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Summary 

Background: Vector-borne pathogens (VBP) present a serious threat to both animal and 

human health globally due to their zoonotic potential. ‘One Health’ epidemio-surveillance 

systems that integrate human, animal, and arthropod vector facets of VBP transmission 

enhance detection and can give rise to informed effective multi-sectoral vector-borne disease 

control options. The most important vectors are ticks and mosquitoes, which have a 

cosmopolitan distribution due to their ecological plasticity. Collectively, they transmit viral, 

bacterial, and protozoal pathogens in sub-Saharan Africa. The distributional ranges of VBP are 

expected to expand due to increased global travel and trade in goods and livestock. 

Arboviruses, such as Rift Valley fever (RVF), chikungunya, dengue, and Crimean-Congo 

haemorrhagic fever (CCHF), are endemic in East Africa with regular occurrence of outbreaks, 

while Rickettsia africae causes African tick bite fever in travellers with few clinical cases 

reported in local populations. Furthermore, the co-occurrence of these causes of febrile illness 

and malaria complicates the diagnosis of fevers in hospitals. Correspondingly, Theileria parva 

and Anaplasma marginale are serious constraints to cattle production in the region. The Lake 

Victoria basin that encompasses the East African community countries of Kenya, Uganda, and 

Tanzania has, an ecology that is conducive for the endemic proliferation of mosquitoes and 

ticks, high livestock density under subsistence production system and is an important trade 

corridor for the East African community. These factors are likely to enhance circulation of 

zoonotic VBPs in the area. Therefore, this surveillance project in western Kenya sought to 

establish the most important species of ticks and mosquitoes transmitting zoonotic pathogens 

among local livestock and human populations. It also sought to determine if livestock harbour 

these pathogens as asymptomatic carriers for human infection, in which they may cause 

zoonotic febrile illness. 
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Methods: I sampled mosquitoes and ticks at hospitals, livestock markets (LMs), and 

slaughterhouses (SHs) in Kenya’s Busia, Bungoma and Kakamega counties. Ticks and blood 

were collected from livestock at LMs and SHs between the year 2017 and 2019. Mosquitoes 

were trapped using CDC light and BG sentinel traps at selected hospitals and LMs during the 

short and long rainy seasons of 2018/2019. Additionally, febrile patients were recruited at 

hospitals for blood-sample collection during the same period. Vectors were identified to their 

lowest taxa using identification keys and molecular markers. DNA and RNA were extracted 

from samples and subjected to PCR, high-resolution melting analysis and representatives 

sequenced to identify pathogens in mosquitoes, ticks, and blood samples from humans and 

cattle. In addition, blood meal analyses were performed and human and cattle demographic 

data were collected and analysed by logistic regression to identify risk factors for pathogen 

infection.  

Results: I collected 486 ticks, lice, and fleas from livestock at LMs and SHs wherein the most 

abundant tick species were Rhipicephalus decoloratus (35%) in 108 pools and Amblyomma 

variegatum (30%) in 99 pools, while Ctenocephalides felis fleas and Haematopinus suis lice 

were also present. Overall, pools of Rh. decoloratus ticks were infected with A. marginale 

(estimated true prevalence: 2.44%), Anaplasma ovis (1.21%), Anaplasma platys (3.05%), 

Babesia bigemina (0.61%), Hepatozoon canis (0.61%), R. africae (1.83%), Theileria mutans 

(7.32%) and Theileria taurotragi (1.21%). Amblyomma variegatum tick pools were infected 

with B. bigemina (0.77%), Babesia caballi (6.28%), R. africae (78.95%), T. mutans (0.76%) 

and Theileria velifera (1.53%). I also detected CCHF virus in two pools of Rh. decoloratus 

(0.61%) and Rhipicephalus sp. (1.45%) ticks. No pathogen DNA was detected in C. felis, while 

a single pool of H. suis was positive for R. africae (3.71%). Concomitantly, 6,848 mosquitoes 

corresponding to 21 species were trapped with the most abundant being Aedes aegypti (59 %) 

and Culex pipiens (40 %). The majority of the blood-fed mosquitoes were Cx. pipiens with 
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humans, chickens, and sparrows (Passer sp.) being identified from blood meal analyses. One 

Culex poicilipes pool was positive for sindbis virus, 30 pools of Ae. aegypti had cell fusing 

agent virus (CFAV; infection rate (IR) = 1.27%, 95% CI = 0.87%-1.78%), 11 pools of Ae. 

aegypti had Aedes flavivirus (AeFV; IR = 0.43%, 95% CI = 0.23%-0.74%), and seven pools 

of Cx. pipiens had Culex flavivirus (CxFV; IR = 0.23%, 95% CI = 0.1%-0.45%). None of the 

422 blood samples collected from cattle at LMs and SHs were positive for arboviruses or 

Rickettsia. However, Anaplasma spp. (19.67 %), Theileria spp. (12.32 %), Ehrlichia spp. (6.64 

%), and Babesia spp. (0.24 %) were detected in 39% of cattle samples. The most prevalent 

species were T. velifera (7.35 %), A. marginale (4.98 %), Theileria mutans (3.08 %), although 

A. platys (2.84 %), T. parva (1.60%) and B. bigemina (0.24 %) were also detected. Cattle breed 

and tick infestation were risk factors for Anaplasma spp. and Ehrlichia spp. infection. Exotic 

breeds of cattle had significantly higher infection rates with Ehrlichia spp. (OR: 2.39, 95 % CI: 

0.98-5.63, p = 0.049) and A. marginale (OR: 4.50, 95 % CI: 1.75-11.91, p = 0.002) compared 

to local breeds. Tick infestation was a significant predictor for Anaplasma spp. (OR: 2.01, 95 

% CI: 1.27-3.51, p = 0.004) and Ehrlichia spp. (OR: 2.83, 95 % CI: 1.22-7.38, p = 0.021) 

infection. None of the 336 febrile patients recruited into the study were positive for arboviruses 

or Rickettsia; however, 18.5% were positive for Plasmodium falciparum. Patients living in 

Busia (OR: 5.478; 95% CI: 2.509-13.055; p = 0.000) and Bungoma counties (OR: 3.027; 95 % 

CI: 1.358-7.316; p = 0.009) had 5.5 and 3 times higher odds of being PCR-positive for malaria, 

respectively, compared to those living in Kakamega County. Patients from a household in 

which the female household head/spouse did not receive any level of formal education had 

higher odds of being infected (OR: 4.446, CI: 1.402-14.044, p = 0.010).  

Relevance/Conclusions: The presence of CCHF and sindbis viruses in ticks and mosquitoes, 

respectively, suggest risk of transmission to humans and livestock. Crimean-Congo 

haemorrhagic fever virus is harboured asymptomatically in cattle and causes serious 
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haemorrhagic fever in humans, while sindbis causes febrile illness and arthralgia also in 

humans. The relatively high infection rates of insect-specific flaviviruses (ISFs) in the sampled 

mosquitoes in a region where few arbovirus outbreaks have been reported points to the 

possibility that ISFs may be acting as a natural control mechanism preventing transmission of 

the pathogenic arboviruses. East Coast fever and anaplasmosis caused by T. parva and A. 

marginale, respectively, are major constraints to cattle production. Both were detected in this 

study. Correspondingly, risk factor analysis showed that cattle breed improvement in the study 

region by introducing exotic breeds can be hampered by tick-borne pathogens. Accordingly, 

the livestock markets can be utilised as control points for ticks using acaricides and other 

biological control mechanisms. Despite not finding CCHF virus, sindbis virus, and R. africae 

in livestock and human blood as detected in the vectors, clinicians should be made aware of 

their existential risk and include them in the differential diagnostics of febrile illnesses. A 

combination of IgM serology and RT-PCR could also improve detection sensitivity given the 

fragility of viruses in field samples. Only a small percentage of fevers in the recruited patients 

could be attributed to malaria (P. falciparum), suggesting undetected circulation of zoonotic 

VBPs or other pathogens causing fever not investigated in this study. Expectedly the malaria 

prevalence was not uniformly distributed due to the ecological differences in the three counties. 

Female household heads/spouses are in charge of households and most likely to impart their 

knowledge on mosquito control to other members of the households, highlighting gender 

aspects in malaria control. This knowledge can also be extrapolated to the control of arbovirus-

transmitting mosquitoes. Anaplasma platys and genetically-related strains found in high 

prevalence in cattle blood have zoonotic potential even though they are yet to be detected in 

febrile patients in East Africa. Further studies are therefore needed to confirm their ability to 

cause disease in humans. In spite of the high infection rate of Am. variegatum ticks with R. 

africae, this zoonotic pathogen was not detected in cattle or humans, indicating either low 
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transmissibility or low/diminishing titers in infected vertebrates. This surveillance study 

generated data that can inform vector control strategies, raise clinical awareness, and serve as 

a baseline for further studies on vector-borne diseases of livestock and humans, including 

zoonoses. 

Keywords: Kenya, Cattle, Anaplasma, Rickettsia, Theileria parva, Rhipicephalus, Crimean-

Congo haemorrhagic fever, Livestock market, Hospital, Slaughterhouse, Human, Tick, 

Mosquito, Surveillance 
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Chapter 1 

General introduction and objectives 

1.1 General introduction 

Vector-borne zoonotic pathogens are a threat to public health and a constraint to livestock 

production globally. The chief vectors involved in their transmission are mosquitoes and ticks 

(Colwell et al., 2011; Dantas-Torres et al., 2012; Jongejan, 2004). Mosquitoes are vectors of 

several arboviruses of global importance and have recently also been implicated in the 

transmission of Rickettsia (Dieme et al., 2015). Ticks transmit important livestock diseases 

such as East Coast fever and anaplasmosis (Abanda et al., 2019). They are also reservoirs of 

some important zoonotic arboviruses and bacteria (Dantas-Torres et al., 2012). Recently, there 

has been a global resurgence of outbreaks of arboviruses, as well as tick-borne bacteria for 

which the vectorial range and pathogenicity is still vague (Doudier et al., 2010; Wilder-Smith 

et al., 2017). In most instances, livestock act as carriers/reservoirs and therefore rarely suffer 

clinical disease in the vector-livestock/wildlife-human triad of vector-borne zoonotic diseases.  

Arboviruses cause undifferentiated febrile sickness which affect the normal lifestyle and 

production of people, especially in developing countries (Labeaud et al., 2011). Complications 

such as microcephaly in Zika virus infections can also arise (Heymann et al., 2016). Yellow 

fever can result in kidney and liver damage with mortalities of up to 50% being reported in 

some cases (Monath, 2015), while chikungunya-induced fever is associated with chronic 

arthralgia (Wilder-Smith et al., 2017). Dengue haemorrhagic syndrome and/or dengue shock 

syndrome are potentially fatal complications of the mild form of the disease (Guha-Sapir, 

2005). In contrast, Crimean-Congo haemorrhagic fever (CCHF) virus produces severe disease 

with mortality of up to 30% in humans (Ergonul, 2012).  Human rickettsiosis, ehrlichiosis, and 

anaplasmosis also present with the same clinical signs, however the geographical range of the 

latter two has mostly been limited to America and Europe (Doudier et al., 2010). 
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Vaccines for arboviruses other than Rift Valley fever (livestock) (Epin et al., 2010), dengue 

(humans, limited use) (Cortes da Silveira et al., 2019) and yellow fever (Monath, 2015), are 

not currently available. There is a lack of specific treatment protocols for arboviral and other 

vector-borne zoonotic infections and diagnosis is a challenge because the presenting clinical 

signs are not pathognomonic. These limitations are pronounced in most health facilities in 

Africa, where zoonotic vector-borne pathogens are endemic leading to many of the infections 

being misdiagnosed as malaria or non-specific febrile illnesses (Kagira et al., 2011). This has 

resulted in the understating of incidence rates and burden of other causes of fever, especially 

in malaria-endemic regions (Crump et al., 2013; Kipanga et al., 2014; Waggoner et al., 2017). 

East Africa is endemic for several arboviruses and in Kenya several outbreaks have occurred 

(Konongoi et al., 2018; Munyua et al., 2010; Nguku et al., 2010; Obonyo et al., 2018; Sergon 

et al., 2008). Kenya is also endemic for malaria (Noor et al., 2016) and several tick-borne 

diseases, some such as East Coast fever which are a major impediment to livestock production 

(Moumouni et al., 2015; Wesonga et al., 2010). Past surveillance studies in livestock, humans, 

mosquitoes and ticks have generated substantial data on the incidence and ecology of vector-

borne zoonotic pathogens (Grossi-Soyster et al., 2017; Mease et al., 2011; Mutai et al., 2013; 

Ochieng et al., 2015) and the vector species that are likely to sustain transmission during inter-

epidemic and/or epidemic periods (Crabtree et al., 2009; Koka et al., 2017; Lutomiah et al., 

2013, 2014; Maina et al., 2014; Mwamuye et al., 2017; Oundo et al., 2020; Sang et al., 2010; 

Omondi et al., 2017). 

The close interaction of humans, livestock, and disease vectors is important in the transmission 

dynamics of vector-borne zoonoses. The main drivers of this interaction are urbanisation, rural 

to urban migration, global human travel and animal trade (Ahmed et al., 2019; Colwell et al., 

2011; Fèvre et al., 2006; Kilpatrick, 2012; Morse, 1995). Several factors make the western 

Kenya region a potential hotspot for circulation of vector-borne zoonotic disease. Firstly, it is 
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on the border with Uganda which is an important corridor facilitating transport and trade in the 

East African Community (EAC). Secondly in addition to the movement of goods, there is a lot 

of human and livestock movement across the border (Nyaruaba et al., 2019). Thirdly, the East 

Africa Lake Victoria basin ecology is capable of supporting the proliferation of disease vectors 

(Fèvre et al., 2017). Therefore, a rising human population, rapid urbanisation, increased 

intensification and market-based livestock production systems may all serve to amplify the 

transmission risk of vector-borne zoonoses with livestock as reservoirs/carriers in this region 

(Fèvre et al., 2017).  

Therefore, a ‘One Health’ surveillance approach of vector-borne zoonoses is important for 

integrating vector surveillance with prevalence studies in humans and livestock. The 

surveillance of vectors measures the risk of disease outbreaks and identifies novel pathogens 

and/or pathogen-vector interactions. The level of animal and subsequent human exposure 

serves to determine potential disease reservoirs and the disease burden on society, respectively. 

This information is important for disease outbreak forecasting, preparedness, and instigation 

of control measures. 

Due to the unavailability of vaccines and limited treatment options highlighted previously, the 

control of vector-borne zoonotic diseases usually targets vectors and their ecology. Control of 

vector-borne zoonoses generally involves preventing the vector from biting or coming into 

contact with humans and livestock and/or interfering with its intrinsic ability to transmit the 

pathogen. Traditionally, insecticide-treated bed nets (ITNs) and indoor and outdoor residual 

insecticide spraying have been used widely against mosquitoes. Such efforts have been more 

successful in the control of malaria vectors and have been widely deployed in malaria endemic 

areas such as in western Kenya (Steketee, 2010). However, elimination of mosquito habitats, 

use of repellents and window screens also serve to reduce biting rates and concurrently reduces 

transmission of arboviruses.  
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Transmission-blocking technologies that takes advantage of the superinfection exclusion 

capabilities of Wolbachia and insect-specific flaviviruses (ISFs) are being deployed in some 

developed countries (O'Neill et al., 2018), but not in Africa. Modification of the mosquito 

microbiome by Wolbachia interferes with their ability to transmit aborviruses (Schultz et al., 

2018), whereas ISFs are thought to upregulate the antiviral response of mosquitoes, inhibiting 

superinfection by pathogenic viruses (Pepin et al., 2008). However, other studies have shown 

contrasting results with some ISFs showing no effect against the transmission of pathogenic 

arboviruses (Kent et al., 2010), paving the way for further conclusive studies to be done. Other 

novel strategies such as genetically engineered mosquitoes that make use of RNA interference 

(RNAi) pathways are being explored to suppress competent vector populations (Kean et al., 

2015). Livestock is the main host for ticks and therefore an important control target via the 

application of acaricides, which subsequently reduces the incidence of tick-borne diseases and 

reduces the risk of infective tick bites in humans. Tick vaccines based on the midgut 

recombinant proteins are also commercially available however these are mostly effective 

against Rhipicephalus spp. and have been not been widely used in Africa (Merino et al., 2013). 

Acaricides and insecticides are expensive, select for resistant vectors and have deleterious 

effects on the environment (Merino et al., 2013). Biological methods therefore offer an 

alternative and as such the use of entomopathogenic fungi has been explored with some success 

against ticks and mosquitoes (Akutse et al., 2020; Kean et al., 2015). An integrated vector 

management (IVM) approach has therefore been advocated which encompasses different 

control methods targeting different stages of the pathogen and involves both humans, animals, 

and the environment in a One Health approach (WHO, 2004). Overall, the success of control 

methods for vector-borne zoonotic diseases depends on the integration of chemical and 

biological control methods, collaboration between government, communities, and private 

stakeholders, public awareness and evidence-based instigation of measures. Therefore, 
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accurate information on vector-borne zoonotic disease epidemiology in a specific area is 

needed before control measures are deployed (WHO, 2004). 

Lack of methodologies suited for large-scale concurrent vector, livestock, and human 

surveillance of vector-borne pathogens (VBPs) has hampered vector-borne zoonoses 

surveillance in developing countries. However, economical, high-throughput molecular tools 

such as PCR coupled with high-resolution melting analysis (HRM) can be used for 

identification of vectors, and their blood-meals, and pathogen screening in a variety of 

biological samples (Ajamma et al., 2016; Mwamuye et al., 2017; Omondi et al., 2015; Villinger 

et al., 2016). With the availability of these molecular tools, I carried out surveillance for vector-

borne zoonoses in collaboration with the International Livestock Research Institute’s (ILRI) 

Zoonoses in Livestock in Kenya (ZooLinK) project in western Kenya.  
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1.2 Main objective 

 

To describe the epidemiology of vector-borne zoonotic pathogens in smallholder livestock 

production systems in western Kenya. 

1.2.1 Specific objectives 

 

1. To identify zoonotic arboviruses, Rickettsia, and protozoan parasites in ticks collected 

from livestock at slaughterhouses and livestock markets  

2. To detect pathogenic and insect-specific viruses in mosquitoes sampled at hospitals 

and livestock markets 

3. To assess the role of cattle as carriers of arboviruses, Rickettsia, and protozoa   

4. To determine the incidence of arboviruses, Rickettsia and Plasmodium spp. in patients 

with acute undifferentiated fever at selected hospitals in western Kenya 
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2.1 Abstract 

 

Vectors of emerging infectious diseases have expanded their distributional ranges in recent 

decades due to increased global travel, trade connectivity, and climate change. Transboundary 

range shifts, arising from the continuous movement of humans and livestock across borders, 

are of particular disease control concern. Several tick-borne diseases are known to circulate 

between eastern Uganda and the western counties of Kenya, with one fatal case of Crimean-

Congo haemorrhagic fever (CCHF) reported in 2000 in western Kenya. Recent reports of 

CCHF in Uganda has highlighted the risk of cross-border disease translocation and the 

importance of establishing inter-epidemic, early warning systems to detect possible outbreaks. 

I therefore carried out surveillance of tick-borne zoonotic pathogens at livestock markets and 

slaughterhouses in three counties of western Kenya that neighbour Uganda. Ticks and other 

ectoparasites were collected from livestock and identified using morphological keys. The two 

most frequently sampled tick species were Rhipicephalus decoloratus (35%) and Amblyomma 

variegatum (30%). Ctenocephalides felis fleas and Haematopinus suis lice were also present. 

In total 486 ticks, lice, and fleas were screened for pathogen presence using established 

molecular workflows incorporating high-resolution melting analysis and identified through 

PCR-sequencing and phylogenetic analyses. I detected CCHF virus in Rh. decoloratus and 

Rhipicephalus sp. cattle ticks and 82 of 96 pools of Am. variegatum were positive for Rickettsia 

africae. Apicomplexan protozoa and bacteria of veterinary importance, such as Theileria 

parva, Babesia bigemina, and Anaplasma marginale, were primarily detected in rhipicephaline 

ticks. My findings show the presence of several pathogens of public health and veterinary 

importance in ticks from livestock at livestock markets and slaughterhouses in western Kenya. 

Confirmation of CCHF virus, a Nairovirus that causes haemorrhagic fever with a high case 

fatality rate in humans highlights the risk of under-diagnosed zoonotic diseases and calls for 

the continuous surveillance and development of preventative measures. 
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2.2 Introduction 

 

Ticks are vectors of viruses, bacteria, and protozoa of economic and public health importance 

(de la Fuente et al., 2008). Babesiosis, theileriosis, and anaplasmosis cause major livestock 

production losses in Kenya (Adjou Moumouni et al., 2015; Gachohi et al., 2012; Latib et al., 

1995; Norval et al., 1984), while rickettsiosis constitutes a serious emerging public health threat 

globally (Brown, 2016; Fournier et al., 2017; Jensenius et al., 2017; Maina et al., 2017; Ndip., 

et al., 2004; Parola et al., 2013; Rutherford et al., 2004). In addition to Rickettsia, tick-borne 

bacteria such as Ehrlichia and Anaplasma, and protozoa such as Babesia have been shown to 

infect humans in Europe and America (Doudier et al., 2010). Ticks also transmit nairoviruses, 

most of which cause a mild non-pathognomonic febrile illness in humans, but some, such as 

Crimean-Congo haemorrhagic fever (CCHF) and Dugbe viruses, can cause severe systemic 

illness and mortality, affirming the importance of ticks in the transmission of viral 

haemorrhagic fevers (Papa et al., 2017). In livestock, Nairobi sheep disease virus, also a 

Nairovirus, is a constant threat to sheep production in East Africa (Baron, 2015). 

While the vectorial capacity of ticks is established, the role of lice and fleas in the epidemiology 

of vector-borne zoonoses is rarely investigated. Rickettsia typhi and Rickettsia felis, both 

endemic in East Africa, are transmitted by Xenopsylla cheopis and Ctenocephalides felis fleas, 

respectively. However, these Rickettsia species have been detected in several other flea species 

in addition to the chief vectors (Luce-fedrow et al., 2015). Louse infestations result in severe 

pruritic mange in livestock, leading to production losses (Hornok et al., 2010), and epidemic 

typhus, caused by Rickettsia prowazekii, in humans, especially in overcrowded and poor social 

settings (Raoult & Roux, 1997). 

With travel and trade thought to be major drivers of emerging pathogen spread (Kilpatrick, 

2012), the movement of livestock and people among East African countries could enhance the 
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circulation of emerging pathogens, especially given the high arboviral activity across the region 

(Mossel et al., 2017; Nyaruaba et al., 2019). Smallholder livestock production in East Africa is 

associated with livestock movement across provincial and national borders to livestock markets 

(LMs) in peri-urban areas (Fèvre et al., 2005) and animals in this sector have been found to be 

heavily infested by ticks (Sang et al., 2006). Livestock movement is instrumental in the 

introduction of infective foci in naïve areas where they can then be disseminated by capable 

vectors (Fèvre et al.,2006). Livestock movements in Kenya have been implicated in past and 

recent Rift Valley fever (RVF) outbreaks (Baba et al. 2016; Munyua et al., 2010; WHO, 2018).  

Outbreaks of CCHF (Dunster et al., 2002) and RVF (WHO, 2018) have been reported before 

in western Kenya, and presence of antibodies to chikungunya, yellow fever, West Nile, and 

RVF viruses (Cook et al., 2017; Inziani et al., 2020; Mease et al., 2011; Nyaruaba et al., 2019) 

in the human population shows undetected circulation. While reports on the occurrence of 

zoonotic vector-borne bacteria are scant, the high prevalence of malaria in western Kenya may 

result in under-investigation of other causes of febrile illnesses. Ticks, fleas, and lice may be 

both vectors and reservoirs of most pathogens they transmit, making them an important 

component in the transmission dynamics of vector-borne zoonoses (Raoult & Roux, 1997). 

Elsewhere in Kenya and East Africa, the occurrence of bacterial pathogens of zoonotic and 

veterinary potential in ticks and fleas has been reported. Tick and flea-borne spotted fever 

group (SFG) rickettsiosis agents (Rickettsia africae, Rickettsia conorii, Rickettsia aeschlimanii, 

R. felis, and Rickettsia asembonensis sp. nov.) have been detected in Kenya (Maina et al., 2014, 

2019; Mwamuye et al., 2017; Macaluso et al., 2003) and East Africa (Kumsa et al., 2015; 

Nakao et al., 2013; Nakayima et al., 2014). A broad spectrum of bacteria and protozoa of 

veterinary and public health importance have also been detected, including Theileria parva, 

Ehrlichia ruminantium, Ehrlichia chaffeensis, Anaplasma marginale, Anaplasma 

phagocytophilum, and Anaplasma platys (Oundo et al., 2020; Ringo et al., 2018; Omondi et 
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al., 2017; Mwamuye et al., 2017; Teshale et al., 2015). Rhipicephalus, Hyalomma and 

Amblyomma ticks collected from livestock in north-eastern Kenya were previously shown to 

be infected with CCHF, Bunyamwera, Dugbe, Ndumu, Semliki forest, Thogoto, Ngari, Dhori, 

and West Nile viruses (Lwande et al., 2013; Sang et al., 2011, 2006). These viruses are endemic 

in East Africa (Nyaruaba et al., 2019) and some, such as Semliki Forest, Wesselsbron, Ngari, 

and Bunyamwera viruses, have only been detected in mosquitoes (Ajamma et al., 2018; 

Villinger et al., 2017; Lwande et al., 2013). In most instances, ticks with arboviruses were 

collected from cattle at LMs and abattoirs, confirming the importance of these facilities for 

epidemiological investigations of these viruses. 

Active surveillance for zoonotic pathogens and their vectors generates information on their 

presence and prevalence and can identify novel vector-pathogen associations. Such 

information can facilitate early detection and quantification of pathogen burdens and thus is 

important for planning control strategies to reduce spill-over infection from livestock to 

humans. Most of the diseases are characterised by non-specific febrile illness, which can be 

easily confused with other fever-causing agents. Awareness of their presence improves clinical 

referral and diagnosis. 

To investigate the risk posed by the movement of arthropod vector infested animals via LMs 

in the Lake Victoria basin of East Africa, I collected ticks, fleas, and lice from livestock at both 

LMs and slaughterhouses (SHs). I employed high-throughput molecular techniques coupled 

with Sanger sequencing to rapidly detect pathogens of zoonotic and veterinary importance in 

these arthropods. 
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2.3 Materials and methods 

 

2.3.1 Study site 

The study was carried out in three neighbouring counties, viz. Busia, Bungoma, and Kakamega, 

in western Kenya (Figure 2.1). This region, part of which shares borders with Uganda, is 

representative of the larger Lake Victoria basin ecosystem in East Africa. Mixed crop and 

livestock production is the major farming system in this area characterised by a high livestock 

and human population. Recently, this production system is rapidly becoming more market-

oriented rather than just for subsistence. This evolution is likely to impact on the emergence of 

pathogens shared between humans and animals in the region (Fèvre et al., 2017). 

 

Figure 2.1: Map of the three neighbouring counties of Busia, Bungoma, and Kakamega 

showing the livestock markets and slaughterhouses from which arthropod samples were 

collected. 
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2.3.2 Study design and sample collection 

The study design and sampling are detailed elsewhere (Falzon et al., 2019). Briefly, four LMs 

and neighbouring SHs were selected in each county (Figure 2.1), where each LM was closely 

associated with a cattle or pig SH. At each LM, 10 animals (six cattle, three goats, and one 

sheep) were selected via systematic random sampling. An attempt was made to select six cattle, 

three goats, and one sheep during each visit, though the number of animals sampled did not 

always follow the above ratio as it was occasionally challenging to get consent from owners of 

small ruminants. Signed consent was sought from the animal owners or traders accompanying 

sampled animals, and a short questionnaire was administered to capture demographic and 

animal ownership details. Animals were then physically restrained and, after a general clinical 

examination, blood was drawn by a qualified veterinarian from the jugular vein using a 

vacutainer. Nasal swabs and faecal samples were also collected. Any external parasites present 

on the hide of the selected animals were removed with gloved hands and placed into falcon 

tubes containing 70% ethanol. At cattle and pig SHs, a similar procedure was followed. In 

addition to ticks, lice and fleas were collected if present on sampled animals. Sample bottles 

and blood tubes were barcoded and transported to the field lab in Busia in a cool box with ice 

packs. Arthropods were stored at -40C at the International Livestock Research Institute (ILRI) 

Department of Veterinary Services lab in Busia before being shipped on dry ice to the Martin 

Lüscher Emerging Infectious Disease (ML-EID) laboratory at the International Centre of Insect 

Physiology and Ecology (icipe) where they were stored at -80C. 

2.3.3 Morphological identification of ticks, lice, and fleas 

Ticks, lice, and fleas were morphologically identified to species level using a stereomicroscope 

(Zeiss, Oberkochen, Germany) with the aid of identification keys (Walker et al., 2004; Pratt, 

1973). Excessively engorged tick specimens were excluded from the analysis. Representative 

specimens were photographed using an Axio-cam ERc 5s digital camera (Zeiss) mounted on a 



21 
 

stereomicroscope. Ticks, lice, and fleas were pooled (1-3) according to developmental stage, 

sex, species, and host from which they were sampled. 

2.3.4 Nucleic extraction from arthropods and selected livestock blood samples 

Arthropod pools were homogenised before nucleic acid extraction. Each pool was put in a 1.5-

ml Eppendorf tube with pre-weighed scoops of 750 mg of 2.0-mm and 150 mg of 0.1-mm yttria 

stabilized zirconium oxide (zirconia/yttria) beads (Biospec, USA), in which they were 

mechanically disrupted using a Mini-Beadbeater-16 (BioSpec, Bartlesville, OK) for 60-90 

seconds. Phosphate buffered saline (PBS) (360 µl) was added to each tube, vortexed, and 210 

µl of the resulting homogenate was transferred to a 96-well specimen processing cartridge. 

DNA and RNA were extracted using a MagNA 96 DNA and Viral NA Small Volume Kit 

(Roche Applied Science, Penzberg, Germany) in a MagNA Pure 96 robot (Roche Molecular 

Systems, California, USA). A sindbis virus culture isolate and PBS were included in each run 

as positive and negative extraction control respectively. DNA and RNA were eluted in 50 µl 

of RNAse-free water. 

Animal blood samples associated with arthropod pools identified as positive for R. africae and 

CCHF virus were selected for pathogen screening. Nucleic acids from blood samples were 

extracted using the magnetic bead-based High Prep Viral DNA/RNA kit (MagBio Genomics, 

Gaithersburg, USA). First, 200 µl of blood was added to 1.5-µl Eppendorf tubes containing 

528 µl of a lysis master-mix consisting of VDR lysis buffer, isopropanol, and carrier RNA, and 

vortexed. Then 10 µl of proteinase K and 10 µl of MAG-S1 magnetic beads were added and 

mixed into solution by inversion. The subsequent steps were carried out as per manufacturer’s 

instructions. 

2.3.5 Molecular identification of ticks 

Molecular identification was performed on 15 single ticks for which morphological 

identification to species level was equivocal. I amplified three target genes: the internal 
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transcribed spacer-2 (ITS2), cytochrome oxidase 1 (CO1), and 16S ribosomal (r)RNA (Table 

A.1). The PCRs were performed in a SimpliAmp PCR Thermal Cycler (Applied Biosystems, 

Singapore) in 10-µl reactions that consisted of 2 µl of 5x HOT FIREPol® Blend Master Mix 

(Solis BioDyne, Estonia), 2 µl of template, and 0.5 µl of 10 µM primer. PCR grade water was 

included as a negative control on each run and cycling conditions were as previously described 

(Mwamuye et al., 2017), with the exception that the final extension step for the three fragments 

was seven minutes. Amplicons of the correct size were visualised alongside Quick-Load® 100-

bp DNA Ladder (Biolabs, UK) by electrophoresis on 1.6 % ethidium bromide-stained agarose 

gels under UV light. Bi-directional sequencing of amplicons purified by Exo 1-rSAP 

combination (Biolabs, UK) was done at Macrogen (Netherlands). Sequence chromatograms 

were inspected, edited, and aligned using Geneious Prime version 2019.0.4 software 

(Biomatters, New Zealand). The resulting sequence contigs were used in nucleotide BLAST 

searches (Altschup et al., 1990) against the GenBank nr database to identify matches. 

2.3.6 Molecular detection of arboviral, bacterial and protozoal pathogens  

Detection of arboviruses 

A previously described multiplex reverse transcription (RT)-PCR-HRM test was initially 

utilised for the detection of arboviruses within the Flavivirus, Alphavirus, Nairovirus, 

Phlebovirus, Orthobunyavirus, and Thogotovirus genera (Villinger et al., 2017) (Table A.1). 

This was preceded by cDNA synthesis using the High Capacity cDNA Reverse Transcription 

(RT) kit (Applied Biosystems, Lithuania) in a 20-µl reaction mixture that contained 10 µl 

nucleic acid extract, 1 U/μl RNase inhibitor, 100 mM dNTPs, 1X RT buffer, 2.5 U/µl reverse 

transcriptase enzyme and 600µM non-ribosomal random hexa-nucleotide primers (Endoh et 

al., 2005). The PCRs were carried out in a SimpliAmp thermocycler (Applied Biosystems, 

Singapore) using previously described thermal cycling conditions (Ajamma et al., 2018). The 

10-µl reaction mixture for the multiplex PCR-HRM contained 1 µl cDNA template, 5 μl of 2x 
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MyTaq HS Mix (Bioline, UK) and 1 μl of 50 μM SYTO-9 (Life Technologies, USA). 

Multiplex PCR-HRM reactions were performed in a Rotor-Gene Q real-time PCR 

thermocycler (Qiagen, Hilden, Germany) using touchdown thermal cycling conditions 

described in detail elsewhere (Villinger et al., 2017). Each run included cDNA of the sindbis 

virus as a positive control and no-template extraction controls and molecular grade water as 

PCR negative controls. HRM profiles were visualised with Rotor-Gene Q Series software 

2.1.0. All positives were separately re-run using primer mixes for each of alphaviruses, 

flaviviruses, and nairoviruses and the same conditions for the multiplex PCR-HRM runs 

(Villinger et al., 2017) (Table A.1). I purified all specific PCR products with an Exo 1-rSAP 

combination (Biolabs, UK) and sent them for bidirectional sequencing at Macrogen 

(Netherlands). Larger fragments using a conventional PCR assay that targets the Nairovirus L-

polymerase gene (Table A.1) were also amplified, purified, and sequenced as previously 

described (Honig et al., 2004). 

Detection of bacterial and protozoan pathogens 

Tick, louse, flea, and livestock-blood samples were also screened for bacteria and protozoa 

using a combination of PCR-HRM and conventional PCR. Previously developed primers that 

target the 16S rRNA gene of Anaplasma (Mwamuye et al., 2017), Ehrlichia (Mwamuye et al., 

2017), and Rickettsia (Nijhof et al., 2007), as well as primers that target the 18S rRNA gene of 

Babesia and Theileria protozoa (Georges et al., 2001), were used for initial screening (Table 

A.1). Ten-microliter reactions that consisted of 2 µl template, 2 µl 5X HOT FIREPol® 

EvaGreen HRM Mix (Solis BioDyne, Estonia), and 0.5 µl of each primer at 10 µM 

concentrations. Cycling was carried out in a Rotor-Gene Q real-time PCR thermocycler 

(Qiagen, Hilden, Germany) as described before (Mwamuye et al., 2017). Positive controls for 

Anaplasma (A. marginale) and Rickettsia (R. africae) (previously detected in icipe's ML-EID 

lab from Amblyomma spp. ticks) were included in the runs. Resultant HRM profiles were 
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visually inspected with Rotor-Gene Q Series software 2.1.0 and PCR products with unique 

HRM profiles were purified using an Exo 1-rSAP combination (Biolabs, UK) and sequenced 

at Macrogen (Netherlands). 

Positive Ehrlichia and Anaplasma samples were further amplified with a semi-nested PCR to 

generate a longer fragment of the 16S rRNA gene (1030 bp) by combining the 

Anaplasmataceae-specific forward primer, EHR16SD (Parola et al., 2001) with universal 

reverse primers pH1522 (Edwards et al., 1989) and pH1492 (Reysenbach et al., 1992) for first 

and second round amplification, respectively (Supplementary Table 1). Primary amplifications 

were performed using a hot-start activation step of 95°C for 15 min followed by 1 cycle of 

95°C for 20 s, 63°C for 30 s, and 72°C for 90 s, 2 cycles of 95°C for 20 s, 62°C for 30 s, and 

72°C for 90 s, 2 cycles of 95°C for 20 s, 61°C for 30 s, and 72°C for 90 s, followed with 35 

cycles of 95°C for 20 s, 60°C for 30 s, and 72°C for 80 s, and a final extension at 72°C for 10 

min. The secondary 20-µl amplification reactions utilised 2 µl of PCR products from primary 

reactions as templates. The cycling profile consisted of: 95°C for 15 min; 3 cycles of 95°C for 

20 s, 61°C for 30 s, and 72°C for 90 s; 37 cycles of 95°C for 20 s, 60°C for 30 s, and 72°C for 

80 s, and a final extension at 72°C for 10 min. To minimise the risk of contamination I set up 

the second reaction in a PCR cabinet and opened only one tube at a time. Products were 

visualised after gel electrophoresis to confirm the presence of the expected product at 1030-bp. 

For Rickettsia, all samples with positive HRM profiles were further amplified with Rick-ompB 

primers (Roux & Raoult, 2000) specific for a 856-bp region of the outer membrane protein B 

gene of all Rickettsia species (Table A.1). Positive samples were prepared for sequencing using 

the QuickClean II Gel Extraction Kit (GenScript, New Jersey, USA) and submitted to 

Macrogen (Netherlands) for bidirectional sequencing. 



25 
 

2.3.7 Phylogenetic analysis  

Sequence editing was done in Geneious Prime version 2019.0.4 software (Biomatters, New 

Zealand). Homologous sequences of reference and sequence entries closely related with each 

of the individual sequences generated in this study were identified through BLAST nucleotide 

searches against the GenBank nr database (Altschup et al., 1990). Each of the datasets compiled 

in this manner were aligned and the terminal regions corresponding to the primer sequences 

were removed prior to phylogenetic analysis. Maximum likelihood phylogenies were inferred 

for each gene using PhyML version 3.0., employing the Akaike information criterion for 

automatic selection of the appropriate model of sequence evolution (Guindon et al., 2010). 

Trees were visualised and edited in Figtree 1.4 (Rambaut, 2014).  

2.3.8 Estimation of individual-level pathogen prevalences from pooled samples 

Individual-level prevalences of pathogens detected in pooled samples were estimated by a 

maximum likelihood approach in a frequentist model. True prevalence estimates within vector 

populations assumed 100% sensitivity and specificity of pooled-sample results and took into 

account the number of individuals in each pool tested (Cowling et al. 1999; Williams & Moffitt, 

2001). The computations were performed online using Epitools an epidemiological calculator 

accessed from https://epitools.ausvet.com.au/ppvariablepoolsize (Sergeant, 2009). 

2.4 Results 

2.4.1 Vector collection and diversity at LMs and SHs  

A total of 456 ticks (434 adults and 22 nymphs), 28 lice (Haematopinus suis), and two fleas 

(Ct. felis) collected from cattle, goats, sheep, and pigs at LMs and SHs were analysed in this 

study. Over 80% of the vectors collected at LMs and SHs came from cattle (Table A.2). This 

was partially due to the fact that 60% of the animals sampled at each of these locations were 

cattle, which were generally more tick-infested than goats, sheep, or pigs. The lice were 

primarily collected from pigs at SHs and the fleas were collected from cattle. 

https://epitools.ausvet.com.au/ppvariablepoolsize
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Representative specimens of Rhipicephalus evertsi (one adult), Rhipicephalus appendiculatus 

(one adult, one nymph), Amblyomma gemma (one adult), Amblyomma variegatum (one adult, 

one nymph), Haemaphysalis sp. (one adult), Rhipicephalus decoloratus (one adult), and 

Rhipicephalus sp. (six adults, one nymph), identified morphologically (Figure A.1), were 

selected for molecular tick identification (Table 2.1). Molecular identifications concurred with 

morphological identifications for Rh. appendiculatus (T16), Rh. decoloratus (T134), and Am. 

variegatum (T199). However, I resolved a tick specimen (T105) that I morphologically 

identified as Rh. decoloratus to be Rhipicephalus microplus based on its 16S rRNA sequence 

homology. The ITS2 sequence of an Am. gemma (T222) had highest homology with 

Amblyomma hebraeum, as there were no other Am. gemma ITS2 reference in the GenBank 

database. Seven out of nine specimens of Rhipicephalus, Haemaphysalis, and Amblyomma spp. 

unresolved by morphology alone were identified based on sequence homologies of at least two 

of the markers. The most common tick species were Rh. decoloratus (35%) and Am. 

variegatum (30%). 
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Table 2.1: Comparison of molecular and morphological identification of ticks  

 

Sample 
identification 

Morphological 
identification† 

16S rRNA (% homology, 
GenBank accession) 

ITS2 (% homology, GenBank 
accession) 

CO1 (% homology, GenBank 
accession) 

Consensus identification† 
(GenBank accessions) 

T15 Rhipicephalus sp. 
 

Rh. decoloratus (100, EU918193) Boophilus decoloratus (96.7, U97716) - Rh. decoloratus (16S: MN266914; 
ITS2: MN266918) 

T16 Rh. appendiculatus Rh. appendiculatus                 

(99.35, KC503257) 

Rh. appendiculatus 

(99.8, KX276951 ) 

Rh. appendiculatus                 

(100, KC503257) 

Rh. appendiculatus (16S: MN266911; 

ITS2: MN266949; CO1: MN294736) 

T34 Rhipicephalus sp. Rh. microplus (99.2, MH513311) Rh. microplus (99.6, KC503265) Rh. microplus (100, KY678120) Rh. microplus (16S: MN264523;  
ITS2: MN266952; CO1: MN294738) 

T50 Rhipicephalus sp. Rh. microplus (99.3, KY020993) Rh. microplus (99.6, MG721035) Rh. microplus (100, KY678120) Rh. microplus (16S: MN264524;  
ITS2: MN266953; CO1: MN294739) 

T62 Rhipicephalus sp. Rh. decoloratus (100, EU918193) Boophilus decoloratus (96.7, U97716) - Rh. decoloratus (16S: MN266915; 

ITS2: MN266919) 

T63 Rhipicephalus sp. 
nymph 

Rh. appendiculatus                 
(99.35, KC503257) 

Rh. appendiculatus                   
(99.35, KC503257) 

Rh. appendiculatus                
(99.9, KC503257) 

Rh. appendiculatus (16S: MN266912; 
ITS2: MN266950; CO1: MN294737) 

T105 Rh. decoloratus Rh. microplus (99.1, MH513311)  - - Rh. microplus (16S: MN264525) 

T134 Rh. decoloratus Rh. decoloratus (100, EU918193) Boophilus decoloratus (96.7, U97716) - Rh. decoloratus (16S: MN266916; 
ITS2: MN266921) 

T192 Haemaphysalis sp.  Ha. elliptica (95.6, HM068961) Ha. erinacei (88, KU364288) Ha. erinacei (99.3, KU880573) Haemaphysalis sp. (16S: MN264214; 
ITS2: MN266944;CO1: MN294735) 

T199 Am. variegatum Am. variegatum (99.3, L34312) Am. variegatum (100, HQ856803) - Am. variegatum (16S: MN266929; 

ITS2: MN401349) 

T218 Rhipicephalus sp. 
nymph 

Rh. appendiculatus (99.51, 
KC503257) 

Rh. appendiculatus                    
(99.73, KY457500) 

- Rh. appendiculatus (16S: MN266913; 
ITS2: MN266951) 

T222 Am. gemma -  Am. hebraeum (99.65, KY457490) - Am. gemma (ITS2: MN401350) 

T311 Amblyomma sp. 
nymph 

Am. variegatum (99.3, L34312) Am. variegatum (100, HQ856803) - Am. variegatum (16S: MN266930; 
ITS2: MN401351) 

T321 Rhipicephalus sp. Rh. simus (96.28, KJ613641)  - - Rhipicephalus sp. (16S: MN266945) 
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2.4.2 Pathogens detected   

I detected Anaplasma and Rickettsia bacteria, Babesia, Theileria, Hepatozoon protozoa, and 

CCHF virus (Figure 2.2) in ticks and lice collected from 13 LMs and 13 SHs across the three 

sampled counties (Table A.3).  

 
Figure 2.2: Tick-borne pathogen melt rate profiles. 

(A) CCHF virus RdRp amplicons, (B) Theileria/Babesia 18S rRNA amplicons, (C) Anaplasma 

16S rRNA amplicons, and (D) Rickettsia/Coxiella 16S rRNA amplicons. PC: positive control. 

Ra: Rh. appendiculatus; Rd: Rh. decoloratus. 

 

Out of the 333 pools tested, one Rh. decoloratus and one Rhipicephalus sp. were positive for 

CCHF virus (deposited GenBank accessions MN267048, MN267049; 0.62% estimated true 

prevalence). These ticks were removed from cattle at two SHs. The CCHF virus isolates 

identified fell into the genotype II clade, which includes isolates from Uganda and the 

Democratic Republic of Congo (DRC) (Figure 2.3). Their nucleotide sequence identity was 

highest (98.6%) to the Nakiwogo (GenBank accession KX013483) strain isolated from Uganda 

(Simpson et al., 1967). 
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Eighty-two out of 96 pools of Am. variegatum, three pools of Rh. decoloratus, four pools of 

Rhipicephalus sp., one pool of Rh. appendiculatus, one pool of Am. gemma, and one pool of 

H. suis were positive for R. africae (deposited GenBank accessions MN294740-MN294749) 

(Table 2.2). These R. africae-positive ectoparasites were removed from cattle, sheep, goats and 

pigs. Two of the R. africae sequences from this study were identical to those previously 

detected in Am. variegatum ticks in Asembo in Kenya (93.8 %; GenBank accession KF660534) 

and another to a strain detected in an African tick bite fever patient in Tanzania (96.8%; 

unpublished; GenBank accession KU721071). Rickettsia africae variants in this study were 

characterised by base substitutions in several positions and possessed a four-base insertion that 

is absent from most Kenyan isolates (Figure 2.4). 

 

I detected A. platys and genetically-related strains (deposited GenBank accessions MN266939-

MN266941) in five pools of Rh. decoloratus, two pools of Rhipicephalus sp., and three pools 

of Rh. appendiculatus, all obtained from cattle (Table A.3). These all shared 100% identity 

with an A. platys strain from China using the 16S rRNA gene (GenBank accession MH762081). 

Anaplasma marginale (deposited GenBank accessions MN266931-MN266935) was detected 

in four pools of Rh. decoloratus and two pools of Rhipicephalus sp. These were 99.9-100% 

related to A. marginale strains in GenBank; KU58603, KX987330 (both from China) and 

KU686794 (Uganda) using the 16S rRNA. Anaplasma ovis (deposited GenBank accessions 

MN266936-MN266938) was detected in two pools of Rh. decoloratus, three pools of 

Rhipicephalus sp. and one pool of Rh. evertsi from goats and cattle. These all shared 99.9-

100% identity with an A. ovis strain from China using the 16S rRNA gene (GenBank accession 

MG869525). 
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Table 2.2: Vector-borne pathogens detected in pools of ticks and lice from livestock markets and slaughterhouses 

Pathogen 
Rhipicephalus 

spp. 
Rh. 

decoloratus 
Rh. 

appendiculatus 
Rh. 

evertsi 
Rhipicephalus 

sp. 
Amblyomma 

spp. 
Am. 

variegatum 
Am. 

gemma 
H. suis Total 

Total pools 215‡ 108 33 18 54 99 96 3 17 333‡ 

A. 
marginale 

6 (1.88 %) 4 (2.44%)† - - 2 (2.90%) - - - - 6 (1.24%) 

A. ovis 6 (1.88%) 2 (1.21%) - 
1 

(4.17%) 
3 (4.35%) - - - - 6 (1.24%) 

A. platys 10 (3.15%) 5 (3.05%) 3 (5.51%) - 2 (2.92%) - - - - 
10 

(2.07%) 

B. bigemina 2 (0.63%) 1 (0.61%) 1 (1.84%) - - 1 (0.75%) 1 (0.77%) - - 3 (0.62%) 

B. caballi - - - - - 8 (6.14%) 8 (6.28%) - - 8 (1.66%) 

H. canis 1 (0.31%) 1 (0.61%) - - - - - - - 1 (0.21%) 

R. africae 8 (2.52%) 3 (1.83%) 1 (1.82%) - 4 (5.89%) 83 (77.45%) 82 (78.95%) 
1 

(33.33%) 
1 

(3.71%) 
92 

(19.85%) 

T. mutans 18 (5.64%) 12 (7.32%) - - 6 (8.83%) 1 (0.75%) 1 (0.76%) - - 
19 

(3.93%) 

T. parva 1 (0.31%) - - - 1 (1.45%) - - - - 1 (0.21%) 

T. taurotragi 6 (1.88%) 2 (1.21%) 1 (1.80%) - 3 (4.38%) - - - - 6 (1.24%) 

T. velifera 1 (0.31%) - - - 1 (1.45%) 2 (1.49%) 2 (1.53%) - - 3 (0.62%) 

CCHF virus 2 (0.62%) 1 (0.61%) - - 1 (1.45%) - - - - 2 (0.41%) 

†Estimated individual-level prevalence percentages (in brackets) were calculated based on the size of each pool tested 

‡These totals also include Rh. microplus, Haemaphysalis sp., and Ct. felis pools that were not positive for any pathogens 
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Only one Rhipicephalus sp. tick pool was positive for T. parva (GenBank accession 

MN294730), which shared 100% identity with a T. parva strain from Zambia (GenBank 

accession MG952926) using the 18S rRNA gene. (Table 2.2). Twelve out of 108 pools of Rh. 

decoloratus were positive for Theileria mutans (deposited GenBank accessions MN294725-

MN294729) (96.9-100% identity to T. mutans strains: GenBank accessions; KJ941104, 

AF078815, KU206320 across the 18S rRNA gene region), while two pools were positive for 

Theileria taurotragi (deposited GenBank accessions MN294731-MN294732) (100% identity 

with 18S rRNA gene of a T. taurotragi strain: GenBank accession L19082 from South Africa). 

In Rhipicephalus sp., six pools were positive for T. mutans, three for T. taurotragi, and one for 

Theileria velifera (deposited GenBank accessions MN294733-MN294734) (100% identity 

with 18S rRNA gene of a T. velifera strain: GenBank accession MH424329 from Guinea). 

Theileria mutans was also detected in one Rh. appendiculatus and one A. variegatum pool. All 

Theileria spp. positive ticks were removed from cattle (Table A.3). I detected Babesia caballi 

(deposited GenBank accessions MN294721-MN294723) (99.3% identity with 18S rRNA gene 

of a B. caballi strain: GenBank accession MH424325 from Guinea) exclusively in eight Am. 

variegatum tick pools. Single pools each of Rh. decoloratus, Rh. appendiculatus, and Am. 

variegatum were positive for Babesia bigemina (deposited GenBank accession MN294720) 

(100% identity with 18S rRNA gene of a B. bigemina strain: GenBank accession MH356483 

from Iraq). One pool of Rh. decoloratus was positive for Hepatozoon canis (deposited 

GenBank accession MN294724) (100% identity with 18S rRNA gene of a H. canis strain: 

GenBank accession MK673850 from France). The phylogenetic relationships of the 

apicomplexan parasite sequences identified in this study with homologous pathogen sequences 

are shown in Figure 2.5. 

In addition to these pathogens, I detected Coxiella endosymbionts (deposited GenBank 

accessions MN262071-MN262076, MN266922-MN266928, MN266946-MN266948), which 
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are phylogenetically close to, but distinct from, Coxiella burnetii, the pathogen responsible for 

Q fever, in all tick genera except Haemaphysalis. The Coxiella endosymbionts characterised 

in this study fell into the group B and C clades of previously detected Coxiella endosymbionts 

of ticks (Figure 2.6).  

No DNA/RNA of the pathogens evaluated in this study was detected in the flea specimens. All 

of the 33 selected associated livestock blood samples were negative for R. africae and CCHF 

virus. Thirty-one of these blood samples were from animals (28 cattle and three pigs) from 

which R. africae positive Am. variegatum ticks were collected, while the other two were from 

the cattle from which the two CCHF virus-positive Rhipicephalus spp. were obtained. 
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Figure 2.3: Maximum likelihood phylogeny of Crimean-Congo haemorrhagic fever virus 

strains inferred from 34 aligned 434-nt segments of the L-segment (RdRp gene). 

Bootstrap values show percentage agreement from 1,000 replicates. The gaps to the Nairobi 

sheep disease outgroup represent 0.8 substitutions per site. The sequences from this study are 

in bold and fall into African genotype II as indicated by the vertical bars. 
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Figure 2.4: Rickettsia africae partial ompB gene sequences obtained from this study with 

GenBank reference sequences 

Accession numbers of sequences from this study are in bold. Note the deletion mutation of a 

4-base pair motif and several base substitutions in the sequences. Pink = Adenine; Blue = 

Cytosine; Green = Thymine; Yellow = Guanine; Grey = consensus with R. africae reference 

sequence. 
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Figure 2.5: Maximum likelihood phylogeny of apicomplexan protozoa inferred from 32 

aligned 502-nt segments of the 18S rRNA gene. 

Sequences from this study are in bold. Bootstrap values indicate percentage conformity from 

1,000 replicates.  
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Figure 2.6: Maximum likelihood phylogeny of tick-associated Coxiella endosymbionts 

inferred from 33 aligned 279-nt segments of the 16S rRNA gene. 

Sequences from this study are in bold and bootstrap values show percentage agreement from 

1,000 replicates. The gaps to the L. pneumophila outgroup represent 0.12 substitutions per site.  

Sequences from this study and those from GenBank fall into three genotypes: A = Coxiella 

burnetii B = Coxiella endosymbionts of Amblyomma spp. ticks; C = Coxiella endosymbionts 

of Rhipicephalus spp. ticks; D = Coxiella endosymbionts of Dermacentor and Amblyomma 

spp. ticks. 
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2.5 Discussion 

2.5.1 CCHF detection in ticks 

I detected CCHF virus in ticks removed from cattle destined for slaughter at two SHs. This is 

the first description of CCHF virus in Rh. decoloratus ticks in Kenya, with previous studies 

reporting detection only in hyalommid ticks from the north-eastern region (Sang et al., 2011). 

This implies that besides Hyalomma spp. other tick species may support the local transmission 

of the virus. As the infected Rhipicephalus spp. ticks in this study were blood-fed and collected 

from livestock, I also tested the blood of the livestock from which they came from for CCHF 

virus, but they were negative. Association between infected ticks and seropositivity is common; 

however, ticks can also be found on seronegative animals and vice-versa (Spengler et al., 

2016). Domestic animals, especially sheep, have been shown to be asymptomatic carriers of 

the virus (Spengler et al., 2016), acting as reservoirs of infection (via ticks) to humans, who 

suffer significant morbidity (Ergönül, 2006). While Hyalomma ticks are the natural vector and 

reservoir of CCHF virus, other tick genera such as Rhipicephalus, have been found infected 

with the virus (Fakoorziba et al., 2015; Hoogstraal, 1979). Rhipicephalus spp. have also 

transmitted CCHF virus in laboratory settings and are believed to support the circulation of the 

virus in natural settings (Balinandi et al., 2018; Ergönül, 2006). Therefore, Rhipicephalus spp. 

ticks may support transmission of the virus in areas where Hyalomma spp. are absent. However, 

confirmation of this requires comprehensive competency studies, and an understanding of the 

landscape epidemiology of this virus and its transmission is in its early stages. 

In Africa, there are three distinct clades of CCHF virus and the close phylogenetic relationship 

between my isolates and the Nakiwogo strain isolated in Uganda is not surprising (Ergönül, 

2006; Lukashev et al., 2016) given the geographical proximity of my study site to Uganda and 

the extensive trade in live animals between the two countries. This finding supports the 

circulation of a single strain of virus between the two countries, which may be facilitated 
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through cross-border movement of infected livestock. At-risk groups for CCHF virus infection 

include farmers, veterinarians, abattoir and health-care workers (Cook et al., 2017; Ergönül, 

2006). CCHF outbreaks have not been reported in Kenya since the year 2000 when a fatal case 

occurred in western Kenya. However, Lwande et al. (2012) found a 23% human seroprevalence 

of IgG antibodies to CCHF virus in north eastern Kenya. Infection has been reported after skin 

contact with livestock, blood spatters during slaughtering, tick bites, and when health care 

workers take care of haemorrhaging patients (Ergönül, 2006). These findings therefore 

highlight the potential for human exposure to CCHF virus at these and other LMs and SHs, and 

at public health facilities, and emphasise the need for routine surveillance for this pathogen and 

adopting a One Health approach. Other LM/SH-based surveillance studies in Kenya have 

described the occurrence of other arboviruses in ticks, which indicates the importance of ticks 

in their epidemiology (Lwande et al., 2013; Sang et al., 2011, 2006). While most of these 

studies targeted pastoralist regions, my findings demonstrate that the risk of human exposure 

to tick-borne arboviruses is also present in tropical small-holder systems in East Africa. 

While Hyalomma spp. ticks are the chief vectors of CCHF virus, other species may also be 

important in transmission ecologies due to co-feeding transmission even in the absence of 

viraemia in the host. An infected tick may transmit a virus to a non-infected co-feeding tick 

without the host having detectable virus in its blood (Kazimírová et al., 2017). Such non-

viraemic transmission is presumed to contribute to amplification of CCHF virus in nature 

because the virus can be transmitted among ticks even without detectable viraemia in the host 

(Bente et al., 2013). 

2.5.2 Rickettsia africae in ticks and lice 

I demonstrated a high estimated true prevalence (78.95%) of R. africae, the cause of African 

tick bite fever (ATBF, also known as African tick typhus) in humans, in Am. variegatum ticks 

collected mostly from cattle. Ever since the first description in Kenya of R. africae in 
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Amblyomma ticks from the Maasai Mara region (Macaluso et al., 2003), high prevalence in 

Amblyomma ticks have been reported at SHs in Mombasa and Nairobi (Mutai et al., 2013), 

Siaya County, which borders Busia County (Maina et al., 2014), pastoralists in north eastern 

Kenya (Koka et al., 2017), the Shimba Hills National Reserve (Mwamuye et al., 2017), Baringo 

County (Omondi et al., 2017), and the Maasai Mara National Reserve (Oundo et al., 2020). 

Rickettsia africae has similarly been reported in Amblyomma ticks from Cameroon (Ndip et 

al., 2004), Zimbabwe (Beati et al., 1995), Senegal (Kelly et al., 2010), and the Central African 

Republic (CAR) (Dupont et al., 1995). I also detected R. africae at much lower prevalence in 

rhipicephaline ticks and, for the first time I am aware of it, in H. suis lice. While Rickettsia spp. 

have been detected in Haematopinus eurysternus lice before (Hornok et al., 2010), the 

epidemiological implications of this novel finding on the transmission of Rickettsia can be 

investigated by carrying out competence studies. Large scale collection and screening of H. 

suis for Rickettsia can then be carried out to ascertain the role of this species in transmission in 

local settings as there is a paucity of studies that have surveyed rickettsiae in lice in Africa. 

Admittedly, the detected R. africae could have been from the remnants of a blood-meal during 

co-feeding with Am. variegatum ticks, which were also infesting the pigs in this study. 

The finding that all 34 livestock blood samples, from which the R. africae-positive ticks were 

obtained, were negative for the pathogen reinforces the notion that Amblyomma ticks are the 

major reservoir of the pathogen, but also suggests a low transmissibility to livestock; however, 

to ascertain this, competence studies need to be carried out.  

In travel medicine, ATBF, which is characterised by headaches, inoculation eschar, rash, and 

myalgia (Jensenius et al., 2003), is believed to be only second to malaria as the aetiology of 

fever in travellers to sub-Saharan Africa (SSA). Most acute cases occur in tourists and foreign 

travellers with some fatal cases being reported (Rutherford et al., 2004). Although 

seroprevalence is usually high in native populations, acute clinical cases are few (Kelly et al., 
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1991; Ndip et al., 2004). This may be due to exposure at an early age leading to only mild 

clinical cases that are ignored, poor visibility of inoculation eschars on pigmented skin, and 

lack of diagnostic capacity at most hospitals (Jensenius et al., 2003). Alternatively, some R. 

africae may be more virulent than others. In this study, I found R. africae variants that have 

been previously reported (Kimita et al.,2016; Macaluso et al., 2003; Maina et al., 2014). The 

differences found in the nucleotide composition of the omp B gene, which codes for the most 

immuno-dominant surface cell antigen of Rickettsia, could possibly affect the virulence of R. 

africae variants. Surface cell antigens are involved in cellular adhesion of Rickettsia and 

subsequent entry into cells (Blanc et al., 2003). The hypothesis that variants with an intact omp 

B gene are less virulent than those with the deletion (Maina et al., 2014) may explain the 

absence of acute ATBF cases in Kenya, despite the high seroprevalence. This is supported by 

the evidence that genome reduction may lead to increased virulence in Rickettsia (Fournier et 

al., 2009). However, it remains to be seen if some of these variants can be detected in febrile 

patients in my study area. Clearly there is a need for studies that focus on the public health 

aspect of this pathogen in endemic areas. 

2.5.3 Theileria, Babesia, and Anaplasma spp. in ticks 

I detected A. marginale, the cause of gall sickness, B. bigemina, which causes redwater, and T. 

parva, which causes East Coast fever in (Rh. decoloratus and Rhipicephalus sp.) 1.88%, (Rh. 

decoloratus and Rh. appendiculatus) 0.63%, and (Rhipicephalus sp.) 0.31% (estimated true 

prevalences) respectively. These three diseases are major impediments to livestock production 

in Kenya and SSA, causing severe loss of production in affected animals (Wesonga et al., 2010; 

Woolhouse et al., 2015). Recently T. parva was found more frequently in Rh. appendiculatus 

(15.7% of tick pools) sampled in the Maasai Mara National Reserve, where no Babesia spp. 

were detected (Oundo et al., 2020). The absence of T. parva in animal blood samples in this 

study may be partly explained by its biology, as for most of its life cycle it occurs in the 
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lymphoid system and it only multiplies in RBC for completion of its life cycle (Mans et al., 

2015). Accordingly, I found higher prevalence in ticks of the mildly pathogenic Theileria spp., 

T. taurotragi, T. velifera, and T. mutans than reported by Njiiri et al. (2015) in calves in Busia, 

Kenya, and by Lorusso et al. (2016) in Nigerian cattle. Nonetheless, these species can also 

cause theileriosis in immuno-compromised animals. I also detected Anaplasma platys, in 

several pools of Rhipicephalus ticks from cattle. However, the A. platys sequences I detected 

could not distinguished between canine strains or other genetically-related strains. In future 

studies, genetic markers like the groEL gene, which are more discriminative than the 16S rRNA 

gene, should be used. This pathogenic bacterium has been reported in other studies in ticks and 

blood from livestock (Omondi et al., 2017; Said et al., 2017; Lorusso et al., 2016) and recent 

evidence suggests that A. platys and related strains may infect humans, posing a risk in cases 

of opportunistic tick bites (Arraga-Alvarado et al., 2014; Breitschwerdt et al., 2014; Maggi et 

al., 2013). Sheep and other small ruminants are considered the reservoirs and main hosts of A. 

ovis, however, its detection in ticks from cattle is not surprising as the main vectors; 

Rhipicephalus evertsi and other Rhipicephalus spp., also feed on cattle (Dahmani et al., 2019). 

2.5.4 Coxiella endosymbionts of ticks 

As with recent studies by Mwamuye et al. (2017) and Oundo et al. (2020), I also obtained 

Coxiella endosymbiont sequences from Rickettsia 16S rRNA primer amplicons. Previous 

studies have shown that these endosymbionts provide additional essential nutrients and 

reproductive fitness to ticks. Their elimination with antibiotic treatment was shown to 

negatively impact the fitness of the lone star tick Amblyomma americanum (Zhong et al., 2007). 

The phylogenetic co-divergence between the different tick species and their Coxiella 

endosymbionts shows the high specificity of these endosymbionts to their tick hosts. Four 

phylogenetic clades (A-D) have been described for tick-associated Coxiella endosymbionts and 

those from this study clustered into B and C clades. Group B consists of Coxiella-
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endosymbionts of Amblyomma and Ornithodoros, while group C consists of rhipicephaline 

endosymbionts (Duron et al., 2015). These endosymbionts are non-pathogenic. However, it is 

important to note that there is evidence that C. burnetii evolved from these tick endosymbionts 

(Duron et al., 2015). 

2.6 Conclusions 

An array of protozoa, bacteria and viruses were identified in vectors collected from domestic 

animals at LMs and SHs. Significantly, the host animals were either being traded to 

destinations that were different from their origin or taken to slaughter, carrying infected 

vectors. These findings show how the animal trade can be the driver for new foci of infection 

in new areas, with risks to both domestic animal and human populations. Furthermore, their 

presence at SHs exposes abattoir workers, meat inspectors, butchers, and consumers to diseases 

like CCHF. The zoonotic pathogens detected here cause febrile illness that can be clinically 

difficult to differentiate from malaria or other non-specific fevers (Crump et al., 2013). Indeed, 

a large majority of non-malarial febrile cases are never properly diagnosed. Therefore, 

evidence of their possible circulation and risk for human infection warrants their inclusion, if 

not routinely due to limitations in clinical differential diagnostics, at least in routine prospective 

surveys in hospitals receiving febrile patients. 
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3.1 Abstract 

 

Aedes aegypti and Culex pipiens mosquitoes are prolific vectors of arboviruses that affect the 

health of humans and animals. Increased globalization has facilitated the worldwide 

dissemination of these mosquitoes and the viruses they transmit. To assess disease risk, I 

determined the frequency of pathogenic arboviruses in western Kenyan counties bordering an 

area of high arboviral activity. In addition, insect-specific flaviviruses (ISFs), known to impair 

pathogenic arbovirus transmission, were also evaluated. I trapped mosquitoes in the short and 

long rainy seasons in 2018 and 2019 at livestock markets and hospitals. Mosquitoes were 

screened for dengue, chikungunya and other human pathogenic arboviruses, ISFs, and their 

blood-meal origins using high-resolution melting analysis of (RT-)PCR products. Of 6,848 

mosquitoes collected, 89% were trapped during the long rainy season, with A. aegypti (59%) 

and Cx. pipiens (40%) being the most abundant. Most blood-fed mosquitoes were Cx. pipiens 

with blood-meals identified as being of human, chicken, and sparrow (Passer sp.) origin. I did 

not detect dengue or chikungunya viruses. However, one Culex poicilipes female was positive 

for sindbis virus, 30 pools of Ae. aegypti had cell fusing agent virus (CFAV; infection rate (IR) 

= 1.27%, 95% CI = 0.87%-1.78%); 11 pools of Ae. aegypti had Aedes flavivirus (AeFV; IR = 

0.43%, 95% CI = 0.23%-0.74%); and seven pools of Cx. pipiens (IR = 0.23%, 95% CI = 0.1%-

0.45%) and one pool of Culex annulioris had Culex flavivirus. The presence of sindbis virus 

in a single mosquito and infection of mosquitoes with ISFs may explain the limited arboviral 

outbreaks in the region given their transmission-blocking potential. 

Keywords: Aedes aegypti, Culex pipiens, sindbis virus, surveillance, insect-specific 

flavivirus. 

 

 



54 
 

3.2 Introduction 

 

Mosquitoes of the genera Culex and Aedes are the major vectors of arboviruses, bridging the 

transmission of viruses from the sylvatic world to urban settings [1].  Culex pipiens complex 

mosquitoes transmit West Nile and sindbis viruses. West Nile virus, first documented in 

Uganda [2], causes self-limiting febrile illness, which in rare cases proceeds to a fatal 

meningoencephalitis, while sindbis virus causes a febrile illness associated with chronic 

arthritis in humans [1]. Passerine birds are the reservoir and amplifying hosts for both viruses, 

while mammals, when infected, are considered dead-end hosts [3–5]. Aedes aegypti transmits 

dengue, yellow fever, chikungunya, Zika, and Rift Valley fever viruses, which are endemic in 

East Africa, including Kenya [6]. 

The ability of these viruses to cause worldwide epidemics is of increasing concern due to 

intensified globalization and travel [7–9]. Globally, vaccines against arboviruses are either not 

available or have limited use, and treatment is usually palliative [7, 10]. In developing 

countries, inadequate diagnostic capacity for these viruses is an additional challenge, especially 

in areas where other causes of febrile disease, like malaria, are present [11]. 

Arboviral disease control is more likely to be successful when the vector species present, and 

their competence, is known. The use of bed nets and residual insecticide spraying have been 

successful in reducing malaria transmission, but are less effective in reducing arbovirus 

transmission due to differences in the feeding and resting behaviour of anopheline and culicine 

mosquitoes [12]. The use of insect-specific flaviviruses (ISFs) that naturally infect Aedes and 

Culex mosquitoes as potential regulators against infection with pathogenic arboviruses via 

superinfection exclusion mechanisms has been suggested [13]. Replication of ISFs in co-

infected cells is believed to be more efficient, thereby competitively suppressing the 

proliferation of pathogenic arboviruses [14]. 
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Many Aedes and Culex mosquitoes are adapted to a domestic life cycle, breeding in man-made 

habitats and biting people indoors and outdoors. Some of their breeding sites include open 

septic tanks, bushy/grassy places, discarded tyres/cars, jars, drums, and any other open water 

containers [1,15]. Studies in East Africa have demonstrated the presence of several arboviruses 

of public health importance [6,16], but the links between human and livestock infections have 

not been explored. Therefore, in this study, I surveyed selected hospitals and livestock markets 

(LMs) in western Kenya for the presence of mosquito-borne viruses. Some of the markets 

where ticks were collected from livestock in Chapter 2 were selected for mosquito trapping. 

Specifically, I investigated mosquito diversity and abundance associated with these settings, 

host-feeding preferences and the frequency of arboviruses and ISFs within the mosquitoes. 

Additionally, I described the implementation of mosquito control strategies at these sites.  

 3.3 Materials and methods 

 

3.3.1 Sampling sites selection 

The sampling sites were in the three western Kenyan counties of Bungoma, Busia, and 

Kakamega, which border Uganda. This region occurs within the wider Lake Victoria basin of 

East Africa whose ecology is likely to support an abundant mosquito population. The selection 

of sampling sites is described elsewhere [17]. Briefly, 12 LMs and neighbouring hospitals, four 

in each of the three counties, were selected for an integrated surveillance program. The 

selection of the LMs was based on the size and catchment area, whereas selection of the 

hospitals was based on the number of outpatients and the type of hospital. Specifically, both 

public (Referral and sub-County) and private (Missionary) hospitals were included. Finally, 

logistical factors such as the distance to the field laboratory in Busia, were also taken into 

consideration. 
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For this survey, six hospitals (a public and a Missionary hospital in each county) were 

originally selected for mosquito sampling. Factors impacting mosquito habitat, resting, and 

feeding behavior, such as hospital size and in/outpatient number, were considered in the 

selection process. Similarly, availability of mosquito habitat, resting places, proximity to 

human dwellings, and security for setting up mosquito traps were considered when selecting 

LMs in each county.  

A pilot study was conducted in the short rainy season from 17 October 2018 to 7 December 

2018 at six hospitals (Lugulu Missionary, Bungoma Referral, Busia Referral, Butula 

Missionary, Matungu sub-County, and Mukumu Missionary) and four LMs (Lubao, Angurai, 

Kimilili, and Chwele). In Kakamega county Matungu sub-County hospital replaced the 

Kakamega Referral hospital due to on-site consent challenges. Sampling in the long rainy 

season was done from 9 May to 26 June 2019 when mosquito habitat and density were expected 

to be high. The same six hospitals were sampled during the long rainy season; however, due to 

poor mosquito catches and logistical challenges at some LMs during the short rainy season 

(pilot), only Lubao LM and an additional LM in Funyula were sampled. Figure 3.1 shows the 

locations of all the hospitals and LMs where mosquitoes were sampled in the short and long 

rainy seasons. 
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Figure 3.1: Location of mosquito traps in the three counties in western Kenya.  

Pie charts of the relative abundance of Ae. aegypti and Cx. pipiens and their infection rates (IR) 

with cell fusing agent virus (CFAV)/Aedes flavivirus (AeFV) and Culex flavivirus (CxFV), 

respectively, are shown for each county. Infection rates that were significantly lower in Busia 

than in the other two counties are indicated by asterisks. 

 

3.3.2 Questionnaire on mosquito control at hospitals 

Concurrently with the mosquito collection at hospitals during the long rainy season, a short 

questionnaire was administered to capture information about the methods implemented to 

control the breeding of mosquitoes and prevent them from biting patients and personnel at 

hospitals (Figure A.3). I administered the questionnaire at all sites to the public health officers, 

medical superintendents, or hospital administrators. I also recorded direct observations on the 

presence of the above-mentioned mosquito habitats. 
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3.3.3 Mosquito trapping and schedule 

During the short rainy season (pilot), seven CDC light (John W. Hock Company, Gainesville, 

USA) and seven BG sentinel traps with a lure (Biogents, Regensburg, Germany) were set for 

one night and one day, respectively, at each site. All traps were baited with dry ice delivered 

from insulated dry ice containers. CDC light traps were set and run from 6:30 pm to 6:30 am 

the next day, while BG sentinel traps were run from 6:30 am to 6:15 pm. In the long rainy 

season, seven CDC light traps and seven BG sentinel traps were set for three consecutive nights 

and days, respectively, at the six hospitals. At the LMs, the CDC and BG traps were set for two 

consecutive nights and days, respectively. 

Traps in hospital settings were placed away from direct wind, foot traffic, and artificial lighting. 

Preferred locations for CDC traps were disused pit latrines, dilapidated buildings, broken-down 

vehicles, and uncovered septic tanks. In some instances, and following consultation with the 

hospital staff, traps were set in patient wards and consultation rooms. BG sentinel traps were 

placed in grassy or bushy locations of the hospital, away from direct sunlight and wind gusts. 

At LMs, CDC light traps were hung around the perimeter of the market and close to any 

surrounding homesteads, while BG sentinel traps were placed in grassy shaded places around 

the markets. Traps were set for a cumulative 231 trap days and 223 trap nights; these included 

63 trap days and nights during the pilot phase conducted during the short rainy season, and 168 

trap days and 160 trap nights in the long rainy season.  

This study was nested within the Zoonoses in Livestock in Kenya (ZooLinK) project. The 

trapping of mosquitoes and interviews at hospitals were carried out under the approval of the 

ILRI Institutional Research Ethics Committee (IREC) under protocol number ILRI-IREC2017-

08/2. The IREC is licensed by the National Commission for Science, Technology and 

Innovation (NACOSTI) in Kenya. At each of the selected hospitals sampling was carried out 

with permission from the medical superintendent or administrative officer. In Kakamega 
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County, Matungu sub-County Hospital replaced the planned sampling site at Kakamega 

Referral Hospital due to logistical and consent challenges. At LMs, the chairpersons of the two 

markets were informed of the planned exercise before sampling began.  

 3.3.4 Storage of mosquitoes and identification 

Mosquitoes were collected alive in the evening and early morning. They were anaesthetized 

with ethyl acetate, sorted to remove non-target insects and stored in cryovials in a nitrogen 

tank. They were shipped to the Martin Lüscher Emerging Infectious Disease (ML-EID) 

Laboratory at the International Centre of Insect Physiology and Ecology (icipe) in Nairobi and 

identified morphologically on chilled blocks under a stereomicroscope with the aid of 

identification keys [18,19]. Mosquitoes were grouped in pools of up to 25 mosquitoes per pool, 

according to the site, trap type, date of collection, sex, and species. Blood-fed mosquitoes were 

placed individually in Eppendorf tubes for blood-meal determination. 

 3.3.5 Nucleic acid extraction 

Mosquito pools and individual mosquito abdomens were homogenized by mechanical 

disruption in 1.5-ml micro-centrifuge tubes with ten 2.0-mm zirconia/yttria stabilised 

zirconium oxide beads (Biospec, USA) using a Mini Bead Beater 16 (BioSpec, Bartlesville, 

USA) for 45-70 seconds. For blood-fed mosquitoes, the head and thorax were removed from 

the rest of the body using sterile 10-µl pipette tips before processing. After homogenization, 

410 µl of PBS was added to each micro-centrifuge tube containing either a mosquito pool, or 

an engorged abdomen. The magnetic-based Magbio HighPrep™ Viral DNA/RNA Kit 

(Gaithersburg, USA) was used for rapid isolation of total nucleic acids. Initially, 200 µl of the 

homogenized sample was mixed with 528 µl of a lysis master-mix, 10 µl magnetic beads, and 

10 µl proteinase K before proceeding with the rest of the protocol as per manufacturer’ 

instructions. Total nucleic acid was eluted in 100 µl elution buffer. Dengue serotype 2 and 
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sindbis viruses cultured on Vero cell lines in a previous study were included as positive 

extraction controls in each extraction run [20]. 

After nucleic acid extraction, 15 µl of the total RNA was subjected to cDNA synthesis using a 

High Capacity cDNA Reverse Transcription (RT) Kit (Life Technologies, USA). The 30-µl 

reaction mixtures contained 1X RT buffer, 4 mM dNTPs, 600 µM random hexamers [21], 2.5 

U/µl reverse transcriptase enzyme, and 1U/µl RNAse inhibitor. 

3.3.6 Blood-meal analysis 

Blood-meal analysis was carried out on each individually extracted blood-fed mosquito to 

determine the vertebrate host of the blood meal, using cytochrome b (cyt b) and 16S rRNA 

markers [22]. Total nucleic acid (1 µl) from each blood-fed mosquito was used as template in 

10-µl PCRs containing 2 µl of 5X HOT FIREPol® EvaGreen® qPCR Mix (Solis BioDyne, 

Estonia) and 10 pmoles of each forward/reverse primer. Thermo-cycling and high-resolution 

melting (HRM) analysis were carried out in a Rotor-Gene Q real-time PCR thermo-cycler 

(Qiagen, Hilden Germany) as previously described [23]. DNA extracted from human, cattle, 

sheep, goat, pig, camel, and chicken samples served as positive controls in each of the runs. 

Rotor-Gene Q software 2.1.0 was used to select representative amplicons for post-PCR 

purification (Exo 1-rSAP combination, Biolabs, UK) and sequencing at Macrogen (The 

Netherlands).  

 3.3.7 Molecular detection of viruses 

Mosquito pools were screened for six arbovirus genera (Flavivirus, Alphavirus, Phlebovirus, 

Orthobunyavirus, Nairovirus, and Thogotovirus) using a multiplex PCR that uses degenerate 

primers coupled with end-reaction high resolution melting analysis (PCR-HRM) [20]. The 

most important viruses targeted in these genera were dengue, yellow fever, chikungunya, West 

Nile, Rift Valley fever and sindbis viruses. Each 10-µl reaction mixture contained 5 µl of 2X 
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MyTaq master-mix (Bioline, UK), 50 mM Syto-9 dye (Life Technologies, Carlsbad, USA), 

and a degenerate primer mix (Table 3.1). Cycling and HRM analysis was done in a Rotor-Gene 

Q real-time PCR thermo-cycler (Qiagen, Hilden Germany) using conditions described by 

Villinger et al. [20]. Dengue virus serotype 2 and sindbis virus cDNA served as Flavivirus and 

Alphavirus positive controls, respectively, and molecular grade PCR water as the negative 

control. 

All positive samples from the multiplex PCR-HRM, identified by visual inspection of the HRM 

profiles on the Rotor-Gene Q software 2.1.0, were selected for genus-specific (single-plex) 

amplification using the conditions described above. Representative positive samples from the 

single-plex runs were selected and prepared for sequencing using the Exo 1-rSAP combination 

(Biolabs, UK). Bi-directional sequencing was outsourced to Macrogen (The Netherlands). 

Sequence chromatograms were inspected, edited, and aligned using Geneious Prime version 

2019.0.4 software (Biomatters, New Zealand). The resulting sequence contigs were used in 

nucleotide BLAST search.  

To generate a longer 900 bp fragment for flaviviruses, positive samples were re-amplified using 

nested conventional PCR targeting the non-structural protein 5 (NS5) gene [24] (Table 3.1). 

The 20-µl primary reaction mix contained 4 µl 5X HOT FIREPol® EvaGreen® qPCR Mix 

(Solis BioDyne, Estonia), 10 pmoles of each primer and 1 µl of the template. For the nested 

amplifications, 1 µl of the first-round PCR product was used as template. Thermal cycling 

conditions for first and second round PCR comprised an initial hot start step of 95°C for 15 

minutes followed by denaturation at 94°C for 60 secs, annealing for 40 secs, and extension at 

72°C for 2 min, with a final extension at 72°C for 5 min. Annealing temperature and cycle 

number for first and second round PCR were 54°C and 40 cycles, and 60°C and 35 cycles, 

respectively. The DNA (no-RT controls) of all samples positive for flaviviruses were screened 
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using the same methods described above to rule out non-specific amplification of integrated 

viral elements in the mosquito genome. 

For alphaviruses, to generate a longer 320-nt fragment, I used a conventional, hemi-nested PCR 

targeting the non-specific protein 1 (NS1) gene with previously described primers [25]. The 

10-µl first-round reaction mixtures contained 2 µl 5X HOT FIREPol® EvaGreen® qPCR Mix 

(Solis BioDyne, Estonia), 10 pmoles of each primer and 1 µl of the template. In the second 

round of amplification, 1.25 µl of the product was used as a template in a 20 µl mixture. The 

cycling conditions were as follows: An initial hot start step of 95°C for 15 minutes followed 

by 45 cycles of 94°C for 20 secs, 50°C for 30 secs, and 72°C for 30 secs, and a final extension 

at 72°C for 5 min. The same conditions were used for the second round except that the 

annealing was at 48°C. Positive controls were included in each run as above. Amplicons were 

visualized by agarose gel electrophoresis. Positives were then purified for sequencing, resulting 

sequences edited and then identity confirmed as described above. 
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 Table 3.1: Primer details of all the primers used in this study 

Target gene Primer name Primer sequence (5’ – 3’) Product 

size (bp) 

References 

Vertebrate 16S 
 

Vert 16S F 

Vert 16S R 

GAGAAGACCCTRTGGARCTT 

CGCTGTTATCCCTAGGGTA 

250 [23] 

Vertebrate cyt b  Cytb F 

Cytb R 

CCCCTCAGAATGATATTTGTCCTCA 

CATCCAACATCTCAGCATGATGAAA 

310 [26] 

Alphavirus NS4 Vir 2052 F 

Vir 2052 R  

TGGCGCTATGATGAAATCTGGAATGTT  

TACGATGTTGTCGTCGCCGATGAA 

150 [27] 

Flavivirus NS5  Flavi JV2a F 

Flavi JV2b F  

Flavi JV2c F 

Flavi JV2d F 

Flavi JV2a R 

Flavi JV2b R  

AGYMGHGCCATHTGGTWCATGTGG 

AGCCGYGCCATHTGGTATATGTGG 

AGYCGMGCAATHTGGTACATGTGG 

AGTAGAGCTATATGGTACATGTGG 

GTRTCCCADCCDGCDGTRTCATC 

GTRTCCCAKCCWGCTGTGTCGTC 

150 [20] 

Flavivirus NS5 1NS5F 

1NS5R 

2NS5F 

2NS5R  

GCATCTAYAWCAYNATGGG 

CCANACNYNRTTCCANAC 

GCNATNTGGTWYATGTGG 

CATRTCTTCNGTNGTCATCC 

930 [24] 

Alphavirus NS1 m2w 

m2w2 

cm3w  

YAGAGCDTTTTCGCAYSTRGCHW 

TGYCCNVTGMDNWSYVCNGARGAYCC 

ACATRAANKGNGTNGTRTCRAANCCDAYCC 

320 [25] 

 

 

3.3.8 Phylogenetic analysis, calculation of infection rates and statistical analysis 

A maximum likelihood phylogeny of the detected Flavivirus NS5 gene sequences was 

constructed with PHyML v. 3.0 [28]. The appropriate model of phylogeny was automatically 

selected using the Akaike information criterion (AIC) [29]. The phylogenetic trees were viewed 

in FigTree v.1.4.2 [30]. To estimate the infection rates (IRs), maximal likelihood estimates 

were calculated using the PooledInfRate, version 4.0 Microsoft Excel® Add-In, and expressed 

per 100 (%) mosquitoes tested [31]. Logistic regression analysis was done in R® version 3.5.3 

to test the association between sampling sites, mosquito sex, and season (predictor variables), 

and a mosquito pool testing positive for ISFs (outcome variable). The odds ratios (OR), 95% 

confidence intervals (CI), and p-values were computed, and a p-value of 0.05 or less was 

considered statistically significant. 
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 3.4 Results 

 

3.4.1 Mosquito abundance and species diversity 

A total of 6,848 mosquitoes separated into 545 pools (≤25 individuals/pool) were collected 

(Table 3.2). The 2019 long rainy season collections accounted for 89.08% (n = 6,100) of the 

total catch, while the 2018 short rainy season (pilot) made up the remainder (10.92%; n = 748). 

The collection comprised 21 mosquito species from three genera (Table 3.2), inclusive of 38 

blood-fed specimens which were processed individually. The most abundant mosquitoes were 

from the genus Culex, contributing 59.49% (n = 4,074) of the total catch, followed by 39.66% 

(n = 2,716) Aedes and 0.85% (n = 58) Anopheles mosquitoes. The most abundant species were 

Cx. pipiens (n = 3,130) and Ae. aegypti (n = 2,661), translating to 45.71% and 38.86% of the 

total catch, respectively. A total of 6,539 mosquitoes were collected from the selected six 

hospitals, 631 and 5,908 during the short and long rainy seasons, respectively. Among these, 

the mosquito abundance was highest at Lugulu Missionary (n = 2,170), followed by Busia 

Referral (n = 1,212), Bungoma Referral (n = 1,065), Mukumu Missionary (n = 775), Matungu 

sub-County (n = 675), and Butula Missionary (n = 642) hospitals (Table 3.2).  

BG sentinel collections during the day consisted mostly of Aedes spp., of which Ae. aegypti 

was the dominant species, comprising 38.29% (n = 2,622) of the total catch; very few 

specimens of the other six Aedes spp. were collected (Table 3.2). CDC light trap collections 

were dominated by Cx. pipiens, which accounted for 45.02% (n = 3,083) of the total catch. 

There was also a significant number (n = 777) of Cx. zombaensis. Overall, 309 mosquitoes 

were collected at LMs: 117 during the short rainy season (pilot) and 192 during the long rainy 

season. Aedes aegypti (33.33%; n = 103) was the most abundant species collected, followed by 

Cx. pipiens (27.18%; n = 84) at LMs (Table 3.2). 
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Of particular note were the higher night catches of Cx. pipiens mosquitoes in the vicinity of 

several sewage tanks that were not covered at Lugulu Missionary (n = 1,300) and Bungoma 

Referral (n = 702) hospitals, compared to the other four sites where these habitats were absent. 

More Ae. aegypti mosquitoes were also collected during the day at Busia Referral (n = 837) 

and Lugulu Missionary (n = 630), where there was a combination of huge piles of disused 

vehicle tyres and tall grasses, compared to the other sites where such features were absent. 

Dilapidated houses, broken down vehicles, bushes, and grassy areas were present at all of the 

hospital sites (Figure A.2). 

 



66 
 

Table 3.2: Summary table of mosquitoes caught during the long and short rainy season in western Kenya 
 Busia 

RH 

Butula 

MH 

Bungoma 

RH 

Lugulu 

MH 

Mukumu 

MH 

Matungu 

SCH 

Lubao LM Funyula 

LM 

Angurai 

LM 

Chwele 

LM 

Kimilili 

LM 

                                            Long rainy season (May - June 2019)    

Aedes aegypti 762 240 157 582 307 119 30 44 - - - 

Aedes africanus - 9 - 2 - - - - - - - 

Aedes hirsutus 1 1 - - - - - - - - - 

Aedes mcintoshi - - - - - 1 - 8 - - - 

Aedes metallicus - - - - 4 3 5 - - - - 

Aedes simpsoni - - - - 3 2 - - - - - 

Aedes tricholabis - - - 2 - - - - - - - 

Anopheles coustani - - - - - - 3 - - - - 

Anopheles funestus - 1 - - - 1 7 - - - - 

Anopheles gambiae 1 16 3 - 1 14 3 - - - - 

Culex annulioris - 5 - 2 10 1 7 - - - - 

Culex cinerellus - - - - - - 5 - - - - 

Culex cinereus - 11 1 - 2 3 - - - - - 

Culex pipiens 255 129 646 1273 269 307 63 1 - - - 

Culex poicilipes - - - - 1 - - - - - - 

Culex rubinotus - 5 - - - - - - - - - 

Culex tigripes 1 - - 18 - - 1 - - - - 

Culex univittatus 1 5 - - - - 3 - - - - 

Culex vansomereni - 3 1 8 2 5 2 - - - - 

Culex zombaensis 114 27 119 202 85 165 10 - - - - 

 Short rainy season (October - December 2018)    

Aedes aegypti 75 84 79 48 62 43 27 -  1 1 

Aedes metallicus - 1 - - - - - - - - - 

Aedes sp. - - - - - - 11 -  2  

Anopheles funestus - - - - - - 1 - - - - 

Anopheles gambiae - - - - - - 5 - - - 1 

Anopheles squamosus - - - - - - 1 - - - - 

Culex annulioris - - - - - - 9 - - - - 

Culex cinerellus - 5 - - - 1 30 - - - - 

Culex pipiens 2 58 56 27 14 10 16 - - 3 1 

Culex sp. - - - - - - - - 4 - - 

Culex vansomereni - 2 0 2 7 - 4 - - - - 

Culex zombaensis - 40 3 4 8 - - - - - - 
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3.4.2 Blood-meal analysis 

Of the 38 blood-fed individual mosquitoes, 35 were Cx. pipiens, two were Ae. aegypti, and one 

was An. gambiae. The blood-meals were from five vertebrate species: human, cattle, dog, 

chicken, and sparrow (Table 3.3). Two blood-meals (from one An. gambiae and one Cx. 

pipiens) could not be resolved by amplification with either cyt b or 16S rRNA markers (Table 

3). The melt rate profiles of the samples and the positive controls are shown in Figure 3.2. Non-

amplification in one of the markers was resolved by amplification with the other marker. Most 

of the blood-fed mosquitoes were caught at Matungu sub-County hospital (Table 3.3). 

  
 

Figure 3.2: Melt rate profiles of resolved blood-meal sources from mosquitoes sampled at 

selected hospitals in Busia, Bungoma, and Kakamega counties 
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Table 3.3: Number of blood-meal sources of mosquitoes sampled at hospitals in Busia, 

Bungoma and Kakamega counties 
 

Sampling 

site† 

Species Total Human Cattle Dog Chicken Sparrow ‡ND 

Bungoma RH Culex pipiens 7 5 0 1 1 0 0 

Busia RH Culex pipiens 7 7 0 0 0 0 0 

Aedes aegypti 1 1 0 0 0 0 0 

Butula MH Culex pipiens 2 1 0 0 1 0 0 

Lugulu MH Culex pipiens 2 0 1 0 0 1 0 

Matungu 

SCH 

Anopheles gambiae 1 0 0 0 0 0 1 

Culex pipiens 12 10 0 0 1 0 1 

Mukumu MH Culex pipiens 5 1 0 0 4 0 0 

Aedes aegypti 1 0 1 0 0 0 0 

†RH = referral hospital; MH = missionary hospital; SCH = sub-County hospital 

‡ND: not determined by the two markers 

 

3.4.3 Viruses detected 

While the mosquito pools analyzed were negative for most of the human pathogenic 

arboviruses endemic in Kenya, a single Culex poicilipes female sampled in Mukumu 

Missionary hospital (Kakamega County) was positive for sindbis virus (deposited GenBank 

accession MT019267). The NS1 sequence of this sindbis virus showed highest similarity 

(98.5%) with a sindbis strain detected in a mosquito in Uganda (MK045248). 

A total of 49 mosquito pools were positive for ISFs, among which 30 pools were positive for 

cell fusing agent virus (CFAV), 11 for Aedes flavivirus (AeFV), and eight for Culex flavivirus 

(CxFV) (Figure 3.3). Nucleotide sequence identities of the NS5 gene region ranged from 98.3-

100% for CFAV, 98.6-99.6% for AeFV, and 98.2-99.9% for CxFV when comparing strains 

characterized in this study with those in the Genbank database. None of the ISF-positive 

samples amplified using DNA (no-RT controls). Culex flavivirus positive mosquito pools were 

all comprised of Cx. pipiens mosquitoes, except for one Culex annulioris. All 38 fed specimens 

were negative for both ISFs and pathogenic arboviruses. 

The overall maximum likelihood estimates of IRs for sampled Ae. aegypti with ISFs were 

1.27% (95% CI = 0.87%-1.78%) for CFAV infection, and 0.43% (95% CI = 0.23%-0.74%) for 
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AeFV. The overall IR estimate for Cx. pipiens with CxFV was 0.23% (95% CI = 0.1%-0.45%) 

(Table A.4). The odds of Ae. aegypti testing positive for ISFs (AeFV and CFAV) were 

significantly higher in Bungoma (OR = 2.53, 95% CI = 1.18-5.72, p = 0.02) and Kakamega 

(OR = 2.70, 95% CI = 1.18-6.36; p = 0.02) compared to Busia (Figure 3.1, Table 3.4). For 

CFAV alone, the odds for Ae. aegypti to be infected were also higher in Bungoma (OR = 3.99, 

95% CI = 1.65-11.10, p = 0.004) than in Busia, while there was no significant difference 

between sites in Kakamega and Busia. The odds of Ae. aegypti being infected with AeFV, and 

Cx. pipiens with CxFV, were not significantly different in the three counties (Table 3.4). Both 

female and male pools of Ae. aegypti were positive for CFAV and AeFV, but only female 

Culex were positive for CxFV. However, the odds of Ae. aegypti being positive for ISFs 

(CFAV and AeFV) were not significantly different between the two sexes (Table 3.4). The 

odds for ISFs (CFAV and AeFV) infection of Ae. aegypti were not significantly different 

between the rainy seasons. Logistic regression analysis for CxFV in Cx. pipiens for seasonality 

and sex was not performed due to insufficient data. 

 

 

Figure 3.3: High resolution melting profiles of ISF-positive (A) and sindbis virus positive (B) 

mosquito pools. 
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Table 3.4: Logistic regression model with County, mosquito sex and season as independent 

variables and odds of being infected with ISFs†.  

 

Variable Category Infection rate (95% CI) Odds ratio (95% CI) p-value 

CFAV+AeFV 
    

Site Bungoma 2.63 (1.62-4.10) 2.53 (1.18-5.72) 0.02 

 
Kakamega 2.74 (1.56-4.58) 2.70 (1.18-6.36) 0.02 

 
Busia 0.89 (0.46-1.59) Reference 

 

Sex Female  2.04 (1.37-2.95) 1.30 (0.69-2.52) 0.43 

 
Male 1.50 (0.88-2.41) Reference 

 

Season Long rainy 1.71 (1.21-2.37) 0.77 (0.37-1.80) 0.51 

  Short rainy  2.29 (1.07-4.42) Reference   

CFAV 
    

Site  Bungoma 2.43 (1.48-3.83) 3.99 (1.65-11.10) 0.004 

 
Kakamega 1.33 (0.59-2.64) 2.41 (0.80-7.51) 0.12 

 
Busia 0.52 (0.21-1.08) Reference 

 

Sex Female 1.33 (0.82-2.06) 1.12 (0.54-2.40) 0.77 

 
Male 1.17 (0.64-1.99) Reference 

 

Season Long rainy 1.14 (0.75-1.68) 0.61 (0.27-1.55) 0.26 

  Short rainy 1.67 (0.44-2.89) Reference   

AeFV 
    

Site  Bungoma 0.12 (0.007-0.56) 0.35 (0.02-2.35) 0.34 

 
Kakamega 1.09 (0.46-2.25) 3.10 (0.88-12.15) 0.08 

  Busia 0.34 (0.11-0.81) Reference   

CxFV 
    

Site Bungoma 0.26 (0.095-0.57) 1.11 (0.18-21.28) 0.93 

 
Kakamega 0.15 (0.009-0.72) 0.65 (0.03-16.59) 0.77 

  Busia 0.23 (0.01-1.10) Reference   

† CFAV = Cell fusing agent virus; AeFV = Aedes flavivirus; CxFV = Culex flavivirus; 

P-values of 0.05 or less are shown in italics 
 

The CFAV NS5 (deposited GenBank accessions MT019229-MT019258) gene sequences 

clustered according to county, with those from Busia being closely related to CFAV NS5 gene 

sequences detected previously in Busia (77% bootstrap support; GenBank accession 
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KP792624). Aedes flavivirus NS5 gene sequences from this study were related to those from 

Homa Bay (GenBank accession MK015648) [32] and Mombasa (GenBank accession 

LC348555) [33], the latter county being distant from the western region where my study was 

based (Figure 3.4). One of the CxFV NS5 sequences from Kakamega (deposited GenBank 

accession MT019266) clustered with two CxFV sequences from Taiwan (88% bootstrap 

support; GenBank accessions JX897905; JX897906). Three other CxFV sequences from 

Kakamega (deposited GenBank accession MT019264), Bungoma (deposited GenBank 

accession MT019261), and Busia (deposited GenBank accession MT019263) were closely 

related to a strain from Uganda (77% bootstrap support; GenBank accession GQ165808) [34] 

and some previously found in Busia (GenBank accessions LC388536; LC3885345) [33]. All 

ISFs sequences clustered together according to the mosquito species from which they were 

detected. 
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Figure 3.4: Maximum likelihood phylogeny of flaviviruses inferred from 36 aligned 900-nt 

segments of the NS5 gene. 

Taxon names comprise of the GenBank accession number, isolation source and country of 

origin, with sequences characterised in this study being indicated in bold. Bootstrap values 

show percentage agreement from 1,000 replicates.  
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3.4.4 Implementation of mosquito control methods at hospitals 

 

At all six participating hospitals, a public health officer, medical superintendent or 

administration officer provided information on the measures they implement to prevent 

mosquitoes from proliferating and from biting patients, visitors, and staff. The use of 

insecticide-treated nets provided by the Public Health Department of the Ministry of Health 

was reported and also observed in patient wards at all the six hospitals. Three of the hospitals 

reported that outdoor and indoor residual insecticide spraying, also done by the Public Health 

Department of the Ministry of Health, had ceased 2-10 years prior to the study. The other three 

hospitals were still undertaking residual insecticide spraying inside patient wards and staff 

quarters every four to eight months with Icon® insecticide as the main insecticide used. Only 

one of the hospitals reported that they provided topical repellant to patients, who reportedly 

preferred not applying them because of the odour. Only two of the hospitals had installed 

window screens and in one of these, the process was still ongoing. At all the institutions, grass 

cutting and clearing bushes were highlighted as an important tool in the control of mosquitoes. 

Only one institution highlighted the importance of draining water puddles, disposal of hospital 

waste, and rubbish, to control mosquito breeding. 

3.5 Discussions and conclusions 

These findings, which highlight the risk for arbovirus infection in western Kenya, can assist 

public health institutions to implement informed mosquito control measures. Mosquitoes were 

trapped mostly outdoors, therefore fewer Anopheles spp. were collected for both day and night 

trapping, in comparison to the more abundant Cx. pipiens and Ae. aegypti. The common 

malaria vectors in the study region, Anopheles gambiae sensu stricto, are known to be highly 

arthropophilic and endophilic [12]. This is in comparison to Cx. pipiens, which is both 

endophilic and exophilic but mostly ornithorphilic [35], and Ae. aegypti, which is exophilic 
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and anthropophilic [36]. These factors might account for the low number of blood-fed 

mosquitoes. 

This is the first report of analysis of pathogens in mosquitoes trapped at hospitals and LMs in 

Kenya. Most similar studies focus on homesteads [33], peri-domestic sites [37], and/or human-

wildlife interfaces [38]. The hospitals were generally representative of urban settings, which 

tend to achieve high mosquito catches and are important for assessing urban transmission of 

arboviruses. Mosquitoes captured in hospital settings can be considered as ‘flying syringes’ 

that sample patients visiting hospitals for pathogens may not naturally be transmitted by 

mosquitoes [39]. However, whilst this sampling of urban or hospital settings cannot be used to 

trace sylvatic to urban spillover, which happens at wildlife/forest-human interfaces, trapping 

at LMs can be used to assess zoo-prophylactic/potentiation effects on mosquito abundance, 

which I did not manage to do in this study due to logistical challenges. However, the open 

nature of the LMs corresponds to fewer habitat and resting sites for mosquitoes, thereby 

limiting catches. Furthermore, the poor security at the open markets leaves trapping equipment 

susceptible to theft. 

As expected, the mosquito abundance and species diversity in this study coincided with the 

presence of favourable habitats. Aedes aegypti mosquitoes are known to be highly 

anthropophilic and their larvae breed where there are tall grasses and artificial water stagnation 

[40]. For Cx. pipiens, open septic tanks and pit latrines are favourable habitats for their breeding 

[41,42]. Therefore, proper management of these habitats in urban settings will go a long way 

in preventing arboviral transmission and outbreaks.  

The detection of sindbis virus illustrates the risk of arbovirus transmission even in regions 

where outbreaks have not been reported. Sindbis virus, first isolated from mosquitoes in Egypt 

[43], circulates between birds and Culex spp. mosquitoes, with humans acting as dead-end 
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hosts [44]. The virus causes rash, febrile illness, myalgia, and arthralgia. In Kenya, two acute 

cases of sindbis virus were detected in febrile patients from Mfangano islands of Lake Victoria 

following inoculation on Vero cell lines and RT-PCR [45], and seroprevalence studies in other 

Kenyan regions have confirmed exposure in local populations [46,47]. Clinical cases may be 

masked by malaria and other causes of fever in Kenya, and may therefore go unnoticed due to 

lack of awareness and inadequate diagnostic capabilities in health institutions [11,48,49]. 

Birds are known to be amplifying hosts of West Nile and sindbis viruses; hence, the detection 

of a sparrow (Passer sp.) blood meal in a Cx. pipiens mosquito suggests risk of transmission 

of sindbis virus to humans [3,50]. In Kenya, sindbis virus was identified in several Culex and 

Aedes mosquitoes [16, 23,51]. It is endemic in northern Europe and South Africa [3] where 

outbreaks are common. Several Culex spp. are vectors of the virus in different parts of the 

world, with Culex univittatus and Cx. pipiens/Culex torrentium thought to be the main vectors 

[52,53]. Increased IRs in the chief vectors in northern Europe have been found to be a predictor 

of sindbis related rash and arthralgia outbreaks in humans [44]. 

The detection of ISFs is not likely to warrant public health concern since they have not been 

shown to infect or grow in vertebrate cells [54]. Previous studies in Kenya have detected 

CFAV, AeFV, and CxFV in mosquitoes mostly around the lake shores [20,32,33]. In contrast, 

this study reports significantly higher odds of Ae. aegypti infection by ISFs in Bungoma and 

Kakamega, which are more inland compared to Busia, which is closer to Lake Victoria. The 

local ecology has been shown to have a pronounced impact on mosquito viral infection status 

[55]. Higher CxFV infection has, for example, been reported in sites with dense housing, 

compared to urban open spaces in Chicago, USA [56]. Busia County is closer to the shores of 

Lake Victoria with a distinct ecology from that of Bungoma and Kakamega. While the 

probability of being infected with ISFs was not significantly different between male and female 

mosquitoes, most previous studies suggest higher infection rates in females, though these 



76 
 

results may be biased due to low numbers of male mosquitoes collected, and in some cases 

males are not processed for viral detection [33]. The detection of ISFs in male mosquitoes 

emphasises the occurrence of vertical and venereal transmission of ISFs [32,57]. Seasonality 

did not seem to have an effect on ISF positivity in this study, which could be due to the 

similarity of environmental variables during the short and long rainy seasons. Therefore, in the 

future it would be important to sample also during the dry season. In Houston, USA, virus-

infected mosquito pools were detected only in the cooler months, compared to the warmer 

months, showing an effect of seasonality [58]. 

There has been growing interest in the possibility of using ISFs to interfere with the acquisition 

and transmission of pathogenic arboviruses [57]. Studies have shown that West Nile virus 

growth rate was lower in cell cultures co-infected with CxFV, compared to those not co-

infected, and mosquito dissemination rates were lower in persistently-infected Cx. pipiens 

colonies, compared to mosquitoes not infected with CxFV [59]. Other studies have shown in 

vitro interference by CFAV on Zika virus growth [60]. High sequence similarity between my 

viral sequences and those from Uganda is not surprising as my study site closely borders 

Uganda and cross-border translocation of these viruses can easily occur. The clustering of ISF 

sequences by mosquito host species shows that they are relatively conserved within mosquito 

species across geographical divides. 

Due to logistical challenges, the number of trap days and nights were not uniform across the 

two rainy seasons (short and long) and the sampling sites (hospitals and LMs), making 

statistical comparisons of mosquito abundance difficult. A more extensive sampling exercise 

over several seasons may lead to the detection of more pathogenic arboviruses as the IR in 

mosquitoes is usually very low during inter-epidemic periods [61]. It is also important to 

determine Stegmoyia indices in future sampling studies as they are important in monitoring 

arbovirus vector abundance. While the transmission-blocking potential of ISFs has been 
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studied in the lab, it is important for future studies to compare the IRs of ISFs in my study site 

to those from arboviral endemic areas, such as the coast and north-eastern Kenya, to assess this 

effect in a field setting. This study confirms the presence of both pathogenic arboviruses and 

ISFs in mosquitoes from western Kenya and calls for further evaluation of the role of ISFs in 

the epidemiology of arboviruses. 
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4.1 Abstract 

 

Tick-borne pathogens (TBPs) are a major constraint to livestock production worldwide, 

especially in sub-Saharan Africa. Their association with human disease is also increasing 

signaling their zoonotic importance. It is therefore crucial to investigate TBP prevalence in 

local cattle populations and the risk factors associated with their spread. I set out to identify 

tick infestations and TBP infections and relate them to breed, age, and body-condition in cattle 

in western Kenya, where smallholder livestock production is important for subsistence and 

market-driven income. I selected blood samples collected from cattle at livestock markets and 

slaughterhouses between May 2017 and January 2019 and identified TBP infections using 

molecular methods. Out of the 422 cattle, 38.86% were infected with at least one TBP, while 

8.76% had co-infections with two species. The most prevalent genera were Anaplasma spp. 

(19.67 %), followed by Theileria (12.32 %), Ehrlichia (6.64 %), and Babesia (0.24 %) spp. 

The TBP species encountered most frequently were Theileria velifera (7.35 %), Anaplasma 

marginale (4.98 %), Theileria mutans (3.08 %), and Anaplasma platys (2.84 %), as well as 

Theileria parva (1.60 %) and Babesia bigemina (0.24 %). Ehrlichia ruminantium, Rickettsia 

spp., or arboviruses were not detected in cattle. Exotic breeds of cattle had higher odds of being 

infected with Ehrlichia spp. (OR: 2.39, 95 % CI: 0.98-5.63, p = 0.049) and A. marginale (OR: 

4.50, 95 % CI: 1.75-11.91, p = 0.002) compared to local breeds. Tick infestation was a 

significant predictor for infections with Anaplasma spp. (OR: 2.01, 95 % CI: 1.27-3.51, p = 

0.004) and Ehrlichia spp. (OR: 2.83, 95 % CI: 1.22-7.38, p = 0.021). This study reports 

important data on TBP prevalence and corresponding risk factors, which can guide control 

measures. 

Keywords: Livestock markets, Slaughterhouse, Co-infection, Anaplasma, Ehrlichia, Western 

Kenya 
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4.2 Introduction 

 

Ticks and tick-borne pathogens (TBPs) are constraints to livestock production, causing huge 

losses in the industry in Africa [1]. Furthermore, several tick-transmitted pathogens are capable 

of infecting humans and thus pose a public health threat [2]. The major tick vectors in sub-

Saharan (SSA) are in the genera Amblyomma, Rhipicephalus, and Hyalomma collectively 

transmitting Babesia, Theileria, Anaplasma, Ehrlichia, and Rickettsia pathogens [3]. Ticks also 

transmit Nairoviruses such as Crimean-Congo haemorrhagic fever (CCHF) and Nairobi sheep 

disease viruses [4]. In Kenya, the commonly reported tick-borne diseases (TBDs) constraining 

livestock production include East Coast fever (Theileria parva: Rhipicephalus 

appendiculatus), babesiosis (Babesia bigemina: Rhipicephalus decoloratus), anaplasmosis 

(Anaplasma marginale: Rhipicephalus decoloratus), and heartwater (Ehrlichia ruminantium: 

Amblyomma variegatum) [5–8]. Other benign Theileria spp. such as Theileria taurotragi, 

Theileria mutans, and Theileria velifera are also highly prevalent [9]. Due to their endemic 

stability in the predominantly indigenous cattle herds in Kenya, most of these TBDs are 

clinically inapparent. However, complicating conditions of pregnancy, pathogen co-infections, 

and the introduction of exotic breeds into these endemic regions can lead to loss of weight, 

declines in milk production and mortalities [10].  

Tick-borne CCHF virus does not cause clinical disease in livestock. However, cattle act as 

carriers for the infection of ticks (Hyalomma) and humans [11]. A case of CCHF was recorded 

in Kenya in 2000 [12], and I recently detected the CCHF virus in Rh. decoloratus ticks from 

cattle at slaughterhouses in western Kenya [Chapter 2; 13]. Several CCHF outbreaks have been 

reported in neighbouring Uganda between August 2017 and January 2019, with associated 

human fatalities [14–19]. Rickettsia africae, chiefly vectored by Am. variegatum ticks, is 

common in SSA as the cause of African tick bite fever (ATBF), mostly in tourists and travellers 

[20] with only a few cases being reported in indigenous people [21-22]. Surveillance for 
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Rickettsia in domestic livestock has shown a higher prevalence of spotted fever group (SFG) 

Rickettsia, notably R. africae, in cattle, sheep, and their ticks [Chapter 2; 13,23–25]. The 

presence of large hosts such as cattle is important for the survival of Am. variegatum, the major 

vector of most Rickettsia spp. [26].  

The incidence of human babesiosis (Babesia divergens and Babesia microti), ehrlichiosis 

(Ehrlichia chaffeensis), and anaplasmosis (Anaplasma phagocytophilum) is high in Europe and 

north America [1,27-28], but there have been few reports in Africa. Additionally, recent reports 

of Anaplasma platys, Anaplasma ovis, and Anaplasma capra in humans, suggests that they 

may also be of zoonotic importance [29–31]. The afore-mentioned Babesia, Ehrlichia and 

Anaplasma spp. with zoonotic potential are found in cattle with apparent [32] or inapparent 

clinical manifestations [33,34].  

The estimated 17 million cattle in different production systems in Kenya represent an important 

source of livelihood and cultural and social value [35]. In western Kenya alone, there are 

843,608 and 219,904 indigenous and exotic cattle, respectively [36]. Only a handful of reports 

have focused on the prevalence and epidemiology of TBDs constraining livestock production 

and the presence of zoonotic TBPs as a measure of risk for human infection in Kenya. These 

studies reported high seroprevalence of TBDs and associated risk factors in smallholder 

livestock production systems in the western Kenya highlands [7] and Machakos County [5,37–

38]. In Lambwe Valley of western Kenya at a wildlife-livestock interface, a high animal-level 

prevalence of TBPs [39] was reported, while emerging Anaplasma and Ehrlichia spp. were 

found in dairy cows in peri-urban Nairobi [34].  

Rising human population and increased demand for human habitation have resulted in people 

and their livestock living more closely, facilitating the transmission of zoonotic diseases 

[40,41]. The shift to intensive and market-inclined smallholder livestock production systems 
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being witnessed in East Africa is likely to exacerbate the situation [42]. The livestock markets 

and slaughterhouses located in peri-urban areas are a conduit for the movement of livestock 

across internal and country borders in East Africa [43]. Given that animal trade and migration 

are key factors in the spread of diseases into new uninfected areas [44] these facilities may be 

important in the epidemiology of TBDs. In Chapter 2, I detected a wide range of pathogens 

(viral, bacterial and protozoal) in ticks collected from livestock at livestock markets (LMs) and 

slaughterhouses (SHs) in western Kenya. Therefore, as a follow up I determined the incidence 

of veterinary and medically important TBPs in cattle at these LMS and SHs, using molecular 

methods. I also assessed the risk factors that are associated with the spread of TBPs in cattle 

and the presence of co-infections, which complicate diagnosis and prognosis of TBDs. 

4.3 Materials and methods 

4.3.1 Study site and livestock sampling 

The study was based in Busia County on the border with Uganda extending to the neighboring 

counties of Bungoma and Kakamega counties. The site lies in the East Africa Lake Victoria 

basin where there is an abundance of livestock in smallholder production systems. From a 

sampling frame of all the LMs and SHs in these three counties, 4-6 LMs and SHs were selected 

for sampling in each county (Figure 4.1). The selection was dependant on the number of 

animals coming to LMs/SHs and accessibility from Busia town where the field lab was located. 

The sampling frame and final site selection are described elsewhere [45]. This study was 

approved by the International Livestock Research Institute (ILRI) Institutional Animal Care 

and Use Committee (ref IACUC-RC2017-04).  Data from human owners of livestock was 

collected after approval by the ILRI Institutional Research Ethics Committee (ref ILRI-

IREC2017-08/2).  Both committees are licensed by the National Commission for Science, 

Technology and Innovation (NACOSTI) in Kenya. Informed and signed consent was obtained 

from the owner/custodians of the sampled animals. Sampling was also facilitated by market 
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chairpersons and handlers. Animal sampling was performed as described by Falzon et al., 2019 

[45]. Blood samples were transported to the ILRI field lab in Busia in a cooler box on ice packs 

and then shipped to the Martin Lüscher Emerging Infectious Disease (ML-EID) laboratory at 

the International Centre of Insect Physiology and Ecology (icipe) on dry ice where they were 

stored at -80 OC. The blood samples analysed in this study were collected from seven LMs and 

seven SHs however, my selection of blood samples was focused on cattle from Kakamega 

county where I detected the CCHF virus and also all those cattle from which ticks positive for 

TBPs were detected in Chapter 2. 

 

Figure 4.1: Map of western Kenya showing the three neighbouring counties and the 

slaughterhouses and livestock markets from which blood samples were collected from cattle 
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4.3.2 Nucleic acid extraction 

DNA and RNA were extracted from blood using the TRIzol™ reagent standard protocol 

(Thermofisher, USA). Dengue serotype 2 and sindbis virus cultured on Vero cell lines in a 

previous study were included in each RNA extraction run [46]. After nucleic acid extraction, 

5 µl of the total RNA was subjected to cDNA synthesis using a High Capacity cDNA Reverse 

Transcription (RT) kit (Life Technologies, USA). The 10-µl reaction mixtures contained 1X 

RT buffer, 4 mM dNTPs, 600 µM random hexamers [47], 2.5U/µl reverse transcriptase 

enzyme, and 1U/µl RNAse inhibitor. 

4.3.3 Molecular detection of arboviral, bacterial and protozoan pathogens 

 

Detection of arboviruses 

An established multiplex PCR-high resolution melting analysis (PCR-HRM) was used to 

screen blood samples for arboviruses [46]. The reaction mixture contained 1 µl of cDNA 

template, 5 μl of 2x MyTaq HS Mix (Bioline, UK), 1 μl of 50 μM SYTO-9 (Life Technologies, 

USA) and degenerate primer mix (Table 4.1). The amplicons were subjected to high-resolution 

melting after thermo-cycling. The cycling conditions are outlined elsewhere [46]. End-reaction 

melting profiles were visually inspected and all samples with melt peaks representing specific 

amplification were selected for the next stage of amplification after preliminary identification. 

In the second stage, all samples that were positive in the first round screening were tested with 

a different set of primers using conventional PCR, to generate longer fragments (Figure 4.2). 

Detection of bacterial and protozoan pathogens 

A combination of available PCR-HRM and conventional PCR methods and primers were used 

to detect the 16S rRNA gene of Rickettsia, Anaplasma, Ehrlichia spp. and the 18S rRNA gene 

of Theileria, and Babesia spp. Ten-microliter reactions that consisted of 2 µl template, 2 µl 5X 

HOT FIREPol® EvaGreen HRM Mix (Solis BioDyne, Estonia) and 0.5 µl of each primer at 
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10 pmoles were constituted for the PCR-HRM. Positive controls of Anaplasma, Rickettsia, 

Theileria, and Babesia spp. previously detected in icipe’s ML-EID lab were included in the 

runs. A second stage amplification of positive samples utilised different primers to generate 

larger PCR products, where possible (Table 4.1 and Figure 4.2).  

In the second stage Ehrlichia spp. and Anaplasma spp. positive samples were amplified with a 

semi-nested conventional PCR using the following conditions: for primary amplification, a 

hot-start activation step of 95°C of 15 min was followed by 1 cycle of 95°C for 20 s, 63°C for 

30 s, and 72°C for 90 s, 2 cycles of 95°C for 20 s, 62°C for 30 s, and 72°C for 90 s, 2 cycles of 

95°C for 20 s, 61°C for 30 s, and 72°C for 90 s, followed with 35 cycles of 95°C for 20 s, 60°C 

for 30 s, and 72°C for 80 s, and a final extension at 72°C for 10 min. The secondary 

amplification utilised 2 µl PCR products from the primary reaction in a 20 µl reaction. The 

cycling profile consisted of 95°C for 15 min; 3 cycles of 95°C for 20 s, 61°C for 30 s, and 72°C 

for 90 s; 37 cycles of 95°C for 20 s, 60°C for 30 s, and 72°C for 80 s, and a final extension at 

72°C for 10 min. All amplicons were analysed on a 1.5% agarose by gel electrophoresis before 

purification and sequencing (Figure 4.2). 

4.3.4 Phylogenetic analysis 

Sequences were inspected and edited in Geneious prime version 2019.0.4 software 

(Biomatters, New Zealand). Sequence contigs were then used in BLAST nucleotide searches 

against the GenBank nr [48]. Closely-related sequences and reference strains identified in this 

manner were added to the dataset. Sequence alignments were built using MAFFT and 

phylogenies were constructed in PhyML version 3.0 using the maximum-likelihood analysis 

over 1000 replicates. Automatic model selection was based on the Akaike Information 

Criterion (AIC) [49]. Trees were viewed in Figtree 1.4 [50]. 
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Figure 4.2: A schematic diagram showing the processing of cattle blood samples from DNA/RNA extraction up to the identification of tick-

borne pathogens
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Table 4.1: Primers that were used for the detection of arboviruses, Rickettsia spp. and protozoa 

in cattle blood 
 

Target gene  Primer name  Primer sequence (5’ – 3’)  Product size (bp)  Reference   
Phlebovirus NP (S-segment)  Phlebo JV3a F AGTTTGCTTATCAAGGGTTTGATGC 150 [46] 

 Phlebo JV3b F   GAGTTTGCTTATCAAGGGTTTGACC   

 Phlebo JV3 R  CCGGCAAAGCTGGGGTGCAT   

Nairovirus RdRp (L-segment)  Nairo L 1a F  TCTCAAAGATATCAATCCCCCCITTACCC  150 [46] 

 Nairo L 1b F   TCTCAAAGACATCAATCCCCCTTWTCCC    

 Nairo L 1a R  CTATRCTGTGRTAGAAGCAGTTCCCATC     

 Nairo L 1b R   GCAATACTATGATAAAAACAATTMCCATCAC    

 Nairo L 1c R   CAATGCTGTGRTARAARCAGTTGCCATC    

 Nairo L 1d R  GCAATGCTATGGTAGAAACAGTTTCCATC    

Alphavirus NS4  Vir 2052 F  TGGCGCTATGATGAAATCTGGAATGTT   150 [51] 

 Vir 2052 R  TACGATGTTGTCGTCGCCGATGAA    

Flavivirus NS5  Flavi JV2a F  AGYMGHGCCATHTGGTWCATGTGG  150 [46] 

 Flavi JV2b F   AGCCGYGCCATHTGGTATATGTGG    

 Flavi JV2c F  AGYCGMGCAATHTGGTACATGTGG    

 Flavi JV2d F  AGTAGAGCTATATGGTACATGTGG    

 Flavi JV2a R  GTRTCCCADCCDGCDGTRTCATC    

 Flavi JV2b R   GTRTCCCAKCCWGCTGTGTCGTC    

Orthobunyavirus NP (s-

segment)  
Bunyagroup F   CTGCTAACACCAGCAGTACTTTTGAC  210 [52] 

 Bunyagroup R  TGGAGGGTAAGACCATCGTCAGGAACTG    

Dhori virus NP  Dhori F   CGAGGAAGAGCAAAGGAAAG   [46] 

 Dhori R  GTGCGCCCCTCTGGGGTTT    

Thogoto virus (M-segment)  Thogoto S6 F   GATGACAGYCCTTCTGCAGTGGTGT   [46] 

 Thogoto S6 R  RACTTTRTTGCTGACGTTCTTGAGGAC    

Rickettsia 16S rRNA  Rick-F  GAACGCTATCGGTATGCTTAACACA  364 [53] 

 Rick-R  CATCACTCACTCGGTATTGCTGGA    

Theileria and Babesia 18S 

rRNA  

RLB-F  GAGGTAGTGACAAGAAATAACAATA  450 [54] 

 RLB-R  TCTTCGATCCCCTAACTTTC    

Anaplasma 16S rRNA  AnaplasmaJV F  CGGTGGAGCATGTGGTTTAATTC  300 [55] 

 AnaplasmaJV R  CGRCGTTGCAACCTATTGTAGTC    

Ehrlichia 16S rRNA  Ehrlichia 16S F   CGTAAAGGGCACGTAGGTGGACTA  200 [56] 

 Ehrlichia 16S R  CACCTCAGTGTCAGTATCGAACCA    

Anaplasma/Ehrlichia 16S 

rRNA  

EHR16SD  GGTACCYACAGAAGAAGTCC   1090 [57–59] 

 pH1522  AAGGAGGTGATCCAGCCGCA    
 pH1492  GGCTACCTTGTTACGACTT    
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4.3.5 Statistical analysis 

Logistic regression in R® version 3.5.3 was performed using the variables listed in Table 4.3 

as explanatory variables and the PCR-based positivity of cattle to Anaplasma spp., Ehrlichia 

spp., Theileria spp. and A. marginale as the response variables. Risk factor analysis was only 

performed for A. marginale due to the lack of sufficient data of other TBPs. I also considered 

the economic importance of A. marginale in cattle production compared to other pathogens. 

The association of these variables with TBPs acquisition was determined by calculating odds 

ratios, confidence intervals, and P-values. A P-value of ≤ 0.05 was considered statistically 

significant.  

4.4 Results 

4.4.1 Diversity of tick-borne pathogens detected by PCR-HRM  

Out of the 422 cattle blood samples analyzed, Anaplasma spp., Babesia spp., Ehrlichia spp., 

and Theileria spp. were detected by PCR-HRM. The identifications were based on the distinct 

HRM profiles and confirmatory sequencing of representative PCR amplicons as shown in 

Figure 4.3. 
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Figure 4.3: Melt rate profiles of 

representative samples of tick-borne 

pathogens detected in cattle.  

(A) Anaplasma spp. 16S rRNA, (B) T.  parva 

18S rRNA, (C) Ehrlichia spp. 16S rRNA, (D) 

B. bigemina 18S rRNA and (E) non-

transforming Theileria spp. Positive controls 

are indicated by ‘PC’. No template controls 

are shown by ‘NTC’    
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4.4.2 Prevalence of TBP in cattle based on PCR-HRM 

 

Overall, 164 cattle out of 422 (38.86%) were infected with at least one TBP. Detailed 

information on the prevalence and infection status of the cattle is shown in Table 4.2 and Figure 

4.4. Single infections were detected in 21.32% (90/422) of the cattle and an additional 8.76% 

(37/422) had two co-infecting species of the TBPs screened for. The most frequent double 

infection was a combination of T. velifera and Anaplasma sp. The most prevalent genera were 

Anaplasma spp. (19.67%) followed by Theileria (12.32%), Ehrlichia (6.64%), and Babesia 

(0.24%). Kakamega County had the highest prevalence for most of the pathogens; however, 

sample size was higher due to the prior detection of CCHF virus-positive ticks [Chapter 2; 13]. 

At species level of each TBP detected prevalences were highest for T. velifera (7.35%), A. 

marginale (4.98%) and T. mutans (3.08%), with minor occurrences of other pathogens (Table 

4.2). In this chapter I did not detect E. ruminantium, Rickettsia spp. or any arboviruses such as 

CCHF. 

Table 4.2: Overall prevalence of tick-borne pathogens detected in cattle from western Kenya 

  Percent prevalence by County 

Tick-borne pathogen 
Busia Bungoma Kakamega Total 

Anaplasma spp. 11.76 (6/51) 17.17 (17/99) 22.06 (60/272) 19.67 (83/422) 

A. centrale 0 (0/51) 0 (0/99) 1.84 (5/272) 1.18 (5/422) 

A. marginale 0 (0/51) 5.05 (5/99) 5.88 (16/272) 4.98 (21/422) 

A. platys 3.92 (2/51) 2.02 (2/99) 2.94 (8/272) 2.84 (12/422) 

Anaplasma sp. 7.84 (4/51) 10.10 (10/99) 11.40 (31/272) 10.66 (45/422) 

Babesia spp. 0 (0/51) 0 (0/99) 0.36 (1/272) 0.24 (1/422) 

B. bigemina 0 (0/51) 0 (0/99) 0.36 (1/272) 0.24 (1/422) 

Ehrlichia spp. 11.56 (6/51) 5.05 (5/99) 6.25 (17/272) 6.64 (28/422) 

E. minasensis 0 (0/51) 1.01 (1/99) 0.37 (1/272) 0.47 (2/422) 

Ehrlichia sp. 11.56 (6/51) 4.04 (4/99) 5.88 (16/272) 6.16 (26/422) 

Theileria spp. 9.80 (5/51) 10.10 (10/99) 13.60 (37/272) 12.32 (52/422) 

T. mutans 3.92 (2/51) 4.04 (4/99) 2.57 (7/272) 3.08 (13/422) 

T. parva 0 (0/51) 0 (0/99) 2.57 (7/272) 1.66 (7/422) 

T. taurotragi 0 (0/51) 0 (0/99) 0.37 (1/272) 0.24 (1/422) 

T. velifera 5.88 (3/51) 6.06 (6/99) 8.09 (22/272) 7.35 (31/422) 
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Figure 4.4: UpSetR plot showing the frequency of single and double infections of tick-borne 

pathogens detected in cattle from western Kenya.  

The blue bar plot on the left shows the total number of pathogens of each species detected while 

the matrix shows single (black dots) and double infections (black dots connected by black lines) 

whose frequency is depicted by the purple bar plot. 

 

The phylogeny of representative sequences of pathogens identified in this study is shown in 

Figures 4.5 and 4.6. Ehrlichia minasensis detected in this study (deposited GenBank accession 

MT672517-MT672518) clustered with E. minasensis identified in cattle from Kenya (63 % 

bootstrap support; GenBank accession MT163429) [34] and in Rhipicephalus microplus ticks 

from Brazil (57% bootstrap support; GenBank accession NR_148800) [60]. Anaplasma 

marginale strains (deposited GenBank accession MT459306) were closely related to those 

from Uganda (77 % bootstrap support; GenBank accession KU686794) [61] while the 
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Anaplasma centrale strains (deposited GenBank accession MT459303-MT459304) were 

closely related to strains detected in China (GenBank accession MF289480) [62]. Anaplasma 

spp. (deposited GenBank accession MT459326-MT459329; MT459319) that could not be 

resolved to species level even after amplification of a longer 1030-nt fragment were closely 

related to A. platys (GenBank accession JQ396431) [63]; (GenBank accession MH762081) 

[64]; (GenBank accession MN266942) [Chapter 2;13], Candidatus Anaplasma camelii 

(GenBank accession MN266943) [Chapter 2; 13] and Anaplasma sp. (GenBank accession 

MF576175) [65]; (GenBank accession KP006405) [66] from different parts of the world. 

 

Figure 4. 5: Maximum-likelihood phylogeny inferred from 26 aligned 200-900-nt 16S rRNA 

partial sequences of Anaplasmataceae detected in cattle.  

Numbers at the nodes indicate bootstrap support and the scale bar represents 0.03 

substitutions per site. 
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Theileria parva strains (deposited GenBank accession MT49411) were closely related to 

strains previously detected in South Africa (60 % bootstrap support; GenBank accession 

MK792971) [67], Zambia (72 % bootstrap support; GenBank accession MG952926) [68] and 

Kenya (72 % bootstrap support; GenBank MH929322) [23]; (60 % bootstrap support; 

GenBank accession MN294730) [Chapter 2; 13]. Theileria velifera strains (deposited GenBank 

accession MT459436-MT459437) fell into the same clade with those detected in Kenya (66 % 

bootstrap support; GenBank accession MN853560) [39]; (66 % bootstrap support; GenBank 

accession MN294734) [Chapter 2; 13]; South Africa (66 % bootstrap support; GenBank 

MK792966) [67] and Mozambique (66 % bootstrap support; GenBank accession FJ869897) 

[69]. Theileria mutans strains (deposited GenBank accession MT704609; MT704611) were 

closely related to those detected in Uganda (70 % bootstrap support; GenBank KU206320) 

[70], Kenya (70 % bootstrap support; GenBank accession MN853552) [39]; (55 % bootstrap 

support; GenBank accession MN294729) [Chapter; 13] and South Africa (79 % bootstrap 

support; GenBank accession MK792976) [67]. Babesia bigemina strains (deposited GenBank 

accession MT459333) were closer to those detected in Kenya (GenBank accession MN294720) 

[Chapter 2; 13], India (99 % bootstrap support; GenBank accession MT322431) and Uganda 

strains (GenBank accession KU206297) [70]. All strains of TBPs detected in this study were 

phylogenetically close to strains of the same pathogens I detected in ticks removed from the 

same animals in Chapter 2 [13] (Figure 4.5 and 4.6). 
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Figure 4. 6: Maximum-likelihood phylogeny inferred from 26 aligned 450-nt 18S rRNA 

partial sequences of Theileria and Babesia spp. detected in cattle.  

Numbers at the nodes indicate bootstrap support and the scale bar represents 0.06 

substitutions per site. 

 

4.4.3 Risk factor analysis 

Exotic breeds of cattle had higher odds of being infected with Ehrlichia spp. (OR: 2.39, 95 % 

CI: 0.98-5.63, p = 0.049), A. marginale (OR: 4.50, 95 % CI: 1.75-11.91, p = 0.002) and less 

with Theileria spp. (OR: 0.20, 95 % CI: 0.05-0.58, p = 0.009) compared to local breeds and 

cross-bred cattle. Cattle infested with ticks had higher odds of being infected with Anaplasma 

spp. (OR: 2.01, 95 % CI: 1.27-3.51, p = 0.004) and Ehrlichia spp. (OR: 2.83, 95 % CI: 1.22-

7.38, p = 0.021) than those which were tick-free. (Table 4.3).  
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Table 4.3: Descriptive statistics and logistic regression analysis of risk factors associated 

with occurrence of tick-borne pathogens in cattle from western Kenya. 

Variables Categories Prevalence % Odds ratio (95 % CI) P-value 

Anaplasma spp.     

†Breed Exotic 18/90 (20) 1.04 (0.56-1.88) 0.9 

 Cross 6/31 (19.4) 0.92 (0.32-2.26) 0.859 

 Local 59/301 (19.6) Ref  

Gender Male 42/207 (20.3) 1.01 (0.67-1.80) 0.707 

 Female 41/217 (18.9) Ref  

Age ≥ 12 months 78/379 (20.6) 1.9 (0.81-6.00) 0.172 

 < 12 months 5/43 (11.6) Ref  

BCS 1-2.5 56/289 (19.4) 0.99 (0.59-1.71) 0.975 

 3-5 27/133 (20.3) Ref  

‡Ticks Present 56/225 (24.9) 2.01 (1.27-3.51) 0.004 

  Absent 27/197 (13.7) Ref   

Ehrlichia spp.     

†Breed Exotic 10/90 (11.1) 2.39 (0.98-5.63) 0.049 

 Cross 3/31 (9.7) 1.78 (0.39-6.06) 0.397 

 Local 15/301 (5) Ref  

Gender Male 15/207 (7.2) 1.13 (0.51-2.52) 0.764 

 Female 13/215 (6) Ref  

Age ≥ 12 months 26/379 (6.9) 1.58 (0.43-10.19) 0.552 

 < 12 months 2/43 (4.7) Ref  

BCS 1-2.5 21/289 (7.3) 1.26 (0.56-3.38) 0.616 

 3-5 7/133 (5.3) Ref  

‡Ticks Present 21/225 (9.3) 2.83 (1.22-7.38) 0.021 

  Absent 7/197 (3.6) Ref   

Theileria spp.     

†Breed Exotic 3/90 (3.3) 0.20 (0.05-0.58)    0.009 

 Cross 4/31 (12.9) 0.94 (0.27-2.61) 0.918 

 Local 45/301 (15) Ref  

Gender Male 25/207 (12.1) 1.00 (0.55-1.82)  0.996 

 Female 27/215 (12.6) Ref  

Age ≥ 12 months 46/379 (12.1) 0.75 (0.30-2.13) 0.553 

 < 12 months 6/43 (14) Ref  

BCS 1-2.5 31/289 (10.7) 0.65 (0.35-1.24) 0.185 

 3-5 21/133 (15.8) Ref  

‡Ticks Present 28/225 (12.4) 1.00 (0.55-1.82) 0.999 

  Absent 26/197 (13.2) Ref   

A. marginale     

†Breed Exotic 11/90 (12.2) 4.50 (1.75-11.91)  0.002 

 Cross 1/31 (3.2) 0.92 (0.048-5.30) 0.935 

 Local 9/301 (3) Ref  

Gender Male 11/207 (5.3) 1.02 (0.407-2.59) 0.961 

 Female 10/215 (4.7) Ref  

Age ≥ 12 months 21/379 (5.5) 6.84e+06 (3.72e-15-3.86e+124) 0.987 

 < 12 months 0/43 (0) Ref  

BCS 1-2.5 16/289 (5.5) 1.40 (0.51-4.48) 0.536 

 3-5 5/133 (3.8) Ref  

‡Ticks Present 14/225 (6.2) 1.92 (0.76 -5.27) 0.18 

  Absent 7/197 (3.6) Ref   

†local breeds consisted of indigenous and zebu cattle, cross-bred cattle were shorthorn x zebu while exotic 

breeds were other imported breeds  

‡highlights whether ticks were present or not on the animal by visual inspection of predilection sites 

P-values less than 0.05 are shown in italics 
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4.5 Discussion 

I detected the majority of TBPs of economic importance in livestock production such as T. 

parva, B. bigemina and A. marginale in Kenya. Notably these same TBPs were detected in 

ticks collected from the same animals in Chapter 2 [13]. The general TBP prevalence in this 

study was less than described before from Kenya, in two specific dairy farms in Kajiado and 

Machakos counties [5], in calves from western Kenya [9], in smallholder livestock systems 

from western Kenya highlands [7], Machakos County [37,38] and at a wildlife-livestock 

interface [39]. A probable explanation for this consistent variation between my study and 

previous ones is that some of the latter were carried out on predominantly dairy cattle breeds 

and farming systems that are more likely to be more susceptible to TBPs. Moreover, these 

studies used serology rather than PCR for determining positivity to TBPs which is likely to 

generate higher prevalence than PCR since it measures historical exposure rather than active 

infection. Antibodies to T. parva were reported to persist in cattle for about six months after 

initial production [71]. Higher prevalence of TBPs is also expected in cattle at wildlife-

livestock interfaces due to spill-over from wildlife such as buffalo which are the reservoirs of 

most of the TBPs [72].  

In Uganda, a higher prevalence of TBPs was reported in transhumant livestock in the Karamoja 

region [70] while lower T. parva infection rates comparable to my study were reported in 

Tororo district in eastern Uganda which borders western Kenya [73]. Expectedly in smallholder 

livestock systems such as in western Kenya there is variable immunity to East Coast fever and 

the mortality ranges from 3- 20% however the disease causes higher mortality rates of between 

40 and 80 % in pastoral systems [6,74]. Poor tick control strategies and veterinary consultation 

behaviour have been attributed to the high incidence of TBPs in pastoralist communities [75]. 

The prevalence of TBPs was also lower than that described in Ethiopia [76] and Cameroon [3], 

but comparable to that reported in China [77]. In this study the low prevalence of B. bigemina 
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and A. marginale, the major causes of bovine babesiosis and anaplasmosis respectively in 

Kenya was consistent with other studies done in the same region [7,9]. Conversely higher 

infection rates been reported in other ecological zones which are likely to be more suited to 

survival of Rh. decoloratus the major vector of these pathogens in Kenya [5]. Additionally, the 

ecology has been shown to influence parasite development in the tick as higher temperatures 

are thought to retard or even eliminate the infective stages of B. bigemina in Rhipicephalus 

ticks [78]. 

There was a higher prevalence of the mildly pathogenic non-transforming Theileria spp. 

compared to T. parva infections synonymous with reports from Kenya [9], Uganda [70], and 

Ethiopia [76]. Expectedly, in Chapter 2 the begnin Theileria species were also more prevalent 

in the screened ticks. These species are vital in reducing morbidity and mortality due to the 

pathogenic T. parva in indigenous co-infected cattle [79]. I also report the occurrence of co-

infections in some of the positive samples which is expected as I detected multiple TBP 

infections in individual ticks collected from the same cattle sampled in this study [Chapter 2; 

13]. Co-infection with benign-pathogenic species is desirable as outlined before however co-

infection with pathogenic species only may hinder the host from mounting an effective immune 

response [80]. Indeed, the mildly pathogenic Theileria spp. have dominated co-infections in 

previous studies [5,9,39,81].  

I detected several A. platys-like organisms, which are principally canine pathogens causing 

cyclic thrombocytopenia in dogs, however, they have recently been described infecting humans 

and causing clinical disease [29,31,82]. There has also been widespread detection of A. platys 

in apparently healthy cattle [39,77,83] which I speculate that the purported vector, 

Rhipicephalus sanguineus may be feeding on both dogs and cattle where they co-exist like in 

my study region. This is further supported by the fact that the A. platys like organisms from 

cattle and dogs in this study were phylogenetically close. However, the fact that in Chapter 2 
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this organism was detected in Rh. decoloratus and Rh. appendiculatus suggests that other tick 

species beside Rh. sanguineus may drive its transmission. 

I also report the occurrence of the recently described E. minasensis [84] in cattle blood which 

has been shown to cause bovine ehrlichiosis in Brazil [85]. In this study the positive cattle did 

not show overt disease likewise in Kenya it was detected in apparently healthy dairy cows 

highlighting the need for more studies to determine its association with clinical disease in the 

country [34].  

 Exotic cattle breeds were more infected with Ehrlichia spp. and A. marginale. Generally, 

indigenous breeds of cattle such as Zebu and other local breeds are less predisposed to TBPs 

than exotic breeds due to their innate resistance and constant exposure to TBP infected tick 

bites which regularly primes their immune system. This infection pressure ensures that new-

born calves get exposed to the pathogen early before their maternal acquired immunity wanes 

[37]. Comparatively, the immune system of exotic breeds will be naïve, hence they suffer more 

of the adverse effects of TBPs.  

Tick infestation was significantly associated with occurrence of Anaplasma spp. and Ehrlichia 

spp., which is expected since ticks are the vectors driving the transmission therefore their 

epidemiology closely mirrors that of TBPs [86]. The stability of endemicity in a given region 

depends on the suitability of the ecology for the survival of ticks in that area [37]. In Chapter 

2, I demonstrated that there was a diversity of tick species removed from the same animals 

screened in this study, therefore this association is most likely to be pronounced for Anaplasma 

spp. and Ehrlichia spp. because they are vectored by several tick species and even 

mechanically, unlike T. mutans and T. velifera, which are vectored mainly by Amblyomma spp. 

Other risk factors that I investigated such as gender, body condition score, and age were not 

significant predictors of TBP infection however for Anaplasma spp. there was twice as much 

risk of infection in cattle older than 12 months compared to younger animals. Generally, older 
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cattle are more susceptible to TBDs due to the existence of pre-immunity in calves [87]. The 

effect could have been more pronounced for Anaplasma spp. than any other TBP in my study 

because they were the most prevalent. This age-dependant effect has been reported before in 

other studies [3,37]. 

In this study I did not detect E. ruminantium, Rickettsia spp., or any arboviruses such as CCHF. 

Ehrlichia ruminantium the cause of heartwater in ruminants is found mostly in endothelial cells 

causing vasculitis and has very few stages circulating in the blood system at a given time. This 

means due to its low presence in peripheral blood it is less likely to be picked up by ticks and 

other mechanical vectors hence low-transmissibility [88,89]. Recent studies have not detected 

this pathogen in cattle [39] and low detection of Ehrlichia spp. as I encountered in ticks in 

Chapter 2 has been reported in previous studies in Kenya [13,55,90]. The absence of Rickettsia 

spp., especially R. africae, is surprising because I previously detected a high prevalence of the 

pathogen in Am. variegatum ticks removed from the same animals [13; Chapter 2]. However, 

a similar recent study in Kenya also did not report any Rickettsia spp. from cattle [39]. While 

cattle are known to asymptomatically harbour CCHF virus its absence in cattle from which 

positive ticks were collected in Chapter 2 is possible as outlined in section 2.5.1. 

4.6 Conclusions 

I detected a high prevalence of TBPs of economic and potential zoonotic importance in cattle 

at LMs/SHs. The veterinary or zoonotic importance of the recently described E. minasensis 

needs further investigation in the local context. The practice of LMs is important in subsistence 

livestock production but it can also pose a risk of translocation of apparently healthy but 

infected cattle to other areas. With this information, the Department of Veterinary Services 

should emphasise the importance of tick-control and regulate cattle movement trade at these 

points of livestock concentration. 
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5.1 Abstract 

 

Malaria is the common diagnosis for fever of unknown origin in Africa resulting in the under-

diagnosis of other causes of fever such as arboviruses and Rickettsia. While the latter two may 

not be significant causes of mortality in malaria-endemic areas, they affect the daily life and 

performance of affected individuals. It is therefore important to have a clear picture of the cause 

of fevers to institute correct diagnoses at hospitals and improve patient outcomes. I selected 

bio-banked blood samples collected from febrile patients at selected hospitals in the malaria-

endemic counties of Busia, Bungoma, and Kakamega and screened them for arboviruses, 

Rickettsia spp., and Plasmodium spp. using high-throughput real-time PCR techniques. I used 

logistic regression to test the correlation of demographic and socio-economic independent 

variables with malaria positivity. Out of the 336 blood samples from febrile patients recruited 

18.5% were positive for Plasmodium falciparum and 0.02% for Plasmodium malariae. One 

patient had a dual P. falciparum/P. malariae infection. None of the patients were positive for 

arboviruses or Rickettsia species. Patients living in Busia (OR: 5.478; 95 % CI: 2.509-13.055; 

p = 0.000) and Bungoma counties (OR: 3.027; 95 % CI: 1.358-7.316; p = 0.009) had 5.5 and 3 

times higher malaria infection rates, respectively, compared to those living in Kakamega 

County. Patients coming from a household where the female head/spouse did not have a formal 

education had a four times higher risk (OR: 4.446; CI: 1.402-14.044; p = 0.010) of contracting 

malaria in comparison to those who came from a household where the female head/spouse had 

some level of formal education. The reported malaria prevalence is in line with previous 

studies, while the absence of acute arboviruses and Rickettsia cases calls for further 

investigation as serological studies have indicated their circulation in the area. Other zoonotic 

febrile illnesses previously reported to be prevalent in this region such as brucellosis and 

leptospirosis should also be evaluated.  

Keywords: Plasmodium, Fever, Diagnosis, Prevalence, Socio-economic factors, Kenya 
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5.2 Introduction 

Viral and bacterial zoonotic diseases usually cause a mild non-pathognomonic febrile illness 

in humans which in severe cases can proceed to a range of complications such as encephalitis, 

haemorrhagic disorder, hepatitis, musculoskeletal impairment, and death [1]. The impact of the 

milder form of these diseases on human health has been under-appreciated, however, studies 

show that they have a substantial impact on the daily performance of affected individuals in 

terms of disability-adjusted life years (DALYS) [2].  At least 100 arboviruses are known to 

cause human disease [3], while about twenty Rickettsia spp. are documented to do so [4]. 

Traditionally arboviruses and Rickettsia are not considered as significant causes of mortality 

and morbidity, especially in malaria-endemic resource-poor communities. Thus, funds 

allocated for their study and surveillance are limited [5], potentially leading to misdiagnosis 

and poor assessment of their cumulative impact on community health [6,7].  

In Kenya and the whole East African region, the most important arboviruses affecting humans 

are Rift Valley fever (RVF), chikungunya, and dengue viruses [8]. Diverse tick-borne 

Rickettsia spp. have been widely reported [9–11], however, there is limited surveillance in the 

human population [12]. Few acute cases of rickettsioses have been reported in indigenous 

African populations [13,14], but are widely reported in travellers and expatriates visiting 

endemic areas in Africa. Spotted fever group rickettsioses are only second to malaria as the 

aetiology of illness in travellers to sub-Saharan Africa (SSA) [15–17]. Some previous studies 

show that SFG rickettsioses and arboviral illness contribute to non-malaria febrile illness in 

patients visiting hospitals [18–20]. Elsewhere in Africa concurrent malaria and arboviral 

infections have also been documented [21,22].  

Busia County, neighbouring with Bungoma and Kakamega counties, is situated at the border 

of Uganda and Kenya within the Lake Victoria basin of East Africa. The movement of animals, 



116 
 

people and goods across the borders in this region can result in the propagation of the viruses 

to new areas [8,23]. In this region, previous studies have reported seropositivity against 

chikungunya [24], alphaviruses, flaviviruses [25,26], phleboviruses (RVF) [27] and rickettsiae 

[12]. A single fatal human case of Crimean-Congo haemorrhagic fever (CCHF) was also 

reported in this region [28]. In terms of malaria endemicity, Busia County is defined as a lake-

endemic transmission zone, while Bungoma and Kakamega counties have both lake-endemic 

and highland epidemic zones [29]. 

Great strides have been taken in Kenya to study arboviral diseases during outbreaks in the 

known hotspots such as the northern and coastal areas. However, less investigative efforts have 

been taken during inter-epidemic periods, in those areas where clinical cases have been 

detected and have the potential to support circulation and outbreaks. In Chapter 2 and 3, I 

detected a range of fever causing zoonotic pathogens such as CCHF virus, sindbis virus and 

Rickettsia africae in ticks and mosquitoes collected at livestock markets and hospitals. 

Therefore, I undertook this cross-sectional study in western Kenya on febrile patient blood 

samples to determine the occurrence of acute cases of arboviral illness and rickettsioses in 

relation to malaria prevalence.  

5.3 Materials and methods 

5.3.1 Study area 

This study was carried out in three neighbouring counties of Busia, Bungoma, and Kakamega 

(Figure 5.1). The inhabitants of this region are mostly of the Luhya tribe. Busia County is 

closest to Lake Victoria among the three counties and directly borders Uganda. Mt Elgon in 

Bungoma County is the highest point in the province while the Kakamega rainforest is found 

in Kakamega County. The economic activity in the area is centered around sugar farming in 

Bungoma and Kakamega County while in Busia fishing is the major economic activity. 

Common to all the three counties is mixed subsistence farming characterised by intensification, 
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diversification, and close integration of crops and livestock production. The Busia-Uganda 

border is one of the busiest in East Africa with traffic transiting to Rwanda, Burundi, DRC, and 

South Sudan. A huge number of informal traders cross the border daily. It is most likely that 

Busia County Referral hospital also receives patients from Uganda and Kenya. The human 

population has been estimated at 89.3681 in Busia, 1.671 million in Bungoma, and 1.868 

million in Kakamega county as of the 2019 population census [30]. 

 
 

Figure 5.1: Map showing the study site in western Kenya.  

(a) the highlighted three counties of Kenya where the study was conducted, (b) the distribution 

of the hospitals from which patients were recruited and (c) malaria risk grading in Kenya based 

on the Plasmodium falciparum parasite prevalence data in children aged 2-10 years (PfPR2-10) 

[29]. 

 
 

5.3.2 Study design and sampling procedure 

The blood samples used in this study were collected by the Zoonoses in Livestock and Humans 

(ZooLinK) project described in detail elsewhere [31]. The study aimed to pilot and develop a 

One Health based surveillance system for fifteen zoonotic diseases in the area for better 
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diagnostics and awareness. Samples and data from patients were collected after approval by 

the International Livestock Research Institute (ILRI) Institutional Research Ethics Committee 

(ref ILRI-IREC2017-08/2) licensed by the National Commission for Science, Technology and 

Innovation (NACOSTI) in Kenya. 

Briefly a sampling frame of 24 hospitals in the three counties was created from which a total 

of 12 (4 per County) were selected for sampling. In each county a Referral hospital, a 

Missionary hospital, and a sub-County hospital were included in the study. Each of the selected 

hospitals was sampled at least 20 times from 2017 to 2019. At the hospitals two project clinical 

officers liaised with the hospital staff to ensure smooth recruitment of study participants. Up to 

10 participants were recruited at each hospital per visit. The inclusion criterion was patients 

presenting with febrile illness suggestive of a zoonotic infection (Figure 5.2). 
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Figure 5.2: Graphical illustration of the framework for sampling at hospitals in western 

Kenya.  

Based on Falzon et al., 2019 [31] 

 

5.3.3 Nucleic acid extraction 

Blood samples were retrieved from the ZooLinK bio-bank and thawed on ice before proceeding 

with nucleic acid extraction. I purposively selected a total of 336 blood samples that were 

collected between 2017 and 2018, the period in which I detected the Crimean-Congo 

haemorrhagic virus in a previous analysis on ticks from livestock [9; Chapter 2]. The blood 
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samples were collected at the same hospitals where sindbis and insect specific flaviviruses 

infected mosquitoes were trapped in Chapter 3. I used the magnetic-based High Prep Viral 

DNA/RNA kit (Magbio Genomics Gaithersburg, USA), which can isolate total nucleic acid 

from whole blood. Initially 200 µl of blood was added to 528 µl of a lysis master-mix consisting 

of VDR lysis buffer, isopropanol, and carrier RNA. After vortexing, 10 µl of proteinase K and 

10µl of MAG-S1 magnetic beads were added and mixed into solution by vortexing. The 

subsequent wash steps to separate protein and cellular debris from nucleic acid bound to 

magnetic particles were carried out as per manufacturer’s instructions. I synthesized cDNA in 

10-µl reactions using the High Capacity cDNA Reverse Transcription Kit (Life technologies 

Carlsbad, USA) as per manufacturer’s instructions, supplementing the random primers with 

600 µM non-ribosomal random hexanucleotide primers previously described for maximum 

yield [32]. 

5.3.4 Detection of arbovirus in febrile patients 

 

To detect arbovirus infections in febrile patients I applied a multiplex touchdown PCR-high 

resolution melting analyses (PCR-HRM) described by Villinger et al. 2017 [33] and Ajamma 

et al. 2018 [34] as an initial screening test to select positive samples for further identification. 

The individual primers in the multiplex reaction were optimised to detect flavi-, nairo-, phlebo-

, alpha-, dhori-, thogoto-, and bunya-viruses. The reactions were carried out in a Rotor-Gene 

Q HRM thermo-cycler (Qiagen Hilden, Germany). The HRM products were purified using an 

Exo 1-rSAP combination (Biolabs, UK) and preliminarily identified after sequencing 

(Macrogen, Netherlands). To supplement the relatively short fragments generated by the PCR-

HRM I then amplified all the positive samples using standard PCR to get longer fragments for 

definitive identification and phylogenetic analysis. Previously described primer pairs were 

optimised and used for further discrimination of flaviviruses [35], alphaviruses [36] and 



121 
 

nairoviruses [37]. The primer information and the cycling conditions are shown below (Table 

5.1). 

Table 5.1: Arboviral primers for PCR and their thermo-cycling conditions 

Target gene Primer 

name 

Final 

product 

size 

PCR step 1° amplification 2° amplification 

Temp Time  Cycles  Temp  Time  Cycles  

Flavivirus NS5 gene 

nested PCR [35] 

 

 

 

1NS5F† 

1NS5Re† 

2NSF5F‡ 

2NSF5Re‡ 

 

 

1019 bp 

Initial hold 95°C 15 mins - 95°C 15 mins - 

Denaturation 94°C 1 min  

40 

94°C 1 min  

35 

 
Annealing 54°C 40 sec 60°C 40 sec 

Extension 72°C 2 mins 72°C 2 mins 

Final extension 72°C 5 mins 1 72°C 5 mins 1 

Final hold 4°C ∞ - 4°C ∞ - 

Alphavirus NS1 

gene hemi-nested 

PCR [36] 

 

M2W† 

cM3W†‡ 

M2W2‡ 

 

 

310 bp 

Initial hold 95°C 15 mins - 95°C 15 mins - 

Denaturation 94°C 20 sec  

45 

94°C 20 sec  

45 Annealing 50°C 30 sec 48°C 30 sec 

Extension 72°C 30 sec 72°C 30 sec 

Final extension 72°C 5 mins 1 72°C 5 mins 1 

Final hold 4°C ∞ - 4°C ∞ - 

Nairovirus RdRp 

gene standard PCR 

[37] 

 

 

 

 

6942F 

7385R 

 

 

420 bp 

Initial hold 95°C 15 mins -  

 

NA 

 

 

 

Denaturation 94°C 30 sec  

45 Annealing 52°C 30 sec 

Extension 72°C 30 sec 

Final extension 72°C 5 mins 1 

Final hold 4°C ∞ - 

†first round primer 

 ‡second round primer 

†‡primer for both first and second round 

 

5.3.5 Detection of Rickettsia and Plasmodium spp.  

 

To detect the presence of Rickettsia I screened patients’ blood with PCR-HRM using Rick-F1 

and Rick-R2 primers that target the Rickettsia 16S rRNA region [38]. The PCR mixture 

contained 2 µl of 5X HOT FIREPol EvaGreen HRM mix (Solis BioDyne, Estonia), 10 pmol. 

of each forward and reverse primer, 2 µl of template DNA and topped up with molecular grade 

water. Rickettsia africae DNA amplified and sequenced in previous analysis in my lab was 

used as a positive control in each run [11]. Thermocycling and high-resolution melting (HRM) 

analysis were carried out in a Rotor-Gene Q HRM thermo-cycler (Qiagen Hilden, Germany) 

using previously described conditions [39]. 
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I screened patients’ blood for malaria-causing Plasmodium spp. using two sets of primers. 

Initially, I used a primer pair ncMS-F/ncMS-R to amplify a non-coding mitochondrial region 

(large subunit rRNA fragment E) of all Plasmodium spp. [40] using PCR-HRM [41]. The 

reaction mixture was made up of 2 µl of 5x HOT FIREPol EvaGreen HRM mix (Solis 

BioDyne, Estonia), 10 pmol of each forward and reverse primer and 1 µl of template DNA. 

Thermal cycling was carried out in a Rotor-Gene Q HRM thermo-cycler (Qiagen Hilden, 

Germany) and conditions were set as follows: initial denaturation at 95°C for 15 min, followed 

by 40 cycles of denaturation at 95°C for 20 secs, annealing at 61°C for 15 sec and extension at 

72°C for 20 sec. There were five post-cycling hold steps, at 72°C for 7 mins, 95°C for 15 sec., 

68°C for 1 min., 80°C for 15 sec. and 60°C for 15 sec. The 190-bp amplicons were melted from 

75°C to 90°C with 0.1°C increments. Plasmodium falciparum DNA amplified and sequenced 

previously was included as a positive control in all the runs [42]. All positive samples were 

selected by analysing melt and normalised profiles on Rotor-Gene Q software 2.1.0.  

Positive samples were further amplified using cox 1 primers targeting a 540-bp region of the 

cytochrome oxidase 1 gene of Plasmodium spp. [43]. The 15-µl reaction PCR mix contained 

7.5 µl of 2x MyTaq HS Mix (Bioline, UK), 10 pmol of each forward and reverse primer, 2 µl 

of the template and topped up with molecular grade water. Thermo-cycling was carried out in 

a SimpliAmp thermo-cycler (Applied biosystems, Singapore) with the following set of 

conditions: initial denaturation at 95°C for 3 mins followed by 35 cycles of denaturation at 

95°C for 20 secs., annealing at 59°C for 30 secs and extension at 72 °C for 30 secs. Successful 

amplification was confirmed by agarose gel electrophoresis against a molecular weight marker 

(Quick-Load® 100-bp DNA Ladder (Biolabs, UK).  

Representative amplicons were purified by an Exo 1-rSAP combination (Biolabs, UK) and 

sequenced at (Macrogen, Netherlands). Sequences were edited and cleaned using Geneious 

Prime version 2019.0.4 software (Biomatters, New Zealand). To confirm identity and 
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relationship with previously described Plasmodium spp. BLAST nucleotide searches were 

performed against the GenBank nr database (Figure 5.3 outlines the sample processing in the 

lab). 

5.3.6 Phylogenetic analysis of Plasmodium spp. 

 

Sequences were inspected and edited in Geneious prime version 2019.0.4 software 

(Biomatters, New Zealand). Sequence contigs were then used in BLAST nucleotide searches 

against the GenBank nr [44]. Closely-related sequences and reference strains identified in this 

manner were added to the dataset. Sequence alignments were built using MAFFT and 

phylogenies were constructed in PhyML version 3.0 using the maximum-likelihood analysis 

over 1000 replicates. Automatic model selection was based on the Akaike Information 

Criterion (AIC) [45]. Trees were viewed in Figtree 1.4 [46]. 

 

5.3.7 Statistical analysis 

All the patient meta-data associated with the blood samples analysed in this study were stored 

in a database accessible only to relevant project staff. Irrelevant specific patients and contact 

details were masked. Barcodes and new lab generated sample identities were used during the 

analysis. All the statistical analyses were done in R® version 3.5.3. Initially I calculated the 

proportions of the participants in each county and the independent variable categories and 

generated an exact 95 % confidence interval (Clopper-Pearson) [47]. Malaria prevalence was 

calculated in each of the independent variable categories. All the demographic independent 

variables (Table 5.2) were fitted in a multiple logistic regression model after testing them for 

multi-collinearity with a positive/negative P. falciparum PCR as the response variable. The 

final model selection was based on employing the Akaike's Information Criterion in both 

directions [48]. 
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Figure 5.3: Graphical illustration of the sample processing and molecular analyses workflow 
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5.4 Results 

 

5.4.1 Socio-demographic characteristics of study participants 

Table 5.2 shows the socio-demographic profile of the 336 patients who participated and whose 

blood samples were analysed in this study. Overall 37 % of the participants were from 

Bungoma County, 35% from Kakamega, and 28% from Busia County. Twenty-five percent of 

the participants who presented to the hospitals and were recruited into the study were males 

compared to about 74% females which was also the case at the County level. The age range of 

the participants was from 6 to 88 years, most were teenagers (27%) and those aged 50 years 

and above (22.8%) which was also the case in each of the three counties under study. Farming 

was the most common occupation while students contributed an equal proportion of the study 

participants overall and at the county level. Ninety-two percent of the participants reported 

coming from a household that owned livestock in the form of goats, sheep, chicken, pig, and 

cattle. About 96% of the participants reported having at least one mosquito bed-net at home. 

Only 5.7 % (19/336) of the participants came from a household where the female head/spouse 

had not received any level of formal education while 29.5 % (99/336) came from a household 

where the female head/spouse had gone up to form 4 and beyond. 

5.4.2 Plasmodium spp., arbovirus, and Rickettsia detection 

I detected by high resolution melting analysis, P. falciparum (deposited GenBank accessions: 

MT430947-MT430948), and Plasmodium malariae (deposited GenBank accession: 

MT430946) infections in febrile patients presenting to selected hospitals in the counties under 

study. They were a total of six patients infected with P. malariae and one patient with P. 

falciparum/P. malariae dual infection (Figure 5.4). All the febrile patients’ blood samples 

tested negative for selected arboviruses such as chikungunya, sindbis, and Crimean-Congo 

haemorrhage fever. They were also negative for Rickettsia such as R. africae and Rickettsia 

felis. 
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The phylogeny of representative sequences of P. falciparum and P. malariae detected in this 

study with previously described strains is shown in Fig 5.5. My P. falciparum strains (deposited 

GenBank accession MT430947-MT430948) shared 99.6% and 100% identity with previously 

described strains from Thailand (GenBank accession NC_037526) [49] and Kenya (GenBank 

accession MH547440) [50], respectively. The P. malariae strain from this study (deposited 

GenBank accession M430946) shared 99.6% identity with a strain from Cameroon (GenBank 

accession MF693433) [51]. 

Figure 5.4: Melt rate profiles of 

representative samples positive for 

Plasmodium spp.  

Plasmodium falciparum, P. malariae 

and P. falciparum/P. malariae mixed 

infections based on amplification of the 

non-coding mitochondrial gene (large 

subunit rRNA fragment E) 
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Figure 5.5: Maximum likelihood phylogeny of Plasmodium spp. inferred from 22 aligned 500-

nt segments of the cox 1 gene. 

Taxon names comprise of the GenBank accession number and country of origin, with 

sequences characterised in this study being indicated in bold. Bootstrap values show percentage 

agreement from 1,000 replicates.  
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Table 5.2: Socio-demographics of febrile patients recruited into the study at hospitals in three 

different counties 

Characteristic Busia County Bungoma County Kakamega County Combined 

  N % N % N % N % 

Total 95 100 124 100 117 100 336 100 

Sex                 

    Male 23 24.2 34 27.4 28 24 85 25.3 

    Female 71 74.7 88 71 89 76 248 73.8 

    Missing 1 1.1 2 1.6 0 0 3 0.9 

Age (years)                

    0-9 4 4.2 0 0 4 3.4 8 2.4 

    10-19 33 34.7 33 27 25 21.4 91 27.1 

    20-29 18 19 17 13.7 30 25.6 65 19.3 

    30-39 10 10.5 19 15 18 15.4 47 14 

    40-49 12 12.6 20 16.1 13 11.1 45 13.4 

    50+ 17 17.9 33 26.6 27 23.1 77 22.9 

    Missing 1 1.1 2 1.6 0 0 3 0.9 

Occupation                

    Farmer 28 29.5 44 35.5 35 29.9 107 31.8 

    Trader 13 13.7 15 12.1 19 16.2 47 14 

    Student 37 38.9 37 29.8 31 26.5 105 31.3 

    Other† 6 6.3 20 16.1 16 13.7 42 12.5 

    Unemployed 11 11.6 8 6.5 16 13.7 35 10.4 

Floor-type                

    Mud/wood 47 49.5 49 39.5 54 46.2 150 44.6 

    Cement/tiles 48 50.5 75 60.5 63 53.8 186 55.4 

Livestock 

ownership 
               

    YES 86 90.5 112 90.3 112 95.7 310 92.3 

    NO 9 9.5 12 9.7 5 4.3 26 7.7 

Mosquito nets                

    NO 3 3.2 5 4 3 2.6 11 3.3 

1 44 46.3 59 47.6 42 35.9 145 43.1 

    ≥ 2 48 50.5 60 48.4 72 61.5 180 53.6 

Education level‡                

  None 9 9.5 3 2.4 7 6 19 5.7 

  Pr. 1-7 24 25.3 22 17.7 27 23.1 73 21.7 

  Pr. 8 & Form 1-3 39 41 58 46.8 48 41 145 43.1 

  Form 4 & above 23 24.2 41 33.1 35 29.9 99 29.5 

†Other category for occupation includes those who worked as teacher, police, tailor, security guard, 

rider, driver, house help and shopkeeper.  

‡Education level of female head of household/spouse: Pr.=Primary School, characterised as: grade 1-7 

(ISCED level 1), grade 8 (ISCED level 1) and Form 1-3 (ISCED level 2) and Form 4 and above (ISCED 

level 3-8).  United Nations Educational, Scientific and Cultural Organization (UNESCO) International 

Standard Classification of Education (ISCED) levels are shown in brackets [52]. 
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5.4.3 Malaria prevalence and multivariable analysis 

The overall malaria prevalence in the febrile patients that were recruited in this study at 

hospitals in the three neighbouring counties was 18.5% (62/336) (CI: 14.4-23) as determined 

by a positive PCR result for P. falciparum. Malaria prevalence was highest in Busia (OR: 

5.478; 95 % CI: 2.509-13.055; p = 0.000) and in decreasing order of prevalence Bungoma (OR: 

3.027; 95 % CI: 1.358-7.316; p = 0.009) and Kakamega counties respectively (Table 5.3 & 

5.4). These estimated odds ratio signified a 5 and 3 times higher risk of contracting malaria in 

the patients residing in the counties of Busia and Bungoma respectively in comparison to those 

from Kakamega County. Overall, more females were recruited into the study in proportion to 

male participants and hence the malaria prevalence was also reported higher for females 

however this difference in prevalence was not statistically significant. They were 

proportionally more participants aged between 10 and 19 years and those above 50 years 

compared to the other age group and subsequently these two categories had the highest malaria 

prevalence. Most of the participants were farmers followed by those who reported as being 

students however the malaria prevalence was higher in the latter group. None of the two 

independent variables gender and occupation was significantly associated with malaria 

positivity. 
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Table 5.3: Malaria prevalence in each of the independent variable categories relative to their 

proportion in the study population 

Independent variable Proportion  Malaria prevalence 95 % CI 

n = 336 % % lower upper 

County     

Busia (95/336) 28 (30/336) 8.9 6.1 12.5 

Bungoma (124/336) 37 (23/336) 6.8 4.4 10 

Kakamega (117/336) 35 (9/336) 2.7 1.2 5 

Sex     

Male (87/336) 25.9 (18/336) 5.4 3.2 8.3 

Female (249/336) 74.1 (44/336) 13.1 9.7 17.2 

Age     

0-9 (12/336) 3.6 (5/336) 1.5 0.3 3 

10-19 (90/336) 26.8 (21/336) 6.3 3.9 9.4 

20-29 (65/336) 19.3 (11/336) 3.3 1.6 5.8 

30-39 (47/336) 14 (5/336) 1.5 0.5 3.4 

40-49 (45/336) 13.4 (7/336) 2.1 0.8 4.2 

50+ (77/336) 22.9 (13/336) 3.9 2.1 6.5 

Occupation         

Farmer  (106/336) 31.5 (18/336) 5.4 3.2 8.3 

Trader  (47/336) 14 (4/336) 1.2 0.3 3 

Student  (105/336)  31.3 (26/336) 7.7 5.1 11.1 

Other  (42/336) 12.5 (7/336) 2.1 0.8 4.2 

Unemployed (36/336) 10.7 (7/336) 2.1 0.8 4.2 

Floor type         

Mud/wood (185/336) 55.1 (31/336) 9.2 6.4 12.8 

Cement/tile  (151/336) 44.9 (31/336) 9.2 6.4 12.8 

Livestock ownership     

YES (309/336) 91.9 (56/336) 16.7 12.8 21.1 

NO (27/336) 8.1 (6/336) 1.8 0.7 3.8 

Mosquito nets         

NO (12/336) 3.6 (5/336) 1.5 0.5 3.4 

1 (144/336) 42.8 (26/336) 7.7 5.1 11.1 

≥2 (180/336) 53.6 (31/336) 9.2 6.4 12.8 

Education level         

None (20/336) 5.9 (8/336) 2.4 0.1 4.6 

Primary 1-7 (73/336) 21.7 (14/336) 4.2 2.3 6.9 

Primary 8 & Form 1-3 (144/336) 42.9 (27/336) 8 5.4 11.5 

Form 4 & Above (99/336) 29.5 (13/336) 3.9 2.1 6.5 

   † Education level of female head of household/spouse 
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Being a student however predicted twice the risk for malaria positivity than the other 

occupations in the full model (OR: 1.947, 95 % CI: 0.454-8.421; p = 0.368). The participants 

were equally divided into those who reported living in a house with a mud floor and those 

living in a house with a cement/tile floor with an equal prevalence of malaria in both groups. 

At least 90% of the participants had livestock in the household and only 3% did not have a 

mosquito net. Not having a mosquito net, floor type and livestock ownership were not 

predictors of malaria positivity. However, having no bed net predicted twice as much risk as 

having one/at least two bed nets for malaria positivity in the full model (OR: 1.992, 95% CI: 

0.361-9.756, p = 0.403). Patients coming from a household where the female head/spouse did 

not have any formal education were four times more likely to be positive for P. falciparum 

(OR: 4.446, 95% CI: 1.402-14.044, p = 0.010) in comparison to those from a household where 

the female head/spouse had some level of formal education (Table 5.4). 

 

Table 5.4: The logistic regression analysis of malaria (Plasmodium falciparum PCR-positive) 

and risk factors in patients presenting to hospitals in the three counties of Kakamega, Bungoma, 

and Busia (n = 336).  

P-values less than 0.05 are shown in italics 

 

Variable P. falciparum positive  

  OR 95 % CI P-value 

County    

   Kakamega Reference - - 

   Bungoma 3.027 1.358-7.316 0.009 

   Busia 5.478 2.509-13.055 0.000 

Education level†    

   Form 4 & above Reference - - 

   Primary 8 & Form 3 1.478 0.720-3.161 0.297 

   Primary 1-7 1.510 0.643-3.570 0.341 

   None 4.446 1.402-14.044 0.010 

                   †Education level of female head of household/spouse 
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5.5 Discussion 

Higher prevalence of malaria in Busia and Bungoma compared to Kakamega county concurs 

with past reports of heterogeneity in transmission patterns in western Kenya with higher 

transmission up to 27% around the Lake Victoria shores in Busia compared to other areas [53]. 

This region is classified as having both stable and epidemic malaria transmission. Stable 

transmission is characterised by hyper endemic transmission rates while epidemic transmission 

occurs in less prevalent zones where the population has less immunity [29]. Unsurprisingly, 

the Plasmodium spp. detected here were phylogenetically closely related to geographically 

closer strains.  

The impact of education on malaria prevalence has been reported before and knowledgeable 

household heads are more likely to possess knowledge on the transmission dynamics of malaria 

and impart this know-how about malaria prevention on other members of the household [54]. 

In this study I sought to assess the impact of the education level of the female spouse or female 

head of the house on malaria positivity. This is because female spouses/heads of households 

are more hands-on in taking care of other family members in the household than male spouses. 

They are therefore more likely to be responsible for the imparting of knowledge and 

behavioural change in the face of malaria challenges [55]. Education has also been reported to 

influence malaria morbidity and mortality [56,57].  

The other variables in my study were not significantly associated with malaria positivity. Bed 

net possession was high among the participants however I did not assess its correct and 

consistent use. The bed net/malaria prevalence association is masked in some studies because 

some patients get infective bites before retiring to bed or early morning due to the changing 

ecology and behaviour of the vector [58], improper use of the bed nets [59] and aging of the 

nets themselves [60]. Age is usually an important predictor in higher transmission settings in 

infants under the age of 5 years [61]. However, in low transmission settings the risk will also 
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extend into adulthood [62,63]. The effect of gender has not been established with previous 

studies showing conflicting findings. Women were more likely to be infected than males in 

Kisumu [64]. Certain socio-cultural activities expose both women and men to infective 

mosquito bites albeit in different ways [65]. 

The effect of livestock at households on malaria transmission is dynamic with the consensus 

that it can zoo-potentiate [66–68] when close or inside human dwellings but can also act as 

zoo-prophylaxis when placed a distance away from households [69]. In this study the proximity 

of livestock to the homesteads was not assessed. Floor-type was used as a proxy to determine 

the socio-economic status of the household from which the individual came from. Higher 

socio-economic status is usually associated with improvement in the housing conditions and 

less predisposition to malaria [70,71]. However, this association is prone to being confounding 

given that most of the proxies for socio-economic status are in essence more directly related to 

malaria exposure and risk [72]. 

I attempted to determine acute arboviral and rickettsial infections in relation to malaria 

infection as has been reported before in western Kenya in Kisumu [20], Homa bay [73], 

Asembo [12] and in Tanzania [19]. However, inter-epidemic circulation of arboviruses is very 

low and it remains a challenge to detect clinical/acute cases [20,74]. This is also reflected in 

the low infection rates of the vector mosquito species from the same region where I found only 

one pool of Culex mosquitoes that was positive for sindbis virus in combination with a 

comparatively high infection rate with insect-specific flaviviruses [Chapter 3] that are thought 

to block superinfection of vectors with pathogenic viruses [75]. On the other hand, Plasmodium 

spp./chikungunya co-infection has been shown to cause interferon gamma induced suppression 

of viraemia and joint pathology caused by arthralgic alphaviruses [76]. This is plausible in this 

study given that this is a malaria-endemic region where most people are likely to be 

asymptomatic carriers [77] and the most sero-prevalent arbovirus there is chikungunya [24]. 
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The absence of CCHF virus detected in Chapter 2 in these patients is also related to the reasons 

mentioned for mosquito-borne arboviruses above.  

Due to low detection, previous studies in the same region have tried to characterise the amount 

of febrile illness due to arboviruses by serology [24,26,78]. A shortcoming is that serology 

shows past exposure but is not an indicator of clinical disease. While I have described high 

infection rates in Amblyomma variegatum ticks by R. africae previously sampled as part of this 

broader study [Chapter 2], absence in febrile patients, in this chapter, is suggestive of low 

transmissibility of the pathogen to humans and livestock.  

While I did not detect arboviruses or Rickettsia in this study its importance in raising clinical 

awareness in hospitals to other probable causes of febrile illnesses besides malaria cannot be 

ignored. Associating our findings with the demographics and socio-economic status of the 

participants enables us to make inferences on factors that might be keeping outbreaks in check, 

given the conducive environment of the study site. 

5.6 Limitations and conclusions 

The first limitation was the use of archived blood samples for this study which might have 

affected the recovery and detection of arboviruses in the blood but not the detection of 

Plasmodium parasites by PCR. To counter the occurrence of false negatives internal PCR 

controls that amplify host messenger RNA can be developed and used in future viral analysis. 

Secondly, the malaria positivity described in this study was PCR-based but not related to the 

final clinical diagnosis made by the clinical staff at the hospital after the collection of blood 

samples from the patients. Combining the use of IgM serology and RT-PCR may be able to 

generate more informative conclusions on the occurrence of arboviral disease and rickettsioses. 

Serology could not be performed in this case due to serum sample constraints. This is on the 

backdrop of the reported circulation of arboviruses and Rickettsia by several serological studies 
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in this region. While my main focus was on arboviruses, Rickettsia and malaria, future studies 

should be expanded to include other zoonotic pathogens that cause non-pathognomonic fever 

such as Brucella abortus, Coxiella burnetii, Bartonella henselae and Leptospira spp. There are 

previous serological reports of brucellosis, Q-fever and leptospirosis in this region. Livestock 

presence in the participants’ households is a variable of interest as reports on zoo-potentiation 

and zoo-prophylaxis are still conflicting. It is also an important factor in the control of arbovirus 

transmitting mosquitoes which are more zoophilic compared to malaria vectors. Distinguishing 

the proximity of the livestock to households is therefore of paramount importance in future 

studies. 
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Chapter 6 

General conclusion and recomendations 

Viruses, bacteria and protozoa of zoonotic and/or veterinary significance were detected in ticks 

and mosquitoes in the first two chapters of this study confirming their importance as disease 

vectors. The detection of Crimean-Congo haemorrhagic fever (CCHF) virus in a Rhipicephalus 

decoloratus tick, which is not the known vector of the virus, underscores the risk of infective 

tick bites to humans and the need to follow up such entomological surveys with vector 

competence studies. This is because Hyalomma spp. are the known vectors of CCHF 

worldwide but it is important to determine the specific vectors for these pathogens in a specific 

setting so as to set up targeted control measures. In addition, Chapter 2 reinforces the fact that 

ticks are the chief vectors of protozoa and bacteria of veterinary significance such as Theileria 

parva, Babesia bigemina and Anaplasma marginale. While several other tick species and lice 

were infected with Rickettsia africae, its high prevalence in Amblyomma variegatum ticks 

affirms them as reservoirs of the pathogen. On the other hand, this high prevalence should be 

taken with caution as a recent unpublished study detected R. africae gene elements integrated 

in the genome of Am. variegatum ticks. Future studies should therefore anticipate this possible 

source of false positive PCR results. Consequently, the control of ticks by acaricide dipping 

and spraying is recommended. However, excessive and incorrect use of acaricides may actually 

upset endemic stability and select for resistant ticks. The use of biological tick control methods 

such as entomopathogenic fungi is therefore a promising alternative. Tick control also protects 

humans from getting infective tick bites. Overall, tick control will reduce the translocation of 

infected ticks across different regions via livestock markets and slaughterhouses. I screened a 

limited number of fleas and lice for pathogens as they were not the focus of this study, however, 

these are important vectors of zoonoses and should also be the focus of future large scale 

epidemiological studies. 
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The abundance of Aedes aegypti and Culex pipiens mosquitoes at hospitals relative to the 

occurrence of their favourable habitats shows how the urban ecology can be easily altered, 

enhancing mosquito breeding, resting, and biting activity. Therefore, communities should be 

encouraged to eliminate these habitats to control the proliferation of mosquitoes. Other 

measures such residual spraying and distribution of insecticide-treated bed nets need to be 

reactivated and supported by the relevant stakeholders especially in resource-poor arbovirus 

and malaria endemic areas. While the detection of sindbis virus in Culex spp. mosquitoes 

indicates risk of transmission of the virus to humans, the infection of mosquitoes by insect-

specific flaviviruses (ISFs) may modulate the transmission of pathogenic arboviruses. 

Transmission blocking strategies are promising in the control of vector-borne zoonotic 

diseases, however their large-scale deployment is hampered by the high costs and current lack 

of conclusive evidence on their effectiveness. Future studies should, therefore, compare the 

prevalence of ISFs in mosquitoes from this region and other arbovirus outbreak-prone areas 

such as the coast and north-eastern parts of the country. This builds on the knowledge that has 

been generated by in vitro and in vivo laboratory studies on the interaction of pathogenic 

arboviruses and ISFs. The interaction of these ISFs and viral elements integrated into mosquito 

genomes also needs further investigation in natural mosquito populations. The mosquito 

trapping itself can be done over several seasons to improve the sample size and subsequently 

the chances of detecting arboviruses and assess the effect of seasonality on mosquito infection 

with arboviruses.  

The detection of protozoa and bacteria in ticks and cattle shows the high prevalence and 

transmissibility of these pathogens from ticks. It also asserts the importance of pathogens like 

T. parva, A. marginale and B. bigemina in cattle health and production. It is surprising that in 

spite of the high prevalence of R. africae in Am. variegatum ticks it was undetected in the blood 

collected from the same animals. In future competence studies should be done to ascertain the 
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vectorial capacity of ticks for this pathogen in the local context. These competence studies 

should also compare the virulence of R. africae variants as several studies have now reported 

their presence in Am. variegatum ticks. Furthermore, it shows that cattle only serve to harbour 

the tick not the pathogen in the epidemiology of rickettsioses. Whereas cattle are known to be 

carriers of CCHF, failure to detect it in blood by PCR could be due to insignificant viraemia 

which can be circumvented by using serology which measures a prolonged antibody response. 

From the results of my study and previous ones, livestock is less likely to be carriers/reservoirs 

of mosquito-borne viruses. 

Similarly, due to the low-level circulation of arboviruses during inter-epidemic periods 

detection in febrile patients may be difficult with PCR-based methods on blood especially after 

several freeze-thaw cycles. However, combining it with IgM serology may give a clearer 

picture of recent exposure. Developing arbovirus screening assays that incorporate an 

endogenous control, will be valuable for excluding the possibility of false-negative PCR 

results. While the study focused on hospitals for human blood sample collection it is important 

in future to do targeted sampling on slaughterhouse workers and butchers who represent the 

high-risk group for contracting CCHF virus, using a combination of PCR and serological 

screening. The use of personal protective equipment by these high-risk groups should be 

encouraged as to protect against infection with pathogens like CCHF virus. As outlined in 

Chapter 5 there are other zoonotic causes of fever such as brucellosis, Q-fever and leptospirosis 

that have been reported previously in western Kenya. These could explain some of the fever in 

my study participants and they should be investigated in future studies.  It is also noteworthy 

that the transmission of the above-mentioned bacterial zoonoses is equally linked to contact 

with ticks and livestock especially during slaughter. This underlines the importance of LMs 

and SHs in the transmission dynamics of zoonotic diseases. The close phylogenetic relationship 
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of pathogens detected in this study and those reported in previous studies from Uganda suggests 

pathogen translocation across the border most likely due to live animal movements.  

The surveillance carried out in this study can be expanded to include more zoonotic pathogens 

that cause febrile illness so as to collect reliable baseline data on their occurrence. This prior 

knowledge raises awareness and is important for correct diagnosis of fevers in health centres, 

distinguishing them from malaria which is still the top priority in sub-Saharan Africa. This 

distinction is important in instituting the proper treatment protocols and improves patient 

prognosis. In addition, the One health approach builds collaborations between the relevant 

stakeholders in health related research resulting in effective control of zoonoses.  
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Appendix 

Table A.1: Details of primers used in the molecular identification of ticks and screening for vector-borne pathogens 

 

Primer name Target gene Primer sequence (5’ – 3’) Product size (bp) Citation 

Lep F Tick CO1 ATTCAACCAATCATAAAGATATTGG 658 Hebert et al., 2004 

Lep R   TAAACTTCTGGATGTCCAAAAAATCA     

ITS2 F Tick ITS2 CGAGACTTGGTGTGAATTGCA 920-1850 Chitimia et al., 2009 

ITS2 R   TCCCATACACCACATTTCCCG     

F-RMI16S Tick 16S rRNA AATTGCTGTAGTATTTTGAC 450 Brahma et al., 2014 

R-RMI16S   TCTGAACTCAGATCAAGTAG     

Phlebo JV3a F  Phlebovirus NP AGTTTGCTTATCAAGGGTTTGATGC   Villinger et al., 2017 

Phlebo JV3b F   GAGTTTGCTTATCAAGGGTTTGACC 150  

Phlebo JV3 R    CCGGCAAAGCTGGGGTGCAT     

Nairo L 1a F Nairovirus RdRp TCTCAAAGATATCAATCCCCCCITTACCC   Villinger et al., 2017 

Nairo L 1b F   TCTCAAAGACATCAATCCCCCTTWTCCC   

Nairo L 1a R  CTATRCTGTGRTAGAAGCAGTTCCCATC    

Nairo L 1b R   GCAATACTATGATAAAAACAATTMCCATCAC 150  

Nairo L 1c R   CAATGCTGTGRTARAARCAGTTGCCATC   

Nairo L 1d R   GCAATGCTATGGTAGAAACAGTTTCCATC   

Nairo L 1e R   CRAKGCTGTGGTAAAAGCAGTTRCCATC     

Bunyagroup F  Orthobunyavirus NP CTGCTAACACCAGCAGTACTTTTGAC  210 Lambert and Lanciotti, 2009 

Bunyagroup R   TGGAGGGTAAGACCATCGTCAGGAACTG     

Vir 2052 F Alphavirus NS4 TGGCGCTATGATGAAATCTGGAATGTT    Eshoo et al., 2007 

Vir 2052 R   TACGATGTTGTCGTCGCCGATGAA  150   

Flavi JV2a F Flavivirus NS5 AGYMGHGCCATHTGGTWCATGTGG   Villinger et al., 2017 

Flavi JV2b F   AGCCGYGCCATHTGGTATATGTGG   

Flavi JV2c F  AGYCGMGCAATHTGGTACATGTGG 150  
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Flavi JV2d F  AGTAGAGCTATATGGTACATGTGG   

Flavi JV2a R  GTRTCCCADCCDGCDGTRTCATC   

Flavi JV2b R    GTRTCCCAKCCWGCTGTGTCGTC     

Thogoto S6 F  Thogoto virus M6 GATGACAGYCCTTCTGCAGTGGTGT   Villinger et al., 2017 

Thogoto S6 R   RACTTTRTTGCTGACGTTCTTGAGGAC     

Dhori F  Dhori virus  CGAGGAAGAGCAAAGGAAAG   Villinger et al., 2017 

Dhori R   NP6 GTGCGCCCCTCTGGGGTTT     

Nairo Honig 6942 Nairovirus NS1 ATGATTGCIAAYAGIAAYTTYAA 434 Honig et al., 2004 

Nairo Honig 7385   ACAGCARTGIATIGGICCCCAYTT     

AnaplasmaJV F Anaplasma 16R rRNA CGGTGGAGCATGTGGTTTAATTC 300 Mwamuye et al., 2017 

AnaplasmaJV R   CGRCGTTGCAACCTATTGTAGTC     

EhrlichiaJV F Ehrlichia 16S rRNA GCAACCCTCATCCTTAGTTACCA 300 Mwamuye et al., 2017 

EhrlichiaJV R   TGTTACGACTTCACCCTAGTCAC     

EHR16SD Anaplasma16S rRNA GGTACCYACAGAAGAAGTCC  1090 
Parola et al., 2000 Edwards et al., 
1989 

Ehr-pH1522  AAGGAGGTGATCCAGCCGCA  Reysenbach et al., 1992 

EHR16SD  GGTACCYACAGAAGAAGTCC   

Ehr-pH1492   GGCTACCTTGTTACGACTT 1030   

Rick-F Rickettsia 16S rRNA GAACGCTATCGGTATGCTTAACACA 364 Nijhof et al., 2007 

Rick-R   CATCACTCACTCGGTATTGCTGGA     

Rick ompB 120–
2788 Rickettsia ompB AAACAATAATCAAGGTACTGT 856 Roux and Raoult, 2000 
Rick ompB 120–
3599   TACTTCCGGTTACAGCAAAGT     

RLB-F 
Theileria/Babesia 18S 
rRNA GAGGTAGTGACAAGAAATAACAATA 450 Georges et al., 2001 

RLB-R   TCTTCGATCCCCTAACTTTC     
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Table A.2: Numbers of vertebrate species from which vectors were collected in the different 

livestock markets and slaughterhouses in western Kenya between 6/04/2017 and 7/06/2018 

        No. of hosts sampled from 

Study area Vector species Number (N) No. Pools Cattle Goat Sheep Pig 

Amerikwa Rhipicephalus sp. 4 2 1    

Amukura Am. variegatum 7 6 6    

 Rhipicephalus sp. 1 1 1    

 Rh. decoloratus 1 1 1    

 Rh. evertsi 3 1 1    

  Rh. appendiculatus 6 3 2    

Angurai Rh. decoloratus 11 5 2    

  Rh. appendiculatus 9 4 2    

Bumala Haemaphysalis sp. 1 1 1    

Butula Am. variegatum 27 16 11    

 Rh. decoloratus 8 5 3    

 Rhipicephalus sp. 2 2 2    

 Amblyomma sp. 1 1  1   

  H. suis 5 2    2 

Chwele  Am. variegatum 5 3 3    

 A. gemma 3 3 1    

 Rh. decoloratus 2 1 1    

  Rh. evertsi 1 1 1    

Funyula  Am. variegatum 11 7 3   3 

 Rh. appendiculatus 6 4 2   1 

 
Rh. appendiculatus 
nymph 

1 1 1    

 Rhipicephalus sp. 2 2 2    

 Rh. evertsi 3 1  1   

  H. suis 6 4    4 

Harambe  Am. variegatum 2 2 2    

 Rh. decoloratus 2 1 1    

 Rh. microplus 2 1 1    

  Rhipicephalus sp. 1 1 1    

Ikolomani  Am. variegatum 7 5 3  1  

 Rh. decoloratus 8 6 5  1  

 Rh. microplus 4 1 1    

 Rh. evertsi 4 2  1   

 Rh. appendiculatus 4 2 2    

 Rhipicephalus sp. 7 4 4    

  H. suis 6 4    4 

Kimilili Am. variegatum 6 4 3    

 Rh. decoloratus 41 24 16    

 Rh. appendiculatus 1 1 1    
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 Rh. evertsi 3 3 2 1   

  Rhipicephalus sp. 23 18 12 1 1  

Koyonzo  Am. variegatum 9 7 4    

 Rh. decoloratus 3 3 3    

  Rh. evertsi 1 1 1    

Lubao Am. variegatum 3 3 1   1 

 Amblyomma sp. 1 1 1    

 Rh. decoloratus 29 20 13    

 Rh. evertsi 3 2 2    

 Rhipicephalus sp. 8 8 5    

 H. suis 5 4    4 

  Rh. appendiculatus 1 1 1    

Malaba Am. variegatum 13 10 6    

 Rh. decoloratus 3 2 1 1   

 Rh. evertsi 1 1 1    

  Rh. appendiculatus 2 2 2    

Myanga  Am. variegatum 22 15 11    

 Amblyomma sp. 1 1 1    

 Rh. decoloratus 9 6 5    

 Rh. appendiculatus 18 11 8    

  Rh. evertsi 5 5 3    

Shinyalu  Am. variegatum 8 8 7    

 Rh. decoloratus 31 22 15    

 Rh. appendiculatus 4 2 2    

 Amblyomma sp. 2 2 2    

 H. suis 6 3    3 

  Rhipicephalus sp. 10 9 5 1   

Webuye Am. variegatum 1 1 1    

 Rh. decoloratus 14 10 7    

  Rhipicephalus sp. 10 6 4  1  
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Table A.3: Occurrence of vector-borne pathogens isolated from ticks and lice from livestock 

markets and slaughterhouses 

 

Pathogen detected Vector species LM/SH Vertebrate species  GenBank accessions 

Anaplasma platys Rhipicephalus decoloratus, 
Rhipicephalus sp., Rh. 
appendiculatus 

Lubao, Kimilili, 
Funyula, Shinyalu, 
Butula, Angurai, 
Myanga, Webuye 

Cattle MN266939-MN266941 

A. ovis Rhipicephalus sp., Rh. 
evertsi, Rh. decoloratus 

Shinyalu, Ikolomani, 
Kimilili, Webuye, 
Amukura 

Goat, cattle MN266936-MN266938 

A. marginale Rh. decoloratus, 
Rhipicephalus sp. 

Kimilili, Shinyalu, 
Lubao 

Cattle MN266931-MN266935 

Rickettsia africae Amblyomma variegatum, Am. 
gemma, Rh. appendiculatus, 
Haematopinus suis, Rh. 
decoloratus, Rhipicephalus 

sp. 

Myanga, Ikolomani, 
Amukura, Malaba, 
Funyula, Lubao, 
Shinyalu, Butula, 
Chwele, Kimilili, 
Koyonzo, Angurai, 
Amerikwa, Harambe 

Cattle, pig, goat, 
sheep 

MN294740-MN294749 

Babesia caballi Am. variegatum  Myanga, Malaba, 
Ikolomani, Koyonzo, 
Funyula, Butula 

Cattle, sheep, pig MN294721-MN294723 

B. bigemina Rh. decoloratus, Am. 
variegatum, Rh. 
appendiculatus 

Angurai, Amukura Cattle MN294720 

Hepatozoon canis Rh. decoloratus Kimilili Cattle MN294724 

Theileria mutans Rh. decoloratus, 
Rhipicephalus sp. Am. 
variegatum, Rh. 
appendiculatus 

Shinyalu, Kimilili, 
Lubao, Butula, 
Koyonzo, Myanga, 
Webuye, Ikolomani 

Cattle MN294725-MN294729 

T. parva Rhipicephalus sp. Funyula Cattle MN294730 

T. taurotragi Rh. decoloratus, 
Rhipicephalus sp., Rh. 
appendiculatus 

Kimilili, Lubao, Angurai Cattle MN294731-MN294732 

T. velifera Am. variegatum, 
Rhipicephalus sp. 

Kimilili, Shinyalu, 
Lubao 

Cattle MN294733-MN294734 

CCHF virus Rh. decoloratus, 
Rhipicephalus sp. 

Shinyalu, Lubao Cattle MN267048-MN267049 

Coxiella 
endosymbionts 

All tick species except 
Haemaphysalis sp. 

All LM/SH All species MN262071-MN262076; 
MN266946-MN266948; 
MN266922-MN266928 
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Table A.4: Details of mosquito pools positive for insect-specific flaviviruses 

Site  Season  Species #Mosquitoes No. pools CFAV (IR %; 95% CI) AeFV (IR %; 95% CI) CxFV (IR %; 95% CI) 

Bungoma County overall Ae. aegypti 868 53 17 (2.43); 1.48-3.83 1 (0.12); 0.007-0.56 - 

 short rain season total 129 13 2 (1.67); 0.31-5 - - 

  females 65 8 1 (1.62); 0.096-8.63 - - 

  males 64 5 1 (1.46); 0.096-7.33 - - 

 long rain season total 739 40 15 (2.55); 1.51-4.14 1 (0.14); 0.008-0.66 - 

  females 329 18 7 (2.54); 1.17-5.05 1 (0.31); 0.02-1.5 - 

  males 410 22 8 (2.46); 1.16-4.79 - - 

Busia County overall Ae. aegypti 1205 68 6 (0.52); 0.21-1.08 4 (0.34); 0.11-0.81 - 

 short rain  season total 159 14 4 (3.20); 1.02-8.20 - - 

  females 120 10 3 (3.15); 0.82-9.28 - - 

  males 39 4 1 (2.71); 0.16-15.08 - - 

 long rain season total 1046 54 2 (0.19); 0.04-0.63 4 (0.39); 0.13-0.94 - 

  females 598 32 2 (0.34); 0.06-1.12 49 (6.97); 0.23-1.67 - 

  males 371 18 - - - 

Kakamega County overall Ae. aegypti 588 37 7 (1.33); 0.59-2.64 6 (1.09); 0.46-2.25  

 short rain season total 132 10 1 (0.75); 0.05-3.72 1 (0.78); 0.05-3.93 - 

  females 68 5 1 (1.44); 0.09-7.42 - - 

  males 64 5 - 1 (1.65); 0.098-9.09 - 

 long rain season total 456 27 6 (1.49); 0.62-3.11 5 (1.16); 0.44-2.54 - 

  females 345 18 4 (1.29); 0.43-3.16 3 (0.91); 0.25-2.45 - 

  males 111 9 2 (1.92); 0.36-6.51 2 (1.80); 0.36-5.84 - 

Ae. aegypti total   2661 158 30 (1.27); 0.87-1.78 11 (0.43); 0.23-0.74 - 

Bungoma County overall Cx. pipiens 2006 108 - - 5(0.26); 0.095-0.57 

 short rain season total 87 8 - - 1(1.16); 0.07-6.17 

  females 78 4 - - 1(1.26); 0.08-6.92 

  males 9 4 - - - 

 long rain season total 1919 100 - - 4(0.21); (0.07-0.51) 

  females 1780 88 - - 4(0.23); 0.08-0.55 

  males 139 12  - - 

Busia County overall Cx. pipiens 445 45   1(0.23); 0.01-1.10 

 short rain season total 60 8 - - - 

  females 40 4 - - - 

  males 20 4 - - - 

 long rain season total 385 37 - - 1(0.26); 0.02-1.28 
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  females 348 28 - - 1(0.29); 0.02-1.42 

  males 37 9 - - - 

Kakamega County overall Cx. pipiens 679 63   1(0.15); 0.009-0.72 

 short rain season total 40 10 - - - 

  females 35 7 - - - 

  males 5 3 - - - 

 long rain season total 639 53 - - 1(0.16); 0.009-0.76 

  females 592 44 - - 1(0.17); 0.01-0.82 

  males 47 9 - - - 

Cx. pipiens total   3130 216   7(0.23); 0.10-0.45 
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Figure A. 1: Photographs of representative specimens of vectors collected from livestock at 

livestock markets and slaughterhouses 

A. Am. gemma female; B. Am. gemma male; C. Amblyomma sp. nymph; D. Am variegatum 

female; E. Am variegatum male; F. Haemaphysalis sp.; G. Rhipicephalus evertsi female and 

male; H. Rh. evertsi male; I. Rh. appendiculatus male; J. Rh. appendiculatus female; K. Rh. 

decoloratus; L. Haematopinus suis; M. Ctenocephalides felis. 
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Figure A.2: Some of the observed favorable mosquito breeding and resting places at the six 

hospitals investigated 
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Figure A.3: Sample of the questionnaire used to collect information about the methods 

implemented to control mosquitoes  


