [335], suggesting that avoiding detection might be a conserved mechanism among 

commensal bacteria to survive in the alimentary tract.  

We showed that the lack of a strong immune activation to S. glossinidius was not due to a 

symbiont-mediated suppression as the presence of S. glossinidius did not alter the strong 

immune activation towards exposure with an exogenous bacterium like E. coli. Finally, our 

results also demonstrated that S. glossinidius is not susceptible to the fly’s immune system 

confirming previous in vitro studies showing insensitivity to different AMPs [241, 243, 244]. In 

addition to humoral immunity, other mechanisms like cellular immunity, ROS-mediated 

mechanisms, and the bacterium’s quorum sensing system were also documented to be 

involved in host-microbiota homeostasis [173, 174, 283]. We did not focus on these 

mechanisms in our work. So far, the RNA-seq based transcript comparisons did not indicate 

differential expression of genes linked to cellular immunity or ROS-mediated responses 

(Appendix I).  

Possible future experimental work could address: i) which tsetse fly recognition molecules 

underlie the moderate immune activation (e.g. by double suppression of PGRP-LB/iap2 

expression), ii) which S. glossinidius surface molecules are responsible for the lower immune 

detection (e.g. recolonizing S. glossinidius PGN or OmpA mutants), and iii) how different the 

tsetse fly’s immune responses are in distinct tissues, including a comparison between the 

intracellular and extracellular S. glossinidius populations (which can be two phenotypically 

different bacterial populations).  

Friend or foe: the impact of S. glossinidius on tsetse fly metabolism and vector competence 

Currently, it remains unclear why the S. glossinidius bacterium is present in all laboratory flies 

and even vertically transmitted to the progeny but it is absent under certain field conditions. 

Monitoring of tsetse biological parameters revealed that S. glossinidius has an overall cost for 

the fly as S. glossinidius-harbouring flies produced less larvae, had a decreased fly weight, and 

a decreased survival rate under nutrient stress. The viviparous reproduction mode of the 

tsetse fly, where the larva undergoes intrauterine development and is nourished by lipid-rich 

milk gland secretions, is an energetically costly process for the fly [39, 336]. Here, even a 

moderate competition for nutrients with a bacterial symbiont could disturb this well-balanced 

reproductive system leading to less pupae with a decreased weight. This can at least in part 

explain why a varying symbiont prevalence is observed in the field as the metabolic cost to 

maintain the symbiont is potentially larger than the benefit. 
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The results from our metabolomic analysis showed that the S. glossinidius symbiont might be 

providing the tsetse fly with important metabolites - even under an extreme nutrient stress – 

e.g. pterins (building blocks for nucleotides and intermediates in the folate biosynthesis) and 

queuine (a guanine derivate found in tRNA). S. glossinidius also depleted several metabolites, 

e.g. sorbitol (a sugar alcohol) that the bacterium potentially uses as a major carbon source and 

IMP (inosine monophosphate), a precursor of the purine biosynthesis pathway. In this context, 

we showed that the presence of S. glossinidius resulted in an increased resistance of the fly to 

establish a midgut trypanosome infection under nutrient-stressed conditions. Additionally, 

the midgut infection rates were higher in flies maintained on blood meals supplemented with 

IMP (the nucleotide precursor that we identified to be highly and significantly depleted in S. 

glossinidius-harbouring flies in our metabolomic analysis). As trypanosomes are unable to 

synthesize nucleotides, our results suggest that a symbiont-parasite competition for 

nucleotides or nucleotide-related compounds is attributing to the reduced susceptibility 

against trypanosome parasites that we observed in the presence of S. glossinidius.  

Possible future experimental work could focus on: i) a more detailed unravelling of the 

metabolism of S. glossinidius (under e.g. in vitro culture conditions and in the tsetse fly midgut 

and/or other tissues) – and how it affects the available nutrients for the fly and the 

trypanosome parasite, if present. ii) Next to this, the possible impact of S. glossinidius-

mediated or -deprived metabolites on the tsetse fly biology is certainly worth of being 

investigated in more detail.  

Implications of the tsetse-S. glossinidius association for trypanosome transmission in the 

field 

Tsetse flies are more refractory to establish a trypanosome infection at later fly ages meaning 

that the majority of these older flies will completely eliminate the parasite when ingested 

through a blood meal [32]. Previous work has demonstrated that these flies can become more 

susceptible to trypanosome infection when the fly comes in a condition of nutritional stress 

[337]. Our results indicate that this effect is significantly stronger in S. glossinidius-free flies. 

In the natural situation, local tsetse fly populations can be exposed to large amounts of 

nutritional stress due to low host availability, due to habitat fragmentation, due to seasonal 

variation, etc. Since natural tsetse populations can be free of S. glossinidius, the impact of a 

nutritional stress on the contribution of older tsetse flies to the local trypanosome 

transmission could be significantly increased here. 

 

6.3. Future perspectives 

The tsetse-S. glossinidius association as a new host-microbiota model 

An important next step in human-microbiota research is to translate the information gathered 

from correlation studies and gain a better understanding of the mechanistic level underlying 

host-microbe associations [338]. For this, knowledge must be obtained from a multi-species 

approach combining the strength to use different methodologies in different animal models. 

Drosophila melanogaster is emerging as a model to study microbiota interactions due to its 
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less complex microbiota community [273, 339]. In addition, the specific characteristics of 

other insect models, including the tsetse-S. glossinidius system, can make important 

contributions to unravel the mechanistic/molecular basis underlying host-symbiont 

associations and will become more tractable due to increasing insect genomic studies and the 

possibilities of insect genetic manipulation [340]. An important benefit of our tsetse-S. 

glossinidius system is the specific eliminatation of one single symbiont in an in vivo setting – 

which enables to address the individual contributions of S. glossinidius on the tsetse fly 

physiology and its interaction with the host immune system. The new ideas and concepts that 

result from the work on the ‘simple’ host-symbiont interactions can guide other in vivo studies 

in the field of symbiosis e.g. by evaluation of immunity-related gene orthologs in more 

complex animal models like mouse, rat, or pigs which on the long term will help us to 

understand the regulatory mechanisms underlying more complex human-microbiota 

interactions. However, care should be taken in directly applying these findings to other animal 

models as they may not account for all processes taking place due to marked differences in 

physiology, diet, and the extent of microbiota diversity between tsetse flies and other animal 

models. Moreover, practical considerations need to be made when planning tsetse fly 

experiments. E.g. the long generation time of tsetse flies makes crossing experiments 

challenging and time-consuming and its viviparous reproduction mode (where the fertilized 

egg hatches into a larva inside the uterus) makes genetic manipulation less amenable. 

 

The insect microbiota: novel possibilities to block disease-transmission in vectors 

A better understanding of the insect microbiota provides novel possibilities for the control of 

disease-transmitting insects. Indeed, as many microbiota members are crucial for host 

survival, i.e. obligate mutualist, they form ideal targets for vector control strategies. In other 

cases, symbiont stimulation might be more of interest as they directly or indirectly target the 

parasite. For instance, ROS production by gut bacteria in Anopheles mosquitoes inhibit 

Plasmodium development and also Leishmania parasites were shown to be susceptible to ROS 

increased by gut bacteria in the sand fly (Lutzomyia longipalpis) [341, 342]. A strategy that 

currently receives a lot of attention is ‘MosquitoMate’ where male mosquitoes infected with 

a Wolbachia strain are released into the environment. Mating with field females that do not 

harbour the same Wolbachia strain results in eggs that will not hatch and lead to a decrease 

of the vector population. This technique proved to be successful in Aedes albopictus in the 

United States as it resulted in a significant decrease of the field mosquito population in the 

tested areas. Currently this is also tested in Australia in Aedes aegypti, mosquitoes that can 

transmit Zika, dengue, and/or Chikungunya. The use of sterile insect techniques (SIT) has been 

used for eradication of well-defined extracted tsetse fly populations in Tanzania through the 

massive release of irradiated sterile males during a few years period. So far, SIT have been 

only applied in areas without human sleeping sickness, but future projects could include areas 

of actual or potential human or animal disease transmission. In this context it would be 

imperative that released sterile tsetse flies are incompetent to transmit the disease-causing 

trypanosome parasite.  
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A promising method to block trypanosome transmission in the tsetse vector is through 

genetical modification of its bacterial symbionts. This technique is called paratransgenesis and 

has been proven functional for the triatomine bug, vector of Chagas disease, and the 

Anopheles mosquito, the principal vector of malaria in Africa [343–345]. This strategy offers 

interesting perspectives as tsetse is not amenable to germ-line transformation due to their 

viviparous reproductive biology [346]. S. glossinidius is an ideal candidate for paratransgenesis 

as i) it is located in many host tissues including the midgut and salivary glands where it comes 

in close proximity with trypanosomes, ii) it can be cultured and genetically modified in vitro 

and re-introduced in the tsetse fly, iii) it is vertically transmitted to the progeny, and iv) it is 

restricted to the tsetse fly, ensuring that this symbiont is a safe candidate for genetic 

modification. Proof-of-concept studies were previously performed in our lab and 

demonstrated the potential use of S. glossinidius as such a ‘Trojan horse’. Indeed, it was 

possible to generate in vitro genetically modified S. glossinidius bacteria that were capable to 

express and secrete anti-trypanosome molecules after being  re-introduced in the tsetse fly 

environment [296, 347]. The work of this PhD provided basic insights in our understanding of 

the tsetse-S. glossinidius association and importantly, demonstrated that S. glossinidius does 

not increase tsetse’s susceptibility to establish a trypanosome infection - a crucial requirement 

for the use of this bacterium as a paratransgenic tool – and which was still a controversial issue 

in the literature. 
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Appendix I 

Functional annotation and enrichment analysis of the RNA-seq data 
Functional annotation of the differentially expressed genes identified in the RNA-seq analysis 

(Chapter 4) was retrieved from VectorBase (GmorY1.5, 12,969 predicted transcripts from 

which 8,001 transcripts were annotated as hypothetical proteins). The GO terms and a second 

annotation layer were obtained using Blast2GO [348, 349] with the blastx algorithm to search 

against the Drosophila melanogaster database (significance cut-off of 1×10−05). Protein 

domains and families were identified by querying the Interpro database, (integrated in 

Blast2GO) and were linked with the GO-database. An enrichment analysis was performed 

using the up-or downregulated gene sets to assess which GO terms were overexpressed 

relative to the entire transcriptome (Fisher’s exact test; FDR < 5%). 

Teneral GmmSod+ versus GmmSod- flies  

Comparison of teneral GmmSod+ with GmmSod- flies resulted in 926 differentially expressed 

genes (Fig. AI.1). Of these, 416 genes were upregulated of which 315 were GO-annotated 

(76%) (Additional file AI.1). Here, no GO categories were identified as enriched.  

Of the 510 downregulated genes, 409 genes were GO-annotated (80%) (Additional file AI.1) 

and following biological process category terms were significantly enriched: ‘translation’ (31 

transcripts; FDR<0.0001), ‘generation of precursor metabolites and energy’ (20 transcripts; 

FDR<000.1), ‘cofactor metabolism’ (19 transcripts; FDR<0.01), and ‘mitochondrion 

organization’ (6 transcripts; FDR=0.01), (Fig. AI.2A; Additional file AI.1).  

We found a decrease of 5 transcripts associated with nicotinamide adenine dinucleotide 

(NAD)/ nicotinamide adenine dinucleotide hydrogen (NADH) redox reactions: 2 transcripts 

encoding NADH dehydrogenase, 2 transcripts encoding NADH-ubiquinone oxidoreductase, 

and 1 transcripts encoding NAD(+) synthase, and the decrease of 3 transcripts encoding 

proteins with cytochrome-c oxidase activity.  

Also, following molecular process category terms were found to be significantly enriched: 

‘oxidoreductase activity’ (38 transcripts; FDR<0.01) and ‘structural constituent of ribosome’ 

(21 transcripts; FDR<0001) (Additional file AI.1). 

So far, no clear causes are identified to underlie the large number of differentially expressed 

genes between teneral flies in S. glossinidius presence/absence. Here, it is plausible that young 

flies still undergo many developmental processes and display more activity in gene expression. 

S. glossinidius might interfere with the transcription processes by using compounds from the 

fly, thereby disturbing ongoing developmental processes or ‘forcing’ the fly to switch to 

additional transcription processes.  
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Fig. AI.1. Clustering of the differentially expressed genes and biological replicates of teneral symbiotic 

(GmmSod+; indicated as WT) and aposymbiotic (GmmSod-; indicated as Sod-) flies. Red: high expression; 

blue: low expression. 

 

 

Fig. AI.2. Annotation of the tsetse fly genes downregulated in S. glossinidius presence. A. Biological 
process category terms enriched in the downregulated gene set of the comparison teneral symbiotic 
(GmmSod+) versus aposymbiotic (GmmSod-) flies. B. Biological process category terms present (not 
significant) in the downregulated gene set of the comparison ten-day old GmmSod+ versus GmmSod- flies. 
The numbers in the diagrams represent the # transcripts with the associated category. 

 

Ten-day old GmmSod+ versus GmmSod- flies  

Comparison of ten-day old GmmSod+ with GmmSod- flies resulted in 66 differentially expressed 

genes (Fig. AI.3). Only 7 genes were upregulated of which 6 were GO-annotated (86%) 

(Additional file AI.2); 3 transcripts had the biological process category term ‘nucleobase, 

nucleoside, nucleotide, and nucleic acid metabolism’.  

Of the 59 downregulated genes, 49 genes were GO-annotated (83%) (Additional file AI.2) with 

no GO terms identified as enriched. However, several biological process category terms 

including ‘DNA metabolism’ and ‘anatomical structure morphogenesis’ were found to 
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associate with multiple of the annotated transcripts in the data set (Fig. AI.2B). Also, the 

molecular function category term ‘DNA binding’ was identified in 5 transcripts. We observed 

a decrease of 5 transcripts annotated as ‘DNA replication initiation’ and 2 transcripts as ‘DNA 

replication’. Many primary symbionts, including W. glossinidia in tsetse, lack genes encoding 

proteins involved in DNA replication, DNA repair, or recombination [350]and are hence 

dependent on their insect host for these functions. However, the S. glossinidius genome still 

has retained genes encoding proteins involved in DNA replication [144] suggesting that this 

bacterium does not need to use the DNA replication machinery of its host and hence affects 

DNA metabolism in another way. 

In addition, category terms like structural constituent of chitin, chitin-binding, and cuticle 

chitin biosynthetic process were vastly present in the downregulated genes. We observed the 

decrease in abundance of 5 transcripts encoding for chitin-binding proteins, 3 transcripts 

encoding for cuticle proteins, and 4 transcripts involved in chitin synthases and development 

(Additional file AI.2). Chitin associates with different types of proteins (e.g. structural, 

enzymes, and antibacterial) by non-covalent binding of one or more chitin-binding domains 

(CBDs) present in their protein sequences. In insects, two main types of CBDs have been 

identified: the Chitin_bind_4 (pfam 00379) and CBM14 (pfam 00379), also known as the 

peritrophin-A domain, which is particularly found in the peritrophic matrix proteins of insects 

and animal chitinases [21, 22]. From the 5 DEG chitin-binding proteins, 3 contain the 

Chitin_bind_4 domain and 2 the peritrophin-A domain (Additional file AI.2). Downregulation 

of cuticular and chitin-related proteins has also been described in pea aphids infected with 

Serratia symbiotica compared to an uninfected matriline [280] and in pea aphids infected with 

Buchnera symbionts compared to Buchnera-cured aphids [281], suggesting a more common 

response. It is noteworthy here that the opposite was observed in the Anopheles coluzzii 

mosquito where the gut microbiota induces the expression of several components of the PM 

required for the synthesis of a structurally complete PM [282].  

It remains speculative what the biological impact for the tsetse fly is of the decreased 

expression of this set of structural proteins in S. glossinidius-harbouring flies. Chitin is a linear 

biopolymer of GlcNAc and a crucial component of the insect exoskeleton, of the PM in the 

midgut, and of the cuticle lining the foregut and hindgut. Next to this, GlcNAc is also one of 

the major components of bacterial cell wall PGN and the principle carbon source utilized by S. 

glossinidius during its growth [152]. Chitin associates with different types of proteins such as 

the peritrophins that are important constituents of the insect PM. In tsetse, the PM plays a 

crucial role as an infection barrier for trypanosomes by blocking the parasite development and 

colonization [283] and the tsetse’s larval microbiota has been shown to contribute to its 

proper development [284]. So far, no functional studies have been carried out on S. 

glossinidius in the context of the fly’s PM but it is worth mentioning that a proteome analysis 

of the tsetse PM identified the presence of S. glossinidius proteins [285], suggesting a close 

association with this bacterium. Here, it could be plausible that the presence of S. glossinidius 
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affects the structural integrity of the PM in the fly (Fig. 6.1 right panel) but more functional 

research is required to explore this further. 

 
Fig. AI.3. Clustering of the differentially expressed genes and biological replicates of ten-day old 

symbiotic (GmmSod+; indicated as D10WT) and aposymbiotic (GmmSod-; indicated as D10Sod-) flies. Red: 

high expression; blue: low expression. 

 

GmmSod-Sod+ versus GmmSod-H2O flies  

Comparison of aposymbiotic flies re-exposed to 106 CFU S. glossinidius (GmmSod-Sod+) with the 

injection-control of flies exposed to sterile saline (GmmSod-H20) resulted in 34 differentially 

expressed genes (Fig. AI.4). Of these, 19 genes were upregulated of which 17 were GO-

annotated (89%) (Additional file AI.3). Here, the biological process category term ‘cell 

communication’ was significantly enriched; more specific the term ‘signalling’ (6 transcripts; 

FDR=0.04) (Additional file AI.3). We found that 4 of these 6 transcripts encoded proteins 

associated with the G-protein signalling pathway, including 2 guanylate cyclases and 1 Rho 

GTPase activating protein. G-proteins, called guanine nucleotide-binding proteins, are 

involved in many biological processes and operate as secondary signal transducers. Specific 

bacterial compounds, mostly derived from pathogenic species, were shown to modify host 

GTPases and can thereby e.g. adapt the host actin cytoskeleton and weakening the epithelial 

barrier [351]. In the gut, microbial metabolites including SCFAs were shown to activate host 

G-protein coupled receptors [352]. However, it remains completely unknown what the exact 

role of G-protein signalling is in the tsetse-S. glossinidius association.  

Of the 15 downregulated genes, only 8 genes were GO-annotated (53%) (Additional file AI.3) 

with no GO terms identified as enriched. 
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Fig. AI.4. Clustering of the differentially expressed genes and biological replicates of aposymbiotic flies 

exposed to 106 CFU S. glossinidius via intrathoracic microinjections and per os (GmmSod-Sod+; indicated 

as Sod) versus the related control of flies injected with sterile saline (GmmSod-H2O; indicated as H2O). 

Red: high expression; blue: low expression. 

 

GmmSod-Ecoli+ versus GmmSod-H2O flies  

For completion, we briefly describe the annotation of aposymbiotic flies exposed to 105 CFU 

E. coli. Here, 1,495 genes were differentially expressed in the comparison of GmmSod-Ecoli+ with 

GmmSod-H2O (Fig. AI.5). Of the 747 genes upregulated genes, 587 were GO-annotated (79%) 

(Additional file AI.4) and following biological process category terms were significantly 

enriched (among others): ‘response to stress’ (30 transcripts; FDR=0.001), ‘vesicle-mediated 

transport’ (27 transcripts; FDR<0.001), and ‘tRNA metabolism’ (27 transcripts; FDR=0.01) (Fig. 

AI.6A).  

Of the 748 downregulated genes, 600 were GO-annotated (80%) (Additional file AI.4) and 

following biological process category terms were significantly enriched (among others): 

‘generation of precursor metabolites and energy’ (53 transcripts; FDR<0.0001), ‘carbohydrate 

metabolism’ (33 transcripts; FDR=0.001), ‘cofactor metabolism’ (30 transcripts; FDR<0.001) 

(Fig. AI.6B).  

Also, the molecular function category ‘oxidoreductase activity’ (94 transcripts; FDR<0.00001) 

was significantly enriched in the downregulated gene set (Additional file AI.4). 
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Fig. AI.5. Clustering of the differentially expressed genes and biological replicates of aposymbiotic flies 

exposed to 105 CFU E. coli via intrathoracic microinjections and per os (GmmSod-Ecoli+; indicated as Ecoli) 

versus the related control of flies injected with sterile saline (GmmSod-H2O; indicated as H2O). Red: high 

expression; blue: low expression. 

 

 

Fig. AI.6. Annotation of tsetse fly genes differentially expressed between aposymbiotic flies exposed 
to 105 CFU E. coli (GmmSod-Ecoli+) versus flies injected with sterile saline (GmmSod-H2O). A. Biological 
process category terms enriched in the upregulated genes. B. Biological process category terms 
enriched in the downregulated genes. The numbers in the diagrams represent the genes with the 
associated category.  
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Appendix II 

Other mechanisms underlying host-microbiota homeostasis 

In addition to the humoral immune system (addressed in Chapter 4), other mechanisms were 

also reported to underlie host-microbiota homeostasis. Firstly, in aphids, the cellular immunity 

was shown to be increased in the presence of secondary symbionts reflected by an increased 

immune cell counts and an increased host encapsulation activity [283]. However, in other 

insects, cellular immunity did not play a major role in symbiont maintenance e.g. in rice 

weevils, the symbiont Sodalis pierantonius did not alter the haemocyte population [353] and 

in Drosophila, the facultative symbiont Spiroplasma was not affected by depletion of host 

haemocytes (i.e. derived after activation of pro-apoptotic genes) [149]. In our RNA-seq based 

transcript analysis, we did not observe significant changes in the expression of genes 

putatively involved in tsetse’s cellular immunity toward S. glossinidius (e.g. eiger, down 

syndrome cell adhesion molecule 1 (dscam1), or croquemort; TableAII.1). In a next step, it 

would be interesting to evaluate the haemocyte numbers in GmmSod+ and GmmSod- flies to 

further exclude the role of the cellular immunity in the tsetse-S. glossinidius association.  

Secondly, it is important to understand how the S. glossinidius symbiont interacts with the 

oxidative stress present in the tsetse fly midgut as this can be largely increased following a 

blood meal ingestion. So far, our RNA-seq based transcript comparison did not indicate a 

differential expression of genes linked to oxidative stress (e.g. antioxidant encoding genes, 

duox, or NOS; TableAII.2) suggesting that S. glossinidius does not modulate the tsetse fly’s 

oxidative response. It remains to be determined how susceptible the S. glossinidius bacterium 

is to increased activities of ROS or NO in the tsetse fly environment. 

Thirdly, the bacterium’s quorum sensum system can be an important bacterial mechanism to 

control proliferation in the tsetse fly. Recently, a study using Hydra reported on a combined 

host/symbiont strategy to control bacterial densities in which the host specifically interfered 

with the bacterial quorum sensing system [354]. Since S. glossinidius bacteria have a functional 

quorum sensing system which was linked to its response to an oxidative burden [240] and the 

quorum sensing system of the closely-related S. praecaptivus was shown to be involved in the 

establishment of symbiosis in weevils [355], this forms an interesting perspective to explore 

in future studies.  

Finally, the S. glossinidius genome also codes for a prophage, i.e. a virus that infects bacteria. 

The so-called phage-density hypothesis implies that phage densities are inversely correlated 

with bacterial densities in arthropod hosts and has been suggested for the Wolbachia-phage 

system [356]. Although there are no clear indications for a similar mechanism in S. glossinidius, 

increased expression of S. glossinidius’ prophage related genes was observed in bacteria 

isolated from refractory (i.e. self-cured) tsetse flies [357], suggesting a role for an active phage 

state here. 
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Table AI.1. Analysis of non-humoral immunity-related processes obtained by RNA-seq of genes associated with e.g. opsonization, phagocytosis, and 
melanization. Dscam1: down syndrome cell adhesion molecule 1; FC: fold change; FDR: false discovery rate; NA: not applicable (e.g. zero-count or extreme 
outlier in one or more samples); Tep: thioester-containing protein. 

 Teneral 
GmmSod+ vs. GmmSod- 

10-day old 
GmmSod+ vs. GmmSod- 

GmmSod-Sod+ vs. GmmSod-

H20 
GmmSod-Ecoli+ vs. 

GmmSod-H20 

Gene ID Putative process Gene name FC FDR FC FDR FC FDR FC FDR 

GMOY010996 Opsonization  tep1 1.07 0.87 1.12 0.92 0.87 1.00 2.74 0.00 

GMOY010998 Opsonization  tep2 1.15 0.68 0.66 0.28 0.90 1.00 0.96 0.93 

GMOY008955 Opsonization  tep3 0.98 0.97 0.80 0.82 0.77 0.95 2.62 0.00 

GMOY001989 Opsonization  tep4 1.15 0.31 1.00 1.00 1.11 1.00 1.28 0.24 

GMOY005211 Phagocytosis  eiger 0.97 0.92 0.76 0.44 0.73 0.87 0.61 0.16 

GMOY010266 Clotting fondue 1.02 0.98 0.8 0.63 0.77 1.00 1.00 1.00 

GMOY001498 Breakdown  Lysozyme P/X 0.8 0.39 0.76 0.82 0.94 1.00 0.78 0.70 

GMOY002262 Melanisation Serpin 27A 1.04 0.9 0.96 0.96 0.74 0.86 1.35 0.21 

GMOY001011 
Recognition, 
phagocytosis, 
melanisation 

C-type lectin 1.05 0.93 1.14 0.92 0.95 1.00 0.85 0.79 

GMOY000466 
Recognition, 
phagocytosis, 
melanisation 

C-type lectin 0.62 0.11 0.69 0.72 0.91 1.00 0.63 0.12 

GMOY009094 
Recognition, 
phagocytosis 

dscam1 1.19 0.32 1.11 0.86 1.09 1.00 1.19 0.24 

GMOY006345 
Recognition, 
phagocytosis 

croquemort-like 0.96 0.92 0.89 0.85 0.94 1.00 1.11 0.61 

GMOY010972 Melanization pro-phenoloxidase 0.71 0.32 1.02 0.99 1.00 1.00 0.81 0.68 

GMOY000558 
Hemopoiesis, wound 

healing 
lozenge 1.17 NA 0.97 NA 0.98 NA 0.93 NA 

GMOY006915 
Hemopoiesis, wound 

healing 
lozenge 0.94 NA 0.91 0.87 NA NA 1.11 NA 

GMOY007051 Hemopoiesis serpent/pannier 1.09 0.84 1.08 0.96 1.20 1.00 1.17 0.80 

GMOY008412 Hemopoiesis serpent 0.89 0.62 0.92 0.88 0.90 1.00 0.78 0.53 
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Table AII.2. Analysis of oxidative stress-related gene expression obtained by RNA-seq. Duox: Dual oxidase; FC: fold change; FDR: false discovery rate; NA: not 
applicable (e.g. zero-count or extreme outlier in one or more samples); NO: nitric oxide; NOS: nitric oxide synthase; ROS: reactive oxygen species.  

 Teneral 
GmmSod+ vs. GmmSod- 

10-day old 
GmmSod+ vs. GmmSod- 

GmmSod-Sod+ vs. 
GmmSod-H20 

GmmSod-Ecoli+ vs. 
GmmSod-H20 

Gene ID Putative process Gene name FC FDR FC FDR FC FDR FC FDR 

GMOY005584 Antioxidant  Catalase 0.76 0.52 0.91 0.93 0.70 0.76 0.51 0.00 

GMOY004149 Antioxidant Catalase 1.14 0.36 0.84 0.83 0.95 1.00 0.84 0.54 

GMOY002968 Antioxidant Mn/Fe superoxide dismutase 0.78 0.18 0.80 0.82 0.86 1.00 0.61 0.09 

GMOY005926 Antioxidant Superoxide dismutase 0.80 0.21 0.76 0.82 0.81 0.89 0.90 0.69 

GMOY006880 Antioxidant Glutathione peroxidase 0.76 0.26 0.98 0.99 0.95 1.00 0.28 0.00 

GMOY007570 Antioxidant Peroxiredoxin 1 0.85 0.35 1.11 0.86 0.99 1.00 0.96 0.81 

GMOY009173 Antioxidant Peroxiredoxin 3 0.82 0.35 0.77 0.81 0.86 1.00 1.21 0.29 

GMOY008040 Antioxidant Thioredoxin peroxidase 1b 0.88 0.52 0.78 0.77 0.92 1.00 1.12 0.52 

GMOY000509 Antioxidant Thioredoxin peroxidase 2 0.75 0.06 0.95 0.96 1.11 1.00 2.01 0.00 

GMOY010029 Antioxidant Thioredoxin peroxidase 3 0.76 0.23 0.79 0.83 0.84 1.00 0.62 0.10 

GMOY004864 Antioxidant Thioredoxin reductase 0.85 0.28 0.89 0.83 0.89 1.00 1.34 0.17 

GMOY007193 
Antioxidant Dihydrolipoamide 

dehydrogenase  
0.83 0.22 0.80 0.43 0.85 1.00 0.59 0.00 

GMOY011845 ROS production duox 1.01 0.99 1.06 0.96 0.89 1.00 0.92 0.80 

GMOY003093 NO production NOS 1.09 0.88 1.37 0.81 1.43 0.76 1.42 0.50 
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