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Abstract

Uganda has both forms of human African trypanosomiasis (HAT): the chronic gambiense disease
in the northwest and the acute rhodesiense disease in the south. The recent spread of rhodesiense
into central Uganda has raised concerns given the different control strategies the two diseases
require. We present knowledge on the population genetics of the major vector species Glossina
fuscipes fuscipes in Uganda with a focus on population structure, measures of gene flow between
populations, and the occurrence of polyandry. The microbiome composition and diversity is
discussed, focusing on their potential role on trypanosome infection outcomes. We discuss the
implications of these findings for large-scale tsetse control programs, including suppression or
eradication, being undertaken in Uganda and potential future genetic applications.
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African trypanosomes cause devastating human and animal diseases

Diseases caused by parasitic African trypanosomes impact both human and animal health in
Sub-Saharan Africa. Approximately 70 million people (1.55 million km?) are estimated to
be at various levels of risk for human African trypanosomiasis (HAT) caused by two species
of trypanosomes [1]; 7rypanosoma brucei gambiense ( Tbg) causes the chronic form of
disease with long symptom-free periods lasting several years, while 7rypanosoma brucei
rhodesiense (Tbr) causes the acute form of disease with more than 80% mortality within the
first six months if untreated [2]. Over 90% of the HAT cases reported are due to 7bg
occurring in northwest Uganda, extending into the Central African Republic, Democratic
Republic of Congo (DRC), southern Chad, along the Congo river north of Brazzaville, and
by the Atlantic coast on both sides of the border between Gabon and Equatorial Guinea.
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Over 12 million people in eastern and southern Africa, including Uganda, Tanzania,
Malawi, Zambia, and Zimbabwe are estimated to be at risk for 76r[1].

Since the discovery of sleeping sickness a century ago, several waves of epidemics have
plagued the continent. It is thought that during the post-independence period of the 1960s,
control programs within the endemic countries gradually were run down, resulting in a steep
rise in incidence during the following 40 years. It has been difficult to estimate the true
burden of HAT, as the disease affects the poorest and most neglected populations living in
remote and rural settings where the majority of people affected are beyond the reach of
health care systems and are not captured in any of the health metrics [3]. In 2008, mortality
associated with HAT ranked ninth out of 25 among the human infectious and parasitic
diseases in Africa [4]. After intense international interventions, HAT cases in Africa have
recently dropped below 10 000 for the first time in 50 years, signaling a possible end to the
latest epidemic cycle as a major public health problem [5] Many cases, however, are likely
to go undetected in areas such as Central Africa where the disease occurs in rural, hard to
reach places [6].

Both forms of the disease are fatal if untreated, although recently several patients with 7bg
disease have been reported to self-cure [7]. The drugs available for treatment are expensive
[8], and drugs used to treat late stages of the disease, such as melarsoprol, can cause
mortality in 5-10% of the treated patients [9,10]. Recent studies on the use of nifurtimox-
eflornithine combination therapy for second-stage gambiense disease have been highly
promising, and it is hoped that it will replace melarsoprol applications [11].

HAT epidemiology in Uganda

Both forms of HAT exist in Uganda

Thg in the northwest and 7brin the south, restricted to districts close to the shores of Lake
Victoria until recently (Figure 1). Between 1898-1920, HAT epidemics along the shores of
Lake Victoria resulted in more than 200 000 deaths in Uganda [12]. After the decline of this
major outbreak, smaller outbreaks continued in the 1930s-1940s along the lake basin. In
1976 a new major outbreak occurred in the southeastern Iganga District and has since
expanded into districts north of Lake Kyoga into central Uganda, including Pallisa in the
Bugosa region [4], and then further north to Kaberamiado, Lira, Dokolo, and Apac districts
(Figure 1) [13-15].

Since the pathology, diagnosis, and treatment varies between the two forms of disease, an
overlap of the two disease belts would complicate HAT control strategy in Uganda.
Identification of 7hg infections relies on active surveillance of infected humans and on
diagnosis based on serological and parasitological examination. The identification of 7br
infections relies on microscopic examination of blood and central nervous system (CNS)
aspirates for the presence of the parasite. The epidemiology of the two diseases also differs
in that there are well-documented animal reservoirs for 7brwhere the animal hosts are
asymptomatic carriers responsible for the maintenance and spread of the parasite. By
contrast, it is generally thought that the 7hg parasite maintains itself in human populations
without a zoonotic reservoir [16], although mathematical models have recently challenged
this dogma [17].

A PCR assay that amplified the 7br-specific serum resistance associated (S~RA) gene
reported that 18% of cattle in the HAT focus in Soroti, Uganda, were infected with the
human-infective 7brparasites [18]. This was attributed to the large-scale restocking
programs that may have resulted in the movement of asymptomatic carriers of human-
infective 7br cattle from southeastern Uganda to districts further north, thereby introducing
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Thrsleeping sickness into previously disease-free, although tsetse infested areas, such as
Kaberamaido and Lira [19]. This discovery prompted the Ugandan officials to undertake an
ambitious public—private partnership: Stamp Out Sleeping Sickness (SOS). The SOS
campaign involved block treating cattle with a trypanocidal drug (either diminazene or
isometamidium) and spraying animals with synthetic pyrethroid insecticide [20]. A recent
study that investigated the presence of parasites in various domestic animals in Uganda,
however, has shown that the presence of 7brwas highest in pigs (21.7%), followed by cattle
(14.5%), dogs (12.4%), sheep (10.8%), and goats (3.2%), indicating that clearing parasite
infections in the reservoir may be more challenging than previously anticipated [21].

The tsetse vector in Uganda

Based on morphological and genetic data, G. fuscipes is part of the subgenus palpalis, which
also includes another riverine species from West Africa, Glossina palpalis [22]. G. fuscipes
is further split into three subspecies (G. . fuscipes, G. f. martini, and G. f. guanzensis),
thought to have evolved within the Congo basin following forest contractions and
fragmentations in the Pliocene [23]. G. £. martinii distribution lies to the southeast of the G.
f. fuscipes (Gff) range, around Lake Tanganyika, while the G. £. guanzensis range lies to the
southwest of Gff. Although these three taxa differ slightly in genitalia morphology, both
nuclear and mitochondrial DNA (mtDNA) data cluster (see Glossary) them into five rather
than three allopatric groups, with the Ethiopian disjunct Gffpopulations as genetically
distinct from other Gffpopulations as from the other two subspecies [24].

Throughout Uganda Gffis the main disease vector. Except for a disjunct region in Ethiopia/
Sudan, Uganda, and western parts of Kenya along the Lake Victoria shore, represent the
eastern edge of the Gffpredicted range, as most of this species distribution lies in the
Democratic Republic of Congo and the Central African Republic, extending as far west as
Angola (Figure 1) [25]. Of the three subspecies, Gffis found in the most humid and forested
habitats. In Uganda Gffis predicted to occur in high concentration in vegetation thickets
along water bodies. The thickets of vegetation offer tsetse seasonal refugia and access to
hosts, who are also seeking food and water and relief from heat [24]. The microclimatic
conditions in these riverine and lacustrine thickets favor survival of both tsetse adults and
pupae, which will die in drying soils at temperatures above ~36°C [26,27] and under low
humidity conditions [26,28,29]. Ecological data suggest that Gffhas a great capacity for
dispersal and re-colonization of suitable habitats [30]. Yet, the fact that this species is found
in discrete patches of riverine or lacustrine habitats suggests that the populations may be
genetically discrete, unless dispersal through unsuitable habitats would homogenize tsetse
flies across the spatial landscape.

Vector control programs in Uganda

While control of the infection in the mammalian host and in the large animal reservoirs is
challenging, reduction of tsetse populations can be highly effective for disease control. In
2001, the African Union (AU) launched the Pan African Tsetse and Trypanosomiasis
Eradication Campaign (PATTEC), a continent-wide initiative that focuses on the
progressive elimination of targeted tsetse-infested areas [31]. This tsetse vector control
program uses a variety of methods depending on fly species, agro-ecology, and the capacity
of local and national tsetse control agencies.

The Phase | of this initiative has been initiated in the Lake Victoria basin. A previous
program, Farming in Tsetse Controlled Areas (FITCA), which ended in 2004, had reduced
mainland tsetse populations by 75% to 90% exclusively in southeast Uganda into districts up
to Soroti and Kaberamaido, but did not include the Lake Victoria islands [32]. In 2009, a
PATTEC baseline survey revealed that mainland tsetse populations had rebounded to the
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high levels present prior to the FITCA initiative in most districts [33]. The PATTEC plan,
unlike FITCA, includes islands and intends to eradicate Gfffrom the Lake Victoria basin
progressively from west to east [34]. The basin has been partitioned into four operational
blocks [three in Uganda and one in Kenya (Figure 1)] based on the Food and Agriculture
Organization (FAO) predicted habitat suitability for G#7, natural barriers, major urban areas,
international borders, and drainage patterns [34,35]. To support the PATTEC initiative, the
government of Uganda and the International Atomic Energy Agency (IAEA) are planning a
trial eradication of Gffon a remote island in the Kalangala region (IAEA Project
UGAS5033), building on previous success of tsetse eradication in Zanzibar island using the
Sterile Insect Technique (SIT) [36].

Population genetics data can offer insights into facets of ecology, reproduction, dispersal
patterns, population dynamics, and genetic diversity with direct relevance for guiding
control programs [30,37,38]. Information on the genetic differentiation of Gffpopulations
can be used to estimate effective population size (Ne), metapopulation dynamics, and
genetic exchange and dispersal rates help assess the suitability of the operational units
selected for vector control. In addition, characterization of barriers to gene flow is also
important in planning release of sterile or genetically modified vectors, where the extent of
success will depend upon the scale at which the released vectors will mate with wild
counterparts. Below we describe the current status of knowledge on Gffpopulation genetics
and dynamics that are fundamental to intervention strategies.

Population genetics data reveal stark divergences among Gff populations

A genetic screen of Gfffrom 37 localities across Uganda (Figure 1) based on mtDNA data
showed two distinct genetic lineages represented by two distinct haplogroups [39]. Given
the extensive genetic differentiation between them, it is likely that they may have diverged
more than 100 000 years ago. The two haplogroups are allopatrically distributed to the north
and south of Lake Kyoga in central Uganda with populations in these regions carrying
mtDNA from either one or the other haplogroup (Figure 2A). Along Lake Kyoga there is a
geographically relatively narrow contact zone, compared to the distribution of the two
haplogroups, where individuals carrying either the northern or the southern mtDNA co-
occur (Figure 1) [39,40].

Microsatellite data showed that Gffpopulations sampled within 1-5 km? are genetically
homogeneous and distinct from other populations [40]. Bayesian clustering analyses
identified northern, southern, and western clusters of genetically distinct populations (Figure
2), as also showed by the high inter-cluster Fst values (0.12-0.24). Estimates of genetic
differentiation between sampling sites in each cluster were also quite high with an average
Fst value of 0.2 (range 0.054 to 0.574), implying the existence of further genetic structuring
within each of these three genetic clusters. Of note because of the impending disease merger
in northern Uganda is the existence of two northern sub-clusters (Fst= 0.046, p>0.01). The
first includes Gfffrom north of Lake Kyoga (AP, PG, PA, UGT), where the Tbrinfections
newly expanding from the south occur (Figure 3). The second genetic cluster comprises Gff
from Northwestern Uganda (AR-MY), where Tbg infections occur. Interestingly Gff
samples from these localities are also highly genetically distinct from Gfffrom sampling
sites from the western cluster (Fst= 0.130, p>0.01).

Although Gffpopulations are genetically distinct, genetic admixing among populations from
the same or different clusters apparently occur within a 100 km radius [40]. This, however,
contradicts the ecological and physiological data on other tsetse species, which imply that
tsetse cannot disperse over long distances [41]. Thus it is important to use both ecological
and genetic data to understand population level traits, as the temporal scale they provide
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insights for is different. Genetic data provide insights in the patterns of dispersion based on
multiple generations while ecological data inform on the movement ability of single flies
[30,38].

Genetic assignment tests provided information on the direction of the migration and its
strength and suggest that for Gffin Uganda gene flow is not symmetric, being mostly from
southeast to northwest (Figure 3). This asymmetry can be of relevance to HAT
epidemiology as it is suggested that the HAT foci emerging in central Uganda result from
parasitized cattle movement from south to north [19], and thus transmission of parasites by
flies of the northern genotype. Genetic data, however, indicate the movement of flies from
the southeast regions towards central Uganda [40], which in turn can imply a role for the
susceptible southern genotypes for fueling the new HAT foci (Figure 3).

Generally there is strong evidence of correlation between geographic and genetic distances,
as indicated by the existence of strong signals of Isolation By Distance (IBD) in the three
main genetic clusters, particularly in the south (r2 values of 0.35 —0.52) (Figure 2B) [42].
IBD patterns of isolation were also observed on a smaller geographic scale among distinct
genetic clusters of sampling sites along the Lake Victoria Basin [42]. This implies that
geographically close sampling sites exchange migrants more frequently than geographically
distant sites. However, the finding that the strength of this correlation varies among
population clusters suggests that the distance over which genetic exchange occurs can vary
among clusters. From a vector control and monitoring perspective this means that it is
necessary to select site-specific sizes for the operational blocks to reduce tsetse re-invasion
risks from neighboring sites.

Assessing the respective contributions of each sex can contribute to moving genes across the
spatial landscape, allowing us to evaluate the success of control strategies based on unequal
dispersal capacities. Although it is generally thought that females disperse over longer
distances than males because of their larger size, genetic analyses suggest male-biased
dispersal in tsetse [42]. This finding can have significant implications, especially for Sterile
Insect Technique (SIT) programs, as sterile males would likely be able to efficiently
compete with resident breeders, if they tend to disperse further than females. Genetic data
can also provide estimates of effective population sizes (Ne) and of their change over
multiple generations (temporal stability) and help elucidate population dynamics (meta-
population dynamics). Ne estimates for Gffwere variable among Ugandan populations and
generally associated with large confidence intervals, suggesting that population sizes could
fluctuate seasonally, as had been reported for Gff[43, 44]. However, analysis of genetic
variation from the same locations, separated by 8-16 generations, shows little evidence of
genetic bottleneck and suggests that Gffpopulations are genetically stable over time, with
little seasonal variation in abundance [40, 42, 45]. The seasonal fluctuation in trapping data
observed for Gffis likely due to the poor efficiency of the available traps, which generally
capture less than 25% of the population for palpalis group flies [44]. The finding of stable
populations has important implications for control and suggests that re-colonization of target
areas could involve both re-invasion from neighboring sources as well as re-emergence from
local residual population pockets undetected by traditional monitoring methods. Moreover,
it also points out the need for more sensitive sampling techniques to detect residual
populations, when tsetse densities decrease due to vector control.

Given the absence of obvious alternative barriers to gene flow, and the fairly geographically
narrow contact zone around Lake Kyoga, Gffflies from the northern and southern
population clusters may have come into contact only recently, possibly in relation to
changing environmental conditions. Ongoing analyses of environmental features over the
past 50 years suggest that the regions north and south of Lake Kyoga differ significantly in
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climate, especially in annual precipitation, which correlates significantly with genetic
differentiation patterns. Understanding the environmental forces contributing to the genetic
differences between geographically distinct Gffsamples in spite of no obvious physical
barriers and the potential of the flies to disperse over long distances, has important
epidemiological implications, as climate changes are likely to impact Gffdistributions and
thus alter the map of the regions at risk of the disease.

Using population genetics to inform operational activities: the case of Lake
Victoria basin

A genetic screen of Gfffrom island populations and the mainland over the ~200 km area
along the Lake Victoria shoreline identified three genetic clusters (Figure 4) [42]. The
geographic locations of the genetic clusters, however, did not match the PATTEC defined
operational blocks, suggesting the need for redefinition of the boundaries of the control
units. Genetically derived dispersal distances varied between clusters ranging from about 2.5
to 15 km, with the larger dispersal values found in cluster 1 [42], and matched reasonably
well with dispersal rates predicted from Mark-Release-Recapture (MRR) data for Gffand
other riverine species (14.2km/generation calculated from the movement estimate of 338 m/
day [46,49]).

The differences in dispersal rates between clusters correlate well with differences in overall
levels of genetic differentiation both within and among clusters, and in turn reflect different
habitat fragmentation. Hierarchical Fs, IBD analyses, and individual assignment tests
suggest that flies in clusters 1 and 2 are genetically distinct from each other and from flies in
the other two clusters, and that flies in clusters 3 and 4 are genetically less differentiated
from each other and share many migrants. The difference in connectivity between these
genetic clusters could reflect the impact of human activities in the region. Suitable Gff
habitat is still present in the regions inhabited by flies in clusters 3 and 4 (i.e., riparian and
lacustrine thickets, tree canopies with understory vegetation, or patches of banana and
Lantana camara [50-52]), while it is greatly reduced where clusters 1 and 2 occur, because
of human settlement and activities. The expansion of the city limits of Kampala could be
one of the reasons for the genetic differentiation between clusters 1 and 2. Within cluster 1,
the higher level of isolation of tsetse flies observed between sampling sites could be related
to both intensive tsetse control since the 1960s and deforestation, which have left only small
gallery forests along the lakeshores [42]. These results suggest that control strategies need to
take into account the genetic connectivity of the tsetse populations, which varies among the
different genetic clusters. The long-range dispersal capacity of Gffalso suggests that the
Lake Victoria islands should be viewed with caution as sites for eradication trials, as no
significant genetic differentiation exists between offshore islands and the mainland sites
only 20-30 km away. This finding, suggests that the water body does not act as a barrier to
fly movements and gene flow [42]. In the Loos islands (30 km off the coast of Guinea), little
genetic exchange has been found among Glossina palpalis gambiensis coastal and island
population [53]. The difference in genetic exchange observed between these two studies
may be due to the high opportunity for passive dispersal owing to active boat traffic between
the mainland and the Lake Victoria islands.

Genetics of tsetse populations transmitting Tbr and Thg parasites

Of epidemiological relevance is the analysis of Gffpopulations from northern Uganda given
the expanding range of the two human parasites, 76rand 7bg, which were reported to be
less than 150 km apart [5,14]. Genetic data reveal differentiation between Gfffrom sampling
sites within the two northern clusters, each one currently carrying only one of the two
human-infective parasites, but that soon could be infected with both. Clustering analyses
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revealed genetic differentiation within the Gffpopulations in Moyo and Apac districts
bordering DRC, in southwest Uganda (MF) and in central Uganda north of Lake Kyoga
(AP, BG, PD) (Figure 2). The impending contact of the two disease belts and the finding of
genetic differentiation between the vector populations that carry the two parasites pose a
series of epidemiologically relevant and timely questions. For instance, the vector genetic
differentiation implies differential adaption of the tsetse host to the two human parasites.
Findings of ongoing gene flow in a northwestern direction also open interesting questions
with regard to the impending merger of the two disease belts. A fine scale co-evolution
study of host and parasites could help answer these questions. Have the two parasites
coevolved with the different tsetse genome backgrounds? Will the two parasites co-exist in a
single fly, or in the same location in different fly genotypes? Will the northern direction of
the host gene flow mean that the 76r parasites carried by the southern flies be favored? Will
Thrdisplace Tbg? To address these questions, it is important to understand at a local
geographic scale the patterns and level of genome wide variation in both the parasite and the
host, as well as the frequency and dynamics of co-infections with multiple parasite strains
and the geographic and evolutionary origin of the parasite strains and the vector. Parasite
and vector genome-wide SNP markers would be more informative as microsatellite loci, and
polymorphism analyses of a few nuclear or mtDNA loci do not provide the statistical power
to answer these questions [54,55].

A microsatellite loci based genetic screen confirmed the co-existence of multiple strains of
Trypanosoma from the same taxon in single flies [56]. This finding has important
epidemiological consequences [57], given the impending merger of the 7hrand Thg strains
and the possibility of recombination between Trypanosoma strains in the tsetse salivary
glands [58-64]. An analysis of microsatellite and kinetoplastid genetic variation of 142 7.
brucei isolates across Africa confirmed that the taxonomy of the three subspecies, currently
based on host range, pathogenicity, and geographic origin, does not reflect their evolutionary
history [65]. While 7bg strains are genetically distinct from 7bband 7br, the last two taxa
are not distinct genetic units. The population genetic analyses revealed that 7brevolved
multiple times from different 766 genetic backgrounds [65].

The diagnostic feature of 7bris the presence of the SRA gene, which enables 7brto evade
lysis by the Apolipoprotein L-1 (ApoL-1) in human serum (66). 7bg has evolved
independent mechanism(s) from 7brfor evading trypanolysis, one of which involves the
haptoglobin-receptor, HbHpr [67,68]. Based on a survey of a small number of strains from
the three subspecies for genetic variation in HbHpr, five fixed, non-synonymous amino acid
substitutions were identified and hypothesized to be involved in evading the immunological
response [69]. A genetic screen of HbHpron a geographically more comprehensive
sampling than the previous study, however, confirmed only one of these substitutions as
fixed [70]. A recent structural analysis study demonstrated the functional importance of the
fixed substitution [71]. This result highlights the importance of carrying out screens of
genetic variation that include representative samples from the geographic range of the taxa
analyzed to tease apart the effect of genetic drift and selection, when trying to link genetic
polymorphism to functionally relevant genomic variants.

Role of polyandry for success of control activities

Genetic data provide insights into the reproductive behaviour of tsetse, particularly on the
number of times a female mates and maintains sperm from different males in the wild
(polyandry). Polyandry may be fundamental to the re-infestation of cleared areas and/or of
residual populations and also enhance the reproductive potential of re-invading propagules,
thereby expanding their effective population size. Remating can also inhibit the success of
genetic control methods, such as SIT or IIT (incompatible insect technique), or replacement
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of disease susceptible natural populations with modified resistant phenotypes. Genetic
analysis of the mothers and the stored sperm from two populations in Uganda indicate that
remating is common (57% in Kabukanga, KB) in the West and 33% in Buvuma Island (BU)
in Lake Victoria (Figure 1) and may be influenced by population age structure [72]. The
temporal stability in gene frequencies of Gffpopulations over the dry and wet seasons
suggests that populations do not fluctuate seasonally and that control programs based on SIT
should release abundant sterile males, even within residual surviving target populations in
the dry season.

Tsetse microbiota as influential factors of vector competence

Several maternally transmitted symbiotic microbes play important role(s) in tsetse
physiology, including obligate Wigglesworthia, commensal Sodalis, and parasitic
Wolbachia (Figure 5, Box 1). All Gffindividuals analyzed in Uganda harbored
Wigglesworthia [73,74]. Given that Wigglesworthia is vertically transmitted from mother to
offspring, genetic variation was apparent within and among populations with two distinct
symbiont lineages corresponding exactly to northern and southern GffmtDNA haplogroups
[74]. This congruence between host and symbiont DNA was also reported by a previous
study on all three G. fuscipes subspecies [22]. More comprehensive geographic sampling
within Uganda, however, showed incongruence within populations. This incongruence,
which could potentially arise from incomplete lineage sorting, can generate novel
combinations between symbiont genetic variants and host background. Wigglesworthiahas
been shown to influence host vector competence by inducing a host immune gene
expression with trypanolytic activity [75,76]. It is possible that Wigglesworthia genotypes
could differentially induce host immunity and thus provide novel targets for influencing
tsetse vector competence.

Given the host genetic structuring detected in the field, populations were screened for
Wolbachia infections, which can cause cytoplasmic incompatibility (ClI) in tsetse [77], and
thus can impact the reproductive success of infected and uninfected individuals,
respectively. Previous surveys using standard PCR assays could not detect Wolbachia
infections in Gffin Uganda or Kenya [78,79]. When more stringent PCR assay conditions
and qPCR analysis were used, low-density Wolbachia infections were detected in different
Gffpopulations [80]. The infection prevalence in different host genetic populations ranged
from zero to complete fixation, with the greatest prevalence observed in the southern
genotypes, followed by northern and western genotypes (55%, 42%, and 26%, respectively)
[80]. To understand Wolbachia evolutionary dynamics and their relationship with host
mtDNA, populations of known genetic background were screened for Wolbachia infection
status, which showed that Wolbachia infections in Gffare not limited to a single host
mtDNA haplotype [80]. Applying a multi-locus sequence typing approach demonstrated that
Wolbachia-infected Gffindividuals carry strains from at least two different lineages [73].
Very high levels of Wolbachia diversity are also present (evidenced by groEL sequence
analysis) both within and between individuals (haplotype diversity = 0.945) associated with
26 host mtDNA haplotypes [73]. High Wolbachia sequence diversity and the association of
Wolbachia with multiple host haplotypes suggest that different Wolbachia strains infected
Gffmultiple times independently. This limited analysis did not statistically support that
bidirectional CI has influenced the host genetic diversity observed in Uganda [73].
Nevertheless, in general, Wolbachiainfections in Gff (wGff) are associated with the most
common mtDNA haplotypes, suggesting a potential fitness advantage of wGffon host
physiology. Thus, future mating experiments between distinct Gffpopulations may shed
light on the role of Wolbachia mediated ClI effects on the observed host genetic patterns.
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The prevalence of the entomopathogenic DNA virus (Salivary Gland Hypertrophy Virus,
SGHV) differed significantly in Gffbetween the north and south mtDNA haplotypes, but
not based on microsatellite genotypes [73]. This was expected given the vertical
transmission of SGHV coupled with reduced female dispersal. Since SGHV can adversely
affect tsetse reproduction [81], the biological significance of the associations between
SGHYV prevalence and densities and host genotype composition deserves further
investigation. Interestingly, none of the Gffpopulations in Uganda harbored Sodalis
infections, which had been shown to influence trypanosome infection dynamics in
populations in the West Africa [82]. Absence of Sodalis from Kenyan Gffpopulations was
also noted in a different survey, which found Wigglesworthiato be the dominant bacteria
along with several other environmental microbes [78].

Host-symbiont-pathogen interactions

Most of our knowledge on host-pathogen interactions is based on the paradigm of one host-
one pathogen. In reality multiple parasites and symbionts co-exist within a given host, but
much less is known about their interactions. In addition to host genetic factors, it is
becoming increasingly clear that microbiome diversity and host-microbiome interactions
affect vector competence [83]. Using multivariate analysis, complex co-infection dynamics
between microfauna of the tsetse and pathogen infections were uncovered, including
statistically significant associations between Gffgenetic groups and pathogen prevalence
[73]. Host groups were found to be inversely correlated for Wolbachiaand SGHV
prevalence, whereas trypanosome infection prevalence co-varied with the presence of
Wolbachiaand SGHV, highlighting the importance of examining multiple pathogens
simultaneously before making generalizations about infection and spatial patterns. Across
Uganda, Wolbachia prevalence was 44% while the prevalence of SGHV and 7rypanosoma
(including all trypanosome species) was 12% and 18%, respectively. Across the 18 Uganda
populations, when Wolbachia prevalence was below 30%, SGHYV and trypanosome
prevalence tended to be higher. Trypanosome prevalence was positively correlated with
SGHYV infection (r=0.257) and negatively correlated with Wolbachia infection (r=—0.176),
while Wolbachia was negatively correlated with SGHV (r=—0.408) [73]. These findings
imply that Wolbachia may prevent infection by the other two pathogens. Thus, high
prevalence of SGHV in natural tsetse populations could signal an increased risk for HAT,
while Wolbachia would indicate a decreased risk. Consistent with these observations,
Wolbachia has been shown to confer resistance in mosquitoes to Plasmodium, as well as
dengue and chikungunya virus infections through host immune activation [84-87]. The host
resistance phenotype associated with Wolbachia infections is currently being exploited in
the field as a novel method to interfere with disease transmission by mosquitoes [88]. Thus,
further validation of Wolbachia-mediated trypanosome resistance in tsetse is of applied
significance.

Modeling role of vector control in disease management

Global sensitivity analyses applied to mechanistic models parameterized by field and
laboratory data and developed to assess the variation in the basic reproduction number, /0,
of Thgand Tbrrank the proportion of blood meals taken from humans by Gffas the most
important factor for distribution of 7b6g [89]. The second ranked parameter for 7bg and the
highest ranked for 7brwas the proportion of Gffrefractory to infection [89]. For Tbrthe
population parameters for tsetse, species composition, survival, and abundance were ranked
almost as high as the proportion refractory, assuming regular treatment of livestock with
trypanocides as an established practice in many areas of Uganda. These findings provide
broad support for the potential effectiveness of vector control strategies, including those that
are aimed at increasing refractoriness in tsetse flies for disease management.
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Empirical estimates of Cl in G. m. morsitans have been used to parameterize mathematical
models to demonstrate the effectiveness of Wolbachia as a gene driver, which could in turn
be harnessed as the basis for a population replacement approach to spread parasite resistant
tsetse [70]. Specifically, modeling demonstrated that given a release corresponding to 10%
of the natural population level, Wolbachia-infected tsetse can invade a wild-type population,
with a fixation prevalence predicted at 96.9% (85.6%, 99.8%). At these fixation prevalences,
the Ry of trypanosomiasis will be driven below one and the disease eliminated potentially
within a couple of years, depending on the initial release abundance [70].

Concluding remarks

Population genetics and genomics data provide powerful tools that can assist vector control
activities on the ground. The availability of this information for the most important vector of
HAT in Uganda can enhance the design and implementation of control activities. We
describe the future studies that now need to be undertaken to ensure sustainability of the
ongoing vector control activities, to enable the development of new control tools, and to
predict and prevent resurgence of disease, particularly in areas where the two forms of HAT
can overlap (Box 2).
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Glossary

Allopatric conspecific populations occurring in geographically distinct

Populations locations.

Basic Ry, of an infection is the number of cases one case generates on

Reproduction average over the course of its infectious period.

Number (Rg)

Bayesian a method to infer population structures without prior knowledge

clustering analyses about the population. Various Bayesian approaches using neutral
molecular markers have been proposed, which include using
Markov chain Monte Carlo (MCMC) methods to infer population
structures. The most commonly used is the program STRUCTURE,
which can infer the assignment of individuals to populations or the
admixture proportions of individuals for a given number of
populations (K). Researchers have extended Bayesian algorithms
for various purposes such as to take advantage of spatial
information, estimate inbreeding coefficients, and infer K values.

Bottleneck population bottlenecks occur when a population's size is reduced

for at least one generation. Undergoing a bottleneck can drastically
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Fst

Genetic
assignment test

Gene flow
Genetic drift

Genetic drift and
selection

Genome-wide
association study
(GWAYS)
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reduce a population's genetic variation, even if the bottleneck is
brief in duration.

population genetic theory that traces all alleles of a gene shared by
all members of a population to a single ancestral copy, known as
the most recent common ancestor (MRCA). The relationships
between alleles are represented as a gene genealogy, called the
coalescent. The point where two branches meet indicates a
coalescent event. The time corresponding to how long ago the
MRCA existed for a given gene genealogy is called the coalescent
time.

a genetic grouping of individuals, from a single or several nearby
sampling sites, sharing a similar multi-locus genotypic profile.

Cl is a phenomenon that results in sperm and eggs being unable to

form viable offspring. The effect arises from changes in the gamete
cells caused by intracellular parasites like Wolbachia, which infect
a wide range of insect species.

the movement of an individual from its existing population.

Ne is the size of an idealized population where all individuals
contribute equally to successive generations with no changes over
time. This determines how powerful drift will be relative to
selection and it is almost much less than the census population size.

a measure of genetic differentiation due to genetic structure, a
special case of Wright's F-statistics, and a common statistics in
population genetics. It is estimates from genetic polymorphism
data including microsatellite loci and SNPs. The values range from
0to 1. A zero value implies complete panmixis (i.e., random
mating among individuals), implying that the two populations are
interbreeding. A value of one suggests that the two populations do
not share any genetic diversity.

test to identify immigrant individuals that exhibit a strong signal of
membership in a population other than the one in which they are
sampled. Immigrants in this sense could be true immigrants or
recent descendants of immigrants.

transfer of alleles or genes from one population to another.
a change in allele frequencies in a population due to random finite
sampling.

both forces are at work in natural populations, but the degree in
which they affect alleles varies according to the effective
population size (Ne), as the effect of drift on allele frequencies per
generation is larger in small populations.

the examination of many genetic variants in multiple individuals to
identify DNA regions associated with a trait.

the process of determining the genotype of an individual for one or
more loci.
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a geographic map that relates measurable environmental variables
to the suitability of a site for a species. These maps are useful for
planning disease monitoring and control and for evaluating
environmental changes impacts.

a stretch of DNA sequences that tend to be inherited together.
a group of similar haplotypes that share a common ancestor.

a visualization of the evolutionary relationships among DNA
sequences.

a phenomenon that occurs when gene genealogies vary along the
genome due to difference in coalescent times. In particular, a gene
genealogy may be different from the species phylogeny, because
not all gene genealogies have become unique to each derived
species, some genealogies may predate speciation.

a control method similar to SIT but where methods that lead to
biological sterility are used instead of chemical irradiation. One
such potential biological method is the CI conferred by Wolbachia
infections.

IBD describes a pattern of population genetic variation that derives
from spatially limited gene flow. IBD is defined as a decrease in
the genetic similarity among populations as the geographic distance
between them increases. Statistical tests for IBD can be conducted
using populations or individuals as the units of replication,
although analyses at the individual level typically utilize spatial
autocorrelation statistics.

the study of the influence of biotic and abiotic landscape features
on microevolutionary processes within and between populations.
Different from phylogeography as it is carried out in an explicit
spatial framework.

a group of spatially separated populations of the same species,
which exchange migrants at different rates and may become locally
extinct and recolonized.

if populations are genetically diverse and stable for neutral genetic
markers, this implies relatively large population sizes. If
populations are not genetically stable, this might imply local
extinction followed by re-colonization from neighboring locations,
or periodical size contractions followed by re-emergence from
residual pockets. The term sink-source is used to reflect these
dynamics. In other words, the dynamics of any single population is
dependent upon migration from neighboring populations as well as
temporal changes within a single population, which might include
local extinction and re-colonization.

a 2 to 6 base pair repeat motif in a DNA stretch that varies in length
between alleles. Their high variability, genome ubiquity, co-
dominance, and bi-parental inheritance make them useful for
population and individual level studies of both sexes.
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Mitochondria groups of related mtDNA sequences. The faster coalescence times
DNA (mtDNA) of mtDNA than nuclear markers make them useful for shallow
haplogroups divergence studies. The maternal inheritance allows studying the

evolutionary processes of female lineages. The comparison of bi-
parental nuclear and uni-parental mtDNA regions allows studying
sex-biased phenomena.

Paratransgenic fly a fly that carries a genetically modified symbiotic organism. The

expression of products in the symbiotic bacteria can confer the
paratransgenic fly beneficial traits, such as anti-parasitic properties.
This mode of gene expression is an alternative approach to
transgenic insects, where foreign genes are expressed in insect

cells.

Phylogeogr aphy the study of spatial distribution of genetic differences within and
between populations of closely related species using a historical
framework.

Polyandry a type of breeding adaptation in which one female mates with
multiple males.

Sterileinsect SIT is a method of biological control, whereby overwhelming

technique (SIT) numbers of sterile male insects are released. The sterile males
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Box 1. Tsetse microbiome influences on host physiology

Wigglesworthia. All tsetse species rely on the obligate symbiont genus Wigglesworthia
for supplementing their vertebrate blood specific diet with nutrients essential for
fecundity [92,93], as well as maturation of the adult immune system [94.95]. In response
to symbiotic peptidoglycan (PGN), tsetse express an immune molecule, peptidoglycan
recognition protein, (PGRP-LB), which degrades PGN to prevent induction of host
immune pathways [75], and also blocks trypanosome infections in the gut through an
anti-trypanosomal activity [76]. In natural populations examined in Uganda, a positive
correlation is noted between the density of Wigglesworthia and the level of PGRP-LB
synthesized [96].

Sodalis. Sodalis is related to free-living enterics, but its genome indicates an active
process of functional erosion [97]. Studies with G. palpalis gambiensis showed a
statistically significant association between the presence of specific genotypes of Sodalis
and host ability to establish midgut trypanosome infections [98]. None of the Gff
individuals screened from Uganda harbored Sodalis infections [77,78].

Wolbachia. The prevalence of Wolbachia infections in natural populations of different
tsetse species and the strains infecting different tsetse species vary [79]. In the laboratory
line of Glossina morsitans morsitans, Wolbachia infections have been shown to confer
strong cytoplasmic incompatibility (CI) when Wolbachia-infected males were mated with
uninfected females [77]. Any beneficial phenotypes that accompany Wolbachia-infected
flies are spread into natural populations as a result of Cl, such as other maternally
transmitted symbionts and products that they may synthesize. Mathematical modeling
suggested that the time to reach fixation from a release of the size of 10% of the native
population can be relatively short with the median value being 529 days [77].

SGHV. SGHV not only causes hypertrophy of the salivary glands, but also causes
reproductive organ abnormalities and reduces fecundity and fertility [100,101]. The
prevalence of symptoms of SGHV in wild tsetse populations is usually very low (0.2% to
5%), but higher prevalence rates (15.2%) have been observed occasionally [77]. A
Glossina pallidipes colony originating from Ethiopia was successfully established in
1996, but later up to 85% of adult flies displayed symptoms of SGHV, and the colony
declined and became extinct by 2002.
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Box 2. Future directions

Therelationship between Gff and its environment. Habitat availability will
primarily control population densities and connectivity because tsetse
distribution is tightly linked to the extent of land cover. Thus, it is important to
determine the correlation between genetic and environmental variation, which
will allow us to: (i) improve Gffhabitat suitability maps, which are currently
based on entomological field surveys and related to vegetation or land cover
[25,101]; and (ii) evaluate the impact of climate change on Gffgeographic
distribution. Based on projected climate change [102], tsetse distributions have
the potential of both expanding and contracting with important epidemiological
repercussions [103].

Polyandry and sperm usein natural populations. Given the high prevalence
of polyandry, the sperm use in females remains to be determined. In the context
of SIT programs, the efficacy of matings with sterile males can be reduced if
wild-type sperm is preferred. Similarly the efficacy of Wolbachia Cl based
replacement or IIT methods would be compromised if rematings were not
random and occurred more frequently following incompatible matings.
Mathematical models with empirical data can help predict the success of these
control methods.

Microbiome diversity and influences on pathogen transmission. The Wolbachia
associated with Gff(wGff) infections are associated with the most common
haplotypes, suggesting a potential fitness advantage of wGff. Thus, it is
important to examine the maternal transmission efficiency of wGffand Cl
expression before excluding the possibility of bidirectional Cl in the field.
Additionally, given that the positive correlation found between SGHV and
trypanosome infections can indicate increased HAT risk, the negative
correlation found between Wolbachia presence and trypanosome infections
needs further investigation for functional mechanisms and for potential field
applications, as Wolbachia infections in the field can enhance trypanosome
resistance in natural susceptible populations.

Future applications of population and functional genomics approaches. Analyses
based on few loci fail to provide insights on the causal relationship between
adaptive genetic variation and environmental variables and traits of
epidemiological interest, such as refractoriness to parasite transmission. The
next-generation revolution is transforming genotyping strategies for population
genomic studies by providing the opportunity for large-scale Single Nucleotide
Polymorphism (SNP) discovery and genotyping for Genome Wide Association
Studies (GWAS). Our current understanding of the spatial genetic structuring of
Ugandan Gffpopulations provides the opportunity to test for association
between genomic variation and environmental or epidemiological relevant traits,
while controlling for spatial dependence among samples and providing multiple
independent replicates. Future GWAS investigations can help evaluate how Gff
distributions are impacted by environmental variables and climate change
scenarios and help identify genomic regions that are correlated with
environmental variables. GWAS studies from multiple fly populations with
differing genetic backgrounds and parasite infection status can tease apart the
signal of selection from genetic drift and identify genetic variations responsible
for the epidemiologically relevant traits, which can then be investigated by
functional approaches.
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5. Modeling. Mathematical modeling can be used as a tool for translating
empirical findings related to the biology and population genetics of tsetse,
Soaalis, and Wolbachia into predictions of the epidemiological impact of
intervention strategies, including those of paratransgenic tsetse [104,105]. In this
way, modeling acts as a bridge between field and laboratory results to an
evaluation of the potential effectiveness of public health policies. Specifically,
modeling can help determine whether the introduction of paratransgenic tsetse
could successfully eliminate trypanosome transmission in the tsetse population,
as well as significantly reduce the number of infections, and, if so, over what
time frame. Additionally, uncertainty analyses can take into account empirical
uncertainty in parameter values to assess the extent of confidence in quantitative
predictions and the sensitivity of the system to different parameters.

In terms of translating empirical innovations into public health policy, cost-effectiveness
analysis is fundamental. Work is needed to incorporate health-related costs into
epidemiological models of trypanosomiasis to evaluate the cost-effectiveness of the
different control strategies, including tsetse traps, insecticide, tsetse habitat reduction
(land clearing), sterile tsetse male release, modification of vector populations, and
treatment of humans and domestic animals.
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Figure 1. Glossina fuscipes and HAT distribution in Uganda

Left: Map of Africa showing in gray the G. fuscipes distribution and the location of Uganda.
Right: Map of Uganda with Gffsampling sites that are referred to in the text. Different
shades of gray identify main water bodies (light gray) and the current Gffdistribution (gray).
The ranges of the human infective 7Trypanosoma brucei, T. b. rhodesienseand T. b.
gambiense, are superimposed on the Gffdistribution and identified with a vertical and
horizontal hatched pattern, respectively. The populations analyzed genetically in previous
studies are identified with two letters and a symbol for their assignment to one of the three
main genetic clusters (dot=southern; star=northern; square= western). The dashed rectangle
identifies the contact zone around Lake Kyoga in central Uganda where the northern and
southern mtDNA haplogroups co-occur. The four operational blocks identified by PATTEC
to progressively eradicate Gfffrom the Lake Victoria basin from west to east are also
identified with small dashed lines and numbers [90,91]. The blocks are based on the Food
and Agriculture Organization (FAO) predicted habitat suitability for G#7, natural barriers,
major urban areas, international borders, and drainage patterns. Block 1 in the western part
of the country is the most isolated block due to the expansion of the city of Kampala and
subsequent urbanization and habitat fragmentation of the surrounding area. Block 2 in the
central area has been targeted for control to create a buffer zone between the eradication
block and the rest of the Gffpredicted range in Uganda, while only vector population
monitoring activities are planned for the other two blocks during phase 1 of the control
program. Upon successful eradication in block 1, block 2 would become the eradication
target and so on until the whole basin is tsetse-free.
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Figure 2. mtDNA based Gff network and isolation by distance

(A) The mtDNA sequences are grouped into genetically distinct haplogroups. The
parsimony network of mtDNA sequences shows the evolutionary relationships among
mtDNA haplotypes from GffUgandan populations and one population from Sudan and
DRC. Each circle represents a unique haplotype, and circle size is proportional to its
frequency in the Gffpopulations sampled. Black dots represent unsampled haplotypes, and
each line represents one mutation. The different colors identify the geographic location of
the haplogroups (blue, southern; red, northern). The pink and brown dots represent
haplotypes found in the sampling sites from Sudan (pink) and DRC (brown). The
geographic distribution of these haplogroups shows disjunct: one to the North of Lake
Kyoga, the other to the South and West of Lake Kyogo, with the exception of a narrow
geographic contact zone around Lake Kyoga, (see [40] for details). Figure modified from
[39]. (B) Isolation by distance (IBD) analysis illustrates the relationship between geographic
and genetic distance within each of the three population clusters for all pairwise
comparisons among Gffpopulations in Uganda within the northern, western, and southern
genetic clusters. Linearized Fg (i.e, Fs1/(1-FsT) values were regressed against geographic
distance (in kilometers). Red dots refer to comparison within the northern genetic cluster.
Green and blue dots refer to comparisons within the western and southern genetic clusters,
respectively. Strong signals of IBD were evident in both these regions but particularly in the
south (R? values of 0.35 to 0.52), except for comparisons involving a Kenyan population
(Ndere Island, ND, dark blue dots). Figure modified from [38].
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Figure 3. Inferred patter ns of Gff migrationsin Uganda based on microsatellite loci analyses
Schematic summary of the migration patterns among Gffpopulation clusters based on the
results of genetic assignment test using microsatellite loci variation. The arrows indicate the
direction of immigration of fly genotypes from one population cluster to the other with the
thickness of each arrow illustrating the proportion of individuals in the receiving population
that exhibit recent immigrant ancestry using genetic data. Names refer to historical and
recent HAT foci. Grey shading indicates the water bodies. The dotted line in the central
region indicates the zone of contact between northern and southern mtDNA haplotypes. The
green ovals show the locations of historical 756r disease foci, the blue, orange, and brown
ovals show the locations of the newly emerging 7brfoci. The 7hg foci in the NW are
denoted by purple dots.
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Figure 4. Genetic differentiation of Gff around Lake Victoria
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Sixteen Gffpopulations were studied by microsatellite analysis from coastal mainland and
island sampling sites. The purple lines identify the 4 PATTEC blocks. The map shows the
locations of each sampling site (dots) and the genetic assignment (dot color) of each
sampling site based on the Bayesian clustering program Structure: orange = cluster 1; brown
= cluster 2; green= cluster 3, and blue = cluster 4. This figure shows that the operational

blocks do not coincide with the genetic boundaries of the vector. Figure modified from [42].
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Figure5. Thetsetse

Multiple maternally transmitted symbiotic microbes have been described from laboratory
lines and different field populations of tsetse, including obligate Wigglesworthia,
commensal Sodalis, parasitic Wolbachia, and a DNA virus (Salivary Gland Hypertrophy
Virus, SGHV), as schematically shown. Also shown are trypanosomes, which are acquired
when tsetse feed on infected animals. The parasites reside in the gut and salivary gland
organs. The midgut bacteriome organ, the intrauterine larva, and expanded milk gland
tubules, which provide nutrients to the intrauterine progeny of the tsetse, are indicated.
Wigglesworthia, Sodalis, and SGHV are maternally transmitted to the intrauterine larva of
the tsetse in the secretions of mother's milk, while Wolbachia infects gonadal tissues and is
vertically transmitted to developing progeny during embryogenesis.
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