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Tsetse flies (Diptera: Glossinidae) are vectors for African trypanosomes (Euglenozoa: kinetoplastida), protozoan parasites that
cause African trypanosomiasis in humans (HAT) and nagana in livestock. In addition to trypanosomes, two symbiotic bacteria
(Wigglesworthia glossinidia and Sodalis glossinidius) and two parasitic microbes, Wolbachia and a salivary gland hypertrophy
virus (SGHV), have been described in tsetse. Here we determined the prevalence of and coinfection dynamics between Wolba-
chia, trypanosomes, and SGHYV in Glossina fuscipes fuscipes in Uganda over a large geographical scale spanning the range of host
genetic and spatial diversity. Using a multivariate analysis approach, we uncovered complex coinfection dynamics between the
pathogens and statistically significant associations between host genetic groups and pathogen prevalence. It is important to note
that these coinfection dynamics and associations with the host were not apparent by univariate analysis. These associations be-
tween host genotype and pathogen are particularly evident for Wolbachia and SGHV where host groups are inversely correlated
for Wolbachia and SGHV prevalence. On the other hand, trypanosome infection prevalence is more complex and covaries with
the presence of the other two pathogens, highlighting the importance of examining multiple pathogens simultaneously before
making generalizations about infection and spatial patterns. It is imperative to note that these novel findings would have been
missed if we had employed the standard univariate analysis used in previous studies. Our results are discussed in the context of

disease epidemiology and vector control.

Mixed or coinfections, the coexistence of two or more patho-
gens in a single host, are common (14). However, most of
our knowledge on host-pathogen interactions is based on the par-
adigm of one host-one pathogen, with less known about interac-
tions among parasites, symbionts, and their host (1, 14). Since
coinfections in a single host are likely to impact one another both
directly (e.g., see reference 18) and indirectly (e.g., see reference
46), multiple infections and their host are likely to be coevolving.
Thus, understanding the dynamics and interactions between in-
fections and their hosts has implications in community assembly,
patterns of genetic variation and biodiversity, and, when the host
is a disease vector, epidemiology.

Tsetse (Glossina), the sole vector for human African trypano-
somiasis (HAT), harbor a variety of microorganisms, including at
least two microbial symbionts (6). The obligate mutualist found in
all tsetse species, Wigglesworthia glossinidia, is essential for adult
host fecundity and for proper immune maturation (51, 59). Some
natural populations of tsetse also harbor the commensal symbiont
Sodalis glossinidius, which has been suggested to promote the es-
tablishment of trypanosome infections (20). Additionally, some
tsetse species are infected by the intracellular parasitic bacterium
Wolbachia (13). Wolbachia-associated reproductive manipulation
in the form of cytoplasmic incompatibility (CI) can alter host
patterns of genetic diversity (17). CI can be unidirectional or bi-
directional. Mating between infected males and uninfected fe-
males can result in unidirectional CI, while bidirectional CI is
expressed when males and females carry two different Wolbachia
strains. Expression of unidirectional CI has been shown in Glos-
sina morsitans morsitans in the laboratory (7). Tsetse can also be
infected by two other pathogens: the HAT-causing trypanosomes
(Trypanosoma) that compromise tsetse physiology, in particular
fecundity (56), and a salivary gland hypertrophy virus (SGHV;
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first described from Glossina pallidipes as GpSGHV) that causes
salivary gland hypertrophy (SGH) and abnormalities in reproduc-
tive organs that reduce fecundity and fertility (4, 31) and therefore
may also alter patterns of genetic diversity. While Wolbachia is
transovarially transmitted, Wigglesworthia and Sodalis are mater-
nally transmitted to the intrauterine larva in milk secretions.
SGHYV is also vertically transmitted either transovum or through
milk gland secretions (33, 52). In contrast, tsetse adults acquire
trypanosomes through feeding on trypanosome-infected verte-
brates.

Each of these agents (Wolbachia, Sodalis, SGHV, and trypano-
somes) has various impacts on their host’s biology, but little is
known about their within-community relationships. Both the sin-
gle and collective impacts of these agents on tsetse may influence
patterns of host genetic diversity and vectorial capacity. Hence
understanding the dynamics of host, parasite, and symbiont coin-
fections in natural populations may have considerable impact on
disease epidemiology and the development of vector control strat-
egies. Indeed, in the absence of the obligate symbiont, Wiggleswor-
thia, colony tsetse flies are rendered highly susceptible to trypano-
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FIG 1 Geographic distribution, sampling localities, and assignment to genetic groups based on tsetse mitochondrial DNA (mtDNA) and microsatellites. Light
shading on the map represents the geographic distribution of tsetse in Uganda. Sampling localities are illustrated as site abbreviations. Letters in the large circles
next to the sites show assignments to genetic groups. Sites with northern mtDNA (N), southern mtDNA (S), or both are distinguished by hatching within the large
circles. Microsatellite genetic groups are abbreviated (n, north; s, south; and w, west) and positioned as shown in the legend. The inset map shows the location

of Uganda within continental Africa.

some infections (51). Tsetse morphological studies suggest that
the presence of Wolbachia, when coupled with SGHV infection,
may have a synergistic effect causing degradation of the salivary
glands (36, 41). In Drosophila, infections with some Wolbachia
strains confer a general antiviral effect (25, 49). Similarly, transin-
fection of Wolbachia in mosquitoes prevents infection by dengue
virus as well as by eukaryotic pathogens, including Plasmodium
(45), and filarial nematodes (34). Although the presence of Soda-
lis, Wolbachia, and SGHYV virus infections has been reported in
natural tsetse populations, information on coinfections and their
effect on parasite transmission is lacking.

Glossina fuscipes fuscipes is an ideal candidate to investigate the
potential interactions between host genotypes and pathogens be-
cause of the unexpected partitioning of genetic diversity uncov-
ered in Uganda (5, 9). Maternally inherited mitochondrial DNA
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(mtDNA) markers identified two geographically distinct haplo-
groups (sets of genetically related haplotypes), one to the north
and a second to the south of Lake Kyoga (5). The results of a
nuclear DNA survey (microsatellite loci) are only partly congru-
ent with the mtDNA findings, as it also identified a third, western
group (Fig. 1) (9). Around Lake Kyoga, mixed populations, with
individuals belonging to either mtDNA haplogroup, can be
found. This suggests that channels of dispersal through a suitable
habitat are likely to exist or have existed in this area, although it is
unclear how distinct genetic boundaries persist. A possible expla-
nation is the occurrence of Wolbachia-induced CI, which drives
patterns of mtDNA variation regardless of the nuclear DNA back-
ground. Furthermore, sleeping sickness epidemics have been his-
torically associated with limited foci throughout sub-Saharan Af-
rica, including regions of Uganda. The nature of the ecological and
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TABLE 1 List of collection sites, abbreviations for each site, and
geographic coordinates?

Site code Collection site Longitude Latitude
AR Arua 31.140 3.270
BK Pallisa 33.875 1.020
BN Bunghazi 33.977 0.934
BU Busime 33.971 0.251
BV Buvuma 33.300 0.310
DK Dokolo 33.160 1.908
JN Junda 32.737 1.331
KB Kabunkanga 30.550 0.980
KF Kafu bridge 32.042 1.542
KK Kakoga 30.280 0.370
KL Kalengera 32.767 0.167
KR Karuma bridge 32.239 2.243
MS Masindi 31.685 1.625
MY Moyo 31.650 3.600
NA Nkumba 32.530 0.060
oS Osuguro 33.497 1.525
PT Puti-Puti 33.797 1.151
SS Ssese 32.188 -0.317

“ Latitude and longitude are given in decimal degrees.

genetic determinants that shape such foci has been of interest yet
remains largely unknown. It is possible that the foci may be shaped
by environmental factors, such as the availability of hosts and
reservoirs, or various tsetse host genetic factors, such as antipara-
site immune responses. It is also possible, however, that the di-
verse resident microbial fauna associated with the different tsetse
host populations may be influencing trypanosome transmission
dynamics.

In this paper, we investigated multiple tsetse populations that
span the range of host genetic and spatial diversity in Uganda to
describe the prevalence of tsetse pathogens (Wolbachia, SGHV,
and trypanosomes) and symbionts (Sodalis) and to understand
the coinfection dynamics operating on G. fuscipes fuscipes popu-
lations. We then exploited different G. fuscipes fuscipes genetic
backgrounds to understand if host genetic makeup impacted in-
teractions among the pathogens. Specifically, we looked at mito-
chondrial DNA to examine vertically transmitted infections and
nuclear DNA markers (microsatellites) to assess whether neutral
processes shape host genetic structure and impact parasite preva-
lence. Finally, we focused on coinfection dynamics using a multi-
variate statistical approach to determine if interactions between
pathogens enhance or diminish the capacity of infection when
other pathogens are present. We discuss our results relative to
other single-pathogen studies and in the context of Wolbachia-
based vector control.

MATERIALS AND METHODS

Sampling and DNA extractions. Glossina fuscipes fuscipes flies were
trapped in Uganda over a 5-year period (2005 to 2010). Biconical tsetse
traps were placed in a 1- to 5-km radius around the riverine and lacustrine
habitat favored by G. fuscipes fuscipes (12). Tsetse were collected at 18 sites
that comprised the genetic variation recovered from both nuclear and
mitochondrial DNA (5, 9, 16). Table 1 lists collection sites, their abbrevi-
ations, and their geographic coordinates. Individual flies were preserved
in 100% ethanol. For each individual, total genomic DNA (gDNA) was
prepared from whole flies (legs, wings, and heads removed) using the
DNeasy blood and tissue kit (Qiagen). Data for symbionts and pathogens
were collected from 510 individuals. As a positive DNA control, we am-
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plified a 365-bp fragment of the Wigglesworthia thiC gene (thiamine bio-
synthesis factor) (51) since all natural populations of G. fuscipes fuscipes
carry the obligate mutualist. All samples screened in this study were
Wigglesworthia positive.

Wolbachia detection. Initially, the heat shock protein 60 (Hsp60)
gene (groEL) was PCR amplified using the published primers (WgroForl
and WgroRevI) and conditions (11). The amplification intensity was
found to be very low. To obtain sufficient PCR amplification, gel slices in
the expected 795-bp region were excised and DNA was purified using the
Qiagen gel purification kit and eluted in 30 pl of the template. We carried
out a second sequential PCR with 1 pl of undiluted and 1 or 2 pl of 1:10
diluted template DNA to find the optimal amplification conditions for the
different samples. For 20 individuals, the eventual product was gel puri-
fied and cloned into the pGEM-T vector plasmid (Promega Corporation)
and a minimum of 3 clones was sequenced for each PCR product (Yale
DNA Analysis Facility on Science Hill [DAFSH]). We employed BLAST
using the NCBI GenBank database to verify PCR product identity. To
improve our diagnostics, a new Wolbachia-specific forward primer
[GffWgro(F), 5'-TTTGATCGC GGTTATC-3'] was designed from the
conserved region based on the verified sequence using PrimerSelect (ver-
sion 1.8.4) (7). The new forward primer was used with WgroRevI under
the following conditions: 40 cycles of 94°C for 1 min, 47°C for 1 min, and
72°C for 1 min, with a final extension at 72°C for 10 min. This generated a
shorter 410-bp fragment. The shorter fragment was validated as Wolba-
chia groEL by cloning and sequencing analysis. Using the newly developed
primer pair, all DNA samples were screened by two independent PCRs
using the sequential PCR procedure described. A sample was scored pos-
itive when both independent PCRs generated the expected 410-bp frag-
ment.

To verify the low Wolbachia density, a subset of the G. fuscipes fuscipes
samples that were identified as positive (n = 12) and negative (n = 4) was
screened by quantitative PCR (qPCR). Wolbachia density was quantified
by qPCR using the groEL-specific primers F (5'CAGAGGATATCGAAG
GTGAA 3") and R (5" CCTGGAGCTTTTACTGCGG 3') for 40 cycles at
60°C and normalized to the host B-tubulin gene (F, 5" CCATTCCCACG
TCTTCACTT 3', and R, 5" GACCATGACGTGGATCACAG 3') for 40
cycles at 60°C on the iCycler iQ real-time PCR detection system (Bio-Rad,
Hercules, CA). Negative controls were included in all amplification reac-
tion mixtures, and Wolbachia-infected G. morsitans morsitans gDNA
served as the positive control. Relative densities are presented as means.
Statistical significance was determined using a one-way analysis of vari-
ance (ANOVA).

Sodalis infection prevalence. We amplified a 650-bp fragment of the
Sodalis glossinidius hemolysin gene using a published protocol (51). Like
the Wolbachia screens described above, sequential PCRs with products
from the first round were performed to rule out possible low-density
infections.

SGHV and trypanosome detection. The presence of SGHV and
Trypanosoma infections was detected using PCR amplification assays. For
SGHYV, we used the published primers and conditions of Abd-Alla et al.
(2) to amplify a 401-bp fragment of the SGHV-2 gene. For trypanosome
detection, we amplified a 621-bp fragment of the a-tubulin gene using the
general primers Trypalphatub(F) (5'-CTC GAC ACA CTC ACT TCT
GGA G-3") and Trypalphatub(R) (5'-CGA ATT TGT GGT CAA TAC
GAG-3") and the following cycling conditions: 40 cycles of 94°C for 1 min,
55°C for 30 s, and 72°C for 30 s, with a final extension at 72°C for 5 min. To
serve as a control for trypanosome infection prevalence data obtained
from whole-fly DNA, we provided 12 newly emerged G. morsitans morsi-
tans flies a blood meal supplemented with 10> trypanosomes/ml. We ex-
tracted gDNA from flies that had taken a blood meal 48 h postinfection by
using the same DNA extraction methodology applied to field G. fuscipes
fuscipes flies. We then performed PCR amplification using the same con-
ditions as described above for the presence of trypanosomes. We could
detect parasite DNA in only about 50% of the flies, which is also the
infection prevalence we observed with this colony of flies. Thus, we de-
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duce that the trypanosome-positive samples we noted from field flies re-
flect true infections rather than residual parasite DNA or infections that
will be subsequently cleared.

Statistical analyses. In order to investigate spatial pathogens and sym-
biont prevalence patterns, we used host groups genetically defined at dif-
ferent spatial scales. We then used simple logistic regression to look at
differences in prevalence across groups. To evaluate the interactions
among pathogens, we used multiple logistic regressions and multiple cor-
respondence analysis (MCA). To explore the effect of geographic dis-
tances on pathogen prevalence differences between populations, we used
the Mantel test (40).

In order to examine spatial patterns, groups were defined at different
scales. At the broad scale, tsetse flies were grouped based on previous work
(5, 9). Nuclear markers assigned G. fuscipes fuscipes populations to three
geographically separate groups (north, south, and west), while mtDNA
data defined two main groups (north and south) (Fig. 1). Most popula-
tions have individuals that are assigned to just one mtDNA haplogroup (a
group of related haplotypes), but in five populations (BN, JN, KF, KR, and
MS), individuals from the northern and southern haplogroups cooccur in
the same population. At the fine scale, populations were compared based
on sampling sites (Fig. 1). We also compared sexes across all samples
(within genetic groups and within populations). For these analyses, we
used a reduced data set, as only 477 individuals could be sexed (230 female
and 247 males). The MY population was excluded from this analysis, as
many individuals were not sexed.

Simple binomial regressions were used to test whether predefined host
groups predict pathogen prevalence. In these analyses, each pathogen is
used as the dependent variable and spatial categories are the independent
variables. Significance was determined via z-scores but was not computed
for comparisons involving populations with a prevalence of either 0% or
100%, as logistic regression resulted in meaningless confidence intervals,
thus affecting z-scores and P values.

To test whether there are interactions among pathogens, we used mul-
tiple logistic regression for two- and three-pathogen comparisons. Like
described above, we tested for differences between host groups for a given
pathogen, but in multiple logistic regression analyses, we considered one
or two other pathogens as independent variables. We explored all differ-
ent possible combinations (see Table S3 in the supplemental material).

Differences in infection and coinfection patterns among groups were
evaluated via the contrast procedure implemented in the “Design” pack-
age in the R environment (24). Significance was determined based on P
values obtained from the z distribution. Additionally, to correct for mul-
tiple comparisons, we implemented a logically constrained multiplicity
adjustment of P values as described in reference 60. This multiplicity
adjustment incorporates dependence structures and logical constraints,
thereby achieving greater power than simple step-down methods, such as
that in reference 26. When comparisons involved populations, the “free-
combination” (i.e., unconstrained) procedure (61) was used. These cor-
rection methods were implemented in the “multcomp” package (27) in R.
Due to colinearity between infections (i.e., perfect or near-perfect corre-
lation) within several populations, we used multiple correspondence
analysis (MCA), as implemented in the R package “ca” (22), to determine
whether Wolbachia, SGHV, and trypanosome infections cooccurred in
any possible combination within any population. MCA is a generalization
of principal components analysis (PCA) for categorical instead of quan-
titative data. We performed MCA using the R package ca (22). Presence/
absence infection data and population membership of individual flies
were used in the analysis and plotted onto the first two MCA axes that
explain most of the variation. Microsatellites, mtDNA, and sex were used
as supplementary variables, meaning that they were not included in the
analysis but were plotted postanalysis onto the MCA space defined by
populations and infections in order to aid in data interpretation. To ac-
count for overrepresentation of variables, the Greenacre method (21) was
used to calculate corrected eigenvalues and percentages of explained in-
ertia (variance).
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FIG 2 Comparison of Wolbachia density in G. fuscipes fuscipes (Gft) with that
in a laboratory strain of G. morsitans morsitans (Gmm). Wolbachia densities
from female Wolbachia-positive G. fuscipes fuscipes flies (GFFV°'™) (n = 12),

Wolbachia-negative G. fuscipes fuscipes flies (GFf¥°!™) (n = 4), and Wolbachia-
positive G. morsitans morsitans flies (Gmm"“°' ™) (n = 4) were measured by
qPCR and normalized by tsetse B-tubulin (n = 4).*, P < 0.05; ***, P < 0.0001.

We tested the effect of geographic distance on Wolbachia in the con-
text of the other two pathogens by using Mantel tests (40), as implemented
in the “adegenet” package (32) in R. Coinfection distance values between
populations were obtained from the MCA scores. Microsatellite data (9)
were used to calculate genetic distances between populations (47). Geo-
graphic distances were calculated from the site coordinates listed in Table
1. Since Wolbachia-induced CI is expected to result in a negative correla-
tion with geographic distance, we tested for a correlation between geo-
graphic distance and the pathogens, including and excluding Wolbachia.

RESULTS

Infection prevalence and coinfection dynamics. Wigglesworthia-
specific DNA fragment amplification was used to rule out poten-
tial DNA extraction problems since all natural populations of tse-
tse carry Wigglesworthia (data not shown). While all flies had
Wigglesworthia infections as expected, none of the 222 flies
screened in our study carried Sodalis despite using sequential
PCRs to detect low-density infections (data not shown). This was
similar to another study performed on G. fuscipes fuscipes popu-
lations in Kenya where no Sodalis infections were detected (39).

The Wolbachia density in natural G. fuscipes fuscipes popula-
tions was unusually low and required an assay in which two se-
quential amplifications were performed for detection. Based on
qPCR, the Wolbachia density in G. fuscipes fuscipes-infected indi-
viduals was found to be at least 20-fold lower than that in females
from a laboratory line of G. morsitans morsitans (Fig. 2). Further-
more, flies shown to be negative by PCR amplification had no
detectable levels of Wolbachia by a qPCR assay.

To confirm that the parasite infection assay we performed on
DNA extracted from whole flies reflects true trypanosome infections
as opposed to those newly acquired in the last blood meal, we per-
formed an experiment where we provided an infectious blood meal
to laboratory flies, extracted the DNA from whole bodies, and ampli-
fied the DNA for parasites. We could detect trypanosomes in only
50% of the flies, which is similar to the level of mature parasite infec-
tions we typically obtain when we provide a trypanosome blood meal
to newly emerged laboratory flies (see Fig. S1 in the supplemental
material) (23). Hence, the PCR-positive flies likely represent those
that would have given rise to mature midgut infections. In fact, the
levels of parasitemia in the infected mammalian hosts that flies typi-
cally feed on are likely to be significantly less than the level of 10°
parasites/ml that we provided in the laboratory. Furthermore, the
majority of flies that are trapped in the field have little residual blood
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FIG 3 Prevalence of Wolbachia, SGHV, and Trypanosoma within G. fuscipes
fuscipes populations. Populations, on the x axis, are arranged in ascending
order of Wolbachia prevalence within the groups defined by microsatellites (n,
north; s, south; w, west) (9). Above 30% prevalence (dotted line), Wolbachia
prevalence is higher than that of both SGHV and Trypanosoma.

meal in their midgut, unlike those we analyzed in the laboratory 48 h
after the infected blood meal. Hence, although we did not perform
midgut infections in the field, our prevalence data based on a whole-
fly DNA amplification assay likely reflect true trypanosome infections
in the field.

Prevalence of Wolbachia, SGHV, and trypanosomes was heter-
ogeneous throughout the landscape (see Table S1a, b, and c in the
supplemental material). Across Uganda, Wolbachia prevalence
was 44.3%, while SGHV and trypanosome prevalences were 12%
and 18%, respectively. Wolbachia prevalence in different popula-
tions ranged from uninfected to near fixation, whereas the preva-
lences for SGHV and trypanosomes ranged from 0% to 47% and
from 0% to 40%, respectively.

In general, Wolbachia prevalence in different populations was
higher than the corresponding prevalence of either SGHV or try-
panosomes. However, across the 18 populations in our study,
when Wolbachia infection prevalence was below 30%, SGHV
and/or trypanosome infections tended to be at the same level or
higher than that noted for Wolbachia (Fig. 3). Prevalences of
Wolbachia and SGHV were more negatively correlated (r =
—0.408, P = 0.046) than the prevalences of Wolbachia and try-
panosomes (r = —0.176, P = 0.242), while prevalences of SGHV
and trypanosomes were positively correlated (r = 0.257, P =
0.152). These results suggest that Wolbachia, on one hand, and
SGHYV and trypanosomes, on the other hand, have a negative im-
pact on each other.

Single infections were more frequent than coinfections, with
only 1% of flies harboring all three pathogens and 40% lacking all
three pathogens. In contrast, 33%, 6%, and 8% of flies were singly
infected with Wolbachia, SGHV, and trypanosomes, respectively.
In terms of coinfections, 8% of flies were infected with Wolbachia
and trypanosomes, 3% with Wolbachia and SGHV, and 2% with
SGHYV and trypanosomes. Among the pathogens, Wolbachia is the
most common of the three, and its presence correlates most often
with the presence of trypanosomes.

Prevalence patterns of individual pathogens in relation to
host groups. Simple binomial logistic regression independently
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tested the effects of genetic groups, populations, and sex on the
occurrence of one of the three infections. The contrast technique
determined the statistical significance of individual infection dif-
ferences between the 18 host populations, the three microsatellite
groups, the two mtDNA groups, and the sexes (see Table S2a in the
supplemental material). The following populations (white circles
in Fig. 4) were excluded from comparisons due to uninformative
confidence intervals: KR and KL (Wolbachia), BU, KL, KB, and
MS (SGHV), and BV and KL (trypanosomes).

Wolbachia prevalence did not differ significantly between the
mtDNA haplogroups. However, the host microsatellite groups
showed large differences in prevalence of Wolbachia (south, 55%;
north, 42%; west, 26%) (Table 2). The infection probabilities in
these groups were significantly different (north-south, z = —2.49,
P = 0.013; north-west, z = 2.73, P = 0.006; south-west, z = 4.63,
P = 0.000) (see Table S2a in the supplemental material). At the
population level, SS (87% prevalence) had a significantly higher
infection probability than any other population (see Table S2a in
the supplemental material). DK (64% prevalence) and KB (50%
prevalence), despite being in lower-prevalence regions (north and
west, respectively), had a significantly higher infection probability
than some southern populations, namely, BU (29%) and NA
(8%) (DK-BU, z = 2.68, P = 0.007; DK-NA, z = 4.32, P = 0.000;
KB-NA, z = 3.46, P = 0.001). Males and females did not signifi-
cantly differ for Wolbachia infections, whether compared across
Uganda or within microsatellite and mtDNA groups.

The lack of a difference in Wolbachia prevalence between the
mtDNA haplogroups suggests that unidirectional CI is not re-
sponsible for maintaining the genetic division identified between
the mtDNA haplogroups (Fig. 1) because Wolbachia is not absent
from one of the two haplogroups. The significant differences in
Wolbachia prevalence between the microsatellite groups and the
high variation among populations within these groups suggest
that the spread of the pathogen is dependent on the dispersal
ability of the vector.

SGHYV prevalence differed significantly (z = 2.28, P = 0.022)
(see Table S2a in the supplemental material) between the north
(15%) and south (8%) mtDNA haplogroups, but it did not differ
based on microsatellite groups. At the population level, KF was the
only population with a significantly higher infection probability
(higher than eight other populations) (see Table S2a in the sup-
plemental material). While in the population with the highest
SGHYV infection rate (KF [west microsatellite group]), most of the
infected individuals were females, in the south, SGHV prevalence
was highest in males (z = 2.25, P = 0.024) (see Table S2a in the
supplemental material).

The significant difference we observed in SGHV prevalence
between the mtDNA haplogroups and the lack of an association
with microsatellite groups is not surprising, as it reflects vertical
transmission coupled with reduced female dispersal (9). Given
that SGHV can affect tsetse reproduction, the biological signifi-
cance of these associations between virus prevalence and host ge-
netic makeup deserves further investigation. Furthermore, given
that viral density can influence both the pathogenesis and fecun-
dity outcomes (3), future studies measuring viral densities from
different populations are important.

Trypanosome prevalences were not significantly different be-
tween either mtDNA or microsatellite groups. At the population
level, all significant differences in infection probability were found
in pairwise comparisons of populations with higher prevalence
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FIG 4 Mean infection probabilities (circles) within G. fuscipes fuscipes populations and groups for Wolbachia (1), SGHV (2), and Trypanosoma (3), as determined
by simple binomial logistic regression. Each panel shows infection probabilities within each population (abbreviations are as in Table 1) (A) as well as within
groups defined by microsatellites (n, north; s, south; w, west) (9) (B) and mtDNA (N, north; S, south) (5) (C). Black circles are shown with 95% confidence
intervals, while white circles represent populations that have only infected or uninfected individuals and thus do not have associated Cls.

than BK (9%) or lower prevalence than OS (40%) (see Table S2a
in the supplemental material). The only other significant differ-
ence in infection probability was observed between males and fe-
males in the southern microsatellite group (higher in males; z =
2.39, P =0.017).

Pathogen coinfection patterns in relation to host groups.
Multiple binomial logistic regression analyses independently
tested the effect of populations and genetic groups (nuclear and
mitochondrial) on an infection in the context of a second infec-
tion in two-pathogen comparisons. Multiple regressions also
tested, independently, the effect of nuclear and mitochondrial
groups on an infection in the context of the other two infections in
three-pathogen comparisons.

In two-pathogen comparisons, the influence of Wolbachia was
such that differences in prevalence between host groups of either
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SGHYV or trypanosomes were significant only when uninfected
with Wolbachia. SGHV prevalence was higher in the north than in
the south mtDNA group (P = 0.019), and trypanosome preva-
lence was higher in three out of five mixed populations in the
region around Lake Kyoga (BN, JN, and KF) (see Table S2b in the
supplemental material). When uninfected with SGHV, we found
that the prevalence differences in Wolbachia, identified by simple
logistic regressions (see Table S2a in the supplemental material),
persisted between the microsatellite groups and populations.
When infected with SGHV, however, the only significant differ-
ence was found in trypanosome prevalence between the south and
north microsatellite groups (z = 2.17, P = 0,030) (see Table S2b in
the supplemental material). When uninfected with trypanosomes,
Wolbachia prevalence differences found using simple logistic re-
gression (see Table S2a in the supplemental material) persisted.
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TABLE 2 Female and male infection prevalence by geographic region

% infected with?:

Population group” Sample
and sex size (1) Wolbachia SGHV Trypanosoma
n
Female 86 38.4 11.6 16.3
Male 89 40.4 16.9 14.6
Total 196 42.3 12.8 13.8
s
Female 95 51.6 4.2 14.7
Male 107 55.1 14 29
Total 214 54.7 8.9 21
w
Female 49 28.6 20.4 16.3
Male 51 23.5 11.8 23.5
Total 100 26 16 20

“n, northern population group; s, southern population group; w, western population
group. As determined by microsatellite data. Seven populations constitute the north,
while six and five populations make up the south and west, respectively.

¥ Infection status was determined by PCR of Wolbachia groEL, salivary gland
hypertrophic virus SGHV-2, and trypanosome a-tubulin genes.

For SGHYV, significant differences were found between microsat-
ellite groups (west-south, z = 2.1, P = 0.035; north-south, z =
1.98, P = 0.048) (see Table S2b in the supplemental material). At
the population level, the significantly higher SGHV prevalence in
KF persisted. When infected with trypanosomes, however, the
only significant differences were found with respect to Wolbachia
prevalence (BK-OS, z = 1.98, P = 0.048; SS-JN, z = 2.17, P =
0.030; SS-0OS, z = 2.84, P = 0.005) (see Table S2b in the supple-
mental material).

In three-pathogen comparisons, when uninfected with both
SGHV and trypanosomes (see Table S2b in the supplemental ma-
terial, SGHV— and Tryp—), Wolbachia prevalence was signifi-
cantly different between microsatellite host groups (north-south,
z = —2.01, P = 0.045; north-west, z = 2.57, P = 0.010; south-
west, z = 4.04, P = 0.000). When infected with Wolbachia but
uninfected with trypanosomes (see Table S2a in the supplemental
material, Wol+ and Tryp—), SGHV infection prevalence was
higher in the northern than the southern mtDNA haplogroup
(z=2.16, P = 0.031).

We used MCA to simultaneously investigate cooccurrence pat-
terns of the three pathogens at the population level, with micro-
satellite and mtDNA host groups and host sex plotted post hoc to
facilitate the interpretation of similarities or dissimilarities be-
tween populations (Fig. 5). The two axes of MCA represent 63% of
the total variation (proportions of explained inertia, 7, = 46.9%
and 7, = 16.1%). Infection status (presence or absence) (Fig. 5) of
Wolbachia varied along the first axis, trypanosomes varied along
the second, and SGHYV differed along both axes. Given the vari-
ance explained by each axis (46.9% versus 16.1%), we can infer
that a majority of the differences between populations can be at-
tributed to differences in Wolbachia prevalence rather than differ-
ences in SGHYV or trypanosomes. MCA showed a strong associa-
tion between the absence of SGHV and the absence of
trypanosome infections across populations. Although there is an
association between SGHV and trypanosome infections, this is
mostly driven by two populations (KF and OS) (Fig. 5). MCA
revealed exceptions to coinfection patterns found in microsatel-
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lite- and mtDNA-defined regions. For instance, BK and DK
(north) and KB (west) were more associated with the presence of
Wolbachia infection than with its absence, a pattern which was not
generally true of the northern or the western microsatellite popu-
lation groups. The opposite was true for BU (south), which was an
exception to the rest of the southern microsatellite group, inas-
much as it was associated with the absence rather than the pres-
ence of Wolbachia infection. In concordance with the general pat-
tern of the southern microsatellite group, the two southern
populations JN and SS were associated with the presence of
Wolbachia infection, but they also had a higher probability of
SGHYV and trypanosome infection than did the other populations
in the southern microsatellite group.

The Mantel test between coinfection dissimilarity and genetic
distance was not significant (r = —0.111). However, the Mantel
test between coinfection and geographic distance revealed a sig-
nificant negative correlation (Pearson’s correlation coefficient;
r = —0.261; o = 0.01). When Wolbachia data were excluded,
geography and coinfection were not significantly negatively cor-
related (r = —0.125). Thus, geographically proximate popula-
tions are more dissimilar in coinfections than are distant popula-
tions. The fact that the exclusion of Wolbachia influences the
negative correlation between coinfection dissimilarity and geo-
graphic distance indicates that no spatial heterogeneity between
close populations exists without Wolbachia.

DISCUSSION

Here we examined interactions between three distinct mi-
crobes (a DNA virus, a parasitic bacterium, and a protozoan
parasite) in the context of the tsetse host mitochondrial and
nuclear genetic background in natural populations in Uganda.
Although earlier studies had reported heterogeneity in the
prevalence of individual microbes in tsetse populations, our
study demonstrates that coinfections play a synergistic role in
generating microbial community heterogeneity. Our results of
multivariate comparisons reveal patterns of association be-
tween either hosts or pathogens that were not obvious in uni-
variate comparisons, as only a few of the patterns observed in
simple logistic regression hold in multipathogen comparisons.
This suggests that there are complex interactions among the
pathogens, highlighting the importance of using a multivariate
approach. These interactions are particularly evident for
Wolbachia and SGHV, both vertically transmitted to tsetse
progeny. For instance, host groups are inversely correlated for
Wolbachia and SGHV prevalence. On the other hand, trypano-
some infection prevalence is more complex and covaries with
the presence of the other two pathogens, highlighting the im-
portance of examining multiple pathogens simultaneously be-
fore making generalizations about infection and spatial pat-
terns.

This is particularly relevant when looking at pathogens that
may be used for vector control. For instance, the negative corre-
lation between Wolbachia and SGHV implies that if Wolbachia is
used for vector control, SGHYV infection prevalence must be con-
sidered in regions targeted for control. Additionally, when multi-
ple pathogens are considered, the differences between host (vec-
tor) genetic groups enable us to identify regions where control
efforts would be more successful. For example, regions that have
low SGHYV infection prevalence, such as the southern microsatel-
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and proportions of explained inertia (1, = 46.9% and 7, = 16.1%) have been corrected using the Greenacre (21) method. Populations (abbreviations from Table
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Triangles represent supplementary elements (microsatellite, mtDNA, and sex, plotted post hoc), while infections and populations are denoted with squares and

circles, respectively.

lite group in Uganda, are better suited for Wolbachia-based con-
trol methods.

Patterns of variation in individual microfauna infections.
Our results show high levels of spatial heterogeneity in Wolbachia
and SGHV prevalence among populations. Similar geographic in-
fluences on Wolbachia prevalence have been reported for other
Glossina species, although over a much broader spatial scale. In
Glossina austeni populations collected in the same year from Ke-
nya and South Africa, Wolbachia prevalence ranged from 48% to
98%), respectively (13). Likewise, variation in the number of symp-
tomatic flies with SGHV has been observed by location and even
trap site in other Glossina species, such as G. morsitans morsitans
and G. pallidipes from Kenya (48). Given that both Wolbachia and
SGHYV are vertically transmitted, it is possible that imperfect ma-
ternal transmission from mother to progeny may result in the
uninfected populations observed.

Trypanosome infection prevalence is also not uniform among
Ugandan G. fuscipes fuscipes populations and varied from 0% to
40% (see Table S1a, b, and c in the supplemental material). Given
that tsetse acquire trypanosome infections as adults through feed-
ing on infected vertebrate hosts, the observed heterogeneity in
trypanosome prevalence may arise from spatial differences in the
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availability of trypanosome-infected vertebrate hosts and/or res-
ervoirs and seasonal migrations (43) or livestock movements
across Africa (55). The higher trypanosome prevalence in south-
ern Uganda may be due to the greater availability of domestic
animals in this region that has many cattle ranches (15). However,
in addition to cattle, many other vertebrate hosts, including pigs
and various wild game, can serve as reservoirs for trypanosomes.
Alternatively, the higher trypanosome prevalence in the south
may be due to host genetic differences, microfauna influences on
host vector competence, or coinfection outcomes. In this study,
we have not analyzed the status of trypanosome infections
(midgut versus salivary glands) or the species of parasites with
which flies are infected, but these factors are being investigated in
our ongoing work. We chose not to investigate the trypanosome
species, as they are unlikely to be statistically significant in our
analysis given the relatively low overall parasite infection preva-
lence we observed in the field.

Apart from heterogeneity in infection, we also report high in-
fection rates for SGHV and trypanosomes. The prevalence of
SGHYV in G. fuscipes fuscipes (12%) is much higher than the 0.1 to
7% reported in the natural populations of other Glossina species in
which this virus has been detected (48). This difference may be
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due to the reliance on visual detection methods for the salivary
gland hypertrophy (SGH) trait in dissected flies rather than the
PCR assay we used in this study. The 18% overall trypanosome
prevalence we report here is similar to that detected in G. pallidipes
from Zambia (11%) (43), for which a DNA amplification-based
assay was also used.

Patterns of pathogen prevalence relative to host genetics. (i)
SGHYV. Our data suggest that SGHV presence is significantly as-
sociated with the north mtDNA haplogroup (see Table S2a in the
supplemental material). We also found a significant association
between SGHV and fly sex, but only in the southern microsatellite
group, in which SGHV presence is significantly higher in males
than in females (Table 2). A male bias has been shown in several
other insects, such as the house fly Musca domestica, in which
infection is up to 2-fold higher in males than in females (19). The
biological significance of these associations between virus preva-
lence and host genetic makeup is unclear and deserves further
investigation, as it suggests that genetic variation in the hosts can
modulate the prevalence rate of this viral infection, a hypothesis
that can be experimentally tested.

(ii) Trypanosomes. Similar to the SGHV virus, trypanosome
prevalence is higher in males than in females and is also dependent
on the host genetic background, but this pattern holds only in the
southern host microsatellite group (see Table S2a in the supple-
mental material). The higher prevalence rates in males may be due
to variations in life history traits between the sexes. Interestingly, a
different result has been reported in G. pallidipes populations
from Gabon, where prevalence rates were 2.6-fold higher in fe-
males than in males (35). However, a sample bias in the study
(significantly more females than males were analyzed) may render
a comparison with that study difficult. Although different life his-
tory traits between males and females may explain some of our
results, it is hard to understand why the significant sex differences
in trypanosome prevalence rates we report in this study are evi-
dent in only one of the host genetic groups. One explanation is
that the two genetic host groups differ in traits that affect the
capacity of the different sexes to respond to the parasite infection,
a hypothesis that can be experimentally tested.

Coinfections and host background. The multivariate analyses
illustrate that prevalence differences between host groups are
influenced by infection with either two or three pathogens. Signif-
icant differences between host genetic groups in Wolbachia prev-
alence persist only when the host is uninfected with one (two-
pathogen comparisons) or both (three-pathogen comparisons) of
the other pathogens. Significant differences between host genetic
groups in SGHV persist only when uninfected with Wolbachia.
While trypanosomes do not have significant differences between
host genetic groups regardless of the presence or absence of infec-
tion by other pathogens, trypanosome prevalence is positively
correlated with SGHYV infection (r = 0.257) and negatively corre-
lated with Wolbachia infection (r = —0.176). Wolbachia is signif-
icantly negatively correlated with SGHV (r = —0.408). This im-
plies that infection by Wolbachia may prevent infection by the
other two pathogens. Wolbachia infections introduced into novel
vectors have been shown to induce host resistance to malaria par-
asites, dengue virus, Brugia filarial nematodes, and RNA viruses
(reviewed in reference 59). Such host manipulations can be mu-
tually beneficial, as they enhance Wolbachia presence by prevent-
ing the establishment of other competitors and, as a result, lead to
increased host fitness. Wolbachia-mediated pathogen resistance in
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insects has been found to result from induction of a variety of host
immune responses, including the major antimicrobial signaling
pathways and the complement system (34). In addition to en-
hancing host immunity, Wolbachia presence has been shown to
downregulate host metabolic and/or redox transcripts. One group
of candidate molecules includes the heat shock proteins (HSP),
which have been suggested to diminish vector competence in
Anopheles gambiae (38). Downregulation of HSP transcripts by
two Wolbachia strains, wRi (a Wolbachia pipientis strain) and
wAIbB (an Aedes albopictus-infecting Wolbachia strain), has been
demonstrated (29). In such a scenario, Wolbachia-induced down-
regulation of tsetse HSP may decrease trypanosome infection and
act synergistically in preventing SGHV infections.

Some of these same mechanisms, including antimicrobial ac-
tivities, have also been shown to reduce tsetse’s trypanosome
transmission ability (23, 57). However, we found Wolbachia and
trypanosome coinfection rates (8%) to be higher than those for
any other coinfection. But we found a nonsignificant negative
correlation between trypanosome and Wolbachia infection prev-
alence which may indicate a complex interaction between the
host, Wolbachia, and trypanosome transmission ability.

Wolbachia infection and CI in G. fuscipes fuscipes. Our re-
sults show the presence of Wolbachia infections in G. fuscipes fus-
cipes (see Table Sla, b, and c in the supplemental material), albeit
at an unusually low density (Fig. 2). This can explain why our
earlier investigations that relied on single PCR amplification
methods could not identify these infections from G. fuscipes fusci-
pes populations (54). This result echoes some recent studies re-
porting low-density Wolbachia infections in other insects (the Eu-
ropean cherry fruit fly, Rhagoletis cerasi [8], and Drosophila
paulistorum [44]). Higher densities of Wolbachia have been re-
ported in several other Glossina species, including G. morsitans
morsitans (13). However, such high densities and expanded tissue
tropisms have recently been shown to be an artifact of chromo-
somal insertions of the wsp gene used in the screens (54).

Wolbachia density may be important for determining CI oc-
currence (30). Cl expression has been documented in G. morsitans
morsitans laboratory cultures, but in these cultures, Wolbachia
infection densities are higher than they are in G. fuscipes fuscipes
(Fig. 2). It remains to be seen if the low Wolbachia densities we
observed in G. fuscipes fuscipes can induce CI expression. Wolba-
chia infections in G. fuscipes fuscipes, if they confer CI, can prevent
mixing of mtDNA lineages, resulting in an unexpected genetic
divide similar to what we observe in mtDNA haplotypes of G.
fuscipes fuscipes populations in southern and northern Uganda (5,
9). We initially expected to detect Wolbachia infections limited to
one or the other mtDNA haplogroup. However, our results indi-
cate Wolbachia presence throughout the landscape and no signif-
icant differences between the two mtDNA haplogroups (Fig. 3).
Bidirectional CI, however, may maintain genetic differences in G.
fuscipes fuscipes mtDNA haplogroups if each haplogroup is in-
fected with multiple and different strains of Wolbachia (superin-
fected). Such superinfections have been noted in other arthropods
(28). Our preliminary studies using the groEL gene sequence sug-
gest the presence of multiple genotypes, and thus, superinfections
are possible and are being further examined in these populations
(data not shown). The Wolbachia prevalence assay we used here,
however, does not allow us to identify the presence of different
strains in the different populations screened. Alternatively,
Wolbachia infections in G. fuscipes fuscipes may be commensalistic
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or mutualistic in their association. Laboratory studies in Drosoph-
ila and under in vitro culture conditions have shown that Wolba-
chia strains tend to modify their relationship with the host from a
pathogenic to a commensalistic and/or mutualistic one over 2
years (about 50 generations) (42, 58), suggesting that mutualism
may arise relatively fast.

Although mtDNA data do not support the existence of Clin G.
fuscipes fuscipes populations (Fig. 4), unidirectional CI may still be
responsible for the observed pattern of spatial heterogeneity in
prevalence, as suggested by the Mantel test results. This test iden-
tified a negative correlation between geographic distance and
coinfection dissimilarities (r = —0.261) that disappeared when
Wolbachia was excluded from the test. In our G. fuscipes fuscipes
data, populations only 15 km apart differed significantly in
Wolbachia prevalence (see Table Sla in the supplemental mate-
rial) (BN, 7%; BK, 54%). In unidirectional CI, infected females are
expected to have higher reproductive success than uninfected fe-
males because they can mate with both infected and uninfected
males without a reduction in fertility (53). Wolbachia can then
spread among populations through female dispersal. However,
when dispersal is male biased, spatial heterogeneity in Wolbachia
prevalence among populations may result. In infected popula-
tions, immigrating males do not negatively impact female repro-
ductive success. Thus, Wolbachia prevalence will continue to in-
crease. However, even if infected males disperse out of infected
populations, Wolbachia does not spread among populations be-
cause Wolbachia is maternally transmitted. As a result, neighbor-
ing populations can vary in Wolbachia prevalence. Male-biased
dispersal has been observed in G. pallidipes (50) and in G. fuscipes
fuscipes (37). Furthermore, females are known to have multiple
matings (10). Therefore, a large difference in Wolbachia preva-
lence is expected between neighboring G. fuscipes fuscipes popula-
tions.

The occurrence of CI in G. fuscipes fuscipes may be masked by
numerous factors, such as low-density infections, sex-biased dis-
persal, the possibility of Wolbachia superinfections, and infection
by multiple pathogens. Given the relevance of Wolbachia in the
development of CI-based control methods and the role of G. fus-
cipes fuscipes in disease transmission in Uganda, it is imperative to
experimentally tease apart these factors that may influence CI.

Summary and future directions. We have shown that the
prevalence rates for all three microbes are heterogeneous across
the Ugandan landscape and that host genetic similarity and geo-
graphic proximity do not necessarily imply similarity of preva-
lence rates. These findings, together with the fact that heterogene-
ity in rates among populations occurs even over quite small
geographic distances, underscore the need to avoid reporting
prevalence without a clear reference to the geographic scale to
which they apply.

The statistically significant associations we found between host
genetic groups and pathogen prevalence are an unexpected novel
result, given the few genetic markers at our disposal. To better
explore the biological interpretation of these associations, we plan
to develop a panel of single nucleotide polymorphisms (SNPs)
that can provide more representative coverage of the G. fuscipes
fuscipes genome than the few genetic loci at our disposal and thus
allow for detailed association studies.

Additionally, although the biological significance of some of
these microbial associations is currently unclear, this study shows
the usefulness of analyzing pathogen coinfection dynamics to-
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gether with the host genetic background. In doing so, we have
generated a series of testable hypotheses not apparent from single-
infection studies that may shed light on the pathogen and vector
life history traits and, in turn, be exploited for disease control.
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