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Abstract

Abstract

Tsetse flies (Glossina spp.) are the vectors of African trypanosomes, causing Human African
Trypanosomosis (HAT) and African Animal Trypanosomosis (AAT), diseases with profound medical and
socioeconomic impacts in sub-Saharan Africa. Despite extensive research, vaccines against these
diseases are not available to date and medication against Trypanosomosis can have severe side
effects. Vector control is therefore considered as a promising strategy to suppress fly populations and
break the cycle of disease transmission. A wide array of vector control approaches is currently
available, ranging from chemical and biotechnological control to more species-specific and sustainable
methods like the Sterile Insect Technique (SIT). This technique includes the mass-rearing of the target
insect species, sterilization of males with ionizing radiation and subsequent field releases in the target
area. Released sterile males mate with wild virgin females and as a result, no offspring are produced,
leading to a gradual decline of the insect population. SIT is particularly effective when it is applied in
the context of an area-wide integrated pest management approach (AW-IPM), utilizing multiple pest
control techniques in a systematic manner. For effective vector control, a fundamental understanding
of the field populations is a necessity, which includes considerations on the ecological habitats in the
target area, as well as the identification of population structure and potentially isolated populations.
Molecular population genetics approaches can provide valuable insights into the structure and gene
flow of field populations, aiding in the design and implementation of appropriate control strategies.
In addition, the effectiveness of SIT can be influenced by different factors regarding the productivity
in mass-rearing settings or the influence of bacterial symbionts on vector competence. It is therefore
of importance to study the symbiotic relationship of tsetse flies and their heritable bacteria to identify
their consequences for the SIT. Tsetse flies host several bacteria that can affect the flies’ physiology in
terms of reproduction, nutrition and vector competence for transmitting trypanosome parasites,
namely Wigglesworthia glossinidia, Sodalis glossinidius, Wolbachia pipientis and Spiroplasma. In
particular, there is growing evidence that certain symbionts can modulate tsetse flies’ ability to
transmit trypanosomes, opening up possibilities to improve existing vector control strategies by

leveraging the natural biological processes and interactions with their symbiotic bacteria.

The objectives of this dissertation were firstly, to develop and characterize novel microsatellite
markers for the tsetse fly species Glossina brevipalpis to enable population genetics studies and
secondly, to investigate interactions between tsetse flies, trypanosomes and symbiotic bacteria,
specifically Sodalis and Spiroplasma. The research aimed to assist vector control strategies, including
the Sterile-Insect-Technique (SIT), by providing insights into population structure, gene flow, and the

influence of bacterial symbionts on vector competence and the efficiency of mass-rearing settings.

Vil
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Abstract

Microsatellite markers were successfully developed and validated, revealing genetic differentiation
between laboratory and field populations from South Africa and Mozambique. Moreover, studies on
the prevalence of trypanosomes and Sodalis across various tsetse species and regions highlighted
significant variability, species-specific and location-dependent interactions. Investigations into
Spiroplasmas effects on G. fuscipes fuscipes demonstrated significant shifts in reproductive and
metabolic physiology, including prolonged gonotrophic cycles and reduced sperm motility, potentially
impacting SIT efficacy. In vitro cultivation and genome sequencing of Spiroplasma provided genomic
data, revealing core metabolic genes, potential virulence factors and interactions with host cells and

trypanosomes.

Overall, this dissertation contributes to the scientific understanding of tsetse fly population genetics,
symbiont interactions and vector control, supporting efforts to reduce the disease burden in Africa.
These findings have significant implications for improving vector control programs, ultimately aiming
to reduce the incidence of HAT and AAT, enhancing public health and economic stability in affected

regions.

Keywords: Glossina, tsetse flies, Sodalis, Spiroplasma, Trypanosomosis, SIT
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Zusammenfassung

Zusammenfassung
Tsetsefliegen (Glossina spp.) sind die Ubertrdger von Afrikanischen Trypanosomen, die die

Krankheiten Afrikanische Trypanosomose in Menschen (HAT) und Afrikanische Tier-Trypanosomose
(AAT) in Tieren verursachen. Diese Krankheiten haben erhebliche medizinische und sozio6konomische
Auswirkungen in afrikanischen Landern stidlich der Sahara. Trotz umfangreicher Forschung sind bisher
keine Impfstoffe gegen diese Krankheiten verfligbar, darliber hinaus kann die Medikation gegen
Trypanosomose schwere Nebenwirkungen auslosen. Deshalb wird die Kontrolle des Vektors als
vielversprechende Strategie angesehen, um Fliegenpopulationen zu reduzieren und somit den
Ubertragungszyklus der Krankheit zu durchbrechen. Eine breite Palette von Vektorkontrollstrategien
steht derzeit zur Verfligung, die von chemischen und biotechnologischen Methoden bis hin zu
umweltfreundlicheren Methoden wie der Sterile Insect Technique (SIT) reichen. Der Ansatz der SIT
umfasst die Massenaufzucht von Insekten, Sterilisation der Mannchen mittels ionisierender Strahlung
und die anschlieRende Freisetzung dieser sterilen Mannchen im Zielgebiet. Sterile Mannchen paaren
sich daraufhin mit wildlebenden, unbefruchteten Weibchen, was zu keinen Nachkommen und in
weiterer Folge zu einem Riickgang der InsektenpopulationsgrofRe fiihrt. Die SIT ist besonders wirksam,
wenn sie im Rahmen eines flichendeckenden integrierten Schadlingsbekampfungskonzepts (AW-IPM)
angewandt wird, bei dem mehrere Methoden systematisch kombiniert werden. Fiir eine wirksame
Vektorkontrolle ist auRerdem ein grundlegendes Verstandnis der wilden Populationen erforderlich.
Dazu gehoren Erkenntnisse zu den 6kologischen Lebensrdaumen im Zielgebiet sowie die Ermittlung der
Populationsstruktur und potenziell isolierter Populationen. Molekulare populationsgenetische
Ansatze konnen hierfiir wertvolle Einblicke in die Struktur und den Genfluss von Feldpopulationen
liefern und so bei der Entwicklung und Umsetzung geeigneter Kontrollstrategien helfen. AuBerdem
kann die Wirksamkeit der SIT durch verschiedene Faktoren beeinflusst werden, wie die Produktivitat
in Massenaufzuchtsanlagen oder den Einfluss bakterieller Symbionten auf die Vektorkompetenz.
Daher ist es besonders wichtig, die Beziehung zwischen Tsetsefliegen und ihren symbiotischen
Bakterien zu untersuchen, um deren Auswirken auf die SIT zu identifizieren. Tsetsefliegen
beherbergen eine Vielzahl von Bakterien, die die Physiologie der Fliegen in Bezug auf Fortpflanzung,
Ernahrung und Vektorkompetenz fiir die Ubertragung von Trypanosomen beeinflussen kénnen, und
zwar Wigglesworthia glossinidia, Sodalis glossinidius, Wolbachia pipientis und Spiroplasma.
Insbesondere mehren sich die Hinweise darauf, dass bestimmte Symbionten die Fahigkeit der
Tsetsefliegen zur Ubertragung von Trypanosomen modifizieren kdnnen, was Méglichkeiten zur
Verbesserung bestehender Vektorkontrollstrategien ertffnet, indem die natiirlichen biologischen

Prozesse und Symbiont-Interaktionen genutzt werden.
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Zusammenfassung

Die Ziele dieser Dissertation waren erstens: die Entwicklung und Charakterisierung neuartiger
populationsgenetischer Microsatellite-Marker fiir die Tsetsefliegenart Glossina brevipalpis, und
zweitens: die Untersuchung der Wechselwirkungen zwischen Tsetsefliegen, Trypanosomen und
symbiotischen Bakterien, insbesondere Sodalis und Spiroplasma. Ziel der Forschung war es, Strategien
zur Vektorkontrolle, einschliefRlich der SIT zu unterstiitzen, indem Einblicke in die Populationsstruktur,
Genfluss und den Einfluss bakterieller Symbionten auf die Vektorkompetenz und die Effizienz der
Massenaufzucht gewonnen wurden. Microsatellite-Marker wurden erfolgreich validiert, wobei eine
genetische Differenzierung zwischen Labor- und Feldpopulationen und weiters zwischen
Feldpopulationen in Mosambik und Sidafrika festgestellt wurde. Darliber hinaus zeigten Studien zur
Pravalenz von Trypanosomen und Sodalis bei verschiedenen Arten der Tsetsefliege und in
verschiedenen Regionen eine erhebliche Variabilitdit sowie artspezifische und ortsabhdngige
Wechselwirkungen. Untersuchungen zu den Auswirkungen von Spiroplasma auf G. fuscipes fuscipes
zeigten signifikante Veranderung der Fortpflanzungs- und Stoffwechselphysiologie, einschlieflich
verlangerter gonotropher Zyklen und verringerter Spermienmotilitat, was sich auf die Massenaufzucht
von Tsetsefliegen und SIT Programme auswirken kann. Die in vitro Kultivierung und
Genomsequenzierung von Spiroplasma lieferte genomische Daten, die zentrale Gene des
Stoffwechsels und potentielle Gene identifizierte, welche sich auf die Interaktion mit dem Wirt und

Trypanosomen auswirken kénnten.

Insgesamt tragt diese Dissertation zum wissenschaftlichen Verstandnis der Populationsgenetik der
Tsetsefliege, der Interaktionen mit Symbionten und der Vektorkontrolle bei und unterstitzt damit die
Bemihungen um eine Reduzierung der Krankheitslast in Afrika. Diese Erkenntnisse haben
Auswirkungen auf die Verbesserung der Vektorkontrollprogramme, die letztlich darauf abzielen, das
Auftreten von HAT und AAT zu verringern und sowohl die 6ffentliche Gesundheit, als auch die

wirtschaftliche Stabilitdt in den betroffenen Regionen zu verbessern.

Schliisselwoérter: Glossina, Tsetsefliegen, Sodalis, Spiroplasma, Trypanosomose, SIT
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General Introduction

1. General Introduction
This general introduction provides a background for the work performed in this dissertation. It begins

with an overview of the systematics, reproductive biology and geographic distribution of tsetse flies
(Glossina spp.). Their vector status for African trypanosomes and the resulting medical and economic
impacts are outlined, followed by strategies of vector control to manage tsetse fly populations,
ranging from conventional control methods to more refined approaches such as the Sterile Insect
Technique (SIT). The introduction subsequently explores the role of population genetics as a tool in
designing and implementing effective vector control programs, emphasizing how genetic studies can
reveal insights into population structure and gene flow of tsetse populations, which are essential
insights for targeted control efforts. Lastly, the symbiotic relationships between tsetse flies and their
heritable bacterial symbionts and viruses are investigated. These symbionts may significantly
influence tsetse biology, reproduction and vector competence. Understanding these interactions can
provide further insights into the vector competence of tsetse flies and have implications for mass-
rearing activities for SIT programs. This general introduction thus frames a context for the subsequent

chapters, in which the performed work is presented and discussed.

1.1. Tsetse flies: Systematics, Reproductive Biology and Distribution
Tsetse flies are dipteran insects comprising of a single genus Glossina, part of the Glossinidae family

which belongs to the super family of blood feeding Hippoboscoidea [1]. They are distributed
throughout sub-Saharan Africa in 37 countries, spanning over a vast area of 10 million km? and diverse
ecological habitats including savannah, forests and riverine systems. The genus Glossina comprises of
over 30 species and their subspecies, classified into three subgenera according to their habitat
preferences: the subgenus morsitans is adapted to the woodland savannahs in relatively dry and open
environments, the fusca group inhabits lowland rain forests and the palpalis group occurs in lowland
rain forests in coastal regions, extending to the riverine systems of the savannah [2-6]. The
distribution is dependent on a multitude of environmental factors such as temperature, humidity,
flora and the presence of hosts [7-10]. A distribution map of tsetse fly species across sub-Saharan

Africa is presented in Figure 1.



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

General Introduction

i Cleared since 1957
[ ] Countries
Species Number

[_]o
e 1

B 2
i3
(14
15
. 6
7
Il &
. &
B Water

Figure 1: Tsetse fly geographic distribution on continental scale indicating the spread of different tsetse fly species. Colours
indicate occurrence of >1 species [11]

Tsetse flies exhibit a remarkable reproductive strategy that is unique among Dipterans and is known
as adenotrophic viviparity, characterized by the development of a single offspring inside the females’
uterus, where it is nourished with milk gland secretions and given live birth at a late larval stage
[12,13]. Notably, the reproduction of tsetse flies is very slow as compared to other insects, which
stems from the energy-intensive process of adenotrophic viviparity [7,12]. In principal, one successful
mating with a male provides enough sperm for the entire lifespan of the female, with the sperm being
stored in the females’ spermathecae [2]. Female tsetse flies produce their first offspring after
approximately 20 days post-emergence. This period includes the adult maturation, mating and the
first gonotrophic cycle. The gonotrophic cycle contains embryonic development, intrauterine larval
development through three larval stages and larviposition (Figure 2). After giving birth to the first
offspring, females typically produce one offspring at intervals of approximately 10 days for up to 8
gonotrophic cycles throughout their lifespan, depending on environmental conditions and nutritional
state [14,15]. An inadequate nutritional state or other environmental factors might also lead to
aborted larvae, in which case not enough nutrients can be provided to the offspring [16]. After
successful larviposition in the third instar larval stage, larvae burrow approximately 2-3 cm into the
ground and pupate for a period of up 30 days [14]. A teneral adult fly ecloses from the puparium, takes

the first blood meal within 12 to 24 hours and the life cycle repeats [14,17].
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Figure 2: Schematic representation of the female tsetse fly gonotrophic cycle [12]

1.1.1. African trypanosomes and the associated diseases
Tsetse flies are strictly hematophagous insects [7], both female and male adults feed on blood of

humans and animals. Tsetse flies are the only cyclic vectors of African trypanosomes, leading to the
devastating diseases Human African Trypanosomosis (HAT), also referred to as sleeping sickness in
humans and African Animal Trypanosomosis (AAT) or nagana in animals [3,18,19]. Trypanosomes are
protozoan hemoflagellated parasites of the genus Trypanosoma, which are ingested by tsetse flies
through the blood feeding on infected hosts. The trypanosomes change into procyclic trypomastigotes
in the tsetse midgut, after which they move to the salivary glands and transform into epimastigotes.
These epimastigotes multiply and transform into metacyclic trypomastigotes, the infective stage of
trypanosomes (Figure 3) [19-21]. At this stage, the life cycle of trypanosomes is completed. The
infection with trypanosomes occurs in two stages, the first stage being defined by nonspecific
symptoms like fever, pruritus and lymphadenopathy. The second stage of infection involves the
invasion of the central nervous system, leading to neurological and cardiological symptoms which are

fatal if not treated adequately [20,22].
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Figure 3: Life stages of trypanosomes within the host and vector [20]

1.1.2. Human African Trypanosomosis
Human African Trypanosomosis (HAT), commonly referred to as sleeping sickness, is endemic in 37

sub-Saharan African countries and can be caused by several species of Trypanosoma spp. parasites,
among the most widely distributed are Trypanosoma brucei gambiense and Trypanosoma brucei
rhodesiense [21]. T. b. gambiense is responsible for the chronic form of sleeping sickness and occurs
in West and Central Africa, accounting for over 92% of reported sleeping sickness cases, whereas T. b.
rhodesiense is causing the acute form of the disease and is present in East Africa [20,22,23]. The
majority of affected people live in rural regions and rely on agriculture, livestock farming and fishing
and are therefore exposed to tsetse flies [22,24]. HAT is diagnosed through a combination of clinical
symptom assessment and laboratory tests, such as microscopy to detect trypanosomes in body fluids
and serological tests, like the card agglutination tests for trypanosomosis (CATT) or enzyme-linked
immunosorbent assay (ELISA) [25,26]. Once diagnosed, the type of medical treatment is determined
by the Trypanosoma subspecies and stage of infection. Notably, some treatments have proven to be
effective against the disease, however, they can exhibit severe side effects and the potential to
develop drug-resistant trypanosomes [23,27-29]. In the last decades, there have been several major

outbreaks of sleeping sickness in Africa [30,31], with over 35,000 documented cases in 1998 and
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estimated to be as many as 300,000 cases due to underreporting and lack of capacities for diagnosis
[32]. Coordinated efforts have been undertaken since then through various control approaches,
resulting in a decline of reported case numbers over time: from over 25,000 cases in the year 2000,
20,000 cases in 2003, to the first time below 10,000 cases in 2009. By 2017, less than 2000 cases per
year were reported and only 977 cases in 2018, remaining below the level of 1000 cases per year since
then [33,34]. Recent surveys indicate 675 reported cases of sleeping sickness in 2023, predominantly
occurring in Central and West Africa [35]. This number of cases thus is at a historically low level, which
can be attributed to the sustained vector control efforts. However, the estimated number of people

at risk remains at 55 million, with 3 million being exposed to a moderate to high risk [36].

1.1.3. African Animal Trypanosomosis
African Animal Trypanosomosis (AAT), also called nagana, is caused by various Trypanosoma species:

Trypanosoma congolense, Trypanosoma vivax, Trypanosoma brucei, Trypanosoma simiae and
Trypanosoma evansi. They affect a multitude of domestic animals such as cattle, pigs, sheep, goats
and horses, as well as wild ruminant mammals [37—-39]. Common symptoms of infected animals are
swollen lymph nodes, weight loss, fever and anaemia. Furthermore, degenerative and inflammatory
lesions can develop in most of the animals’ organs at a late stage of infection [40,41]. As with HAT, the
disease results in the death of the infected animal if not treated. The detection of trypanosome
infection in animals is conducted similarly to HAT and can be detected with serological tests and
microscopy to confirm their presence [40,42]. AAT is commonly treated by intramuscular injection of
trypanocidal drugs such as isometamidium chloride (0.25 — 1 mg / kg body weight) and diminazene
aceturate (3.5 mg / kg body weight) [43], but the same concerns of developing trypanocide resistance
as in HAT persists for AAT as well [28]. Notably, some wild mammal species can tolerate trypanosomes
infection, which is expected to be a consequence of the coexistence with the parasite over long
periods of time. Nevertheless, these animals act as reservoirs for trypanosomes and the vectors can
still ingest the parasites and pass them on to other healthy animals [44]. AAT therefore represents a
major threat to animal health and the livelihood of animal agriculturalists. The annual economic losses
due to AAT on the African continent are estimated to be in the range of 3.8 billion USD [45,46],
additionally a reduction of livestock production by 20-40% is projected in areas where animal
agriculture and trypanosomosis coincide [47]. In conclusion, trypanosomosis presents a hindrance to
the development of agricultural area and livestock keeping in the infested areas and therefore the
economic development [48]. The severe impact of tsetse flies and the transmitted parasites is
furthermore shown by the significant overlap of infested areas and the poorest countries in Africa

[49].
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1.2. Vector and disease control

1.2.1. Conventional vector control approaches
Despite extensive research, there is currently no effective vaccine available to protect against

trypanosomes [50]. The potential resistance development of trypanosomes to certain drugs can also
impair the effectiveness significantly [23], therefore, the direct control of the insect vector represents
a promising strategy to suppress fly infestation and thus the disease burden of trypanosomosis
[51,52]. Historically, many different vector control approaches have been tested and implemented
over the years. One of the first applied methods was the clearing of vegetation and livestock to remove
both the hosts and the habitat of tsetse flies [53]. Another strategy to reduce tsetse fly populations
was spraying of insecticides over wide areas using aircrafts [54]. Although effective, these two
strategies applied in the early days of vector control efforts are not considered sustainable as the use
of the chemical insecticides raises environmental concerns due to their non-specific toxicity and the
potential of resistance development [55,56]. The strategy of insecticide spraying was later refined to
reduce negative effects on the environment and on non-target insects, which resulted in the
development of the Sequential Aerosol Technique (SAT). This technique includes the sequential
spraying of low volumes of non-residual insecticides that affect tsetse flies upon contact with spray
mist [57]. It significantly reduced the environmental impacts and is considered accepted as a more
environmentally-friendly strategy [51]. The effects of SAT were also monitored during field campaigns,
with the conclusion that the effect on ecological indicator species was limited and that their

populations quickly recovered to pre-intervention levels [58,59].

Over the years, further vector control strategies emerged: traps and targets, that serve both for
sampling tsetse flies for field surveys and to reduce their numbers in the field [60—62]. Different traps
have been developed to optimize sampling of the different species of tsetse flies and traps are typically
combined with odour-baits to improve collection [63,64]. Furthermore, targets are a cheap and
simple, yet effective way to collect tsetse flies. The principle of using targets for tsetse fly control is
based on the behaviour of tsetse flies and their attraction to certain visual cues, namely black or blue
screens, that have been found to be particularly attractive to tsetse flies [65]. These screens are either
impregnated with insecticides [66], that induces mortality shortly after landing on the target, covered
with glue (sticky targets) to capture the insect [67], or running an electric current through the target

to electrocute flies upon landing [68].

Another method that is applied to animals to avoid the transmission of trypanosomes is the so-called
cattle spraying or cattle dipping. This approach involves the use of insecticides, specifically
deltamethrin (1%, rate of 1 ml / 10 kg body weight [69]) or cypermethrin (2.5 mg / kg of body weight

[70]), applied to cattle at specific sites where tsetse flies are known to feed on the host [71,72]. This
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treatment is not specific to tsetse flies but also affects ticks and flies of the species Stomoxys and there
are reports of a significant decrease in their populations during tsetse control efforts [73].
Furthermore, the use of insecticides on cattle can lead to contamination of their excrements and
subsequently kill beetles and flies associated with the animal’s dung. These insects perform an
important task in the natural integration of manure into the soil, which is essential for the soil cycle,
furthermore the insecticide residues in the dung may have long term effects on the populations of

slow-breeding beetles [74,75].

1.2.2. Sterile-Insect-Technique (SIT)
Given the growing concerns over adverse environmental effects on non-target organisms posed by

conventional vector control methods, there is a necessity for more sustainable approaches. The Sterile
Insect Technique (SIT) is a strategy developed with the aim to suppress and eradicate insect pest
populations including tsetse flies, followed by containment and prevention of their reestablishment.
The basic steps underlying SIT on tsetse flies involve the mass-rearing, sterilization of males with
ionizing radiation and release of sterile males in the field to mate with wild virgin females. After mating
with sterile males, wild females subsequently do not produce offspring (Figure 4) [76,77]. This is due
to the sterility of the males induced by ionizing radiation, leading to chromosome fragmentation of
germ cells, specifically dominant lethal mutations and translocations, that subsequently result in the

interruption of mitosis and death of embryos [78,79].
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Figure 4: Schematic overview of the steps of SIT [80]
For the SIT to be efficient as possible, several key aspects must be considered before planning and

implementing a campaign: First, a mass-rearing colony of the target tsetse fly species must be
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established and maintained to provide a high number of insects for the following steps [81]. The
second aspect is that mass-reared males must perform well and be competitive with wild males to
increase the chances of successful mating with wild virgin females. Therefore, it is essential to test the
performance and mating competitiveness of these sterilized males [82,83]. Additionally, irradiation
protocols have to be established and optimized to achieve induced sterility levels above 95% [84]. For
irradiation of males, typically gamma radiation is utilized [85]. However, it has been recently proven
that X-Ray irradiation is as effective as gamma radiation, with the advantage of X-Ray irradiators being
that they do not fall under the strict regulations like gamma cells [86]. Finally, strategic deployment of
a large number of sterilized males across a wide area through sequential releases is imperative for the

success of SIT [6,87].

Historically, SIT has been implemented for various insect species with success. The earliest historic
example is the elimination of Cochliomyia hominivorax (new world screwworm) from North and
Central America. The campaign was a long-term effort, starting in the 1950s and reaching eradication
in the area by 1982. It then extended further south to Central American countries such as Mexico,
Guatemala, Honduras and Costa Rica, among others. Since 2004 there is a permanent barrier in
Panama and all countries north of this barrier have been declared free of the new world screwworm
since then [88]. Following the success of this campaign, SIT has been effectively used in controlling
populations of further insect pests, like the mediterranean fruit fly Ceratitis capitata in the United
States and Mexico [89,90]. Populations of mediterranean fruit flies were successfully suppressed in
Valencia, Spain, resulting in a decrease of insecticide use of over 90% and thus highlighting the
replacement of insecticide spraying by the more sustainable SIT [91]. In the case of tsetse flies, SIT has
been successfully implemented on Unguja island in Zanzibar, resulting in the eradication of G. austeni
from the island, which has been free of this tsetse fly species since 1997 [92]. Recent efforts of an AW-
IPM campaign incorporating a SIT component in the Niayes region of Senegal resulted in the
eradication of G. p. gambiensis, leading to the elimination of AAT from the target area, enabling the

sustainable development of animal agriculture in this region [93].

The presented vector control strategies may not be implemented individually but in the context of an
area-wide integrated pest management (AW-IPM) approach with the option to combine different
control tactics as needed to utilize the benefits of different approaches at certain densities of
infestation. Some approaches like aerosol spraying are more effective at high densities of insects,

whereas SIT is highly effective at moderate to low densities [77].
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1.3.  Population genetics as a tool to assist insect control programs
Population genetics involves the studies of genetic variability and gene flow within and between

populations as well as the evolutionary forces at play [94]. This field evolved as a branch of genetics
focused on the distribution and change of allele frequencies influenced by the main evolutionary
processes, namely mutation, drift, migration and natural selection [95]. The foundation of population
genetics is based on mathematical and statistical theory to describe populations and several key
parameters have been developed over the years [94,96]. Among these parameters are Wright's F-
statistics for inbreeding and differentiation [97-100], Nei’s genetic distances [101], the Hardy-
Weinberg-Equilibrium [102], population genetics statistics as formulated by Rousset [103] and
phylogenetic analyses based on Edwards and Cavalli-Sforza’s models [104]. In the framework of insect
vector control, population genetics is a commonly used tool to understand the population structure
and genetic variability of target field populations [105]. Specifically, it can be used to study the target
populations in terms of gene frequencies, genetic drift, migration, dispersal and admixture between
populations [96]. Furthermore, population genetics can help identify the degree of isolation of certain
subpopulations and the origins of genetic bottlenecks and reinvasion events. In addition, population
genetics data can offer estimations on effective population sizes and immigration rates from adjacent
populations [88]. Insights derived from population genetics analyses are practical for the planning
phase of vector control programs. For vector control, identifying isolated field populations represents
an ideal situation, as these populations can be targeted by control strategies without reinvasion risks
into the target area [106]. In the Niayes region of Senegal, for example, results of microsatellites,
mitochondrial COl markers and morphometric analysis indicated an isolated population that was then
targeted [107]. However, it is rare find fully isolated populations in the field, and in settings where no
isolated population can be identified, a rolling-carpet approach may be applied. This was undertaken

in the case of the new world screwworm SIT campaign in North and Central America [108].

There is a wide array of molecular genetic tools to study population genetics: Amplified fragment
length polymorphism (AFLP) is a method developed in the 1990s that involves the selective PCR
amplification of restriction fragments from restriction enzyme-digested genomic DNA. It can generate
a large number of polymorphic markers without prior knowledge of the genome sequence [109].
Mitochondrial DNA markers are based on the Cytochrome c oxidase subunit | (COl) and are particularly
useful for studying maternal inheritance patterns and to identify population structure. However, their
utility is limited by the maternal inheritance, which does not entirely capture the genetic variation
within populations [110] and also the lack of recombination in mtDNA can restrict the resolution of
fine-scale population structure [111]. Microsatellites, also known as simple sequence repeats (SSRs)

or short tandem repeats, are among the most widely used population genetics tools due to their high

10
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polymorphism and abundance in eukaryotic species [112]. Microsatellite regions consist of repeats of
a motif comprising of typically 1-6 nucleotides [113]. The primary advantage of microsatellites is their
high degree of variability, which makes it possible to identify genetic differences even among closely
related populations [114]. However, one disadvantage of microsatellites is that the high mutation rate,
which may lead to homoplasy, where different alleles appear identical due to independent mutations
resulting in the same repeat numbers, complicating the interpretation of genetic relationships,

especially over long evolutionary timescales [115].

Recent advancements in next-generation-sequencing (NGS) technologies and the decreasing costs of
sequencing have opened new avenues for population genetics studies. These methods allow for high-
throughput and cost-effective genotyping for the identification of single nucleotide polymorphisms
(SNPs) [116]. The restriction site associated DNA sequencing (RAD-seq) approach has proven
particularly valuable to efficiently genotype many individuals at a large number of loci without prior
knowledge of the genome sequence. The principle of RAD-seq involves the enzymatic digestion of
DNA using restriction enzymes and sequencing of the fragmented DNA [117]. This method can identify
thousands of SNPs across the genome which can be utilized for population genetics analysis [118].
While RAD-seq can identify a large number of SNPs, its downside is the necessity for a sufficient
amount of high-quality DNA, which is not always achievable from field-collected specimens [119].
Most of the population genetics studies on tsetse flies have so far been performed using mtDNA
markers and microsatellites [120—124]. However the decreasing costs of sequencing have led to recent
population genetics studies using the RAD-seq approach [125,126], highlighting its increased

information content.

1.4. Bacterial symbionts and viruses associated with tsetse flies
Tsetse flies harbour several bacterial endosymbionts and viruses that can significantly influence their

physiology, reproductive biology and vector competence [127]. The term symbiosis was first
mentioned by Anton De Bary in 1879 as “the living together of two dissimilar organisms, usually in
intimate association, and usually to the benefit of at least one partner [128]”. Symbiosis is a broad
field of research affecting a diverse range of species in several taxa, from bacteria, fungi, plants and
animals, influencing their ecology and physiology [129]. Symbiotic relationships can be classified into
mutualistic, commensal or parasitic relationships, depending on the benefits or harms experienced by
the interacting species [130]. Mutualistic symbiotic interaction is defined as the relationship in which
both species benefit, while in commensalism, only one species benefits and the other is not affected.
A parasitic symbiotic relationship is present when one organism gains advantage at the expense of the
other, typically this is the case when a parasite derives nutrients or other benefits from the host [131].

In the context of tsetse flies, the present symbionts cover the range from mutualistic to parasitic

11
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interactions, that can exhibit significant implications on reproductive fitness in mass-rearing settings,
development and modulation of the immune system, as well as vector competence [127]. The
symbiotic bacteria of tsetse flies include Wigglesworthia glossinidia, Sodalis glossinidius, Wolbachia
pipientis and the recently identified Spiroplasma (Figure 5). Additionally, tsetse flies also host several
different viruses, such as the Glossina pallidipes salivary gland hypertrophy virus (GpSGHV), Glossina
morsitans morsitans Iflavirus (GmmlV) and Glossina morsitans morsitans Negevirus (GmmNegeV).
These microorganisms can have a distinct role in the biology, reproductive fitness and vector

competence of tsetse flies, that are subject of the following sections.

& Wolbachia ws= Wigglesworthia

: Salivary Gland
—™ Trypanosome ry
el * Hypertrophy Virus

¢ Sodalis «ss# Environmental microbe

o) Spiroplasma
Figure 5: Localization of tsetse fly symbionts. [132] adapted from [133]

1.4.1. Wigglesworthia glossinidia
Wigglesworthia glossinidia is a gram-negative bacterium within the class of y-Proteobacteria [127]. It

is considered an obligate mutualistic symbiont, mainly residing in specialized cells named

bacteriocytes within the bacteriome that is localized in the gut of tsetse flies (Figure 6) [134].

12
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Figure 6: Localization of Wigglesworthia within the bacteriome in the gut [135]

This symbiont is present in all tsetse species and plays a crucial role for the nutritional state of tsetse
flies by synthesizing essential B vitamins that are not available in the blood diet [127]. The presence
of Wigglesworthia is vital for the successful development of larval and adult stages, impacting the
reproductive success [136]. Beyond its role in reproductive fitness, Wigglesworthia also plays an
essential partinimmune system development. Tsetse flies lacking the bacterium exhibit compromised
immune systems, leading to increased susceptibility to infection when challenged with E. coli,
suggesting that this symbiont may help the fly host in maintaining an effective immune defense
against pathogens [137]. Additionally, it influences the development of the gut flora, which in turn
affects the vector competence for trypanosome transmission [138]. Wigglesworthia has a reduced
genome size of approximately 700 Kb, typical for obligate mutualistic symbionts that have evolved
with the host over millions of years. Despite this reduction, it retained genes for the biosynthesis of B
vitamins which are a vital part of the symbiosis [134]. During the fly’s reproduction, Wigglesworthia is
transferred to the intrauterine progeny through the mother’s milk gland secretions, exhibiting a

strictly maternal vertical transmission [139].

1.4.2. Sodalis glossinidius
Sodalis glossinidius is a Gram-negative, rod-shaped bacterium that is part of the family of

Enterobacteriaceae in the y-3 subdivision of Proteobacteria [127]. It is considered a secondary
symbiont of tsetse flies and is not strictly essential for fly survival or reproduction. However, the
absence of Sodalis can decrease fly longevity and may increase susceptibility to infection with
trypanosomes in some species under laboratory conditions [140,141]. There are conflicting results on
the modulation of host susceptibility to trypanosome infection by Sodalis in wild tsetse populations

depending on the Glossina and trypanosome species [142-144], therefore its role in vector

13
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competence is not fully understood. Sodalis is localized in various tissues within its host, including the
midgut, hemolymph, fat body, milk glands and reproductive organs [145]. The symbiont is transmitted
maternally during intrauterine larval development, migrating into the developing larva through milk
gland secretions [127]. Notably, it can also be transmitted horizontally from infected males to females
during mating through seminal secretions and subsequently transmitted vertically to the progeny
[146]. Sodalis is prevalent in all tsetse laboratory colonies, however its occurrence in wild populations
is highly variable depending on the geographic region and fly species [142,144,147]. The genome size
of Sodalis is 4.1 Mb [148] and contains several extrachromosomal plasmids [149]. Compared to
Wigglesworthia, it shows genomic reduction to a smaller extent, suggesting that this bacterium may
be in a transitional phase from free-living to a symbiotic relationship within the fly host [127]. Detailed
analysis of the genome indicates that Sodalis has lost the arginine biosynthesis pathway, indicating
that it may obtain this amino acid from the host [150]. Furthermore, it lacks the pathway for thiamine

synthesis and there is concise evidence that Sodalis scavenges this vitamin from Wigglesworthia [151].

Sodalis is one of the very few insect symbionts that can be isolated and cultured in vitro, making it a
promising candidate for paratransgenesis to control wild tsetse populations. In addition, recent
advancements have made it possible to transform cultivated Sodalis to deliver anti-trypanosomal

nanobodies to reinfected tsetse flies [152,153].

1.4.3. Wolbachia pipientis
Wolbachia is a gram-negative bacterium in the class of a-Proteobacteria that infects numerous

arthropod species, making it a highly prevalent symbiont in insects [154]. This bacterium
predominantly infects the ovarian tissues of female tsetse flies, from where it is maternally
transmitted [145]. Wolbachia is present in different tsetse species from the morsitans, fusca and
palpalis group [155,156]. The symbiotic relationship of Wolbachia and its hosts is generally considered
parasitic, as it enhances its transmission through several mechanisms to increase female fertility [127]:
parthenogenesis, feminisation, male killing and cytoplasmic incompatibility (Cl) [157,158]. The most
widely studied effect of Wolbachia in tsetse flies is cytoplasmic incompatibility, which results in
embryonic mortality in offspring from mating pairs of flies with different Wolbachia infection status
[159,160]. The role of Wolbachia in trypanosome infection is not fully understood - some studies
suggest a negative correlation, while others did not find an impact on trypanosome establishment in
the presence of the bacterium [161,162]. Given that Wolbachia induces a strong Cl effect in G.
morsitans morsitans, its use for suppressing field populations has been proposed. This approach would
leverage Cl causing embryonic lethality in crosses between released infected males with wild
uninfected females, effectively reducing population sizes. Integrating Wolbachia into existing vector

control strategies such as the SIT may increase their effectiveness [163,164].
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Studies on the distribution of Wolbachia in different tsetse fly species reared under laboratory
conditions have concluded a high prevalence in species of the fusca and morsitans groups [165,166].
In contrast to these earlier findings, it was recently concluded that Wolbachia pipientis is also present
in G. fuscipes fuscipes, member of the palpalis group, although at very low levels. This was identified
using the high sensitivity detection method blot-PCR combined with hybridizations [167]. The
infection prevalence in field populations is heterogenous depending on tsetse fly species and

presumably the ecological conditions in different field locations [168].

The genome size of Wolbachia from G. morsitans morsitans (wGmm) is approximately 1.02 Mb and
exhibits a high number of genes encoding for ankyrin domains, considered to play a vital part in
interactions of host and symbiont. The genome also contains a high number of repeat sequences,

transposable elements and prophages [169].

1.4.4. Spiroplasma
Spiroplasma is a bacterium within the class of Mollicutes, defined by its helical morphology (Figure 7)

and lacking a cell wall [170,171]. It was relatively recently discovered in laboratory and wild
populations of the tsetse fly species Glossina fuscipes fuscipes, Glossina tachinoides and Glossina

palpalis palpalis, all belonging to the palpalis group [172,173].

Figure 7: Scanning electron microscopy image depicting morphology of Spiroplasma poulsonii [174]

In contrast to its recent discovery in tsetse flies, Spiroplasma has been extensively studied in other
insects, revealing both beneficial and adverse effects depending on the host species: in Drosophila
melanogaster and Drosophila hydei, Spiroplasma confers a protective effect against parasitoid wasps
by preventing wasp larval development [175,176]. This protective effect is caused by ribosome-

inactivating proteins (RIPs) encoded by Spiroplasma, which selectively interfere with the ribosomes of
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the developing parasitoid larvae [177]. Similarly, this effect was also documented in D. neotestacea,

where Spiroplasma protects against parasitic nematodes [178,179].

A well documented negative effect of Spiroplasma is male-killing in different Drosophila species,
where it selectively kills male embryos, leading to skewed sex ratios [180,181]. The mechanism behind
this phenomenon involves the production of a specific protein by Spiroplasma, Spiroplasma poulsonii
androcidin (Spaid), which causes apoptosis and neural defects specifically in male embryos by
targeting the dosage compensation complex on the male X chromosome, whilst leaving female
embryos unaffected [180,182]. This mechanism was also observed in the butterfly Danaus chrysippus,
resulting in female-biased populations [183]. In honeybees, Spiroplasma apis has been associated with
significant mortality and colony decline by disrupting tissues, particularly the midgut, where initial
infections are often detected [184,185]. In the leafhopper Circulifer tenellus, Spiroplasma citri is
responsible for reduced longevity and fecundity through colonization of host cells and disruption of

physiological processes [186,187].

In tsetse flies, Spiroplasma is subject of recent studies aiming to identify the effects on its host, but
relatively few studies have been performed to this date. It was determined, that the Spiroplasma
infection prevalence is higher in females and males of laboratory-reared Gff compared to wild
populations, where overall prevalence was lower and Spiroplasma was only detected in females [173].
Fluorescent in-situ hybridisation revealed the localization of Spiroplasma in reproductive tissues of
Gff, where it occurs sporadically in ovaries, while being present in testes at high densities, suggesting
a potential for paternal transmission of the bacterium [173]. A study investigating the spatio-temporal
distribution of Spiroplasma presented a negative correlation between Spiroplasma and trypanosome
coinfections: out of 243 Spiroplasma-infected Gff flies collected in the field in Uganda, only 2% showed
a coinfection with trypanosomes, whilst Spiroplasma-uninfected Gff showed 10% coinfection. To
further address the question of potential interactions, experiments were performed with a laboratory
colony of Gff that exhibits a varying infection prevalence with Spiroplasma. These flies were
challenged with trypanosomes and their trypanosome and Spiroplasma infection status was assessed
14 days post infection. The same trend as with field flies was observed, namely a statistically significant
negative correlation between occurrence of the symbiont and the parasite [188]. Despite the apparent
interaction between Spiroplasma and trypanosomes in Gff, the exact mode of action of Spiroplasma
in this host remains unknown. It remains to be clarified whether the potentially protective effect of
Spiroplasma is caused by competition for nutritional resources within the host or through production

of certain molecules, which may affect trypanosomes in a detrimental way [188].
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1.4.5. Glossina pallidipes salivary gland hypertrophy virus (GpSGHV)
Tsetse flies host different viruses such as the Glossina pallidipes salivary gland hypertrophy virus

(GpSGHV) [189]. GpSGHV can significantly reduce fly survival and fecundity, posing challenges for
mass-rearing efforts in support of the SIT [190]. This virus has a large circular dsDNA genome with a
size of 190 Kb encoding numerous proteins involved in viral replication and transcription [191]. A large
proportion of mass-reared and wild tsetse fly species is infected with GpSGHV, although in most cases
the infection remains asymptomatic [192]. Symptomatic infection however leads to hypertrophied
salivary glands and a severe reproductive impairment in the flies [189,192]. In field populations,
GpSGHYV is primarily transmitted vertically from infected mother to offspring [193,194]. In mass-
rearing laboratory colonies, the most significant route of transmission is horizontal, occurring during
feeding on artificial blood-feeding systems. This horizontal transmission is facilitated by the large
number of flies feeding on the same blood batch, with infected flies releasing significant viral loads
into the blood [195,196]. The expressed phenotype of GpSGHV is a hindrance for mass-rearing
activities, which was exemplified by the decline and eventual collapse of a mass-rearing colony due to
this virus [189]. Subsequent investigations revealed that the feeding regime has a significant impact
on the prevalence and phenotypic expression of GpSGHV. A clean feeding method was proposed,
where each cage of flies was offered a fresh batch of blood, breaking the cycle of horizontal
transmission. In combination with the use of antiviral agents supplemented in the blood, this approach
successfully lowered viral levels in the laboratory colonies, preventing negative impact on the colony

performance [197].

1.4.6. Iflavirus and Negevirus
In addition to the GpSGHV, further viruses have been recently identified in the tsetse fly species

Glossina morsitans morsitans: Glossina morsitans morsitans Iflavirus (GmmlV) and Glossina morsitans
morsitans Negevirus (GmmNegeV) [198]. GmmIV is a positive-sense, single-stranded RNA virus
belonging to the order of Picornavirales and has a genome size of 9685 nucleotides encoding a single
polyprotein [198]. It has been detected in different tissues of Gmm, including the brain, fat bodies,
reproductive tissues, milk glands, midgut and salivary glands (Figure 8). This widespread tissue
distribution suggests vertical transmission from mother to offspring, as well as the possibility for
horizontal transmission during blood feeding [198]. Iflavirus is also present in other insects,
predominantly causing covert infections in different hosts [199-201], but can also lead to overt
infections in honeybees, with the most prominent example being the honeybee sacbrood and
deformed wing virus [202—-204]. Despite the high prevalence of GmmlV in a laboratory colony of Gmm,
GmmIV does not appear to cause overt symptoms in infected flies. However, further research is
needed to identify the role of GmmlV in fly physiology, reproductive fitness and its implications for

mass-rearing settings and SIT [198,205].
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GmmNegeV is categorized as a positive-sense single-stranded RNA virus with a genome size of 8140
nucleotides containing two overlapping open reading frames (ORFs) [198]. ORF1 codes for a
polyprotein with non-structural protein domains, while ORF2 codes for three glycosylated proteins
related to the virus envelope [198]. Similar to GmmIV, GmmNegeV is found in various fly tissues and
is colocalized with GmmIV in the ovaries and somatic tissues [198]. As with GmmlV, it remains unclear
whether the virus infection leads to beneficial or adverse effects on tsetse fly reproductive fitness and

performance in mass-rearing facilities [198].

Figure 8: Fluorescent in situ hybridisation of Ifla- and Negevirus in gonads and milk glands of 30-day old Glossina morsitans
morsitans. Iflavirus in red, Negevirus in cyan, Wolbachia and Phalloidin in green, nuclei in blue. a: ovaries. b: milk glands. b’:
increased magnification of milk glands. c: testes. Scale bar: 20 um [198]
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Objectives of the dissertation
The two main objectives of this dissertation were the development of microsatellite markers for the

tsetse fly species G. brevipalpis for population genetics studies in support of vector control strategies
and to investigate the interplay between tsetse flies and their associated symbiotic bacteria,
specifically Sodalis and Spiroplasma, and the potential implications for vector competence and disease
transmission. All work presented in this dissertation was performed at the Insect Pest Control
Laboratory at the Joint FAO/IAEA Centre of Nuclear Techniques in Food and Agriculture, located in
Seibersdorf (Austria), under supervision of Prof. Dr. Adly M. M. Abdalla and Prof. Dr. rer. nat. Robert
L. Mach from Technical University of Vienna. This dissertation is a cumulative work, comprised of six

chapters.

Chapter 1 provides a framework for the work performed in this dissertation, starting with an overview
of the geographic distribution, biology and systematics of tsetse flies. Subsequently, their role as
vectors transmitting parasitic trypanosomes, the causative agents of African sleeping sickness, is
discussed, along with the resulting medical and socioeconomic effects. Vector control strategies and
the role of population genetics for intervention programmes are outlined, followed by a review about
the microbial communities within tsetse flies, from bacterial symbionts to viruses and how they may

affect vector competence and the transmission of disease.

Chapter 2 focuses on the development and characterization of microsatellites for the tsetse species
Glossina brevipalpis to serve population genetics studies, in order to better understand population
structure in wild populations and to provide decision-makers of vector control programmes with
measures of gene flow and dispersal in the field. The study concludes a set of 9 validated
microsatellites which are capable of differentiation between different laboratory and field
populations, as well as between different subpopulations from South Africa and Mozambique. These
findings may assist the development and execution of appropriate vector control strategies to control

the trypanosomosis diseases.

Chapter 3 explores the prevalence of Trypanosoma and Sodalis in wild populations of tsetse flies, their
potential interactions and implications for SIT programmes. It provides prevalence data from 10
different tsetse species across a multitude of sampling locations in 15 countries, allowing for a
continent-scale perspective of infection patterns for the first time. This work concludes varying
infection patterns according to tsetse fly species and geographic location. Statistically significant
positive correlations between trypanosome and Sodalis infections were identified for G. medicorum,

G. p. gambiensis and G. pallidipes, highlighting the significance for SIT applications.
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Chapter 4 investigates the negative effects of Spiroplasma on the metabolic and reproductive fitness
of laboratory-reared Glossina fuscipes fuscipes. RNA-sequencing was performed to assess sex-specific
gene expression in reproductive tissues in the presence of Spiroplasma and functional experiments
were undertaken on a heterogeneously infected Gff laboratory colony to identify reproductive
parameters negatively affected by Spiroplasma. The results of this study indicate profound negative
effects of Spiroplasma infection on the reproductive and metabolic homeostasis, as depicted by
prolongation of female gonotrophic cycles due to competition for nutrients between Spiroplasma and
the host. Furthermore, infections with Spiroplasma negatively impact males’ sperm motility, therefore

adversely affecting the competitiveness of sperm.

Chapter 5 provides a detailed report on the successful in vitro cultivation of Spiroplasma in cell-free
liquid culture medium, identification of in vitro growth kinetics and genome sequencing of
Spiroplasma from in vitro culture, laboratory and field-collected Gff. Subsequently, comparative
genomic analysis is undertaken to identify the genomic synteny of the three genomes, their shared
and unique genes, as well as genes of interest and potential genes that are involved in the symbiosis
between Spiroplasma and Gff. Findings of this study deliver new insights into the genome of

Spiroplasma, highlighting genes that may be involved in host interaction.

Chapter 6 summarizes the main findings of the dissertation and outlines future research directions. It
offers a critical evaluation of the importance of the undertaken research and potential implications
for vector control programmes and disease transmission. This chapter underscores the significance of
the performed work and furthermore, it reflects on how such insights can help to better understand

the interactions of the tsetse fly host and symbionts to refine strategies for vector control.
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population genetics analyses

21



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

Chapter 2: Development and characterization of microsatellite markers for the tsetse species
Glossina brevipalpis and preliminary population genetics analyses

Parasite 30, 34 (2023)
©F. Gstottenmayer et al., published by EDP Sciences, 2023 @ I

+//doi.org/10. [parasite/. 3
https://doi.org/10.105 I /parasite/2023038 PinienporSuie

www.parasite-journal.org

RESEARCH ARTICLE OPEN g ACCESS

Development and characterization of microsatellite markers
for the tsetse species Glossina brevipalpis and preliminary
population genetics analyses

Fabian Gstﬁtlenmayer], Percy Moyabal'z, Montse Rodriguez', Fernando C. Mulandane”, Hermdgenes N. Mucache?,
Luis Neves3'4, Chantel De Bccr', Sophie Ravel’, Thierry De Mccﬁss. Robert L. Machﬁ, Marc J. B. Vreyscn'.
and Adly M.M. Abd-Alla""

! Insect Pest Control Laboratory, Joint FAO/IAEA Centre of Nuclear Techniques in Food and Agriculture,
Vienna International Centre, P.O. Box 100, 1400 Vienna, Austria

* Epidemiology, Parasites and Vectors, Agricultural Research Council-Onderstepoort Veterinary Research, 100 Soutpan Road, Private
Bag X05, Onderstepoort, 0110 South Africa

3 University Eduardo Mondlane, Centro de Biotecnologia, Av. de Mogambique Km 1.5, Maputo, Mozambique

4 University of Pretoria, Department of Veterinary Tropical Diseases, Private Bag X04, Onderstepoort 0110, South Africa

* University of Montpellier, Cirad, IRD, Intertryp, Campus International de Baillarguet, 34398 Montpellier Cedex 5, France

© Institute of Chemical, Environmental, and Bioscience Engineering, Vienna University of Technology, Gumpendorfer StraBe la,
1060 Vienna, Austria

Received 21 June 2023, Accepted 23 August 2023, Published online 15 September 2023

Abstract — Tsetse flies, the vectors of African trypanosomes are of key medical and economic importance and one of
the constraints for the development of Africa. Tsetse fly control is one of the most effective and sustainable strategies
used for controlling the disease. Knowledge about population structure and level of gene flow between neighbouring
populations of the target vector is of high importance to develop appropriate strategies for implementing effective man-
agement programmes. Microsatellites are commonly used to identify population structure and assess dispersal of the
target populations and have been developed for several tsetse species but were lacking for Glossina brevipalpis. In this
study, we screened the genome of G. brevipalpis to search for suitable microsatellite markers and nine were found to be
efficient enough to distinguish between different tsetse populations. The availability of these novel microsatellite loci
will help to better understand the population biology of G. brevipalpis and to assess the level of gene flow between
different populations. Such information will help with the development of appropriate strategies to implement the ster-
ile insect technique (SIT) in the framework of an area-wide integrated pest management (AW-IPM) approach to man-
age tsetse populations and ultimately address the trypanosomoses problem in these targeted areas.

Key words: Glossina, Tsetse, Microsatellites, Population genetics, South Africa, Mozambique.

Résumé — Développement et caractérisation de marqueurs microsatellites pour I'espéce de mouche tsé-tsé
Glossina brevipalpis et analyses génétiques préliminaires des populations. Les mouches tsé-tsé, vecteurs des
trypanosomes africains, sont d’une importance médicale et économique majeure et I'une des contraintes pour le
développement de 1'Afrique. La lutte contre la mouche tsé-tsé est I'une des stratégies les plus efficaces et durables
utilisées pour contrdler la maladie. La connaissance de la structure de la population et du niveau de flux de génes
entre les populations voisines du vecteur cible est d’une grande importance pour développer des stratégies
appropriées pour la mise en ceuvre de programmes de gestion efficaces. Les microsatellites sont couramment
utilisés pour identifier la structure de la population et évaluer la dispersion des populations cibles et ont été
développés pour plusieurs espéces de glossines mais manquaient pour Glossina brevipalpis. Dans cette étude, nous
avons criblé le génome de G. brevipalpis pour rechercher des marqueurs microsatellites appropriés et neuf ont été
trouvés suffisamment efficaces pour faire la distinction entre différentes populations de glossines. La disponibilité
de ces nouveaux locus microsatellites aidera 2 mieux comprendre la biologie des populations de G. brevipalpis et a
évaluer le niveau de flux de genes entre différentes populations. Ces informations aideront a I'élaboration de
stratégies appropriées pour mettre en ceuvre la technique de I'insecte stérile dans le cadre d’une approche de lutte
antiparasitaire intégrée a I'échelle de la zone pour gérer les populations de glossines et, en fin de compte. résoudre
le probléme des trypanosomoses dans les zones concernées.

Edited by Jean-Lou Justine
*Corresponding author: a. m. m. abd-alla@iaea. org

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https:/creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

22



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

Chapter 2: Development and characterization of microsatellite markers for the tsetse species
Glossina brevipalpis and preliminary population genetics analyses

2 F. Gstottenmayer et al.:

Introduction

Tsetse flies (Diptera: Glossinidae) are the only cyclical
vectors of two parasitic diseases, human African trypanosomi-
asis (HAT). or sleeping sickness, and African animal trypanoso-
mosis (AAT), or nagana in livestock [6, 33, 58]. Historically,
the disease has put a great burden on the development of the
African continent and continues to impact food security, mixed
crop livestock agriculture and human health [36]. An estimated
70 million people are at risk of contracting HAT and the eco-
nomic losses due to AAT are significant [25].

Tsetse flies are distributed in sub-Saharan Africa and are part
of the dipteran clade Calyptrate, in the group of blood-feeding
Hippoboscidae [69], of which many species are of medical
and economic importance [25]. All tsetse fly species belong to
the genus Glossina Wiedeman, 1830 [39]. They are divided into
three subgenera according to the differences of structural
complexity of the genitalia, which falls in line with body hair
patterns and their habitat preferences: flies of the fusca group
inhabit the lowland rain forests and the border areas of forests
and relic isolated forests, the palpalis group is found in lowland
rain forest of the coastal region of West Africa and extends to the
river systems of the humid savannah and the morsitans group is
restricted the woodland savannah [36, 62]. Glossina brevipalpis
belongs to the fisca group and is feeding on wild mammals and
livestock and therefore represents an important vector of AAT
[39]. The predicted geographical distribution of G. brevipalpis
spans from Ethiopia and Somalia in eastern Africa southwards
to Uganda, Kenya, Rwanda, Burundi and Tanzania [70].
Furthermore, it is found throughout southern Africa in Malawi,
Zambia, Zimbabwe, Mozambique [44] and up to the southern-
most populations in KwaZulu-Natal of South Africa [11].

AAT remains a major constraint for more sustainable and
efficient livestock development in 36 countries infested with
tsetse flies in sub-Saharan Africa. The affected area is approx-
imately 10 million km” of high agricultural and livestock farm-
ing potential [24]. Studies project the annual losses in
agricultural production due to AAT to be around 3 billion
USD, and that the elimination of this burden by coordinated
control programmes would need an investment of 12—15 billion
USD in a timeframe of 10-15 years [7, 34]. The lack of vacci-
nes against trypanosomoses, the development of resistance to
the available trypanocidal drugs against AAT, and the high cost
of treatment with chemotherapeutic drugs and their dangerous
side effects in humans [27], make the control of tsetse flies
an attractive approach for the suppression and management of
trypanosomosis [62]. The evolution of tsetse control methods
has changed dramatically over the years: from elimination of
game and bush clearing during the early 20th century, to insec-
ticide spraying, dipping tanks and insecticide pour-on during
the 1950s and the use of insecticide-impregnated traps and tiny
targets in recent years [1, 30, 32, 52, 62]. Another control tactic
that has proven to be effective is the sterile insect technique
(SIT) [61]. SIT, when used as part of an area-wide integrated
pest management (AW-IPM) approach, can be used to suppress
and even eliminate targeted tsetse fly populations [62]. The
SIT requires mass-rearing of the target species in special
facilities and sterilisation of males using ionising radiation,
followed by systematic and sequential releases in the target

Parasite 2023, 30, 34

area. A sufficient number of sterile males has to be released,
so that they can outcompete wild males for mating with wild
females. Consequently, mating of a sterile male with a virgin
wild female will result in no offspring, which means that the
release of massive amounts of such males can considerably re-
duce the size of the target population at the next generation
[62]. An example for the successful implementation of the
SIT was the AW-IPM programme on Unguja Island, Zanzibar
from 1994 to 1997, where a population of Glossina austeni was
eliminated and as a consequence, the transmission of try-
panosomes on the island was stopped [61].

For the successful implementation of an AW-IPM, knowl-
edge on the level of gene flow between neighbouring popula-
tions is required. A tsetse population that is isolated represents
the most ideal situation to apply an eradication strategy as it will
avoid remigration of flies into the area [20]. This was the case in
the Niayes of Senegal, where microsatellites, mitochondrial
Cytochrome c oxidase subunit 1 (COI) markers and morphomet-
rics were used to assess population structure. It was found that
the tsetse population in the Niayes of Senegal was isolated from
the nearest southern populations and, hence, an eradication strat-
egy was selected and implemented [55]. The situation becomes
more complex when the targeted insect population is not iso-
lated. Such situations require a “rolling carpet approach™ [31]
as was implemented during the successful SIT programme
against the New World screwworm fly Cochliomyia hominivo-
rax in the United States, Mexico and Central America [71].

There are currently several molecular markers available that
can be used to gain insight into the population biology of wild
species and to assess the level of gene flow between adjacent
populations. Among these, microsatellite markers are advanta-
geous, because they do not require sequencing nor a large
amount of DNA and are relatively cheap and simple to use [56].

A study using mitochondrial DNA markers and morphomet-
rics was carried out for G. brevipalpis and G. austeni popula-
tions of South Africa, Eswatini (formerly Swaziland) and
Mozambique. Although some limitations came with the used
markers, the results indicated the absence of barriers to gene
flow between the populations in South Africa and Southern
Mozambique [13]. The use of microsatellites might help to
refine our vision of the structure of these populations and their
dispersal. Microsatellite markers have been developed for tsetse
species such as Glossina fuscipes fuscipes (2. 5, 51], Glossina
palpalis palpalis [40], Glossina pallidipes [47, 48, 51], Glossina
morsitans morsitans [3, 51] and Glossina palpalis gambiensis
[51, 54]. No microsatellite loci have been developed specifically
for G. brevipalpis so far, and attempts to use microsatellite
markers developed for G. pallidipes gave only limited data for
G. brevipalpis [48]. Therefore, the aim of this work was to
develop novel microsatellite markers for G. brevipalpis and to
test their suitability for population genetic studies.

Materials and methods
Tsetse fly samples
Glossina brevipalpis samples for this study were col-

lected from two field locations in South Africa and three
in Mozambique (Table 1) and from a laboratory colony

23



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

Chapter 2: Development and characterization of microsatellite markers for the tsetse species
Glossina brevipalpis and preliminary population genetics analyses

F. Gstottenmayer et al.: Parasite 2023, 30, 34 3

Table 1. Locations and geographical coordinates of tsetse fly Glossina brevipalpis samples collected from Mozambique and South Africa and
origin of laboratory colony maintained in Onderstepoort Veterinary Research (South Africa).

Location N Label No of traps Latitude Longitude
1. Hluhluwe-Imfolozi Park 17 (South Africa) 20 HLUEI 1 —28.09816 32.12231
2. Hluhluwe-Imfolozi Park 2* (South Africa) 10 HLUE2 1 —28.10031 32.12247
3. Onderstepoort Veterinary Research originated 30 OVI (Colony) 0 —2.416917 37.95892
from Kibwezi Forest (Kenya)®
4, Reserva Especial de Maputo 1* (Mozambique) 9 MOZ1 | —26.59884 32.84528
5. Reserva Especial de Maputo 2* (Mozambique) 7 MOZ2 1 —26.59246 32.84624
6. Reserva Especial de Maputo 3" (Mozambique) -+ MOZ3 3 —26.59177 32.84617

* Sampled between 15 October and 10 December 2018.
* Sampled between 5 and 7 June 2019.
" Approximate location.
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Figure 1. Locations of collected Glossina brevipalpis samples in Mozambique and South Africa. Kibwezi Forest (Kenya), the location of
collections for Onderstepoort Veterinary Research (OVI) colony is indicated in red.

maintained in the Onderstepoort Veterinary Research (South
Africa), which originated from flies caught in the Kibwezi
Forest in Kenya 41 years ago. Sampling locations, Number
of sampled flies, Population label, Number of traps and
Geographical coordinates are indicated in Table 1. Sampling
locations are furthermore shown in Figure 1.

Sampling sites in the two countries were separated by a
geographical distance of 162 km. Tsetse flies were collected
at Hluhluwe-Imfolozi Park (South Africa) from 15 October

2018 to 10 December 2018 and at Reserva Especial de Maputo
(Mozambique) from 5 to 7 June 2019 with odour-baited H traps
[37]. Assuming a two-month generation time [41], this repre-
sents three (setse generations between the two sampling
campaigns. To enhance the trapping of G. brevipalpis, the traps
were baited with 1-octen-3-ol and 4-methylphenol at a ratio of
1:8 that were released at 4.4 mg/h and 7.6 mg/h, respectively
[38]. These chemicals were dispensed from seven heat-sealed
sachets (7 cm x 9 cm) made of low-density polyethylene
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sleeves (wall thickness 150 microns) placed near the entrance of
each trap. A 300 mL brown glass bottle that dispensed acetone
through a 6 mm hole in the lid at a rate of ca. 350 mg/h was
placed next to the H trap. Flies caught in the traps were guided
to a non-return cage that contained a 20% ethanol solution to
which an antiseptic, Savlon® (Johnson & Johnson, East
London, South Africa) (0.4 mL/L) and formalin (0.4 mL/L)
had been added to preserve the sampled flies as well as to pre-
vent ant and spider predation.

Colony flies were obtained from the laboratory colony that
has been maintained at the Agricultural Research Council-
Onderstepoort Veterinary Research in Pretoria, South Africa
for the past 21 years. This colony was originally established
from seed material collected in the Kibwezi Forest in Kenya
in 1982, with no new genetic material introduced to the colony
since then [12]. These colony flies originating from a distant
geographic location were included to test the efficiency of the
newly developed microsatellites to differentiate between distant
and closer field populations.

All collected flies were preserved in absolute ethanol. The
samples were prepared for shipment to the Insect Pest Control
Laboratory (IPCL) by replacing the ethanol with propylene
glycol. Upon arrival, the propylene glycol was replaced by
absolute ethanol and stored at —20 °C until DNA extraction.

Sequence analysis and microsatellite selection

Glossina brevipalpis sequence data of the following SRA
files (SRR653459, SRR653479, SRR681140  and
SRR1174181) available in the SRX220378: Whole Genome
Sequencing of tsetse fly project at https://www.ncbi.nlm.nih.
gov/sra/ were used. In addition, more sequence data of G. bre-
vipalpis were provided by Otto Koekemoer, Agricultural
Research Council, Onderstepoort Veterinary Research, South
Africa (unpublished data) and used in the analysis. The SRA
files were transformed to fastq files using the command
“fastq-dump [sra file name]>output file name” in Linux Ubuntu
20.04.4 LTS. The fastq sequence data, consisting of 26209954
reads of 200 bp length were assembled with ABYSS assem-
bler [53] with the command “abyss-pe k=64 np=16 name=
samplel_2 in="1_2.fastq.gz’". The .fa files were concatenated
to one file with the command “cat filel, file2, filexx>all_file”.
The concatenated file was screened for di- and trinu-
cleotide motifs with a minimum of ten repeats using
MSATCOMMANDER 1.08 [23] which also enables primer
design with the integrated PRIMER3 software. The location
of the extracted primers on the G. brevipalpis complete gen-
ome (https://vectorbase.org/vectorbase/app/downloads/release-59/
GbrevipalpislAEA/fasta/data/, accessed on 8 August 2022)
and in coding sequence regions (CDC) was determined using
Geneious Prime software, version 2022.2.2. Microsatellites
with dinucleotide motifs were prioritised as they showed higher
levels of polymorphism compared to trinucleotide motifs in a
previous study on tsetse flies [4]. A total of 188 primer pairs
were selected based on product size (180-380 bp) and the num-
ber of repeats (=13 repeats), synthesized by Eurofins Genomics
(Ebersberg, Germany), and tested for microsatellite amplifica-
tion with PCR.
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DNA extraction and PCR amplification

Only male tsetse fly samples were used for the microsatellite
validation in this study in order to be able to exclude loci on the X
chromosome. Samples were rehydrated in distilled water for
5 min after removal of the ethanol and separated into two sample
types: whole body and leg samples. Total genomic DNA of
G. brevipalpis body samples was extracted using DNeasy Blood
& Tissue kit (QIAGEN Inc., Redwood City, CA, USA), follow-
ing the manufacturer’s instructions. DNA of three legs per fly was
extracted with a Quick-DNA™ Miniprep Kit (Zymo Research,
Irvine, CA, USA). The quantity and quality of extracted DNA
was assessed with a Synergy H1 Hybrid Multi-Mode Reader
(Agilent Technologies, Inc., Santa Clara, CA, USA).

In the first phase of the study, 188 synthesized primer pairs
were tested with DNA extracted from five G. brevipalpis flies
(whole body samples) to determine primer specificity and the
amplicon profile. PCR amplification was carried out in a total
reaction volume of 25 pL, with 12.5 pL QIAGEN Taq PCR
2X Master Mix (QIAGEN Inc.), 10 pL nuclease-free H,O
(Qiagen Inc., CA, USA), 0.2 uM of each primer and 1.5 pL
(4 ng) of DNA. All primer sequences can be found in Supple-
mentary Table 1. PCR conditions were 94 °C for 2 min; 35 cycles
of 94 °C for 30 s, 58 °C for 30 s, and 72 °C for 1 min; ending
with a final extension at 72 °C for 5 min. The PCR amplification
was checked on 2% agarose E-gel™ stained with ethidium bro-
mide (Invitrogen, ThermoFisher Scientific, Waltham, MA,
USA). Out of 188 tested primers, 170 successfully amplified
the expected band sizes, from which 20 were selected to be
tested with 10 leg samples from each population to assess
heterogeneity of fragment sizes between and within popula-
tions. A set of 12 microsatellites (Gb5, Gb28, Gb35, Gb48,
Gb50, Gb66, Gb70, Gb72, Gb73, Gb92, Gbl58, Gbl65)
exhibiting polymorphic patterns between populations was se-
lected to be amplified for the final phase of the study, which in-
volved amplification of the microsatellites with fluorescent dyes
(6-FAM, HEX, ATTO 550 and ATTO 565). This was done by
synthesizing the forward primers linked with the M13 adapter
(5'-CACGACGTTGTAAAACGAC-3'). PCR was performed
in a total reaction volume of 25 L, with 12.5 pL Platinum ™
II Hot Start PCR 2X Master Mix (ThermoFisher Scientific),
9.6 pL nuclease-free H,O (QIAGEN Inc.), 0.016 pM forward
primer with MI13 adapter, 0.2 pM reverse primer,
0.2 uM M13 adapter labelled with fluorescent dye (6-FAM,
HEX, ATTO 550 or ATTO 565) and 1.5 pL of 1:5 diluted
DNA (0.75-26 ng/uL). The PCR conditions were as follows:
94 °C for 2 min; 35 cycles at 94 °C for 15 s, 58 °C for 15 s,
and 68 °C for 15 s; ending with a final extension at 68 °C
for 5 min. PCR products were checked on 4% agarose E-gelTM
stained with ethidium bromide (Invitrogen). PCR products were
then resolved on an ABI 3500XL Genetic Analyzer (Applied
Biosystems, Waltham, MA, USA) with a GeneScan™
600 LIZ™ internal size standard (ThermoFisher Scientific).

Quality assessment of G. brevipalpis
microsatellite markers

Raw data reads were processed and allele calling performed
in Genemapper version 6 (ThermoFisher Scientific). Allele calls
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were transformed into a codominant matrix displaying the
microsatellite loci and their respective alleles. The genetic data
were formatted for Create v. 1.37 software [10], to convert the
datasets into the required formats according to the software
used. For Mozambique samples, individual traps were consid-
ered subpopulations, except for MOZ3, where samples from
three traps, located within 50 m distance, were pooled due to
the low number of samples per trap. Each of the two traps from
South Africa was considered a subpopulation.

Quality of data was tested with Fstat v. 2.9.4. [28]. Presence
of linkage disequilibrium (D) between each locus pair was
checked using G-based tests with 10,000 randomisations [29].
Furthermore p-values were corrected according to Benjamini
and Yekutieli (BY) to assess for the false discovery rate [4] in
RStudio v. 2021.09.2 [50]. F-statistics, namely Wright's Fig
for estimation of deviation from panmixia of genotypic
frequencies at local scales (e.g. within subsamples), Wright's
Fgr for estimation of subdivision, and Wright's Fir, a measure
of deviation from panmixia at the whole sample scale (which
results from the latter two parameters: (I — Fyp) = (1 — Fig)
(1 — Fsr) [18]), were estimated using Weir and Cockerham’s
unbiased estimators [68]. Significant deviation from panmixia
and significant subdivision were evaluated with 10,000 permu-
tations of alleles between individuals within subsamples as well
as individuals between subsamples, respectively. For the
first, the statistic used was simply Weir and Cockerham’s
estimator of Fi5 and for the second, the statistic used was the
log-likelihood ratio G [29]. Confidence intervals were calculated
with 5000 bootstraps over all loci.

As departures from Hardy-Weinberg-Equilibrium (HWE)
may be caused by a Wahlund effect or genotyping errors such
as short allele dominance (SAD), null alleles or stuttering [17],
several tests were performed to investigate the influence of these
scenarios on HWE. Detection of null alleles, SAD and stuttering
was assessed using the strategy described in several papers
[14, 16, 17, 19, 41]. The frequency of null alleles was estimated
with the EM algorithm [21] using FreeNA. One-sided exact
binomial tests were performed in RStudio v. 2021.09.2 [50] to
test the goodness of fit of expected null homozygotes and
observed missing data (putative observed null homozygotes).

Genetic differentiation

Measure of genetic differentiation was assessed with
Wright's Fgr, corrected for the presence of null alleles with
the excluding null alleles (ENA) method implemented in
FreeNA [9], and labelled Fg1 preena. The 95% confidence inter-
vals with 5000 bootstraps over loci were also computed with
FreeNA. For these computations, missing data were recoded
as homozygotes for null alleles, i.e. 999,999, as recommended
[9]. A standardised measure, corrected for the excess of poly-
morphism, was obtained with Fsr preena’ = FsT Freena/
Fs1 pmax. Where Fgp ., was calculated using the software
Recodedata [42]. We computed these quantities between each
pair of subsamples within the two countries and computed the
averages of the means across loci and of the 95% confidence
intervals. We also computed Gsi”' = [n(Hy — Hs)/
[(nHt — Hs)(1 — Hs)] [43], where Ht and Hg are total and
local genetic diversities [45] and n the number of subsamples.

According to Wang [64], when the correlation between Nei’s
Gsr and Hg is negative, Fst' (Meirmans) offers a more accurate
estimate of subdivision, while Ggr” performs better otherwise.
The correlation between Ggt and Hs was measured and tested
with a one-sided Spearman’s rank correlation test with remdr.

Effective population sizes (N.)

Effective population sizes (N.) — roughly the number of
reproducing adults in a population — were estimated for wild
tsetse fly samples. We utilised five different methods: linkage
disequilibrium [67] corrected for missing data [49] and molec-
ular co-ancestry [46] as computed with NeEstimator v. 2.1.
[22]; the heterozygote excess method recently proposed by
[15]) N, = —(1/2Fs) — (Fis/2(1 + Fig)) the one- and two-locus
identity probabilities [59] with ESTIM v. 1.2. [60]; and Wang's
sibship frequency method [65] with the software Colony
v. 1.0.6.8 (January 5, 2022) [35]. We then computed the aver-
age N, across methods, weighted with the number of usable
values (i.e., values different from O or infinity).

Genetic relationships between wild populations
and the laboratory colony of G. brevipalpis

Cavalli-Sforza and Edwards’ chord distances [8] between
subpopulations were computed with FreeNA with including
null alleles (INA) correction for null alleles [9], which served
as input for MEGAL1 [57] to construct a Neighbour-Joining
tree. To further visualise genetic structure, a Factorial Corre-
spondence Analysis (FCA) was undertaken with GENETIX
v. 4.0.5.2. Significance of the 10 first axes was evaluated with
the broken stick method [26].

Results
Microsatellite development and validation

The MSATCOMMANDER search for di- and trinu-
cleotides resulted in a total of 55,664 motifs and 21,827 pairs
of primers. Out of them, 1244 primer pairs could be found in
duplicates in the genome and therefore were excluded from
the analysis. Combining the unique primer pairs with the motifs
produced 20,583 primers pairs, out of them 13,420 primer pairs
flanked repeats of dinucleotides and 7163 flanked trinucleotide
repeats. Mapping the unique primers (no duplicates) to the
G. brevipalpis genome indicated that all primers (41,166)
mapped to the genome. When mapping the primers to the cod-
ing sequence regions (CDS), it showed that 24,609 primers
matched to CDS regions, while 16,557 matched to sequences
between CDS. Selecting primer pairs that produced PCR pro-
duct ranging between 180 and 300 nucleotides resulted in
7328 primer pairs. Sorting the primer pairs with the number
of motifs with a cut-off > 13 repeats resulted in 253 primer
pairs out of which 188 primer pairs with the highest number
of motif repeats were synthesized and tested by PCR
(Supplementary Table 1). Out of the 188 primer pairs tested
by PCR, 170 (90.4%) showed amplification at the expected
fragment size. Among all tested primer pairs, 103 (54.7%)
showed monomorphic and 67 (35.6%) indicated polymorphic
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(Na), allele size range, heterozygosity within subsamples (H,), total heterozygosity (H,).

Locus name Repeat motif Primer sequence (5-3) Na Allele size range (bp)* H, H,
Gbs AG(21) F: GTTACTAGTCACTCATAAGCACATG 13 219-247 0.851 0.899
R: CTCATATATGCTTCTTGTTGGTCC
Gbh28 AG(1B) F: CTACTACCAACTCCAATCAAAGAAG 12 227-281 0.799 0.867
R: TCTACTCGCTAAGAAGTAAATCCTG
Gb35s AC(17) F: TTTCTCCTTAGCCTGCATTAGATAG 10 193-239 0.673 0.783
R: AAACACACACTAACTGAGAGAGG
Gb48 AC(16) F: CTAAACCTCTAGTGAAACAGAAGC 14 229-279 0.809 0.867
R: CTATAACATAACTCTAACGCTACGG
Gho66 ATC(16) F: CAAACCTGTTGCATCTTTGTTTGG 14 202-259 0.861 0.893
R: CCTCGTCACTACCATCGTC
Gb72 AC(15) F: TTGTCACATATATGAGAACGACCTC 14 207-245 0.798 0.841
R: GAAGTTCACTACAATGTCATCTGC
Gbh73 AC(15) F: TTTCTGATGTTGGAGAGTGTCTAC 11 228-256 0.764 0.849
R: CCATTTGATTCACGATAACCAACC
Gh92 AG(15) F: GAGAGCGAGAGACAACATTTC 13 278-324 0.755 0.802
R: TTTCGTTATCTCCCTCTTTCGTTTG
Gbl158 AC(13) F: CACCTCAGCCTTCATAAATTAACAC 8 187-205 0.744 0.805
R: GCTAACAAAGAGGAGTATGTAC
Gbl165 AC(13) F: TTTGGGAGAAACACGTACGAC 5 210-220 0.534 0.604
R: GTTGTATACTTAAGCAACGCACAC
* Length including M13 adapter.
amplicons. From the microsatellites showing polymorphism, 08 =
12 (Gb5, Gb28, Gb35, Gb48, Gb50, Gb66, Gb70, Gb72, b7
Gb73, Gb92, Gb158, and Gb165) were selected for population s
genetics analyses. L -
£, 03 - . e - _
011 g ® ° e o .
Quality assessment of microsatellite loci o014 = = - = - % *« o -
Out of the 12 microsatellites, Gb50 was excluded due to the b
low success of fragment analysis reads. Gb70 was considered R [P prewres; e e ey " (e e e Frren g
X-linked as it displayed different amplicon patterns with 0.33240.1112|0.0002| 0.497 |0.4388 0.0002|0.78560.2504 |0.1282| 0.0002

DNA from females comparing to males in preliminary tests
(Supplementary Figure 1). Therefore, it was excluded from
analysis due to X-linkage. Overall, 10 microsatellites were
subjected to the quality control tests (Supplementary Table 2).
Primer sequences, microsatellite motifs, number of alleles,
allele size range and genetic diversities of each locus are pre-
sented in Table 2. The quality parameters, namely Fis, Fsr,
linkage disequilibrium (LD), short allele dominance (SAD),
stuttering and presence of null alleles were first assessed for
10 loci on all tested samples. The G-based tests for LD between
each pair of loci indicated that four locus pairs were in disequi-
librium (Gb5xGb66, Gb28xGb72, Gb28xGb92 and Gb35x92);
however, none of the pairs gave a significant p-value at the BY
level. The global analysis over all loci and all samples indicated
a significant heterozygote deficit Fis = 0.079 in 95% CI [—0.052,
0.2101] (p-value = 0.0002), as indicated in Figure 2. Genetic dif-
ferentiation was significant, with minor variation across loci:
Fgr = 0.115 in 95% CI [0.089, 0.141] (p-value = 0.0001)
(Supplementary Figure 2).

The correlation between Fig and Fgy across all loci was not
significant (p-value: 0.6336) with a trend to be negative

0.242
Loci
p-values

Figure 2. Average homozygosity index (Fys) by locus with upper
and lower limit as calculated with the formulas Li = Fig — StdErr x ¢
and Ls = Fis + StdErr x t and over all loci (All) estimated over all
subpopulations. The 95% confidence interval for all loci was
obtained by jackknife resampling over populations for each locus
and by 10,000 bootstraps over loci for the average (All). The two-
sided p-values obtained while testing for significant deviation from
panmixia and the number of observed missing data are also indicated
under locus names.

(p = —0.115), indicating that null alleles do not affect Fgr
enough to result in a significant positive correlation with Fig
(Supplementary Figure 3). The Spearman correlation between
the Fig and the observed missing genotypes (blanks) for some
loci (Gb5, Gb35, Gb66 and Gb73) was significantly positive
(p-value = 0.04167) and at least 95% of the variance of Fig is
explained by the number of blank genotypes found across these
loci (Supplementary Figure 4). Other loci displayed an excess of
missing genotypes. No significant stuttering signature was
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Figure 3. Population structure of G. brevipalpis. (A) Factorial Correspondence Analysis of six G. brevipalpis field and laboratory colony
populations on nine selected loci as computed with GENETIX v. 4.0.5.2. For each axis, percentages of inertia are given. (B) Neighbour-joining
tree constructed with MEGA11 based on Cavalli-Sforza and Edward’s chord distances between individuals, Branches are labelled according to
the sampling site: HLUE 1 and HLUE 2 (South Africa I and 2) — green; OVI (Onderstepoort Veterinary Institute) — blue and MOZ 1. 2 and 3

(Mozambique 1. 2 and 3) - red.

observed for all tested microsatellites. However, an indication of
SAD was detected for the locus Gb48 with a p-value of 0.09867
and negative p (—0.367033) with Spearman’s rank correlation
test. The weighted regression correlation test was significant
(p-value = 0.0456), therefore Gb48 was excluded from further
analysis. In conclusion, nine microsatellites (GbS, Gb28,
Gb35, Gb66, Gb72, Gb73, Gb92, Gb158 and Gb165) were
retained for further analysis after excluding Gb50 for low
success of fragment analyser reads, Gb70 for X-linkage and
Gb48 for SAD.

Analysing the data from all samples with the nine selected
loci resulted in a total heterozygosity (H,) of 0.816. The overall
Fi5 decreased to 0.082 (Supplementary Figure 5A). Genetic
differentiation remained significant (p-value = 0.0001), with a
marginal increase of Fgp to 0.116. Four locus pairs were in
significant LD (Gb5xGb66, Gb28xGb72, Gb28xGb92 and
Gb35xGb92); again none of these pairs remained significant
after BY-correction. The correlation test between Fis and Fsr
remained non-significant (p-value: 0.6206) (Supplementary
Figure 5B).

Genetic differences between laboratory colony
and wild flies from Mozambique and South Africa

To determine the genetic relationship between the
G. brevipalpis from a colony maintained in culture for 40 years
and the field collected flies, we conducted an FCA (individual
based) and NJ-tree analysis based on Cavalli-Sforza and
Edwards chord distances between subsamples, with INA
correction for null alleles.

The OVI laboratory colony appeared distant from the other
two wild subpopulations (Figure 3). Regarding the FCA, this
differentiation was the main contributor of the first axis of the
FCA, while the second axis clearly separated wild subsamples

from Mozambique and South Africa, though with less strength
(Figure 3B). Furthermore, as seen in the NJ-tree, OVI obviously
represents an outgroup.

Quality assessment of selected microsatellite
loci for field samples only

In the field samples only, genetic differentiation remained
significant, with Fsr = 0.067 in 95% CI = [0.043, 0.097]
(p-value < 0.0001). There was still a significant heterozygote
deficit: Fig = 0.068 in 95% CI = [-0.02, 0.164]
(p-value < 0.0002) (Supplementary Figure 6).

As explained above, null alleles explained most of Fig
variations. We always observed enough numbers of blanks as
compared to the expected ones as provided by FreeNA with the
EM algorithm to estimate null allele frequencies (all
p-values >(0.7). The regression of Fg as a function of expected null
homozygotes (Nblanks — expected) provided a R* = 0.7251 and
an intercept of Fis_nonun = —0.0247 (Supplementary Figure 7),
as expected in a random mating dioecious population [15].
After correction for null alleles with FreeNA and correction
for polymorphism using RecodeData, the average genetic dif-
ferentiation between subsample pairs across the two countries
was very high: Fsr geena’ = 0.3159 in 95% CI = [0.180,
0.457]. Nevertheless, this cannot be translated into an estimate
of gene flow since we cannot separate the respective effect of
temporal (three generations) and geographic (>150 km)
distances.

Effective population sizes (N,)

Results of the estimation of effective population sizes are
presented in Table 3, where it is indicated that the Fig based
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Table 3. Average effective population size obtained for the Fis-
based, LD-based, Coancestry-based, the one and two locus corre-
lation-based and the sibship frequency-based methods. For each, the
minimum and maximum values are given. These were used to
compute the grand average, weighted by the number of usable values
(Weights) (values different from O or infinity).

Methods AVEI‘age Ne Nc7n1in Nﬂflnnx Weighls
FIS 10 4 17 5
LD 364 54 965 3
Coancestry 29 8 87 4
Correlations 14 14 14 1
Sibship 19 11 24 5
Grand average 76 16 192

N, =10, in minmax = [4, 17] is very close to the one obtained
with the intercept of the regression Fis ~ Npjanks-expecied
(N, = 10.51). This brings confidence on the interpretation
regarding the effect of null alleles. The weighted grand average
gave effective population sizes: N, = 76 in minmax = [16, 192].

Genetic differentiation between subsamples
within South Africa and Mozambique

Within each country, the average genetic differentiation
was small and not significant with Fst preena’ = 0.0983 in
95% CI = [-0.0160, 0.2953] (p-value = 0.3208) in South
Africa and Fst preena’ = —0.0206 in 95% CI = [—0.1344,
0.1036] (p-value = 0.8036) on average between traps in
Mozambique.

Discussion

This study aimed to develop novel microsatellite markers
for G. brevipalpis and to evaluate the suitability and efficiency
of these markers to investigate population structure and the
level of gene flow between populations in the field. The search
for microsatellites across the genome sequence of G. brevipalpis
indicated that dinucleotide repeats were more common
than trinucleotide repeats confirming the theory that the
microsatellite abundance decreases with the increase of motif
repeat number and repeat length [63]. To our knowledge,
this is the first report of a set of microsatellite markers that
can be used effectively for G. brevipalpis, allowing a broader
analysis of the population genetics of this species in southeast
Africa.

The selected microsatellite markers used in this study were
inspected for their efficiency to explore genetic heterogeneity
within and between tested populations using several quality
control tests. As a result of the quality control tests, nine mark-
ers were retained, with an average genetic diversity H, = 0.816,
which is a satisfying rate for population genetics studies.
Among these nine loci, four (GhS5, Gb35, Gb73 and Gb92)
displayed null alleles at different levels of frequency. As for
the Fgr between the two countries, given the importance of
the geographic distances between the two countries, relative
to the modest number of generations separating those, it is
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probable that most of the genetic differentiation observed
between the two countries, as measured by Fgr preena’s Was
due to geography, though we cannot quantify by what propor-
tion exactly. The same consideration applies to the FCA and
NJ-tree analyses. Nevertheless, we can forecast that contempo-
raneous subsamples from the two zones would lead to a consid-
erable genetic differentiation and thus that these two zones
exchange very few immigrants per generation. Regarding effec-
tive population sizes, variations of N, estimates are often impor-
tant, with the LD-based estimate giving the highest values and
the coancestry-based estimate providing the smallest values
[15, 22, 66].

Results of the NJ-tree and FCA indicated that the OVI
colony was distant from the wild populations of South Africa
and Mozambique. The results agree with the results of de Beer
et al. [13] who's morphometric and mitochondrial DNA analy-
sis indicated that the flies from the colony could be clearly dis-
tinguished from the field samples of Eswatini, Mozambique and
South Africa. However, using the selected microsatellite mark-
ers in this study, it was possible to classify the flies collected
from Mozambique and South Africa into distinct groups. The
difference between our results and those of de Beer er al
[13] can be explained by the fact that mtDNA is a conserved
region and is not subject to many frequent mutations as com-
pared to microsatellite loci.

The distinction between G. brevipalpis collected from
different locations in Mozambique and South Africa demon-
strates that microsatellite markers will provide an enhanced
resolution of the genetic structure of this species and therefore
allow accurate investigations of the population genetics, the
immigration rate and the dispersal distances in this species.
Although these results demonstrate the suitability of the
selected loci to explore the genetic diversity of G. brevipalpis
in the tested locations, the low number of tested samples, and
the fact that Mozambique and South Africa populations were
investigated at different times did not allow us to calculate
dispersal or the immigration rates between these populations.
Therefore, the genetic structure of these populations should
not be considered finally established. For future studies, it is
recommended to analyse more samples collected at the same
time from more locations to obtain a complete and conclusive
analysis of the population genetics of the flies.

Conclusions

In this study, nine selected microsatellite markers were
characterised and found to be suitable for analysing the popula-
tion genetics of G. brevipalpis. The selected microsatellite
markers showed the possibility to differentiate between wild
flies from different locations in Mozambique and South Africa
as well as the flies from a laboratory population. Analysing
more field samples collected from more locations of the same
tsetse generation with these microsatellite markers will provide
a better understanding of the population genetics and dynamics
of G. brevipalpis. Tt will allow for precise assessment of the
level of gene flow between adjacent populations that could be
targeted with an area-wide integrated pest management
strategy.

29



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Chapter 2: Development and characterization of microsatellite markers for the tsetse species
Glossina brevipalpis and preliminary population genetics analyses

F. Gstottenmayer et al.:

Acknowledgements. The authors would like to acknowledge
colleagues and technicians at the Insect Pest Control Laboratory in
Seibersdorf, Austria for providing guidance in the laboratory and
supplying materials when needed.

Author contributions

AMM.A. and M.J.B.V. conceived and designed research.
P.M., F.CM., HN.M, LN, C.D.B., collected biological mate-
rials from the field. F.G., M.R., P.M. and AM.M.A. collected
data and conducted research. F.G., TDM. and AM.M.A.
analysed and interpreted data. F.G.,, AM.M.A. and T.D.M.
wrote the initial paper; F.G., T.D.M., MJB.V., SR. and
R.L.M. revised the paper; A.M.M.A. had primary responsibility
for final content. All authors read and approved the final
manuscript.

Funding

This study was supported by the Joint FAO/TAEA Insect
Pest Control Subprogramme and the IAEA’s Department of
Technical Cooperation.

Data availability statement

Materials described in the paper, including all relevant raw
data, are available in this link: https:/dataverse harvard.edu/da-
taset.xhtml?persistentld=doi: 10.7910/DVN/SDRST2.  Unpub-
lished sequence data from Otto Koekemoer is available upon
reasonable request from the corresponding author.

Ethics approval and consent to participate

Not applicable.

Conflicts of interest

The authors declare that they have no conflict of interest.

Supplementary materials

The Supplementary materials of this article are available at
https://www parasite-journal.org/10.105 1 /parasite/2023038/olm

Supplementary Figure I: Determination of X-linkage for
locus Gb70. PCR products were migrated on 4% agarose gel
stained with ethidium bromide. The first five samples are males,
the last five females. Template DNA of positive control (+) was
derived from | female sample. M: FastRuler Low Range DNA
Ladder (ThermoFisher) with band size top to bottom are 1 500,
850, 400 and 200 bp.

Supplementary Figure 2: Fsr values with p-values for sub-
division of 10 loci across all samples. Dots indicate mean val-
ues, dashes show lower and upper limits calculated with the
following formula: Li = Fgr — StdErr x ¢ and Ls = Fgr +
StdErr x . Dashes for All loci are the 95% confidence intervals
as obtained by jackknife resampling over populations for each
locus and by 10,000 bootstraps over loci for the average.
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Supplementary Figure 3: Comelation between Fis and Fgsr
and between Fig and the number of blanks. (A) Correlation
between Fis and Fgy for 10 loci across all samples. (B) Corre-
lation between Fig and number of blanks for all loci across all
samples. (C) Correlation between Fig and number of blanks for
4 selected loci (Gb66 [Nb: 1], Gb 5 [Nb: 2], Gb73 [Nb: 5] and
Gb35 [Nb: 10]) across all samples.

Supplementary Figure 4: Wright's Fis values p-values for
panmixia (A) and Fgp values with p-values for subdivision
(B) of nine selected loci across all samples. Dots indicate mean
values, dashes show lower and upper limits calculated with the
following formula: Li = Fyy — StdEmr x 7 and Ls = Fxy +
StdErr x 1. Dashes for All loci are the 95% confidence intervals
as obtained by jackknife resampling over populations for each
locus and by 10,000 bootstraps over loci for the average.

Supplementary Figure 5: Correlation between Fis and Fgr
and between Fig and the number of blanks. (A) Correlation
between Fis and Fsy for selected 9 loci across all samples.
(B) Correlation between Fjg and number of blanks for
selected nine loci across all samples. C: Correlation between
Fis and number of blanks for four selected loci (Gb5 [Nb: 0],
Gb66 [Nb: 1], Gb73 [Nb: 3] and Gb35 [Nb:6]) across all
samples.

Supplementary Figure 6: Wright's Fis values p-values for
panmixia (A) and Fgr values with p-values for subdivision
(B) of nine selected loci across field samples only. Dots indicate
mean values, dashes show lower and upper limits calculated
with the following formula: Li = Fxy — StdErr x t and Ls =
Fxy + StdErr x 1. Dashes for All loci are the 95% confidence
intervals as obtained by jackknife resampling over populations
for each locus and by 10,000 bootstraps over loci for the
average.

Supplementary Figure 7: Correlation between Fig and FST
(A) and between Fj5 and number of blanks (B) for selected nine
loci across field samples.

Supplementary File 1: RMarkdown for statistics in R of the
manuscript “Development and characterization of microsatellite
markers for the tsetse species Glossina brevipalpis and prelim-
inary population genetics analyses’™.

Supplementary Table I: Selected primers for Glossina bre-
vipalpis microsatellite that produce PCR product length of 180-
300 nucleotides with minimum 13 repeat of each motif.

Supplementary Table 2: List of genotypes (alleles) per locus
for tsetse fly Glossina brevipalpis. Dye-labelled PCR were
analysed by fragment analyser and the resulting data were read
with Genemapper.
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The sterile insect technique (SIT) is an environment friendly and sustainable method to manage insect
pests of economic importance through successive releases of sterile irradiated males of the targeted
species to a defined area. A mating of a sterile male with a virgin wild female will result in no offspring,
and ultimately lead to the suppression or eradication of the targeted population. Tsetse flies, vectors
of African Trypanosoma, have a highly requlated and defined microbial fauna composed of three
bacterial symbionts that may have a role to play in the establishment of Trypanosoma infections in
the flies and hence, may influence the vectorial competence of the released sterile males. Sodalis
bacteria seem to interact with Trypanosoma infection in tsetse flies. Field-caught tsetse flies of ten
different taxa and from 15 countries were screened using PCR to detect the presence of Sodalis and
Trypanosoma species and analyse their interaction. The results indicate that the prevalence of Sodalis
and Trypanosoma varied with country and tsetse species. Trypanosome prevalence was higher in east,
central and southern African countries than in west African countries. Tsetse fly infection rates with
Trypanosoma vivax and T. brucei sspp were higher in west African countries, whereas tsetse infection
with T. congolense and T. simiae, T. simiae (tsavo) and T. godfreyi were higher in east, central and
south African countries. Sodalis prevalence was high in Glossina morsitans morsitans and G. pallidipes
but absent in G. tachinoides. Double and triple infections with Trypanosoma taxa and coinfection of
Sodalis and Trypanosoma were rarely observed but it occurs in some taxa and locations. A significant
Chi square value (<0.05) seems to suggest that Sodalis and Trypanosoma infection correlate in G.
palpalis gambiensis, G. pallidipes and G. medicorum. Trypanosoma infection seemed significantly
associated with an increased density of Sodalis in wild G. m. morsitans and G. pallidipes flies, however,
there was no significant impact of Sodalis infection on trypanosome density.
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Abbreviations

SIT Sterile insect techniques

qPCR  Quantitative polymerase chain reaction
BKF Burkina Faso

ETH  Ethiopia

GHA  Ghana
GUI Guinea
KEN  Kenya
MLI Mali

MOZ  Mozambique

SAF South Africa

SWA  Eswatini

ZAl Democratic Republic of the Congo

ZAM  Zambia
ZIM Zimbabwe
Ga Glossina austeni

Gb G. brevipalpis

Gff G. fuscipes fuscipes
Gmm  G. morsitans morsitans
Gmsm  G. m. submorsitans

Gpg G. palpalis gambiensis
Gpp G. p. palpalis

Te Trypanosoma congolense
Tv Trypanosoma vivax

Tz T. brucei sspp.

Tsetse flies (Diptera: Glossinidae) are distributed in sub-Saharan Africa between 15° north and 26° south latitude'.
Glossina spp. are the cyclic vectors® of unicellular protozoa of the genus Trypanosoma that cause African animal
trypanosomosis (AAT) or nagana and human African trypanosomosis (HAT) or sleeping sickness*!. Nagana
in cattle is mainly caused by T. congolense, T. vivax and T. brucei brucei® and causes annual losses to agriculture
estimated at $4.75 billion®. In addition, around 35 million doses of trypanocidal drugs are administered to live-
stock per year for managing AAT’. Human African trypanosomosis is fatal without treatment® and is caused by
two Trypanosoma subspecies, i.e. T. brucei rhodesiense responsible for the acute form of HAT in East Africa and
T. b. gambiense for the chronic form of HAT in western and central Africa’. The lack of effective vaccines and the
development of resistance to the available trypanocidal drugs makes the control of AAT in the vertebrate host
unsustainable!®'!. Consequently, an effective tool to reduce Trypanosoma transmission would be the control of
the tsetse vector. One effective method to manage populations of tsetse flies is the sterile insect technique (SIT)
when used as part of an area-wide integrated pest management (AW-IPM) approach'>"*. The SIT method relies
on the mass-production and sterilization of male flies by ionizing radiation. The sterile males are released in the
target area for mating with wild females and the absence of offspring will gradually reduce the density of the
targeted tsetse populations'”,

The biological transmission of the Trypanosoma species requires the parasite to undergo a series of prolif-
eration and differentiation steps in the tsetse alimentary tract and finally mature into an infective form in the
mouthparts (T. congolense) or salivary glands (T. brucei spp.)'*. However, tsetse flies are refractory to Trypano-
soma infection meaning that the probability that Trypanosoma ingested during a blood meal complete their devel-
opmental cycle in the fly to result in a mature infection is rather low'*™"*. The endogenous bacterial microbiome
seems important in providing tsetse flies the natural ability to mitigate Trypanosoma infections'. Three major
endosymbiotic bacteria have been identified in tsetse flies, i.e. Wigglesworthia glossinidia, Sodalis glossinidius
(hereafter mentioned as Sodalis) and Wolbachia pipientis®. Some studies suggested that the obligate mutualist
Wigglesworthia must be present in the larval stage during the development of a mature tsetse fly to properly
develop a well-functioning immune system contributing to a refractory phenotype against Trypanosoma™".

Sodalis, the second mutualistic symbiont, can be found in the midgut, hemolymph, muscles, fat body,
milk glands, and salivary glands of certain tsetse species and is inherited by the progeny through transovarial
transmission®'. The biological role/importance of Sodalis for tsetse remain unclear and needs to be clarified™.
This symbiont might provide some benefits to the host as flies without Sodalis have a significantly shorter lifespan
as compared with flies with it”*, however the establishment of a Sodalis free colony was feasible™. Sodalis also
presents many ideal characteristics to be used for expressing molecular effectors in paratransgenic tsetse”. In
addition, previous work suggested that Sodalis may modulate the ability of Trypanesoma to establish an infec-
tion in the tsetse midgut as some studies reported that the elimination of this bacterial endosymbiont results in
an increased tsetse fly refractoriness to Trypanosoma infection®**¥". Moreover, Geiger et al.,”* suggested that
specific genotypes of Sodalis presents in G. p. gambiensis from insectary colonies facilitate Trypanosoma infection.
Soumana et al.,” revealed that a variation in the Sodalis population caused by a hosted prophage can influence the
trypanosome infections. In contrast, a recent study demonstrated that the absence or presence of S. glossinidius
in the tsetse fly does not affect the fly’s susceptibility toward Trypanosoma infection®’. In conclusion, from the
above-described results, it is clear that our knowledge on the impact of Sodalis on Trypanosoma infection in tsetse
remains limited and fragmented and is still under debate®. Moreover, exploring on a large scale the occurrence
and possible association between Sodalis and Trypanosoma infection in wild flies is highly required. The above
described potential impact of Sodalis to facilitate Trypanosoma infection in tsetse, and the fact that Sedalis is
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Ethiopia 94/459 (20.48)t0< 92/459 (20.04)*
Kenya 288/1008 (28.57)*" 448/1008 (44.44)*0=
Democratic R. of Congo | 4/35 (11.43)*b¢ 1/35 (2.86)*°
Mozambique 7/100 (7.00)*%¢ 80/526 (15.21)*
South Africa 9/526 (1.71)*< 0/30 (0.00)*¢
Eswatini 0/30 (0.00)*b<s 8/100 (8.00)*¢
East, central and southern Africa
Tanzania 227/338 (67.16)*¢ 128/338 (37.87)*
Uganda 91/210 (43.33)° 19/210 (9.05)>
Zambia 11/210 (5.24)*b< 97/210 (46.19)*4¢
Zimbabwe 39/211(18.48) ¢ 113/211 (53.55)*
Subtotal 770/3127 (24.62) 986/3127 (31.53)

Burkina Faso

11/2274 (0.48)*

498/2274 (21.90

Ghana 0/234 (0.00)* 143/234 (61.11)*

Guinea 90/314 (28.66)*¢ 7/314 (222)*¢
West Africa

Mali 0/364 (0.00)* 25/364 (6.86)*¢

Senegal 0/547 (0.00)*¢ 78/547 (14.25)*

Subtotal 101/3733 (2.70) 750/3733 (20.09)

Total (average) 871/6860 (12.69) 1736/6860 (25.30)

Table 1. Global prevalence of Sodalis and Trypanosomes in tsetse samples analyzed per country. *Values
indicated by the same lower-case letter do not differ significantly at the 5% level.

found in all laboratory-reared tsetse colonies and some wild populations®' indicates that mitigating action, such
as feeding the flies 2-3 times on blood supplemented with trypanocidal drugs before release, is required in SIT
programs to minimize the risk of disease transmission by the large number of released males that harbour Sodalis.

Field studies in two HAT foci in Cameroon used PCR to detect Trypanosoma and Sodalis in G. palpalis pal-
palis and the results indicate that the presence of Sodalis favours Trypanosoma infections especially by T. brucei
5.1.7%. Furthermore, in the wildlife-livestock-human interface in the Maasai Mara National Reserve in Kenya, it
was shown that G. pallidipes infected with Sodalis was associated with increased Trypanosoma infection rates'.
However, other studies have found no strong association between trypanosome and Sodalis in some tsetse species
collected in four locations in Kenya™. Channumsin et al.,” suggested that the association between Trypanosema
infection and the presence of Sodalis will vary depending on tsetse and Trypanosoma species. Similarly, studies
carried out in the Fontem focus in Cameroon did not find a relationship between the endosymbiont and the
parasite in G. p. palpalis™*, and no significant Sodalis- Trypanosoma infection association was found in G. tachi-
noides in two sites of the Faro and Déo Division in Adamawa region of Cameroon®. Likewise, no association
between the presence of the parasite and Sodalis was found in G. brevipalpis, G. m. morsitans and G. pallidipes
in the Luambe National Park of Zambia®.

The overall objective of this study was to evaluate the prevalence of Sedalis and Trypanosoma in wild tsetse
populations at a continental scale, i.e. Burkina Faso, Democratic Republic of Congo (DRC), Eswatini, Ethiopia,
Ghana, Guinea, Kenya, Mali, Mozambique, Senegal, South Africa, Tanzania, Uganda, Zambia, and Zimbabwe and
analyse these data in the context of a possible association between the occurrence of Sodalis and Trypanosoma
infection in tsetse. Such information might guide the decision maker for SIT programmes to take the appropriate
action, if necessary, to minimize any potential risk of increased transmission.

Results

Trypanosoma prevalence. Adult tsetse flies (n =6860) were screened for infection with T. brucei sspp (Tz)
(T. b. brucei, T. b. gambiense, T. b. rhodesiense), Tc (T. congolense savannah; T. congolense kilifi; T. congolense for-
est); Tsg (T. simiae; T. simiae tsavo; T. godfreyi) and Tv (T. vivax). The results indicate that 1736 (25.3%) adults
were infected with one or more Trypanosoma taxa (Tables 1, 2 and 3), The Trypanosoma prevalence varied sig-
nificantly between tsetse taxa (X*=750.18, df=9, P<< 0.001) and between countries (X*=2038.1, df=14, P <<
0.001). The Permanova analysis indicated as well significant differences between countries (P=0.009) and taxa
(P=0.041) (Table 4). As all taxa were not collected from all countries, the interaction between taxa and countries
was only analyzed where a taxon was collected from several countries.

Regardless of tsetse taxon, in west African countries the average Trypanosoma prevalence was 20% (n=3733),
with the highest prevalence recorded in Ghana (61%) and the lowest recorded in Guinea (2.2%). The prevalence
in Burkina Faso, Mali and Senegal was 21.9, 6.9 and 14.2% respectively (Fig. 1, and Table 1). In east, central and
southern African countries, the Trypanosoma infection prevalence was a bit higher than in west African countries
with an averaged infection of 31.5% (n=23127), with the highest prevalence (53.6%) in Zimbabwe and lowest
prevalence (2.9%) in DRC. No Trypanosoma infection was detected in Eswatini (Fig. 1 and Table 1). Regard-
less of the country, Trypanosoma prevalence varied from one taxon to another, and G. m. morsitans showed the
highest Trypanosoma prevalence (41%) followed by G. pallidipes (38.5%) and the lowest prevalence was detected
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5/346 (1.44)

58/346 (16.76)

G. austeni

G. brevipalpis 14/350 (4)° 34/350 (9.71)

G. f. fuscipes 24/183 (13.11)*" 31/183 (16.93)°
G. medicorum 8/154 (5.2) 61/154 (39.6)*"
G. m. morsitans 156/369 (42.27) 152/369 (41.19)°
G. m. submorsitans | 1/343 (0.29) 62/343 (18.07)*
G. pallidipes 567/1844 (30.74)° 711/1844 (38.55)*"
G. p. gambiensis 92/2168 (4.24)" 343/2168 (15.82)*
G. p. palpalis 4/35 (11.4)* 1735 (2.8)*

G. tachinoides 0/1068 (0.0)" 283/1068 (26.49)°
Total (average) 871/6860 (12.6) 1736/6860 (25.3)

Table 2. Global prevalence of Sodalis and Trypanosomes in tsetse samples analyzed per tsetse species. *Values
indicated by the same lower-case letter do not differ significantly at the 5% level.

Mozambique 0/50 (0.00) 5/50 (10.00)
South Africa 2/226 (0.88) 49/226 (21.68)
G. austeni
Eswatini 0/30 (0.00) 0/30 (0.00)
Tanzania 3/40 (7.50) 4/40 (10.00)
Mozambique 7/50 (14.00)* 3/50 (6.00)
G. brevipalpis
South Africa 7/300 (2.33) 31/300 (10.33)
Kenya 20/89 (22.47) 21/89 (23.60)
G. . fuscipes
Uganda 4/94 (4.25) 10/ 94 (10.63)
G. medicorum Burkina Faso 8/154 (5.20) 61/154 (39.61)
Kenya 54/85 (63.52)° 2/ 85(2.35)
Tanzania 62/81 (76.54)" 43/81 (53.08)
G. m. morsitans
Zambia 8/64 (12.50) 31/64 (48.43)
Zimbabwe 32/139 (23.02) 75/139 (53.95)
G. m. submorsitans | Burkina Faso 1/343 (0.30) 62/343 (18.07)
Ethiopia 94/459 (20.48)"< 92/459 (20.04)
Kenya 214/834 (25.65)* 425/834 (50.95)
Tanzania 162/217 (74.65)*" 81/217 (37.32)
G. pallidipes
Uganda 87/116 (75.00)* 9/116 (7.75)
Zimbabwe 7/72(9.72)* 38/72 (52.77)
Zambia 3/146 (2.05)"0= 66/146 (45.20)
G. p. palpalis Democratic R. of Congo | 4/35 (11.42) 1/35 (2.86)
Burkina Faso 2/943 (0.21) 235/943 (24.92)*
- . Guinea 90/314 (28.66) 71314 (222)°
L Mali 0/364 (0.00) 25/364 (6.87)*
Senegal 0/547 (0.00) 781547 (14.25)°
G tiddtiod Burkina Faso 0/834 (0.00) 140/834 (16.79)*
. tac
Ghana 0/234(0.00) 143/234 (61.11)°
Total (average) 871/6860 (12.69) 1736/6860 (25.30)

Table 3. Global prevalence of Sodalis and trypanosomes in tsetse samples analyzed per country and tsetse
species. *Values indicated by the same lower-case letter do not differ significantly at the 5% level.

in G. brevipalpis (9.71%) in east, central and southern Africa. In west Africa, G. medicorum showed the high-
est Trypanosoma prevalence (39.5%) and the lowest prevalence was detected in G. p. palpalis (2.8%) (Table 2).
Some tsetse taxa were collected from several countries as presented in Fig. 2 and Table 3. The highest Trypa-
nosoma prevalence was recorded in G. tachinoides in Ghana (61%). This was followed by high prevalence in G. m.
morsitans collected from Zimbabwe (53.9%), Tanzania (53%) and Zambia (48.4%). G. pallidipes from Zimbabwe,
Kenya, Zambia and Tanzania also showed high Trypanosoma prevalence of 52.7%, 50.9%, 45.2% and 37.3%,
respectively. The lowest Trypanosoma prevalence was found in G. p. gambiensis from Guinea (2.2%). Based on
the Trypanosoma prevalence presented in Fig. 2 and Table 3, the tested samples can be categorized as: (i) tsetse
samples with high prevalence (>35%) detected in G. tachinoides from Ghana; G. medicorum from Burkina Faso,
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11 13,040

Countries 11854 2.6004 998
Species 7 7899.8 11285 2.4756 0.041 999
Residuals 5 22793 455.87

Total 25 34,074

Table 4. Permanova analysis for Countries and tsetse species for Sodalis and trypanosome (single and

multiple) infection prevalence. Within the table, statistically significant differences (P<0.05) can be seen in
bold values in countries and tsetse species. Perm(s) = permutations.

Burkina Faso
DR Congo
Eswatini
Ethiopia
Ghana
Guinea
Kenya

Mali
Mozambique
Senegal
South Africa
Tanzania
Uganda
Zambia

Zimbabwe

Figure 1. The geographical locations of tsetse samples in Africa. Circles indicate the total prevalence of Sodalis

2.000 km

and Trypanosoma per country. Black dots indicate samples collection site(s) per country.

G. pallidipes from Kenya, Zambia, and Zimbabwe, G. m. morsitans from Tanzania, Zambia, and Zimbabwe; (ii)
tsetse samples with medium prevalence (10-35%) detected in G. austeni from South Africa, G. f. fuscipes from
Kenya and Uganda, G. m. submorsitans from Burkina Faso, G. p. gambiensis from Burkina Faso and Senegal and
G. tachinoides from Burkina Faso; (iii) tsetse samples with low prevalence (< 10%) detected in the rest of the
samples listed in Table 3 except the G. austeni collected from Eswatini. Despite the difference in Trypanosoma
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Figure 2. Prevalence of the Sodalis and Trypanosoma (single and multiple) infections per country (A) and
tsetse species (B). Prevalence data were square root transformed and averaged based on country-species and
the matrix display was conducted in PRIMER version 7 + software. Tree on the left of the matrix is the similarity
dendrogram based on the similarity index of the square root of the prevalence values. The colour index is

the square root of the prevalence values ranged 0-9 which is the square root of 0-81% prevalence. Country
abbreviations follow the UNDP list of country codes https://web.archive.org/web/20060713221355/http://
refgat.undp.org/genericlist.cfm?entid=82&pagenumber=1&requesttimeout=360 as follows: BKF: Burkina Faso;
ETH: Ethiopia; GHA: Ghana; GUI: Guinea; KEN: Kenya; MLI: Mali; MOZ: Mozambique; SAF: South Africa;
SWA: Eswatini; ZAI: Democratic Republic of the Congo; ZAM: Zambia; ZIM: Zimbabwe. Tsetse, Sodalis

and Trypanosoma taxa were abbreviated as following: Ga: Glossina austeni; Gb: G. brevipalpis; Gff: G. fuscipes
fuscipes, Gmm: G. morsitans morsitans; Gmsm: G. m. submorsitans; Gpg: G. palpalis gambiensis; Gpp: G. palpalis
palpalis. Sod: Sodalis, Tc: Trypanosoma. congolense savannah; T. congolense kilifi; T. congolense forest, Tsg: T.
simiae; T. simiae Tsavo; T. godfreyi, Tv: T. vivax, Tz: T. brucei brucei, T. b. gambiense, T. b. rhodesiense.
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prevalence for each tsetse species, the differences were significant only in G. p. gambiensis (X*=26.71, df=4,
P<0.001) and G. tachinoides, (X*=9.38, df=1, 2, P=0.002). In contrast, no significant difference was detected
between countries for G. austeni (X*=1.47, df=4, P=0.688), G. brevipalpis (X*=0.34, df=2, P=0.559), G. f.
fuscipes (X*=0.15, df=2, P=0.702), G. m. morsitans (X*=1.04, df=3, P=0.593) and G. pallidipes (X*=4.983,
df=1,6, P=0.418) (Table 3). No Trypanosoma infection was recorded in G. austeni from Eswatini. The best glm
model (lowest AICc) selected for the overall Trypanosoma prevalence retained the countries as variables that
fitted the data well (AICc=1521.35) (Supplementary File 1).

Prevalence of different Trypanosoma taxa and mixed infections. The above-mentioned preva-
lence of Trypanosoma infection was comprised of several different Trypanosoma species and sub-species. Based
on the size of the amplified fragment by PCR, the Trypanosoma infection was categorized into four groups: (i)
the Tc group including the different forms of T. congelense; (ii) Tv group including T. vivax infections; (iii) T.
brucei sspp (Tz) group including T. b. brucei, T. b. gambiense, T. b. rhodesiense, and infections; and (iv) Tsg group
including the infections with T. simiae, T. simiae tsavo and T. godfreyi. The screening results revealed that tsetse
flies could be infected with single or multiple (double or triple) taxa of Trypanosoma, and the proportion of the
infections with the different Trypanosoma taxa and the mixed infection varied with country (X*=63.56, df=14,
P <0.001) and species (X*=21.86, df=9, P<0.001) (Supplementary File 1).

The prevalence of the different Trypanosoma species with respect to the above-mentioned groups, indicate
that infections with the Tsg group was the highest regardless of countries or tsetse species with an average of
7.06%. The infection rate was higher (14.13%) in east, central and southern African countries than in west Africa
(1.13%). Tv infection averaged at 6.75% but with higher prevalence in west African countries (10.37%) than in
east, central and southern Africa (2.43%). The prevalence of Tc infection was lower than Tv and Tsg group with
an average of 4.78% with higher prevalence in central and southern Africa (8.38%) than in west Africa (1.77%).
The Tz group had the lowest prevalence with an average of 2.29%. Like Tv infection, the Tz prevalence was higher
in west Africa (3.16%) than central and southern Africa (1.25%).

The prevalence of infection by a single Trypanosoma group varied significantly from one country to another
and from one tsetse species to another. For Tc, Tv, Tz and Tsg the infection prevalence varied significantly
with country (X*=47.74, df=14, P<0.001, X*=27.40, df=14, P=0.01705, X*=106.11, df=14, P=0. 001 and,
X*=44.74, df=14, P=0.001 respectively). Regardless of tsetse species, the highest infection rate for Tc, Tv, Tz
and Tsg was found in Tanzania (14.20%), Ghana (14.10%), Ghana (19.66%) and Zimbabwe (39.81%), respec-
tively (Supplementary Table 1). Similarly, the prevalence of Tc, Tz and Tsg varied significantly with tsetse species
(X*=40.364, df=1.9, P << 0.001, X*=58.253, df=1.9, P << 0.001 and X*=34.871, df=1.9, P << 0.001, respec-
tively), however no significant difference was found in Tv prevalence between tsetse species (X*=5.475, df=1.9,
P=0.07868). Regardless of the country, the highest infection rate of Tc, Tv, Tz and Tsg was found in G. pallidipes
(10.68%), G. tachinoides (12.92%), G. medicorum (13.64%) and G. m. morsitans (22.76%), respectively (Sup-
plementary Table 2). No Tc infection was found in samples of G. austeni collected from Eswatini and Tanzania,
G. brevipalpis from Mozambique, G. p. palpalis from DRC and G. p. gambiensis from Guinea. In addition, no Tv
infection was detected in G. austeni collected from Eswatini and Mozambique, G. m. morsitans from Kenya and
Zambia, G. pallidipes from Uganda and Zimbabwe. For Tz, G. austeni collected from Eswatini and Mozambique,
G. brevipalpis from Mozambique, G. f. fuscipes from Kenya, G. m. morsitans from Kenya and Zambia, G. p. palpalis
from DRC and G. p. gambiensis from Guinea did not show any infection (Fig. 2 and Supplementary Table 3).

Mixed infections of Trypanosoma groups (double or triple) are rare events with an average prevalence between
0.09 and 1.71% regardless of country or tsetse species. However, double infections seem to be more frequent
in some countries than others (X*=35.01, df= 14, P=0.001) for Tv-Tz and in some tsetse species than others
(X*=21.20, df=9, P=0.012) for Tv-Tz (Supplementary File 1). The highest prevalence of the mixed infections
Tv-Tz and Tc-Tz were observed in Ghana with 12.39% and 10.68%, respectively, regardless of tsetse species.
Although the average Tc-Tsg prevalence was higher than that of Ty-Tz and Tc-Tz, the highest mixed infection
with it was found in Zambia with 9.05%. Regardless of the country, the highest mixed infection of Tc-Tsg detected
per tsetse species was~ 5% in G. m. morsitans and G. pallidipes. The mixed infection of Tsg with either Tv or
Tz or both was lower than 2% regardless of the country or tsetse species. Taking into account both the country
and tsetse species, the highest mixed infection of Te-Tsg (12.5%) was detected in G. m. morsitans in Zambia.
However, the highest prevalence of Tc-Tz (10.68%) and Tv-Tz (12.39%) was detected in G. tachinoides from
Ghana. Although the average prevalence of Tv-Tsg was low (0.54%), a relative high infection rate of 6.17% was
found in G. m. morsitans from Tanzania.

A triple infection of Trypanosoma groups (Tc-Tv-Tz) was only detected in G. medicorum from Burkina
Faso (1.30%) and G. tachinoides from Ghana (1.71%) (Fig. 2 and Supplementary Table 3, Supplementary File 1).

Prevalence of Sodalis infection. The prevalence of Sodalis infection based on the PCR results varied
significantly with country (X?=108.02, df=1, 14, P << 0.001) and tsetse species (X*=69.60, df=9, P<0.001). The
best glm model (lowest AICc) selected for the overall Sodalis prevalence retained the countries, the species and
their interaction (where possible) as variables that fitted the data well (AICc=1296.12). Similar to the prevalence
of Trypanosoma, the average Sodalis prevalence in east, central and southern Africa (24.6%) was higher than in
west Africa (2.70%). Regardless of tsetse species, the highest prevalence of Sodalis infection was found in Tanza-
nia (67.1%) followed by Uganda (43.3%), Kenya (28.5%) and Ethiopia (20.48%) (Table 1). The highest prevalence
of Sodalis infection in west Africa was found in Guinea (28.6%). No Sodalis infection was found in Ghana, Mali,
Senegal or Eswatini. Regardless of the country, the highest Sodalis prevalence per tsetse species was detected
in G. m. morsitans (42.27%) followed by G. pallidipes (30.74%). No Sodalis infection was detected in G. tachi-
noides. The prevalence of Sodalis infection changed when both the countries and tsetse species are taken into
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Figure 3. Prevalence of coinfection of Sodalis and Trypanosoma infection in wild tsetse populations. (A)
Prevalence of coinfection, (B) prevalence of coinfection by tsetse taxa.

consideration (Table 4). Based on the Sodalis prevalence the tsetse samples can be categorized into four groups:
(i) samples with high prevalence (>50%) (ii) samples with medium prevalence (between < 10% and > 50%) (iii)
samples with low prevalence (between>0% and 10%) and (iv) samples with no Sedalis infection as shown in
Fig. 2 and Table 4. The samples showing high Sodalis prevalence includes G. m. morsitans from Kenya (63.5%)
and Tanzania (76.5%) and G. pallidipes from Tanzania (74.6%) and Uganda (75%), however the samples with no
Sodalis infection includes G. austeni from Eswatini, G. p. gambiensis from Mali and Senegal and G. tachinoides
from Burkina Faso and Ghana indicating that there is 95% confidence that the infection rate is less than or equal
to 10%, 0.82%, 0.55%, 1.28% and 0.36%, respectively.

Interactions between Sodalis and Trypanosoma infections. Prevalence of co-infections of Sodalis
with Trypanosoma. The screening results indicated that the single infection rate was 9.3% (n=638) and 21.9%
(n=1503) for Sedalis and Trypanosoma, respectively, over all taxa and countries (Fig. 3A). No Sodalis infection
was found in G. tachinoides, and therefore was excluded from the analysis. A Cochran-Mantel-Haenszel test for
repeated tests of independence showed that infection with Sodalis and Trypanosoma did deviate from independ-
ence across all taxa (x*y;;=41.73, df=1, P<0.001) and individual Chi squared tests for independence for each
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taxon showed significant deviation from independence at the Bonferroni corrected a=0.00833 in G. pallidipes
(P<0.001) and G. p. gambiensis (P<0.001) (Supplementary Table 4). The prevalence of coinfection of Sodalis and
Trypanosoma in wild tsetse populations varied with tsetse taxon and location. No coinfection was found in many
taxa and many locations, The co-infection was found only in G. f. fuscipes (2.73%), G. m. morsitans (15.72%) and
G. pallidipes (9.22%) in east, central and southern Africa (Fig. 3B, Table 5 and Supplementary Table 4).

Impact of co-infection on Trypanosoma and Sodalis density.  Attempts were to assess the density of Trypanosoma
and Sodalis under single (S7/T%) and (S/T") or double infection (§*/T*) conducted using qPCR with primers
mentioned in Supplementary Table 5. The results show that Sodalis infections did not have a significant impact
on Trypanosoma density (X*=0.648, df=2, P=0.723), however the median value of (S*/T") files were slightly
(S7/T*) lower than ($*/T") and (S/T") flies and the number of outlier samples with higher trypanosome density
(S7/T") flies (Fig. 4A). Trypanosoma infections significantly reduced the density of Sodalis as indicated by com-
paring (5*/T") flies with (S'/T") flies (P=0.014) although the median values in (5'/T") files is higher than the
other samples indicating that the increased of Sodalis density in (8*/T") might be affected with the outlier flies
with high Sodalis density (Fig. 4B). No significant different was found in the Trypanosoma density determined by
qPCR in the flies tested negative (S*/T") or positive (S*/T*) and (S7/T*) with the standard PCR, however, Sodalis
density showed significant difference between flies with different infection type (X*=14.54, df=2, P<0.001)
(Fig. 4B). The results showed no correlation between Sodalis and Trypanosoma density (r=0.007, t=0.055,
df=69, P=0.9561) Supplementary Fig. 2, Supplementary File 1).

Discussion

The implementation of the SIT in the context of an AW-IPM strategy to eradicate tsetse flies relies on the release
of sterile males in the targeted area. This was successful in eradicating a population of G. austeni from Unguja
Island of Zanzibar* and significant progress has been made in the eradication programme implemented against
G. p. gambiensis in the Niayes area of Senegal®®. However, as both male and female tsetse flies are vectors of Trypa-
nosoma species, the release of large numbers of sterile male flies bears a potential risk of temporarily increasing
disease transmission during the initial release phase of an SIT programme”. Therefore, mitigating measures are
required to reduce or eliminate this potential risk, especially in areas where sleeping sickness (HAT) is endemic.
To date, to mitigate such risks, sterile males are offered two or three blood meals mixed with the trypanocidal
drug isometamidium chloride, before being released which reduces the risk of Trypanosoma transmission sig-
nificantly but does not eliminate it***!, In addition, other approaches were proposed to minimize such risks such
as paratransgenesis*>* and combining paratransgenesis with SIT*.

The vector competence of tsetse flies for different trypanosome species is highly variable and is suggested to be
affected by various factors, amongst which bacterial endosymbionts. Here, the interaction of Sodalis glossinidius
with tsetse trypanosome infection is still under debate. Several studies reported a potential positive correlation
between Sodalis and Trypanosoma infections®***27%4-% |eading to the hypothesis that Sodalis might facilitate
the establishment of Trypanosoma infections in the tsetse midgut****’. However, other studies indicated the
lack of correlation between Sodalis and Trypanosoma infection*°. The presence of Sodalis infections in tsetse
rearing colonies has been well studied and previous studies indicated that Sodalis is more frequently present in
colonized tsetse flies than in wild tsetse populations™®* with a prevalence of 80 and 100% in colonized G. m.
morsitans and G. p. gambiensis, respectively**™, which is higher than the symbiont prevalence in wild popula-
tions of these tsetse species. This seems to indicate that the rearing process of tsetse flies favours the transmis-
sion and spread of Sodalis infections within the colonized population. Recently, colonies of G. pallidipes, G. p.
gambiensis, G. f. fuscipes, G. m. morsitans, G. m. centralis and G. m. submorsitans maintained at the FAO/IAEA
Insect Pest Control Laboratory were screened for Sedalis infections and showed a 100% prevalence of Sodalis;
only the G. brevipalpis colony had a lower prevalence of 95% (data not shown). Taken into consideration that
mass-rearing conditions enhances Sodalis infections and that Sodalis infections might facilitate the establish-
ment of a Trypanosoma infection in the midgut, sterile male tsetse flies that are derived from colonies might be
effective vectors for different Trypanosoma species and, therefore, might increase the trypanosome transmission
after flies being released. It is therefore important that the managers and planners of SIT programmes are aware
which tsetse species show a positive correlation between Sodalis and Trypanosoma infections to be able to take
the necessary mitigating actions.

Various studies have examined the prevalence of Sodalis and Trypanosoma species in wild tsetse
populations*™**¥1% ‘but our study presents for the first time the prevalence of Sodalis and Trypanosoma spe-
cies on a continent-wide scale. In addition, the DNA extraction and PCR methods we have used were standard-
ized and were all carried out in one laboratory to avoid discrepancies in the results due to different handling of
tsetse samples or to different methods to discriminate trypanosome species in tsetse tissues. Our results indicate
that Sodalis and Trypanosoma prevalence varied with tsetse species and geographical location (with an overall
trypanosome prevalence of 23.5%), which agrees with many previous studies™. A high Trypanosoma prevalence
(>30%) was found in G. m. morsitans and G. pallidipes from central and east Africa. This finding is in agreement
with previous reports on G. m. morsitans and G. m. centralis from Zambia’®** and G. m. morsitans sampled in
Malawi™, Moreover, a high prevalence of Trypanosoma infection in G. pallidipes was also previously reported in
Tanzania™ and Kenya®. However, another study in northern Tanzania indicated a lower prevalence of Trypa-
nosoma infection (< 10%) both in G. m. morsitans and G. pallidipes™.

Our study showed that the prevalence of different Trypanesoma species and or subspecies can be different in
different tsetse taxa. In G. tachinoides in Ghana, the Trypanosoma vivax (Tv) infection was high (>10%) as well
as the infections of the T. brucei sspp (Tz) and the T. simiae/T. godfreyi (Tsg) group and the mixed infections
of Tv-Tsg. In contrast, the prevalence of T. congolense was very low. These results are in agreement with the
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G. austeni Tanzania (Jozani, 1997) 4 0 0 1
G. austeni Tanzania (Zanzibar, 1995) 6 0 1 0 5
G. austeni Tanzania (Uguja Island, 1995) 30 0 2 3 25
G. austeni South Africa (North eastern Kwazulu Natal, 1999) 39 0 2 2 35
G. austeni South Africa (Lower Mkhuze, 2018) 53 0 0 23 30
G. austeni South Africa (Saint Lucia, 2018) 57 0 0 22 35
G. austeni South Africa (False Bay Park, 2018) it 0 0 2 75
G. austeni Mozambique (Reserva Especial de Maputo, 2019) 50 0 0 5 45
G. austeni Eswatini (Mlawula Nature Reserve, 2019) 30 0 0 0 30
G. austeni All locations 346 0 5 58 283 102|031
G. brevipalpis South Africa (North eastern Kwazulu Natal, 1995) 50 0 0 2 48
G. brevipalpis South Africa (Phinda, 2018) 170 |0 7 0 163
G. brevipalpis South Africa (Saint Lucia, 2018) 30 0 0 13 17
G. brevipalpis South Africa (Hluhluwe, 2018) 50 0 1] 16 34
G. brevipalpis Mozambique (Reserva Especial de Maputo, 2019) 50 0 7 3 40
G. brevipalpis All locations 35010 14 34 302 157|021
G. f. fuscipes Uganda (Buvuma island, 1994) 94 0 4 10 80
G. . fuscipes Kenya (Ikapolock, 2007) ! 51 B 15 14 17
G. [. fuscipes Kenya (Obekai, 2007) 38 0 0 2 36
G. [. fuscipes Alllocations 183 |5 19 26 133103 0.59
G. medicorum Burkina Faso (Comoe, 2008) 94 0 8 R 54
G. medicorum Burkina Faso (Folonzo, 2008) 60 0 0 29 31
G. medicorum Alllocations 154 |0 8 61 85 553 [002
G. m. submorsitans | Burkina Faso (Comoe, 2007) 206 |0 0 20 186
G. m. submorsitans | Burkina Faso (Folonzo, 2008) 134 0 1 42 91
G. m. submorsitans | Burkina Faso (Sissili, 2008) 3 0 0 0 3
G. m. submorsitans | All locations 343 |0 1 62 280 022|064
G. p. palpalis Democratic Republic of Congo (Zaire, 1995) 35 0 4 1 30
G. m. morsitans Tanzania (Kwekivu 2, 2005) 81 35 27 9 10
G. m. morsitans Zambia (Mfuwe, Eastern Zambia, 2007) 64 1 7 30 26
G. m. morsitans Zimbabwe (Mukondore, 2007) 13 1 0 10
G. m. morsitans Zimbabwe (M. chiuyi, 2007) 9 0 1 0 8
G. m. morsitans Zimbabwe (Rukomeshi, 2006) 15 0 3 0 12
G. m. morsitans Zimbabwe (Kemukura, NA) 18 0 4 1 13
G. m. morsitans Zimbabwe (Mushumbi, 2006) 6 0 0 2 4
G. m. morsitans Zimbabwe (Makuti, 2006) 78 19 2 52 5
G. m. morsitans Kenya (Kari, 2006) 85 2 52 0 31
G. m. morsitans Alllocations 369 |58 98 94 119 1.8 0.18
G. pallidipes Zambia (Mfuwe, Eastern Zambia, 2007) 146 2 1 64 79
G. pallidipes gf:’;u%w::{if:;;’g;i‘;“og%Ka”' Kiria, Koibos.Meru | g3y g |126 [337 |283
G. pallidipes Ethiopia (Arba Minch, 2007) 459 |15 79 77 288
G. pallidipes Tanzania (Kwekivu 1, 2005) 217 54 108 27 28
G. pallidipes Zimbabwe (Mushumbi 2006) 26 1 0 4 21
G. pallidipes Zimbabwe (Gokwe, 2006) 4 0 0 0 4
G, pallidipes Zimbabwe (Rukomeshi, 2006) 4 0 [ 0 4
G. pallidipes Zimbabwe (Makuti, 2006) 38 6 0 27 5
G. pallidipes Uganda (Lira,0Omogo, Budaka, Moyo, NA) 116 4 83 5 24
G. pallidipes All locations 1844 | 170 397 541 736 254 |0
G. p. gambiensis Burkina Faso (Lorepeni) 10 0 0 8 2
G. p. gambiensis Burkina Faso (Bouroum bouroum) 18 0 0 16 2
G. p. gambiensis Burkina Faso (Kourignon) 24 0 0 10 14
G. p. gambiensis Burkina Faso (Kampty) 98 0 0 85 13
G. p. gambiensis Burkina Faso (Ouarkoye) 5 0 0 5 0
G. p. gambiensis Burkina Faso (Dedougou) 57 0 0 33 24
G. p. gambiensis Burkina Faso (Bama) 77 0 0 0 7
Continued
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G. p. gambiensis Burkina Faso (Comoe) 123 0 0 3 120
G. p. gambiensis Burkina Faso (Folonzo) 212 |0 2 25 185
G. p. gambiensis Burkina Faso (Kartasso) 136 0 0 0 136
G. p. gambiensis Burkina Faso (Kenedougou) 41 0 0 0 41
G. p. gambiensis Burkina Faso (Moussodougou) 142 |0 0 49 93
G. p. gambiensis Guinea (Bafing) 33 0 0 1 32
G. p. gambiensis Guinea (Dekonkaere) 16 0 0 1 15
G. p. gambiensis Guinea (Kangoliya 126 |0 90 0 36
G. p. gambiensis Guinea (Kerfala 13 0 0 1 12
G. p. gambiensis Guinea (Kifala) 30 0 0 0 30
G. p. gambiensis Guinea (Lemonako) 20 0 0 0 20
G. p. gambiensis Guinea (Mimi) 45 0 0 1 44
G. p. gambiensis Guinea (Tinkisso) 31 0 0 2 29
G. p. gambiensis Mali 64 |0 0 25 339
G. p. gambiensis Senegal 547 10 0 79 469
G. p. gambiensis All locations 2168 |0 92 343 1733 | 1806 |0
G. tachinoides Burkina Faso 834 |0 0 140 694
G. tachinoides Ghana 234 |0 0 143 91
G. tachinoides Alllocations 1068 | 0 0 283 785

Table 5. Distribution of the association between the presence of Trypanosoma spp and the presence of Sodalis
according to the tsetse species and the country.

prevalence of T. brucei s.1 (11%) and T. congolense forest type (2.6%) reported in the same tsetse species in Cam-
eroon. The same study reported a prevalence of 13.7% of 1. congolense savannah type*, which was not observed
in our study. Our results of trypanosome infection rates in G. tachinoides also agree with former studies™,
except for T,c for which a high fly infection rate (31.8%) was previously shown®’. The Tc infection rates in our
study were high in G. pallidipes and G. m. morsitans; for the latter tsetse fly species, a study in Malawi reported a
high prevalence for T. brucei (64.4%) but much lower for all other Trypanosoma infections(< 10%)*. The mixed
infection of Trypanosoma species/subspecies is in agreement with previous reports®*525%,

Likewise, the prevalence of Sodalis infection varied significantly with tsetse taxon and location and the
highest prevalence was found in G. m. morsitans and G. pallidipes. Our results agree with the high prevalence of
Sodalis reported in G. pallidipes (~ 50%) in one location in Kenya regardless of the fly age*’; however, the same
study reported low Sodalis prevalence in another location. In another study in Kenya, Wamwiri et al.,”” reported
moderate Sodalis prevalence in G. pallidipes (16%) and low prevalence in G. austeni (3.7%), which is in agree-
ment with our results. On the other hand, our results are different from the low prevalence (<8%) found in G.
m. morsitans and G. pallidipes in Zambia™. In another study in Zambia, Sodalis prevalence in G. m. centralis,
was reported to be 15.9% with no significant difference between inter-site prevalence™. The prevalence of Sodalis
in G. brevipalpis in our study was found to be low (<2.3%) which contradicts with the high prevalence (93.7%)
reported in this species in Zambia®®. In the DRC, the global prevalence of Sedalis in G. fuscipes quanzensis midgut
averaged 15.5%, but in certain locations the prevalence exceeded 40%. In Nigeria, Sodalis prevalence in G. p.
palpalis and G. tachinoides was 35.7%°' which is higher that the prevalence reported in our study for both species.

Our data indicate that the Trypanosoma and Sodalis infections were very low or absent in some tsetse taxa
from certain locations such as G. austeni in Eswatini for Trypanosoma and Sodalis infections and several species
in west Africa for Sodalis. The lack of Sodalis and/or Trypanosoma infection in these samples might be due to
(i) low number of tested samples (ii) the use of the DNA extracted from the whole body of tsetse adults (iii) the
possibility of the collected samples being infected with different strains/genotypes that might not be detected
with the primers used and (iv) the infection of Sedalis and Trypanosoma are under the detection limit of the
used PCR. It is important to note that due to the high number of samples tested in our study, the more sensitive
nested PCR to detect low infection level was excluded due to logistic reasons.

Our results indicate significant deviation from independence (correlation) of Sodalis and Trypanosoma infec-
tions in G. medicorum, G. p. gambiensis and G. pallidipes. However, the lack of detection of any tsetse adult with
co-infection of Sodalis and Trypanosoma in G. medicorum, and G. p. gambiensis might indicate a negative cor-
relation. Such negative trend might be supported by the lower density of Sodalis in the flies with co-infection
(S*/T*) compared to these with Sodalis infection only (§*/T~). On other hand the lack of impact of Sodalis
infection on Trypanosoma density does not support the negative trend and agreed with the results of Trappe-
niers et al.,”" reported on colonized flies. This results also agreed with previous results reporting the absence of
direct correlation between the presence of Sodalis and the acquisition of a Trypanosoma infection®. However,
an inverse correlation was reported between Sodalis and the vector competence where the presence of Sodalis
in both midgut and proboscis of G. p. gambiensis was associated with its status as a poor vector, whereas it is not
found in the proboscis of G. m. morsitans (major vector). It is worth noting that all previous studies of Sodalis
infection in G. p. gambiensis and its interaction with Trypanosoma infection was carried out with flies reared
under laboratory conditions®*?*¢, The correlation between Sodalis and Trypanosoma infection in G. pallidipes is
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Figure 4. Impact of co-infection with Trypanosoma and Sodalis on Trypanosoma (A) and Sodalis (B) density in
Glossina pallidipes and G. m. morsitans. Bars marked with the same lower-case letter do not differ significantly at
the 0.05 level.

positive, evidenced with the relative high number (n=170) of tsetse with co-infection. This positive correlation
was also found in G. pallidipes from Kenya although with too few flies with co-infection to enable us to draw a
definite conclusion®. Although co-infections were found in G. m. morsitans and G. f. fuscipes in some locations,
the global correlation was missing. This is in agreement with the positive correlation found between Sodalis and
Trypanosoma infection in G. m. centralis in Zambia, in which there was a 6.2 fold increase in the likelihood of a
fly being infected with Trypanosoma if Sodalis was present®’. More studies are needed to enhance the potential
control interventions mediated by endosymbionts to reduce parasitic infections®.

The results of this study clearly indicate that the interaction between Sedalis and Trypanosoma infection is
complex, species-specific and requires further investigation. The prevalence results indicate that Sodalis and
Trypanosoma infections are not independent in some species, such as G. p. gambiensis and G. medicorum in
west Africa and G. pallidipes in central and east Africa, In case of a positive correlation between Sodalis and
Trypanosoma infection in these species, additional measures could be suggested when implementing the SIT to
reduce the Sodalis density in the sterile males released in the targeted area to maximize the safe implementation
of the SIT. These measures might include the mixing of Sodalis phage(s)*** with the blood meals to feed the
mass-reared flies to reduce the Sodalis density in these flies. In addition, the blood meal offered to the males
before release can be supplemented with one or more of the following antimicrobial products to reduce Sodalis
density, i.e. streptozotocin®, indolicidin and OaBAC 5 mini®. The use of the Sodalis phage as well as these antimi-
crobial agents requires further studies to (1) develop methods to isolate the phage, (2) determine the conditions
(e.g. suitable concentration) for its use, and (3) determine the impact on Sodalis density, tsetse productivity and
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survival. For G. m morsitans and G. pallidipes, our results suggest that Sodalis infection does not have an impact
on Trypanosoma infection so here no additional measures need to be taken during the implementation of SIT
against these species.

Conclusion

Sodalis and Trypanosoma infection varied with tsetse taxon and location. There is a significant positive correla-
tion between Sodalis and Trypanosoma infection in G. medicorum, G. p. gambiensis and G. pallidipes; however,
no significant correlation was found in other tsetse taxa and locations. The results of this study will enable the
decision makers of SIT projects to better plan and take the necessary measures to fine-tune and optimize SIT
efficiency and safety.

Methods

Tsetse collection and DNA extractions. Tsetse flies were collected in 1995 and between 2005 and
2018 from 95 different geographical locations in fifteen countries in east, central, southern, and western Africa
(Table 6, Supplementary Table 6). The tsetse flies were collected with species-specific traps which included the
biconical trap®’, the monoconical trap®®, the Vavoua trap®, the Ngu trap”™!, the odour-baited Epsilon trap™, the
NZI trap”, and the odour baited H trap™. A total of 6860 tsetse flies, belonging to ten tsetse species, were col-
lected for this study (Table 6). The majority of the samples were collected in Burkina Faso (2274), Kenya (1008),
Senegal (547) and South Africa (526). As the distribution of most tsetse species is allopatric (only few species are
sympatric), not all tsetse species were collected from each country. Following collection, fly samples were pre-
served in 95% ethanol or propylene glycol and shipped to the FAO/IAEA Insect Pest Control Laboratory (IPCL)
in Seibersdorf, Austria and stored at — 20 °C until analysis. Total DNA was extracted from individual whole
fly bodies using the DNeasy tissue kit (QIAGEN Inc., Valencia, CA) following the supplier’s instructions. The
DNA quality and concentration were measured by spectrophotometry (Synergy H1 Multi-Mode Reader, BioTek,
Instruments, Inc., USA) and subsequently kept at 4 °C until screened for Sodalis and Trypanosoma infections.
To verify the quality of the extracted DNA, a set of specific primers amplifying the Glossina spp. microsatellite
GpCAGI133 sequence (Supplementary Table 5) and only the successful samples were included in the analysis*".

Trypanosoma prevalence and genotyping. Polymerase chain reaction (PCR), following the method
of Njiru et al’ that used the primers ITS1-CF and ITS1-BR (Supplementary Table 5) previously designed to
amplify the internal transcribed spacer (ITS1) of the ribosomal DNA, was used to detect Trypanosoma infec-
tion and Trypanosoma species in the fly samples. The PCR was carried out in 25 pl reaction mixtures contain-
ing 22.5 pl of 1.1 x Pre-Aliquoted PCR Master Mix (0.625 units Thermoprime Plus DNA Polymerase, 75 mM
Tris-HCI (pH 8.8 at 25 °C), 20 mM (NH,)250,, 2.0 mM MgCl,, 0.01% (v/v) Tween-20 and 0.2 mM each of the
dNTPs (ABgene, UK), 1 pl primers (at 200 nM final concentration of forward and reverse primer) and 1.5 pl of
template DNA. PCR cycles were: 94 °C for 15 min, followed by 40 cycles of 94 °C for 30 s, 60 °C for 30's, 72 °C for
30 s, and final extension 72 °C for 5 min. Interpretation of the results after resolving the amplification products
ina 2% agarose gel (Fisher Biotech) stained with SafeGreen or ethidium bromide, was based on the characteristic
band size of Trypanosoma taxa: all members of the subgenus T. brucei sspp (T. b. brucei, T. b. gambiense, T. b.
rhodesiense: 480 bp); T. congolense savannah (700 bp); T. congolense Kilifi (620 bp); T. congolense forest (710 bp);
T. simiae (400 bp); T. simiae Tsavo (370 bp); T. godfreyi (300 bp) and T. vivax (250 bp). The positive control DNA
was from T. congolense savannah, T. congolense forest, T. b. brucei, T. b. gambiense, T. b. rhodesiense, T. evansi, and
T. vivax. DNA samples validated with GpCAG133 primer amplification were screened for trypanosome infec-
tion. A tsetse sample was recorded as positive if one or more of the indicated band sizes was detected. Trypano-
soma infection status and species were recorded for each fly.

Prevalence of Sodalis infection. The detection of Sodalis in natural tsetse samples was based on the
Sodalis fliC (flagellin) gene which results in an amplicon length of about 508 base pairs with the Sodalis specific
primers Sod-fliC-F and Sod-fliC-R (Supplementary Table 5)”". These primers were used in single pairs or in
multiplex PCR with GpCAG133 primers. For all PCR reactions, 22.5 pl of 1.1 x Pre-Aliquoted PCR Master Mix
(ABgene, UK) was used. In a final volume of 25 pl, 1.5 pl of template DNA plus forward and reverse primers
were added to a final concentration of 0.2 mM per primer in a volume of 1 pl. Samples were considered Sodalis-
infected if the expected symbiont PCR product amplicon was detected. Data were accepted only if the control
gene GpCAG133 sequence was amplified. The PCR cycling conditions were: 95 °C for 5 min followed by 34
cycles of 95 °C for 30’5, 52.5 °C for 30 s, 72 °C for 30 s and lastly at 72 °C for 10 min; PCR products were separated
by agarose (2%) gel electrophoresis and SafeGreen or ethidium bromide staining.

Analysis of the Trypanosoma and Sodalis infection in wild tsetse populations.  Co-infection of
tsetse adults with Sodalis and Trypanosoma infection.  The co-infection of Sodalis and Trypanosoma infection
was evaluated based on the PCR prevalence. The infection status was divided into four categories Sedalis posi-
tive and Trypanosoma positive (S*/T*), Sodalis positive and Trypanosoma negative (S*/T"), Sodalis negative and
Trypanosoma positive (S/T*) and Sodalis negative and Trypanosoma negative (S7/T").

Analysis of the Trypanosoma and Sodalis density. ~Samples showing Trypanosoma infection (not T. vivax) with
Sodalis (S*/T*) and samples not infected with Trypanosoma but infected with Sodalis (S*/T") were evaluated with
quantitative PCR (qPCR) to assess the impact of Trypanosoma infection (regardless the Trypanosoma type) on
Sodalis density. The qPCR was performed using a CFX96 Real Time PCR Detection System (Bio-Rad). The fliC
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Ethiopia 1 459 2007

Kenya 11 1008 2007, 2008, 2009

Uganda 5 210 2007

Tanzania 5 338 2005, 2009

Democratic R. of Conge | 1 35 1995

Zambia 1 210 2007

Zimbabwe 7 211 2006

South Africa 7 526 1995, 2018, 2019
Mozambique 1 100 2019

Eswatini 1 30 2018, 2019

Burkina Faso 14 2274 2008, 2010, 2013, 2015, 2018, 2019
Ghana® 11 234 2008

Guinea® 8 314 2008, 2009

Mali* 10 364 2008, 2010, 2011, 2012, 2013
Senegal 12 547 2008, 2009

Total 95 6860

Table 6. List of collections of tsetse adults with valid DNA screened for Sodalis and Trypanosome® infection
in wild tsetse population in east, central, southern and west Africa. *Part of the trypanosome infection in west
Africa was screened by Ouedraogo et al. 2018.

gene was amplified with the following primers: sodgPCR-FIiCF and sodqPCR-FIiCR™ (Supplementary Table 5)
to assess the density of the symbiont present within Trypanosoma infected and noninfected, additional criteria
for the selection of the samples was the presence of the two groups (S7/T*) and (S*/T") in a given population.
Based on the preceding criteria 96 individual flies (52 and 44 flies with infection status of (S*/T*) and (§*/T),
respectively, were selected from the G. pallidipes and G. m. morsitans collected in Kenya, Tanzania and Zimba-
bwe. In addition, samples with (S*/T") and (S /T") were used to assess the impact of Sodalis infection on Trypa-
nosoma density. Trypanosomatidael8S specific primers (185_Typ_F and18S_Typ_R) (Supplementary Table 5)
were used to assess the Trypanosoma density in the tested samples. The DNA from all selected samples was
diluted to a final concentration of 4 ng/pul and 5 pl of the diluted DNA was used for gPCR to determine Sodalis
and Trypanosoma DNA density normalized to the housekeeping p-tubulin gene. The amplification mixture con-
tained 5 pl of DNA template, 200 nM of each primer, and 7.5 ul iQ™ SYBER Green Supermix (Bio-Rad). gPCR
cycling conditions for Sodalis were as follows: initial denaturation at 95 °C for 2 min; 39 cycles of 95 °C for 5 s,
55 °C for 30 s, one step at 95 °C for 5 s and a melting curve constructed from 65 °C to 95 °C in increments of
0.5 °C for 5 s. The same conditions were used for Trypanosoma except the annealing temperature was at 60 °C.
The analysis of the Sodalis, Trypanosoma and Tubulin densities was based only on qPCR data with the expected
melting curve at 81.5 °C, 85.5 °C and 86 °C, respectively.

Data analysis. The prevalence data were recorded and analyzed with the general linear model (GLM)™.
The prevalence of Sodalis, Trypanosoma species and each Trypanosoma species and co-infection were tested
for differences between the tsetse taxa and between countries. For each country, the prevalence was assessed
again for differences between the localities where the flies were collected and between the tsetse species present
in each country. In the absence of PCR detected Sodalis or Trypanosoma infection, the upper 95% confidence
interval for the true rate of infection was calculated following the method of Couey and Chew®. Trypanosoma
prevalence between taxa was compared between species by a pairwise comparison of proportions with a Bonfer-
roni correction and Benjamini-Hochberg correction. The analyses were executed in R v 4.0.5” using RStudio
V 1.4.1106*%" with the packages ggplot2 v3.3.2.1%, lattice v0.20-41%, car®, ggthems® and MASS v7.3-51.6%
except for the Chi squared tests for independence, Spearman correlation coefficient and Cochran-Mantel-
Haenszel test for repeated tests of independence, which were performed using Excel 2013 The R Markdown file
is available in Supplementary File 1.

To analyse the gPCR data, normalized density of Trypanosoma and Sodalis against the house keeping gene
(tubulin) was extracted from the CFX Maestro software. Samples giving a valid density (not N/A) for both Trypa-
nosoma and Sodalis were retained for further statistical analysis in R. Similarities in the structure of Sodalis and
Trypanosoma (single and multiple) infection and the role of different factors such as countries and tsetse taxa,
were assessed using the matrix display and metric multidimensional scaling (mMDS) plot with bootstrap aver-
ages in PRIMER version 7+. The bootstrap averages plots were displayed with a Bray and Curtis matrix based
on the square-root transformation of the Sodalis and Trypanosoma (single and multiple) infection abundance
data", The tests were based on the multivariate null hypothesis via the use of the non-parametric statistical
method PERMANOVA®, The Permanova test was conducted on the average of the abundance data based on
the country-species after excluding the data of Eswatini (low number of tested samples).
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Abstract

Tsetse flies (Glossina spp.) house a population-dependent assortment of microorganisms
that can include pathogenic African trypanosomes and maternally transmitted endosymbi-
otic bacteria, the latter of which mediate numerous aspects of their host's metabolic, repro-
ductive, and immune physiologies. One of these endosymbionts, Spiroplasma, was recently
discovered to reside within multiple tissues of field captured and laboratory colonized tsetse
flies grouped in the Palpalis subgenera. In various arthropods, Spiroplasma induces repro-
ductive abnormalities and pathogen protective phenotypes. In tsetse, Spiroplasma infec-
tions also induce a protective phenotype by enhancing the fly's resistance to infection with
trypanosomes. However, the potential impact of Spiroplasma on tsetse’s viviparous repro-
ductive physiology remains unknown. Herein we employed high-throughput RNA sequenc-
ing and laboratory-based functional assays to better characterize the association between
Spiroplasma and the metabolic and reproductive physiologies of G. fuscipes fuscipes (Gff),
a prominent vector of human disease. Using field-captured Gff, we discovered that Spiro-
plasma infection induces changes of sex-biased gene expression in reproductive tissues
that may be critical for tsetse’s reproductive fitness. Using a Gfflab line composed of individ-
uals heterogeneously infected with Spiroplasma, we observed that the bacterium and tsetse
host compete for finite nutrients, which negatively impact female fecundity by increasing the
length of intrauterine larval development. Additionally, we found that when males are
infected with Spiroplasma, the motility of their sperm is compromised following transfer to
the female spermatheca. As such, Spiroplasma infections appear to adversely impact male
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reproductive fitness by decreasing the competitiveness of their sperm. Finally, we deter-
mined that the bacterium is maternally transmitted to intrauterine larva at a high frequency,
while paternal transmission was also noted in a small number of matings. Taken together,
our findings indicate that Spiroplasma exerts a negative impact on tsetse fecundity, an out-
come that could be exploited for reducing tsetse population size and thus disease
transmission.

Author summary

Endosymbiotic bacteria regulate numerous aspects of their host’s reproductive physiol-
ogy. Natural populations of the tsetse fly, Glossina fuscipes fuscipes (Gff), house heteroge-
neous infections with the bacterium Spiroplasma glossinidia. Infection with the bacterium
results in the presentation of several phenotypes in both male and female Gff that would
put them at a significant reproductive disadvantage when compared to their counterparts
that do not house the bacterium. These Spiroplasma induced phenotypes include changes
in sex-biased gene expression in the reproductive organs, a depletion in the availability of
metabolically critical lipids in pregnant females that results in delayed larval development,
and compromised sperm fitness. These findings indicate that Spiroplasma exerts an over-
all negative impact on both male and female reproductive fitness and thus likely has a pro-
found effect on fly population structure. This outcome, in conjunction with the fact that
Spiroplasma infected tsetse are unusually refractory to infection with pathogenic African
trypanosomes, indicates that the bacterium could be experimentally exploited to reduce
disease transmission through the fly.

Introduction

Tsetse flies (Glossina spp.), which vector pathogenic African trypanosomes, reproduce via a
process called adenotrophic viviparity. Following mating, female tsetse ovulate one oocyte per
gonotrophic cycle (GC). The oocyte is fertilized in the maternal uterus by sperm that are
released from the spermathecae. Unlike in most arthropods, tsetse embryos and larvae develop
exclusively in utero, and larvae receive nourishment in the form of maternal milk secretions.
Following the completion of larvigenesis, the mother gives birth to a fully developed 3" instar
larva that pupates within 30 minutes. This process repeats itself approximately every 10 days
[1]. During the mating process, male tsetse transfer seminal fluid (SF), which contains sperm
as well as numerous male accessory gland (MAG) derived proteins, into the reproductive tract
of receptive females. Once in the female’s uterus, this mixture forms into a proteinaceous sper-
matophore that facilitates successful transfer of sperm into the spermathecae for long-term
storage [2-6]. Because tsetse’s viviparous reproductive strategy results in the production of rel-
atively few offspring, targeting reproduction can be a most effective approach to reduce tsetse
populations. Methods to inhibit tsetse fecundity can be highly effective in reducing disease
transmission given that the fly is an obligate vector for parasite transmission [1,7]. In fact, the
application of sterile male programs has been very successful with tsetse [8] and is currently
endorsed to eliminate tsetse populations on the African continent [8,9].

Tsetse flies have evolved long-term associations with several vertically transmitted endo-
symbiotic bacteria that impact numerous aspects of their host’s nutritional, developmental and
reproductive physiology. All tsetse flies house the obligate endosymbiont Wigglesworthia,
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which provides nutrients absent from the fly’s vertebrate blood-specific diet [10-13]. In addi-
tion to Wigglesworthia, laboratory reared and natural tsetse populations can also harbor facul-
tative Sodalis as well as parasitic Wolbachia and Spiroplasma [14,15]. To date Spiroplasma
infections in tsetse have been found exclusively within tsetse flies of the subgenus Palpalis
[14,15]. In both field captured and laboratory reared Glossina fuscipes fuscipes (Gff), the bacte-
rium resides in reproductive and digestive tissues as well as hemolymph [14]. Spiroplasma
induces an immune protective effect in laboratory reared Gff, as flies that house the bacterium
are significantly more resistant to infection with trypanosomes than are flies that do not [15].
The mechanism that underlies Spiroplasma enhanced refractoriness to trypanosome infection
in Gffis currently unknown. However, in other insects the bacterium confers pathogen (e.g.,
nematodes, fungi and parasitoid wasps) resistant phenotypes through the production of
immune effector molecules and/or through nutrient scavenging that limits metabolically criti-
cal nutrients for other pathogens [16-19].

Infection with Spiroplasma can also impact host reproductive fitness and lead to reproduc-
tive abnormalities. In Drosophila, females infected with Spiroplasma are less fecund and pro-
duce fewer eggs, which may be a consequence of nutritional competition between the fly and
bacterium for metabolically important free (hemolymph-borne) lipids [20]. In several insect
taxa, the bacterium induces a male killing phenotype [21-23]. The potential functional role of
Spiroplasma in tsetse reproductive physiology is currently unknown. Herein we performed a
detailed investigation of the molecular and physiological associations that characterize repro-
ductive aspects of the Gff-Spiroplasma symbiosis. Specifically, we performed RNA sequencing
(RNA-seq) of reproductive tissues from field captured (Uganda) Spiroplasma infected and
uninfected male and female Gff and report on genes and pathways that are differentially regu-
lated in the presence of the bacterium. We also made use of a Gfflab line that carries a heterog-
enous infection with Spiroplasma to characterize the trans-generational transmission
dynamics of this endosymbiont and to characterize Spiroplasma-induced metabolic and repro-
ductive phenotypes in tsetse. Knowledge obtained from this study provides insight into the
physiological mechanisms that underlie the tsetse-Spiroplasma symbiosis and may have trans-
lational implications with respect to controlling tsetse populations and the ability of the fly to
transmit African trypanosomes.

Results
Overall gene expression profile

To understand the potential effects of Spiroplasma infection on tsetse’s reproductive physiol-
ogy, we compared the RNA-seq data obtained from the male reproductive organs (testis,
accessory gland and ejaculatory duct) of Spiroplasma infected (Gff**'™*) and uninfected (Gff**")
individuals obtained from wild populations in Uganda. We similarly obtained and compared
RNA-seq data from Gff*”"* and Gff*" female reproductive organs (ovaries and oocytes) iso-
lated from the same populations. The percentage of reads from the different biological repli-
cates that mapped to the Gff reference genome ranged from 49% to 81% (S1 Table in S1
Appendix).

We used principal component (PC) and hierarchical cluster (HC) analyses to compare the
overall gene expression profiles across all biological replicates according to sex and Spiro-
plasma infection status (Fig 1A and 1B). We found that PC1 and PC2 accounted for 80% and
7% of variance across all biological replicates, respectively. The variance in PC1 could be
explained by differences in sex, with females clustering on the left side along the PCI axis, and
males clustering on the right side along the PC1 axis (Fig 1A). HC analyses also demonstrated
a similar clustering result among different biological replicates (Fig 1B). Female and male
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in the PCA.

https://doi.org/10.1371/journal.ppat.1009539.g001

clusters were distant from each other, and within the male samples, Gff*""* were separated
from the Gff*" samples. However, within the female samples, one Gff**™* (female 4) and one
Gff*" (female 3), were distant to the other three female samples (one Gff*"* and two Gff*").
This difference we noted within the female dataset could be due to the presence of greater vari-
ation in gene expression within the female reproductive tissues when compared to males,
which is similar to the results shown in our PCA.

The impact of Spiroplasma on sex-biased gene expression in males and
females

As our biological replicates clustered by sex, we first quantified the proportion of differentially
expressed (DE) genes between females and males (sex-biased genes) using sex as a factor in the
model we created in DESeq2 (see Materials and Methods for details). Of the 15,247 genes
annotated in the Gff genome, we detected 10,540 genes expressed in our transcriptomes, with
an adjusted p-value created by FDR correction (S1 Data) [24]. We observed that 21.7% of
these genes (2,288/10,540) were preferentially expressed in females (female-biased genes; log,
male/female<0 and adjusted p<0.05), while 20.5% (2,164/10,540) were preferentially
expressed in males (male-biased genes; log,male/female>0 and adjusted p<0.05). Using pair-
wise comparisons for Spiroplasma infection status within each sex from the DESeq2 model, we
found that a total of 194 and 299 genes were DE upon Spiroplasma infection in males and
females, respectively. Within the male dataset, we determined that 117 (60.3%) and 77 (39.7%)
of the DE genes were up- and down-regulated upon infection (adjusted p<0.05), respectively
(Fig 2A, S2 Table in S1 Appendix and 52 Data). A similar analysis of the 299 DE genes in
females showed that 61 (21.4%) and 238 (79.6%) were up- and down-regulated in the presence
of Spiroplasma, respectively (Fig 2B and S3 Table in S1 Appendix).
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Spiroplasma infections can manipulate the reproductive physiology of their host insects
[25]. In Drosophila, infections with the S. poulsonii strain MSRO affects gene regulation and
dosage compensation machinery in males, resulting in male-killing during embryogenesis
[22,26]. Because genes displaying sex-biased expression profiles in reproductive tissues can
confer sexual phenotypes [27,28], we first identified the sex-biased genes expressed in male
and female gonads, and next evaluated their DE status based on Spiroplasma infection. We
determined that 41 of the 117 genes (35%) up-regulated, and 41 of the 77 genes (53%) down-
regulated in Gff*”"" males are male-biased (Fig 2A and S2 Table in S1 Appendix). We also
noted that the DE male-biased genes (# = 82) identified within the male DE gene set (n = 194)
are enriched when compared to genome-wide male-biased genes (n = 2164) (Fig 2A and S2
Table S1 Appendix; p<0.001 for up-regulation and p< 10”7 for down-regulation in Fisher’s
exact test). We next examined the transcript abundance of the 41 up-regulated male-biased
genes and determined their contribution to be 0.85% of the total transcriptome in the infected
group, up from the 0.06% in the uninfected group (Fig 2C). We similarly analyzed the 41
down-regulated male-biased genes and determined their contribution to be 0.29% of the total
transcriptome in the infected group, down from the 0.51% in the uninfected group (Fig 2C).

We next performed the same analysis with the female DE gene dataset. We determined that
48 of the 61 genes (78%) up-regulated in the ij‘s Pi* females were female-biased and enriched
within the up-regulated genes when compared to genome-wide female-biased genes
(n =2288) (83 Table in S1 Appendix; p<1072° in Fisher's exact test). Conversely, only one of
the 238 genes down-regulated in Gff*** females was female-biased (Fig 2B and S3 Table in S1
Appendix), while 234 (98%) were male-biased (Fig 2B and S3 Table in S1 Appendix). The
male-biased genes were thus overrepresented within the down-regulated genes (S3 Table in S1
Appendix; p<107"* in Fisher’s exact test). We also examined the transcript abundance of the
48 up-regulated female-biased genes and determined their contribution to be 14.11% of the
total transcriptome in the infected group, up from the 4.02% transcript abundance in the unin-
fected group (Fig 2D). The transcript abundance of the 234 down-regulated male-biased genes
in the female dataset represented 1.16% of the total transcriptome in the infected group, down
from 17.21% transcript abundance in the uninfected group (Fig 2D).

In both sexes, unbiased (non-sex biased) genes were underrepresented in the DE datasets
when compared to the genome-wide unbiased genes (Fig 2, S2 and S3 Tables in S1 Appendix;
p<107* for males and p< 1077 for females in Fisher’s exact test). Collectively, these results sug-
gest that Spiroplasma infections strongly influence the expression of sex-biased genes in tsetse’s
reproductive tissues. Given that sexual dimorphisms are largely shaped by sex-biased gene
expressions [27,28], the significant number of sex-biased genes and transcript abundance
affected by Spiroplasma in females relative to males suggests that the endosymbiont may affect
female reproductive physiology to a greater extent.

Spiroplasma infection effects on genes that encode spermatophore
constituents

When tsetse copulate, the ejaculate, which is composed of sperm and secretory products (i.e.,
seminal fluid) derived from the male testes and accessory glands, are transferred to the female
uterus where they are encapsulated into a spermatophore. The spermatophore functions as a
protective container for the ejaculate and ensures that sperm and seminal fluid are delivered to
the female spermathecal ducts, which in turn modifies female behavior, including potential
inhibition of further matings by competing males [3-5]. Within 24 h of the commencement of
copulation, sperm are transferred to the female’s spermatheca and the spermatophore is dis-
charged from the uterus [3]. We had previously identified the proteins detected in the G.
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morsitans morsitans (Gmm) spermatophore by collecting the structures from the female sper-
matheca shortly after completion of copulation [2]. We first identified the homologs of these
Gmm protein encoding genes in Gff and then evaluated their expression status in the presence
of Spiroplasma. We found that of the 287 genes whose products were detected in the Gmm
spermatophore, seven were DE in Gff¥"* males and 12 were DE in Gff*"** females relative to
Gff*f""datasets (S1 Data). Of the seven genes encoding spermatophore proteins contributed by
male gonads, six were up-regulated and one was down-regulated in the presence of Spiro-
plasma. Of the 12 genes encoding spermatophore proteins contributed by female reproductive
organs, four were up-regulated and eight were down-regulated in the presence of Spiroplasma.
Among the DE genes in females were two that encode transcription factors and three that
encode serine protease inhibitors, while the up-regulated genes in males primarily encoded
cuticle related proteins.

Immunity genes up-regulated in Gff*"** males

Long term persistence of endosymbionts requires evasion of, and/or resistance against, host
immune responses. Although the absence of metabolically costly immune responses would
benefit host fitness, induced immunity can also be beneficial to the symbiosis as it confers resis-
tance to other pathogens that could compete for limited nutritional resources. In Drosophila,
Spiroplasma infections do not activate host immune responses, and the bacterium is not suscep-
tible to either the cellular or humoral arms of the fly’s immune system [29]. To understand
tsetse-Spiroplasma immune dynamics, we investigated whether DE genes in Gff*'™ males and
females encoded immunity related functions. We found that in the male gonads, the presence
of Spiroplasma significantly induces Toll pathway constituents, including toll-like receptor 7
(GFUI009072), the antimicrobial peptide defensin (GFUI031425), and easter (GFUI050711),
which encodes a serine-protease required to process the extracellular Toll ligand Spitzle. We
also noted that in addition to the Toll signaling pathway, several abundantly expressed Mucin
encoding genes (GFUI039642, GFUI016405, GFUI054349, GFUI017943) were induced in Gff*
" males. Mucins are produced by epithelial tissues where they function in different roles from
lubrication to cell signaling to forming chemical barriers as well as binding and entrapping
pathogens [30]. Taken together, this analysis indicates that Spiroplasma infection induces the
upregulation of a highly restricted repertoire of immune related genes in the reproductive tract
of Gff males. The bacterium had no impact on immune gene expression in Gff females.

Gene ontology (GO) analysis of DE gene products

To understand the major putative function(s) for the 493 DE gene products associated with
Spiroplasma infection in Gff reproductive physiology, we performed GO (gene ontology) term
enrichment analysis [31]. We found that within the up-regulated genes in Gff*'* males, the
significantly enriched GO terms are associated with cuticle development, chitin process, cell
adhesion, defense response and receptor activity (S1A Fig and S3 Data). The down-regulated
genes in Gff**™ males were enriched for lipid catabolic process and peptidyl-dipeptidase activ-
ity (S1B Fig and 3 Data). The up-regulated genes in Gff””"* females were enriched for lipid
metabolic process and defense response (S1C Fig and S3 Data) while the down-regulated
genes in Gff**™ females were enriched for peptidase activity, proteolysis, and chitin metabolic
process (S1D Fig and S3 Data).

Spiroplasma infection effects on female gene expression

The up-regulated female-biased genes in Gff*”** females comprised over 14% of the entire tran-
scriptome, while these same genes comprised only 4% of the total transcriptome in Gff"
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females. Among the up-regulated gene dataset, we noted the presence of several highly abun-
dant tsetse milk proteins, including Mgp1 (GFUI006902), Mgp10 (GFUI050429), Mgp4
(GFUO050451). In addition, we detected high level expression of a gene annotated as Apolipo-
protein (GFUI006901) located adjacent to the mgpI (GFUI006902) locus.

We also noted that 234 male-biased genes were dramatically down-regulated in Spiro-
plasma infected females. These genes contributed a total of 1% of the transcriptome in the
infected state, down from 17% in the uninfected state. Among the abundant and highly
reduced genes were ones that encode multiple proteins annotated with digestive functions,
such as those that had signatures of midgut trypsins (GFUI029963, GFUI029966, GFUI14886,
GFUI024126, GFUI049688, GFUI006483, GFUI026212), serine proteases (GFUI026465,
GFUI009869, GFU0026202), trypsin-like serine proteases (GFUI028730, GFUI028738), zinc-
carboxypeptidases (GFUI030548, GFUI007477), chymotrypsin-like proteins (GFY1032994,
GFUI032998, GFUI010855), and a carboxypeptidase (GFUI022995). The physiological conse-
quences of this reduced proteolytic activity on Gff**™* females remain to be determined.

Impact of Spiroplasma infection on Gff female metabolism and
reproductive fitness

We next investigated whether Spiroplasma induced differences in gene expression regulate
critical metabolic processes relevant for fecundity. To do so we measured several reproductive
fitness parameters in Gff**™* and Gff*" pregnant females and males. We began by measuring
the impact of Spiroplasma infection on the length of tsetse’s gonotrophic cycle (GC), which
includes oogenesis, embryogenesis and larvigenesis. We observed that thel®, 2™, and 3" GCs
of Gff¥" females (23.0 + 0.24, 12.6 + 0.19, and 13.0+ 0.2 days, respectively) were significantly
longer than that of their age-matched counterparts that did not harbor Spiroplasma

(21.0 £ 0.36, 11.0 + 0.29, and 11.2+ 0.33 days, respectively) (GCI, p = 0.0001; GC2, p<0.0001;
GC3, p = 0.0009; log rank test) (Fig 3A and S4 Data). We next weighed pupae-stage offspring
from Gff**"* and Gff*" females and observed no significant difference between groups across
all three GCs (GCI1, Gff™* = 26.0 + 1.4 mg, Gff"" = 24.6 + 1.1 mg; GC2, Gff*"* =257+ 1.0
mg, Gfff" =27.4 + 1.8 mg; GC3, Gff*F"* = 25.4 + 1.7 mg, Gff*** = 26.4 + 1.6 mg) (GCl,

P =0.34; GC2, p = 0.08; GC3, p = 0.15; multiple t tests) (Fig 3B). These findings indicate that
an infection with Spiroplasma does not impact pupal weight but does increase the length of
tsetse’s GC. As such, infection with this bacterium may result in the production of fewer off-
spring over the course of the female’s lifespan, thus exerting a detrimental impact on the fly’s
overall reproductive fitness.

We have previously demonstrated that experimental depletion of Wigglesworthia density
(via treatment with antibiotics) significantly impairs tsetse’s reproduction [12,32-34]. With
this in mind, we measured the relative densities of endosymbiotic Wigglesworthia and Sodalis
in Gff*""* and Gff*" females to determine if these symbionts are impacted by the presence of
Spiroplasma. We determined that Gff**** and Gff*"" females house similar densities of Wiggle-
sworthia (Fig 3C, left graph) and Sodalis (Fig 3C, right graph). Because Spiroplasma infection
did not impact the density of these tsetse symbionts, we next investigated whether the pro-
longed GC length presented by Gff**"* females reflected a competition for resources between
the bacterium and pregnant female flies. This theory is supported by the fact that in Drosoph-
ila, Spiroplasma proliferation is limited by the availability of circulating lipids [20]. The gut of
3" instar tsetse larvae contains high levels of triacylglyceride (TAG) [35], which originate in
tsetse’s fat body and are transferred through hemolymph to the milk gland where they are
incorporated into maternal milk secretions [36,37]. To determine if Spiroplasma hijacks tsetse
TAG, at the nutritional expense of developing intrauterine larvae, we compared TAG levels in
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Fig 3. Impact of Spiroplasma infection on the reproductive and nutritional fitness of female tsetse flies. (A) Gonotrophic cycle (GC) length of offspring from Gff*F**
and Gff*" females. Age-matched, pregnant females from each group (1 = 34 per group) were housed in individuals cages and monitored daily to observe frequency of
pupal deposition. Statistical significance was determined via log-rank test. (B) The weight of pupae deposited by Gff*""* and Gff*"" females. Each dot represents an
individual pupa, bars represent median values of pupae form each GC. Statistical significance was determined via multiple t-tests with correction via the Holm-Sidak
method. (C) Relative densities of Wigglesworthia and Sodalis in Gff"** and Gff*" females. Relative Wigglesworthia recA and Sodalis rpIB copy number was quantified
using genomic DNA derived from Gff*™* or Gff*"" female midguts (including the Wigglesworthia harboring bacteriome organ). Wigglesworthia recA and Sodalis rplB
was normalized relative to Gff gapdh copy number in each sample. Each dot represents one biological replicate (three midguts per replicate), and bars indicate median
values, Statistical significance was determined via students t-test. (D) Amount of triacylglyceride (TAG) circulating in the hemolymph DfG]jd'"’" and Gﬂs""" females. Three
microliters of hemolymph was extracted from two-week-old pregnant females and TAG was quantified colorimetrically via comparison to triolein standard curve (52
Fig). Each dot represents an individual pupa, bars represent median values of pupae form each GC. Statistical significance was determined via unpaired t-test.

https://doi.org/10.1371/journal.ppat.1009539.9003

the hemolymph of pregnant Spi* and Spi” females. We found that pregnant Spi” females had
significantly more TAG circulating in their hemolymph (19.2 + 0.4 pg/ul) than did their age
and pregnancy stage-matched Spi* counterparts (11.5 + 0.4 pug/pl) (p<0.0001; t test) (Fig 3D).
These findings suggest that, like in Drosophila, Spiroplasma uses tsetse lipids as an energy
source. This competition between tsetse and Spiroplasma for dietarily limited yet metabolically
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important lipids may result in the relatively long GC we observed in Spi* mothers because less
of this nutrient is available for incorporation into milk secretions.

Impact of Spiroplasma infection on Gff male reproductive fitness

Our transcriptomic data informed us that infection with Spireplasma impacts the expression of
several genes that encode spermatophore-associated proteins. These proteins, many of which
arise from the male accessory gland and are transferred in seminal fluid, play a prominent role
in sperm fitness [2,38). We thus compared the fitness of sperm derived from Spi* compared to
Spi” males to determine if infection with the bacterium impacts the fitness off Gff sperm. To do
so we quantified the transcript abundance of sperm-specific dynein intermediate chain (sdic;
VectorBase gene ID GFUI025244) in the spermathecae of 7 day old female flies two days after
having mated with either Spi* or Spi” males. The Drosophila homologue of this gene is expressed
exclusively in sperm cells [39] and has been used to quantify sperm abundance and competitive-
ness (as a function of motility) [40-42]. We observed that sdic transcript abundance in the sper-
mathecae of females that mated with Spi” males was significantly higher than in that of their
counterparts that mated with Spi* males (Fig 4). This conspicuous difference in the abundance
of sdic transcripts expressed by sperm within the spermathecae of females that mated with Spi°
versus Spi” males was surprising considering the fact that expression of this gene in the repro-
ductive tract of field captured Spi” and Spi* males was not significantly different when measured
by RNAseq (S1 Data). To validate this RNAseq data, we used RT-qPCR to measure sdic expres-
sion in sperm housed in the reproductive tract of 7 days old Spi” and Spi* lab reared Gff males
(these sperm were the same age as those used to measure sdic transcript abundance in the sper-
mathecae of mated females). Similar to what we observed via RNAseq, sdic expression was not
significantly different in sperm housed in the male reproductive tract (Fig 4).

The above data indicate that sdic expression decreases significantly in sperm that originate
from Spi" males following transfer to the female spermatheca, thus suggesting that the bacte-
rium plays a role in either regulating the number of sperm transferred during mating and/or
sperm motility (and thus competitiveness) after mating. To investigate further we quantified
both the quantity and motility of sperm in the spermathecae of females 24 hrs after having
mated with either Spi* or Spi” males. Manual counting indicated no significant difference in
the number of stored sperm when females had mated with either Spi” (5375 + 537 sperm per
spermathecae) or Spi- (5358 + 632 sperm per spermathecae) males (Fig 4B). We additionally
quantified the abundance of stored sperm as a reflection of spermathecal fill, which measures
the quantity of sperm and seminal fluid transferred from males to the spermatheca of their
female mates. Male Spiroplasima infection status had no impact on spermathecal fill. However,
when female mates were infected with Spiroplasma we observed a significant reduction in the
size of their spermatheca compared to that of Spi” females (Kruskal-Wallis, X* = 6.1763, df = 1,
p =0.0129) (Fig 4C). We also investigated whether the precipitous drop in sdic expression in
sperm transferred from Spi” compared to Spi” males was representative of a decrease in the
motility of sperm derived from males in the latter group. We observed that sperm derived
from Spi™ males exhibited a mean beat frequency of 13.4 (+1.7) hertz (Hz), while those derived
from Spi- males exhibited a mean beat frequency of 22.1 (+1.4) Hz (Fig 4D).

Taken together, these results indicate that the Spiroplasma infection status of male Gff does
not impact the number of sperm they transfer during mating, but female infection status of the
mating pairs does impact the number of sperm stored in their spermatheca. Additionally, Spir-
oplasma exerts a significant impact on the competitiveness of sperm stored in the spermato-
phore, as cells that originate from infected males are significantly less motile than are those
that originate from their uninfected counterparts.
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Fig 4. The impact of Spiroplasma infection on male Gff reproductive fitness. (A) Relative expression of sperm-specific dynein intermediate chain (sdic) in
sperm located within the reproductive tract of GfF*** and Gff**" males or within the female spermatheca following copulation. Sdic expression in each
sample was normalized relative to tsetse’s constitutively expressed pgrp-la gene. Each dot represents one biological replicate, and bars indicate median
values. Statistical significance was determined via one-way ANOVA followed by Tukey’s HSD post-hoc analysis. (B) Quantification of sperm within the
spermatheca of female flies that mated with either Spi” or Spi” males. Measurements were made using a Neubauer counting chamber. Each dot represents
one spermatheca, and bars indicate median values. Statistical significance was determined via student’s t-test. (C) Spermathecal fill of female flies that
mated with either Spi” or Spi” males. Spermatheca fill data were analyzed using Kruskal-Wallis rank test using R companion and FSA software packages
[75,76]. (D). Motility, as a measure of flagellar beat frequency in hertz (Hz), of sperm within the spermatheca of female flies that mated with either Spi* or
Spi- males. Video recordings of sperm were acquired at a rate of 50 frames per second, and beat frequency was analyzed using FIJI and the Image] plugin
SpermQ. Each dot on the graph represents the mean beat frequency of two sperm tails from each spermatheca. Statistical significance was determined via
student’s t-test.

https://doi.org/10.1371/journal.ppat.1009539.9004
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Vertical transmission of Spiroplasma

Spiroplasma is maternally transmitted in several insect systems, including the tsetse fly, as evi-
denced by the presence of the endosymbiont in the intrauterine larva [14]. However, not all
tsetse populations, nor individuals within distinct populations, house the bacterium [14,15].
This heterogeneity in infection prevalence suggests that vertical transmission of the bacterium
may be imperfect and thus occur at a frequency of less than 100%. We performed three distinct
experiments as a means of quantitating the fidelity of Spiroplasma vertical transmission (see
Materials and Methods for experimental details).

For experiment 1, we observed that 86% of adult offspring (from three GCs combined)
derived from matings between Spi” mothers and Spi” fathers were Spi* as were 97% of adult
offspring from matings between Spi” mothers and Spi™ fathers. Also in experiment 1 we
observed no Spi” adult offspring when mothers lacked the bacterium, regardless of their
mate’s infection status (Table 1 and S5 Data). For experiment 2, 67% of pupal offspring (from
three GCs combined) derived from matings between Spi* mothers and Spi* fathers were Spi*
as were 44% of pupal offspring from matings between Spi* mothers and Spi” fathers (Table 1
and S5 Data). In experiment 2, four matings between Spi- mothers and Spi* fathers collectively
resulted in the deposition of nine pupae, four of which carried Spiroplasma infections. Interest-
ingly, in three out of four mating pairs, the second offspring (GC2) was positive for the Spiro-
plasma infection while the first offspring (GC1) was negative (Table 1 and S5 Data), indicating
imperfect paternal transmission at best. The varying results we obtained between these experi-
ments could reflect the different developmental stages of the offspring we tested (experiment
1, newly eclosed adults; experiment 2, newly deposited pupae). Spiroplasma density decreases
during development as tsetse age from larvae through pupation and eclosion to adulthood
[14]. Hence, it remains to be seen whether the Spiroplasma present in the pupae analyzed in
experiment 2 would persist through the lengthy pupal stage (~ 30 days) and into adulthood.

Finally, in experiment 3, we determined Spiroplasma infection status of mothers only. Of
the Spi* mothers observed, 73% (11/15) and 100% (9/9) of their pupal offspring from GCs 1
and 2, respectively, were infected with Spiroplasma (no Spi” mothers in this experiment sur-
vived long enough to produce GC 3 offspring). Nine out of the 22 total progeny from Spi’
mothers were Spi*, although transmission did not occur across sequential GCs (S5 Table in

Table 1. Vertical transmission of Spiroplasma across three gonotrophic cycles (GCs).

Spiroplasma infection status # of Spiroplasma infected offspring/total
offspring sample/GC
experiment #* mother father number of mating pairs® GC1 GC2 GC3 total % transmission®

Exp 1 + 4 7 6/7 6/7 6/7 86% (18/21)
, - 13 | 1313 | 13013 1213 | 97% (38/39)

- + 9 o9 | oe 09| 0% (0/27)

- 3 0/5 0/5 0/5 0% (0/15)

Exp 2 + . 5 45 | 23 o1 | 67% (6/9)
- 7 67 | 35 22| 79% (11/14)

- + 4 1/4 [ 3/3 ‘ 0/2 | 44% (4/9)

- 1 0/1 0/1 0/0 0% (0/2)

“In experiment 1 Spiroplasma infection prevelance was determined using adult offspring, while in experiment 2 Spiroplasma infection prevelance was determined using

pupal offspring.

"Number of mating pairs at the beginning of each experiment. Not all mothers survived for three GCs.

“Percentage of Spiroplasma infected offspring derived from each parental mating pair over the course of all three GCs combined.

hitps://doi.org/10.1371/journal.ppat. 1009539.t001
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S1 Appendix and 55 Data). While this experiment suggests possible paternal Spiroplasma
transmission, we cannot confirm the route of infection because we did not test the Spiroplasma
status of these fathers.

Taken together, these transmission data indicate that Spiroplasma is vertically transmitted
via maternal lineages with high frequency, although paternal transmission may provide a less
frequent route.

Discussion

Reproductive tissue-associated heritable endosymbionts affect their arthropod host’s physiol-
ogy to facilitate their transmission. In tsetse, both natural populations and laboratory Gff lines
are found to house heterogenous infections with parasitic Spiroplasma, but little is known
about the physiological impact(s) of this microbe on tsetse reproduction. Our transcriptomic
analyses revealed that Spiroplasma infection significantly alters gene expression in reproduc-
tive tissues of both male and female Gff. In particular, amongst the genes impacted by Spiro-
plasma infection in females, significantly more female-biased genes are up-regulated, and
male-biased genes are down-regulated when compared to their uninfected counterparts.
Using a laboratory line of Gff that carries a heterogenous infection with Spiroplasma, we dis-
covered that infection with the bacterium results in a reduction in fecundity as evidenced by a
significantly longer gonotrophic cycle in infected females compared to their uninfected coun-
terparts. Loss of fecundity likely results from the decreased levels of hemolymph lipids in Spir-
oplasma infected females, which suggests that the bacterium competes with its host during
pregnancy for nutrients that are critical for larval development. Additionally, we observed a
dramatic reduction in the abundance of a sperm-specific sdic transcripts following transfer of
spermatozoa from Spi* males to their mate’s spermatheca. Upon further investigation we
determined that these sperm cells exhibit compromised motility and thus likely decrease com-
petitiveness. Finally, our Spiroplasma transmission studies suggest maternal transmission of
the bacterium occurs with high fidelity from infected mothers to each of their offspring. How-
ever, we also observed evidence of paternal transmission of the bacterium, which could explain
the heterogenous infections we observed in this laboratory line. Collectively, our findings sig-
nificantly enhanced fundamental knowledge on the tsetse-Spiroplasma symbiosis with impli-
cations for other arthropods. Additionally, the information obtained in this study may be
applicable to the development of novel tsetse control strategies for population reduction.

Sex-biased gene expression strongly influences sexual phenotypes in most animals [27,28],
and a large proportion of sex-biased genes are expressed in reproductive tissues [43,44]. With
this in mind, the differences in sex-biased gene expression we observed in between Gff"" and
Gff*"™* females suggest that housing the bacterium could induce beneficial reproductive phe-
notypes. Our transcriptomic data from Gff*"* females showed that female-biased genes are
up-regulated while male-biased genes are down-regulated relative to their uninfected (Gff*"")
counterparts. Notably, we observed that Spiroplasma infection induced a significant upregula-
tion of genes that encode tsetse milk gland proteins (MGPs). These tsetse specific molecules
are abundantly expressed in the accessory gland of pregnant females and are a prominent com-
ponent of tsetse milk [1,45]. MGPs are thought to be mostly lipid carriers, and experimental
evidence suggests that they act in this capacity as lipid emulsification agents and possible phos-
phate carrier molecules [37]. Thus, when faced with depleted levels of circulating TAG, which
comprises a substantial fraction of the lipids found in tsetse milk [35], Spiroplasma infected
females may adaptively increase MGP production in an effort to scavenge and transport other
lipids to developing intrauterine larvae. This outcome may reflect one Spiroplasma induced
change in sex-biased gene expression that confers a fitness benefit to Gff**** females.
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The depletion of circulating TAG by hemolymph borne Spiroplasma likely accounts for the
increase we observed in GC length in pregnant mothers that harbor the bacterium. Despite the
longer larval development period we observed for progeny of Spi* compared to Spi- mothers,
the weight of pupal offspring deposited was similar between the two groups. Because female
tsetse produce unusually few offspring (6-8) over the course of their lifespan (compared to
other insects), an increase in GC length would likely result in a significant reduction in popula-
tion size over time. In fact, infection with a trypanosome strain that induces a metabolically
costly immune response also lengthens tsetse’s GC by a duration similar to that (approximately
2 days) induced by infection with Spireplasma [46]. Mathematical modelling indicates that
this increase in GC length would theoretically reduce tsetse fecundity by approximately 30%
over the course of a female’s reproductive lifespan [46]. Thus, a moderate trypanosome infec-
tion prevalence of 26%, which is similar to the Spiroplasma infection prevalence in field cap-
tured Gff (5-34%, depending on population geographic location) [14,15], could significantly
decrease fly population size [46]. The models also predict that infection prevalence above these
frequencies would result in a population crash.

Our results indicate that infection with Spiroplasma also exerts a significant impact on
reproductive processes in laboratory reared Gff males. We observed that sperm from both Spi*
and Spi” males expressed the same abundance of sperm-specific sdic transcripts prior to mat-
ing, but that following insemination and transfer to the female spermatheca, sperm from Spi*
males expressed conspicuously fewer transcripts of this gene than did sperm that had origi-
nated from Spi- males. The Drosophila homolog of this gene encodes a cytoplasmic dynein
intermediate chain that is necessary for the proper function of the cytoplasmic dynein motor
protein complex [39], which is involved in sperm motility [47]. Accordingly, one prominent
phenotype we observed was that following insemination and transfer to the female sperma-
theca, the motility of sperm that had originated from Spi* males was impaired when compared
to that of sperm that had originated from Spi” males. This finding implies that sdic exhibits the
same function in Gff as it does in Drosophila. Motility is of paramount importance to sperm
competitiveness [48], and sperm with impaired motility have less fertilization success than
heathy sperm [49]. Field data indicate that wild populations of Gff females can exhibit polyan-
dry and store sperm from more than one mate [7]. Our data suggest that sperm transferred by
Spi* males may be at a competitive disadvantage in comparison to sperm derived from Spi”
males because they exhibit reduced motility. It remains to be determined if, as a means of pro-
moting polyandry, females seek additional mates if they first copulate with a Spi* male that
transfers motility compromised sperm.

Spiroplasma mediated mechanisms that influence the regulation of sdic expression are cur-
rently unknown. Spiroplasma could mark sperm in the reproductive tract of Gff males [50],
possibly via post-transcriptional modification of sdic, such that sperm motility is compromised
following insemination and transfer to the female spermatheca. Alternatively, female contribu-
tions to the spermatophore could also influence sdic expression after sperm are packaged into
the structure. In Spiroplasma infected females, we have observed 12 DE genes that encode
products identified as constituents spermatophore. Further experiments are necessary to
determine if any of these Spiroplasma modified female products, including two transcription
factors and three serine protease inhibitors, play a role in the sperm modifications we observed
here.

Infections with heritable endosymbionts can come at a significant metabolic cost to their
host [51]. This outcome appears to also be the case with the Spiroplasma and tsetse symbiosis,
and results in a significant reduction in the reproductive fitness of both female and male flies.
However, from an evolutionary perspective, these microbes, including Spiroplasma, usually
also provide an overall fitness advantage in order for infections to be maintained. In the tsetse
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model system, the fly, the commensal symbiont Sedalis, as well as pathogenic trypanosomes,
typically compete for host nutrients as they are auxotrophic for metabolically critical B vita-
mins [12,52-54]. Interestingly, these nutrients are present in low quantities in tsetse’s verte-
brate blood specific diet, and they are instead supplemented via the mutualistic endosymbiont,
Wigglesworthia [11-13]. Despite the negative impacts of Spiroplasma on tsetse’s fecundity, this
bacterium also benefits its host by creating an environment within the fly that is hostile to par-
asitic trypanosomes [15]. The parasite resistance phenotype conferred by Spiroplasma infec-
tions could arise from induced host immune responses, or could reflect competition for
critical nutrients (i.e., found in the bloodmeal and/or produced by tsetse) that both organisms
require to sustain their metabolic needs [55-57]. This effect of inhibiting metabolically costly
trypanosome infections could thus offset the cost of housing similarly detrimental Spiroplasma
infections. Additionally, we demonstrate that while Spiroplasina can be both matrilineally and
patrilineally transmitted, vertical transmission of the bacterium within our Gff colony does not
occur at a frequency of 100%. This data corroborates observations from the field, which reveal
that individual flies between and within distinct populations also present heterogeneous Spiro-
plasma infections [14,15]. In our study we observed a high frequency of maternal transmission
into pupal and adult offspring as well as low frequency paternal transmission into pupal off-
spring. If Spiroplasma detected in the pupal stage survive and colonize adults, this outcome
could contribute to the heterogenous infection prevalence we observe in the Gff lab line. The
absence of steadfast vertical transmission of Spiroplasma by Gff could facilitate fly survival by
reducing the population level detrimental impact (i.e., prolonged GC length and reduced
sperm motility) associated with housing the bacterium. This may represent another advanta-
geous factor that facilitates Spiroplasma’s ability to sustain infections within the fly across mul-
tiple generations.

Gff is the prominent vector of pathogenic African trypanosomes in east and central Africa,
and reducing the size of fly populations is currently the most effective method for controlling
parasite transmission. One means of accomplishing this is through the use of sterile insect
technique (SIT), which involves the sequential release of a large number of sterilized males
into a target environment [58,59]. Because of their large number, these infertile males outcom-
pete wild males for resident female mates, and the population size drops significantly, or the
population is eliminated [60,61]. Knowledge gained from this study, in conjunction with that
from previous studies, will have a significant impact on tsetse rearing efficiency for the SIT
programs. Specifically, decreased fecundity can have a negative impact on the success of colony
maintenance. However, enhanced resistance to trypanosomes is advantageous for SIT applica-
tions as the released males, which also feed exclusively on vertebrate blood, have the potential
to serve as vectors of disease. Thus, Spiroplasma has the potential to reduce the impact of this
shortcoming by inducing a trypanosome refractory phenotype in released males such that they
would be less likely vector disease, thus increasing the overall safety and efficacy of the control
program.

Materials and methods

Field sampling

Glossina fuscipes fuscipes (Gff) were collected from the Albert Nile river drainage in Northwest
Uganda. Sampling sites included three villages from the Amuru district: Gorodona (GOR; 3°
15’57.6"N, 32°12728.8"E), Okidi (OKS; 3°15'36.0"N, 32°13'26.4"E), and Toloyang (TOL; 3°
15"25.2"N, 32°13°08.4"E). Flies were sampled using biconical traps and wing fray data were
recorded (stage 2 for the majority of samples, stage 3 for a small subset of samples, correspond-
ing approximately to 3 and 4 week-old adults, respectively). All females analyzed had been
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mated based on the visual presence of intrauterine larva or a developing oocyte in their ovaries.
The Spiroplasma infection prevalence in flies from the Goronda and Okidi regions was about
46% [15]. Reproductive tissues (may have been contaminated with milk gland tissue, which is
composed of an extensive tubular network that is difficult to separate from female reproduc-
tive tissues) from all flies were dissected in the field in sterile 1x phosphate buffered saline
(PBS) and flash frozen in liquid nitrogen for later RNA extraction.

Data generation (Illumina HiSeq), transcriptome assembly and quality
assessment

Total RNA from Gff female (ovaries, spermathecae, uterus and oocysts) and male (testes,
accessory glands and ejaculatory duct) reproductive tracts was extracted according to TRIzol
reagent manufacturer’s instructions (Thermo Fisher Scientific, USA). Total RNA was treated
with Ambion TURBO DNA-free DNase (Thermo Fisher Scientific, USA) and RNA quality
was evaluated using an Agilent 2100 Bioanalyzer. An aliquot from each RNA was reverse tran-
scribed into cDNA and screened for Spiroplasma using PCR amplification assay with symbi-
ont-specific primers as described [15]. Prior to pooling RNA for sequencing (see below), the
same cDNAs were used to confirm the sex of the field collected tissues by performing PCR
using primers that amplify sex specific genes (see S4 Table in SI Appendix for gene names and
amplification primers). RNA from three female or male reproductive tracks were pooled into
distinct biological replicates for RNA-seq analysis. We analyzed two biological replicates from
Gff"" females and three biological replicates from Gff*"* males, and three biological replicates
from Gff**" females and two biological replicates from Gff**" males. Ribosomal reduction
libraries were prepared with the Ribo-Zero Gold rRNA removal kit (human/mouse/rat)
MRZG12324 (Illumina, USA) and sequenced at the Yale University Center of Genome Analy-
sis (YCGA) on an Illumina HiSeq 2500 machine (75bp paired-end reads). In order to obtain
information on Spiroplasma transcripts as well as the tsetse host, we chose Ribosomal Reduc-
tion libraries over mRNA (poly A) libraries.

RNA-seq data analysis

RNA-seq sequencing produced an average of 96 million reads across all biological samples.
Reads were mapped to the Gff reference genome (accession # JACGUE000000000 from NCBI
BioProject PRINA596165) using HISAT2 v2.1.0 with default parameters [62,63]. The annota-
tions for the assembly were ported over from the annotation of the previous assembly (https://
vectorbase.org/vectorbase/app/) using the UCSC liftOver software suite of programs [64]. The
function ‘htseq-count’ in HTSeq v0.11.2 [65] was then used to count the number of reads
aligned to the annotated genes in the reference genome with the option “-s reverse” because
we generated strand-specific forward reads in RNA-seq libraries. We evaluated the number of
DE genes between groups of female and male reproductive organs from Gff*** and Gff*""
using the HTSeq output as input into DESeq2 v1.22.1 [66]. We first developed a DESeq2
model to predict differential gene expression as a function of sex and Spiroplasma-infection
status, and the interaction between sex and Spiroplasma-infection status. We then extracted
the log, fold changes (log,FCs) for each gene with false discovery rate (FDR) adjusted p-values
[24]. Finally, we defined genes as DE if the log, fold change (log,FC) was significantly different
from 0, and we only considered genes with adjusted p-values as expressed for downstream
analysis.

We next conducted a PC and HC analysis to analyze normalized expression count data
from the DESeq2 program. We used a regularized log transformation of the normalized data
created by “rlog” function DESeq2 [66]. For the HC by sample-to-sample distance, we used
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“pheatmap” function in R. We measured the expression abundance as the sum of TPM that
were calculated using the TPM Calculator [67].

Because the function of genes in Gff are not well annotated, we performed “tblastx’ in CLC
Genomics Workbench (CLC Bio, Cambridge, MA) with Gff transcript to search for predicted
protein sequences bearing the closest homology to those from G. m. morsitans, Musca domes-
tica, and Drosophila melanogaster. Using gene-associated GO terms [31], we performed
enrichment analysis of gene ontology (GO) terms with the topGO R package [68].

Laboratory maintenance of Gff and determination of Spiroplasma infection
status

Gff pupae were obtained from Joint FAO/IAEA IPCL insectary in Seibersdorf, Austria and
reared at Yale University insectary at 26°C with 70-80% relative humidity and a 12 hr light:
dark photo phase. Flies received defibrinated bovine blood every 48 hr through an artificial
membrane feeding system [69].

Spiroplasma infection status of all lab-reared female, male and pupal Gff was determined by
extracting genomic DNA (gDNA) from individual whole organisms or fly legs using a DNeasy
Blood and Tissue kit according to the manufacturer’s (Qiagen) protocol. To confirm that
intact gDNA was successfully extracted, all samples were subjected to PCR analysis using
primers that specifically amplify Gff tubulin or microsatellite region GpCAG (as controls for
genomic DNA quality) and Spiroplasma 165 rRNA. All PCR primers used in this study are
listed in $4 Table in S1 Appendix. The Spiroplasma 16S rRNA locus was amplified by PCR (as
described in [14]) using the following parameters: initial denaturation at 94°C for 5 min; 34
cycles of 94°C for 45 5, 59°C for 45 s, and 72°C for 1 min; and a final extension at 72"C for 10
min. Spireplasma PCR reactions were carried out in a volume of 25 pl containing 1.5 ul gDNA.
PCR products were analyzed on 2% agarose gels, and samples were considered infected with
Spiroplasma if the expected PCR product of 455 bp was detected.

To confirm the sensitivity of this leg snip PCR assay, and thus eliminate the possibly of false
negative outcomes, we randomly selected 10 Spiroplasma negative samples and two positive
controls (as determined by endpoint PCR described above) and subjected them RT-qPCR
using the Spiroplasma ropB. All RT-qPCR results were normalized to tsetse’s constitutively
expressed pgrp-la gene (52 Fig). RT-qPCR confirmed our endpoint PCR data (RT-qPCR out-
put shown in S6 Data).

Impact of Spiroplasma infection on Gff metabolism and reproductive fitness

Hemolymph triacylglyceride (TAG) assay: Hemolymph (3 pl/fly) was collected (as described in
[70]) from two-week-old pregnant female Gff, centrifuged (4°C, 3000xg for 5 minutes) to
remove bacterial cells, diluted 1:10 in PBS containing 1.2 pl/ml of 0.2% phenylthiourea (to pre-
vent hemolymph coagulation) and immediately flash frozen in liquid nitrogen. Hemolymph
TAG levels were quantified colorimetrically by heating samples to 70°C for 5 min followed by
a 10 min centrifugation 16,000xg. Five pul of supernatant was added to 100 ul of Infinity Tri-
glycerides Reagent (Thermo Scientific) and samples were incubated at 37C for 10 min. Absor-
bance was measured at 540nm using a BioTek Synergy HT plate reader [71]. All Gff sample
spectra data were compared to that generated from a triolein standard curve (0-50 pg, 10 pg
increments; S3 Fig).

Impact on fecundity and endosymbiont density

The effect of Spiroplasma infection on Gff fecundity was measured by quantifying the length of
three gonotrophic cycles (GC) and by weighing pupal offspring. To measure GC length, Gff
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females were mated as five days old adults and thereafter maintained in individual cages. All
females were monitored daily to determine when they deposited larvae, and all deposited lar-
vae were weighed.

To confirm the sensitivity of this leg snip PCR assay, and thus eliminate the possibly of false
negative outcomes, we randomly selected 10 Spiroplasma negative samples and two positive
controls (as determined by endpoint PCR described above) and subjected them RT-qPCR
using the Spiroplasma ropB. All RT-qPCR results were normalized to tsetse’s constitutively
expressed pgrp-la gene (52 Fig). RT-qPCR confirmed our endpoint PCR data (RT-qPCR out-
put shown in 56 Data).

Sperm-specific gene expression

Individual five-day old male and female flies (each fed twice) were placed together into tubular
cages (height, 12.7 cm; diameter 6 cm) and allowed to mate for two days. Individual mating
pairs were subsequently separated, and RNA (using Trizol reagent) was isolated from male
and female reproductive tracts. RNA was then DNase treated and reverse transcribed into
cDNA (using a Bio-Rad iScript cDNA synthesis kit) by priming the reaction with random hex-
amers. All males were then screened by PCR as described above to determine their Spiro-
plasma infection status.

Gff sperm-specific dynein intermediate chain (sdic; GFUI025244) transcript abundance
(measured via RT-qPCR, primers used are listed in S4 Table in 51 Appendix) was used as a
proxy measurement of sperm density and sperm fitness in male reproductive tracts and the
spermathecae of pregnant females [39,47]. All RT-qPCR results were normalized to tsetse’s
constitutively expressed pgrp-la gene, and relative expression of sdic was compared between
male reproductive tracts and sperm (in the female spermathecae) that originated from Spi*
and Spi- males. All RT-qPCR assays were carried out in duplicate, and replicates quantities are
indicated as data points on corresponding figures. Negative controls were included in all
amplification reactions.

Sperm quantification and spermathecal fill assays

Sperm abundance in the spermathecae of females that had mated with either Spi* and Spi”
males was quantified by both direct cell counting and by measuring spermathecal fill. For
direct counting, spermathecae were excised from mated females 24 hrs post-copulation with
either Spi* or Spi” males and placed into 10 pl of HEPES-buffered saline solution [145 mM
NaCl, 4 mM KCI, 1 mM MgCl2, 1.3 mM CaCl2, 5 mM D-glucose, 10 mM 4-(2-hydroxyethyl)-
1-piperazineethane- sulfonic acid (HEPES), pH 7.4] in the well of a concave glass microscope
slide. Spermathecae were gently poked with a fine needle and sperm were allowed to exude
from the organ for 5 minutes. Samples were subsequently diluted 1:100 in HEPES-buffered
saline and counted using a Neubauer counting chamber. To measure spermathecal fill, sper-
mathecae from mated females were microscopically dissected 24h post-copulation in physio-
logical saline solution (0.9% NaCl) and assessed subjectively at 100x magnification.
Spermathecal fill of each individual organ was scored to the nearest quarter as empty (0), par-
tially full (0.25, 0.50, or 0.75), or full (1.0) (54 Fig), and the amount of sperm transferred was
then computed as the mean spermathecal filling values of the spermathecae pairs [72,73].

Sperm motility assays

Spermathecae were excised from females 24 hrs post-copulation with either Spi* and Spi”
males and placed into 10 pl of HEPES-buffered saline solution [145 mM NaCl, 4 mM KCI, 1
mM MgCl2, 1.3 mM CacCl2, 5 mM D-glucose, 10 mM 4-(2-hydroxyethyl)-1-piperazineethane-
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sulfonic acid (HEPES), pH 7.4] in the well of a concave glass microscope slide. Spermathecae
were gently poked with a fine needle and sperm were allowed to exude from the organ for 5
minutes, Sperm beating was recorded using an inverted microscope (10x phase contrast, Zeiss
Primovert) that housed a charge-coupled camera (Zeiss Axiocam ERc 5s). Two sperm tails per
sample were analyzed. Recordings were acquired at a rate of 30 frames per second, and beat
frequency was analyzed using FIJI and the Image] plugin SpermQ [74].

Vertical transmission efficiency

Three separate experiments, performed by different researchers in different insectaries, were
implemented to monitor the dynamics of Spiroplasma transmission.

Experiment 1: Individual five-day old male and female flies (each fed twice) were placed
together into small tubular cages (height, 12.7 cm; diameter 6.0 cm) and allowed to mate for
two days. Males were subsequently removed from the cages (and frozen for future analysis)
and pregnant females were fed every other day throughout the course of three GCs. Pupae
were collected from each female and housed separately until adult emergence. Genomic DNA
from legs of parent flies and all offspring was purified and subjected to PCR analysis to deter-
mine Spiroplasma infection status, as indicated above in subsection ‘Laboratory maintenance
of Gff and determination of Spiroplasma infection status’.

Experiment 2: Forty 7-9 day old male Gff were released into large mating cages (45x45x45
cm), and 15 minutes later an equal number of 3-5 day old females were introduced. Mating
was observed under standard rearing conditions. As soon as copulation began, mating pairs
were collected and placed into individual cages (4 cm diameter x 6 cm height) where they were
kept together for 24 h. Males were subsequently removed (and conserved in absolute ethanol
at -20°C for further analysis), and mated females were pooled together in a larger cage and
maintained under normal rearing conditions for 10 days. Finally, pregnant females were again
separated into individual cages and maintained under normal conditions over the course of
three GCs (~40 days). Individual pupa were collected from each female following each GC and
conserved in ethanol at -20°C for further analysis 24h and 72 h post deposition.

Experiment 3: This experiment was performed the same in the same manner as was experi-
ment 2, with the exception that male flies were disposed of after mating.

Statistical analyses

All statistical analyses were carried out using GraphPad Prism (v.9), Microsoft Excel or RStu-
dio (v.1.2.5033 and v.1.3.1073). All statistical tests used, and statistical significance between
treatments, and treatments and controls, are indicated on the figures or in their corresponding
legends. All sample sizes are provided in corresponding figure legends or are indicated graphi-
cally as points on dot plots. Biological replication implies distinct groups of flies were collected
on different days.

Supporting information

S1 Appendix. Supporting tables §1-S5.
(DOCX)

S1 Fig. Distribution of differentially expressed transcript products in functional classes
analyzed by Gene Ontology (GO) enrichment analysis. The bar diagrams show the signifi-
cantly enriched GO terms among (A) the up-regulated and (B) the down-regulated genes in
Gff*""" males, and among (C) the up-regulated and (D) the down-regulated genes in Gff*"**
females. The number of genes associated with the corresponding GO terms to the number of
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genes belonging to that GO term within the entire set of genes in the genome is shown for
each bar. The colors associated with the different bars denote the two different GO categories;
BP: Biological Process, MF: Molecular Function.

(TIF)

$2 Fig. Relative expression of peptidoglycan recognition protein la (pgrp-la) in the repro-
ductive tract of females that mated either Gff*""* or Gff*’* males. Pgrp-la expression in each
sample was normalized relative to geometrical mean of tsetse’s constitutively expressed gapdh
and f-tubulin genes. Each dot represents one biological replicate, and bars indicate median
values. Statistical significance was determined via students t-test.

(TIF)

§3 Fig. Triolein standard curve used to determine the concentration of triacylglyceride cir-
culating in the hemolymph of pregnant Gff**** compared to Gff*’" females. 0-50 pg ali-
quots of triolein were mixed with 100 pl of Infinity Triglycerides Reagent (Thermo Scientific)
and samples were incubated at 37C for 10 min. Absorbance was measured at 540nm using a
BioTek Synergy HT plate reader.

(TIF)

$4 Fig. Diagrammatic guide used to visually quantify spermathecal fill in females 24 h
post-copulation. Image generated by Dr. Giiler Demirbas-Uzel.
(TIF)

S1 Data. Gene expression data created in DESeq2 analysis, homologies in other Diptera of
DE genes, and DE genes that constitute spermatophore proteins.
(XLSX)

§2 Data. Transcripts Per Million (TPM) for each sample.
(XLSX)

§3 Data. GO enrichment analysis results.
(XLSX)

§4 Data. Gonotrophic cycle (GC) length in relation to maternal Spiroplasma infection sta-
tus.
(XLSX)

§5 Data. Spiroplasma vertical transmission data.
(XLSX)

$6 Data. RT-qPCR confirmation of Spiroplasma infection status of samples used for verti-
cal transmission experiments. Ten Spiroplasina negative samples and two Spiroplasma posi-
tive samples (as determined by endpoint PCR described in the Materials and Methods) were
randomly selected for this analysis (describe in the Materials and Methods, subsection ‘Labora-
tory maintenance of Gff and determination of Spiroplasma infection status’).

(XLSX)
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Abstract

Tsetse flies (Glossina spp.) are cyclic vectors of African trypanosomes, unicellular parasites of
the genus Trypanosoma, causing the diseases Human African Trypanosomosis (HAT), also called
sleeping sickness in humans and African Animal Trypanosomosis (AAT) or nagana in animals. These
diseases pose a severe threat to the public health and socioeconomic development of affected countries
in sub-Saharan Africa. The reproductive biology and vector competence may be influenced by the
complex interplay between tsetse flies and their bacterial symbionts, namely Wigglesworthia, Sodalis,
Wolbachia and Spiroplasma. The latter was recently identified in wild and laboratory populations of
the tsetse fly species Glossina fuscipes fuscipes (Gff) and Glossina tachinoides (Gt). Spiroplasma is a
wall-less helical bacterium within the class of Mollicutes, known to infect various plant and arthropod
species. In the tsetse fly, it was found to confer a protective effect against trypanosomes in laboratory
conditions, however also negatively impacts the reproductive and metabolic fitness in the HAT vector,
Glossina fuscipes fuscipes (Gff). To further study this bacterium and the potential interactions with its
host and trypanosomes, we present results on the successful in vitro cultivation and genome sequencing
of Spiroplasma from Gff, herein named sGff. The cultured sGff remained infectious to naive Gff and
resulted in reduced survival rates of injected flies. Genome sequencing and comparative genomic
studies on Spiroplasma genomes from a colony fly, field fly and in vitro culture revealed structural
variation between colony and cultured Spiroplasma as indicated by a duplicated and translocated 20 Kb
phage sequence in the cultured Spiroplasma genome, as well as several notable differences between the
Spiroplasma genomes of field fly and colony fly. Phylogenomic analysis placed the three genomes in a

novel Spiroplasma clade that is closely related to the S. poulsonii clade.

The findings from the present study enhances the understanding of Spiroplasma on a genomic
level and highlights the core metabolic genes and putative genes involved in the interaction with the
host and trypanosomes that should be subject of future studies to further uncover the relationships

between the host Gff, Spiroplasma and trypanosomes.
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Introduction

Tsetse flies (Glossina spp.) are distributed across sub-Saharan Africa, covering an extensive
range of approximately 10 million km? and 37 countries (Moloo, 1993). These strictly blood-feeding
insects represent vectors of African trypanosomes, protozoan parasites of the genus 7rypanosoma,
which cause Human African Trypanosomosis (HAT), known as sleeping sickness in humans, and
African Animal Trypanosomosis (AAT), commonly referred to as nagana in animals (Jordan, 1976;
Aksoy et al., 2003). The life cycle of trypanosomes involves several stages, starting from a tsetse fly
ingesting blood containing trypanosomes from an infected human or animal, development in the
midgut, migration to the salivary glands and subsequent transmission to a new host during a fly’s blood
meal (Jordan, 1976; Centers for Disease Control and Prevention, 2019). Despite extensive work, there
is currently no vaccine available to prevent these diseases (La Greca and Magez, 2011) and medication
can pose severe side effects (Venturelli et al., 2022). As a result, vector control is an appropriate strategy
to reduce tsetse fly populations and consequently lower the incidence of the HAT and AAT, thereby
improving public health and economic development in affected countries (Allsopp, 2001; Vreysen et
al., 2013). Conventional methods of tsetse fly vector control such as sequential insecticide spraying,
traps, targets and treating cattle with insecticidal formulations have been effectively implemented in the
framework of an area-wide integrated pest management (AW-IPM) approach, utilizing the advantages
of each strategy in combination (Vreysen, 2001). A vector control strategy that is species-specific and
considered sustainable is the Sterile Insect Technique (SIT), which consists of mass-rearing of the target
insects, sex-separation and irradiation of males to render them sterile, before releasing them in the target
area to compete with wild males to mate with wild virgin females. As a result, these wild females do
not produce offspring, which leads to a decline and eventually the removal of the target population
(Dyck et al., 2021). There have been several outbreaks of HAT and AAT in the past decades, but the
long-lasting, sustained vector control efforts of international non-governmental organisations (NGOs)
and governments have led to a considerable reduction of HAT cases, remaining at numbers below 1000

cases every year since 2018 (Franco et al., 2022; World Health Organization, 2023). Nonetheless, it is
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still important to note that 3 million people are exposed to a medium to high risk of infection (Simarro

etal., 2012).

The effectiveness of mass-rearing activities for SIT may furthermore be linked to symbiotic
bacteria living within the tsetse fly host that can significantly influence their nutritional state,
reproduction and vector competence. Tsetse flies host several different bacteria, namely
Wigglesworthia, Sodalis, Wolbachia and Spiroplasma, ranging from mutualistic to parasitic
relationships depending on the bacterium (Attardo et al., 2020). Among these symbionts harbored by
tsetse flies, Spiroplasma, a wall-less bacterium within the class of Mollicutes was relatively recently
identified in wild and laboratory populations of Glossina fuscipes fuscipes (Gff) (Doudoumis et al.,
2017). Spiroplasma is known to infect various plant and insect species, exhibiting complex interactions
that can result in beneficial or detrimental effects: in the case of Drosophila hydei and Drosophila
neotestacea, the bacterium confers protection against parasitic wasps and nematodes (Xie et al., 2010;
Ballinger et al., 2019). However, in other arthropod species, Spiroplasma is considered a reproductive
parasite, selectively killing male embryos and therefore skewing the sex ratio of affected populations
towards females (Harumoto and Lemaitre, 2018). In tsetse flies, the impact of Spiroplasma on Gff has
been subject of recent studies, suggesting a protective effect against trypanosome infection (Schneider
et al., 2019), however the exact mode of interaction is unknown. Infection with Spiroplasma has also
been associated with negative effects on the reproductive fitness of Gff'in laboratory settings, resulting
in extended gonotrophic cycles and reduced lipid levels in the hemolymph of infected females. In
infected males, Spiroplasma infection significantly reduces sperm motility and thus raises concerns
about the males’ competitiveness. Transcriptomic analysis of female and male Gff'in their infected and
uninfected state indicated sex-biased gene expression and differential gene expression in infected vs
uninfected individuals, suggesting a list of genes that may be involved in the interaction with the host
or trypanosomes (Son et al., 2021). However, there remains a gap in knowledge about further involved
genes, largely due to the absence of a complete genome sequence. In the present study, we aim to
provide further insights on Spiroplasma from Gff through in vitro cultivation of the bacterium based on

available cultivation protocols for S. poulsonii, characterization of its growth kinetics, genome
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sequencing of Spiroplasma from three sources (colony fly, field fly, culture) and comparative genomic
analyses. These findings enhance the understanding of the interactions between Spiroplasma and Gff
by providing novel genomic insights and resources, as well as enabling future studies by describing the

successful in vitro cultivation system.

Methods

Initiation of Spiroplasma in vitro culture

Initiation of Spiroplasma in vitro culture followed the protocol of (Masson et al., 2018),
optimized for the in vitro cultivation of Spiroplasma poulsonii MSRO. Briefly, Barbour-Stoenner-Kelly
H (BSK-H) medium (Bio&Sell, Germany) designed for Borrelia was supplemented with rabbit serum,
lipids, antibiotics and amino acids (see: Appendix 1). Culture inoculation and maintenance steps were

all performed under sterile conditions.

Flies used for the initiation of the culture were derived from a high Spiroplasma prevalence
Glossina fuscipes fuscipes (Gff) laboratory line established and described in (Dera et al., 2024). Fly
hemolymph was extracted from 10 surface-sterilized females and 10 males aged 7 to 21 days by removal
of one front leg and aspiration of the exposed hemolymph droplet with a 10 ul pipette tip. Precultures
were initiated in three biological replicates by inoculating 3.2 ml of BSK-H medium supplemented with
5% fly extract with 8 pl of harvested haemolymph and incubated at 25°C for 14 days without agitation,
utilizing the CampyGen™ Gas-Pak system (ThermoFisher Scientific) to establish microaerophilic
atmospheric conditions. Microscopy was undertaken on a Leica DMi8 inverted fluorescent microscope
(Leica Microsystems) with Syto9 live staining (0.025 mM) (ThermoFisher Scientific) to validate the
presence and morphology of Spiroplasma in the precultures. Additionally, presence was confirmed by
performing PCR using Spiroplasma 16s TRNA-specific primers (Table S1). Precultures were then
pelleted by centrifugation for 40 min at 2000 relative centrifugal force (rcf), resuspended in 3.2 ml

BSK-H-spiro medium (BSK-H + 7.5% fly extract, 6% rabbit serum, Penicillin, 7% arginine, 5% lipid
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mix) and aliquots of 100 pl stored at -80°C. Cultures were then set up with 100 pl frozen preculture
aliquots in 3.2 ml of BSK-H-spiro medium at 25°C in microaerophilic conditions without agitation for
the establishment of active long-term cultures and cultures for growth curve analysis. Cultures
underwent routine microscopy checks every 10-14 days to validate presence of Spiroplasma and to
assess bacterial density before passaging. Passaging of bacteria was done every 10-14 days by diluting
the culture 1:1 with freshly prepared BSK-H-spiro medium. Every fourth passage until at least passage

12, bacteria were pelleted at 2000 rcf for 40 minutes and media were completely renewed.

In vitro culture growth Kinetics

Samples for the growth curve analysis were collected in threefold biological replication from
day 0 to day 15 post inoculation of BSK-H-spiro media with preculture aliquots. Sample collection was
performed by adding 5 pl of culture to 200 pl ddH-»O in a sterile PCR tube. Samples were stored at -
20°C until processing for quantitative PCR. All samples underwent osmotic heat-shock at 95°C for 10
minutes to lyse bacteria before subjecting to quantitative PCR. Reactions were set up in three-fold
technical replication, in a total volume of 15 pl with 7.5 pl iIQ™ SYBR® Green Supermix (Bio-Rad,
Hercules, CA, USA), 5.5 ul PCR-grade water, 0.5 ul Spiroplasma 16s_qPCR primer F + R (Table S1),
respectively, and 1 pl heat-shocked bacterial culture. Samples were amplified alongside a standard of
known concentration and copy numbers to assess primer efficiency and estimate the copy numbers of
the culture aliquots. This standard was prepared by purification of Spiroplasma 16s qPCR amplicons,
measurement of DNA concentration and serial 1:10 dilutions. Cycling conditions comprised of initial
denaturation at 95°C for 2 min, followed by 40 cycles of 95°C for 5 sec and 56°C for 30 sec on a Bio-
Rad CFX96 Touch Real-Time PCR Detection System (Hercules, CA, USA). Melt curves were
inspected and amplicons migrated on a 2% agarose gel to verify specific amplification. Raw data
quantification cycle (Cq) values were extracted from the CFX maestro software and data analysis
conducted in R Studio (R Core Team, 2021a; R Studio Team, 2021). Briefly, the mean value of the

three technical replicates of each sample was calculated and the expression of each sample was
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normalized to its day 0 sample before calculation of fold-change (2¢4“9). Copy numbers of the culture
samples were calculated by comparing to the standard curve of known copy numbers and culture

doubling time was calculated based on the copy numbers.

Injections of in vitro Spiroplasma into naive Gff

Teneral female and male Gff were collected from the laboratory colony at FAO/IAEA Insect
Pest Control Laboratory (IPCL) in Seibersdorf (Austria). Sampling for a non-destructive Spiroplasma
infection screening on 190 Gff was undertaken by excision of one of the mesothoracic legs and
proceeding for DNA extraction using the ZR Quick-DNA 96 kit (Zymo Research, USA) while keeping
the fly specimens in individual cages until injection. Extracted DNA was subjected to PCR amplifying
tsetse fly tubulin to confirm DNA extraction and specific 16s rRNA primers for the detection of
Spiroplasma. Primers and cycling conditions are indicated in Supplementary table 1. PCR products
were resolved on 2% agarose gels stained with Ethidium Bromide. Spiroplasma-negative flies were
retained and split into five groups (n= 18-20 each): high dose, low dose, BSK-H, PBS injected and
noninjected control. Gff were injected using 29 gauge insulin syringes on a micrometer syringe unit
injector (Burkard Scientific Ltd., UK), offered a first blood meal after 3 hrs post injections and then
maintained under standard rearing conditions for 14 days. Mortality was recorded daily and 2 female
and 1 male samples were collected for qPCR at designated time points 0, 1, 6, 9 and 14 days. Survival
data was plotted as Kaplan-Meier survival curves in RStudio (R Core Team, 2021b; R Studio Team,
2021). Relative quantification of Spiroplasma titers was assessed via qPCR in threefold technical

replication, normalizing to the expression of tubulin and calculation of fold-change (2C9Y).

Sample collection and nanopore sequencing

Female Gff flies were collected from the colony located at the FAO/IAEA Insect Pest Control

Laboratory (IPCL) in Seibersdorf, Austria in 2023 and from a field population located at Toloyang
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village (3.304659058, 32.37430505) in 2019, a site in Northwestern Uganda known to have a high
prevalence of Spiroplasma-infected flies (Schneider et al., 2019). Additionally, 6 ml pelleted high
density in vitro Spiroplasma culture was collected at passage 9 in 2024. For the colony tsetse flies,
unmated 10-day old females were starved 48 hours and were snap frozen and stored at -80 °C. High
molecular weight (HMW) DNA was extracted from single colony flies using the Zymo Quick-DNA™
HMW MagBead Kit with wide bore pipette tips. For the field tsetse flies, females were collected from
traps and were snap frozen in liquid nitrogen, transported on dry ice, and stored long-term at -80 °C.
HMW DNA was extracted from individual field flies using the NEB Monarch® Genomic DNA
Purification Kit, following the manufacturer's suggested modifications for insects. For the Spiroplasma

culture, HMW DNA was extracted using the Qiagen PureGene kit following standard protocols.

All HMW DNA was checked for the presence of Spiroplasma PCR with primers outlined in
Schneider et al (2019). For Spiroplasma positive samples, extraction quality was evaluated using a
NanoDrop® and the Agilent TapeStation, favoring samples with NanoDrop 260/280 values closest to
1.8 and 260/230 > 2.0, and TapeStation DNA integrity values closest to 10 with the longest read lengths
possible. The best Spiroplasma samples from the colony, the field, and the Spiroplasma culture were
selected for sequencing. The field sample extracted with the NEB column kit had a high proportion of
short DNA fragments. To mitigate this, the PacBio short read eliminator kit was used to deplete reads

shorter than 10 kb that would have negatively impacted the ONT sequencing run.

ONT LSK14 libraries were prepared for each sample following standard protocols except for
increasing the amount of input DNA to between 2000 ng and 3000 ng to produce more concentrated
libraries, enough for multiple flow cell loads. Each library was sequenced on a separate 10.4.1 minlON
flow cell. To improve throughput, flow cells were washed using the ONT wash kit v4 and reloaded with

fresh library 3X times over the 48 hours sequencing run.
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Spiroplasma genome assembly

Generated PODS5 signal data files were basecalled with Dorado v0.5.3 using the duplex
pipeline. Simplex donor reads (reads that were merged into duplex reads) were dropped with Samtools
v1.18, and sequencing adapters were trimmed using Dorado. The produced FASTQ files were quality

filtered with nanoq v0.10.0 to have a minimum quality of q10 and minimum 1000 bp read length.

Due to the use of different extraction methods and variance between the sequencing runs, the
colony fly sample with the greatest N50 read length and high sequencing depth was selected to de novo
assemble the Spiroplasma reference assembly. Flye v2.9.3 with a minimum overlap set to 4000 bp
assembled the tsetse and symbiont genomes simultaneously. BlobTools2, BLAST+ v2.15.0, and
minimap2 v2.25 were used to filter the assembly and only export reads that mapped to Spiroplasma
sequences. These Spiroplasma reads were then reassembled using multiple assemblers (Flye, Canuv2.2,
Miniasm v0.3 and Minipolish v0.1.3, and raven v1.8.3) and varied parameters to generate a consensus
assembly using the Trycycler v0.5.4 consensus tool and manual curation. The final colony assembly

was polished with medaka v1.11.3.

To generate the field fly Spiroplasma assembly, reads were mapped to the colony consensus
assembly with minimap2 and unmapped reads were dropped with Samtools. The mapped reads were
assembled with flye and polished with medaka to generate a final field Spiroplasma assembly. To
generate the culture Spiroplasma assembly, quality filtered reads were assembled with flye and polished
with medaka. Plasmid consensus sequences were obtained by mapping all reads to the plasmids from
the colony fly Spiroplasma assembly with minimap2 v.2.24. Additionally, 300 ng DNA was sent to
Eurofins Genomics for [llumina sequencing on a NovaSeq platform to yield approximately 8.5M high
quality paired-end reads of 2x150 bp to polish the assembly with short read data using Polypolish

v.0.6.0. P1

All completed circular genomes and plasmids were reoriented to start with the dnad or repA
respectively with Dnaapler v0.7.0. The Assembled genomes were evaluated for completeness with

BUSCO v5.7.0 (Simao et al., 2015) and annotated with batka v1.9.2.
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Comparative genomic analysis was undertaken by identifying genome synteny, number of SNPs and
indels using mauve v2.4.0, minimap2 v2.26, SYRI v1.6 and PlotSR v1.4. Shared and unique genes of
the three genomes and an outgroup genome (sTU-14) were visualized on a venn diagram constructed

with Intervene v0.6.5.

Spiroplasma phylogenomics

We constructed phylogenies involving Spiroplasma reference genomes from the Spiroplasma
melliferum, Spiroplasma citri, Spiroplasma phoeniceum, and Spiroplasma poulsonii clades. Bakta
annotated all the reference genomes and Panaroo v1.5 (Tonkin-Hill et al., 2020) identified sets of
orthologous single-copy genes. The concatenated genes were aligned with MAFFT and RAXML-NG
(Kozlov et al., 2019) constructed phylogenetic trees using the GTR+G substitution model, 50 random

and 50 parsimony-based starting trees, with 1000 bootstrap replicates.

Results

Successful establishment of sGff cultures

Spiroplasma in vitro cultures from Gff'hemolymph were successfully established at 25°C under
microaerophilic conditions utilizing the existing cultivation protocol and the supplemented BSK-H
medium for S. poulsonii. Microscopic examination with Syto9-stained cultures revealed the

characteristic helical morphology of Spiroplasma and served for density assessments of cultures prior
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to passaging (Fig 1A and 1B).
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Figure 1. Successful culturing of sGff.

A) Fluorescent microscopy of in vitro Spiroplasma stained with Syto9 and imaged with Leica DMi8
inverted microscope on FITC channel. Close-up highlighting morphology of Spiroplasma. B) High
density Spiroplasma culture at passage 9. C) Growth kinetics of Spiroplasma in supplemented BSK-H
medium at 25°C under microaerophilic conditions, as assessed with quantitative PCR in threefold

technical- and biological replication.

The growth curve of cultures inoculated with frozen preculture aliquots indicated two phases
of growth separated by a plateau phase. The first phase of growth was characterized by exponential
growth until day 4, followed by a plateau of bacterial density until day 7. Subsequently, exponential
growth resumed until reaching another plateau at day 15 (Fig 1C). The calculated doubling time of
Spiroplasma in vitro cultures based on the growth curve was approximately 40 hours. Cultures
demonstrated long-term viability in the described culture conditions (> 6 months) with routine
passaging every 10-14 days. Furthermore, 1:1 diluted cultures with fresh medium reached high density

within 14 days.
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To test if the cultivated Spiroplasma remains infectious and can replicate in vivo, we injected
naive Gff flies with high and low doses of sGff. The Kaplan-Meier survival curves demonstrate
differences in the survival rates across the different experimental groups over a period of 14 days (Fig
S1). The noninjected control and PBS injected group showed the highest survival rates, closely followed
by the BSK-H injected group. Gff injected with a high dose of cultivated Spiroplasma exhibited a
reduction in survival rate while Gff' injected with a low dose showed intermediate survival rates, with a
drop in survival on day 8. Relative quantification of Spiroplasma titers in injected flies shows a sex-

specific and injected dose-dependent increase of Spiroplasma in naive Gff'(Fig S2 A, B).

sGff complete genome assembly

We assembled three closed sGff genomes taken from a whole colony fly (sGff-colony), from
culture (sGff-culture), and from a fly specimen collected in the field (sGff-field). The assemblies were
approximately the same size (~1.4 -1.5 Mb) and had BUSCO scores (> 97.3%) consistent with other
complete Spiroplasma genomes. The sGff-field only had three plasmids compared to the four plasmids
found in the sGff-colony and sGff-cult assemblies. We identified 1869 coding sequences in the genome
of sGff colony, among these are core metabolic genes of Spiroplasma such as dnaX, ruvX, uvrX, gyrX,
fruA, ftsZ, treA, atpD and recD that are essential for the base metabolism of the bacterium for processes
like DNA replication and recombination, homologous recombination, sugar and carbon metabolism and
energy metabolism. Furthermore, the presence of genes encoding for spiralins and ribosome-
inactivating proteins (RIPs) underscores that Spiroplasma interacts with host cells and potentially
trypanosomes. A multitude of mobile genetic elements was identified in the genomes, namely integrated

phage sequences, transposable elements and ICE elements that highlight the plasticity of these genomes.
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Figure 2. Circos plot for the sGff-colony genome.

sGff is sister to the S. poulsonii clade

To place the newly assembled sGff genomes in phylogenetic context, we constructed a RAXML
tree based on 302 single-copy orthologous loci shared among the sequenced sGff and Spiroplasma
reference genomes from multiple clades. We find that sGff and two sister taxa, sTU-14 and
sNBRC 100390, are sister to the S. poulsonii clade and constitute their own clade herein coined the

Spiroplasma glossina clade (Fig 3). A higher resolution phylogeny consisting of Spiroplasma from the
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poulsonii and glossina clades based on 459 single copy shared orthologous genes reconstructed the

same relationships but also resolved the sGff polytomy, finding the sGff-field diverged from the sGff-

colony and the sGff-cult.
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Figure 3. RAXML phylogeny of sGff and representative Spiroplasma genomes.

sGff genome comparisons

The comparative analysis between sGff colony and sGff cult revealed minimal genetic

differences on the level of SNPs and indels. Specifically, there was a difference of 1 SNP, 33 insertions

and 14 deletions. However, we identified a 20 Kb inserted sequence in the culture genome which was
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found to be a duplicated and translocated phage sequence that is present only once in the sGff colony
genome but twice in the sGff _cult genome. Comparing the sGff colony and the sGff field genomes
resulted in a higher level of variation, with a total of 557 SNPs, 55 insertions and 88 deletions. We then
illustrated the shared and unique genes of the three genomes and an outgroup (sTU-14) with a venn
diagram (Fig 4). A total of 840 genes are common across all four genomes, indicating a large core of
shared genes. 495 genes are shared among the three sGff genomes but are absent in the outgroup sTU-
14. The sGff field genome exhibits 8 unique genes that are absent in all other genomes and the
sGff colony and sGff cult genomes have 75 genes in common, that are unique to these two genomes

and not found in the other genomes.

sGff-fieldFly sTU-14

sGff-colonyFly, sGff_colonyCult

Figure 4. Shared and unique genes for sGff and an outgroup - TU-14.
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Discussion

The present study provides a comprehensive genomic analysis of the Spiroplasma symbiont of
Glossina fuscipes fuscipes, involving the characterization of in vitro-cultivated Spiroplasma based on
published cultivation protocols of S. poulsonii, genome sequencing and bioinformatic analyses to place
the genomes into context with other reference genomes and to identify similarities and differences

between these genomes.

The establishment of Spiroplasma in vitro cultures demonstrates that the optimized BSK-H
medium with supplementations enables the growth of sGff, representing the first successful attempt to
cultivate this strain of Spiroplasma outside of its host Gff- The growth kinetics as measured with
quantitative PCR revealed a growth pattern in two exponential phases, separated by a plateau phase.
This finding goes in line with published results on cultivation of S. poulsonii, the sex-distorting
symbiont of Drosophila, where it was also found that the growth of this bacterium plateaus at specific
bacterial densities and then continues to grow (Masson et al., 2020). The calculated doubling time of
approximately 40 hours is similar to the doubling time of cultivated S. poulsonii (Masson et al., 2018).
These findings on the cultivation of sGff not only confirm the viability and proliferation of the in vitro
cultures based on available protocols, but also provide a new model for further studies on the physiology
and host interactions of sGff, opening the way for more controlled experimental set ups to study the

bacterium.

To test if the cultivated Spiroplasma remains infectious to its native host Gff, we injected
uninfected Gff with high and low doses of in vitro Spiroplasma along with injection controls (BSK-H
medium and PBS) and an uninjected control group. The preliminary results indicate reduced survival
rates of high-dose injected Gff and intermediate survival rates of low-dose injected Gff'as compared to
the injection controls and the uninjected control. These findings indicate that the negative impact of
Spiroplasma in Gff'is dependent on the injected dose and leads to reduced survival rates. Furthermore,
the preliminary results of the Spiroplasma quantification from injected Gff on days 0,1,6,9 and 14

highlights a sex-specific and dose-dependent increase of Spiroplasma over time, suggesting that the
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injected bacteria replicate in naive Gff. In addition, the observed sex-specific differences in Spiroplasma
titers suggest potential variations in host susceptibility between female and male flies. Overall, these
findings demonstrate that the cultivated bacteria remain infectious after long-term cultivation (> 6
months), enabling a multitude of potential future experiments to further study sGff and its interaction

with the host Gff, as well as studies on the host range of Spiroplasma by injections into novel hosts.

In this study we furthermore present high quality genome sequences of Spiroplasma strains
from different sources (colony fly, culture, field fly), that have not been available until now. The
analysis of sGff genomes revealed the core set of bacterial genes that are essential for fundamental
processes such as DNA replication, homologous recombination, sugar and carbohydrate metabolism.
The presence of certain core genes such as dnaX, ruvX, ftsZ and fruA underscores essential metabolic
pathways required for the proliferation of this bacterium. The three sequenced genomes showed a high
BUSCO score of > 97.3%, similar to other published Spiroplasma reference genomes and indicating a
high degree of genome completeness. Additionally, the identification of genes encoding spiralins and
ribosome-inactivating proteins (RIPs) suggests specialized roles in the symbiotic relationship between
Spiroplasma and its tsetse fly host Gff. We hypothesize that spiralins are involved in the interaction
with host cells, while RIPs may play a role in the interaction with trypanosomes, in a similar manner
compared to the protective effect of Spiroplasma in other hosts (Garcia-Arraez et al., 2019; Higareda-
Alvear et al., 2020). Future studies should focus on these genes of interest that are likely to play a vital
part in the interaction with the host and potentially trypanosomes. With the assembly of the complete
sGff genomes we provide novel genomic data that can serve as a resource for future studies through

further bioinformatic analyses as well as functional studies on the specific genes of interest.

Phylogenomic analysis placed the sGff genomes in close relation to the S. poulsonii clade,
forming a distinct clade that we herein named the Spiroplasma glossina clade. This phylogenomic
clustering enhances the understanding of evolutionary relationships of different Spiroplasma strains
and their most closely related strains. The divergence between sGff field and sGff colony strains
indicate geographical and environmental influences on Spiroplasma evolution, with the field strain

exhibiting unique genes that are absent in the other genomes. Interestingly, the sGff cult genome

95



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Chapter 5: In vitro cultivation and genomic insights into the Spiroplasma symbiont of Glossina
fuscipes fuscipes

exhibited a duplicated and translocated phage sequence of 20 Kb that is found in two copies as compared
to the one copy in the sGff colony and sGff field genomes. This duplication and translocation event
may have occurred during the long-term in vitro cultivation process, but future studies should focus on

the dynamics between Spiroplasma and its phages to further clarify this matter.

Conclusions

The presented findings provide significant advancements in our understanding of sGff,
particularly through the demonstration that Spiroplasma from Gff can be successfully cultivated in vitro
outside of its host, through genome sequencing and bioinformatic analyses. We identified core
metabolic genes, as well as potential symbiosis genes of sGff, that should be subject of future functional
studies. The phylogenomic analysis indicated that sGff is closely related to strains of the S. poulsonii
clade and may exhibit similar modes of interaction with its host. Overall, this study lays the foundation

for future studies on the host-symbiont interactions and potential implications on vector competence of
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Supplementary Files

Appendix 1

sGff Spiroplasma in vitro cultivation medium.

Adapted from Masson, F., Calderon Copete, S., Schiipfer, F., Garcia-Arraez, G., Lemaitre, B., 2018.

In Vitro Culture of the Insect Endosymbiont Spiroplasma poulsonii Highlights Bacterial Genes
Involved in Host-Symbiont Interaction. mBio 9, ¢00024-18. https://doi.org/10.1128/mBi0.00024-18

Preparation of fly extract
Collect 6 g flies (Gff) aged 10-24 days, starved for 2 days

Crush with sterile mortar and pestle in BSK-H, 30 ml per 6 g flies
Incubate 20 min at 56 °C, then let cool to room temperature
Centrifuge 15' at 4000 rpm

Centrifuge 15" at 13200 rpm

Filter at 0.45 uM

Filter at 0.22 uM

Store at -20 °C

Components of lipid mix

Cholesterol 10 mg
Palmitic acid 5 mg
Sphingomyelin 10 mg
Ethanol absolute warmed to 30 °C 1.8 mL
1-Palmitoyl-2-oleoyl-sn-glycerol (10 mg/ml in Ethanol) 100 pl
1,2-dioleoyl-sn-glycerol (20 mg/ml in Ethanol) 100 pl
Tween 40 50 ul
Tween 80 50 ul
Oleic acid 5.6 ul

Prepare 6% BSA stock (essentially fatty acid free) and mix 19.6 mL BSA 6% + 400 pl lipids

BSK-H-spiro

BSK-H medium without L-glutamine (Bio&Sell) 314 mL
Penicillin 2mL
Arginine 10 mL
Rabbit Serum 24 mL
Fly extract in BSK-H 30 mL
Lipids mix 20 mL

Adjust pH to 7.5 and filter at 0.22 uM. Store at 4 °C for up to 2 weeks.
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Table S1. Primers

Primer Name Primer Sequence (5°-3’) Annealing Amplicon Reference
Temperature | Size (bp)
(O
Spi 16stRNA F | GGGTGAGTAACACGTATCT 55 1000 Son et al
Spi_16stRNA R | CCTTCCTCTAGCTTACACTA 2021
Spiroplasma ATGGCCTACCAAGACAATGATAC
16s qPCR F 56 138
Spiroplasma
16s gPCR R CCTTACAACAGACCTTTACATCC
Tsetse-tubulin F | ACGTATTCATTTCCCTTTGG 55 350 Son et al
Tsetse-tubulin R | AATGGCTGTGGTGTTGGACAAC 2021
Tubulin gqPCR F | GATGGTCAAGTGCGATCCT 56 355
Tubulin gPCR R | TGAGAACTCGCCTTCTTCC
Table S2. Collection metadata
Sample name Sample Type | Sample locality Collection HMW DNA Method
year
Colony Gff Female whole | G.f.f colony from the 2023 Zymo Quick-DNA™
fly FAO/IAEA Insect Pest HMW MagBead Kit
Control Laboratory in
Seibersdorf, Austria
Spiroplasma Pelleted G.f.f colony from the 2024 Qiagen PureGene kit
culture passage 9 FAO/IAEA Insect Pest
Spiroplasma | Control Laboratory in
culture Seibersdorf, Austria
Field Gff Female whole | Trapped G. f. f. from 2019 NEB Monarch®
fly Toloyang village Genomic DNA
(3.304659058, Purification Kit
32.37430505)) in
Northwestern Uganda
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Table S3. Assembly statistics for the three sGff genome assemblies.

BUSCO score is for the entomoplasmatales dataset.

Genome name Size (Mb) Contig# | Plasmid # CDS # BUSCO score
sGff-colony 1.469 1 4 1837 97.6%
sGff-cult 1.489 1 4 1869 97.3%
sGff-field 1.404 1 3 1717 97.3%
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6. General Discussion and Conclusions
This general discussion serves as a synthesis of the results from this dissertation, provides a detailed

discussion and proposes future research directions based on the published findings. The performed
work aimed to address two pivotal objectives in the realm of tsetse fly research, with potential
implications for vector control strategies and the management of trypanosomosis. The first objective
focussed on the development and characterization of microsatellite markers for the tsetse fly species
Glossina brevipalpis, in order to facilitate larger scale population genetics studies to get a better
understanding on population structure and gene flow of field populations. The second objective
delved into the interactions between tsetse flies and their symbiotic bacteria, specifically Sodalis and
Spiroplasma to identify the implications for vector competence, disease transmission and impacts on

mass rearing settings for SIT applications.

Chapter 2 consists of the development and characterization of novel microsatellite markers for the
tsetse fly species G. brevipalpis. Microsatellites are a widely used molecular tool in population genetics
for the study of population structure, gene flow and dispersal of studied populations [206]. They are
routinely applied in studies on various species of interest, including tsetse flies. Microsatellites have
been developed for many tsetse fly species [120,122—-124], with the exception of G. brevipalpis, the
aim of the study therefore was to design suitable markers that are capable of differentiating between
different laboratory and field populations. It mainly served as a proof of concept, as samples were
selected from distinct populations to identify whether the developed microsatellites can successfully
differentiate between these populations. Starting from many potential markers, nine selected
microsatellites were retained after quality control and found to be suitable for discerning samples
from the different locations. Screening the genome sequence of G. brevipalpis for microsatellite
regions revealed a predominance of dinucleotide repeats over trinucleotide repeats, consistent with
the documented inverse relationship between motif lengths and repeat numbers. The selected
microsatellites underwent rigorous quality control tests to evaluate their effectiveness in assessing
genetic heterogeneity within and between populations. Analysis of genetic distance parameters from
populations sampled in neighbouring countries suggests that the observed genetic differentiation
reflects geographic factors. Consistent findings from NJ-tree and FCA analyses indicated pronounced
genetic differentiation between the studied regions, suggesting restricted population gene flow of the
studied populations. The analyses revealed distinct genetic clusters of the investigated populations
from a laboratory colony and field populations from South Africa and Mozambique. The genetic
differentiation of G. brevipalpis from different localities underscores the enhanced resolution
provided by microsatellite markers compared to mtDNA markers in terms of genetic structure,

enabling more precise assessments of population structure, gene flow and dispersal capacities.
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Nonetheless, the limited sample size and temporal disparities in sample collection between South
Africa and Mozambique preclude definitive conclusions regarding the field situation. Therefore, it is
recommended to undertake large-scale sampling surveys in these areas, including more samples from
further field locations, sampled in the same timeframe. This approach will provide a more complete
picture of the population structure of G. brevipalpis from these countries allowing for further
conclusions about admixture of populations in close proximity and aiding decision-makers to develop
the most suitable vector control strategies using a targeted area-wide integrated pest management
approach. To further enhance the resolution of population structure in the field, it is proposed to test
sequencing-based population genetics approaches such as RAD-seq [125] in future studies to obtain

more data and potentially higher information content.

The prevalence of Trypanosoma and Sodalis in wild populations of tsetse flies across the African
continent, their potential interactions and implications for SIT programmes were the subject of
Chapter 3. In general, the vector competence of tsetse flies for various species of trypanosomes can
be dynamic and influenced by different factors, among these can be the interactions with bacterial
symbionts [127,147]. The role of Sodalis in facilitating trypanosome infections in tsetse flies is
controversial: several studies suggested a positive correlation between Sodalis and trypanosomes
infections [142,207,208], conversely, other studies have found no such correlation [161,209,210],
therefore it is expected that the geographic distribution and ecological settings also play an important
factor. The performed study on field-sampled tsetse flies highlighted considerable variability in
trypanosome prevalence among different tsetse fly species and regions, with a total prevalence of
23.5%. Particularly high prevalence of trypanosomes was observed in G. m. morsitans and G. pallidipes
populations from Central and East African countries, underscoring the presence of HAT and AAT in
these areas. Similarly, Sodalis infection prevalence varied significantly across tsetse species and
locations, with the average Sodalis prevalence being significantly higher in East, Central and Southern
Africa (24.60%) compared to West Africa (2.70%). Sodalis was detected in most of the screened tsetse
fly species but was not detected in G. tachinoides from Burkina Faso and Ghana and G. p. gambiensis
from Mali, Guinea and Senegal. The performed statistical tests on coinfections with trypanosomes and
Sodalis showed negative correlations in G. medicorum and G. p. gambiensis and a trend for positive
correlation in G. pallidipes. These results underscore that coinfections of trypanosomes and Sodalis
are not independent, varying depending on tsetse fly species and location. Further investigations are
required to gain a more comprehensive view on the complex interactions between Sodalis and
trypanosomes. In addition, future studies should focus on additional factors that potentially influence

these interactions, such as environmental conditions and ecological habitats that different tsetse fly
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species occur in. In addition, implications for sterile male releases in the context of SIT campaigns must

be considered, given the statistically significant interactions.

Spiroplasma, another symbiotic bacterium was relatively recently identified in laboratory and field
populations of the tsetse fly species G. fuscipes fuscipes and G. tachinoides [173]. While the negative
and protective effects have been extensively studied in other insect hosts [176,177,180], little is
known about the physiological impact on tsetse flies. However, there are indications that Spiroplasma
may interact with trypanosomes and suppress its prevalence [188]. The effects of Spiroplasma on the
reproductive and metabolic physiology of Gff, an important vector of sleeping sickness, were thus the
subject of Chapter 4. The transcriptomic data presented in this study showed that infection with
Spiroplasma significantly shifts gene expression in the reproductive tract of females and males
compared to the uninfected control group. Functional assays on a heterogeneously infected
laboratory colony revealed a significant increase of gonotrophic cycle length of females infected with
Spiroplasma. Since female tsetse flies produce relatively few offspring in their lifetime compared to
other insects, the increased length of the gonotrophic cycle may significantly influence population
sizes and the production performance in mass-rearing facilities. This result may be explained by the
also identified decreased lipid levels in infected flies, indicating that Spiroplasma derives lipids from
the host to sustain its growth. Additionally, Spiroplasma-infected males exhibited significantly reduced
sperm motility compared to the uninfected control group. It was observed that sperm from both
infected and uninfected males had the same expression of sperm-specific sdic transcripts prior to
mating. However, after insemination and transfer of sperm to the female spermathecae, significantly
fewer sdic transcripts were expressed by sperm from infected males compared to their uninfected
counterparts. The homologous gene of sdic in Drosophila encodes for a sperm dynein intermediate
chain, necessary for the function of the cytoplasmic dynein motor protein complex [211], which plays
a crucial role in sperm motility. These findings on sperm motility potentially reduce overall fecundity
and raise concerns about the competitiveness of released sterile males in the field. As stated in
Chapter 1, the use of competitive males is of utmost importance for the success of SIT and the findings
from this study should be considered when planning and implementing such strategy. Moreover, the
negative impact on female productivity as exemplified by prolonged gonotrophic cycles presents a

negative effect on tsetse fly mass-rearing that should be considered.

In pursuit of better understanding the role of Spiroplasma and its interactions with the host and
trypanosomes, further research was conducted which is presented in Chapter 5. This chapter focused
on the in vitro cultivation and genome sequencing of Spiroplasma from Glossina fuscipes fuscipes. A
Spiroplasma in vitro culture was established from hemolymph of infected Gff, making it the first

successful attempt to cultivate the bacterium outside of the tsetse fly host. This achievement allowed
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for detailed assessments on the in vitro growth kinetics, bacterial morphology and genome
sequencing. Fluorescent microscopy examinations revealed the helical shape characteristic for
Spiroplasma, as observed in other insect hosts. Growth kinetics assessment with quantitative PCR
indicated growth in two phases, with a plateau phase in between exponential growth phases. The
bacterial load was furthermore quantified by the calculation of copy numbers, resulting in a doubling
time of approximately 40 hours under in vitro cultivation settings. As the genome sequence of
Spiroplasma from Gff was previously unavailable, sequencing was performed utilizing the Oxford
Nanopore technology. To allow for comparative genomic analyses, genome sequencing was
conducted from three sample types: Spiroplasma from the in vitro culture, in vivo Spiroplasma from
field-collected and laboratory colony Gff. The results of genome sequencing results revealed the
complete circular genome of Spiroplasma with a size of 1.48 Mb along with several associated
plasmids. Notably, the genome contained evidence of mobile genetic elements, including phages and
transposons, which may play a role in horizontal gene transfer and genomic plasticity. Comparative
genomics and synteny analysis of the three genomes showed no major differences in the genomic
makeup as indicated by the difference of very few SNPs distinguishing them, except for a 20 Kb phage
sequence insertion in the Spiroplasma genome derived from the in vitro culture. Phylogenetic tree
reconstruction based on over 300 single-copy orthologous genes placed the three Spiroplasma
genomes from Gff in context with other known Spiroplasma species, highlighting their evolutionary
relationships. Gene annotation identified the core metabolic genes of the bacterium and potential
symbiosis genes, including those coding for spiralins, adhesion-related proteins and ribosome-
inactivating proteins (RIPs). These genes are likely essential for Spiroplasma’s interaction with host
cells and potentially trypanosomes. Metabolomic analyses were performed to gain insight on the
metabolic pathways of Spiroplasma. In addition, the successful cultivation of Spiroplasma opens
numerous avenues for future research, as the bacterium can be studied by itself outside from its host.
This allows for more controlled experimental setups on the physiology of Spiroplasma, host
interactions and impacts on vector competence through artificial infections of studied tsetse fly

species.

Taken together, the work presented in this dissertation advances the understanding of population
genetics and host-symbiont interactions of tsetse flies. It introduces novel microsatellite markers to
study population structure and gene flow of wild G. brevipalpis populations, which can be of help in
planning and implementing appropriate vector control strategies. Additionally, it provides detailed
insights of Sodalis and trypanosome distribution on a continental scale, highlighting their correlations
for some species and implications for SIT applications. The dissertation also describes the in vitro

cultivation and genomic characterization of the bacterial symbiont Spiroplasma, revealing its impact
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on host physiology and potential interactions with trypanosomes. This provides a comprehensive
resource to further study of the symbiont’s role in vector biology. Insights gained from this work raise
considerations for mass-rearing conditions for SIT and deepen the knowledge about the interaction
between tsetse flies, their heritable bacteria and trypanosomes. Overall, this dissertation contributes
new knowledge to the scientific understanding of population genetics and symbiotic relationships in
tsetse flies. It reveals how these interactions can inform decision-makers of vector control programs
and influence disease transmission dynamics. Importantly, the findings have implications for reducing
the disease burden in African countries affected by Human African Trypanosomosis (HAT) and African
Animal Trypanosomosis (AAT). Enhanced vector control approaches, informed by population genetics
and symbiont interactions can lead to more efficient and sustainable interventions, aiming to reduce
the incidence of these diseases. In turn, this contributes to the efforts to improve public health and

the livelihoods of affected communities.
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