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Abstract

Background Ticks and tick-borne pathogens significantly impact both human and animal health and therefore are
of major concern to the scientific community. Knowledge of tick-borne pathogens is crucial for prescription of mitiga-
tion measures. In Africa, much research on ticks has focused on domestic animals. Little is known about ticks and their
pathogens in wild habitats and wild animals like the endangered chimpanzee, our closest relative.

Methods In this study, we collected ticks in the forested habitat of a community of 100 chimpanzees living in Kibale
National Park, Western Uganda, and assessed how their presence and abundance are influenced by environmental
factors. We used non-invasive methods of flagging the vegetation and visual search of ticks both on human team
members and in chimpanzee nests. We identified adult and nymph ticks through morphological features. Molecular
techniques were used to detect and identify tick-borne piroplasmids and bacterial pathogens.

Results A total of 470 ticks were collected, which led to the identification of seven tick species: Haemaphysalis par-
mata (68.77%), Amblyomma tholloni (20.70%), Ixodes rasus sensu lato (7.37%), Rhipicephalus dux (1.40%), Haemaphysa-
lis punctaleachi (0.70%), Ixodes muniensis (0.70%) and Amblyomma paulopunctatum (0.35%). The presence of ticks,
irrespective of species, was influenced by temperature and type of vegetation but not by relative humidity. Molecular
detection revealed the presence of at least six genera of tick-borne pathogens (Babesia, Theileria, Borrelia, Crypto-
plasma, Ehrlichia and Rickettsia). The Afrotopical tick Amblyomma tholloni found in one chimpanzee nest was infected
by Rickettsia sp.

Conclusions In conclusion, this study presented ticks and tick-borne pathogens in a Ugandan wildlife habitat whose
potential effects on animal health remain to be elucidated.
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Background

In the tropical zone, most efforts are being made to
understand the impacts of ticks and tick-borne patho-
gens on the health of humans [1-4] and domestic ani-
mals because of the associated economic losses [5—12]. In
Africa, a great diversity of ticks is present [13], and some
species are potential carriers of tick-borne pathogens of
major importance. For instance, some Amblyomma spe-
cies, a vector of Rickettsia africae, and Rhipicephalus
appendiculatus, a vector of Theileria parva, cause Afri-
can bite fever and East Coast fever, respectively, a huge
hurdle to the development of the livestock industry [1,
13-15]. In parallel, ticks are known to feed on a large
variety of vertebrate hosts including mammals, birds,
reptiles and amphibians, but only a few studies have been
performed on wild animals [16—20] since the first inven-
tories [21-27].

The chimpanzee (Pan troglodytes) population has been
estimated at around 345,000 individuals belonging to
four sub-species across 21 countries [28]. According to
the IUCN red list [29], our closest relative is an endan-
gered species threatened with extinction in the near
future, so understanding the factors affecting its health
demands urgent attention. With the exception of three
studies that reported tick infestation in the nostrils of
chimpanzees and primatologists working in the Ugandan
forest [30-32], little is known about the risks ticks may
pose to chimpanzee health, also regarding their implica-
tion for human beings living or working in close proxim-
ity to ape habitats.

Chimpanzees, like other non-human primates, have
protective methods to remove their ectoparasites like
ticks. This behavior is called “grooming,” and some chim-
panzees invest as much as a fifth of their time grooming
[33]. A chimpanzee can practice self-grooming or allo-
grooming. Mutual allo-grooming is part of affiliative
relationships to reduce tension and aggression between
individuals [34, 35]. A more direct aspect of allo-groom-
ing is the altruistic hygienic function allowing access to
body parts not accessible to self-grooming [36, 37]. The
presence of hematophagous ectoparasites such as ticks
can affect the body condition and fitness of individuals
and thus the population health [38, 39]. In addition, these
ectoparasites can be vectors of pathogens that may also
impact chimpanzee health, but no studies have yet been
done on this topic in wild conditions to our knowledge.

Host-seeking ticks position themselves on vegeta-
tion to detect hosts with their Haller’s organ by their
shadow, body heat, odor and vibrations caused by
their movement [40]. Searching for ticks in vegetation
is therefore a good way to catch questing ticks in wild
habitat, using the least invasive method possible. Every
evening, like all great apes, weaned chimpanzees build
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a ‘nest’ by bending branches of a tree in which they will
spend the night [41]. Exploring the nests in the morn-
ing just after the chimpanzees have left them provides
a complementary opportunity to collect ticks to which
the chimpanzees are exposed: non-questing ticks pre-
sent in the vegetation or ticks from the fur of chim-
panzees that have not yet attached or were removed by
self-grooming.

A variety of biotic and abiotic factors are known to
affect the development and survival rates of ticks. Indeed,
their abundances are known to vary over time, both sea-
sonally and annually, as well as spatially between habi-
tats and ecological zones, because of the interactions of
numerous factors, such as host diversity, changing veg-
etation structure and climate [42—-45]. In addition, their
host-seeking activity appears to be closely related to daily
air temperature and relative humidity [46].

In this study, we assessed the presence of ticks and
tick-borne pathogens in the habitat of wild chimpanzees
in western Uganda where domestic animals are banned.
First, we collected ticks using non-invasive methods
according to chimpanzee behavior guidelines over 6
months and identified them. We determined how the
number of collected ticks is influenced by season, vegeta-
tion type and daily temperature and humidity. Second,
we used molecular techniques to detect tick-borne piro-
plasmids and bacterial pathogens and compared them
with known pathogens using phylogenetic analyses for
their identification.

Methods

Study site

Our study took place in the Sebitoli area located at the
extreme northern part of the Kibale National Park in
Western Uganda (795 km? 0°13’-0°41'N and 30°19'-
30°32’E1; [47]). This park is a mid-altitude forest with
high plant and animal diversity [48]. The weather of this
equatorial area comprises two rainy (from March to May
and September to November) and two dry seasons (from
December to February and June to August) [49]. The
Sebitoli forested area is surrounded by many agricultural
parcels such as small farms with some domestic animals
(chickens, goats, a few cows, dogs and cats), food crops,
and tea and eucalyptus plantations. The Sebitoli territory
is composed of 70% secondary forest, 14% mature for-
est, 14% terrestrial herbaceous vegetation and 1% patchy
shrub/wetland vegetation [50]. Since 2009, the Sebitoli
Chimpanzee Project (SCP) team has been monitoring
a chimpanzee (Pan troglodytes schweinfurthii) commu-
nity of about 100 individuals daily, with 66 identified.
A tarmac road cuts the 25 km* community home range
[50-52].
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Sampling design and collection of ticks
Four methods were used:

(1) Flagging method at eight ‘vegetation sites: a
50 cm x 50 cm white cotton flag was swept from
side to side parallel to the ground over vegetation
or ground litter in front of the collector in 2 m x
1 m quadrats. In each vegetation site, four quad-
rats by cardinal points at 3 m and four quadrats at
10 m from a randomly selected central point were
analyzed. The eight vegetation sites were distrib-
uted in the chimpanzee habitat and represent the
different types of vegetation present in the Sebitoli
area (mature forest, secondary forest, terrestrial
herbaceous vegetation and trail) (Fig. 1). Each quad-
rat of each vegetation site was systematically visited
during the day once a week between 26 September
2019 and 21 March 2020 (i.e. 47 days of collection).
To ensure consistency, two to three of the same col-
lectors were assigned to this task and spent 2 min
per sampling site.

(2) Chimpanzee nest visual search: between 9 Sep-
tember 2019 and 21 November 2019, a total of 18
chimpanzee nests were searched for the presence
of ticks. Only nests < 15 m high were climbed for
security reasons. They were investigated by visual
search to look for ticks present in the dense foliage
within 3 h after the chimpanzee departure.

(3) Flagging method at the nesting sites: the same flag-
ging method was applied at nesting sites around the

0 1 2 km )
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nesting tree in the morning after a chimpanzee had
slept in it (Fig. 1). The central point was the base of
the trunk of the nesting tree.

(4) Fixed and non-fixed ticks were also taken from the
body, clothing or bags of the research team mem-
bers during the study between 9 September 2019
and 21 November 2019 (Fig. 1).

The temperature and the relative humidity of the col-
lection day were obtained from the POWER Project
(https://power.larc.nasa.gov/data-access-viewer/ on
2022/06/15).

Tick identification

As soon as collected, ticks were preserved in a 70% eth-
anol solution. A taxonomic identification was done fol-
lowing the identification keys for Ugandan ticks written
by Matthysse and Colbo [53] and Walker and colleagues
[12] with some clarifications for the genus Haema-
physalis [54, 55]. Representative individuals were pho-
tographed by image stacking with a Leica Z16 APO-A
macroscope as pictures of these specimens are lacking in
the literature.

Detection of tick-borne pathogens

Ticks used for further investigations were collected
between 26 September 2019 and 16 January 2020. Ticks
at adult and nymphal stages were processed individually;
larvae were excluded.
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Fig. 1 Tick collections across the Sebitoli chimpanzee habitat with the total number of ticks collected weekly in the eight studied sites, ticks

collected at nesting sites and on team members
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To avoid external cuticular microbial contaminants,
ticks were processed with commercial bleach diluted at
1% for 30 s and then rinsed for 1 min in three successive
baths of DNA-free water following a published protocol
[56]. For each tick specimen, total DNA was extracted
from whole crushed body using a genomic DNA extrac-
tion kit according to the manufacturer’s instructions
(DNeasy Blood and Tissue extraction kit, Qiagen, Hilden,
Germany). Each individual DNA extract was then tested
for the presence of piroplasmid and bacterial pathogens
using distinct protocols.

To detect tick-borne piroplasmids, each individual
DNA extract was tested by semi-nested polymerase chain
reaction (PCR) by amplifying a 437—-479-bp fragment of
the 18S rRNA gene using piroplasmid-specific primers
(listed in Additional file 1: Table S1). Positive (DNA of
an Amblyomma cajennense tick infected by Babesia) and
negative (sterile water) controls were included in each
PCR assay. All positive PCR products were purified and
sequenced in both directions, and then chromatograms
were manually cleaned with CHROMAS LITE (http://
www.technelysium.com.au/chromas_lite.html) to ensure
that the record represented a true positive.

To detect tick-borne bacterial pathogens, we conducted
a bacterial metabarcoding approach to screen all speci-
mens efficiently and then to identify individuals carrying
bacterial genera of medical and veterinary interest for
further analyses. To this aim, a 251-bp portion of the V4
variable region of the bacterial 16S rRNA gene was then
amplified individually for each individual DNA extract
using a Multiplex PCR Kit (Qiagen, Hilden, Germany), as
described by [56]. Amplified bacterial 16S rDNA prod-
ucts were individually tagged with a unique 35-base bar-
code using the Nextera Index Kit (Illumina, San Diego,
CA, USA), purified and sequenced on an Illumina MiSeq
platform (GenSeq, Montpellier University). All bioinfor-
matic analyses were conducted using the pipeline FROGS
(https://github.com/geraldinepascal/ FROGS) mainly as
follows by [56], considering that the clustering was here
performed with an aggregation distance value of 3 and
the sequences’ clusters were clustered together with a
minimum identity value of 96% to define OTUs. To elimi-
nate the possibility of contamination, we included ten
DNA extraction controls and three amplification control
representatives of the different pins, sterile water, buff-
ers and kits used. To treat contaminants’ OTUs, if the
count of an OTU in the sum of controls was > 50% of
its count in the sum of samples, the OTU was removed.
We obtained an average number of 19,053 bacterial 16S
rDNA reads per tick specimen. According to the obtained
abundance file and OTU assignation, a random subset of
DNA templates with reads of bacteria of potential inter-
est was further used for additional molecular typing and
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refined bacterial identification. These tick-borne bacteria,
including Rickettsia sp., Borrelia sp., Ehrlichia sp. and
Cryptoplasma sp., were each genotyped using specific
semi-nested PCR assays (Additional file 1: Table S1). To
prevent possible contamination, different parts of this
process were physically separated from one another in
entirely separate rooms.

Sequence alignments were performed using
CLUSTALW [57], implemented in the MEGA7 soft-
ware [58]. The GBLOCKS program with default param-
eters was used to remove poorly aligned positions and to
obtain unambiguous sequence alignments [59]. The evo-
lutionary models most closely fitting the sequence data
were determined using Akaike information criterion with
MEGA7 [58]. Phylogenetic analyses were based on maxi-
mum likelihood (ML) approach. A ML heuristic search,
using a starting tree obtained by neighbor joining, was
conducted, and clade robustness was further assessed by
bootstrap analysis using 1000 replicates in MEGA7 [58].

All novel nucleotide sequences were deposited in
the GenBank nucleotide database (accession num-
bers 0Q092409-0Q092416, 0Q092427-0Q092429,
0Q096007-0Q096015).

Data analysis

The numbers of ticks, tick species and tick pathogens
were determined in each sampling site. To compare the
mean abundance of ticks or their pathogens between sea-
sons, a t-test was performed. Differences between multi-
ple groups like vegetation types were examined using a
one-way analysis of variance.

We fitted generalized linear models with a Poisson
structure to investigate whether the temperature and
relative humidity of the day and the vegetation type
influenced the number of ticks [60, 61]. Before fitting
the model, we tested for multicollinearity between vari-
ables. All continuous variables were scaled with a mean
of 0 and standard deviation of 1 (i.e. z-transformation).
We confirmed that there were no major internal cor-
relation problems based on the variance inflation fac-
tor (VIF) (maximum VIF<1.31) using the “vif” function
from the “car” package [62]. We assessed the joint effect
of the variables by comparing the full model, including
the tested predictors as well as the control variables, to
the null model, using a likelihood-ratio test (R-function
ANOVA set to “Chisq” [60]). When this comparison was
significant, we tested the singular effect of each variable
by comparing the full model deviance and the deviance
of a reduced model [63] excluding the variable of interest
one by one, using the “dropl” function [64]. To account
for the multiple testing effect, we kept the false discov-
ery rate at the nominal value of 0.05 [65]. The samples
included a total of 1551 points. We visually checked the
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models’ assumption (e.g. homogeneous distribution of
residuals vs fitted values), and assessed the models’ sta-
bility using various parameters such as leverage values
(0.01), maximum Cook’s distance (0.30), maximum Dffits
(0.79) and maximum DFBetas (0.73). It indicated no
obviously influential cases [66]. Furthermore, overdisper-
sion of the points was not an issue in our model (2.71).

All statistical analyses were performed in R software,
version 3.6.0 [67].

Results

Occurrence of tick species

A total of 470 ticks (38 adults, 247 nymphs and 185 lar-
vae) were collected with the three collection methods.
The larvae were not identified and not considered fur-
ther. For the adults and nymphs, seven species in four
genera were recorded: Haemaphysalis parmata (68.77%),
Amblyomma tholloni (20.70%), Ixodes rasus s.l. (7.37%),
Rhipicephalus dux (1.40%), Haemaphysalis punctaleachi
(0.70%), Ixodes muniensis (0.70%) and Amblyomma pau-
lopunctatum (0.35%) (Table 1). Pictures of individuals
from each species are available in Additional file 2: Fig-
ure. S1.

Ticks of different species, life stages and sexes were col-
lected from several collection sites. One individual of A.
tholloni was collected directly inside the fresh nest of a
chimpanzee. At chimpanzee nesting sites, three species
were found: I rasus s., A. tholloni and H. parmata. At
the eight vegetation sites across the Sebitoli area, all spe-
cies were found except A. paulopunctatum. From the
team members, all seven species were found (Table 1).
Most of the ticks collected (84.26%) were obtain using
the flagging method at vegetation sites, while only 5.53%
were collected using the flagging method at nesting sites
and 0.21% collected inside nests; 10.00% were collected
on the bodies or equipment of team members (Table 1).
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During 3 months of weekly tick collections, we found
temporal differences in tick numbers. We found more
ticks during the dry season than during the rainy sea-
son (t-test: £=3.9088, df=1300.4, p-value<0.0001). At
the species level, only the abundance of Haemaphysa-
lis spp. varied with season (t-test: t=5.125, df=1048.5,
p-value<0.0001). The most predominant tick life stage
was nymphs around January, while larvae were found in
numbers in February and March (Fig. 2).

Tick-borne pathogen identification

Among the piroplasmid tick-borne pathogens, two proto-
zoan genera were detected with semi-nested PCR: Babe-
sia sp. and Theileria sp. Four additional bacterial genera
of human and veterinary medicine interest were detected
via high-throughput 16S rDNA sequencing: Borrelia sp.,
Cryptoplasma sp., Ehrlichia sp. and Rickettsia sp.

Of 220 adults and nymphs, 30.91% were positive for
Rickettsia sp. (A. tholloni, n=43; I rasus s.l., n=17; H.
parmata, n=>5; A. paulopunctatum, n=1; 1. muniensis,
n=1; Rh. dux, n=1) and 6.81% for Cryptoplasma sp. (A.
tholloni, n=12; H. parmata, n=3); 2.73% were positive
for Theileria sp. (A. tholloni, n=6) and 1.82% for Borrelia
sp. (H. parmata, n=4); 0.91% were positive for Babesia
sp. (H. parmata, n=1; I. muniensis, n=1) and 0.45% for
Ehrlichia sp. (H. punctaleachi, n=1).

Of 59 Amblyomma spp., 74.58% were positive to Rick-
ettsia sp., 21.42% to Cryptoplasma sp. and 10.17% to
Theileria sp. Of 136 Haemaphysalis spp., 3.68% were pos-
itive to Rickettsia sp., 2.21% to Cryptoplasma sp., 0.74%
to Ehrlichia sp. and 0.69% to Babesia sp. Of 21 Ixodes
spp., 85.71% were positive to Rickettsia sp. and 4.76%
to Babesia sp. Finally, of four Rhicephalus spp., 25.00%
were positive to Rickettsia sp. and none to piroplasmids
(Fig. 3).

Table 1 Number of ticks identified according to their life stage, their sex and the site of collection

Species Life stage and sex Collection sites

Adult male  Adultfemale  Nym-ph  Larva  Vege-tationsites  Nesting sites/ Team

inside nests membe-rs

Amblyomma paulopunctatum Neumann, 1899 1 0 0 0 0/0 1
Amblyomma tholloni Neumann, 1899 0 2 57 27 2/1 29
Haemaphysalis parmata Neumann, 1905 9 17 170 189 2/0 5
Haemaphysalis punctaleachi Camicas, Hoog- 1 1 0 1 0/0 1
straal & El Kammah, 1973
Ixodes muniensis Arthur & Burrow, 1957 2 0 0 1 0/0 1
Ixodes rasus sensu lato (s.) Neumann, 1899 0 1 20 18 1/0 2
Rhipicephalus dux Dénitz, 1910 2 2 0 1 0/0 3
Unidentified 185 159 21/0 5
TOTAL 15 23 247 185 396 26/1 47
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can carry multiple pathogens

Of 171 adults and nymphs collected at vegetation sites,
30.41% were positive for at least one pathogen. Of five
adults and nymphs collected at the nesting site, 40.00%
were simultaneously positive to Rickettsia sp. and Cryp-
toplasma sp. The nymph of A. tholloni collected inside
the chimpanzee nest was infected with Rickettsia sp. Of
42 adults and nymphs collected from team members,
64.29% were positive for at least one pathogen.

Environmental determinants of tick and pathogens
abundance
Number of ticks was significantly affected by daytime
temperature and by vegetation type but not by the rela-
tive humidity (Table 2). Tick abundance increased with
temperature (Fig. 4).

A gradient in ticks according to the vegetation was
found, with a mean number of ticks more important

in the trail system (0.48), then the herbaceous vegeta-
tion outside the trail system (0.33) and the secondary
forest (0.30) and finally less in the primary forest (0.11)
(ANOVA, F-value=2.969, p-value=0.0309). There was
a significant difference in the number of pathogen gen-
era between tick life stages (t-test: t= — 2.423, df=62.8,
p-value=0.0183). Nymphs had more pathogens than
adults.

Tick-borne pathogen phylogenetic analyses

For piroplasmids, examination of 18S rDNA sequences
showed that those of A. tholloni, I. muniensis and H.
parmata had moderate levels of pairwise nucleotide
identities (88.3%—90.3%). The piroplasmids of these tick
species belong to three distinct clades: the first clade
includes the six piroplasmids detected in A. tholloni
(100% pairwise nucleotide identities), which are closely
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Table 2 Results of the GLM on the number of all ticks collected

Term Estimate Standard deviation (SD)  Degree of freedom (df)  Statistics value (xz) p-value
Ticks model (n=1551)

Intercept — 2400 443

Temperature.z 4.16 0.59 1 49.64 <0.0007 ***
Humidity.z 0.31 0.24 1 1.72 0.1895
Type.vegetation 1.13 0.27 3 31.02 <0.0007 ***

“z" predictors were z-transformed to a mean of zero and a standard deviation of one. Ticks model: response is the number of ticks collected in a sampling site.
Temperature: mean temperature measured in °C from the day of collection. Humidity: the percentage of relative humidity measured in % from the day of collection.
TypeVegetation: type of vegetation characterizing the site’s square (primary forest, secondary forest, trail or herbaceous vegetation)
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Fig. 4 Influence of temperature (°C) on the mean number of ticks in
sites across the Sebitoli chimpanzee habitat. The black dots represent
the average of the raw data. The solid black line represents the

model response, which depicts the influence of temperature while
averaging the effects of all other variables. The gray polygon indicates
the 95% confidence interval; borders are represented by the black
dashed lines

related to Theileria cervi and T. ovis (98.5% and 97.6%
pairwise nucleotide identities, respectively); the second
clade includes the piroplasmid detected in 1. muniensis,
which is closely related to Babesia capreoli (95% pair-
wise nucleotide identity); the third clade includes the
piroplasmid detected in H. parmata, which is closely
related to B. occultans and B. orientalis ovis (94.7%
and 95.4% pairwise nucleotide identities, respec-
tively) (Fig. 5). For Borrelia, examination of flaB gene
sequences found in H. parmata showed that all cluster
together and are closely related to a relapsing fever Bor-
relia, B. theileri (98.7% pairwise nucleotide identity)
(Fig. 6). For Cryptoplasma and Ehrlichia (they are sis-
ter genera belonging to the Anaplasmataceae family),

examination of 16S rDNA sequences showed that the
Cryptoplasma identified in H. parmata and A. tholloni
(99.2% pairwise nucleotide identity) cluster together
with Cryptoplasma californiense (98.9% and 99.1%
pairwise nucleotide identities, respectively), while the
Ehrlichia from H. punctaleachi are closely related to
E. shimanensis (98.9% pairwise nucleotide identity)
(Fig. 7). For Rickettsia, we did not obtain clean gitA
sequences from H. parmata, which did not allow us to
include them in the phylogenetic analysis. Examina-
tion of gltA gene from sequences obtained from other
tick species showed that all the Rickettsia found in this
study belong to the Spotted Fever group (98.7%—99.3%
pairwise nucleotide identities): the Rickettsia identified
in A. paulopunctatum is closely related to R. slovaca
and R. parkeri (99.9% and 99.2% pairwise nucleotide
identities, respectively), the Rickettsia from Rh. dux to
R. rhipicephali (99.2% pairwise nucleotide identity),
the Rickettsia from Ixodes muniensis, Ixodes rasus s.l.
and A. tholloni to R. raoulti (99.1% pairwise nucleotide
identity), although all are slightly different from these
known species (Fig. 8).

Discussion

In this survey, 470 ticks were collected from the natural
forest of a wild chimpanzee community living in 25 km?
in western Uganda. We identified seven tick species from
four genera. The most common genus was Haemaphys-
alis, and the most frequently collected species were H.
parmata and A. tholloni. The latter species was the only
one found inside the fresh nest of a chimpanzee. We
found more ticks during the dry than rainy season. The
number of ticks collected was influenced by the tempera-
ture of the day and the type of vegetation, but not by the
relative humidity of the day. Two genera of piroplasmids
and four of bacterial pathogens were identified from the
adult and nymph ticks using molecular biology. Overall,
Rickettsia sp. were the most prevalent pathogens in the
ticks collected in this study. The individual of A. thol-
loni collected in the nest of a chimpanzee was infected
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Fig. 5 Piroplasmid phylogenetic tree constructed using maximum-likelihood (ML) estimations based on 18S rDNA nucleotide sequences (350
unambiguously aligned bp; best-fit approximation for the evolutionary model: T92 + G), including representative Babesia, Theileria, Hemolivia and
Hepatozoon species (their GenBank accession numbers are indicated on the tree). Branch numbers indicate percentage bootstrap support (1000
replicates). Only bootstrap supports > 70% are shown. The scale bar is in units of substitution/site. Black squares indicate piroplasmid sequences

obtained in this study

by Rickettsia sp., a pathogen also found in ticks collected
from the vegetation ground of nesting sites together with
Cryptoplasma sp. Theileria sp. were the third most prev-
alent pathogens identified in the ticks collected in this
study and only found in A. tholloni ticks. Ticks collected
from the vegetation sites were positive for all pathogens.
Each of the seven species found were hard ticks with
a three-host life cycle and can feed on a wide variety of
hosts present in the Sebitoli habitat (listed in Additional
file 3: Table S2). These tick species feed on large mam-
mals including mostly ruminants, elephants, swines and,

to a lesser extent, canids, felids and viverrids. Although
some tick species could be more or less specialized to
certain animal hosts, like A. tholloni with African ele-
phants, other are global generalists and can bite Homi-
nidae, at least occasionally (Additional file 4: Table S2).
Two species (H. parmata and I. rasus s.l.) are known to
have non-human primates as hosts, and one species (1.
muniensis) has Hominidae among its hosts. Five species
(A. paulopunctatum, A. tholloni, H. parmata, I. munien-
sis and I rasus s.1.) are known to at least occasionally bite
humans and thus might feed on wild chimpanzees. The
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Fig. 6 Borrelia phylogenetic tree constructed using maximum-likelihood (ML) estimations based on flaB nucleotide sequences (438 unambiguously
aligned bp; best-fit approximation for the evolutionary model: T92 + G), including representative Borrelia species (their GenBank accession numbers

are indicated on the tree). Branch numbers indicate percentage bootstrap support (1000 replicates). Only bootstrap supports>70% are shown. The

scale bar is in units of substitution/site. Black squares indicate Borrelia sequences obtained in this study

discovery of A. tholloni inside a chimpanzee nest led us
to hypothesize that it was either detached by the chim-
panzee when self-grooming or was targeting to feed on
it as the chimpanzee left the nest which had been con-
structed the evening before. Usually, no other animal is
present in the fresh night nest at the same time as the
chimpanzee; thus, the most likely host was the chimpan-
zee. In addition, the sequence of A. tholloni is close to the
sequence of an Amblyomma sp., which was discovered in
the nostrils of primatologists in the Kibale National Park
and also appeared to infect the nostrils of chimpanzees
living there [30, 31]. As A. tholloni adults have special-
ized in infecting elephants, particularly their trunks [68],
and some species have favorite location to bite [69, 70], it
is therefore possible that this species or a related species
could infect the nostrils of other sympatric animals.

We found that the tick abundances did vary between
seasons as expected [71]. The abundance of ticks
increased with temperature. This could be attributed to
the fact that higher temperatures affect tick activity [46,
72]. Contrary to our expectation, the relative humidity of
the day did not significantly affect the activity of ticks. It

could be that differences in humidity are not perceptible
as the relative humidity is always quite high in Sebitoli
as a high-altitude moist forest. As found in other studies
[72, 73], the type of vegetation can influence the quantity
of tick species that can be collected. We found more ticks
in the trail system than in the herbaceous vegetation and
secondary forest and finally less in the primary forest.
The higher number of ticks found on trails could be due
to the high passage of potential hosts on clear paths or
to the easier collection because of shorter vegetation. So,
humans, by cutting the forest to clear a path, could have
an impact on the distribution of ticks.

Because ticks can have different feeding strategies,
using multiple techniques wih different biases allowed
us to collect a wider variety of tick species and life
stages [74, 75]. For example, flagging has been shown
to favor larvae and nymphs while visual search favors
adult ticks of Amblyomma sp. [75]. This could partially
explain the high number of larvae and nymphs we col-
lected in this study. Using human subjects favored ticks
that feed on humans, while flagging targeted quest-
ing ticks with a broader spectrum of hosts [74]. In that
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Fig. 7 Cryptoplasma and Ehrlichia phylogenetic tree constructed using maximum-likelihood (ML) estimations based on 16S rDNA nucleotide
sequences (1148 unambiguously aligned bp; best-fit approximation for the evolutionary model: K2 + G), including representative Cryptoplasma,
Ehrlichia and Anaplasma species (their GenBank accession numbers are indicated on the tree). Branch numbers indicate percentage bootstrap
support (1000 replicates). Only bootstrap supports > 70% are shown. The scale bar is in units of substitution/site. Black squares indicate

Cryptoplasma and Ehrlichia sequences obtained in this study

regard, A. paulopuctatum was collected only from the
human members of the research project. It is interest-
ing to note that the nymphal stage of this species was
initially assumed to be the tick found in the nostrils of
researchers visiting Ugandan forests [32]. Looking inside
chimpanzee nests could have allowed for the collection
of soft ticks, as they are known to specialize in sheltered
microhabitats such as animal nests and burrows [76].
However, chimpanzee nests are temporary structures for
one night, unlike others nests where animals may live for
several weeks or months. Either the soft ticks could not
target the chimpanzee nests or the chimpanzees them-
selves. This method was very complicated and difficult
to implement because it required a fresh nest that could
be climbed into, so the number of nests investigated was
low. However, it is safe to assume that the tick we found
was from or aimed at a chimpanzee, which was valu-
able information. In addition, Sebitoli chimpanzees have
been shown to select certain nesting tree species that
have repellent properties against the mosquito Anopheles
gambiae [77]. This repellent property, although it needs

to be tested and confirmed against ticks, could explain
the low number of ticks we collected from the nests.
Further examination of microbial communities
revealed the presence of six genera of tick-borne patho-
gens in the seven tick species that were collected in the
present study. Rickettsia sp. were the most common tick-
borne bacteria we detected with 30.91% of ticks infected
with it. Some were closely related to virulent pathogens
like the Rickettsia of A. paulopunctatum, which were
closely related to R. parkeri, the etiological agent of a
human rickettsiosis with skin lesions and lymphadeni-
tis. Others were related to Rickettsia of unknown patho-
genicity as the R. rhipicephali of the Rh. dux tick. In the
Keita and colleagues study [78], of 598 chimpanzee fecal
samples, 6.5% were positive for Rickettsia, sp. including
2.3% for R. felis which was assumed by the authors to
have been transmitted by mosquitoes. Rickettsia DNA,
similar to R. africae, an agent of African tick bite fever,
was also detected in the blood of primates such as the
vervet monkey (Chlorocebus pygerythrus) and the yellow
baboon (Papio cynocephalus) [79]. However, the current
view in rickettsiology has a strong anthropocentric bias
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Fig. 8 Rickettsia phylogenetic tree constructed using maximum-likelihood (ML) estimations based on gltA nucleotide sequences (589
unambiguously aligned bp; best-fit approximation for the evolutionary model: T92 + G), including representative Rickettsia species (their
GenBank accession numbers are indicated on the tree). Branch numbers indicate percentage bootstrap support (1000 replicates). Only bootstrap
supports >70% are shown. The scale bar is in units of substitution/site. Black squares indicate Rickettsia sequences obtained in this study

and tends to describe all novel Rickettsia species as path-
ogenic forms [80, 81]. However, most of the novel Rick-
ettsia species or strains discovered in recent years were
found exclusively in arthropods and never in vertebrates

for which they are not pathogenic [82, 83]. In ticks, as
for many other arthropods, some Rickettsia sp. are non-
infectious agents but maternally inherited endosymbi-
onts with poorly known effects on tick biology as for R.
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buchneri in the black-legged tick L scapularis [84] and R.
vini in the tree-hole tick I arboricola [85]. In addition,
none of these Rickettsia sp. were identical to Candida-
tus Rickettsia davousti previously detected in an Ambly-
omma sp. tick collected from the nostril of a national
park visitor in Gabon [86]. The prevalence of Crypto-
plasma sp. was 6.81% in all the ticks with 15.25% in A.
tholloni and 2.21% in H. parmata. Cryptoplasma is an
enigmatic Anaplasma-like pathogen (Anaplasmataceae)
that was sporadically identified [87]. Its medical and vet-
erinary importance remains unknown but rodents are
potential reservoir hosts [87]. Only few Anaplasmata-
ceae have been previously detected in primates [as in
the vervet monkey and baboons (Papio sp.)] [79, 88], but
Cryptoplasma sp. has never been detected in primates or
in Africa. The prevalence of piroplasmids was 3.64% in
all the tick species with 10.17% in the species of A. thol-
loni only. The prevalence was much lower than in Kenya
with A.tholloni (51%) and Rh. humeralis (27%) but higher
than in other species of Rhipicephalus (2.7-6%) [89].
Some piroplasmids are responsible for piroplasmosis, a
multisystem disease in animals and occasionally humans.
Babesia infection was detected in the blood of few pri-
mates: the indri (Indri indri), diademed sifaka (Pro-
pithecus diadema) [90] and yellow baboon [79]. Similarly,
the Babesia detected in I. muniensis and H. parmata are
closely related (but different) to species primarily infect-
ing ruminants, Babesia capreoli and B. occultans/B. ori-
entalis, respectively. The Theileria sp. found in A. tholloni
could be specific to ruminants: its phylogenetic proxim-
ity to T. cervi and T. ovis, two species infecting different
ruminant species worldwide, suggests that it may have
a similar host spectrum. The prevalence of the analyzed
samples was 1.82% for Borrelia sp., a pathogen related
to relapsing fever, detected in H. parmata, and closely
related to a species infecting bovine B. theileri. Previous
Borrelia infection was only detected once in the blood
of the indri primate [90]. The Ehrlichia sp. of H. punc-
taleachi was closely related to E. shimanensis. Ehrlichia
sp. DNA was detected in the samples from multiple
primates species: the marmosets (Callithrix spp.) [91],
black lemur (Eulemur macaco flavifrons) [92], ring-tailed
lemur (Lemur catta) [93], langurs (Semmnopithecus sp.)
[94] and black-and-white ruffed lemur (Varecia varie-
gata) [92, 93]. The infection rates in ticks for Ehrlichia sp.
were lower (0.45%) than what was found in ticks of other
sites (16.4—18%) [89].

The literature reports a wide variation in pathogen
prevalence between animal populations, which may be
related to individual host susceptibility, tick preferences
and the pathogen species involved. To our knowledge, the
only report of tick-borne infection in chimpanzees has
been a Babesia divergens infection in two splenectomized
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individuals in Liberia [95]. In Kibale, ticks can be found in
the nostrils of both young chimpanzees and researchers
[31, 32], highlighting the potential risk of cross-contami-
nation between humans and chimpanzees. In the Sebitoli
area, chimpanzees regularly visit surrounding gardens to
feed on crops [96], a proximity that could favor the cross-
transmission of pathogens as has been shown for malaria
[97] and Oesophagostomum infection [98].

Conclusion

We found high number of ticks infested with a high
diversity of tick-borne pathogens of human and wildlife
concern. Daytime temperature and vegetation type play a
role in the probability of encountering ticks and therefore
the potentially pathogenic microorganisms they carry.
This study was the first to our knowledge to estimate the
potential risk of tick-borne pathogen transmission to our
closest relative, the threatened chimpanzee, in its natural
environment using non-invasive methods. For the first
time and thanks to collection in their nests, we found that
they are likely hosts for A. tholloni, which exposes them
to Rickettsia sp. pathogens. We also showed that they
are at potential risk of encountering I rasus s.l., A. thol-
loni and H. parmata, which can be infected with Rickett-
sia sp. and Cryptoplasma sp. on the ground around the
nest. Further investigations on chimpanzee exposure
could collect ticks at other times of the day and on the
ground, such as on vegetation after a resting or groom-
ing session. Also, the vegetation used for nesting could be
studied to determine whether certain tree species might
have repellent properties or favor the unhooking of ticks
at night when chimpanzees did not have the opportunity
for mutual grooming with conspecifics for up to 12 h.
This study further revealed a substantial diversity of tick-
borne pathogens, including piroplasmids and bacteria,
in Uganda. This underlined the need to better document
the diversity of ticks and tick-borne pathogens in natural
habitats of an endangered species such as the chimpan-
zees. In Uganda, the effect of these tick-borne pathogens
on animal health remains to be elucidated.
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Additional file 1: Table S1. List of specific primers and PCR conditions
used to detect tick-borne pathogens. Semi-nested PCR amplifications
were performed as follows: the first PCR run with the external primers was
performed in a 10-pl volume containing 10-50 ng of genomic DNA, 3 mM
of each dNTP (Thermo Scientific), 8 mM MgClI2 (Roche Diagnostics), 3 uM
of each primer, 1 ul 10x PCR buffer (Roche Diagnostics) and 0.5 U Tag
DNA polymerase (Roche Diagnostics). A 1-pl aliquot of the PCR product
from the first reaction was used as a template for the second round of
amplification. The second PCR was performed in a total volume of 25
and contained 8 mM of each dNTP (Thermo Scientific), 10 mM of MgCl2
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(Thermo Scientific), 7.5 uM of each of the internal primers, 2.5 pl of 10x
PCR buffer (Thermo Scientific) and 1.25 U Tag DNA polymerase (Thermo
Scientific). All PCR amplifications were performed as follows: initial
denaturation at 93 °C for 3 min, 35 cycles of denaturation (93 °C, 30 5),
annealing (Tm = 52-56 °C depending on primers, 30 s), extension (72 °C,
1 min) and a final extension at 72 °C for 5 min.

Additional file 2: Figure S1. Dorsal and ventral pictures of remarkable
tick individuals collected at Sebitoli, Kibale National Park, Uganda.

Additional file 3: Table S2. Information on species of ticks collected and
their hosts according to literature (Guglielmone et al. 2014; Hoogstraal
and Theiler, 1959; Ntiamoa-Baidu et al. 2004). A: adult stage, N: nymphal
stage, L: larval stage. In bold, family of hosts found in Sebitoli (incertitude
with birds and snakes).

Additional file 4: Table S2. Information on species of ticks collected and
their hosts according to literature (Guglielmone et al. 2014; Hoogstraal
and Theiler, 1959; Ntiamoa-Baidu et al. 2004). A: adult stage, N: nymphal
stage, L: larval stage. In bold, family of hosts found in Sebitoli (incertitude
with birds and snakes).

Acknowledgements

We are grateful to the Uganda Wildlife Authority, Uganda National Council

for Science and Technology for permission to conduct research at Sebitoli in
Kibale NP, Uganda. We offer profound thanks to Jean-Michel Krief, co-director
of the Great Apes Conservation Project, the field assistants of the Sebitoli
Chimpanzee Project: Deogratius Kiomuhangi, Emmanuel Balinda, John Koojo,
Joseph Alinaitwe, Ibrahim Nyakana, Wilson Muzahura, Edward Kalyegira,
Nelson Tugume, and especially John Kakonge and Charles Twesige, for their
valuable and cheerful fieldwork.

Author contributions

SK, OD and EP conceived the research. CL, SKand OD conceived the paper.
CL drafted the manuscript. SB and SK organized the data collection and JPO
coordinated the field station. EA, JPO offered administrative and technical
support. CL, SR, SB and NR identified macroscopically the ticks. OD conceived
and hosted the pathogens screening and the DNA identification. RK and MB
conducted the pathogens screening and DNA verification. All authors read
and revised the manuscript and approved the submitted version of the paper.
The funders had no role in study design, data collection and analysis, decision
to publish, or preparation of the manuscript. All authors read and approved
the final manuscript.

Funding

The Great Ape Conservation Project, the Fondation Ensemble, the Fondation
pour la Nature et 'Homme, the Fondation Prince Albert Il and the Fonds Fran-
cais pour 'Environnement Mondial provided financial support for the research
conducted at Sebitoli. La Phocéenne de Cosmétique and the Association
Nationale de la Recherche et de la Technologie provided funds for the PhD
scholarship of Camille Lacroux. This work has benefited from ‘Investissements
d'’Avenir'managed by the French Agence Nationale de la Recherche (ANR,
Laboratoire d'Excellence CEBA, ref. ANR-10-LABX-25-01).

Availability of data and materials

All data generated or analyzed during this study are included in this published
article and its supplementary information files.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Page 13 of 15

Author details

'UMR 7206 CNRS/MNHN/P7, Eco-anthropologie, Museum National d'Histoire
Naturelle, Musée de 'Homme, 17 Place du Trocadéro, 75116 Paris, France.
2Sebitoli Chimpanzee Project, Great Ape Conservation Project, Kibale National
Park, Fort Portal, Uganda. 2UMR 7179 CNRS/MNHN, Mécanismes Adaptatifs et
Evolution, Museum National d'Histoire Naturelle, 57 Rue Cuvier, 75231 Paris,
France. “La Phocéenne de Cosmétique, ZA Les Roquassiers, 174 Rue de la
Forge, 13300 Salon-de-Provence, France. >UMR 2000, Ecology and Emergence
of Arthropod-Borne Pathogens, Institut Pasteur/CNRS/Université Paris-Cité,
75015 Paris, France. ®Animal Health Department, INRAE, 37380 Nouzilly,
France.”UMR 5290 MIVEGEC (Maladies Infectieuses et Vecteurs : Ecologie,
Génétique, Evolution et Controle), CNRS/IRD/Université de Montpellier,

911 Avenue Agropolis, 34394 Montpellier, France. SMEEDIN (Montpellier
Ecology and Evolution of Disease Network), Montpellier, France. “UMR BIPAR
ANSES-INRAE-EnvVA, Laboratoire Santé Animale, 94701 Maisons-Alfort, France.
°Uganda Wildlife Authority, Plot 7 Kira Road, Kamwokya, Kampala City,
Uganda.

Received: 6 December 2022 Accepted: 22 December 2022
Published online: 22 January 2023

References

1. Dantas-Torres F, Otranto D. Species diversity and abundance of ticks
in three habitats in southern Italy. Ticks Tick Borne Dis Elsevier GmbH.
2013;4:251-5.

2. Nakao R, QiuY, Igarashi M, Magona JW, Zhou L, Ito K, et al. High preva-
lence of spotted fever group rickettsiae in Amblyomma variegatum from
Uganda and their identification using sizes of intergenic spacers. Ticks
Tick Borne Dis Elsevier GmbH. 2013;4:506-12.

3. Socolovschi C, Matsumoto K, Marie J-L, Davoust B, Raoult D, Parola P.
Identification of Rickettsiae, Uganda and Djibouti. Emerg Infect Dis.
2007;13:1508-9.

4. De La Fuente J, Estrada-Pefa A, Venzal JM, Kocan KM, Sonenshine DE.
Overview: ticks as vectors of pathogens that cause disease in humans
and animals. Front Biosci. 2008;13:6938-46.

5. Ahmed J, Alp H, Aksin M, Seitzer U. Current status of ticks in Asia. Parasitol
Res. 2007;101:159-62.

6. Nyangiwe N, Yawa M, Muchenje V. Driving forces for changes in geo-
graphic range of cattle ticks (Acari: Ixodidae) in Africa: a review. S Afr J
Anim Sci. 2018;48:829-41.

7. Mekonnen S, de Castro J, Gebre S, Hussein |, Regassa A. Ticks, tick-borne
diseases and their control in western ethiopia. Int J Trop Insect Sci.
1992;13:661-4.

8. Kaiser MN, Sutherst RW, Bourne AS. Relationship between ticks and zebu
cattle in southern Uganda. Trop Anim Health Prod. 1982;14:63-74.

9. Kaiser MN, Sutherst RW, Bourne AS. Tick (Acarina: Ixodidae) infestations
on zebu cattle in northern Uganda. Bull Entomol Res. 1991;81:257-62.

10. Okello-Onen J, Tukahirwa EM, Perry BD, Rowlands G, Nagda SM, Musisi G,
et al. Population dynamics of ticks on indigenous cattle in a pastoral dry
to semi-arid rangeland zone of Uganda. Exp Appl Acarol. 1999;23:79-88.

11. Vudriko P, Okwee-Acai J, Tayebwa DS, Byaruhanga J, Kakooza S, Wam-
pande E, et al. Emergence of multi-acaricide resistant Rhipicephalus ticks
and its implication on chemical tick control in Uganda. Parasit Vectors
Parasites Vectors. 2016;1:1-13.

12. Walker AR, Bouattour A, Camicas J-L, Estrada-Pefa A, Horak IG, Latif AA,
et al. Ticks of domestic animals in Africa a guide to identification of spe-
cies. Edinburgh: Bioscience Report. 2003.

13. Cumming GS. Using habitat models to map diversity: pan-African species
richness of ticks (Acari: Ixodida). J Biogeogr. 2000;27:425-40.

14. Hotez PJ, Kamath A. Neglected tropical diseases in Sub-Saharan Africa:
review of their prevalence, distribution, and disease burden. PLoS Neg!
Trop Dis. 2009;3:e412.

15. Jongejan F, Uilenberg G. The global importance of ticks. Parasitology.
2004;129:53-14.

16. Hasle G, Horak IG, Grieve G, Leinaas HP, Clarke F. Ticks collected from birds
in the northern provinces of South Africa, 2004-2006. Onderstepoort J
Vet Res. 2009;76:167-75.



Lacroux et al. Parasites & Vectors

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

(2023) 16:22

Horak IG, Golezardy H, Uys AC. Ticks associated with the three larg-

est wild ruminant species in southern Africa. Onderstepoort J Vet Res.
2007,74:231-42.

Sylla M, Ndiaye M, Souris M, Gonzalez J-P. Ticks (Acari: Ixodida) of the
genus Haemaphysalis Koch, 1844 in Senegal: a review of host associa-
tions, chorology, and identification. Acarologia Les Amis d’Acarologia.
2018;58:928-45.

Walker JB. A review of the Ixodid ticks (Acari, Ixodidae) occuring in south-
ern Africa. Onderstepoort J Vet Res. 1991,58:81-105.

Yessinou RE, Cazan CD, Bonnet S|, Farougou S, Mihalca AD. Geographical
distribution of hard ticks (Acari:lxodidae) and tick-host associations in
Benin, Burkina-Faso. Ivory-Coast and Togo Acta Trop. 2022;232:106510.
Aeschlimann A. Biologie et écologie des tiques (Ixodoidea) de Cote
d'Ivoire. Acta Trop. 1967,24:281-405.

Bequaert J. Ticks collected by the American Museum Congo expedition
1909-1915, with notes on the parasites and predacious enemies of these
arthropods. New York: Am Museum Nat Hist; 1930.

Hoogstraal H, Theiler G. Ticks (Ixodoidea, Ixodidae) parasitizing lower
primates in Africa, Zanzibar, and Madagascar. J Parasitol. 1959;45:217-22.
George HF, Nuttall FRS. Notes on ticks IV relating to the genus Ixodes
and including a description of three new species and two new varieties.
Parasitology. 1916;8:294-337.

Morel PC. Tiques d'animaux sauvages en Haute-Volta. Rev Elev Med Vet
Pays Trop. 1978;31:69-78.

Theiler G. Ticks in the South African zoological survey. Onderstepoort J
Vet Res Anim Ind. 1947;21:253-300.

Theiler G, Salisbury LE. Ticks in the South African zoological survey collec-
tion—~Part IX The Amblyomma marmoreum group. Onderstepoort J Vet
Res. 28.1959.

Humle T, Maisels F, Oates JF, Plumptre AJ, Williamson EA. Pan troglodytes,
chimpanzee (errata version published in 2018). IUCN Red List Threat
Species. 2016. https://doi.org/10.2305/IUCN.UK.2016-2.RLTS.T15933A179
64454.en

IUCN. The IUCN Red List of Threatened Species. Version 2022-1. 2022.
https://www.iucnredlist.org.

Aronsen GP, Robbins RG. An instance of tick feeding to repletion inside a
human nostril. Bull Peabody Museum Nat Hist. 2008;49:245-8.

Hamer SA, Bernard AB, Donovan RM, Hartel JA, Wrangham RW, Otali E,
et al. Coincident tick infestations in the nostrils of wild chimpanzees and
a human in Uganda. Am J Trop Med Hyg. 2013;89:924-7.

Walton GA. A tick infesting the nostrils of man. Nature. 1960;188:1131-2.
Kawanaka K. Age differences in social interactions of young males in a
chimpanzee unit-group at the Mahale Mountains National Park. Tanzania
Primates. 1989;30:285-305.

Shutt K, MacLarnon A, Heistermann M, Semple S. Grooming in Barbary
macaques: better to give than to receive? Biol Lett. 2007;3:231-3.
Lehmann J, Korstjens AH, Dunbar RIM. Group size, grooming and social
cohesion in primates. Anim Behav. 2007,74:1617-29.

Akinyi MY, Tung J, Jeneby M, Patel NB, Altmann J, Alberts SC. Role of
grooming in reducing tick load in wild baboons (Papio cynocephalus).
Anim Behav Elsevier Ltd. 2013;85:559-68.

Tanaka I, Takefushi H. Elimination of external parasites (lice) is the primary
function of grooming in free-ranging Japanese macaques. Anthropol Sci.
1993;101:187-93.

Koyama N, Aimi M, Kawamoto Y, Hirai H, Go'Y, Ichino S, et al. Body mass of
wild ring-tailed lemurs in Berenty reserve, Madagascar, with reference to
tick infestation: a preliminary analysis. Primates. 2008;49:9-15.

Brain C, Bohrmann R. Tick infestation of baboons (Papio ursinus) in the
Namib desert. J Wildl Dis. 1992,28:188-91.

Suss J, Klaus C, Gerstengarbe F, Werner PC. What makes ticks tick? Climate
change, ticks, and tick-borne diseases. Int Soc Travel Med. 2008;15:39-45.
Fruth B, Tagg N, Stewart FA. Sleep and nesting behavior in primates: a
review. Am J Phys Anthropol. 2018;166:499-509.

Randolph SE, Green RM, Hoodless AN, Peacey MF. An empirical quantita-
tive framework for the seasonal dynamics of the tick Ixodes ricinus. Int J
Parasitol. 2002;32:979-89.

Medlock JM, Hansford KM, Bormane A, Derddkova M, Estrada-pefa A,
George J, et al. Driving forces for changes in geographical distribution of
Ixodes ricinus ticks in Europe. Parasit Vectors. 2013;6:1-11.

Estrada-Pena A. Climate, niche, ticks, and models: what they are and how
we should interpret them. Parasitol Res. 2008;103:87-95.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Page 14 of 15

Tack W, Madder M, Baeten L, De Frenne P, Verheyen K. The abundance of
Ixodes ricinus ticks depends on tree species composition and shrub cover.
Parasitology. 2012;139:1273-81.

Hubalek Z, Halouzka J, Juricova Z. Host-seeking activity of ixodid ticks in
relation to weather variables. J Vector Ecol. 2003;28:159-65.

Chapman CA, Lambert JE. Habitat alteration and the conservation of Afri-
can primates case study of Kibale National Park. Uganda Am J Primatol.
2000;50:169-85.

Treves A, Mwima P, Plumptre AJ, Isoke S. Camera-trapping forest-
woodland wildlife of western Uganda reveals how gregariousness biases
estimates of relative abundance and distribution. Biol Conserv Elsevier
Ltd. 2010;143:521-8.

Chapman CA, Wrangham RW, Chapman LJ, Kennard DK, Zanne AE. Fruit
and flower phenology at two sites in Kibale National Park, Uganda. J Trop
Ecol MNHN Museum National d’Histoire Naturelle. 1999;15:189-211.
Bortolamiol S, Cohen M, Potts K, Pennec F, Rwaburindore P, Kasenene JM,
et al. Suitable habitats for endangered frugivorous mammals: small-
scale comparison, regeneration forest and chimpanzee density in Kibale
National Park. Uganda PLoS One. 2014,9:2102177.

Bortolamiol S, Krief S, Jiguet F, Palibrk M, Protase R, Kasenene J, Seguya A,
Cohen M. Spatial analysis of natural and anthropogenic factors influenc-
ing chimpanzee repartition in Sebitoli (Kibale National Park, Uganda). Int
Cartogr Conf. 2013.

Cibot M, Bortolamiol S, Seguya A, Krief S. Chimpanzees facing a danger-
ous situation: a high-traffic asphalted road in the Sebitoli area of Kibale
National Park. Uganda Am J Primatol. 2015,77:890-900.

Matthysse JG, Colbo MH. The ixodid ticks of Uganda, together with spe-
cies pertinent to Uganda because of their present known distribution.
Entomologi Soc Am. 1987.

Hoogstraal H, El Kammah KM. Notes on African Haemaphysalis ticks.

XH. (Kaiseriana) aciculifer Warburton and H (K) rugosa Santos Dias, the
African representatives of the Spinigera subgroup (Ixodoidea: Ixodidae). J
Parasitol. 1972;58:960-78.

Horak IG, Heyne H, Williams R, Gallivan GJ, Spickett AM, Bezuidenhout JD,
Estrada-Pefia A. The genus Haemaphysalis Koch, 1844. In The Ixodid Ticks
(Acari: Ixodidae) of Southern Africa (pp. 141-200). Springer, Cham; 2018
Binetruy F, Dupraz M, Buysse M, Duron O. Surface sterilization meth-

ods impact measures of internal microbial diversity in ticks parasites

and vectors. BioMed Central. 2019;12:1-10. https://doi.org/10.1186/
$13071-019-3517-5.

Chenna R, Sugawara H, Koike T, Lopez R, Gibson TJ, Higgins DG, et al.
Multiple sequence alignment with the clustal series of programs. Nucleic
Acids Res. 2003;31:3497-500.

Kumar S, Stecher G, Tamura K. MEGA7 molecular evolutionary genetics
analysis version 7.0 for bigger datasets. Mol Biol Evol. 2016;33:1870-4.
Castresana J. Selection of conserved blocks from multiple alignments for
their use in phylogenetic analysis. Mol Biol Evol. 2000;17:540-52.

Dobson AJ, Barnett AG. An introduction to generalized linear models.
London: Chapman and Hall/CRC; 2018.

Schielzeth H. Simple means to improve the interpretability of regression
coefficients. Methods Ecol Evol. 2010;1:103-13.

Fox J, Weisberg S, Adler D, Bates D, Baud-Bovy G, Ellison S, et al. Package
car. Vienna: R Foundation for Statistical Computing; 2012.

Forstmeier W, Schielzeth H. Cryptic multiple hypotheses testing in linear
models: overestimated effect sizes and the winner’s curse. Behav Ecol
Sociobiol. 2011;65:47-55.

Barr DJ, Levy R, Scheepers C, Tily HJ. Random effects structure for confirm-
atory hypothesis testing: keep it maximal. J Mem Lang. 2013;68:255-78.
Benjamini Y, Drai D, Elmer G, Kafkafi N, Golani I. Controlling the

false discovery rate in behavior genetics research. Behav Brain Res.
2001;125:279-84.

Quinn GP, Keough MJ. Experimental design and data analysis for biolo-
gists. Cambridge university press; 2002.

Team RC. A language and environment for statistical computing. Vienna:
R Foundation for Statistical Computing; 2019.

King'oriObanda EMV, Nyamota R, Remesar S, Chiyo PI, Soriguer R, et al.
Population genetic structure of the elephant tick Amblyomma tholloni
from different elephant populations in Kenya. Amsterdam: Elsevier; 2022.
McGinley-Smith DE, Tsao SS. Dermatoses from ticks. J Am Acad Dermatol.
2003;49:363-92.


https://doi.org/10.2305/IUCN.UK.2016-2.RLTS.T15933A17964454.en
https://doi.org/10.2305/IUCN.UK.2016-2.RLTS.T15933A17964454.en
https://www.iucnredlist.org
https://doi.org/10.1186/s13071-019-3517-5
https://doi.org/10.1186/s13071-019-3517-5

Lacroux et al. Parasites & Vectors (2023) 16:22

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

ot

Bussiéras J, Chermette R. Entomologie vétérinaire (Abrégé de parasitolo-
gie vétérinaire, fascicule IV). Service de Parasitologie de I'ENVA: 163p;
1991.

Ogden NH, Ben Beard C, Ginsberg HS, Tsao JI. Possible effects of climate
change on Ixodid ticks and the pathogens they transmit: predictions and
observations. J Med Entomol. 2021;58:1536-45.

Requena-Garcia F, Cabrero-Safiudo F, Olmeda-Garcia S, Gonzélez J, Valcar-
cel F. Influence of environmental temperature and humidity on questing
ticks in central Spain. Exp Appl Acarol. 2017;71:277-90.

Barandika JF, Olmeda SA, Casado-Nistal MA, Hurtado A, Juste RA, Valcércel
F, et al. Differences in questing tick species distribution between Atlantic
and continental climate regions in Spain. J Med Entomol. 2011;48:13-9.
Ginsberg HS, Ewing CP. Comparison of flagging, walking, trapping, and
collecting from hosts as sampling methods for Northern deer ticks,
Ixodes dammini, and lone-star ticks. Amblyomma americanum Exp Appl
Acarol. 1989;7:313-22.

Terassini FA, Barbieri FS, Albuquerque S, Szabé MPJ, Camargo LMA,
Labruna MB. Comparison of two methods for collecting free-living

ticks in the Amazonian forest. Ticks Tick Borne Dis Elsevier GmbH.
2010;1:194-6.

Vial L. Biological and ecological characteristics of soft ticks (Ixodida:
Argasidae) and their impact for predicting tick and associated disease
distriblftion. Parasite. 2009;16:191-202.

Lacroux C, Pouydebat E, Rossignol M, Durand S, Aleeje A, Asalu E, et al.
Repellent activity against Anopheles gambiae of the leaves of nest-

ing trees in the Sebitoli chimpanzee community of Kibale National

Park Uganda. BioMed Central Malar J. 2022. https://doi.org/10.1186/
$12936-022-04291-7.

Keita AK, Socolovschi C, Ahuka-Mundeke S, Ratmanov P, Butel C, Ayouba
A, et al. Molecular evidence for the presence of Rickettsia felis in the feces
of wild-living African apes. PLoS ONE. 2013;8:1-7.

Nakayima J, Hayashida K, Nakao R, Ishii A, Ogawa H, Nakamura |, et al.
Detection and characterization of zoonotic pathogens of free-ranging
non-human primates from Zambia. Parasit Vectors. 2014;7:490.

Binetruy F, Buysse M, Barosi R, Duron O. Novel Rickettsia genotypes in ticks
in French Guiana South America. Sci Rep. 2020. https://doi.org/10.1038/
s41598-020-59488-0.

Labruna MB, Walker DH. Rickettsia felis and changing paradigms about
pathogenic Rickettsiae. Emerg Infect Dis. 2014,20:1768.

Darby AC, Cho NH, Fuxelius HH, Westberg J, Andersson SGE. Intracellular
pathogens go extreme: genome evolution in the Rickettsiales. Trends
Genet. 2007;23:511-20.

Bonnet SI, Binetruy F, Herndndez-Jarguin AM, Duron O. The tick microbi-
ome: why non-pathogenic microorganisms matter in tick biology and
pathogen transmission. Front Cell Infect Microbiol. 2017;7:1-14.

Kurtti TJ, Felsheim RF, Burkhardt NY, Oliver JD, Heu CC, Munderloh UG.
Rickettsia buchneri sp Nov a rickettsial endosymbiont of the blacklegged
tick Ixodes scapularis. Int J Syst Evol Microbiol. 2015;65:965-70.
Novakova M, Costa FB, Krause F, Literak |, Labruna MB. Rickettsia vini n

sp (Rickettsiaceae) infecting the tick Ixodes arboricola (Acari: Ixodidae).
Parasites Vectors Parasites Vectors. 2016;9:1-8. https://doi.org/10.1186/
s13071-016-1742-8.

Lopez-Velez R, Palomar AM, Oteo JA, Norman FF, Pérez-Molina JA, Portillo
A. Novel Candidatus Rickettsia species detected in nostril tick from
human, gabon, 2014. Emerg Infect Dis. 2015,21:325-7.

Kocikové B, Majlath |, Vichova B, Malini¢ova L, Pristas P, Connors VA, et al.
Candidatus cryptoplasma associated with green lizards and ixodes ricinus
ticks, Slovakia, 2004-2011. Emerg Infect Dis. 2018;24:2348-51.

Masika SJ, Muchemi GM, Okumu TA, Mutura S, Zimmerman D, Kamau J.
Molecular evidence of Anaplasma phagocytophilum in olive baboons
and vervet monkeys in Kenya. BMC Vet Res BioMed Central. 2021;17:385.
King'ori EM, Obanda V, Chiyo PI, Soriguer RC, Morrondo P, Angelone S.
Molecular identification of Ehrlichia, Anaplasma, Babesia and Theileria in
African elephants and their ticks. PLoS ONE. 2019;14:16.

Larsen PA, Hayes CE, Williams CV, Junge RE, Razafindramanana J, Mass V,
et al. Blood transcriptomes reveal novel parasitic zoonoses circulating in
Madagascar's lemurs. Biol Lett. 2016;12:20150829.

Mafra C, Barcelos RM, Mantovani C, Carrizo J, Soares AC, Moreira HNS,

et al. Ocorrence of Ehrlichia canis in free-living primates of the genus Cal-
lithrix. Rev Bras Parasitol Vet. 2015;24:78-81.

Page 15 of 15

92. Yabsley MJ, Norton TM, Powell MR, Davidson WR. Molecular and serologic
evidence of tick-borne ehrlichiae in three species of lemurs from St
Catherines Island, Georgia, USA. J Zoo Wildl Med. 2004;35:503-9.

93. Williams CV, Van Steenhouse JL, Bradley JM, Hancock SI, Hegarty BC, Bre-
itschwerdt EB. Naturally occurring Ehrlichia chaffeensis infection in two
prosimian primate species: ring-tailed lemurs (Lemur catta) and ruffed
lemurs (Varecia variegata). Emerg Infect Dis. 2002;8:1497-500.

94. Baviskar BS, Gawande PJ, Jayraw AK, Maske DK, Raut SS. A note on occur-
rence of Ehrlichia infection in a Langur (Semnopithecus sp) from Nagpur
Maharashtra India. J Threat Taxa. 2009;1:444-444.

95. Garnham PCC, Bray RS. The susceptibility of the higher primates to Piro-
plasms. J Protozool. 1959;6:352-5.

96. Couturier C, Bortolamiol S, Ortmann S, Okimat JP, Asalu E, Krief S. All-you-
can-eat: influence of proximity to maize gardens on the wild diet and the
forest activities of the Sebitoli chimpanzee community in Kibale National
Park. Animals. 2022;12:1-22.

97. LiuW, LiY, Learn GH, Rudicell RS, Robertson JD, Keele BF, et al. Origin of
the human malaria parasite Plasmodium falciparum in gorillas. Nature
Nature Publ Group. 2010;467:420-5.

98. Cibot M, Guillot J, Lafosse S, Bon C, Seguya A, Krief S. Nodular worm infec-
tions in wild non-human primates and humans living in the Sebitoli area
(Kibale National Park, Uganda): do high spatial proximity favor zoonotic
transmission? PLoS Negl Trop Dis. 2015;9:1-17.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1186/s12936-022-04291-7
https://doi.org/10.1186/s12936-022-04291-7
https://doi.org/10.1038/s41598-020-59488-0
https://doi.org/10.1038/s41598-020-59488-0
https://doi.org/10.1186/s13071-016-1742-8
https://doi.org/10.1186/s13071-016-1742-8

	Survey of ticks and tick-borne pathogens in wild chimpanzee habitat in Western Uganda
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study site
	Sampling design and collection of ticks
	Tick identification
	Detection of tick-borne pathogens

	Data analysis
	Results
	Occurrence of tick species
	Tick-borne pathogen identification
	Environmental determinants of tick and pathogens abundance
	Tick-borne pathogen phylogenetic analyses

	Discussion
	Conclusion
	Acknowledgements
	References


