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Methods and Results: Blood was collected from camels (N=233) from three herds,
and serum was analysed using commercial ELISA antibody test kits. Ticks were col-
lected (N=4354), divided into pools of the same species from the same camel
(N=397) and tested for C. burnetii and Coxiella-like endosymbionts. Descriptive sta-
tistics were used to summarize seroprevalence by camel demographic and clinical
variables. Univariate logistic regression analyses were used to assess relationships
between serostatus (outcome) and tick PCR status, camel demographic variables, and
camel clinical variables (predictors). Camel C. burnetii seroprevalence was 52%. Across
tick pools, the prevalence of C. burnetii was 15% and Coxiella-like endosymbionts was
27%. Camel seropositivity was significantly associated with the presence of a C. bur-
netii PCR-positive tick pool (OR: 2.58; 95% Cl: 1.4-5.1; p=0.0045), increasing age
class, and increasing total solids.

Conclusions: The role of ticks and camels in the epidemiology of Q fever warrants
further research to better understand this zoonotic disease that has potential to cause

illness and reproductive losses in humans, livestock, and wildlife.
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1 | INTRODUCTION

Impacts
As the human population increases exponentially, expansion into

wilderness areas leads to increased contact between livestock spe- e Over half the camels in this study had antibodies against

cies and wildlife. This wildlife-livestock interface facilitates disease Coxiella burnetii.

transmission to and from wildlife and domestic livestock, increas- e Camels were more likely to be seropositive if tick pools

ing the potential for disease spillover into humans. Sixty per cent of collected from the camels were PCR-positive for C.

emerging infectious diseases (EIDs) in people are zoonotic, with 75% burnetii.

of those EIDs arising from a wildlife host (Jones et al., 2008; Taylor e While directionality cannot be determined based on

et al., 2001; Deem et al., 2019), emphasizing the need for greater these findings, ticks and camels are suspected to play a

attention to the increasing contact between wild animals and the role in the epidemiology of Q fever.

domestic species that we rely upon. e The transmission pathway and associated infection

Q fever (coxiellosis) is a globally distributed, highly infectious, rates between ticks and camels warrant further explo-

neglected zoonotic pathogen of conservation, public health, and ration, and tick prevention efforts in livestock should be
economic importance (Njeru et al., 2016). Q fever is caused by the bac- a priority for Q fever mitigation.
terium Coxiella burnetii, a gram-negative, obligate intracellular coccoba-
cillus that is shed by infected humans and animals via faeces, placenta,

and mammary and urogenital secretions (Knobel et al., 2013; Maurin cases have been reported (Graves et al., 2020; Huang et al., 2021,

& Raoult, 1999; Pirouz et al., 2015; Tejedor-Junco et al., 2016). In ad-
dition to contact with reproductive fluids from livestock, humans are
at risk of infection by consuming unpasteurized dairy products (Gale
et al., 2015; Loftis et al., 2010; Rabaza et al., 2021). Coxiella burnetii
has historically been associated with small ruminants but a number of
artiodactyl species are susceptible to infection. Q fever usually causes
subclinical infections in livestock, but in some instances can cause re-
productive pathology and spontaneous abortions.

Farmers, veterinarians, slaughterhouse workers, and others who
work in proximity to domestic livestock are at increased risk of infec-
tion (Koka et al., 2018). Direct transmission to humans via tick bite has
been described as of little epidemiological significance, but several
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Maurin & Raoult, 1999; Rolain et al., 2005). In humans, clinical presen-
tations of Q fever range from acute febrile illness to chronic disease in
immunosuppressed individuals, as well as spontaneous abortions and
premature birth (Maurin & Raoult, 1999; Pirouz et al., 2015). Due to its
ability to cause severe disease, capacity for windborne dissemination,
and spore-like resistance to heat and desiccation, C. burnetii is classi-
fied as a Class B biological warfare agent (Centers for Disease Control
and Prevention, 2018, 2019; Kagawa et al., 2003).

Dromedary camels (Camelus dromedarius) can be infected with
C. burnetii and have been increasing in popularity as a hardy live-
stock species worldwide over the past several decades (Browne
et al., 2017). As obligate browsers, camels compete with sympatric
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wildlife for resources, creating ample opportunity for sharing ec-
toparasites and pathogens (Deem, 2019; Maurin & Raoult, 1999;
O'Connor et al., 2015).

Coxiella burnetii infects more than 40 species of ticks worldwide
(Maurin & Raoult, 1999). Ticks have been proposed as an import-
ant reservoir and vector in C. burnetii transmission among mammals,
maintaining the organism in the environment and transmitting it
through blood meals or aerosolized faecal matter (Agerholm, 2013;
Angelakis & Raoult, 2010; Kumsa et al., 2015; Sprong et al., 2012).
Some authors have proposed that ticks may augment the virulence
of C. burnetii (Kumsa et al., 2015).

While there is an established association between camel herding or
drinking unpasteurized camel milk and C. burnetii exposure in humans,
the potential role of ticks in maintaining the organism between camel
hosts remains relatively unexplored, though it has begun to receive at-
tention in recent years (Abdullah et al., 2018). This study contributes
to our understanding of the regional epidemiology of this pathogen by
investigating associations between C. burnetii exposure in camels (se-
ropositivity) and the presence of C. burnetii DNA in camel-associated
ticks, as well as camel demographic and clinical variables. We hypoth-
esized that there would be a positive association between camel sero-
positivity and carrying a tick that tested PCR-positive for C. burnetii.

2 | MATERIALS AND METHODS
21 | Studyarea

Laikipia County is a semi-arid region located in central Kenya that
has experienced dramatic camel population growth and has abun-
dant wildlife (Deem, 2019) (Figure 1). The human population is ap-
proximately 400,000 people, with 76% of people living in rural areas.
Livestock farming is the primary means of income: >80% of the popu-
lation rely on livestock farming for their livelihoods, and 32% are pasto-
ralists. Despite this dependence on farming, 90% of the land has been
deemed too dry for cultivation, with less than 2% of the land consid-
ered of high value for agriculture. Sixty-five per cent of the land is de-
fined as ‘wildlife habitat’, including eight forest reserves, one national
park, and one national reserve. Laikipia has the second highest den-
sity of large free-ranging mammals in Kenya, second to Maasai Mara
National Reserve (Butynski & de Jong Lolldaiga, 2015).

2.2 | Study design, population, and sampling

We collected biomaterials from three herds of camels in Laikipia
County: Herd 1 (herd size=136), Herd 2 (herd size=124) and Herd 3
(herd size=82). These three commercial livestock ranches used the
camels primarily for milk production. Adult male camels at Herd 1
were also used as safari camels in the tourism industry. Camels from
all three herds were housed overnight in bomas (livestock corrals) and
were sampled before being released to forage for the day. Camels
were selected via convenience sampling, and camels of both sexes and
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all age groups were selected for the study. All sampling took place in
June 2017: two consecutive days were spent at herds 1 and 2, and 3
consecutive days were spent at Herd 3. The animals at these ranches
were primarily being used for milk production and thus were mostly
adult, lactating female camels. The predominance of female camels in
this study is representative of a typical herd in Kenya, where over 70%
of households with camels have herds comprised of 60%-90% lactat-
ing females (Elhadi et al., 2015). The camels in the present study had
skin-branded, unique identification numbers assigned by the ranch.
Age classes were assigned as neonate/juvenile (<6 months), subadult
(6months to 1year), and adult (>1year) based on herder knowledge of
the individuals' ages. Camel herders were asked for a clinical history on
each individual. Camels were physically examined and any apparent
health conditions noted. Body condition scores (BCSs) were assigned
by local veterinarians using a subjective score, categorized as thin, nor-
mal, over-conditioned, or obese (Faye et al., 2001).

Camels were manually restrained, and approximately 8 mL of
blood was collected via jugular venipuncture using an 18-gauge nee-
dle and 10-mL syringe. Blood was transferred into both EDTA and
serum separator tubes and labelled with camel identification num-
ber, date, and herd. The blood tubes were stored in a cooler with
ice packs for transportation back to the laboratory. A sample of the
camel's attached tick burden was collected from each camel's body;
time spent collecting ticks was limited to the duration of blood col-
lection. The ticks were predominantly collected from the perineal
area because of their high concentration at that location, but also
from the axilla, groin, and ears. Camels were marked with paint at

the end of sample collection to avoid recapture.

2.3 | Semi-structured interview: Camel
management practices

The interview was conducted with the senior herder from each
herd. The interview consisted of 40 questions that covered topics
including awareness of tick-borne disease and preventive measures
and land use practices, including camels' interactions with wildlife.
A local researcher translated the interview questions into Kiswahili,
and the herder's verbal responses were recorded. The interview in-
strument is available in the Supplementary Materials. Interview re-
sponse data were reported descriptively.

2.4 | Laboratory testing

2.4.1 | Packed cell volume, total solids, and serum
antibody detection

Whole blood was drawn into microhematocrit tubes, centrifuged and
used to determine packed cell volume (PCV). Plasma total solids (TS),
an estimate of plasma total protein, were determined using a refrac-
tometer. Blood in the serum separator tubes was centrifuged within
8h of sample collection, and serum was aliquoted into cryovials for
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FIGURE 1 Map of Kenya showing the study area, Laikipia County.

storage in liquid nitrogen until transport on dry ice to a -80F freezer
at the Institute for Primate Research in Nairobi. To determine sero-
conversion, Q fever (C. burnetii) antibodies were detected in diluted
serum samples (1:400) using the IDEXX Q Fever (C. burnetii) Ab Test
(IDEXX Europe B.V., Scorpius 60 Building F, Hoofddorp 2132 LR,
The Netherlands) at the International Livestock Research Institute

according to the manufacturer's instructions.

2.4.2 | Ticks

Ticks were identified based on their morphological characteristics
using Multikey 2.1, a digital dichotomous key and other reference
texts (Walker et al., 2000; Walker, 2003). All collected ticks from an
individual camel were separated by species and stored in 70% etha-
nol at room temperature. Ticks of the same species from the same
camel were pooled prior to analysis.

2.4.3 | Molecular detection of Coxiella

Tick pools were tested for C. burnetii and Coxiella-like endosymbiont
DNA at the International Centre of Insect Physiology and Ecology
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(icipe). Coxiella burnetii was detected using primers Trans 1 (5-TAT GTA
TCCACCGTAGCCAGTC-3')and Trans 2 (5-CCC AACAACACCTCC
TTA TTC-3’) designed to target a 687-bp fragment of the repetitive,
transposon-like 1IS1111 region (Vaidya et al., 2008). The PCR mixtures
included 4L of 5x HOT FIREPol® Blend Master Mix (Solis BioDyne,
Tartu, Estonia), 1pL of 10uM of each primer and 20ng of template
DNA. The volume was brought to 20pL using nuclease-free water.
The PCR amplifications were conducted in a ProFlex PCR systems
thermocycler (Applied Biosystems, Foster City, CA, USA) using the
following conditions: initial denaturation at 95°C for 15minutes, fol-
lowed by five cycles at 95°C for 30s, with the temperature decreasing
by 1°C in each consecutive step, ranging from 66 to 61°C, for 1 min,
and finally 72°C for 1min. This was then followed by 35cycles at
95°C for 30s, 61°C for 30s and 72°C for 1 min, with a final extension
step at 72°C for 10min. Coxiella burnetii DNA from previous studies
(Getange et al., 2021) was used as a positive control, while nuclease-
free water served as the negative control. The successful amplifica-
tion of the target PCR amplicon was determined by separating 5plL
of the PCR products by gel electrophoresis using 2% (w/v) ethidium
bromide-stained agarose gels and visualized under ultraviolet light
using MYECL Imager (Thermo Fisher Scientific, MA, USA). The size
of the products was determined by comparing them to a GeneRuler
100bp DNA ladder (Thermo Fisher Scientific).
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Coxiella-like endosymbionts were detected using
PCR-high-resolution melting (HRM) analysis Rick16S F
(GAACGCTATCGGTATGCTTAACACA) and Rick16S R

(CATCACTCACTCGGTATTGCTGGA) primers (Nijhof et al., 2007)
following a previously described protocol (Mwamuye et al., 2017).
The analysis was carried out in Quant Studio 3 Real-Time PCR
System (Applied Biosystem, Foster City, CA, USA) thermocycler.

Positive C. burnetii and Coxiella-like endosymbiont PCR products
were purified using ExoSAP-IT PCR Product Cleanup kit (Affymetrix,
Santa Clara, CA, USA) and submitted to Macrogen (Amsterdam, The
Netherlands) for Sanger sequencing. The resulting chromatograms
were trimmed, edited and aligned to generate consensus sequences
using Geneious Prime software v. 2020.2.2 (Biomatters; Auckland,
New Zealand).

Any camel associated with one or more tick pools that tested
positive for C. burnetii was considered a positive tick camel. If all tick
pools associated with a camel tested negative for C. burnetii, this was
considered a negative tick camel.

2.5 | Statistical analysis

Descriptive statistics were used to determine seroprevalence of C.
burnetii stratified by age class, sex, herd, PCV, and TS. Univariate
logistic regression was performed to evaluate potential associa-
tions between camel seropositivity and tick C. burnetii PCR posi-
tivity, as well as camel demographic and clinical variables. Body
condition score was excluded from analysis because only two
animals were classified as other than normal. Likewise, health
status was excluded because the abnormal health conditions in
the study population were varied, infrequent, and not plausibly
associated with infection. Additional logistic regression analyses
were conducted to determine associations between tick species
and pool positivity for C. burnetii or endosymbionts. All statistics
were performed using RStudio Version 2022.12.0+ 353 (RStudio
Team 2022). A p value of <0.05 was considered significant for all

analyses.

3 | RESULTS
3.1 | Camels

Complete datasets including biological information and PCV/TS
were obtained for 233 camels. Two hundred fifty-one camels were
initially included in this study, but 18 camels were excluded due to
sample labelling errors. The measured variables from these cam-
els were similar to those with complete datasets. Because of this
similarity and because the missing data were considered ‘missing
completely at random’ (MCAR), data from these 18 camels were
excluded from analyses. Overall seroprevalence of C. burnetii was
52% (95% Cl: 46-59). Seropositivity was significantly associated
with the presence of C. burnetii-positive tick pools (OR: 2.58; 95%
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Cl: 1.4-5.1; p=0.0045). Increasing age class (adult: OR: 14.2; 95%
Cl: 6.9-31.3; subadult: OR: 3.4; 95% Cl: 1.5-8.1; juvenile: refer-
ence category), and plasma total solids (OR: 2.0 per 0.5mg/dL
increase; 95% Cl: 1.5-2.6) were significantly associated with se-
ropositivity (Table 1).

3.2 | Semi-structured interview

All three herds reported use of topical tick acaricides at least
once monthly, including the product Triatix® Stock Spray (CKL
Africa Limited, Mashiara Park, Kaptagat Rd., Loresho, Kenya). One
herd also reported using Norotraz (Bukoola Vet, 18 Nakivubo Rd,
Kampala, Uganda) and Farmtraz® (Murphy Chemicals, Baba dogo
Rd, Ruaraka, Kenya) as well. These three acaricides are all amitraz-
based products. All herds reported that their camels browsed
during the day and generally covered 2-4 km per day. Two of the
herds reported that wildlife species, including African painted
dogs (Lycaon pictus), lions (Panthera leo), leopards (Panthera pardus
pardus), elephants (Loxodonta africana), zebras (Equus spp.), jack-
als (Canis mesomelas), hyenas (Crocuta crocuta), buffalo (Syncerus
caffer), and birds, were frequently seen within 400m of their
camels.

3.3 | Ticks

A total of 4354 ticks, representing 3 genera and 9 species (Table 2),
were collected from camels in this study. Between 2 and 69 ticks
were collected on every camel, with a median of 13 ticks per camel
(IQR 9-26). Rhipicephalus pulchellus represented 92% (3987/4354)
of individual ticks collected. Ticks of the same species and from
the same camel were pooled (N=397 pools), resulting in 1 to 66
ticks per pool. The overall PCR prevalence among the tick pools
was 15% (N=61/397) for C. burnetii and 27% (N=108/397) for
Coxiella-like endosymbionts and 4% (N =15/397) were positive for
both C. burnetii and Coxiella-like endosymbionts (Table 3). Fifty-
three per cent (N=8) of the tick pools that were positive for both
C. burnetii and Coxiella-like endosymbionts were Am. gemma pools,
despite this species representing only 12% (49/398) of total tick
pools. The remaining pools were Rh. evertsi (N=4; 27%), Rh. appen-
diculatus (N=1; 7%), Hy. marginatum (N =1; 7%), and Hy. truncatum
(N=1; 7%).

3.4 | Tick species association with C.
burnetii-positive tick pools

Coxiella burnetii positivity in tick pools was significantly associ-
ated with tick species. Coxiella burnetii positivity was significantly
more likely in Rh. evertsi (OR: 14.3; 95% Cl: 5.3-43.0; p<0.001), Rh.
praetextatus (OR: 15.8; 95% Cl: 0.68-190; p=0.03), Hy. marginatum
(OR: 8.9; 95% Cl: 3.48-25.75; p<0.001), Hy. truncatum (OR: 17.81;
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Demographic and clinical

Odds ratio

TABLE 1 Univariate logistic regressions
assessing relationships between Kenyan

variables Seronegative Seropositive (%) (95% Cl) p value dromedary camel (Camelus dromedarius)
Total, N 111 122 (52) - - seropositivity for Coxiella burnetii
Age antibodies and camel demographic and
Neonate/juvenile, N 55 12(18) Reference - clinical variables.
Subadult, N 27 20 (43) 3.4(1.5-8.1) 0.0049
Adult, N 29 90 (76) 14.2 (6.9-31.3)  <0.001
Sex
Female, N 77 98 (56) Reference -
Male, N 34 24 (41) 0.55(0.30-1.01) 0.055
Herd
1,N 42 52 (55) Reference -
2,N 35 33(49) 0.76 (0.41-1.4) 0.39
3,N 34 37 (52) 0.88(0.47-1.6) 0.68
Packed cell volume, mean+SD?* 26.7+3.5 269+4.2 1.1°(0.76-1.5) 0.70
Total solids, mean+SD? 6.8+0.7 7.4+0.6 2.0°(1.5-2.6) <0.001

2PCV and TS data available from 219 and 218 individuals, respectively.
Odds ratio per 5% increase in PCV.
“Odds ratio per 0.5mg/dL increase in TS.

TABLE 2 Summary of tick species identification (N=4354)
collected from dromedary camels in Laikipia County, Kenya.

Genus Species N %
Rhipicephalus 4099 94.2
pulchellus 3987 91.6
appendiculatus 5 0.1
evertsi 102 2.3
decoratus 1 <0.1
praetextatus 4 0.1
dromedarii 1 0.0
Hyalomma 153 3.5
marginatum 116 2.7
truncatum 34 0.8
Unidentified 2 <0.1
Amblyomma 102 2.3
gemma 101 2.3
Unidentified 1 <0.1

95% Cl: 5.74-59.49; p=0.001), and Am. gemma (OR: 12.67; 95% Cl:
4.75-3.79; p<0.001), compared to the most sampled tick species,
Rh. pulchellus (reference category). Coxiella burnetii positivity was
not significantly different in the other tick species compared to Rh.
pulchellus, although this may be attributable in part to low sample
size (each with N<5).

3.5 | Tick species association with
endosymbiont-positive tick pools

Endosymbiont positivity in tick pools was also significantly associ-
ated with tick species. Endosymbiont positivity was significantly less
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likely in Hy. marginatum (OR: 0.15; 95% Cl: 0.04-0.38; p <0.001) and
Hy. truncatum (OR: 0.22; 95% Cl: 0.04-0.79; p=0.047), but more
likely in Am. gemma (OR: 2.1; 95% Cl 1.1-3.98; p=0.025) compared
to the most sampled species, Rh. pulchellus (reference category).
Endosymbiont positivity was not significantly different in the other

tick species compared to Rh. pulchellus.

4 | DISCUSSION

This study revealed a C. burnetii seroprevalence of 52% in the sam-
pled dromedary camels across three herds in Laikipia County and
found a C. burnetii PCR prevalence of 15% across tick pools col-
lected from these camels. This seroprevalence and tick positiv-
ity are both markedly higher than previous reports in camels and
other livestock in this part of Kenya (Table 4) (Browne et al., 2017,
DePuy et al., 2014; Schelling et al., 2003). A previous study in Kenya
reported a 5.5% overall PCR prevalence of C. burnetii in ticks col-
lected from livestock; however, they reported that none of the tick
pools collected from camels were positive (Koka et al., 2018). In our
study, the significantly higher number of individual ticks collected
from camels may have increased the opportunity to sample posi-
tive ticks compared with studies that collected fewer individual ticks
from camels.

In this study, seropositivity was positively associated with in-
creasing age class and increasing total solids. The odds of seropos-
itivity in adult animals were 14.2 times higher and subadults were
3.4 times higher than the neonate/juvenile age class, which was the
reference category. This finding is consistent in direction but greater
in magnitude than the findings of a study in Laikipia County with
odds of seropositivity 5.4 times higher in camels >2years of age and
2.9 times higher in camels é6months to 2years old than in camels
<6months of age (Browne et al., 2017). Increasing age may provide
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TABLE 3 PCR status of ticks collected

from dromedary camels in Laikioia Tick pools, Coxiella burnetii +, Endosymbiont +, Both +,
Y P Tick genus N N (%) N (%) N (%)
County, Kenya.
Rhipicephalus 249 22(9) 80 (32) 5(2)
Hyalomma 99 25 (25) 6 (6) 2(2)
Amblyomma 49 14 (29) 22 (45) 8 (16)
Total 397 61 (15) 108 (27) 15 (4)

TABLE 4 Summary of Coxiella burnetii seroprevalence studies in
livestock species in Kenya.

N tested Seroprevalence (%)  Study
Camel 233 52 Present
72 70 DePuy et al. (2014)
334 19 Browne et al. (2017)
312 20 Larson et al. (2019)
142 80 Schelling et al. (2003)
Cattle 195 4 Schelling et al. (2003)

113 2 DePuy et al. (2014)

Goat 134 13 Schelling et al. (2003)
26 35 DePuy et al. (2014)

Sheep 142 11 Schelling et al. (2003)
23 17 DePuy et al. (2014)

more opportunities for infection, whether that be through contact
with ticks or with other animals. Additionally, camels acquire immuno-
globulins from colostrum at birth, which may provide protection from
some infections until around émonths of age (Meyer et al., 2016);
thus, camels that were exposed to C. burnetii in the first 6months of
life may not have seroconverted nor become infected due to maternal
antibodies. Increased immunoglobulins in exposed camels may also
explain the increased odds of seropositivity with an increase in total
solids, a finding consistent with those of Browne et al. (2017).

Coxiella burnetii DNA was detected in eight of nine species of
ticks, and 22% of all tick pools were PCR-positive for C. burnetii,
which is dramatically higher than the majority of previous reports
of tick pools collected from various species in Kenya. In western
Kenya, tick pools collected from domestic livestock and dogs had a
C. burnetii PCR prevalence of 2.5% (Knobel et al., 2013), and a pre-
vious study on tick pools collected from various wildlife species in
Laikipia County had a C. burnetii PCR prevalence of 2.92% (Ndeereh
et al.,, 2017). As in the present study, a study in Kenya found that
Rhipicephalus was the most common tick genus collected from wild-
life hosts; however, these authors also found that Rhipicephalus was
the only genera to test positive for C. burnetii at an individual prev-
alence of 0.54% (Ndeereh et al., 2017). A C. burnetii prevalence of
2.5% in pooled Amblyomma spp. ticks collected from cattle in Kenya
was previously reported (Knobel et al., 2013). Our study collected
ticks only from camels, and the significantly higher C. burnetii prev-
alence that we detected compared with previous studies of wildlife
and cattle in Kenya suggests that ticks may be acquiring the bacte-
rium from the camels.
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Importantly, camels were 2.5 times more likely to be seroposi-
tive if a tick pool collected from them was PCR-positive for C. bur-
netii. Although directionality of infection cannot be stated based on
these findings, the results do suggest that ticks in this region play a
role in Q fever epidemiology. Extensive farming strategies involving
livestock browsing may facilitate ectoparasite transmission between
wildlife and livestock and thus transmission of pathogens such as C.
burnetii. While many studies have tested ticks from livestock for C.
burnetii (Browne et al., 2017; DePuy et al., 2014; Koka et al., 2018;
Larson et al., 2019; Schelling et al., 2003), few have tested ticks from
wildlife (Ndeereh et al., 2017). Future studies evaluating the prev-
alence of C. burnetii in ticks from sympatric wildlife are warranted.

Endosymbiotic Coxiella bacteria are genetically related yet
ecologically distinct organisms from C. burnetii (Duron, 2015;
Duron et al.,, 2015). Endosymbionts are transmitted vertically
between ticks and may have a symbiotic relationship with tick
hosts (Duron, 2015; Duron, Noél, et al., 2015). Commonly em-
ployed diagnostics for C. burnetii may not be specific to C. bur-
netii and thus risk misidentifying endosymbionts as C. burnetii and
over-reporting C. burnetii prevalence (Duron, Sidi-Boumedine,
et al., 2015; Pearson et al., 2016). Previous studies in Kenya have
documented C. burnetii and endosymbionts in ticks collected
from camels (Getange et al., 2021) and other livestock (Oundo
et al., 2020). Though a recent metagenomic study reported that
46% of ticks collected from Kenyan wildlife had C. burnetii DNA
(Ergunay et al., 2022), it is unclear whether some of the sequences
scored were of the highly similar Coxiella-like endosymbionts. In
the present study, endosymbionts were detected in all tick species
besides Hy. dromedarii, of which there was a very low sample size
(a single pool). The significance of these endosymbionts is unclear
and warrants further investigation (Getange et al., 2021).

The results from our interview indicate that herders are aware
of tickborne disease and attempt to mitigate disease transmission
through use of topical acaricides on livestock. Without a control
group, it is impossible to comment upon the efficacy of these aca-
ricides. However, there is an abundance of literature pertaining
to acaricide ineffectiveness and ectoparasite resistance in Africa
(Klafke et al., 2018; Mutavi et al., 2021), which may be due to sub-
therapeutic dosing (leading to acquired resistance) and/or inher-
ent ectoparasite resistance. A previous study evaluated the types
of acaricides and herders' application practices in Laikipia County
(Mutavi et al., 2021). The authors concluded that a lack of tech-
nical understanding of the acaricides' mechanisms led to product
misuse; they documented improper dilutions of acaricide and pro-
posed that dilute formulations may not be lethal to the parasites,
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thus producing resistance (Mutavi et al., 2021). In our study, the
different herds' dilution practices and application schedules were
not evaluated, but it is possible that lack of adherence to the man-
ufacturer's usage protocols (i.e., underdosing) and/or acquired
resistance to amitraz-based products due to historic, widespread
misuse of these products, is reducing the efficacy of these prod-
ucts. As mentioned, resistance to even correctly dosed amitraz
has been documented in multiple species of Rhipicephalus ticks
(including Rh. pulchellus, which accounted for over 90% of the
individual ticks in the present study) (Klafke et al., 2018). Four
molecular mechanisms have been proposed to explain inherent
ectoparasite resistance (Klafke et al., 2018) so it is possible that
even if acaricide protocols were followed perfectly, a degree of in-
herent parasite resistance may exist, rendering the use of amitraz-
based products futile.

Camel populations continue to grow globally; according to
the Food and Agriculture Organization of the United Nations, the
world's dromedary camel population grew by nearly 150% over the
past two decades from approximately 23.6 million animals in 2003
to 35.5 million animals in 2018 (FAO, 2020). In Kenya specifically, the
population grew from 895,000 animals in 2003 to 3.3 million animals
in 2018, making Kenya home to the third largest population of drom-
edaries in Africa behind Somalia and Sudan (FAO, 2020). Given cli-
matological changes across the Horn of Africa, it is likely that camels
will become an increasingly attractive species for livestock herders
(Deem, 2019; Lawrence et al., 2023).

Similar to findings in Middle East respiratory syndrome-
related coronavirus (MERS-CoV), previous studies in Africa have
documented that camel breeders are more likely to be exposed
to C. burnetii than cattle breeders or non-camel breeders (Browne
et al., 2017; Gossner et al., 2016; Schelling et al., 2003; Sikkema
et al., 2017; Vanderburg et al., 2014; Wardrop et al., 2016). Those
in close contact with camels are not the only people at risk of con-
tracting Q fever, however, as an estimated 10% of Kenyans con-
sume unpasteurized camel milk daily (Browne et al., 2017; Kaindi
et al., 2011), which is a known route of human C. burnetii infec-
tion (Centers for Disease Control and Prevention, 2019; Pexara
et al., 2018; Raoult et al., 2000; Signs et al., 2012; Tisson-Dupont
& Raoult, 2008). C. burnetii is the most heat-resistant organism
found in raw milk and thus sets the standard for milk pasteuriza-
tion time and temperature (Cerf & Condron, 2006; Holsinger et al.,
1997); it follows that those consuming unpasteurized milk are at
increased risk of Q fever.

Q fever has been proposed as an underreported infection
that may be a significant source of febrile illness in Kenya (Koka
et al., 2018). Since 2000, the Rift Valley region has experienced two
reported outbreaks of Q fever in humans, affecting a total of 81
individuals and resulting in six deaths (Kaindi et al., 2011). Malaria
is often presumptively over-diagnosed as the cause of febrile ill-
ness in Africa, and recent efforts to accurately characterize acute
febrile illness have prompted increasing interest in Q fever as an
important differential diagnosis (Vanderburg et al., 2014). Multiple
systematic reviews on Q fever prevalence in humans in Africa
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demonstrated overall seroprevalences ranging from 2.5% to 26%
(Knobel et al., 2013; Koka et al., 2018; Njeru et al., 2016). While Q
fever is poorly understood and likely underdiagnosed, especially in
rural locations in Africa, it poses a significant risk to human health,
underscoring the importance of ongoing surveillance and epidemi-
ologic research relating to C. burnetii and other camel-borne patho-
gens (Frean & Blumberg, 2007).

As the global camel population is growing, regions with high
density of camels as a livestock species are considered hot spots
for potential zoonotic disease emergence (Watson et al., 2016; Zhu
et al., 2019). Besides C. burnetii, camels are known to serve as reser-
voirs of several diseases to humans: MERS (Middle Eastern respira-
tory syndrome virus), brucellosis, echinococcosis, Rift Valley fever,
plague (Yersinia pestis) and Crimean-Congo haemorrhagic fever, to
name a few (Zhu et al., 2019; Deem et al., 2015). Infectious disease
accounts for roughly one-third of the most common causes of human
morbidity and mortality, and zoonotic organisms are twice as likely
to be associated with EIDs than non-zoonoses (Taylor et al., 2001).
The pervasiveness of zoonotic EIDs of wildlife origin underscores
the need to elucidate risk factors that facilitate disease spillover from
wildlife to humans (Jones et al., 2008); livestock that share habitat
with wildlife, such as semi-free-ranging camels, are one such avenue
for disease spread that warrants further attention. Given that cam-
els are a potential source and amplifier of zoonotic and vector-borne
disease, and the significant increase in their importance as food an-
imals due to climate change, they represent a livestock species that
should be monitored closely with careful attention to the handling
process relating to milk and meat (Deem, 2019; Zhu et al., 2019).

Coxiella burnetii also has potential conservation impacts in the
wildlife setting and for wildlife under human care. Q fever has been
reported in numerous animals in zoological collections, leading to
abortions, stillbirths, and poor-doer young. Pathology has been
attributed to Q fever in captive white rhinoceros (Ceratotherium
simum), South American fur seals (Arctocephalus australis), South
American sea lions (Otaria byronia), Cuvier's gazelle (Gazella cuvieri),
greater kudu (Tragelaphus strepsiceros), and psittacines, and in one
retrospective study, C. burnetii DNA was detected in placentas
from 32 zoo-housed ungulate species (Bercier et al., 2018; Garner
et al., 2007; Jurcyznski & Fligger, 2005; Stalis & Rideout, 1996;
Winkel et al., 2008). It has been proposed that Q fever may go
undiagnosed as a cause for reproductive disease and failure in
wildlife (Stalis & Rideout, 1996). The suggested underdiagnosis
of this disease in both humans and endangered species demands
attention.

Several limitations are to be noted in this study. Host exposure
to C. burnetii was evaluated based on seroconversion, but it may take
7-15days for camels to mount an antibody response to an acute in-
fection (Ndeereh et al., 2017). As previously mentioned, young ani-
mals may have been exposed to C. burnetii when maternal antibodies
were still conferring a protective effect and thus may not have sero-
converted despite exposure; conversely, maternal antibodies could
be detected in neonates, rendering false positives for seropositiv-
ity in this age class. Thus, assessing seroconversion as a measure of
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exposure may inherently lead to underreporting if camels had either
been recently infected or exposed to C. burnetii at a young age, re-
spectively. Further, camels in this study were assessed for antibody
response but not antigen presence, so active infection could not be
confirmed. Tick burden was not quantified in this study, so it is not
possible to comment on a potential association between severity of
tick burden and seroconversion in these camels. A previous study did
document an association between tick burden and seroconversion in
camels, so tick burden is considered worthy of inclusion as a variable
in future studies (Hussain et al., 2022). Finally, ticks were collected
only for the duration of blood sampling. This non-standardized ap-
proach to tick collection may have led to error; for camels with a
particularly high tick burden, the proportion of collected ticks may
have been lower, making this group at high risk of misclassification.
In other words, some camels that had uncollected C. burnetii positive
ticks may have been classified as not having any positive tick pools.
Because camel serostatus would not affect whether positive ticks
went undetected, the estimated association between serostatus
and tick positivity should be unaffected, although with less preci-
sion than ideal.

This study highlights several areas where continued research
is indicated, including transmission studies to determine the direc-
tionality of C. burnetii infection, possibly using in vivo experimental
settings (i.e., camel to tick, vice versa or both) and antigen testing in
camels that have seroconverted for C. burnetii. A better understand-
ing of the pathogenicity of endosymbionts and their relationship
or lack thereof to C. burnetii is needed. Clinical trials to assess the
effectiveness of different tick preventive measures (i.e., acaracides)
for livestock and personal protective equipment for those in close
contact with potentially infected camels would also be of benefit.

5 | CONCLUSIONS

The data presented in this study suggest that ticks and camels may
play an important role in the epidemiology of Q fever in Laikipia
County, Kenya. The transmission pathway and associated infection
rates between ticks and camels warrant further exploration, and
tick prevention efforts in livestock should be a priority for Q fever

mitigation.

ACKNOWLEDGEMENTS

This study was funded by the Saint Louis Zoo Institution for
Conservation Medicine and supported in part by the National
Institute of Health's Summer Training Grant (T350D010963)
(Rooney). The authors thank the USAID PREDICT Project for their
collaboration during field collection of biological samples: this work
was made possible by the generous support of the American people
through the United States Agency for International Development
(USAID) Emerging Pandemic Threats PREDICT (Cooperative
Agreement No. AID-OAA-A-14-00102). The contents are the re-
sponsibility of the authors and do not necessarily reflect the views
or the policy of USAID or the United States Government, and no

RIGHTSE LI MN iy

official endorsement should be inferred. This work was partially sup-
ported by the European Research Council (ERC) under the European
Union's Horizon 2020 research and innovation programme under
grant agreement No. 101000365 (PREPARE4VBD), and icipe in-
stitutional funding from the Swedish International Development
Cooperation Agency (SIDA), the Swiss Agency for Development and
Cooperation (SDC), the Federal Democratic Republic of Ethiopia
and the Government of the Republic of Kenya (Villinger, Getange).
This study also received partial support from the CGIAR One
Health initiative ‘Protecting Human Health Through a One Health
Approach’, which was supported by contributors to the CGIAR
Trust Fund (https://www.cgiar.org/funders/), the National Center
for Advancing Translational Sciences, National Institutes of Health,
Award Number TL1TR002546 (Cummings), the Biotechnology
and Biological Sciences Research Council, the Department for
International Development, the Economic & Social Research Council,
the Medical Research Council, the Natural Environment Research
Council and the Defence Science & Technology Laboratory, under
the Zoonoses and Emerging Livestock Systems (ZELS) programme,
grant reference BB/L019019/1. The funders had no role in study
design, data collection and analysis, decision to publish or prepara-
tion of the manuscript. The content is solely the responsibility of the
authors and does not necessarily represent the official views of the
funders. Work was carried out at Mpala Research Centre, Laikipia
County, Kenya, the International Livestock Research Institute (ILRI),
Nairobi, Kenya, and the International Centre of Insect Physiology
and Ecology (icipe), Nairobi, Kenya. Thank you to Naftaly Githaka for
accommodation in the Tick Vector Unit at the International Livestock
Research Institute and Milton Owido for his time and patience with
the tick species identification and sharing his expertise.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are openly available
in ‘Datacat’ at 10.17638/datacat.liverpool.ac.uk%2F2269, reference
number 2629.

ETHICS STATEMENT

Approval for animal sampling was obtained through the International
Livestock Research Institute's Institutional Animal Care and Use
Committee (IACUC reference number 2015.01). Approval for the in-
terview was obtained through Tufts' Social, Behavioral & Educational
Research Institutional Review Board and was granted ‘Exempt’ sta-
tus (IRB Study #1706001). Two separate informed consent docu-
ments, written in English and translated verbally into Kiswahili, were
signed prior to camel sampling and interviews.

ORCID
Tess Rooney "2 https://orcid.org/0000-0003-3152-0810
Eric M. Fevre "= https://orcid.org/0000-0001-8931-4986

Jandouwe Villinger "' https://orcid.org/0000-0002-5097-6605

85UB017 SUOWILIOD 3A1IR1D) 3|cedl|dde auy Ag pausenob a1e sapie YO ‘@SN JO SaINnJ 10} Aeiq18UIIUO AB|IM UO (SUO 3 IPUOD-PUR-SUIR}LI0D A8 | 1M AReAq | U1 |UO//SONY) SUORIPUOD PUe SWLB L 83U} 89S *[7202/0T/22] uo AriqiTauluo A|im 9b1pbuoy Ba Aq LZTeT Udz/TTTT 0T/I0p/w0d"A| 1M Afeiq joul|uoj/Sdny Lol pepeojumoq 'S ‘20z ‘8LEZe98T


https://www.cgiar.org/funders/
https://doi.org/10.17638/datacat.liverpool.ac.uk/2269
https://orcid.org/0000-0003-3152-0810
https://orcid.org/0000-0003-3152-0810
https://orcid.org/0000-0001-8931-4986
https://orcid.org/0000-0001-8931-4986
https://orcid.org/0000-0002-5097-6605
https://orcid.org/0000-0002-5097-6605
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Fzph.13127&mode=

ROONEY ET AL.

ﬂWl LEY

Maris Brenn-White "= https://orcid.org/0000-0003-1547-5677
Charles O. Cummings "= https://orcid.org/0000-0002-9499-1719
Daniel Chai "= https://orcid.org/0000-0002-4282-6594
Joseph Kamau "= https://orcid.org/0000-0003-0460-0516
https://orcid.org/0000-0002-7531-881X
Dennis Getange "= https://orcid.org/0000-0002-2536-966X
Dickens O. Ochieng " https://orcid.org/0000-0001-5303-1482
https://orcid.org/0000-0003-0797-4484
https://orcid.org/0000-0001-7003-5258
https://orcid.org/0000-0003-1383-7611
http://orcid.org/0000-0003-4691-5954
https://orcid.org/0000-0002-2549-3636

Alice Kiyong’a

Velma Kivali
Dawn Zimmerman

Marieke Rosenbaum
Felicia B. Nutter
Sharon L. Deem

REFERENCES

Abdullah, H. A. M., El-Shanawany, E. E., Abdel-Shaft, S., Abou-Zeina,
H. A., & Abdel-Rahman, E. H. (2018). Molecular and immunolog-
ical characterization of Hyalomma dromedarii and Hyalomma ex-
cavatum (Acari: Ixodidae) vectors of Q fever in camels. Veterinary
World, 11(8), 1109-1119. https://doi.org/10.14202/vetworld.2018.
1109-1119

Agerholm, J. S. (2013). Coxiella burnetii associated reproductive disorders
in domestic animals-a critical review. Acta Veterinaria Scandinavica,
55(13). https://doi.org/10.1186/1751-0147-55-13

Angelakis, E., & Raoult, D. (2010). Q fever. Veterinary Microbiology,
140(3-4), 297-309. https://doi.org/10.1016/j.vetmic.2009.07.016

Bercier, M., Emerson, J. A., LaDouceur, E. E. B., & Citino, S. B. (2018).
Investigation of a Q fever outbreak in a breeding herd of white
rhinoceros (Ceratotherium simum). Proceedings of the American
Association of Zoo Veterinarians, p. 159.

Browne, A. S., Févre, E. M., Kinnaird, M., Muloi, D. M., Wang, C. A.,
Larsen, P. S., O'Brien, T. O., & Deem, S. L. (2017). Serosurvey of
Coxiella burnetii (Q fever) in dromedary camels (Camelus dromedar-
jus) in Laikipia County, Kenya. Zoonoses and Public Health, 64(7),
543-549. https://doi.org/10.1111/zph.12337

Butynski, T. M., & de Jong Lolldaiga, Y. A. (2015). Laikipia County:
Geography, environment, and biodiversity. Hills Research Programme,
Sustainability Centre Eastern Africa. https://www.wildsolutions.nl/
wp-content/uploads/ProfileofLaikipiaCounty-11Sept2015.pdf

Centers for Disease Control and Prevention. (2018). Bioterrorism agents/
diseases. https://emergency.cdc.gov/agent/agentlist-category.
asp#b

Centers for Disease Control and Prevention. (2019). Transmission.
https://www.cdc.gov/gfever/transmission/index.html

Cerf, O., & Condron, R. (2006). Coxiella burnetii and milk pasteurization:
An early application of the precautionary principle? Epidemiology
and Infection, 134(5), 946-951. https://doi.org/10.1017/S0950
268806005978

Deem, S. L. (2019). Evaluating camel health in Kenya—An example of con-
servation medicine in action. In R. E. Miller, P. Calle, & N. Lamberski
(Eds.), Fowler's zoo and wild animal medicine current therapy, Vol 9
(pp. 93-98). Elsevier.

Deem, S. L., Févre, E. M., Kinnaird, M., Browne, A. S., Muloi, D., Godeke,
G.-J., Koopmans, M., & Reusken, C. B. (2015). Serological evidence
of MERS-CoV antibodies in dromedary camels (Camelus dromedar-
ies) in Laikipia County, Kenya. PLoS ONE, 10(10), e0140125. https://
doi.org/10.1371/journal.pone.0140125

Deem, S. L., Lane-deGraaf, K. E., & Rayhel, E. A. (2019). Introduction to
one health: An interdisciplinary approach to planetary health. John
Wiley & Sons.

DePuy, W., Benka, V., Massey, A., Deem, S. L., Kinnaird, M., O'Brien, T.,
Wanyoike, S., Njoka, J., Butt, B., Foufopoulos, J., Eisenberg, J. N. S.,
& Hardin, R. (2014). Q fever risk across a dynamic, heterogeneous

RIGHTSE LI MN iy

landscape in Laikipia County, Kenya. EcoHealth, 11(3), 429-433.
https://doi.org/10.1007/s10393-014-0924-0

Duron, O. (2015). The 1S1111 insertion sequence used for detection of
Coxiella burnetii IS widespread in Coxiella-like endosymbionts of
ticks. FEMS Microbiology Letters, 362(17), fnv132. https://doi.org/
10.1093/femsle/fnv132

Duron, O., Noél, V., Mccoy, K. D., Bonazzi, M., Sidi-Boumedine, K., Morel,
0., Vavre, F,, Zenner, L., Jourdain, E., & Durand, P. (2015). The re-
cent evolution of a maternally-inherited endosymbiont of ticks led
to the emergence of the Q fever pathogen, Coxiella burnetii. PLoS
Pathogens, 11(5), e1004892.

Duron, O., Sidi-Boumedine, K., Rousset, E., Moutailler, S., & Jourdain,
E. (2015). The importance of ticks in Q fever transmission: What
has (and has not) been demonstrated? Trends in Parasitology, 31(11),
536-552. https://doi.org/10.1016/j.pt.2015.06.014

Elhadi, Y. A., Nyariki, D. M., & Wasonga, O. V. (2015). Role of camel
milk in pastoral livelihoods in Kenya: Contribution to household
diet and income. Pastoralism, 5, 8. https://doi.org/10.1186/s1357
0-015-0028-7

Ergunay, K., Mutinda, M., Bourke, B., Justi, S. A., Caicedo-Quiroga, L.,
Kamau, J., Mutura, S., Akunda, I. K., Cook, E., Gakuya, F., Omondi,
P., Murray, S., Zimmerman, D., & Linton, Y. M. (2022). Metagenomic
investigation of ticks from Kenyan wildlife reveals diverse micro-
bial pathogens and new country pathogen records. Frontiers in
Microbiology, 13, 932224. https://doi.org/10.3389/fmich.2022.
932224

Faye, B., Bengoumi, M., Cleradin, A., Tabarani, A., & Chilliard, Y. (2001).
Body condition score in dromedary camel: A tool for management
of reproduction. Emirates Journal of Food and Agriculture, 13, 1-6.
https://doi.org/10.9755/ejfa.v12i1.5193

Food and Agriculture Organization of the United Nations. (2020, March
2). FAOSTAT. https://www.fao.org/faostat/en/#home

Frean, J., & Blumberg, L. (2007). Tick bite fever and Q fever - A
south African perspective. South African Medical Journal, 97(11),
1198-1202.

Gale, P, Kelly, L., Mearns, R., Duggan, J., & Snary, E. L. (2015). Q fever
through consumption of unpasteurised milk and milk products
- A risk profile and exposure assessment. Journal of Applied
Microbiology, 118, 1083-1095. https://doi.org/10.1111/jam.
12778

Garner, M. M., West, G, Scot, R., Trupkiewicz, J., Bradway, D., Barr, B.,
& Nordhausen, R. (2007). A fatal disease caused by a Coxiella-like
bacteria in psittacines. Proceedings of the American Association of
Zoo Veterinarians/American Association of Wildlife Veterinarians/
American Zoo and Aqaurium Association Nutrition Advisory Goup Joint
Conference, pp. 160-161.

Getange, D., Bargul, J. L., Kanduma, E., Collins, M., Bodha, B., Denge,
D., Bhiuya, T., Githaka, N., Younan, M., Fevre, E. M., Bell-Sakyi, L.,
& Villinger, J. (2021). Ticks and tick-borne pathogens associated
with dromedary camels (Camelus dromedarius) in Northern Kenya.
Microorganisms, 9, 1414. https://doi.org/10.3390/microorganisms9
071414

Gossner, C., Danielson, N., Gervelmeyer, A., Berthe, F., Faye, B,
Aaslav, K. K., Zeller, H., Penttinen, P., & Coulombier, D. (2016).
Human-dromedary camel interactions and the risk of acquiring
zoonotic Middle East respiratory syndrome coronavirus infec-
tion. Zoonoses and Public Health, 63(1), 1-9. https://doi.org/10.
1111/zph.12171

Graves, S. R., Gerrard, J., & Coghill, S. (2020). Q fever following a tick bite.
Australian Journal of General Practice, 49(12), 254-256. https://doi.
org/10.31128/AJGP-01-20-5195

Holsinger, V., Rajkowski, K., & Stabel, J. (1997). Milk pasteurisation and
safety: A brief history and update. Revue Scientifique et Technique-
Office International Des Epizooties, 16(2), 441-466. https://doi.org/
10.20506/rst.16.2.1037

85UB017 SUOWILIOD 3A1IR1D) 3|cedl|dde auy Ag pausenob a1e sapie YO ‘@SN JO SaINnJ 10} Aeiq18UIIUO AB|IM UO (SUO 3 IPUOD-PUR-SUIR}LI0D A8 | 1M AReAq | U1 |UO//SONY) SUORIPUOD PUe SWLB L 83U} 89S *[7202/0T/22] uo AriqiTauluo A|im 9b1pbuoy Ba Aq LZTeT Udz/TTTT 0T/I0p/w0d"A| 1M Afeiq joul|uoj/Sdny Lol pepeojumoq 'S ‘20z ‘8LEZe98T


https://orcid.org/0000-0003-1547-5677
https://orcid.org/0000-0003-1547-5677
https://orcid.org/0000-0002-9499-1719
https://orcid.org/0000-0002-9499-1719
https://orcid.org/0000-0002-4282-6594
https://orcid.org/0000-0002-4282-6594
https://orcid.org/0000-0003-0460-0516
https://orcid.org/0000-0003-0460-0516
https://orcid.org/0000-0002-7531-881X
https://orcid.org/0000-0002-7531-881X
https://orcid.org/0000-0002-2536-966X
https://orcid.org/0000-0002-2536-966X
https://orcid.org/0000-0001-5303-1482
https://orcid.org/0000-0001-5303-1482
https://orcid.org/0000-0003-0797-4484
https://orcid.org/0000-0003-0797-4484
https://orcid.org/0000-0001-7003-5258
https://orcid.org/0000-0001-7003-5258
https://orcid.org/0000-0003-1383-7611
https://orcid.org/0000-0003-1383-7611
http://orcid.org/0000-0003-4691-5954
http://orcid.org/0000-0003-4691-5954
https://orcid.org/0000-0002-2549-3636
https://orcid.org/0000-0002-2549-3636
https://doi.org/10.14202/vetworld.2018.1109-1119
https://doi.org/10.14202/vetworld.2018.1109-1119
https://doi.org/10.1186/1751-0147-55-13
https://doi.org/10.1016/j.vetmic.2009.07.016
https://doi.org/10.1111/zph.12337
https://www.wildsolutions.nl/wp-content/uploads/ProfileofLaikipiaCounty-11Sept2015.pdf
https://www.wildsolutions.nl/wp-content/uploads/ProfileofLaikipiaCounty-11Sept2015.pdf
https://emergency.cdc.gov/agent/agentlist-category.asp#b
https://emergency.cdc.gov/agent/agentlist-category.asp#b
https://www.cdc.gov/qfever/transmission/index.html
https://doi.org/10.1017/S0950268806005978
https://doi.org/10.1017/S0950268806005978
https://doi.org/10.1371/journal.pone.0140125
https://doi.org/10.1371/journal.pone.0140125
https://doi.org/10.1007/s10393-014-0924-0
https://doi.org/10.1093/femsle/fnv132
https://doi.org/10.1093/femsle/fnv132
https://doi.org/10.1016/j.pt.2015.06.014
https://doi.org/10.1186/s13570-015-0028-7
https://doi.org/10.1186/s13570-015-0028-7
https://doi.org/10.3389/fmicb.2022.932224
https://doi.org/10.3389/fmicb.2022.932224
https://doi.org/10.9755/ejfa.v12i1.5193
https://www.fao.org/faostat/en/#home
https://doi.org/10.1111/jam.12778
https://doi.org/10.1111/jam.12778
https://doi.org/10.3390/microorganisms9071414
https://doi.org/10.3390/microorganisms9071414
https://doi.org/10.1111/zph.12171
https://doi.org/10.1111/zph.12171
https://doi.org/10.31128/AJGP-01-20-5195
https://doi.org/10.31128/AJGP-01-20-5195
https://doi.org/10.20506/rst.16.2.1037
https://doi.org/10.20506/rst.16.2.1037
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Fzph.13127&mode=

ROONEY ET AL.

Wi LEYJﬁ

Huang, J., Wang, R, Gao, C., L(, Y., Cao, Z., Deng, S., & Yue, C. (2021). A
case of tick-transmitted Q fever in Lishui, China diagnosed by next-
generation sequencing. Journal of International Medical Research,
49(9), 030006052110253. https://doi.org/10.1177/0300060521
10253

Hussain, S., Saqib, M., EI-Adawy, H., Hussain, M. H., Jamil, T., Sajid, M. S.,
Alvi, M. A., Ghafoor, M., Tayyab, M. H., Abbas, Z., Mertens-Scholz,
K., Neubauer, H., Khan, |., Mansoor, M. K., & Muhammad, G. (2022).
Seroprevalence and molecular evidence of Coxiella burnetiiin drom-
edary camels of Pakistan. Frontiers in Veterinary Science, 9, 908479.
https://doi.org/10.3389/fvets.2022.908479

Jones, K. E., Patel, N. G., Levy, M. A., Storeygard, A., Balk, D., Gittleman,
J. L., & Daszak, P. (2008). Global trends in emerging infectious dis-
eases. Nature, 451, 990-994.

Jurcyznski, K., & Fligger, M. (2005). Coxiella burnetii infection in south
American fur seals (Arctocephalus australis) and south American
sea lions (Otaria byronia). Proceedings of the American Association
of Zoo Veterinarians/American Associations of Wildlife Veterinarians/
American Association of zoo and Aquaria Nutritional Advisory Goup
Joint Conference, pp. 173-174.

Kagawa, F. T., Wehner, J. H., & Mohindra, V. (2003). Q fever as a biologi-
cal weapon. Seminars in Respiratory Infections, 18(3), 183-195.
Kaindi, D. W. M., Schelling, E., Wangoh, J.,, & Meile, L. (2011).
Microbiological quality of raw camel milk across the Kenyan market

chain. Food, 5(1), 79-83.

Klafke, J. N.N., Corley, G., Tidwell, S. W., Berry, C. M., & Koh-Tan, H. H. C.
(2018). Molecular biology of amitraz resistance in cattle ticks of the
genus Rhipicephalus. Frontiers in Bioscience, 23(2), 796-810.

Knobel, D. L., Maina, A. N., Cutler, S. J., Ogola, E., & Feikin, D. R. (2013).
Coxiella burnetii in humans, domestic ruminants, and ticks in rural
western Kenya. American Journal of Tropical Medicine and Hygiene,
88(3), 513-518. https://doi.org/10.4269/ajtmh.12-0169

Koka, H., Sang, R., Kutima, H. L., & Musila, L. (2018). Coxiella burnetii de-
tected in tick samples from pastoral communities in Kenya. BioMed
Research International, 2018, 8158102. https://doi.org/10.1155/
2018/8158102

Kumsa, B., Socolovschi, C., Almeras, L., Raoult, D., & Parola, P. (2015).
Occurrence and genotyping of Coxiella burnetii in ixodid ticks in
Oromia, Ethiopia. The American Journal of Tropical Medicine and
Hygiene, 93(5), 1074-1081. https://doi.org/10.4269/ajtmh.14-0758

Larson, P.S., Espira, L., Grabow, C., Wang, C. A., Muloi, D., Browne, A. S.,
Deem, S. L., Févre, E. M., Foufopoulos, J., Hardin, R., & Eisenberg,
J.N. S. (2019). The sero-epidemiology of Coxiella burnetii (Q fever)
across livestock species and herding contexts in Laikipia County,
Kenya. Zoonoses and Public Health, 66, 316-324. https://doi.org/10.
1111/zph.12567

Lawrence, T. J., Vilbig, J. M., Kangogo, G., Févre, E. M., Deem, S. L.,
Gluecks, I., Sagan, V., & Shacham, E. (2023). Spatial changes to cli-
matic suitability and availability of agropastoral farming systems
across Kenya (1980-2020). Outlook on Agriculture, 52, 186-199.
https://doi.org/10.1177/00307270231176577

Loftis, A. D., Priestley, R. A., & Massung, R. F. (2010). Detection of
Coxiella burnetii in commercially available raw milk from the United
States. Foodborne Pathogens and Disease, 7, 1453-1456. https://doi.
org/10.1089/fpd.2010.0579

Maurin, M., & Raoult, D. (1999). Q fever. Clinical Microbiology Reviews,
12(4), 518-553. https://doi.org/10.1128/cmr.12.4.518

Meyer, B., Juhasz, J., Barua, R., Das Gupta, A., Hakimuddin, F., Corman, V.
M., Miiller, M. A., Wernery, U., Drosten, C., & Nagy, P. (2016). Time
course of MERS-CoV infection and immunity in dromedary camels.
Emerging Infectious Diseases, 22(12), 2171-2173. https://doi.org/10.
3201/eid2212.160382

Mutavi, F., Heitkonig, I., Wieland, B., Aarts, N., & Van Paassen, A.
(2021). Tick treatment practices in the field: Access to, knowledge
about, and on-farm use of acaricides in Laikipia, Kenya. Ticks and

RIGHTSE LI MN iy

Tick-borne Diseases, 12(5), 101757. https://doi.org/10.1016/j.tthdis.
2021.101757

Mwamuye, M. M., Kariuki, E., Omondi, D., Kabii, J., Odongo, D., Masiga,
D., & Villinger, J. (2017). Novel rickettsia and emergent tick-borne
pathogens: A molecular survey of ticks and tick-borne pathogens in
Shimba Hills National Reserve, Kenya. Ticks and Tick-borne Diseases,
8(2), 208-218. https://doi.org/10.1016/j.ttbdis.2016.09.002

Ndeereh, D., Muchemi, G., Thaiyah, A., Otiende, M., Angelone-Alasaad,
S., & Jowers, M. (2017). Molecular survey of Coxiella burnetii in wild-
life and ticks at wildlife-livestock interfaces in Kenya. Experimental
and Applied Acarology, 72(3), 277-289. https://doi.org/10.1007/
s10493-017-0146-6

Nijhof, A. M., Bodaan, C., Postigo, M., Nieuwenhuijs, H., Opsteegh, M.,
Franssen, L., Jebbink, F., & Jongejan, F. (2007). Ticks and associated
pathogens collected from domestic animals in The Netherlands.
Vector Borne and Zoonotic Diseases (Larchmont, N.Y.), 7(4), 585-595.
https://doi.org/10.1089/vbz.2007.0130

Njeru, J., Henning, K., Pletz, M. W., Heller, R., & Neubauer, H. (2016). Q
fever is an old and neglected zoonotic disease in Kenya: A system-
atic review. BMC Public Health, 16(1), 297. https://doi.org/10.1186/
$12889-016-2929-9

QO'Connor, D. A,, Butt, B., & Foufopoulos, J. B. (2015). Foraging ecologies
of giraffe (Giraffa camelopardalis reticulata) and camels (Camelus
dromedarius) in northern Kenya: Effects of habitat structure and
possibilities for competition? African Journal of Ecology, 53, 183-
193. https://doi.org/10.1111/aje.12204

Oundo, J. W., Villinger, D., Jeneby, M., Ong'amo, G., Otiende, M. Y.,
Makhlu, E. E., Musa, A. A., Ouso, D. O., & Wambua, L. (2020).
Pathogens, endosymbionts, and blood-meal sources of host-
seeking ticks in the fast-changing Maasai Mara wildlife ecosystem.
PLoS ONE, 15(8), e0228366. https://doi.org/10.1371/journal.pone.
0228366

Pearson, T., Cocking, J. H., Hornstra, H. M., & Keim, P. (2016). False de-
tection of Coxiella burnetii—What is the risk? FEMS Microbiology
Letters, 363(10), fnw088. https://doi.org/10.1093/femsle/fnw088

Pexara, A., Solomakos, N., & Govaris, A. (2018). Q fever and prevalence
of Coxiella burnetii in milk. Trends in Food Science and Technology, 71,
65-72. https://doi.org/10.1016/j.tifs.2017.11.004

Pirouz, H. J., Mohammadi, G., Mehrzad, J., Azizzadeh, M., & Shirazi, M.
H. N. (2015). Seroepidemiology of Q fever in one-humped camel
population in northeast Iran. Tropical Animal Health and Production,
47(7), 1293-1298. https://doi.org/10.1007/s11250-015-0862-z

Rabaza, A., Macias-Rioseco, M., Martin, F., Uzal, F. A., Eisler, M. C., Riet-
Correa, F., & Giannitti, F. (2021). Coxiella burnetii abortion in a dairy
farm selling artisanal cheese directly to consumers and review of
Q fever as a bovine abortifacient in South America and a human
milk-borne disease. Brazilian Journal of Microbiology, 52, 2511-2520.
https://doi.org/10.1007/s42770-021-00593-1

Raoult, D., Tissot-Dupont, H., Foucault, C., Gouvernet, J., Fournier, P. E.,
Bernit, E., Stein, A., Nesri, M., Harle, J. R., & Weiller, P. J. (2000).
Q fever 1985-1998: Clinical and epidemiological features of 1,383
infections. Medicine (Baltimore), 79(2), 109-123. https://doi.org/10.
1097/00005792-200003000-00005

Rolain, J. M., Gouriet, F., Brouqui, P., Larrey, D., Janbon, F., Vene, S.,
Jarnestrom, V., & Raoult, D. (2005). Concomitant or consecutive
infection with Coxiella burnetii and tickborne diseases. Clinical
Infectious Diseases, 40(1), 82-88. https://doi.org/10.1086/426440

Schelling, E., Diguimbaye, C., Daoud, S., Nicolet, J., Boerlin, P., Tanner,
M., & Zinsstag, J. (2003). Brucellosis and Q-fever seroprevalences
of nomadic pastoralists and their livestock in Chad. Preventive
Veterinary Medicine, 61(4), 279-293. https://doi.org/10.1016/j.
prevetmed.2003.08.004

Signs, K. A., Stobierski, M. G., & Gandhi, T. N. (2012). Q fever cluster
among raw milk drinkers in Michigan, 2011. Clinical Infectious
Diseases, 55(10), 1387-1389. https://doi.org/10.1093/cid/cis690

85UB017 SUOWILIOD 3A1IR1D) 3|cedl|dde auy Ag pausenob a1e sapie YO ‘@SN JO SaINnJ 10} Aeiq18UIIUO AB|IM UO (SUO 3 IPUOD-PUR-SUIR}LI0D A8 | 1M AReAq | U1 |UO//SONY) SUORIPUOD PUe SWLB L 83U} 89S *[7202/0T/22] uo AriqiTauluo A|im 9b1pbuoy Ba Aq LZTeT Udz/TTTT 0T/I0p/w0d"A| 1M Afeiq joul|uoj/Sdny Lol pepeojumoq 'S ‘20z ‘8LEZe98T


https://doi.org/10.1177/030006052110253
https://doi.org/10.1177/030006052110253
https://doi.org/10.3389/fvets.2022.908479
https://doi.org/10.4269/ajtmh.12-0169
https://doi.org/10.1155/2018/8158102
https://doi.org/10.1155/2018/8158102
https://doi.org/10.4269/ajtmh.14-0758
https://doi.org/10.1111/zph.12567
https://doi.org/10.1111/zph.12567
https://doi.org/10.1177/00307270231176577
https://doi.org/10.1089/fpd.2010.0579
https://doi.org/10.1089/fpd.2010.0579
https://doi.org/10.1128/cmr.12.4.518
https://doi.org/10.3201/eid2212.160382
https://doi.org/10.3201/eid2212.160382
https://doi.org/10.1016/j.ttbdis.2021.101757
https://doi.org/10.1016/j.ttbdis.2021.101757
https://doi.org/10.1016/j.ttbdis.2016.09.002
https://doi.org/10.1007/s10493-017-0146-6
https://doi.org/10.1007/s10493-017-0146-6
https://doi.org/10.1089/vbz.2007.0130
https://doi.org/10.1186/s12889-016-2929-9
https://doi.org/10.1186/s12889-016-2929-9
https://doi.org/10.1111/aje.12204
https://doi.org/10.1371/journal.pone.0228366
https://doi.org/10.1371/journal.pone.0228366
https://doi.org/10.1093/femsle/fnw088
https://doi.org/10.1016/j.tifs.2017.11.004
https://doi.org/10.1007/s11250-015-0862-z
https://doi.org/10.1007/s42770-021-00593-1
https://doi.org/10.1097/00005792-200003000-00005
https://doi.org/10.1097/00005792-200003000-00005
https://doi.org/10.1086/426440
https://doi.org/10.1016/j.prevetmed.2003.08.004
https://doi.org/10.1016/j.prevetmed.2003.08.004
https://doi.org/10.1093/cid/cis690
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Fzph.13127&mode=

ROONEY ET AL.

ﬂWl LEY

Sikkema, R. S., Farag, E. A., Himatt, S., Ibrahim, A. K., Al-Romaihi, H., Al-
Marri, S. A., Al-Thani, M., El-Sayed, A. M., Al-Hajri, M., Haagmans,
B. L., Koopmans, M. P. G., & Reusken, C. B. (2017). Risk factors for
primary Middle East respiratory syndrome coronavirus infection in
camel workers in Qatar during 2013-2014: A case-control study.
The Journal of Infectious Diseases, 215, 1702-1705. https://doi.org/
10.1093/infdis/jix174

Sprong, H., Tijsse-Klasen, E., Langelaar, M., De Bruin, A., Fonville, M.,
Gassner, F., Takken, W., Wieren, S. V., Nijhof, A., Jongejan, F., Maassen,
C. B. M., Scholte, E.-J., Hovius, J. W., Hovius, K. E., Spitalska, E., &
Duynhoven, Y. T. V. (2012). Prevalence of Coxiella Burnetii in ticks
after a large outbreak of Q fever. Zoonoses and Public Health, 59(1),
69-75. https://doi.org/10.1111/j.1863-2378.2011.01421.x

Stalis, I. H., & Rideout, B. A. (1996). Q fever in two species of exotic rumi-
nants. Proceedings of the American Association of zoo Veterinarians,
pp. 471-473.

Taylor, L. H., Lathan, S. M., & Woolhouse, M. E. J. (2001). Risk factors for
human disease emergence. Philosophical Transactions of the Royal
Society of London. Series B, Biological Sciences, 356(11), 983-989.
https://doi.org/10.1098/rstb.2001.0888

Tejedor-Junco, M. T., Gonzalez, M., Corbera, J. A., & Gutierrez, C. (2016).
Presence of Coxiella burnetii (Q fever) in goats on the Canary Islands:
Current status. Small Ruminant Research, 134, 62-64. https://doi.
org/10.1016/j.smallrumres.2015.12.034

Tisson-Dupont, H., & Raoult, D. (2008). Q fever. Infectious Disease Clinics
of North America, 22(3), 505-514. https://doi.org/10.1016/j.idc.
2008.03.002

Vaidya, V. M., Malik, S. V., Kaur, S., Kumar, S., & Barbuddhe, S. B. (2008).
Comparison of PCR, immunofluorescence assay, and pathogen iso-
lation for diagnosis of q fever in humans with spontaneous abor-
tions. Journal of Clinical Microbiology, 46(6), 2038-2044. https://doi.
org/10.1128/JCM.01874-07

Vanderburg, M. P.R., Halliday, J. E. B., Cleaveland, S., Reddy, E. A., & Crump,
J. A. (2014). Epidemiology of Coxiella burnetii infection in Africa: A
OneHealth systematic review. PLoS Neglected Tropical Diseases, 8(4),
e2787. https://doi.org/10.1371/journal.pntd.0002787

Walker, A. R. (2003). Ticks of domestic animals in Africa: A guide to identifi-
cation of species. Bioscience Reports.

Walker, J. B., Keirans, J. E., & Horak, I. G. (2000). The genus Rhipicephalus
(Acari, Ixodidae): A guide to the brown ticks of the world. Cambridge
University Press.

RIGHTSE LI MN iy

Wardrop, N. A,, Thomas, L. F., Cook, E. A. J., de Glanville, W. A., Atkinson,
P. M., Wamae, C. N., & Fevre, E. M. (2016). The sero-epidemiology
of Coxiella burnetii in humans and cattle, Western Kenya: Evidence
from a cross-sectional study. PLoS Neglected Tropical Diseases,
10(10), e0005032. https://doi.org/10.1371/journal.pntd.0005032

Watson, E. E., Kochore, H. H., & Dabasso, B. H. (2016). Camels and cli-
mate resilience: Adaptation in Northern Kenya. Human Ecology, 44,
701-713. https://doi.org/10.1007/s10745-016-9858-1

Winkel, A., Bolin, S., Funk, J., Stalis, I., & Agnew, D. (2008). Prevalence
of Coxiella burnetii in hoofstock placentas in zoological institu-
tions. Proceedings of the American Association of Zoo Veterinarians/
Association of Reptile and Amphibian Veterinarians Joint Conference,
p. 38.

Zhu, S., Zimmerman, D., & Deem, S. L. (2019). A review of zoonotic
pathogens of dromedary camels. EcoHealth, 16, 356-377. https://
doi.org/10.1007/s10393-019-01413-7

SUPPORTING INFORMATION
Additional supporting information can be found online in the
Supporting Information section at the end of this article.

How to cite this article: Rooney, T., Fevre, E. M., Villinger, J.,
Brenn-White, M., Cummings, C. O., Chai, D., Kamau, J.,
Kiyong'a, A., Getange, D., Ochieng, D. O., Kivali, V.,
Zimmerman, D., Rosenbaum, M., Nutter, F. B., & Deem, S. L.
(2024). Coxiella burnetii serostatus in dromedary camels
(Camelus dromedarius) is associated with the presence

of C. burnetii DNA in attached ticks in Laikipia County, Kenya.
Zoonoses and Public Health, 71, 503-514. https://doi.
org/10.1111/zph.13127

85UB017 SUOWILIOD 3A1IR1D) 3|cedl|dde auy Ag pausenob a1e sapie YO ‘@SN JO SaINnJ 10} Aeiq18UIIUO AB|IM UO (SUO 3 IPUOD-PUR-SUIR}LI0D A8 | 1M AReAq | U1 |UO//SONY) SUORIPUOD PUe SWLB L 83U} 89S *[7202/0T/22] uo AriqiTauluo A|im 9b1pbuoy Ba Aq LZTeT Udz/TTTT 0T/I0p/w0d"A| 1M Afeiq joul|uoj/Sdny Lol pepeojumoq 'S ‘20z ‘8LEZe98T


https://doi.org/10.1093/infdis/jix174
https://doi.org/10.1093/infdis/jix174
https://doi.org/10.1111/j.1863-2378.2011.01421.x
https://doi.org/10.1098/rstb.2001.0888
https://doi.org/10.1016/j.smallrumres.2015.12.034
https://doi.org/10.1016/j.smallrumres.2015.12.034
https://doi.org/10.1016/j.idc.2008.03.002
https://doi.org/10.1016/j.idc.2008.03.002
https://doi.org/10.1128/JCM.01874-07
https://doi.org/10.1128/JCM.01874-07
https://doi.org/10.1371/journal.pntd.0002787
https://doi.org/10.1371/journal.pntd.0005032
https://doi.org/10.1007/s10745-016-9858-1
https://doi.org/10.1007/s10393-019-01413-7
https://doi.org/10.1007/s10393-019-01413-7
https://doi.org/10.1111/zph.13127
https://doi.org/10.1111/zph.13127
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Fzph.13127&mode=

	Coxiella burnetii serostatus in dromedary camels (Camelus dromedarius) is associated with the presence of C. burnetii DNA in attached ticks in Laikipia County, Kenya
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study area
	2.2|Study design, population, and sampling
	2.3|Semi-­structured interview: Camel management practices
	2.4|Laboratory testing
	2.4.1|Packed cell volume, total solids, and serum antibody detection
	2.4.2|Ticks
	2.4.3|Molecular detection of Coxiella

	2.5|Statistical analysis

	3|RESULTS
	3.1|Camels
	3.2|Semi-­structured interview
	3.3|Ticks
	3.4|Tick species association with C. burnetii-­positive tick pools
	3.5|Tick species association with endosymbiont-­positive tick pools

	4|DISCUSSION
	5|CONCLUSIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ETHICS STATEMENT
	REFERENCES


