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Abstract
Background: Flea-borne spotted fever is an emerging zoonosis caused by Rikecttsia felis, a Gram-negative
obligate intracellular bacterium. The agent is believed to be cosmopolitan, following the distribution pattern of
its host and reservoir, Ctenocephalides felis. However, the epidemiology and public health risk it poses remains
poorly understood in sub-Saharan Africa, including Uganda. Yersinia pestis, is primarily transmitted by rodent
fleas, Xenopsylla cheopis, but other fleas, particularly C. felis, have vectoral capacity. They are neglected in
Ugandan entomological surveillance and public health practices, particularly outside endemic foci of bubonic
plague.

Methods: We collected 14,641 fleas from domestic animals, rodents and homestead environment; compared
their diversity and abundance. Pooled into 714 flea pools by species, collection time, host, and host species,
172 pools were selected based on seasons and analyzed for Yersinia pestis Pla genes, while 62 pools were
tested for Rickettsia species gltA, ompA, and 17kDA genes by qPCR and Sanger sequencing.

Results: Five flea species were identified from the collections: Ctenocephalides canis, C. felis, Echidnophaga
gallinacea, Pulex irritans, and Xenopsylla cheopis. Ctenocephalides was the predominant genus, accounting
for 84.8% of fleas collected, mostly found on dogs and goats. Except for P. irritans (which was found in Gulu
district) the other four flea species were found across all districts, year-round, with higher numbers collected in
dry seasons compared to rainy seasons (c2=47.64, df=20, p<0.001). Rattus rattus constituted 74% of rodents
captured from human dwellings and was the only rodent species with fleas, where X. cheopis was the
predominant species and E. gallinacea found on only three rodents. All 172 pools of fleas tested negative for
Yersinia pestis. Of the 62 pools tested for Rickettsia spp., 29 (46.8%) were positive. Twenty-five PCR amplicons
were successfully sequenced for 17kDa and two for ompA genes. Based on 17kDa, two were identified as R.
felis from C. canis and 23 were R. asembonensis from multiple flea species, including C. canis collected goats
and C. felis from cats.

Conclusion: Our survey identified a high pooled detection rate (~50%) of Rickettsia spp. in fleas tested,
suggesting a potential risk of human exposure and infection. Rickettsia felis and R. asembonensis were the
predominant flea-borne Rickettsia spp. identified, with this study also representing the first report of Rickettsia
spp. in E. gallinacea in Uganda.

Introduction
Rickettsia felis is an obligate intracellular Gram-negative bacterium in the class alpha-proteobacteria. The
Rickettsia genus is divided into four groups based on genotyping: the ancestral group, transitional group,
typhus group, and the spotted fever group to which R. felis belongs [1]. Rickettsia felis is an emerging
pathogen and is the causative agent of flea-borne spotted fever (FBSF). Since its first detection in humans in
the US, it has since been detected in febrile patients worldwide, emerging as a common cause of acute febrile
illness in sub-Saharan Africa [2-4]. Rickettsia felis-specific circulating DNA has been detected in up to 15% of
febrile patients from Mali, Senegal, Gabon, and Kenya [5-7]. Through molecular genetics and surveillance of
flea-borne rickettsial agents in fleas, R. felis-like organisms, such as Candidatus R. asemboensis, have also
been detected in various flea species, although their pathogenicity remains unknown [8-10]. Diagnosis of flea-
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borne rickettsioses is difficult as they cannot be cultured using conventional bacteriological methods due to
their intracellular nature. As a result, they often go undiagnosed due to lack of access to advanced diagnostic
techniques, which are often unavailable in resource-limited settings [11]. 

Plague, caused by Yersinia pestis, is a flea-borne bacterial zoonosis that is often fatal if appropriate antibiotic
treatment is inadequate or delayed [12]. The majority of human plague cases in recent decades have occurred
in Africa [13]. In Uganda, the West Nile region represents the primary epidemiologic foci where 255 human
plague cases were reported between 2008—2016 [14]. Due to the epidemic nature of the disease, many studies
about Y. pestis and its epidemiology have concentrated in this region, neglecting other areas in Uganda.

Fleas are obligatory hematophagous wingless ectoparasites of higher vertebrates, particularly mammals and
birds [15]. Due to their blood feeding habits across a wide host range, fleas are important vectors for
pathogens of both medical and veterinary importance [15-16]. The evolutionary success of fleas has enabled
them to survive globally in a variety of landscapes and environmental conditions. The most famous
cosmopolitan fleas from medical and veterinary perspectives are several pulicids (Pulex irritans, Xenopsylla
cheopis, Ctenocephalides canis, C. felis), ceratophyllids (Nosopsyllus consimilis, N. fasciatus), and one
leptopsyllid (Leptopsylla segnis) [15]. The ubiquitous distribution of these species is a result of their close
interaction between humans, livestock, pets, and commensals (mice and rats). Despite their cosmopolitanism,
the distribution of these fleas is not uniform [15]. Instead, they are distributed in patches that are characterized
by the host and environmental conditions that are favorable for each given species. This may explain the focal
occurrences of the diseases they transmit. 

Ctenocephalides felis (cat fleas) are hosts and vectors of R. felis and R. asembonensis [3]. However, the
detection of R. felis in other arthropods such as other flea species, ticks, and Anopheles mosquitoes have been
reported [17]. Rodent fleas, particularly X. cheopis and X. brasiliensis, are the main vectors of Y. pestis [18-
19]. However, C. felis has also been demonstrated to transmit plague in its early stages of feeding and is a
potential vector in endemic areas or hotspots of re-emergence [20]. Ctenocephalides felis are indiscriminate
feeders that parasitize domestic cats, dogs and other livestock including ruminants. A bird flea, E. gallinacea,
is characterized as a stationary feeder, and like other fleas it also parasitizes mammals [15]. 

In Uganda, the epidemiology of R. felis and its role as potential cause of febrile illness has largely been
neglected. Furthermore, the flea populations, their preferred hosts and the pathogens they carry in domestic
and peri-domestic areas have been understudied outside plague-endemic foci of the West Nile region of
Uganda. In this study, we sought to describe flea–host associations on animals in four regions of Uganda
outside the West Nile region, determine the flea index on animals from homesteads, and screen fleas for flea-
borne pathogens, specifically Rickettsia spp. and Y. pestis. This study adds critical epidemiological
information on circulating flea-borne pathogens and can be used to improve prevention and control efforts.

Materials And Methods
Study sites

We collected fleas in five districts of Uganda, namely Jinja (Eastern Uganda), Kampala (Capital of Uganda),
Kasese (Western Uganda), Gulu (Northern Uganda), and Luwero (Central Uganda) (Figure 1) between April
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2017 and September 2018. The selected districts are considered major economic hubs in their respective
regions and are both geographically and culturally diverse, with high levels of economic heterogeneity. Fleas
were collected from livestock (cattle, goats, sheep, pigs, rabbits), companion animals (dogs and cats), rodents,
and directly from the environment. In each of the study districts, 18 villages were selected, and from each
village four animal owning households were selected for sample collection. In total, 360 households were
visited over 18 months. Informed consent was obtained from the head of household for inclusion in the study. 

Flea collection and Pooling

Most mammalian fleas do not attach to hosts during feeding and can easily escape when disturbed, so
attempts to restrain and immobilize the fleas were made [15]. Pets with phlegmatic temperament and small
ruminants were hand restrained. Aggressive pets were sedated with Xylazine 1mg/kg (Xyla, Interchemie,
Holland) and Ketamine 6mg/kg (Rotex Medica, Tritau, Germany). Animals were placed on white plastic sheets,
and the surface of their fur was sprayed with 70% ethanol to immobilize fleas. After one to four minutes, fleas
under the fur emerged to the surface and were brushed onto the white sheet, picked with forceps, and
transferred into 70% ethanol for preservation. Rodents were trapped using Sherman traps in houses occupied
or frequently visited by people in the selected homesteads. Traps were baited and set in the evening with a
mixture of ground peanuts and smoked fish, with captured rodents recovered and processed in the morning as
previously reported [18]. Traps were transported in white aerated gunny bags to prevent fleas from escaping.
The rodent species were identified by morphological characteristics including the length of their body, tail, ear,
hind foot, weight [21]. Fleas were collected by combing the fur with a brush on to white gunny bags and placed
in 70% ethanol for preservation. The flea index (# of fleas/host examined) for the animals was determined
using established methods [22]. Fleas were also collected from earthen floor houses inhabited or frequented
by people in the homesteads. We used trays containing water with grease or Vaseline smeared on the sides to
prevent fleas from crawling as previously described [8]. Fleas were identified to the species level using
published morphologic taxonomic keys under a stereomicroscope [16, 23-24]. A total of 14,641 individual fleas
were collected and then pooled into 714 sample pools according to flea species, host, collection area and date
of collection. Pool sizes ranged from 1-281 fleas. 

Homogenization of the flea pools

Flea pools were placed in Eppendorf tubes containing RNA later (Sigma Life Science, Darmstadt, Germany)
and disrupted using sterile disposable pestles attached to a motorized grinder (HLD-12, Ryobi, China). The
fleas were then homogenized by passing them through 20-gauge needles. The homogenates were stored at
-80°C until DNA extraction. A subset of 172 pools (2,457 fleas) consisting of 68 rodent flea pools (three pools
of E. gallinacea, 65 X. cheopis) and 104 pools (pool size 1-63 fleas) from pets, livestock, and the environment
were tested for Y. pestis. The flea pools selected for Y. pestis testing comprised the five flea species collected
in the five districts and two seasons (dry and rainy seasons). Of the 172 pools, a subset of 62 pools (353
individual fleas) with pool sizes of 1-28 fleas selected based on seasons (dry and wet) and subsequently
tested for Rickettsia spp. 

DNA Extraction and PCR
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Total DNA was extracted from all the flea homogenates using the Qiagen DNeasy Blood and Tissue kit
(Qiagen, Hilden, Germany), according to the manufacturer’s protocol. Duplicate positive and negative controls
were included during every batch of DNA extraction. The 62 flea pool DNA samples were screened for flea-
borne Rickettsia spp. with primers amplifying the 74-bp citrate synthase (gltA) gene as previously described
[25-26]. The primers were CS-F (5-TCGCAAATGTTCACGGTACTTT-3) and CS-R (5-
TCGTGCATTTCTTTCCATTGTG-3). A second Rickettsia genus-specific qPCR amplified a 115-bp segment of
the 17kDa and ompA genes to confirm the initial PCR results as described previously [27]. R. felis DNA
(provided by Walter Reed Army Institute of Research, Silver Spring, MD) was used as a positive control and
ultrapure water as a negative control. To detect Y. pestis from flea pools, qPCR targeting the plasminogen
activator gene (Pla) was performed using primers Yper_PLA_F (59- ATG-GAG-CTT-ATA-CCG-GAA-AC-39) and
Yper_PLA_R (59-GCG-ATA-CTG-GCC-TGC-AAG-39) and probe Yper_PLA _P (6- FAM-TCC-CGA–AAG-GAG-TGC-
GGG-TAA-TAGG- TAMRA) [28]. Y. pestis CSUR P100 strain DNA was used as positive control.

Sequencing and Phylogenetic Analysis

A 539 base pair amplicon for 17kDa and a 650 base pair amplicon for ompA gene was amplified as previously
described [29] using Platinum Taq (Thermo Fisher Scientific). PCR products were purified using the QIAquick
PCR Purification Kit (Qiagen) according to the manufacturer’s instructions. Agarose gel purified amplicons of
the 17kDa and ompA genes were sequenced on the SeqStudio (Thermo Fisher Scientific) using the BigDye
Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific) according to the manufacturer’s
recommendations. Forward and reverse reads were aligned using CLC Genomics Workbench (Qiagen), and a
consensus sequence for each gene was generated for BLAST analysis. Sequences of 17kDa and ompA genes
and references from GenBank were imported and aligned in Geneious Prime 2022.11.0.14.1. The sequences
were MAFFT aligned and exported to MEGA 10.2.6 [30]. Maximum likelihood trees were created using the
Tamura-Nei model with bootstrap iterations set at 1,000. 

Mapping

Descriptive maps with the collection sites, tick species, and pathogen location were created in QGIS 3.28 [31].
The Uganda district shapefile was accessed at https://data.unhcr.org/en/documents/details/83043. 

Statistical analysis

The pooled prevalence rates, maximum likelihood estimation (MLE), and minimum infection rates (MIR) were
calculated by collection district and flea species to assess the probability of Rickettsia spp. detection from the
flea pools as described before [32]. MIR was calculated by dividing the number of infected pools by the total
number of fleas in all of the pools and expressed as the number of infected pools per 100 fleas tested
assuming that each positive pool only had one positive flea. The maximum-likelihood estimate (MLE) is the
infection rate most likely observed given the test results and an assumed probabilistic model; which is a
binomial distribution of infected individuals in a positive pool. The CDC’s Mosquito Surveillance Software
(https://www.cdc.gov/westnile/resourcepages/mosqSurvSoft.html) was used in Excel to obtain MLE and MIR
estimates with their corresponding 95% confidence intervals accounting for individual pool sample size. A
Pearson chi-squared test was used to detect any differences between the distributions of outcomes in
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different groups, with a p-value of <0.05 considered significant. Data were analyzed using STATA software,
version 16.1 (StataCorp, College Station, TX).

Results
Flea infestation of the hosts

A total of 14,641 individual fleas, comprising five species were collected from livestock, companion animals,
rodents, and the environment during the sampling period (Table 1). Rodents and shrews (n=159) belonging to
three species were collected from human dwellings in the five districts. Among rodents, fleas were only
recovered from the R. rattus and none from shrews (Crocidura spp.) and mice (Mus musculus) (Additional File
1, Table 1). From R. rattus, 256 fleas belonging to two species, X. cheopis and E. gallinacea were recovered. A
total of 119 fleas belonging to three species (C. canis, E. gallinacea and P. irritans) were collected from 13
domestic rabbits. Echidnophaga gallinacea was recovered from rodents, cats, dogs, goats, pigs, rabbits, and
the environment, and X. cheopis was found on cats, dogs, and goats. The predominant fleas, C. canis (84.8%
of all fleas collected), were collected on all animals except chickens and rodents. There were significant
differences observed in flea diversity between districts (c2=42.51, df=16, p<0.001) and seasons (quarters)
(c2=47.64, df=20, p<0.001) of collection (Additional File 2, Tables 1—4).

Infection rates of Rickettsia spp. and Y. pestis in the flea pools from the districts

Pool positivity rates for Rickettsia spp. from the 62 flea pools consisting of 363 fleas tested with qPCR for gltA,
17kDa, and ompA gene primers is presented in Table 2. Rickettsia spp. was detected in all districts (Figure 2)
with an overall pooled prevalence of 48.8% (29/62).  

Overall, MLE for Rickettsia spp. for the districts was 11.5%, with the corresponding MIR of 8.2%. Gulu district
had the highest MLE of 29.8% (95% CI: 16.4–50.5) with a corresponding MIR of 17.2% (95% CI: 7.9–26.4)
while Luwero had the lowest MLE of 4.6% (95% CI: 1.7–10.4) with a MIR of 4.3% (95% CI: 0.2–9.0). In general,
higher MLE values were obtained in the northern and eastern districts. Rickettsia-positive flea pools were from
three genera, Ctenocephalides (82.8%), Xenopsella (10.3%) and Echidnophaga (6.9%).
Ctenocephalides canis had the highest MLE and MIR across flea species, while other flea species had variable
MLEs based on districts of collection (Table 2). The 172 flea pools consisting of 2,457 fleas from all five
species collected tested negative for Y. pestis Pla genes. 

Rickettsia spp. identified by nucleotide sequences and phylogenetic analysis 

Of the 29 flea pools positive for Rickettsia spp., 25 pools of purified PCR amplicons were successfully
sequenced using the 17kDa and ompA genes. The nucleotide sequences obtained from 17kDa and ompA were
compared to those available on NCBI GenBank database by BLASTn analyses. The summary of the Rickettsia
spp. identified by sequences and phylogenetic trees are presented in Table 3 and Figure 3.   The predominant
Rickettsia spp. identified was R. asembonensis (23/25). R. asembonensis was only detected in C. canis from
multiple animal species (goat, dog, cat, and a rabbit). The comparison of the 17kDa sequence from this study
to GenBank sequences revealed that flea pools from Gulu, Jinja, Luwero and Kampala had identical homology
with a sequence isolated from cat fleas in Peru. Rickettsia felis was also identified in two C. canis pools from a
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goat and a dog respectively. A sequence of R. felis detected from a flea pool in Luwero district matched to
fleas collected from wild animals in Brazil. Using the ompA gene, R. felis was detected in two flea pools, one of
which had consensus with 17kDa sequence. The ompA sequence comparison revealed R. felis from this study
were identical to a sequence from a Brazilian flea. 

Discussion
The main objective of this study was to detect emerging flea-borne pathogens and to describe flea-host
associations in four regions of Uganda outside a plague-endemic area. Understanding flea-host associations
and the pathogens they carry is critical in determining site specific outbreak potential of flea-borne febrile
illnesses, which in turn can be used to guide prevention and control. Although there are surveys on fleas of
small mammals in plague endemic areas and Tunga fleas in Busoga and Karamoja regions of Uganda [18, 33-
36] there are no comprehensive surveys of fleas parasitizing domestic animals in Uganda. We therefore report
the on diversity of flea species on livestock, pets, rodents, and environment in human dwellings in Uganda. 

Ctenocephalides canis was the most abundant flea species (84.8%), parasitizing dogs, goats, rabbits, pigs,
cattle, sheep, and cats, as well as from the dry soil environment in homesteads. This flea occurs worldwide
and is the predominant flea found on dogs in Greece [37], Ireland [38], Chile [39], Albania [40] and Hungary [41]
among other countries. However, our findings differ from others that found C. felis as the dominant flea on
both dogs and cats in parts of sub-Saharan Africa [36, 42]. Cat fleas, the second most abundant flea on
domestic livestock and pets in our study are vectors of several zoonotic bacteria, including Bartonella spp.,
Yersinia spp., and R. felis [43-45]. The flea diversity on animals in close contact with humans is an important
factor in predicting potential emergence of such zoonotic diseases. Animals that graze in the bush or hunt in
the wild such as cats and dogs are likely to bridge the gap of circulation of certain diseases in the sylvatic
cycle and domestic environments. In our study, we identified the rodent flea X. cheopis on domestic cats and
dogs which could increase the potential risk of spillover to humans. 

Ecological factors, human-livestock interactions, and commensals (rats and mice) affect the flea population
and diversity in an area [15-16]. These dynamic changes in host type and flea diversity are associated with the
shift in foci of zoonotic diseases. For example, the epidemiologic focus for plague in the 1930s was in the
southern portion of Uganda but shifted in the early 2000s to the current west Nile region where there are
routine outbreaks [46]. As a result of this change, small mammal populations have also adapted [18, 46-47].
During intensive sampling of small mammals and their fleas in plague foci of southern and West Nile regions
in 1937-1938, only one R. rattus was caught in the West Nile region. Mastomys natalensis was the most
abundant rodent in human dwellings while X. cheopis was the most abundant flea. But now, R. rattus is the
most abundant rodent in human dwellings in the West Nile region with the same predominant flea, X. cheopis.
This agrees with our study, where R. rattus accounted for 74% of all rodent collections in human dwellings in
all the five districts mainly infested with X. cheopis. 

Rickettsia-positive fleas were detected from every district, with varying MLEs. Higher MLEs and pool-positivity
rates were in the Gulu district (northern Uganda) and Jinja district (eastern Uganda) suggesting potential
hotspots for Rickettsia spp., warranting further investigation. Our study found a low pool prevalence of R. felis
in C. canis, which is the causative agent of flea-borne spotted fever (FBSF), an important emerging but
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neglected agent of febrile illness in sub-Saharan Africa [48]. Although C. felis is a known competent vector
for R. felis [49], the presence of this bacterium in C. canis poses a risk to human health due to its relative
abundance and poor host specificity. Moreover, R. felis transmission to humans has been associated with
Anopheles mosquitos [6] and its DNA has been previously detected in other flea species [50]. Furthermore, R.
felis, has been identified in febrile patients in East Africa [48] and should be considered in diagnostic testing of
febrile illness in these regions of Uganda. Rickettsia asembonensis belongs to the R. felis-like genotype group
and its pathogen potential remains unknown. First detected in Asembo (Siaya County, Western Kenya) and
putatively named Candidatus R. asemboensis [8], it has since been recorded in other parts of Africa, including
Uganda [10] and South Africa [51]. The organism has also been found in fleas infesting domestic and wild
animals in central and South America [9, 52]. 

Yersina pestis was not detected in any flea pool, which still warrants reporting, given repeated plague
outbreaks in neighboring West Nile region [14, 22]. Yersiniosis often causes epidemics with high case fatality
rates in untreated patients drawing public health attention [14]. Even within plague endemic areas in Uganda,
rodent fleas in quiescent plague periods had no Y. pestis detected [53]. Our finding agrees with the lack of
human cases in other regions of Uganda despite a long history of cases in the West Nile region.

Conclusions
We confirm the presence of R. felis in Gulu district, which suggest a potential risk of human infection. We also
demonstrate the wide distribution of R. asembonensis as the predominant Rickettsia spp. in multiple flea
species in the four regions of Uganda. Given that these animals were collected near homesteads, there is a risk
for human disease exposure, with future efforts expanding differential diagnosis to include R. felis and R.
asembonensis in acute febrile patients with unknown etiology. As the first detection of Rickettsia spp. in E.
gallinacea, expanded monitoring of homesteads in other areas of Uganda would contribute to the
characterization of potential flea-borne disease threats and causes of febrile illness throughout the country.
While we did not detect Y. pestis, the wide distribution of competent vectors across study sites is of concern,
should Y. pestis be introduced to these districts.

Abbreviations
PCR: Polymerase Chain Reaction; qPCR: quantitative realtime PCR; gltA: Citrate synthase gene, 17kDA: gene
encoding for Outer Membrane protein with molecular mass of 17 kilo Daltons, OmpA: Outer membrane protein
A gene, MIR: Minimum infection rate, MLE: Maximum likelihood estimate; FBSF: Flea-borne spotted fever.

Declarations
Supplementary Information

Additional File 1: Table S1. Number of rodents captured from homesteads different quarters (seasons).

Additional File 2: Table S1. Flea pools collected by quarters (seasons). Table S2. Flea pools collected by
district. Table S3: Fleas (unpooled) collected by quarters (seasons). Table S4: Fleas (unpooled) collected by
district. 



Page 10/19

Acknowledgement

We thank the district Vector Control officers; Mr. Olobo Danish (Gulu), Mr. Bafulume Emmanuel (Jinja), Mr.
Badru Mukasa (Kampala), Mr. Tibamwenda Noah (Kasese) and Ms. Nanyimba Lydia (Luwero) for their
technical support during field vector collections.

Funding

The study is part of WE’s PhD thesis supported by Makerere University and US Department of Defense Threat
Reduction Agency (Grant: HDTRA1-15-1-0043) to DKB (the PI) under the "Acute Febrile Studies in Uganda”. The
project was funded in part by the Armed Forces Health Surveillance Branch (AFHSB), Global Emerging
Infections Surveillance (GEIS) Section, under ProMIS ID (114361, P0015_FY23_RD). The funders had no role in
study design, data collection and analysis, decision to publish, or preparation of the manuscript. The views
expressed are those of the authors and do not reflect the official policy or position of the Department of
Defense or the US Government.

Data availability statement

The datasets used or analyzed in the current study are available with the corresponding author on reasonable
request. The sequences from this study are available on GenBank under the accession numbers: OP974449-
OP974471. The tables and figures are incorporated in the manuscript. Further supplementary files are
attached as a separate file.

Author Contributions

DKB, JWK, HK, EM, RT and WE: Conceived and designed the study. WE, BE, AMB, GA, TT, QAU, NGC, performed
the experiments. WE, NGC, MEvF, DKB, analyzed the data. All the authors participated in drafting and writing
the manuscript. 

Ethical approval and consent to participate

This study was performed under Protocol "Acute Febrile Illness in Uganda” approved by Makerere University
School of Public Health Research and Ethics Committee (MakSPH-REC #369), Makerere University College of
Veterinary Medicine Research Committee (SBLS/HDRC/19/004), Uganda National Council for Science and
Technology (UNSCT # 2029) and Walter Reed Army Institute of Research (WRAIR #2327).

Consent for Publication

Not applicable

Competing Interests

The authors have declared that no competing interests exist.

References



Page 11/19

1. Gillespie JJ, Beier MS, Rahman MS, Ammerman NC, Shallom JM, Purkayastha A, et al. Plasmids and
Rickettsial Evolution: Insight from Rickettsia felis. Snel B, editor. PLoS One [Internet]. 2007 Mar 7 [cited
2018 Nov 9];2(3):e266. Available from: https://dx.plos.org/10.1371/journal.pone.0000266

2. Parola P. Rickettsia felis: from a rare disease in the USA to a common cause of fever in sub-Saharan
Africa. Clinical Microbiology and Infection [Internet]. 2011 Jul 1 [cited 2019 Mar 22];17(7):996–1000.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/21722253

3. Brown LD, Macaluso KR. Rickettsia felis, an Emerging Flea-Borne Rickettsiosis. Curr Trop Med Rep
[Internet]. 2016;3(2):27–39. Available from: http://dx.doi.org/10.1007/s40475-016-0070-6

4. Sulis G, Rodari P, Caligaris S, Tomasoni LR, Castelli F, Gulletta M. A Case of Rickettsia felis Infection
Imported from Nepal. J Travel Med [Internet]. 2015 Jul 1 [cited 2018 Oct 31];22(4):276–8. Available from:
https://academic.oup.com/jtm/article-lookup/doi/10.1111/jtm.12207

5. Sothmann P, Keller C, Krumkamp R, Kreuels B, Aldrich C, Sarpong N, et al. Rickettsia felis infection in
febrile children, Ghana. American Journal of Tropical Medicine and Hygiene. 2017;96(4):783–5.

6. Mediannikov O, Socolovschi C, Edouard S, Fenollar F, Mouffok N, Bassene H, et al. Common epidemiology
of Rickettsia felis infection and malaria, Africa. Emerg Infect Dis. 2013;19(11):1775–83.

7. Ratmanov P, Mediannikov O, Raoult D. Vectorborne diseases in West Africa: geographic distribution and
geospatial characteristics. Trans R Soc Trop Med Hyg. 2013 May 1;107(5):273–84.

8. Jiang J, Maina AN, Knobel DL, Cleaveland S, Laudisoit A, Wamburu K, et al. Molecular detection of
Rickettsia felis and Candidatus Rickettsia Asemboensis in Fleas from Human Habitats, Asembo, Kenya.
VECTOR-BORNE AND ZOONOTIC DISEASES [Internet]. 2013 [cited 2018 Nov 19];13(Number 8). Available
from: http://blast.ncbi.nlm.hih.gov/

9. Oteo JA, Portillo A, Portero F, Zavala-Castro J, Venzal JM, Labruna MB. “Candidatus Rickettsia
asemboensis” and Wolbachia spp. in Ctenocephalides felis and Pulex irritans fleas removed from dogs in
Ecuador. Parasit Vectors. 2014;7(1):1–5.

10. Palomar AM, Cevidanes A, Portillo A, Kalema-Zikusoka G, Chirife AD, Romero L, et al. High prevalence of
rickettsia spp. in Dog Fleas (Siphonaptera: Pulicidae) in Rural Uganda. J Med Entomol. 2017;54(4):1076–
9.

11. Ericsson CD, Jensenius M, Fournier PE, Raoult D. Rickettsioses and the International Traveler. Clinical
Infectious Diseases. 2004 Nov 15;39(10):1493–9.

12. Dennis DT. Plague as a Biological Weapon 1. HISTORY OF PLAGUE AND ITS POTENTIAL AS A WEAPON
OF BIOTERRORISM 1.1. Pandemic History and Epidemic Potential. Bioterrorism and Infectious Agents.
2005;37–70.

13. Eisen RJ, Atiku LA, Enscore RE, Mpanga JT, Acayo S, Mead PS, et al. Review article epidemiology, ecology
and prevention of plague in the West Nile Region of Uganda: The value of long-term field studies.
American Journal of Tropical Medicine and Hygiene. 2021;105(1):18–23.

14. Forrester JD, Apangu T, Griffith K, Acayo S, Yockey B, Kaggwa J, et al. Patterns of human plague in
Uganda, 2008–2016. Emerg Infect Dis. 2017;23(9):1517–21.

15. Krasnov BR. Functional and Evolutionary Ecology of Fleas: A Model for Ecological Parasitology.
Cambridge University Press. Cambridge University Press; 2008.



Page 12/19

16. Medvedev SG, Krasnov BR. 10 Fleas : Permanent satellites of small mammals 1. 2005;

17. Socolovschi C, Pages F, Ndiath MO, Ratmanov P, Raoult D. Rickettsia Species in African Anopheles
Mosquitoes. PLoS One. 2012;7(10):1–8.

18. Amatre G, Babi N, Enscore RE, Ogen-Odoi A, Atiku LA, Akol A, et al. Flea diversity and infestation
prevalence on rodents in a plague-endemic region of Uganda. American Journal of Tropical Medicine and
Hygiene. 2009;81(4):718–24.

19. Graham CB, Borchert JN, Black IV WC, Atiku LA, Mpanga JT, Boegler KA, et al. Blood meal identification in
off-host cat fleas (Ctenocephalides felis) from a plague-endemic Region of Uganda. American Journal of
Tropical Medicine and Hygiene. 2013;88(2):381–9.

20. Eisen RJ, Dennis DT, Gage KL. The Role of Early-Phase Transmission in the Spread of Yersinia pestis. J
Med Entomol. 2015;52(6):1183–92.

21. Delany M. The Rodents of Uganda. British Mu. Kettering Northamp- tonshire: The George Press.; 1975.

22. Eisen RJ, Atiku LA, Mpanga JT, Enscore RE, Kaggwa J, Yockey BM, et al. Epizootics in the West Nile
Region of Uganda. 2020;57(3):893–900.

23. Haselbarth E. The Arthropod Parasites of Vertebrates in Africa South of the Sahara (Ethiopia Region). In:
Siphonaptera. Johanesburg: South African Institute of Medical Research; 1966. p. 117–212.

24. Durden LA, Mullen GR. Medical and Veterinary Entomology. Third. Medical and Veterinary Entomology.
Academic Press; 2018. 1–16 p.

25. Stenos J, Graves SR, Unsworth NB. A highly sensitive and specific real-time PCR assay for the detection of
spotted fever and typhus group Rickettsiae. Am J Trop Med Hyg [Internet]. 2005;73(6):1083–5. Available
from:
http://www.ajtmh.org/cgi/content/long/73/6/1083%5Cnhttp://www.ncbi.nlm.nih.gov/pubmed/16354816

26. Nakao R, Qiu Y, Igarashi M, Magona JW, Zhou L, Ito K, et al. High prevalence of spotted fever group
rickettsiae in Amblyomma variegatum from Uganda and their identification using sizes of intergenic
spacers. Ticks Tick Borne Dis. 2013;4(6):506–12.

27. Moonga LC, Hayashida K, Nakao R, Lisulo M, Kaneko C, Nakamura I, et al. Molecular detection of
Rickettsia felis in dogs, rodents and cat fleas in Zambia. Parasit Vectors [Internet]. 2019;12(1):1–9.
Available from: https://doi.org/10.1186/s13071-019-3435-6

28. Leulmi H, Socolovschi C, Laudisoit A, Houemenou G, Davoust B, Bitam I, et al. Detection of Rickettsia felis,
Rickettsia typhi, Bartonella Species and Yersinia pestis in Fleas (Siphonaptera) from Africa. PLoS Negl
Trop Dis. 2014;8(10):4–11.

29. Noh Y, Lee YS, Kim HC, Chong ST, Klein TA, Jiang J, et al. Molecular detection of Rickettsia species in ticks
collected from the southwestern provinces of the Republic of Korea. Parasit Vectors [Internet].
2017;10(1):1–10. Available from: http://dx.doi.org/10.1186/s13071-016-1955-x

30. Kumar S, Stecher G, Li M, Knyaz C, Tamura K. MEGA X: Molecular evolutionary genetics analysis across
computing platforms. Mol Biol Evol. 2018;35(6):1547–9.

31. QGIS.org. QGIS Geographic Information System. QGIS Association. [Internet]. 2022 [cited 2023 Feb 25].
Available from: https://www.qgis.org/en/site/



Page 13/19

32. Fracasso G, Grillini M, Grassi L, Gradoni F, Rold G da, Bertola M. Effective Methods of Estimation of
Pathogen Prevalence in Pooled Ticks. Pathogens. 2023 Apr 1;12(4).

33. Eisen RJ, Borchert JN, Mpanga JT, Atiku LA, MacMillan K, Boegler KA, et al. Flea diversity as an element
for persistence of plague bacteria in an east African plague focus. PLoS One. 2012;7(4):1–8.

34. Mutebi F, Krücken J, Feldmeier H, Waiswa C, Mencke N, Sentongo E, et al. Animal Reservoirs of Zoonotic
Tungiasis in Endemic Rural Villages of Uganda. PLoS Negl Trop Dis. 2015;9(10):1–23.

35. Mutebi F, Krücken J, Feldmeier H, Waiswa C, Mencke N, Eneku W, et al. High intensity of Tunga penetrans
infection causing severe disease among pigs in Busoga, South Eastern Uganda. BMC Vet Res. 2017;13(1).

36. Madder M, Day M, Schunack B, Fourie J, Labuschange M, van der Westhuizen W, et al. A community
approach for pathogens and their arthropod vectors (ticks and fleas) in cats of sub-Saharan Africa.
Parasit Vectors [Internet]. 2022;15(1):1–13. Available from: https://doi.org/10.1186/s13071-022-05436-y

37. Koutinas AF, Papazahariadou MG, Rallis TS, Tzivara NH, Himonas CA. Flea species from dogs and cats in
northern Greece: environmental and clinical implications. Vet Parasitol. 1995;58(1–2):109–15.

38. Wall R, Shaw SE, Penaliggon J. The prevalence of flea species on cats and dogs in Ireland. Med Vet
Entomol. 1997;11(4):404–6.

39. Alcaíno HA, Gorman TR, Alcaíno R. Flea species from dogs in three cities of Chile. Vet Parasitol.
2002;105(3):261–5.

40. Xhaxhiu D, Kusi I, Rapti D, Visser M, Knaus M, Lindner T, et al. Ectoparasites of dogs and cats in Albania.
Parasitol Res. 2009;105(6):1577–87.

41. Farkas R, Gyurkovszky M, Solymosi N, Beugnet F. Prevalence of flea infestation in dogs and cats in
Hungary combined with a survey of owner awareness. Med Vet Entomol. 2009;23(3):187–94.

42. Kumsa B, Abiy Y, Abunna F. Ectoparasites infesting dogs and cats in Bishoftu, central Oromia, Ethiopia.
Vet Parasitol Reg Stud Reports. 2019;15(January):100263.

43. DE SOUSA R, EDOUARD-FOURNIER P, SANTOS-SILVA M, AMARO F, BACELLAR F, RAOULT D. Molecular
Detection of Rickettsia Felis, Rickettsia Typhi and Two Genotypes Closely Related To Bartonella
Elizabethae. Am J Trop Med Hyg. 2018;75(4):727–31.

44. Jesús M, 1* G, Marcén JM, Pinal R, Calvete C, Rodes D. Prevalence of Rickettsia and Bartonella species in
Spanish cats and their fleas. Journal of Vector Ecology [Internet]. 2015 [cited 2018 Oct 23];40(2):233–9.
Available from: https://onlinelibrary.wiley.com/doi/pdf/10.1111/jvec.12159

45. Nziza J, Tumushime C, Cranfield M, Ntwari AE, Modry D, Mudakikwa A, et al. Fleas from domestic dogs
and rodents in Rwanda carry Rickettsia asembonensis and Bartonella tribocorum. Med Vet Entomol.
2019;33:177–84.

46. Hopkins GHE. Cotton and plague in Uganda. Journal of Hygiene. 1938;38(2):233–47.

47. Enscore RE, Babi N, Amatre G, Atiku L, Eisen RJ, Pepin KM, et al. The changing triad of plague in Uganda:
invasive black rats (Rattus rattus), indigenous small mammals, and their fleas. Journal of Vector Ecology.
2020;45(2):333–55.

48. Angelakis E, Mediannikov O, Parola P, Raoult D. Rickettsia felis: The Complex Journey of an Emergent
Human Pathogen. Trends Parasitol. 2016 Jul 1;32(7):554–64.



Page 14/19

49. Legendre KP, Macaluso KR. Rickettsia felis: A review of transmission mechanisms of an emerging
pathogen. Trop Med Infect Dis. 2017;2(4).

50. Rakotonanahary RJL, Harrison A, Maina AN, Jiang J, Richards AL, Rajerison M, et al. Molecular and
serological evidence of flea-associated typhus group and spotted fever group rickettsial infections in
Madagascar. Parasit Vectors. 2017;10(1):1–8.

51. Kolo AO, Sibeko-Matjila PK, Maina NA, Richards LA, Knobel LD, Matjila TP. Molecular detection of zoonotic
rickettsiae and Anaplasma spp. in domestic dogs and their ectoparasites in Bushbuckridge, South Africa
Agatha. Vector Borne Zoonotic Dis. 2016;245–52.

52. Troyo A, Moreira-Soto RD, Calderon-Arguedas Ó, Mata-Somarribas C, Ortiz-Tello J, Barbieri ARM, et al.
Detection of rickettsiae in fleas and ticks from areas of Costa Rica with history of spotted fever group
rickettsioses. Ticks Tick Borne Dis. 2016;7(6):1128–34.

53. Bai Y, Osikowicz LM, Kosoy MY, Eisen RJ, Atiku LA, Mpanga JT, et al. Comparison of Zoonotic Bacterial
Agents in Fleas Collected from Small Mammals or Host-Seeking Fleas from a Ugandan Region Where
Plague Is Endemic. mSphere. 2018;2(6):1–10.

Tables
Table 1: Flea index and collection number on animals and the environment in five districts from April 2017-
Sept 2018
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Total number of fleas collected (Number of fleas/host examined)

Host (Numbers
checked)

C. canis C. felis E.
gallinacea 

P.
irritans

X.
cheopis

Total

Livestock            

Cattle (3) 31 (Nd) 0 (Nd) 0 (Nd) 0 (Nd) 0 (Nd) 31 (Nd)

Goat (1196) 6286 (5.26) 0 (0.00) 13 (0.01) 0 (0.00) 8 (0.01) 6307 (5.27)

Sheep (12) 86 (Nd) 0 (Nd) 0 (Nd) 0 (Nd) 0 (Nd) 86 (Nd)

Pig (18) 115 (Nd) 0 (Nd) 8 (Nd) 0 (Nd) 0 (Nd) 123 (Nd)

Rabbit (13) 116 (8.92) 0 (0.00) 2 (0.15) 1 (0.08) 0 (0.00) 119 (9.15)

Chicken (8) 0 (0.00) 0 (0.00) 366 (45.75) 0 (0.00) 0 (0.00) 366 (45.75)

Domestic animal            

Dog (343) 5703
(16.66)

0 (0.00) 428 (1.25) 0 (0.00) 23 (0.07) 6154
(17.94)

Cat (122) 3 (0.02) 604
(5.00)

407 (3.34) 0 (0.00) 3 (0.02) 1017 (8.34)

Rodent            

Rattus rattus (118) 0 (0.00) 0 (0.00) 32 (0.27) 0 (0.00) 224
(1.90)

256 (2.17)

Crocidura spp. (9) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)

Mus musculus (32) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)

Environment            

Earthen floor house
(124)

82 (Nd) 0 (Nd) 100 (Nd) 0 (Nd) 0 (Nd) 182 (Nd)

Total Fleas 12422 604 1356 1 258 14641

Nd: flea index not determined. For cattle, only calves were fully checked because mature cattle were not
restrained for a complete examination due to the risk of bloat. Pigs were not entirely searched for fleas
because they were not fully restrained by hand. Sheep were not considered in this estimate as it was not
practical to comb for all fleas due to variable amounts of wool.

Table 2: Maximum Likelihood Estimates (MLE) and Minimum Infection Rate (MIR) with corresponding 95%
confidence intervals for detection rates of Rickettsia spp. in all flea pools
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District Flea
species

Positive pools
(%)

Total
fleas

MLE MIR

Point Low High Point Low High

Gulu C. canis 7/9 (77.8%) 42 30.59 14.25 63.58 16.67 5.40 27.94

  E.
gallinacean

2/4 (50.0%) 7 29.01 6.11 68.39 28.57 0.00 62.04

  P. irritans 0/1 (0%) 1 0.00 0.00 79.35 0.00 - -

  X. cheopis 2/3 (66.7%) 14 16.10 4.25 66.80 14.29 0.00 32.62

  Total 11/17 (64.7%) 64 29.76 16.41 50.50 17.19 7.95 26.43

Kasese C. canis 4/6 (66.7%) 55 11.85 3.99 34.53 7.27 0.41 14.14

  X. cheopis 0/3 (0%) 13 0.00 0.00 15.62 0.00 - -

  Total 4/9 (44.4%) 68 8.33 2.74 21.76 5.88 0.29 11.48

Kampala C. canis 2/4 (50.0%) 32 8.01 1.85 40.69 6.25 0.00 14.64

  C. felis 1/1 (100%) 7 - - - 14.29 0.00 40.21

  E.
gallinacean

0/1 (0%) 1 0.00 0.00 79.35 0.00 - -

  X. cheopis 0/5 (0%) 12 0.00 0.00 19.15 0.00 - -

  Total 3/11 (27.3%) 52 7.98 2.15 23.69 5.77 0.00 12.11

Jinja C. canis 6/7 (85.7%) 53 18.36 9.20 18.36 11.32 2.79 19.85

  X. cheopis 1/6 (16.7%) 24 3.85 0.25 3.85 4.17 0.00 12.16

  Total 7/13 (53.8%) 77 12.59 5.97 24.90 9.09 2.67 15.51

Luwero C. canis 4/11 (36.4%) 90 4.65 1.74 10.57 4.44 0.19 8.70

  X. cheopis 0/1 (0%) 2 0.00 0.00 54.55 0.00 - -

  Total 4/12 (33.3%) 92 4.56 1.69 10.36 4.35 0.18 8.52

  Overall
total

29/62 (46.8%) 353 11.55 8.15 16.07 8.22 5.35 11.08

Table 3: Identity table comparing Rickettsia spp. sequences from this study to GenBank sequences by gene
and district. The length of the 17kDa sequences were 326-425bp and ompA sequences were 545-612bp.
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Gene Rickettsia spp. District GenBanka Accession ID Identity

17kDa R.
asembonensis

Luwero OP974462 MK923739.1 100%

Gulu OP974452-OP974457,

OP974463

KY445736.1 100%

Kampala OP974449-OP974451 KY445736.1 99.0%

Kasese OP974461, OP974467-OP974468,
OP974470

MK923739.1 100%

Jinja OP974458-OP974460,

OP974464-OP974466

KY445736.1 100%

R. felis Luwero OP974469 MT012727.1b 100%

Rickettsia spp. Luwero OP974471 MT012728.1 100%

ompA R. felis Luwero OP985656, OP985657 KY172883.1c 100%

a Sequences from this study submitted to GenBank

 b and c are ompA gene sequences recovered from fleas and the blood of animals from Brazil respectively.

Figures
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Figure 1

Study districts (shown in orange) for acute febrile illness surveillance and arthropod vectors in Uganda.

Figure 2

Flea species and positive Rickettsia spp. detections by districts. *Positive by initial gltA PCR but no sequence
was obtained using 17kDa and ompA PCR.
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Figure 3

Maximum likelihood tree of the 17kDa Rickettsia spp. gene with sequences ranging from 362 to 425bp. Values
less than 70% were excluded from the tree. GenBank numbers in bold were from this study.
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