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ABSTRACT 

Bionomics of vector-borne pathogens (VBPs) is a complex phenomenon that involves 

understanding the ecology of arthropod borne pathogens and vertebrate hosts potentially involved 

in their transmission cycles. Investigations into the bionomics of viral and bacterial VBPs 

circulating in Baringo and Homa Bay Counties of Kenya were carried out. Specifically, vertebrate 

hosts represented in mosquito bloodmeals, presence of arboviruses in blood fed mosquitoes and 

patients presenting with acute undiagnosed febrile illnesses in rural health facilities, and tick borne 

pathogens (TBPs) diversity in ticks of animals were identified. Mosquitoes were trapped by BG 

sentinel and CDC light traps, while ticks were sampled directly from domestic animals and 

tortoises close to human habitation along the shores and adjacent islands of Lakes Victoria and 

Baringo in Kenya. Blood and sera were also sampled from patients presenting with acute febrile 

illnesses visiting four rural health facilities in Homa Bay County. Mosquitoes and ticks were sorted 

and identified to species using standard morphological taxonomic keys. All the biological samples 

(blood-fed mosquitoes, ticks and blood/sera) were processed using molecular and culture 

procedures for detection of VBPs (arboviruses, Ehrlichia, Anaplasma, Rickettsia and protozoa). 

Among 445 blood-fed Aedeomyia, Aedes, Anopheles, Culex, Mansonia, and Mimomyia 

mosquitoes, 33 bloodmeal hosts were identified including humans, eight domestic animal species, 

six peridomestic animal species and 18 wildlife species. Further detection of Sindbis and 

Bunyamwera viruses was done on blood-fed mosquito homogenates by Vero cell culture and RT-

PCR in Culex, Aedeomyia, Anopheles and Mansonia mosquitoes from Baringo that had fed on 

humans and livestock. In TBPs assay, 585 tick pools were analysed consisting of 4,126 ticks 

collected in both study areas. More ticks were sampled in Baringo (80.5%), compared to Homa 

Bay (19.5%). In Baringo, agents of ehrlichiosis were detected from Amblyomma and 

Rhipicephalus ticks including Ehrlichia ruminantium (12.3%), Ehrichia canis (10.5%) and 
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Paracoccus sp. (4.4%). Agents of anaplasmosis included Anaplasma ovis (7.2%), Anaplasma 

platys (4.4%) and Anaplasma bovis (4.0%), all from Hyalomma, Amblyomma and Rhipicephalus 

ticks, as well as agents of rickettsiosis, including Rickettsia africae, Rickettsia aeschlimannii, 

Rickettsia rhipicephali, Rickettsia montanensis and a Rickettsia sp. that was not conclusively 

characterized. Babesia caballi, Theileria sp. and Hepatozoon fitzsimonsi were also detected from 

both Rhipicephalus ticks and Amblyomma ticks. In Homa Bay, Ehrichia ruminantium (17.5%) and 

Ehrichia canis (9.3%) were isolated from Amblyomma latum and Rhipicephalus pulchellus, as 

well as Anaplasma platys (14.4%) and Anaplasma ovis (14.4%) from Amblyomma and 

Rhipicephalus species. In determination of the occurrence of arboviruses among patients 

presenting with acute febrile illnesses, acute Bunyamwera 3 (0.9%) and Sindbis 2 (0.6%) 

infections were detected by RT-PCR and cell culture and Sindbis seroprevalence was determined 

by plaque assay. Though a significant proportion of these patients tested positive for low 

Plasmodium parasitemia, none were co-infected with Plasmodium parasites and arboviruses. This 

study highlights the presence and relative importance of zoonotic VBPs in both study areas. 
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CHAPTER ONE 

INTRODUCTION AND LITERATURE REVIEW 

 

1.0 General Introduction 

Arthropods are responsible for hundreds of million cases of diseases in humans, livestock 

and wildlife each year (Gubler, 2001). In the last decade, there has been a global re-emergence of 

infectious diseases in man and animals, especially vector-borne diseases with increased frequency 

of epidemic transmission and expanding geographical distribution (Mableson et al., 2014). This 

broad group of infectious vector-borne diseases encompass viral, bacterial and protozoan agents, 

including mosquito-vectored malaria, Dengue, Chikungunya, West Nile, Rift Valley and Yellow 

fevers, tick-vectored Tick-borne encephalitis, Crimean-Congo haemorrhagic fever (CCHF) and 

bacterial pathogens such as Rickettsia, Anaplasma and Ehrlichia (Braks et al., 2011). A major 

problem is that the most of these important vector-borne diseases occur in the tropics, usually 

resource poor settings where surveillance is scarce (Maudlin et al., 2009). However, increase 

globalization has led to frequent human and animal mobility due to air travel and commerce. These 

have led to vector-borne pathogen (VBP) problems not only in the tropics, but to the rest of the 

world (Marks, 1986). This underscores the need for understanding the ecology of VBPs and 

possible transmission dynamics around humans, domesticated animal hosts and wildlife.  

 

1.1 Vector-Borne Disease transmission 

Vector-Borne Pathogens (VBPS) fall into four main taxa of microorganisms: nematodes, 

protozoa, bacteria (including Rickettsia and Anaplasma spp.) and viruses. The majority of these 

are zoonotic and have wildlife hosts serving as primary vertebrate hosts (disease reservoirs) 
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(Cantas and Suer, 2014). Humans and domestic animals are considered incidental hosts for most 

VBPs, and they may or may not contribute to the transmission cycle on a temporary basis; as a 

result, they are not usually required for survival of the pathogen in nature (Medlock and Jameson, 

2010). An arthropod may transmit disease agents from one person or animal to another in one or 

two basic ways, as outlined below. 

1.1.1 Mechanical transmission 

This consists of a simple transfer of the organism on contaminated mouthparts or other 

body parts. No multiplication or developmental change of the pathogen on or in the arthropod 

takes place during this type of transmission (Gray and Banerjee, 1999). Examples of pathogens 

that are transmitted in this way include various enteric viruses, bacteria, and protozoa that have a 

direct fecal-oral transmission cycle. Horseflies (family Tabanidae) that frequent numerous hosts 

over a short period of time, can transmit blood-borne and pathogens mechanically (Desquesnes et 

al., 2013). 

1.1.2 Biological transmission 

The most important type of transmission by arthropods is biological transmission. In this 

mode of transmission, pathogens must undergo some type of biological development in the body 

of the arthropod vector in order to complete its life cycle. The four types of biological transmission 

include propagative transmission which occurs when the pathogen is ingested with the bloodmeal 

undergoes simple multiplication in the body of the arthropod. Arboviruses replicate extensively in 

various tissues of mosquitoes, and are transmitted to a new host in the salivary fluid of the 

arthropod when it takes a bloodmeal (Kuno and Chang, 2005). Cyclopropagative transmission is 

where the pathogen undergoes a developmental cycle (changes from one stage to another) and 

multiplication in the body of the arthropod. Malaria parasites in mosquito enters as gametocytes 
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and eventually give rise to >200,000 sporozoites (Gubler, 2009). Cyclodevelopmental 

transmission occurs when pathogen undergoes developmental changes from one stage to another, 

but does not multiply. Microfilaria ingested by a mosquito may result in only one third-stage 

infective larva. In most instances, however, the number of infective larvae is significantly lower 

than the number of microfilariae ingested with the bloodmeal. Some viruses and rickettsiae are 

transmitted from the female parent arthropod through the eggs to the offspring. If the pathogen 

actually infects the developing egg, this is termed ‘transovarial transmission’. With some 

arboviruses, however, only the ovarial sheath and oviduct are infected, and the egg becomes 

infected as it passes down the oviduct and is inseminated. This type is distinguished from 

transovarial transmission and is called ‘vertical transmission’. In either case, the newly hatched 

arthropod larval stages are infected with the pathogen, which is then transmitted to subsequent 

development stages of the arthropod (‘trans-stadial transmission’). Venereal transmission of 

certain viruses like LaCrosse virus in mosquitoes has also been documented (Tesh et al., 1972). 

Thus, male mosquitoes that become infected transovarially or vertically can transfer the virus to 

uninfected female mosquitoes in the seminal fluid during copulation (Tesh et al., 1972). Finally, 

certain arboviruses have been shown to infect their tick or mosquito vectors when infected and 

uninfected arthropods co-feed in close proximity to each other on the same vertebrate host in the 

absence of viremia in that host. The virus is apparently attracted to the uninfected arthropod 

through a chemo-tactic response to the salivary fluid injected into the bite wound thus getting into 

the system of unfected arthropod to make it infected (Gubler, 2009). 

 

1.2 Vector-borne disease transmission cycles 

Vector-borne disease transmission cycles typically involve a set of important pathogen(s), 

arthropod vector(s), vertebrate host(s), and occur within a variety of particular environments 

 

 

 

 



4 

 

(Figure 1). Vector-borne diseases in general are especially ecologically sensitive since 

environmental conditions can have dramatic effects on the vectors, pathogens, and potential hosts 

involved in transmission (Campbell-Lendrum et al., 2005). 

 

 

Figure 1: General model of vector-borne disease transmission occur in three environments and 

involve diversity of pathogens, hosts and vectors. The three environments and transmission 

cycles can be classified as natural (enzootic) that occur in the forests, rural (epizootic) and 

urban (epidemic) (Ellis and Wilcox, 2009). 

 

1.3 Evolution of vector-borne pathogens 

Facets of globalization that include increased human populations, global change in land 

use and their effects on climate change exert selective pressures on pathogens, causing them to 

evolve to take advantage of the new environments, including hosts and vectors. Both West Nile 

Virus (WNV), Chikungunya virus (CHIKV), as well as other RNA viruses, evolve rapidly after 

being introduced to new locations and encountering new anthropophilic vectors (Holmes, 2003). 
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The evolution of these viruses makes them more adaptable to transmission by vectors. This has 

been observed in new stains of WNV, which exhibit increased transmission efficiency in Culex 

pipiens and Cx. tarsalis mosquitoes (Moudy et al., 2007, Kilpatrick et al., 2008). What has been 

less appreciated is the selective pressure currently imposed on zoonotic pathogens to adapt to being 

transmitted efficiently amongst humans by competent vectors like Anopheles gambiae and Aedes 

aegypti, and to a slightly lesser extent, by vectors that sometimes feed on non-human mammals 

and birds (Kilpatrick and Randolph, 2012).  

1.4 Key mosquito vectors that spread human and animal pathogens  

Kenya has abundant ecological zones that are favorable for mosquito vectors including the 

genus Anopheles. Over 140 Anopheles species have been recorded with at least eight considered 

to be effective vectors of malaria (Gillies and Coetzee 1987, Gillies and de Meillon 1968). Two of 

the most efficient vectors of human malaria, Anopheles gambiae sensu stricto and Anopheles 

arabiensis are members of the An. gambiae complex (White 1974). Other recognized species of 

the complex are Anopheles merus, Anopheles melas, Anopheles quadriannulatus, Anopheles 

quadriannulatus B and Anopheles bwambae. Anopheles merus and An. melas are associated with 

salt-water with a localized distribution along the eastern and western coasts of Africa, respectively, 

while An. bwambae has only been found breeding in mineral springs in the Semliki forest in 

Uganda (Coluzzi 1984). Anopheles quadriannulatus, found in south-east Africa (Coluzzi 1984) 

and An. quadriannulatus B, which has been described in Ethiopia (Hunt et al., 1998) are not 

considered vectors of human malaria as they are generally zoophilic. In addition to the An. gambiae 

complex, other species known to be important in malaria transmission in Kenya include Anopheles 

nili, Anopheles moucheti and Anopheles funestus which belongs to the Funestus group of which 

there are two African subgroups (Funestus subgroup includes Anopheles aruni, Anopheles 
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confusus, Anopheles funestus, Anopheles parensis, Anopheles vaneedeni; Rivulorum subgroup 

includes Anopheles brucei, Anopheles fuscivenosus, Anopheles rivulorum, and An. rivulorum-like 

species) (Gillies 1987, Harbach 2004). Several of these vector species are found to occur in 

sympatry in much of Africa and their importance in malaria transmission varies depending on 

behaviour (e.g. biting activity, feeding and resting preferences), seasonal prevalence and vectorial 

capacity (Coluzzi 1984, Fontenille et al., 2004). These differences contribute to the varied malaria 

epidemiological patterns observed in Africa and, subsequently, different areas may require 

different tools and strategies for optimal vector control. 

 Other mosquito vectors common in Kenya are those of Rift Valley fever (RVF), which is 

usually transmitted to mammals by mosquitoes, and mainly depends on the availability of 

competent vectors, susceptible hosts, and suitable ecological and environmental conditions that 

favor mosquito survival and reproduction (Fontenille et a., 1998, Diallo et al., 2000). RVF vectors 

can be classified into two major groups, namely primary and secondary vectors. In Kenya, the 

known primary vectors, Aedes mcintoshi Huang and Aedes ochraceus Theobald, are believed to 

serve as reservoirs for the virus (Fontenille et a., 1998, Fontenille et a., 1994, Traore-Lamizana et 

al., 2001). Breeding of these vectors has mostly been associated with characteristic shallow 

depressions on land called “dambos” (Linthicum et al., 1985). The dambos are usually flooded 

after heavy rainfall, resulting in mass emergence of floodwater Aedes mosquitoes (Linthicum et 

al., 1985, Linthicum et al., 1984). The primary vectors maintain RVFv transovarially by 

transmitting the virus through to the eggs (Linthicum et al., 1985). The infected eggs can enter 

diapause in dry dambos for long periods and hatch into infectious mosquitoes during periods of 

extended rainfall. This may result in transmission of the virus to nearby animals and human beings 

when the vectors seek blood meals. Once primary transmission of the virus has taken place, 

secondary vectors belonging to the genera Culex, Anopheles and Mansonia, which take over 
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flooded grounds for breeding, contribute to the amplification of the virus due to their ubiquitous 

biting patterns, consequently resulting in outbreaks (Woods et al., 2002, McIntosh and Jupp 1981, 

Linthicum et al., 1999, Anyangu et al., 2007). 

Arboviral diseases such as dengue, yellow fever and chikungunya fever are transmitted 

from one susceptible host to another, principally by Aedes aegypti. These emerging and resurging 

diseases cause global concern (WHO 2012, Kyle 2008). The global incidence of dengue has risen 

rapidly in recent decades and the disease is now endemic in more than 100 countries in Asia, 

Africa, and the Americas. Infections from arboviral diseases have also risen and are now estimated 

at 50–100 million infections every year, with 21,000 fatalities (WHO 2009). This puts some 3.6 

billion people, that is, half of the world's population, mainly in the urban centers of the tropics and 

subtropics at risk (Gubler 2002, Beatty et al., 2011). Aedes aegypti has long been assumed to have 

originated in Africa, where the ancestral form was likely a generalist, zoophilic treehole breeder 

(Mattingly 1957; Tabachnick 1991). Such zoophilic populations of Ae. aegypti still exist today on 

the African continent as the subspecies Aedes aegypti formosus. The better-known specialized 

domestic form, Aedes aegypti aegypti, is found in close association with human habitats 

throughout the tropical and subtropical world outside of Africa.  

Mosquitoes of the genus Culex have been reported as the most important vectors of West 

Nile virus (WNV), with Culex pipiens as the dominant vector (Rossi et al., 2010). Although many 

different species of mosquito are capable of maintaining WNV, The natural transmission cycle of 

the virus involves principally Culex species, with birds acting as reservoirs of the virus (Rossi et 

al., 2010). Not all infected mosquitoes preferentially feed upon birds, which can lead to other 

animals, including humans, becoming infected. Humans (and horses) are incidental or “dead-end” 

hosts in this cycle since the concentration of virus within the blood (viremia) is insufficient to 
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infect a feeding naïve mosquito (Rossi et al., 2010). Culex spp. mosquitoes have also been 

implicated in WNV transmission in Europe, Australia, and South Africa (Balenghien et al., 2008, 

Jupp 1974 Mackenzie et al., 1994 Muñoz et al., 2012). Mosquitoes of the genus Aedes which are 

the transmission vector for related flaviviruses, may also serve as important bridge vector for WNV 

(CDC 2009, Turell et al., 2005). While experimental transmission of WNV by ticks has been 

demonstrated, a role for ticks in natural transmission and maintenance of WNV has not been 

determined (Abbassy et al., 1993, Formosinho and Santos-Silva 2006, Hutcheson at al., 2005, 

Lawrie et al., 2004, Lwande et al., 2013). 

 Ticks transmit numerous protozoan, viral, bacterial (including rickettsial), and fungal 

pathogens to human and animals. They are characterized in two broad categories of hard (Ixodid) 

and soft (Argasid) ticks. Hard ticks are the most notorious disease vectors and incude species like 

Amblyomma variegatum that occurs in areas with a wide variety of climates, from rain forest, 

temperate (highland), savanna through to steppe (Walker et al., 2003). It is widely distributed 

through West, Central and East Africa and in southern Africa extends into Zambia, north eastern 

Botswana, the Caprivi Strip of Namibia, north western Zimbabwe and central and northern 

Mozambique. Its spread southwards appears to be limited by interspecific competition with 

Amblyomma hebraeum with which it shares similar habitats, hosts and sites of attachment. 

Amblyomma variegatum transmits the bacterium Ehrlichia ruminantium which causes heartwater 

in cattle, sheep and goats (Walker et al., 2003). It also transmits the Ehrlichia bovis, causing bovine 

ehrlichiosis, and the protozoans Theileria mutans and Theileria velifera causing benign bovine 

theileriosis (Walker et al., 2003). Heavy infestations suppress the immunity of cattle, making 

worse the bacterial skin disease dermatophilosis. Heavy infestations also damage teats and reduce 

productivity (Walker et al., 2003). 

 

 

 

 



9 

 

Hyalomma marginatum marginatum is also known as the Mediterranean Hyalomma. It is 

one of the important Hyalomma species in North Africa and is notorious as the vector of the virus 

causing Crimean-Congo haemorrhagic fever in humans (Walker et al., 2003). Hyalomma m. 

marginatum transmits the protozoan Babesia caballi causing babesiosis in horses and it is known 

to transmit Theileria annulata under laboratory conditions. Similar to Hyalomma m. marginatum 

is Hyalomma marginatum rufipes also known as the hairy Hyalomma or the coarse-legged 

Hyalomma. It is the most widespread Hyalomma in Africa and is notorious as a vector of the virus 

causing Crimean-Congo haemorrhagic fever in humans. It also transmits the bacterium Anaplasma 

marginale to cattle causing bovine anaplasmosis, Rickettsia conorii causing tick typhus in humans 

and the protozoan Babesia occultans to cattle (Walker et al., 2003). The feeding of adults on cattle 

causes large lesions at the attachment sites, leading to the formation of severe abscesses (Walker 

et al., 2003) 

Hyalomma truncatum is shiny and males are characterized by smooth surface. Certain 

strains of Hy. truncatum have a toxin in their saliva that causes the skin disease known as sweating 

sickness in cattle, particularly calves. The long mouthparts cause tissue damage in cattle and sheep 

and secondary bacterial infections may lead to infected abscesses. The injuries caused by the long 

mouthparts are attractive to the blow fly Chrysomya bezziana and this leads to infestation of the 

flesh with maggots. The attachment of adult ticks to the interdigital clefts (on the feet) and fetlocks 

of lambs almost always results in lameness. When these ticks infest dogs they tend to cluster at 

one site and can cause severe skin necrosis. Hyalomma truncatum transmits the protozoan Babesia 

caballi to horses causing equine piroplasmosis, and the bacterium Rickettsia conorii to humans 

causing tick typhus (Walker et al., 2003) 
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Rhipicephalus appendiculatus is also known as the brown ear tick because of its colour 

and preference for feeding on the ears of cattle. It has been the subject of many studies aimed at 

its control because of its association with East Coast fever of cattle (Walker et al., 2003), 

Rhipicephalus appendiculatus transmits the protozoan Theileria parva, the cause of East Coast 

fever in cattle, and it transmits the different strains of Th. parva that cause Corridor or Buffalo 

disease and Zimbabwean theileriosis. It transmits Theileria taurotragi causing benign bovine 

theileriosis. Bacteria transmitted are Anaplasma bovis causing bovine ehrlichiosis, and Rickettsia 

conorii causing tick typhus in humans. It also transmit the virus causing Nairobi sheep disease. 

Heavy infestions cause reduction of weight gain and immune suppression. Rhipicephalus evertsi 

evertsi is also known as the red-legged tick. It is widely distributed and common on livestock 

throughout much of Africa. Rhipicephalus e. evertsi transmits the protozoans Babesia caballi and 

Theileria equi to horses, both causing forms of equine piroplasmosis. This tick transmits the 

bacterium Anaplasma marginale to cattle causing bovine anaplasmosis (gallsickness). The saliva 

of female ticks contains a toxin that causes paralysis, particularly in lambs, but it may also affect 

calves and adult sheep. This toxicosis is known as spring lamb paralysis because of its seasonal 

occurrence. Rhipicephalus praetextatus a characteristic Rhipicephalus species of cattle in East 

Africa and North East Africa This species of tick can transmit the virus of Nairobi sheep disease. 

The feeding of this tick species can cause toxicosis in cattle, resulting in paralysis. Rhipicephalus 

pulchellus is also known as the zebra tick. It is very well known where it occurs because it is so 

conspicuous, common and readily infests a wide range of hosts, including humans. It is called the 

zebra tick because of its white on black stripes and its use of zebras as a favourite host. This tick 

species transmits the protozoan Theileria taurotragi which causes benign bovine theileriosis. It 

also transmits Nairobi sheep disease virus causing the disease of the same name in sheep. It can 

be a risk to humans because of its transmission of the bacterium Rickettsia conorii, causing tick 

 

 

 

 



11 

 

typhus, and transmission of the virus of Crimean-Congo haemorrhagic fever. It may occur on some 

hosts in sufficient numbers to cause direct parasitic harm (Walker et al., 2003).  

Argas persicus is an argasid tick that has spread widely because of its close association 

with domestic birds. It is known as the fowl tick or the fowl tampan. Argas persicus transmits the 

bacterium Borrelia anserina causing avian spirochaetosis, and the bacterium Aegyptianella 

pullorum. Very large populations of ticks can build up rapidly in untreated poultry houses and 

severe anaemia can develop. Heavy infestations of poultry may also cause toxicosis. The larval 

ticks produce a toxin that causes paralysis in chickens and ducks similar to that seen in botulism 

(Walker et al., 2003). 

1.5 Control of vector-borne pathogens 

Vector control is among the key strategies that are widely promoted by the World Health 

Organization (WHO) and the Roll Back Malaria Partnership (RBM) for prevention and reduction 

of malaria and other VBPs (WHO 2006, WHO 1993, RBM 2008). The other strategies include 

early diagnosis and prompt treatment of disease cases. Vector control protects people by 

preventing, reducing or interrupting the transmission of pathogen (WHO 2006). There are many 

different methods used for malaria vector control available include insecticide-treated nets (ITNs), 

long-lasting ITNs (LLINs), indoor residual spraying (IRS) and use of acaricides (Okumu and 

Moore 2011, Lengeler 2004, Pluess et al., 2010, WHO 2009). While ITNs, LLINs and IRS involve 

the use of chemical insecticides, some of the other methods of controlling larval or adult 

mosquitoes apply biological control techniques or environmental management (Rozendaal 1997, 

WHO 1995). WHO recommends the use of appropriate combinations of non-chemical and 

chemical methods of vector control in the context of integrated vector management (IVM) (WHO 
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2004). An IVM approach is pragmatic in that it offers a menu of vector control methods, which 

can be applied in various combinations to suit different ecological and socioeconomic settings. By 

using a range of different methods, it is possible to effectively target vectors at different stages in 

their life cycle, for instance, as larvae and pupae in mosquito breeding habitats, or at certain times 

during the host-seeking and resting behaviour of adult mosquitoes (Townson et al., 2005). On the 

other hand, reliance on only one vector control method is, in the long term, usually unsustainable 

for a variety of reasons, most notably insecticide resistance and adverse health and environmental 

impacts in the case of the use of chemical control (Rozendaal 1997, WHO 1995). 

In 2004, WHO published the "Global Strategic Framework for Integrated Vector 

Management", spelling out the principles, objectives and requirements of IVM. The document 

underscores the purpose of IVM as improving the efficacy, cost-effectiveness, ecological 

soundness and sustainability of vector control (WHO 2004). IVM is defined in the document and 

in a subsequent 'WHO Position Statement on IVM' as "a rational decision-making process for the 

optimal use of resources for vector control" (WHO 2008). This current paradigm of IVM identifies 

several key elements for successful implementation of the approach (WHO 2004, Beier et al., 

2008). They include: integration of non-chemical and chemical vector control methods and their 

integration with other disease-control measures; evidence-based decision making using methods 

based on sound knowledge of factors influencing local vector biology, disease transmission and 

morbidity; capacity building including development of adequate human resources, training and 

career structures at national and local level to manage IVM programmes; strengthening 

collaboration within the health sector and with other public and private sectors whose actions and 

policies might have important implications for vector control; engaging local communities and 

other stakeholders; and, creating a public health regulatory and legislative framework to reinforce 

IVM. However, very few programmes have harnessed this approach for mounting a rational, 
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effective and integrated operational offensive to combat multiple vector-borne diseases. Mounting 

a formidable offensive against an array of chronic and debilitating vector-borne diseases is highly 

compromised by various reasons: environmental, socio-cultural, socio-economic, technical and 

programmatic; a weak health system; limited access to health services; lack of accurate 

entomological and epidemiological data to guide vector control planning and response; pesticide 

management and the threat of insecticide resistance development; weak planning and coordination 

amongst disease control programmes; a severely constrained skilled human resource base to drive 

the vector control agenda forward (Chanda et al 2013) 

Novel introductions and increases in incidence of endemic VBPs highlight the need for 

effective control and treatment of individuals suffering from associated diseases. A key challenge 

in attempting to control many VBPs is that they are zoonotic and transmission intensity is driven 

primarily by possible wildlife reservoirs and climate. As a result, the dominant tools used against 

directly transmitted pathogens are vaccines that only protect individuals with financial and 

logistical access to them and have no impact on underlying transmission intensity. Managing or 

treating zoonoses of wildlife is a difficult task, especially in sub-Saharan Africa (SSA), and 

eradication is nearly impossible or prohibited (Barrett and Higgs, 2007).  

Climate variability has a large impact upon the incidence of vector-borne diseases: directly 

via the development rates and survival of both the pathogen and the vector, and indirectly through 

changes in the vegetation and the land-surface characteristics; this is particularly the case in Africa 

(Boko et al., 2007, Thomson et al., 2006). A significant relationship between RVF outbreaks, 

rainfall variability, land surface conditions and the El Niño Southern Oscillation has been 

highlighted over Kenya at the seasonal time scale (Linthicum et al., 1999). The potential climatic 

risk of VBPs including RVF is exacerbated by the presence of a large host reservoir (cattle, goats, 

sheep and to less extent camels) for these regions (Caminade et al., 2011). 
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In many cases, the most effective public health strategies for control of VBPs is to avoid 

infection by limiting vector feeding and disease transmission. This usually requires integration 

between researchers, public health agencies, the government and the public. Understanding the 

ecology of vectors and the pathogens that they transmit through surveillance is an important 

approach to creating awareness on possible transmission risks. This is evident by a recent detection 

in 2006 of Kupe virus in tick populations sampled in slaughter houses in Nairobi County of Kenya 

(Sang et al., 2006). It is therefore imperative to understand vector and VBP ecology and putative 

hosts that are important in the epidemiology of vector borne diseases. In this study, evaluation of 

the bionomics of VBPs was carried out in terms of i) vertebrate hosts represented in mosquito 

bloodmeals and presence of arboviruses among blood-fed mosquitoes sampled along the mainland 

shores and adjacent islands of Lakes Victoria and Baringo of Kenya, ii) tick borne pathogens in 

tick populations sampled from livestock, dogs, monitor lizards and free ranging tortoises in close 

proximity to human habitations in both study area, and iii) identification of acute arbovirus 

infections among patients with undiagnosed acute febrile illnesses observed at rural health clinics 

in Homa Bay County, western Kenya where malaria is highly endemic. 

1.6 Detection of vector-borne pathogens and their limitation  

All diagnostic tests for detection of VBPs have inherent advantages and limitations. 

Serology relies on an immunologically appropriate and diagnostically detectable host immune 

response against one or more VBPs. As antibodies can persist for variable intervals after a 

pathogen is immunologically or therapeutically eliminated, serology does not confirm active or 

persistent infection in the patient, which is a diagnostic disadvantage. However, serology can be 

used to retrospectively confirm recent infection, by demonstrating seroconversion (i.e. a four-fold 

change in the patient’s antibody titer between acute and convalescent serum samples) (Nilsson et 
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al., 2005). The persistence of circulating antibodies can also be an advantage of serology in that 

antibodies may be detectable during chronic intravascular VBP infections, when a pathogen may 

be circulating below the limit of PCR detection or sequestered in tissues that are not routinely 

submitted for PCR testing. Another potential limitation of serology includes diminished 

specificity, due to antibody cross-reactivity within or between VBP genera (Knobloch et al., 1985, 

Mann et al., 2003, Da Costa et al 2005, Ravnik et al., 2011, Rawlins et al., 2005, Sander et al., 

2005, Vermeulen et al., 2010). Nevertheless, cross-reactivity between Anaplasma, Bartonella, 

Ehrlichia, and Rickettsia genera seems to be very unlikely from experimentally-infected dogs with 

these pathogens as they develop very specific antibodies that do not cross react among genera 

(Pappalardo et al., 1997, Solano-Gallego et al., 2004, Hegarty et al., 2014, Alleman et al., 2001, 

Beall et al., 2012, Beall et al., 2008, Chandrashekar et al., 2010). Conversely, serological antigens 

chosen or available for assays may be too specific or mismatched to the etiological pathogens 

resulting in false negative results. These factors can result in the inability to accurately identify the 

infecting species or strain, which can have therapeutic implications for the patient. A technical 

limitation for the development of some VBP serological assays is the inability to produce antigens 

in sufficient quantities to be used in indirect fluorescent antibody (IFA) or enzyme-linked 

immunoabsorbent assays (ELISA) (examples include Anaplasma platys, Ehrlichia ewingii, 

Babesia spp. and Hepatozoon spp.), although the use of synthetic peptides may help overcome this 

limitation. With the advent of PCR testing, it has also become obvious that some patients do not 

mount a detectable antibody response, despite persistent intravascular infection with VBPs 

(Breitschwerdt and Maggi 2009, Cherry et al., 2011, Diniz et al., 2007, Perez et al., 2011, Varanat 

et al., 2011). Similar to serology, PCR has advantages and disadvantages for the diagnosis of 

VBPs. PCR has the distinct advantage over serology of detecting “active” infection in a single 

sample from a single time-point. Additionally, PCR can be used to specifically target a pathogen 
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at the species or strain level by using different PCR primer sets or by sequencing PCR products. 

While some a priori knowledge or assumptions about the DNA sequence of a pathogen are needed 

to design PCR-based assays, PCR does not require definitive knowledge of the pathogen DNA 

sequence. Additionally, PCR does not require that the pathogen(s) be isolated or their antigens 

produced to achieve the development and validation of an assay. Multiple pathogens or species 

can be detected using multiplex PCR assays (Ecker et al., 2009, Ecker et al., 2008, Sampath et al., 

2007), but these assays can be more challenging in the context of achieving optimal sensitivity for 

all pathogens targeted in the panel. Co-infecting pathogens may cause competition in the PCR 

reaction process (Maggi and Breitschwerdt 2005, Maggi et al., 2005). Substantially higher 

concentrations of one pathogen compared to the other(s) can result in detection of only one 

organism despite the presence of a co-infection. The main limitation to PCR testing is the 

requirement for adequate template (nucleic acid of the target organism) in samples to achieve 

amplification of the target DNA sequence. For vector-borne pathogens such as Anaplasma spp., 

Borrelia burgdorferi, and Bartonella spp., it is well documented that the number of intravascular 

organisms fluctuates over time following transmission (Solano-Gallego et al., 2004, Hegarty et 

al., 2014, Beall et al., 2012, Beall et al., 2008). Therefore, PCR testing at a single time point may 

produce a false negative result for an infected patient. Some other technical disadvantages of PCR-

based testing include potential false negative results due to the presence of PCR inhibitors that 

were not removed during the nucleic acid purification process and the potential for laboratory 

contamination resulting in false positive reactions in patients that are not infected. The latter 

disadvantages can be minimized by the use of appropriate techniques, reagents and the 

incorporation of appropriate controls. Unless mechanisms are developed to overcome all of the 

limitations of PCR-based testing, PCR is unlikely to serve as a stand-alone assay for the diagnosis 

of many vector-borne infections. 
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1.7 Determination of mosquito bloodmeals and arboviruses in blood-fed 

mosquitoes 

Arthropod-vectored pathogens contribute to the greatest diversity of neglected tropical 

diseases (NTDs) that significantly impact human health and livestock-based food security in 

developing countries and also threaten human and livestock health in developed countries (Gubler, 

2002). Arthropod disease vectors may feed on a variety of vertebrate hosts, including wildlife that 

may represent unknown pathogen reservoirs, not only of known NTDs, but also of emerging 

infectious diseases (EIDs) (Daszak et al., 2001). Bloodmeal identification of field-collected 

vectors is pivotal to disentangling disease transmission dynamics, identifying ecological reservoirs 

during inter-epidemic periods, and developing appropriate disease control and response strategies 

(Zirkel et al., 2011). Molecular boodmeal identification is widely performed by using standard 

methods as Sanger sequencing and methods that analyze mitochondrial (mt) genes for cytochrome 

b (cytb), 12S or 16S ribosomal ribonucleic acid (12S rRNA, 16S rRNA) or cytochrome oxidase I 

(COXI) (Alacs et al., 2010, Alonso et al., 2006). These molecular markers are highly conserved 

between species and are robust in interspecies differentiation (Alacs et al., 2010). These analyses 

become more superior when performed as a closed-tube assays in a real-time PCR followed by a 

melting curve analysis (MCA) that will minimise drawbacks such as contamination and multi step 

processes. The melt curve analysis uses the possibility of differentiating PCR products by their 

characteristic melting temperatures (Tm) at which the transition of dsDNA to ssDNA occurs 

depending on fragment length and sequence composition (Reed et al., 2007, Montomery et al., 

2007). Enhanced technologies as high-resolution melting (HRM) improve the temperature 

resolution down to 0.1°C/step and thereby lead to a more accurate monitoring of the melting 

behavior increasing the discrimination of sequence variants between PCR products. Additionally, 

improved analysis methods do not only consider the absolute Tm but also the shape of the melting 
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curve, facilitating PCR fragment differentiation (Reed et al., 2007). Peña et al., (2012) developed 

an improved, cost-effective and rapid approach based on high resolution melting analysis (HRM) 

of cytochrome b (cyt b) Polymerase Chain Reaction (PCR) products to identify vertebrate 

bloodmeals of triatomine bugs (Rhodnius and Triatoma species) in the Caribbean region of 

Colombia (Pena et al., 2012). However, preliminary analysis found that HRM analyses of these 

cyt b amplicons alone could not reliably differentiate the diversity of potential mosquito bloodmeal 

host species in East Africa, where humans, livestock and wildlife are often in close proximity.  

To improve the vertebrate host species resolution of PCR-HRM based mosquito bloodmeal 

analysis in the East African context an additional pair of vertebrate specific PCR primers flanking 

short polymorphic mitochondrial 16S rRNA sequences amenable to robust HRM species typing 

was designed. Both cyt b and 16S HRM analysis was used to resolve and identify mosquito blood-

feeding sources found at the geographical interface of wildlife with livestock farming and of 

aquatic/wetland with terrestrial ecosystems along the shores and adjacent islands of Lakes Victoria 

and Baringo in Kenya. As both regions have documented recent arbovirus activity and support a 

diversity of vertebrate hosts that are critical to arthropod pathogen transmission (Okiro et al., 2009, 

Mala et al., 2011, Mease et al., 2011), the samples were also screened for arboviruses in the blood-

fed mosquitoes. 

 

1.8 Molecular detection of tick-borne pathogens around Lakes Baringo and 

Victoria, Kenya 

Tick borne pathogens (TBPs) are responsible for some of the most serious emerging 

infectious diseases facing SSA and the rest of the world today (Dunster et al., 2002, Parola et al., 

2005). In Kenya, tick borne viral diseases (arboviruses) like Crimean Congo haemorrhagic fever 

(CCHF), Kupe and Hazara as well as protozoan and bacterial agents of babesiosis, theileriosis and 
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rickettsiosis are major impediments to improved livestock productivity and public health (Parola, 

2006, Sang et al., 2011, Lwande et al., 2014, Kiara et al., 2014).  

Baringo and Homa Bay Counties of Kenya are both characterized by unique land-lake 

biogeographies with fluctuating fresh water levels of Lakes Baringo and Victoria, respectively. 

These ecosystems form shallow lagoons with abundant aquatic and terrestrial vegetations that are 

favourable for diverse vertebrate host species and disease vectors (Minakawa et al., 2012). The 

interaction of domestic animals (mainly livestock, dogs, chickens and cats), migratory birds, 

monitor lizards, various rodents, humans and wildlife has the potential to facilitate the spread of 

zoonotic pathogens, including TBPs. In Baringo County, the abundance of ticks inflicts 

unacceptable health and economic burdens on the pastoralist community (Munyua et al., 2010, 

Kamani et al., 2015), while TBP diseases remain understudied and go unnoticed. Along the shores 

of Lake Victoria in the neighbouring Siaya County, a recent human exposure to Rickettsia felis 

infection was found to be exceptionally high (>57%) based on immunoglobulin G (IgG) 

seropositivity among febrile patients visiting a local health clinic and Rickettsia africae has been 

isolated in Amblyomma variegatum (Maina et al., 2012, Maina et al., 2014). In Uganda, around 

the Lake Victoria basin, severe anaplasmosis, East Coast Fever (ECF) and babesiosis have been 

documented as causes of livestock morbidity and mortality (Rubaire-Akiiki et al., 2004, de la 

Fuente et al., 2008). Therefore, intensification of research efforts and development of novel tools 

for surveillance, disease detection and control of ticks will be critical in forestalling outbreaks of 

TBP infections and informing public health decisions, including early warning and response 

strategies in both study areas (de la Fuente et al., 2008).  

Contemporary molecular biology techniques were utilized to screen field collected tick 

sampled along the shores and adjacent islands of Lakes Baringo and Victoria in Baringo and Homa 

Bay Counties of Kenya, respectively. The presence and possible transmission of bacterial and 
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protozoan disease agent that are important to public health is reported. These disease agents are 

responsible for ehrlichiosis, anaplasmosis, rickettsiosis, babesiosis, theileriosis and 

hepatozoonosis that could result in zoonotic diseases that form bulk of undiagnosed febrile 

illnesses observed in these sub Saharan regions (Tigoi et al., 2015, Crump et al., 2013). The 

findings are important to public health in mitigating ticks and TBP infection and possible disease 

outbreaks in these foci, as well as other areas of Kenya, with wider geographical implications. 

 

1.9 Arboviruses occurrence among patients with acute febrile illnesses 

visiting rural health clinics in Homa Bay County 

There has been an unprecedented worldwide increase in arbovirus activity in the last half 

century, with several outbreaks occurring in the eastern SSA region, among them Yellow Fever, 

Dengue, Rift Valley fever (RFV), O’nyong-nyong, Crimean Congo Hemorrhagic fever, West Nile 

fever, and Chikungunya (Devaux, 2012, Soghaier et al., 2013, Munyua et al., 2010). Although the 

existence of novel viruses is relatively poorly researched in East Africa, recent detection of Kupe 

virus not described before in a brief surveillance activity is an indicator of the likely presence and 

circulation of novel agents (Sang et al., 2006). Most arbovirus infections in humans are 

characterised by the onset of systemic febrile illness accompanied by headache, myalgia and 

malaise that can progress to severe haemorrhagic fever and meningoencephalitis (WHO, 1985). 

Even though arboviral infections are highly prevalent in SSA, considerable clinical cases of 

systemic febrile illness, including undiagnosed fevers are usually attributed to familiar diseases 

such as malaria and typhoid fever, and thus arbovirus infections are underappreciated (Animut et 

al., 2009, Crump et al., 2013, Kipanga et al., 2014). Detection of arboviral diseases in most health 

facilities in this region is hampered by non-specific clinical presentation, lack of laboratory 

diagnostic capacity, cross-reactions during serologic testing, and passive and inconsistent 
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surveillance in most countries (Tigoi et al., 2015, Henderson et al., 1970, Reyburn et al., 2004, 

Coleman, 1998). 

In the determination of occurrence of arboviruses among patients with acute febrile illness, 

it was hypothesized that arboviruses comprised a proportion of undiagnosed febrile illnesses 

observed at rural health clinics along the shores and adjacent islands of Lake Victoria in Homa 

Bay County of Western Kenya and sought to isolate arboviruses in patients with acute febrile 

fevers. The shores of Lake Victoria have previously witnessed arbovirus activities with outbreak 

of O’nyong nyong fever having been reported as early as 1960s (Haddow et al., 1960) and in a 

recent infection in 2013 of a tourist visiting the Lake Victoria region who suffered unknown febrile 

illness that was later diagnosed as O’nyong-nyong (Haddow et al., 1960, Tappe et al., 2014). 

Seroepidemiological and entomological data have also reported presence and possible circulation 

of diverse arboviral families along the shores of Lake Victoria (Mease et al., 2011, Ochieng et al., 

2013). The land-lake topography with fluctuating water levels form swampy ecosystems with 

diverse flora and fauna that make the region favorable for disease vectors to flourish (Minakawa 

et al., 2012). Western Kenya is endemic for malaria and schistosomiasis that are characterized by 

febrile illnesses (Olanga et al., 2015, Butler et al., 2012, Davis et al., 2015). In addition, respiratory 

viruses like influenza and para-influenza, salmonellosis and Q fever infection have previously been 

reported as causes of febrile illness in this region (Knobel et al., 2013, O'Meara et al., 2015, 

Onchiri et al., 2015), while cultural beliefs of polygamy and wife inheritance perpetuates high 

transmission of HIV (Afrane et al., 2014, Musuva et al., 2014, Dworkin et al., 2013). Valuable 

information on the presence and possible circulation of Sindbis and Bunyamwera viruses is 

reported as possible etiologies of febrile illness observed at Mfangano Island of Homa Bay County. 

Improving surveillance and laboratory capacity for detection of arboviruses in the area will be 

integral to understanding the disease burden posed by these agents in the region.  
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1.10 Problem statement  

Lakes Victoria and Baringo in Kenya share unique land-lake biogeographies with abundant 

flora and fauna. These include diverse mosquitoes and tick species that parasitize human, livestock 

and wildlife that interface with aquatic and terrestrial habitats. The interaction of vectors, VBPs 

and diverse vertebrate hosts, including migratory birds, wildlife, livestock and humans, is a mix 

that could lead to outbreaks of zoonotic diseases. 

 

1.11 Objectives  

To understand the bionomics/ecology of vector borne diseases along the shores and adjacent 

islands of Lakes Victoria and Baringo in Kenya  

1.11.1 Specific Objectives  

1. To determine mosquito bloodmeal hosts and the presence of arboviruses in blood-fed 

mosquitoes sampled along the shores and adjacent islands of Lakes Victoria and Baringo, 

Kenya. 

2. To design and optimize PCR conditions of oligonucleotide primers for mosquito 

bloodmeal and VBP detection. 

3. To identify tick-borne pathogens circulating along the shores and adjacent islands of 

Lakes Victoria and Baringo, Kenya 

4. To identify arboviruses associated with acute febrile illnesses observed among patients 

visiting rural health clinics along the shores and island of Lake Victoria, Homa Bay 

County. 
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1.12 Justification  

Understanding the bionomics of VBPs in terms of their presence and possible transmission, 

vectors and vertebrate hosts involved in perpetuating their transmission is a critical step towards 

forestalling possible disease outbreaks observed along the shores and adjacent islands of Lakes 

Victoria and Baringo of Kenya. Mitigation of VBP transmission to human and livestock is a 

priority to public health. 
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CHAPTER TWO 

MATERIALS AND METHODS 

2.1 Determination of mosquito bloodmeals and arboviruses in blood-fed 

mosquitoes 

2.1.1 Mosquito sampling areas and ethical statement 

Determination of mosquito bloodmeals and arboviruses in blood-fed mosquitoes was 

carried out in Kenya, along the shores and adjacent islands of Lake Victoria in Homa Bay County 

and Lake Baringo in Baringo County. Before sampling, ethical clearance was obtained for the 

study from the Kenya Medical Research Institute (KEMRI) ethics review committee (Approval 

Ref: Non-SSC Protocol #310). Sampling was conducted twice over a year, during the wet seasons 

(March-May) and (October-December) of 2012-2013, on unprotected public land.  

 The region is characterized by an equatorial tropical climate with an average minimum 

temperature of 16°C and an average maximum temperature of 28°C. The area experiences two 

rainy seasons: the long rainy season between March and June and the short rainy season between 

October and December. The average annual rainfall during the sampling period 2012-2013 was 

1,536 mm (icipe-TOC meteorological station). 

Baringo County is located in the Rift Valley Province of Kenya, 250 km northwest of 

Nairobi. The area is semi-arid and consists of Acacia-Commiphora bushlands and impenetrable 

thickets of Prosopies juliflora that are displacing native trees and reducing grazing areas. Harsh 

physical and climatic conditions have led to a sparsely populated district where the local 

communities rely on pastoralism and on limited crop production. Lake Baringo (0°36'56.4"N 

36°03'36.8"E, elevation ~980 m) has an annual rainfall range of 300 to 700 mm, and the daily 

temperature varies between 16°C and 42°C.  
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Figure 2: Map of mosquito sampling areas near Lakes Victoria and Baringo in Kenya (Omondi et al., 

2015). 

 

2.1.2 Mosquito trapping  

Mosquitoes were trapped outdoors, proximal to human habitation, in villages with CO2-baited 

CDC light traps placed between 5:30-6:30pm and collected between 6:00am and 9:00am the 

following morning. This was effective for collection of evening and night biting mosquitoes. BG 

sentinel traps with BG-Lure (Human skin scented) were set at 8:00am and collected in the evenings 

between 5:00pm and 6:00pm were appropriate for trapping day time biting mosquitoes.  

In Homa Bay County, a total of five carbon dioxide baited CDC light traps (John W. Hock 

Company, Florida. U.S.A.) and two BG sentinel traps (BioQuip Products, CA. USA) were set over 

two trap nights per season at each of six sampling areas on the mainland shores of Lake Victoria 
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in Ungoye, Luanda Nyamasare and Mbita (0°26’06.19” S, 34°12’53.13”E; elevation ~1,137 m) 

and the adjacent islands of Mfangano, Rusinga, and Chamaunga (Figure 2).  

In Baringo County, a total of 21 CDC light traps and two BG sentinel traps were deployed over 

two trap nights per season in the five sampling areas along the shores of Lake Baringo in Kampi 

ya Samaki, Salabani, and Ruko Conservancy and Logumgum (a remote area with an oxbow lake 

filled with thick swampy marsh that is slightly distant from Lake Baringo, but was a hotspot for 

2006-2007 RVF outbreak), as well as the Island of Kokwa (Figure 2). 

After collection, mosquitoes were anesthetized using triethylamine (O'Guinn and Turell, 2002) 

and identified on a chilled surface (paper towels over -80°C icepacks) to species level based on 

their morphological features (Edwards, 1941). Blood-fed mosquitoes were individually separated 

in vials and cryopreserved in liquid nitrogen for transportation to the laboratory, where they were 

stored for bloodmeal analysis in -80° freezers. 

2.1.3 Nucleic acid extraction 

DNA was extracted from frozen intact blood-fed mosquitoes using two extraction protocols, 

DNeasy Blood and Tissue Kit (QIAGEN, Valencia, CA) extraction protocol was used initially, 

and the MagNA 96 Pure DNA and Viral NA Small Volume Kit (Roche Applied Science, Penzberg, 

Germany) was subsequently used in an automated MagNA Pure 96 extraction system (Roche 

Applied Science) to increase throughput. The first batch of mosquitoes (from Homa Bay County) 

was extracted using DNeasy Blood and Tissue Kit (QIAGEN, Valencia, CA) extraction protocol. 

The 258 engorged abdomens were separated from the rest of the body using sterile dissection pins 

and homogenized in phosphate buffered saline (PBS). Blood was extracted following the 

manufacturer’s instructions. In the second batch of 214 samples from Baringo County, the MagNA 

Pure 96 DNA and Viral NA Small Volume Kit (Roche Applied Science, Penzberg, Germany) was 

used.  Individual blood-fed mosquitoes were homogenized whole for 5 sec in 0.5 ml screw-cap 
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tubes (Sarstedt, Newton, NC) filled with 750 mg of 2.0 mm, 150 mg of 0.1 mm zirconia/yttria 

stabilized zirconium oxide beads (Glen Mills, Clifton, NJ), and 350 μl of PBS before DNA 

extraction in an automated MagNA Pure 96 extraction system (Roche Molecular Systems, 

Pleasanton, CA).  

2.1.4 Primer design  

Although cyt b primers have already been used successfully for HRM-based identification 

of Chaga’s disease vectors (Triatominae bugs; Triatoma sp. and Rhodnius sp.) (Pena et al., 2012), 

preliminary investigations found that these amplicons could not reliably differentiate some of the 

diversity of potential mosquito bloodmeal host species in East Africa. To improve the resolution 

of specific bloodmeal host identifications, primers were designed for PCR-HRM analysis to 

compliment HRM analyses based on cyt b primers (Boakye et al., 1999).  Multiple alignment was 

generated of complete vertebrate mitochondrial genomes (Table 1), identified regions of high and 

low conservation across broad taxa and manually designed primers in conserved regions that flank 

highly polymorphic sequences of no more than 300 base pairs (bp). Multiple alignment of obtained 

sequences were then performed alongside invertebrate mitochondrial genomes (GenBank 

Accessions: AY140887, HM132112, EU352212, NC_006817, NC_014574, NC_015079, 

NC_014275, HQ724614, DQ146364, MSQMTCG) and identified primer pairs that could 

discriminately amplify vertebrate sequences in an arthropod vector background. Empirical 

identification of a set of primers that amplify a 190-250 bp fragment was done, depending on the 

vertebrate species, of the 16S ribosomal (r) RNA gene that generates distinct HRM profiles for a 

broad range of bloodmeal hosts.  
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Table 1: Vertebrate mitochondrial genomes aligned for primer design for the detection of 

mosquito bloodmeals. 

Vertebrate Class Common name Species GenBank Accession 

Mammalia Human Homo sapiens KC569547 

 Cow Bos taurus KC153975 

 Goat Capra hircus NC_005044 

 Dog Canis lupus familiaris NC_002008 

 Horse Equus caballus NC_001640 

 Zebra Equus zebra hartmannae JX312719 

 Greyvi zebra Equus grevyi JX312725 

 Baboon Papio cynocephalus JX946199 

 Mouse Mus musculus JX945979 

 Cane rat Thryonomys swinderanius NC_002658 

 Hyrax Dendrohyrax dorsalis NC_010301 

 Elephant Loxodonta africana NC_000934 

 Hippopotamus Hippopotamus amphibius NC000889 

Aves Chicken Gallus gallus AY235570 

Amphibia Asian common toad Bufo melanostictus NC_005794 

 African common toad Amietophrynus regularis DQ158485 

 Seoul frog Rana chosenica NC_016059 

Reptilia Galapagos tortoise Geochelone nigra JN999704 

  Nile monitor Varanus niloticus NC_008778 

 

2.1.5 Molecular bloodmeal identification 

For identification of vertebrate hosts in mosquito bloodmeals, complimented HRM profile 

differences observed using the established 383 bp cyt b gene amplicon primers with the 200 bp 

amplicons obtained using newly designed 16S rRNA gene primers (Table 2). Using mosquito DNA 

extracts as negative controls, PCRs in final volumes of 10 µl with 0.5 µM concentrations of each primer, 

using 5X Hot Firepol Evagreen HRM Mix (Solis BioDyne, Tartu, Estonia) and 1 µl of DNA template 

was carried out. The thermal cycling conditions used for cyt b primers were as follows: Initial 

denaturation was done for 1 min at 95°C, followed by 35 cycles of denaturation at 95°C for 30 sec, 

annealing at 58°C for 20 sec, and extension at 72°C for 30 sec followed by a final extension at 72°C 
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for 7 min. Cycling conditions for 16S ribosomal DNA fragment were similar to those of cyt b except 

for an annealing temperature of 56°C. All PCR reactions were conducted on an HRM capable Rotor-

Gene Q real time PCR thermocycler (QIAGEN, Hannover, Germany). 

Table 2 Oligonucleotide primers used for the detection of mosquito 

bloodmeals and arboviruses in blood fed mosquitoes  
 

Target Primer name Primer sequence Citation 

Vertebrate cyt b Cytb For 5'-CCC CTC AGA ATG ATA TTT GTC CTC A-3' (Boakye et al., 1999) 

 Cytb Rev 5'-CAT CCA ACA TCT CAG CAT GAT GAA A-3'  

Vertebrate 16S Vert 16S For 5'-GAG AAG ACC CTR TGG ARC TT-3' Omondi et al., 2015 

 Vert 16S Rev 5'-CGC TGT TAT CCC TAG GGT A-3'  

Phlebovirus Phebo F1  5'-AGT TTG CTT ATC AAG GGT TTG ATG C-3' (Lambert and Lanciotti, 2009) 

 Phlebo F2 5'-GAG TTT GCT TAT CAA GGG TTT GAC C-3'  

 Phlebo R 5'-CCG GCA AAG CTG GGG TGC AT-3'  

Orthobunyavirus BUN F 5'-CTG CTA ACA CCA GCA GTA CTT TTG AC-3' (Lambert and Lanciotti, 2009) 

 BUN R 5'-TGGAGGGTAAGACCATCGTCAGGAACTG-3'  

Alphavirus Vir 2052 F 5'-TGG CGC TAT GAT GAA ATC TGG AAT GTT-3' (Eshoo et al., 2007) 

 Vir 2052 R 5'-TAC GAT GTT GTC GTC GCC GAT GAA-3'  

Flavivirus 1NS5F 5'-GCA TCT AYA WCA YNA TGG G-3' (Vazquez et al., 2012) 

 1NS5R 5'-CCA NAC NYN RTT CCA NAC-3'  

 2NS5F 5'-GCN ATN TGG TWY ATG TGG-3'  

  2NS5R 5'-TRT CTT CNG TNG TCA TCC-3'   

 

Following PCR, HRM analysis of amplicons was conducted by gradually increasing the 

temperature in 0.1°C, 2 second increments from 65°C to 90°C and recording and plotting changes 

in fluorescence with changes in temperature (dF/dT). DNA extracted from known vertebrate blood 

samples were used as standard reference controls and included cow, goat, sheep and human clinical 

samples from Suba district (within afore-mentioned ethics approval), as well as Swiss mouse, 

rabbit, and chicken blood samples sourced from icipe’s animal rearing unit. DNA extracted from 

Culex pipiens and Anopheles sp. legs were used as negative controls. PCR-HRM protocols were 

validated for accuracy and sensitivity using reference controls. Ten microliters of human, mouse, 

rabbit and chicken reference control blood were serially diluted ten-fold in PBS to 10-7. DNA from 
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three 1 µl replicates of each diluent was extracted using DNeasy Blood and Tissue Kit (QIAGEN, 

Valencia, CA) extraction protocol. HRM analysis was carried out using the Rotor-Gene Q software 

v2.1 with normalization regions between 76.0–78.0°C and 89.50–90.0°C. Bloodmeal sources were 

identified by comparison of melting profiles with those of the reference control species.  

Representative samples that generated unknown HRM curves either from the cyt b or 16S PCR 

amplicons, that did not match standard reference controls were purified with ExoSAP-IT (USB 

Corporation, Cleveland, OH) to remove unincorporated dNTPs and PCR primers before 

submission for amplicon sequencing using the same primers for amplification at Macrogen (Seoul, 

South Korea). The returned sequences were edited and aligned using MAFFT (Katoh et al., 2002) 

plugin in Geneious software (version 8.1.4) (Kearse et al., 2012). Sequence identity was revealed 

by querying in the GenBank nr database using the Basic Local Alignment Search Tool BLAST 

(Altschul et al., 1990). For identification of specific vertebrate host species, homology cut-off of 

97%-100% identity with a GenBank e-value threshold of 1.0e-130 for the cyt b sequences and 1e-

75 for the 16S sequences were used. Based on multiple alignments, particularly among the bird 

samples, some identification were limited to higher taxonomic classifications. 

2.1.6 Identification of arbovirus infections 

Identification of arbovirus infections was performed on 214 mosquito samples comprising 

the second batch from Baringo. Fifty microlitre aliquots of homogenates were inoculated on 24-

well culture plates (Nunc Culture Treated Multidishes, Thermo Scientific, USA) with confluent 

monolayers of Vero cell line grown in growth media (minimum essential medium with 10% fetal 

bovine serum (FBS), 2% glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin, and 1μl/ml 

amphotericin B) and observed for virus induced cytopathology for 14 days after incubation at 37°C 

in a humidified incubator with 5% CO2. Culture wells that showed cytopathic effects were 

harvested and RNA extracted using the MagNA 96 Pure DNA and Viral NA Small Volume Kit 
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(Roche Applied Science) in a MagNA Pure 96 (Roche Applied Science) automated extractor, 

followed by reverse transcription using the High Capacity cDNA Reverse Transcription Kit (Life 

technologies, Carlsbad, CA). Using published primers (Table 2), phleboviruses, orthobunyaviruses 

(Lambert and Lanciotti, 2009) and alphaviruses (Eshoo et al., 2007) were screened by PCR, as 

well as flaviviruses by nested PCR (Vazquez et al., 2012) in 10 μl reactions using 1μl cDNA 

template, 5 μl MyTaq HS master mix (Bioline Reagents Limited, London, UK) and 1 μl of 50 μM 

SYTO-9 saturating intercalating dye (Life technologies, Carlsbad, California). Laboratory 

arboviral stocks of diverse Kenyan isolates (Ochieng et al., 2013) were used as standard reference 

controls. Viral amplicons were initially identified by HRM analysis and then confirmed by 

sequencing at Macrogen (Seoul, South Korea) after amplicon purification with ExoSAP-IT (USB 

Corporation, Cleveland, OH). 

 

2.2 Molecular detection of tick borne pathogens around Lakes Victoria and 

Baringo, Kenya 

2.2.1 Tick borne pathogen study locality 

Tick-borne pathogen survey was conducted in 2012-2013 along the shores and adjacent 

islands of Lakes Baringo and Victoria in Baringo and Homa Bay Counties of Kenya, respectively. 

Three indigenous agro-pastoralists communities that live in Baringo County rely mainly on 

livestock, with some irrigated crop production along the Perkerra, Molo and Kerio Rivers. In Homa 

Bay County, most inhabitants belong to the Luo and Suba ethnic groups whose main socio-

economic activities are fishing and small scale mixed farming, which includes keeping of livestock 

(mainly cattle, sheep and goats). 

 

 

 

 



32 

 

2.2.2 Tick Sampling 

Live ticks were collected twice in 2012 and 2013 in the months of April-May and October-

December from domesticated animals, cattle (76), goats (117), sheep (54), poultry houses (17) 

dogs (15), tortoises (12) and monitor lizards (4) found around human habitats. Tortoises and 

Monitor lizard were chosen as they are laden with ticks and are common around human habitats 

and therefore present a risk of unknown diseases. Tick sampling was conducted in the same areas 

that have previously been described for mosquito sampling (Omondi et al., 2015) (Figure 3). 

Before sampling, ethical clearance for the study was obtained from the Kenya Medical Research 

Institute (KEMRI) ethics review committee (Approval Ref: Non-SSC Protocol #310). Sampling 

was conducted on unprotected public land and no protected species were sampled. 

 

 

Figure 3: Map of Kenya showing tick sampling areas  
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After collection, ticks were frozen in liquid nitrogen and transported to the Martin Lüscher 

Emerging Infectious Disease (ML-EID) Laboratory in Nairobi where they were analyzed. Ticks 

were identified morphologically to species level based on taxonomic keys developed by Walker 

et al. (2003) (Walker and Olwage, 1987) and pooled (≤8 individuals) by species, collection date 

and site. 

2.2.3 Molecular tick borne pathogen identification 

Tick pools were homogenized for 25 sec in 0.5 ml screw-cap tubes (Sarstedt, Newton, NC) 

filled with 750 mg of 2.0 mm, 150 mg of 0.1 mm zirconia/yttria stabilized zirconium oxide beads, 

(Glen Mills, Clifton, NJ) (Crowder et al., 2010), 650 μL of phosphate buffered saline (PBS) before 

total nucleic acid extraction in an automated MagNa Pure 96 extraction system (Roche Molecular 

Systems, Pleasanton, CA) using the small volume DNA/Viral RNA kits (Roche). Tick borne 

pathogens were detected and characterized by PCR and high resolution melting (HRM) analyses. 

All gene fragments were amplified in an HRM capable RotorGene Q thermo cycler (QIAGEN, 

Hannover, Germany) to a final volume of 10 µl using primers listed in Table 1. For identification 

of Ehrlichia, Anaplasma and Rickettsia we utilized the shorter (<200 bp) 16S rRNA and outer 

membrane protein (ompB) precursor, all previously described by Tokarz (Tokarz et al., 2009) and 

unresolved samples were subsequently analyzed by amplification and sequencing of a longer 

(>300bp) 16S rRNA fragment using primer set Ehrlichia 16S rRNA JV (Table 3). For Rickettsia, 

the rpmE/tRNAfMet intergenic spacer typing (Zhu et al., 2005) was added. Theileria, Babesia and 

Hepatozoon were amplified and resolved using previously described primers (Gubbels et al., 1999) 

(Table 1). The thermal cycling conditions used for amplification were as follows: Initial 

denaturation at 95°C for 5 min, followed by 10 cycles of 94°C for 20s, step-down annealing from 

63.5°C decreasing by 1°C per cycle for 25 sec, and primer extension at 72°C for 30 sec; 25 cycles 

of denaturation at 94°C for 25 sec, annealing at 50.5 for 20 sec and extension at 72°C for 30 sec, 
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followed by a final extension at 72°C for 7 min. Following PCR, high resolution melting analyses 

of amplicons through gradual increase in temperature from 75°C to 90°C at 0.1°C/s increments 

was done. Changes in fluorescence with time (dF/dT) were plotted against changes in temperature 

(°C). Positive samples/amplicons were detected by observation of melting curves and peaks, and 

then purified with ExoSAP-IT (USB Corporation, Cleveland, OH) to remove unincorporated 

dNTPs and PCR primers before sequencing, which was outsourced from Macrogen (South Korea). 

The returned sequences were edited and aligned using MAFFT (Katoh et al., 2002) plugin in 

Geneious software (version 8.1.4) (Kearse et al., 2012) sequence identity was revealed by querying 

in the GenBank nr database using the Basic Local Alignment Search Tool BLAST (Altschul et al., 

1990). For identification of specific pathogens, homology cut-off of 94%-100% identity with a 

GenBank e-value threshold of 1.0e-50 was used. Study sequences > 200bp were submitted to 

GenBank. Based on multiple alignments, some pathogens were not fully characterized to species. 

  

Table 3: Primers used for TBPs detection on pools of field collected ticks of Baringo and Homa 

Bay counties of Kenya 

 
Pathogen /gene target Primer Pair  Amplicon size References  

Anaplasma/16S rRNA Fwd: GGGCATGTAGGCGGTTCGGT 195bp Tokarz et al., 2009 

 Rev: TCAGCGTCAGTACCGGACCA   
Ehrlichia/ 16S rRNA Fwd: CGTAAAGGGCACGTAGGTGGACTA 195bp Tokarz et al., 2009 
 Rev: CACCTCAGTGTCAGTATCGAACCA   
Rickettsia/ompB Fwd: ATACAAAGTGCTAATGCAACTGGG  856bp Tokarz et al., 2009 

 Rev: GTAAAATTACCGGTAAGGGTTATAGC   
Rickettsia rpmE/tRNAfMet Fwd: TTCCGGAAATGTAGTAAATCAATC  175-402bp Zhu et al., 2005 
 Rev: TCAGGTTATGAGCCTGACGA    
Theileria & Babesia/16S 
rRNA 

Fwd: GAGGTAGTGACAAGAAATAACAATA  450bp Gubbels et al., 1999 

 Rev: TCTTCGATCCCCTAACTTTC    
Anaplasma 16S rRNAS Fwd: GGGCATGTAGGCGGTTCGGT 300bp Tokarz et al., 2009 
 Rev: TCAGCGTCAGTACCGGACCA   
Ehrlichia 16S rRNAS  Fwd: GCAACCCTCATCCTTAGTTACCA 300bp Tokarz et al., 2009 

 Rev: TGTTACGACTTCACCCTAGTCAC   
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2.3 Arbovirus occurrence among patients with acute febrile illnesses visiting 

rural health clinics in Homa Bay County  

2.3.1 Study design  

This was a longitudinal qualitative study involving patients with acute febrile illnesses that 

presented at four rural health clinics at Homa Bay County. The study was carried out between 

January, 2012 and June, 2014 after ethical clearance from the Kenya Medical Research Institute 

(KEMRI) ethics review committee (Approval Ref: Non-SSC Protocol #310). 

2.3.2 Human febrile illness sampling area 

This study was conducted in Homa Bay County, Kenya along the shores and two adjacent 

islands of Lake Victoria. Four rural health clinics were chosen at random around icipe-Thomas 

Odhiambo campus (0° 25’49.57"S, 34°12' 24.20"E; e1200m above sea level). These health clinics 

included Sena clinic located on Mfangano Island, Tom Mboya clinic on Rusinga Island, Kitare 

and Kisegi health clinics both located on the mainland shore of Lake Victoria. Most inhabitants 

belong to the Luo and Suba ethnic groups whose main socio-economic activities are fishing and 

small scale mixed farming, which includes keeping of livestock (mainly cattle, sheep, and goats). 

 

2.3.3 Human Subject Selection 

Using a brief close-ended questionnaire, project staff explained the study to the participants 

in Swahili or the local language and provided participants with study information. Written 

informed consent was obtained from all sampled febrile illness patients with fever >38° C. Adults 

accompanying patients between 12 and 17 years old consented on behalf of the patients. Patients 

presented with case definition for acute febrile illness with other symptoms (Table 4) were selected 

and screened for the presence of Plasmodium parasites by microscopy (thick blood smear), and 

rapid diagnostic tests (RDTs) (CareStart™ Malaria HRP2(Pf)). RDTs (supplied by Ministry of 
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Health) are occasionally used if available to screen for the presence of Plasmodium. Patients who 

provided samples with detectable Plasmodium parasites using these approaches were treated for 

malaria and excluded from the study. Serum and blood (3 mL each) was drawn from consenting 

patients (12 years and above). All patients included in the study were further screened and selected 

for those without history of antimalarial treatment two weeks prior to seeking medical attention. 

Vacutainer collection tubes (BD Vacutainer, New Jersey) were used to collect patients’ fresh blood 

and serum samples. Blood and Serum collected from each patient was separated into three aliquots 

of 1mL each and stored labelled cryovials before immediately storing in liquid nitrogen shippers. 

To protect patient anonymity, all samples and questionnaires were labelled with barcode 

identifiers. Filled shippers and questionnaires were transported to Martin Lüscher Emerging 

Infectious Disease Laboratory in Nairobi for analysis. The samples were collected between May 

2012 and June 2014, facilitated by staff in the Division of Disease Surveillance and Response 

(DDSR) of the Kenyan Ministry of Public Health and Sanitation.  
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Table 4: Case definition used to detect patients with acute febrile illness visiting rural health 

clinics of Homa Bay County of Kenya (Jentes et al., 2010) 

 

 
 

 3.3.4 Testing Blood samples for presence of Plasmodium using PCR-HRM 

DNA was extracted from blood aliquots and amplified using nested PCR, targeting 18S 

rRNA genes in Plasmodium DNA. For the primary amplification step, forward (PL-1459-F: CTG 

GTT AAT TCC GAT AAC), and reverse (PL-1706-R: TAA ACT TCC TTG TGT TAG AC) 

primers were designed using Primer3 software (Untergasser et al., 2012). The second pair of 

primers used for the nested amplification reaction were PL-1473-Forward (3’-TAA CGA ACG 

AGA TCT TAA-5’) and PL-1679-Reverse (3’-GTT CCT CTA AGA AGC TTT-5’), which 

targeted a 204–270 base pair fragment (depending on the Plasmodium species) of a polymorphic 

region in the 18S rRNA gene (Mangold et al., 2005). Ten-fold dilutions of the primary PCR 

products were used as templates for the nested reactions. Each of the two amplification reactions 

were carried out in 10 μL final reaction volumes consisting of 1 μL DNA template, 2 μL Hot 

Firepol® HRM mix kit (Solis BioDyne, Estonia), 0.5 μL of 0.5 μM of both primers and 6 μL 

nuclease free PCR water. The touchdown PCR thermal conditions consisted of an initial 

 

Major Signs  Minor signs  

Bleeding of nose, mouth and vagina  Headache  

Conjunctival haemorrhage Sore throat 

Jaundice General Malaise 

Buzzing in the ears  Muscle Pain  

 Joint pain 

 Vomiting  

 Cough  

 Abdominal pain 

 Diarrhoea 
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denaturation at 95°C for 5 minutes, 45 cycles of denaturation at 94°C for 20 seconds, decreasing 

annealing temperatures from 65°C to 50°C for 25 seconds (cycles 1–5), 50°C for 40 seconds 

(cycles 6–10), 50°C for 50 seconds (cycles 11–45), and extension at 72°C for 30 seconds. A final 

extension of 72°C for 3 minutes was included before HRM analysis. Upon completion, the nested 

PCR process was transitioned into the melting phase (HRM) in the same closed tube system 

yielding distinct melting profiles in a Rotor-Gene Q® machine (QIAGEN, Germany). The set of 

conditions for HRM included 0.2°C incremental temperature increases from 75°C to 90°C, with 

fluorescence acquisition at the end of each 2 second temperature increment. DNA extracts from P. 

falciparum infected blood and deionized water were used as positive and negative controls, 

respectively. Products that produced curves distinct from the P. falciparum positive control were 

sequenced by Macrogen (Seoul, Korea) and aligned with reference sequences for Plasmodium 

malariae [GenBank:AB489193] and Plasmodium ovale [GenBank:AJ001527] using Geneious 

6.1.6 software (Kearse et al., 2012). Protocols for nPCR (Snounou et al., 1993) and dPCR-HRM 

(Mangold 2005) were also separately used on all samples for comparison purposes. 

2.3.5 Inoculation in Vero cell lines and virus propagation  

Fifty microlitre of serum was diluted in 50µL Minimum Essential Medium (MEM) and 

inoculated in a confluent monolayer of Vero cell line in order to facilitate viral expansion through 

replication. Prior to the inoculation, Vero cells were grown in Minimum Essential Eagle’s Medium 

(MEM) supplemented with 10% fetal bovine serum (FBS), 2% L-glutamine and antibiotic mixture 

(fungizone, 100 U/mL penicillin, and 100 U/mL streptomycin). Cells were grown in 25 and 75 

cm2 cell culture flasks (Corning Incorporated, Corning, NY 14831) and incubated at 37°C in a 

humidified incubator with 5% CO2. Upon attaining a confluent monolayer, the cells were trypnised 

and 1 mL used to seed every well in a 24 well cell culture plates. This was incubated over night 

for attachment of the cells to take place.  To each well, 50 µL of the serum was seeded including 
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positive of Ndumu virus (Lutomiah et al., 2014b) and negative controls of neat MEM and 

incubated at 37°C for attachment to occur then 1 mL Minimum Essential Eagle’s Medium (MEM) 

supplemented with 2% fetal bovine serum (FBS), 2% L-glutamine and antibiotic mixture 

(fungizone, 100 U/mL penicillin, and 100 U/mL streptomycin) was added to each well. The 

inoculated cell culture plates were incubated at 37°C in a humidified incubator with 5% CO2 in 

enhanced bio-safety level 2 (BSL-2) facility. They were observed daily through 14 days for 

cytopathic effects (CPE), which signifies viral growth. Wells showing cytopathic effects or 

suspected cytological changes were noted and harvested by centrifugation at 8000 rpm for 15 

minutes. All negative cultures were blind passaged once and observed daily for 4 additional days 

for any CPE before discarded. Two hundred microlitre aliquots of harvested positive culture were 

used for specific RT-PCR and the remainders were stored in liquid nitrogen for future use. 

2.3.6 Passage of confirmed virus isolates 

Two hundred micro-litres of the infected cells that had been harvested from the original 

inoculation were re-inoculated into confluent monolayer in 25 cm2 tissue culture flask (T-25 

flasks) and monitored until the CPE was reproduced. The flasks were then frozen at -80°C for a 

day then thawed and the contents transferred into 15ml centrifuge tubes. The tubes were 

centrifuged at 2500-3000rpm for 10min, the supernatant collected and aliquoted into cryovials of 

1 ml each then stored at -80°C.  

2.3.7 Total RNA extraction, Reverse Transcription and Polymerase chain reaction  

Total RNA was extracted from positive cultures as well as all blood aliquots of 339 patients 

in fully automated MagNA Pure LC extraction system robot (MagNA 96 Pure RNA and Viral NA 

Small Volume Kit (Roche Applied Science, Penzberg, Germany). Following extraction, reverse 

transcription was performed using High Capacity cDNA Reverse Transcription Kit (Applied 
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Biosystems) and multiplex real-time PCRs for flavivirus, alphavirus, phleboviruses, and 

othobunyaviruses were carried out in 5x HOT FIREPol® EvaGreen® HRM Mix (no ROX) (Solis 

BioDyne, Estonia). Using published primers (Table 5), phleboviruses (Lambert and Lanciotti, 

2009), orthobunyaviruses (Lambert and Lanciotti, 2009) and alphaviruses (Eshoo et al., 2007) 

were screened by PCR, as well as flaviviruses were amplified based on nested PCR as previously 

described (Vazquez et al., 2012) in 10 μl reactions using 1μl cDNA template, 5 μl MyTaq™ HS 

master mix (Bioline Reagents Limited, London, UK) and 1 μl of 50 μM SYTO-9 saturating 

intercalating dye (Life technologies, Carlsbad, California). Laboratory arboviral stocks of diverse 

Kenyan isolates (Ochieng et al., 2013) were used as standard reference controls. Viral amplicons 

were initially identified by HRM analysis and then confirmed by sequencing at Macrogen (Seoul, 

South Korea) after amplicon purification with ExoSAP-IT (USB Corporation, Cleveland, OH). 

The thermal cycling conditions used for amplification were as follows: Initial denaturation at 95°C 

for 5 min, followed by 10 cycles of 94°C for 20s, step-down annealing from 63.5°C decreasing by 

1°C per cycle for 25 sec, and primer extension at 72°C for 30 sec; 25 cycles of denaturation at 

94°C for 25 sec, annealing at 50.5 for 20 sec and extension at 72°C for 30 sec, followed by a final 

extension at 72°C for 7 min. Following PCR, high resolution melting analyses of amplicons 

through gradual increase in temperature from 75°C to 90°C at 0.1°C/s increments was done. 

Changes in fluorescence with time (dF/dT) were plotted against changes in temperature (°C). 

Positive samples/amplicons were detected by observation of melting curves and peaks, and then 

purified with ExoSAP-IT (USB Corporation, Cleveland, OH) to remove unincorporated dNTPs 

and PCR primers before sequencing, which was outsourced from Macrogen (South Korea). The 

returned sequences were edited and aligned using MAFFT (Katoh et al., 2002) plugin in Geneious 

software (version 8.1.4) (Kearse et al., 2012) sequence identity was revealed by querying in the 

GenBank nr database using the Basic Local Alignment Search Tool BLAST (Altschul et al., 1990). 
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For identification of specific pathogens, homology cut off of 94%-100% identity with a GenBank 

e-value threshold of 1.0e-50 was used. 

 

Table 5: Oligonucleotide primers used for the detection of arboviruses in patients 

with acute febrile illnesses visiting rural health clinics in Homa Bay County. 

 

Target Primer name Primer sequence References  

Phlebovirus Phebo F1  5'-AGT TTG CTT ATC AAG GGT TTG ATG C-3' 
(Lambert and Lanciotti, 
2009) 

 Phlebo F2 5'-GAG TTT GCT TAT CAA GGG TTT GAC C-3'  

 Phlebo R 5'-CCG GCA AAG CTG GGG TGC AT-3'  

Orthobunyavirus BUN F 5'-CTG CTA ACA CCA GCA GTA CTT TTG AC-3' 
(Lambert and Lanciotti, 
2009) 

 BUN R 5'-TGGAGGGTAAGACCATCGTCAGGAACTG-3'  

Alphavirus Vir 2052 F 5'-TGG CGC TAT GAT GAA ATC TGG AAT GTT-3' (Eshoo et al., 2007) 

 Vir 2052 R 5'-TAC GAT GTT GTC GTC GCC GAT GAA-3'  

Flavivirus 1NS5F 5'-GCA TCT AYA WCA YNA TGG G-3' (Vazquez et al., 2012) 

 1NS5R 5'-CCA NAC NYN RTT CCA NAC-3'  

 2NS5F 5'-GCN ATN TGG TWY ATG TGG-3'  

  2NS5R 5'-TRT CTT CNG TNG TCA TCC-3'  

 

 

2.3.8 Determination of viral titer (Plaque assay) 

Plaque assay was used to determine known amounts of virus (viral titer) that produced 

recommended plaque forming units per well. Due to limited resources, this was only possible for 

limited samples from Mfangano and Rusinga islands. To achieve about 800pfu/ml (80plaques in 

a well when 100µl of virus is added per well), tenfold dilutions of each virus were prepared as 

described at (www.bdbiosciences.com › Resources › Baculovirus Protein Expression). Briefly, 

fifty microlitres of a viral stock (e.g. Sindbis) was added onto 450 µl 2% MEM (Sigma Aldrich, 

St. Louis, USA) over a tenfold dilution series upto 10-10. A hundred microlitre of these dilutions 

was then plated onto their respective confluent Vero cells in 6 well plates. After one hour 

incubation at 37°C, 3 ml of methyl cellulose overlay medium was added to each well and incubated 

at 37°C, 5% CO2 for three days for Sindbis virus and four days for Bunyamwera virus. After the 

overlay was removed, 10 % formaldehyde was added to the wells and placed under UV for 30 min 
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for fixing and to inactivate the virus. The plates were placed under slow running tap water to 

remove the formaldehyde and stained immediately with 0.5 % methyl violet dye then washed off 

and left overnight to dry.  

The plaques were then counted and plaque forming units per ml (pfu/ml) calculated using the 

formula: 

 

 

 

2.3.9 Determination of Neutralization Activity (Plaque Reduction Neutralization Test)  

All the sera samples were heat inactivated at 56 °C for 30 min. Twelve microlitres of a 

serum sample was diluted into 108 µl of 2 % MEM (1:10 dilution) virus. A previously unthawed 

vial of virus was thawed on ice. The virus stock was then diluted as previously determined from 

the plaque assay. Sixty microlitres of the diluted virus was then mixed with an equal volume of 

the serum in a 24 well plate and incubated for one hour. Other controls incubated included a 

negative control (MEM alone), backtitrated controls (10-9 and 10-8 for Bunyamwera and Sindbis 

viruses respectively) and a working dilution of the virus. A 100 µl of the incubated mixture and 

the controls were inoculated onto confluent cells in 6 well plates and incubated for one hour again. 

Three millilitres of methyl cellulose overlay medium was finally added to the wells and the plates 

incubated for three days for Sindbis and four days for Bunyamwera virus and later stained as 

described above (3.2.6). 

  

 

 

 

 



43 

 

CHAPTER THREE 

RESULTS 

 

3.1 Results on determination of mosquito bloodmeals and arboviruses in 

blood-fed mosquitoes  

Greater numbers of mosquitoes were sampled in Baringo County (68.3%) than in Homa 

Bay County (31.7%). Out of the total collection, 472 (0.8%) mosquitoes were blood-fed (258 from 

Homa Bay County, shores of Lake Victoria; 214 from Baringo County) and analysed. In Homa 

Bay, blood-fed mosquito samples were composed of 15 species in all the six sampling sites with 

the highest proportion from the Mfangano Island (27.1%), while Rusinga Island had the least 

(5.8%). Culex naivei (9.3%), and Culex pipiens (5.4%) were the predominant blood-fed species in 

Mfangano, while Aedes mettalicus (0.4%) was the least abundant (Table 6). In Baringo County, 

the samples constituted 11 mosquito species in all five sampling areas with the highest frequency 

of blood-fed mosquitoes in Logumgum (37.9%). On average, blood-fed Mansonia africana was 

abundant in all sampling areas, while Ae. aegypti (0.9%) sampled at Salabani and Ae. vittatus 

(0.9%) sampled from Ruko wildlife conservancy were the least abundant blood-fed species from 

Baringo. The percentage abundance of blood-fed mosquitoes sampled in both study areas are 

represented in Table 6.  
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Table 6: Numbers of blood-fed mosquito species captured at different sampling sites in Homa Bay and Baringo Counties of Kenya. 

Species Mbita Ungoye Luanda Nyamasare Mfangano Chamaunga Rusinga Homa Bay Total Kampi ya samaki Ruko Salabani Logumgum Kokwa Island  Baringo Total

Ad. africana 17(7.94%) 17 (7.94%)

Ae. aegypti 4 (1.55%) 1 (0.38%) 5 (1.94%) 2(0.93%) 2 (0.93%)

Ae. hirsutus 3 (1.16%) 3 (1.16%)

Ae. mettalicus 1 (0.38%) 6 (2.32%) 7 (2.71%)

Ae. vittatus 1 (0.46%) 2 (0.93%) 3 (1.40%)

An. coustani 4 (1.55%) 10 (3.87%) 8 (3.1%) 4 (1.55%) 26 (10.08%) 3 (1.4%) 11 (5.14%) 15 (7.01%) 3 (1.4%) 32 (14.95%)

An. funestus 2 (0.77%) 2 (0.78%) 1 (0.46%) 1 (0.47%)

An. gambiae 5 (2.33%) 7 (2.71%) 7 (2.71%) 1 (0.38%) 20 (7.75%) 2 (0.93%) 2 (0.93%) 4 (1.87%) 8 (3.74%)

An. pharoensis 2 (0.77%) 2 (0.78%)

Cx. naivei 24 (9.3%) 24 (9.30%)

Cx. pipiens 14 (5.42%) 6 (2.32%) 14 (5.42%) 14 (5.42%) 3 (1.16%) 51 (19.77%) 3 (1.4%) 4 (1.87%) 7 (3.27%) 14 (6.54%)

Cx. poicilipes 14 (5.42%) 14 (5.43%) 4 (1.87%) 4 (1.87%)

Cx. univitatus 9 (3.48%) 1 (0.38%) 7 (2.71%) 6 (2.32%) 23 (8.91%) 1 (0.46%) 9 (4.2%) 5 (2.33%) 15 (7.01%)

Cx. vansomerini 5 (2.33%) 5 (1.94%)

Ma. africana 14 (5.42%) 3 (1.16%) 11 (4.26%) 7 (2.71%) 1 (0.38%) 36 (13.95%) 15 (7.01%) 15 (7.01%) 13 (6.07%) 32 (14.95%) 5 (2.33%) 80 (37.38%)

Ma. uniformis 9 (3.48%) 13 (5.03%) 2 (0.77%) 5 (2.33%) 29 (11.24%) 9 (4.2%) 3 (1.4%) 6 (2.8%) 8 (3.74%) 12 (5.6%) 38 (17.76%)

Mm. splendens 11 (4.26%) 11 (4.26%)

Totals 69 (26.74%) 10 (3.87%) 56 (21.7%) 70 (27.13%) 38 (14.72%) 15 (5.81%) 258 35 (16.35%) 37 (17.29%) 34 (15.88%) 81 (37.85%) 27 (12.61%) 214

Mainland sites Island sites Mainland sites

Baringo CountyHoma Bay County

 

Denominator totals represent total blood fed mosquito per site. 
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Bloodmeal sources were identified from 445 mosquitoes, representing 94.3% of captured 

blood-fed mosquitoes with the remaining 5.7% not conclusively determined due to either inability to 

be amplified by both primers or sequenced poorly, making them difficult to analyse. In Homa Bay, 

bloodmeal sources of mosquitoes (Table 7) ranged from humans (15.9%) to domestic (reared by 

humans) (53.5%) and peridomestic (common within homesteads) (11.2%) animals, as well as diverse 

species of wild birds (13.6%). Bloodmeal sources from domestic animals included goats (15.9%; 

Capra hircus), cows (15.5%; Bos taurus), sheep (6.9%; Ovis aries), dogs (5.4%; Canis lupus), chicken 

(5.4%; Gallus gallus) and donkeys (4.3%; Equus asinus), while peridomestic bloodmeal sources 

included rodents (2.3%; Arvicanthis niloticus, Rattus norvegicus and Mus musculus), frogs (6.2%; 

Ptychadena nilotica and Ptychadena anchietae), toads (1.9% Bufo regularis) and two bat species 

(Rhinolophus ferrumequinum and Micropteropus pusillus). Wildlife included cane rats (2.3%; 

Thryonomys swinderianus) and wild birds (11.2%) comprising Muscovy ducks (Cairina moschata), 

crows (Family: Corvidae), grey heron (Ardea sp.), doves (Family: Columbidae), two weaver bird 

species (Family: Ploceidae), blue-naped mousebirds (Urocolius macrourus), cattle egrets (Bubulcus 

ibis) and two passerine bird species (Order: Passeriformes) (Table 8). Similarly, in Baringo, bloodmeal 

sources of mosquitoes (Table 9) ranged from human (11.21%), to domestic (63.1%) and peridomestic 

animals (6.1%), but included pigs (Sus scrofa) and more wildlife species (12.2%) like baboons (Papio 

sp.), hippopotamus (Hippopotamus amphibius) and crested porcupine (Hystrix cristata), black bird 

(Family: Icteridae), Pheasant (Subfamily: Phasianinae) and rabbit (Orycytolagus sp.). Sequence 

identity e-values with specific Blast matches to GenBank sequences, as well as GenBank accessions 

of bloodmeal cyt b sequences are indicated in Table 10. The alignments of the shorter 16S sequences 

with their closest Blast hits are shown in appendix 1 
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Table 7: Number of bloodmeal sources of mosquito species sampled in Homa Bay County.

 
N = Number of mosquitoes analyzed, ND = Not determined.  #mixed blood meal cases. 
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Table 8: Bird species represented in mosquito bloodmeals in both study areas 

Birds represented in mosquito bloodmeal Mosquito species Study site GenBank Accession (% identity; e -value) 

Weaver bird (Ploceus baglaflecht reichnowi) Cx. naivei (2) Mfangano AY283898 (97% 16S; 9e -76)

An. gambiae (1) Logumgum

Ae. metalicus (1) Chamaunga

An. funestus (1) Chamaunga

Weaver bird (Family: Ploceidae) Cx. pipiens (1) Luanda Nyamasare AY283898 (96% 16S; 9e -76)

Cx. pipiens (1) Kokwa

An. coustani (3) Kokwa

Ma. uniformis (1) Logumgum

Blackbird (Family: Icteridae) Ma. uniformis (1) Logumgum JX516070 (94% 16S; 4e -54)

Ma. africana (1) Logumgum

Swallow (Hirundo rustica) Mm. splendens (2) Mbita AB042382 (99% 16S; 7e -82)

Blue-naped mousebird (Urocolius macrourus) Cx. vansomereni (1) Mbita AF173589 (99% 16S; 3e -90)

Cx. pipiens (1) Mbita

Cx. univittatus (3) Luanda Nyamasare, Chamaunga

Ma. uniformis (1) Rusinga

Cattle egret (Bubulcus ibis) Cx. poicilipes (2) Chamaunga KJ190945 (99% 16S; 1e -890)

Ad. africana (1) Logumgum

Chicken (Gallus gallus) Ma. uniformis (1) Mbita AY236430 (100% 16S; 2e-82)

Cx. vansomereni (1) Mbita

Cx. pipiens (8) Luanda Nyamasare, Mfangano, Kampi ya Samaki, Kokwa

Cx. naivei (2) Mfangano

An. coustani (6) Mfangano, Kokwa, Logumgum

Ma. africana (8) Mfangano, Kampi ya Samaki, Salabani, Logumgum

Ae. hirsutus (2) Mfangano

Ae. metalicus (1) Mfangano

Ma. uniformis (6) Rusinga, Kampi ya Samaki, Salabani, Mbita

An. gambiae (1) Kampi  ya Samaki

Ae. aegypti (1) Salabani

Cx. univittatus (1) Logumgum

Cx. poicilipes(1) Ruko

Pheasant (Subfamily: Phasianinae) Ma. uniformis (3) Kokwa EU165707 (92% 16S; 2e-51)

Grey heron (Ardea cinerea) Ma. uniformis Salabani KJ190947 (100% 16S; 2e-77)

Cx. poicilipes (3) Salabani

Muscovy duck (Cairina moschata) Cx. univittatus (1) Kampi ya Samaki EU755254 (100% 16S; 2e-81)

Ma. uniformis (2) Mbita, Chamaunga

An. coustani (2) Rusinga

Passerine bird (Order: Passeriformes) Cx. naivei (1) Mfangano KM078809 (96%; 2e-71)

Cx. coustani (1) Chamaunga

Cx. univittatus(1) Logumgum

Cx. univittatus (1) Logumgum

Passerine bird (Order: Passeriformes) Cx. naivei (1) Mfangano FJ465224 (94%; 6e-68)

Cx. pipiens (1) Mbita

Ma. uniformis (1) Chamaunga 

Dove (Family: Columbidae) Cx. univittatus (3) Ruko, Mbita KC984248 (96% 16S; 5e-86)

Ma. africana (1) Ruko

An. coustani (2) Ruko

Crow  (Family: Corvidae) Cx. univittatus (1) Salabani AF171067 (91% cyt b, 1e-112)
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Table 9: Number of bloodmeal sources of mosquito species sampled in Baringo County 

N = Number of mosquitoes analysed, ND = Not determined.  #mixed blood meal cases. *virus positive cases
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Table 10: Sequence identity and e-values of all mosquito bloodmeal sources with specific BLAST 

matches to GenBank sequences (Accessed May 25, 2015). 

Blood meal sources  Study cyt b sequence cyt b (% identity; e-value) 16S (% identity; e-value) 

Human (Homo sapiens) KP858485 KJ801974 (100%; 1e-150) KP218948 (99%; 4e-79) 

Goat (Capra hircus)  KP858486 FM205715 (100%; 2e-153) KP195268 (100%; 2e-72) 

Cattle (Bos taurus) KP858487 EU365345 (100%; 1e-151) KJ789953 (99%; 3e-70) 

Sheep (Ovis aries)    KP998473 (98%; 4e-79) 

Dog (Canis familiaris) KP858493* DQ309764* (100%; 5e-150) KF661075 (99%; 3e-91) 

Donkey (Equus asinus)   KM881681 (99%; 3e-85) 

Pig (Sus scrofa) KP858488 KJ652503 (100%; 9e-148)  

Rat (Subfamily: Murinae)   AF141228 (92%; 4e-59) 

Baboon (Papio sp.) KP858489 JX946199 (100%; 1e-146)  

House mouse (Mus musculus) KP858490 KP260517 (100%; 7e-144)  

Brown rat (Rattus norvegicus) KP858491 KP241960 (100%; 1e-146)  

Cane rat (Thryonomys sp.) KP844654 AJ301644 (97%; 5e-140)  

Rabbit (Oryctolagus sp.) KP858492 HG810791 (100%; 4e-146)  

Crested porcupine (Hystrix cristata) KP858484 FJ472572 (100%; 7e-144)  

Fruit bat (Micropteropus pusillus)   JN398183 (100%; 6e-72) 

Hippopotamus (Hippopotamus amphibius) KP844655 AP003425 (99%; 3e-132)  

Weaver bird (Ploceus baglaflecht 
reichnowi) 

  AY283898 (97%; 9e-76) 

Weaver bird (Family: Ploceidae)   AY283898 (96%; 9e-76) 

Blackbird (Family: Icteridae)    JX516070 (94%; 4e-54) 

Swallow (Hirundo rustica)    AB042382 (99%; 7e-82) 

Blue-naped mousebird (Urocolius 
macrourus) 

  AF173589 (99%; 3e-90) 

Cattle egret (Bubulcus ibis)   KJ190945 (99%; 1e-89) 

Chicken (Gallus gallus)    AY236430 (100%; 2e-82) 

Pheasant (Subfamily: Phasianinae)   EU165707 (92%; 2e-51) 

Grey heron (Ardea cinerea)   KJ190947 (100%; 2e-77) 

Muscovy duck (Cairina moschata)   EU755254 (100%; 2e-81) 

Passerine bird (Order: Passeriformes)   FJ465224 (94%; 6e-68) 

Passerine bird (Order: Passeriformes)   KM078809 (96%; 2e-71) 

Dove (Family: Columbidae)   KC984248 (96%; 5e-86) 

Crow (Family: Corvidae) KP844653 AF171067 (91%, 1e-112)  

African toad (Bufo regularis)   AF220889 (100%; 7e-92) 

Grass frog (Ptychadena nilotica)   DQ525928 (100%; 8e-86) 

Anchieta's ridged frog (Ptychadena 
anchietae) 

    GQ183598 (100%; 1e-84) 

*cyt b like pseudogene 
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Distinct HRM profiles for the two markers of diverse bloodmeal species are 

shown in Figure 4. Detection of mixed blood meals was evaluated for accuracy and 

sensitivity from 1 µl triplicate aliquots of ten-fold serial dilutions (up to 10-7) of pure and 

mixed blood. The sensitivity of the two markers in identifying the standard controls is 

tabulated in Table 11. Detection of mixed and pure blood showed slight variations in 

melting profiles (Figure 5). Mixed bloodmeals in the field-collected samples were 

detected in Cx. pipiens gut from Mbita that had fed on goat and human blood, and two 

Ma. africana sampled in Baringo that both had bloodmeals of rat (Arvicanthis niloticus) 

in addition to human or baboon (Papio sp.) (Figure 6). Although the cyt b marker could 

more efficiently identify mixed bloodmeals in field collection than the 16S marker 

(Figure 6), there were instances where sequencing of cyt b amplicons resulted in 

mosquito-specific sequences (<90% sequence homology) with lower melting temperature 

ranges than vertebrates (Figure 7). Such was observed in Ae. hirsutus, Ae. metallicus, Ae. 

aegypti, Ae. vittatus and An. coustani that were among the 27 samples in which mosquito 

DNA amplified instead of their host’s DNA. These were clearly resolved based on 16S 

HRM analysis, resulting in correct identification of vertebrate host species. Melting 

profiles of some pairs of vertebrate host species was found to appear somewhat similar 

when using products of either cyt b or 16S alone, but not across both markers (Figure 4). 

For instance, pairs of host species such as pig and wild rabbit (Oryctolagus sp.) or human 

and baboon (Papio sp.) could be differentiated based on their 16S HRM profiles, but not 

based on their cyt b HRM profiles. Likewise, similar 16S HRM profiles were observed 

between crested porcupine (Hystrix cristata) and goat (Capra hircus) and between 

passerine bird and mousebird bloodmeals that could be differentiated based on their cyt 
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b HRM profiles. Therefore, the comparisons of HRM profiles from both loci allowed for 

more robust species differentiation and identification among many species (Figure 4).  

 

Table 11: Dilution factor detection limits of cyt b and 16S rRNA markers of pure and 

mixed serially diluted blood. 

Host  Cytochrome b  16S rRNA 

Chicken 10-4 (0.1 nl) 10-4 (0.1 nl) 

Human  10-6 (1 pl) 10-6 (1 pl) 

Rabbit  10-4 (0.1 nl) 10-4 (0.1 nl) 

Swiss mouse  10-6 (1 pl) 10-5 (10 pl) 

Human-Rabbit Mix  10-4 (0.1 nl) 10-5 (10 pl) 

Chicken-Swiss mouse mix  10-3 (1 nl) 10-5 (10 pl) 

Volumes of blood extracted at different dilutions are indicated in brackets. 

nl=nanoliters, pl=picoliters 
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Figure 4: HRM profiles of selected mosquito bloodmeal sources using cyt b (A) and 16S rRNA 

(B). Vertebrate species in the legend are ordered from their lowest to highest 16S rRNA melting 

temperatures. 
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Figure 5: Melt rates of serially diluted pure and mixed blood for calibration of identifications 

and sensitivity validations using cyt b (A) and 16S rRNA (B). Vertebrate species in the legend 

are ordered from their lowest to highest melting temperatures. 
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Figure 6: Melt rates of field collected mixed mosquito blood meals using cyt b (A) and 16S 

rRNA (B). Vertebrate species in the legend are ordered from their lowest to highest melting 

temperatures. 
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Figure 7: Melt rates of mosquito cyt b amplicons alongside selected vertebrate bloodmeal 

amplicons. Species in the legend are ordered from their lowest to highest melting 

temperatures. 

 

Seven out of 214 (3.3 %) cell culture wells inoculated with blood-fed mosquito 

homogenates from Baringo that were suspected to be positive for virus induced 

cytopathology. Three isolates were successfully amplified and resolved as Bunyamwera 

Virus by HRM (Figure 8) and confirmed by amplicon sequencing of 199bp non-structural 

gene fragment (98% identity to GenBank accession KM507344; e-value 8e-92). These 

Bunyamwera Virus positives included Aedeomyia africana that had fed on cattle, An. 

coustani that had fed on sheep and Ma. africana that had fed on man all from Logumgum. 

From a Cx. pipiens from Kokwa Island that had fed on human, a 91bp fragment of Sindbis 

virus was also sequenced (95% identity to GenBank accession KF737350; e-value 1e-

30). The rest were not fully characterized, as the samples did not amplify. PCR screening 

of phleboviruses and flaviviruses were all negative.  
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Figure 8: Melt rate profiles of Bunyamwera S segment amplicons detected in blood-fed 

mosquitoes. 
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3.2 Results on molecular detection of tick borne pathogens around 

Lakes Victoria and Baringo, Kenya 

A total of 585 tick pools representing 4,126 ticks of 14 species were collected and 

analysed from both study areas. There were more ticks sampled in Baringo County 

(80.5%) as a result of higher sampling effort compared to Homa Bay County (19.5%). In 

Baringo County, 12 tick species sampled from cattle, goats, sheep, poultry houses and 

free ranging tortoises were analysed (Figure 9). Rhipicephalus pravus (22.0%) sampled 

from domestic ruminants and dogs from Logumgum were the most frequent species 

sampled, while Am. nuttalli (0.2%) sampled from free ranging tortoises at Kampi ya 

Samaki was the least frequent species sampled. Among the 12 tick species sampled from 

Baringo County, 11 were hard ticks (Family; Ixodidae) and one was a soft tick (Argas 

persicus, 7.0%) that was sampled from a poultry house in Kampi ya Samaki. The 

proportion of all tick species sampled from different hosts in the four study areas of 

Baringo County is represented in Figure 10 and Table 12. In Baringo County, 1,084 ticks 

representing 32.6% of the total collection were sampled from goats, indicating that goats 

were more heavily parasitized than any other animal though high number of goats (117) 

was in relation to their high frequency as natives of Baringo prefer domesticating goats 

over any other animal (Table 12).  
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Figure 9: Amblyomma, Rhipicephalus, Hyalomma and Argars tick genera sampled from Baringo County (Amblyomma species were taken by camera enabled Leica 

microscope. Leica Microsystems Buffalo Groove, Illinois). The other species were obtained at http://www.barcodeoflife.org/. 

Am. variegatum Am. sparsum Am.falsomarmoreum Am.nuttalli Am. gemma 

Rh. pravus Hy. rufipes
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Hy. truncatum Rh. pulchellus Rh. evertsi evertsi 
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Figure 10: Distribution of ticks sampled from different hosts in Baringo County. 
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Figure 11: Two tick species that were sampled in Homa Bay County, but not Baringo County (Am. aponoma latum was 

taken by camera enabled Leica microscope. Leica Microsystems Buffalo Groove, Illinois) Rh. appendiculatus picture was 

obtained at http://www.barcodeoflife.org/. 
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Table 12: Tick sampling from different hosts in four study areas of Baringo County  
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In Homa Bay County, there were eight tick species with Rh. pravus (29.9%) being 

the most frequent species, other species from Homa Bay included Rh. pulchellus (19.0%), 

Am. variegatum (16.6%), Rh. evertsi evertsi (15.5%), Am. gemma (9.4%), Rh. 

appendiculatus (4.1%) and Hy. truncatum (1.7%). Amblyomma (Aponomma) latum 

(3.8%) was also sampled from parasitized monitor lizards. (Figure 12). Amblyomma 

latum and Rh appendiculatus (Figure 11) represents two species that were only sampled 

from Homa Bay County and not Baringo. Distribution of different tick species among 

hosts is represented in Table 13 
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Figure 12: Distribution of ticks sampled from different hosts in Homa Bay County. 
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Table 13: Tick sampling from different hosts in four study areas of Homa Bay County 

Study Area Tick species Pools n Goats Sheep Cattle Dogs Monitor lizards Totals 

Ngothe Am. variegatum 4 18 4 (0.49%) 5 (0.62%) 9 (1.11%) 18 (2.23%)

Rh. evertsi evertsi 8 45 30 (2.72%) 4 (0.49%) 3 (0.37%) 8 (2.23%) 45 (5.58%)

Rh. pulchellus 9 61 23 (2.85%) 14 (1.73%) 24 (2.97) 61 (7.56%)

Hy. truncatum 3 12 3 (0.37%) 9 (1.11%) 12 (1.48%)

Mbita Am. gemma 9 67 12 (1.48%) 4 (0.49%) 51 (6.32%) 67 (8.31%)

Am. variegatum 5 32 6 (0.74%) 10 (1.24%) 16 (1.98%) 32 (3.97%)

Rh. evertsi evertsi 7 40 18 (2.23%) 6 (0.74%) 11 (1.36%) 5 (0.62%) 40 (4.96%)

Rh. pravus 13 83 38 (4.71%) 28 (2.47%) 13 (1.61%) 4 (0.49%) 83 (10.29)

Rh. pulchellus 1 6 6 (0.74%) 6 (0.74%)

Mfangano Am. variegatum 6 45 14 (1.73%) 6 (0.74%) 25 (3.1%) 45 (5.58%)

Rh. evertsi evertsi 5 26 14 (1.73%) 4 (0.49%) 5 (0.62%) 3 (0.37%) 26 (3.22%)

Rh. pravus 14 94 37 (4.59%) 27 (2.35%) 18 (2.23%) 12 (1.48%) 94 (11.66%)

Rh. pulchellus 8 41 19 (2.35%) 13 (1.61%) 9 (1.11%) 41 (5.08%)

Rusinga Am. latum 4 27 27 (3.34%) 27 (3.34%)

Hy. truncatum 1 6 6 (0.74%) 6 (0.74%)

Rh. Appendiculatus 5 29 4 (0.49%) 25 (3.1%) 29 (3.59%)

Rh. evertsi evertsi 6 23 11 (1.36%) 2 (0.24%) 4 (0.49%) 6 (0.74%) 23 (2.85%)

Rh. pravus 14 101 57 (7.07%) 15 (1.86%) 15 (1.86%) 14 (1.73%) 101 (12.53%)

Rh. pulchellus 7 50 26 (3.22%) 11 (1.36%) 12 (1.48%) 1 (0.12%) 50 (6.2%)

Totals 129 806 307 (38.08%) 152 (18.85%) 261 (32.38%) 53 (6.57%) 27 (3.34%)
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Tick borne pathogen gene fragments with distinct HRM profiles and representative 

sequence data that were at least 94% identical to a recognized TBP on GenBank were 

detected from Baringo (Table 14) and Homa Bay Counties (Table 15). In Baringo County, 

Ehrlichia ruminantium (12.3%) [GenBank accession NR_074155 99%; e-value 1e-94, 

196 bp 16S rRNA] which is the causative agent of heartwater in ruminants, was isolated 

in 56 tick pools mainly from Amblyomma species and Rh. evertsi evertsi (Table 14). Other 

agents of ehrlichiosis detected from ticks sampled from Baringo included E. canis (9.6%). 

The longer fragment of Ehrlichia canis (555bp) was subsequently amplified and analysed 

using Ehrlichia 16S rRNA JV primers in Rh. pravus, Rh. evertsi evertsi and Rh. 

pulchellus pools sampled from livestock and dogs (Table 16). Ehrlichia sp. (9.4%) and 

subsequent analysis of longer fragment 384bp, specifically Tibet/ Xinjiang isolated from 

pools of Am. gemma (7), Am. variegatum (3), Rh. evertsi evertsi (13), Rh. pulchellus (9) 

and Rh. praextatus (1). Paracoccus sp. (8.4%) was amplified using Ehrlichia primers in 

tick pools of Am. variegatum (1), Am. sparsum (9), Am. falsomarmoreum (2) and Am. 

gemma (8) (Table 16). There were instances where detected a mix of Paracoccus sp. and 

E. ruminantium from a single tick pool was observed. Six pools of Am. sparsum and four 

of Am. variegatum had both E. ruminantium and Paracoccus sp., while three pools of 

Am. variegatum had a mixed infection of Ehrlichia sp. and Paracoccus sp. Distinct HRM 

profiles of different Ehrlichia and Paracoccus sp. are shown in Figure 13.  

 

 

 

 



66 

 

 

Figure 13: Melt rate profiles of different Ehrlichia and Paracoccus sp. 16S rRNA segment 

amplicons detected in field collected ticks.  

 

Agents of livestock and canine anaplasmosis were detected in Baringo County. 

These included Anaplasma ovis (7.5%) [GenBank accession KJ410246 99%; e-value 1e-

135, 185bp] and a subsequent analysis of a longer 328 bp fragment using Anaplasma 16S 

rRNA JV primers [GenBank accession KJ410246 100%] [submitted GenBank accessions 

KT266581] isolated in tick pools of Am. variegatum (22), Am. gemma (7) and Rh. 

pulchellus (5) parasitizing livestock in Logumgum and Kampi ya Samaki. A. platys 

(14.0%) [GenBank accession LC018183 100%; e-value 5e-62, 185 bp 16S rRNA] was 
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detected in Rhipicephalus tick pools including Rh. evertsi evertsi (15), Rh. pravus (45) 

and Rh. pulchellus (4). Anaplasma bovis (3.9%) [GenBank: accession U03775 99%; e-

value 1e-135, 320 bp] using Anaplasma 16S rRNA JV primers [submitted GenBank 

accession KT266580] was detected in 18 tick pools of both Amblyomma and 

Rhipicephalus ticks (Table 14). HRM profiles of the three different anaplasmosis agents 

detected in Baringo County are represented in Figure 14.  

 

Figure 14: Melt rate profiles of three Anaplasma 16S rRNA segment amplicons detected in field 

collected ticks. 

Bacterial agents of rickettsiosis were also detected from tick species of Baringo 

County. Rickettsia aeschlimannii (2.9%) [GenBank accession HQ335165 100%; e-value 

8e-179, 344 bp rpmE/tRNAfMet] [Submitted GenBank accessions KT266585] detected 

from tick pools of Hy. truncatum (6), Hy. rufipes (5) and Rh. pulchellus (2). Rickettsia 

rhipicephali (5.5%) [GenBank accession CP003342 99%; e-value 1e-171, 434bp 

rpmE/tRNAfMet] [submitted GenBank accessions KT266586] was detected in tick pools 
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of Rh. evertsi evertsi (4) and Rh. pulchellus (21). Rickettsia montanensis (2.6%) 

[GenBank accession CP003340 99%; e-value 6e-170, 343 bp rpmE/tRNAfMet] [submitted 

GenBank accessions KT266588] was detected in tick pools of Am. gemma (6) and Rh. 

evertsi evertsi (3). Rickettsia japonica-like sequences were also detected [GenBank 

accession AP011533 94%; e-value 5e-115, 338 bp rpmE/tRNAfMet] [submitted GenBank 

accession KT266589] was isolated from two pools of Rh. pulchellus sampled from dogs 

near Ruko Conservancy. Rickettsia sp. (4.4%) [GenBank accession AB763430 97%; e-

value 9e-53, 254 bp rpmE/tRNAfMet] [submitted GenBank accession KT266587] were 

also detected in Rh. pulchellus pools sampled from cattle of Baringo County. Rickettsia 

africae sequences (7.9%) [GenBank accession CP001612 100%; e-value 2e-143, 280 bp 

rpmE/tRNAfMet] [submitted GenBank accessions KT266590] were isolated from tick 

pools of Am. gemma (14), Am. variegatum (16), Am. sparsum (3) and Rh. evertsi evertsi 

(3). High resolution melt curves of different Rickettsia detected are illustrated in Figure 

15. 
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Figure 15: High resolution melting profiles of Rickettsia rpmE/tRNAfMet gene fragments 

detected in field collected ticks. 

 

Babesia caballi [GenBank accession EU642514 98%; e-value 8e-123, 255 bp 18S 

rRNA] [submitted GenBank accession KT266583] was isolated from eight pools of Rh. 

pulchellus parasitizing cattle in Kampi ya Samaki. Hepatozoon fitzsimonsi [GenBank 

accession KR069084 100%; e-value 0.0, 438 bp 18S rRNA] [submitted GenBank 

accession KT266582] was isolated in nine tick pools of Am. sparsum and five pools Am. 

falsomarmoreum all having been sampled from free ranging tortoises in Baringo County. 

Theileria sp. [GenBank accession KP864648; 90%; e-value 2e-140, 402 bp 18S rRNA] 

[submitted GenBank accessions KT266584] was isolated from three pools of Rh. evertsi 

evertsi parasitizing livestock of Logumgum study area of Baringo County. Distinct HRM 
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profiles of Babesia caballi, Hepatozoon fitzsimonsi and Theileria sp. is illustrated in 

Figure 16 

 

Figure 16: Melt rate profiles of three protozoa. 16S rRNA segment amplicons detected in field 

collected ticks. 
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In Homa Bay County, a total of 129 tick pools were analysed representing 806 

ticks. Ehrlichia ruminantium (13.2%) was detected [GenBank accession U03776 99%; e-

value 6e-93, 196 bp 16S rRNA] from tick pools of Am. gemma (6), Am. variegatum (6) 

and Rh. evertsi evertsi (5) sampled from Ngothe, Mbita and Mfangano Island. Anaplasma 

ovis (2.3%) was isolated from three tick pools of Rh. appendiculatus sampled from 

Rusinga Island and A. platys (15.5%) was isolated from pools of Rhipicephalus species 

sampled in Homa Bay County (Table 15). Ehrlichia canis (6.9%) was also isolated in tick 

pools of Rh. pulchellus and Am. (aponomma) latum (Table 15). Summary TBPs detected 

in Baringo and Homa Bay Counties study areas is illustrated in Table 16. 
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Table 14: Tick borne pathogens isolated from tick species collected in Baringo County 

Tick species N A. ovis A. platys A. bovis E. ruminantium E. canis Ehrlichia sp. R. aeschlimannii R. africae R. rhipicephalii R. montanensis Rickettsia sp. H. fitzsimonsi Paracoccus sp.

Rh. pravus 195 23.07% (45) 6.67% (13)

Rh. evertsi evertsi 63 23.81% (15) 9.52% (6) 9.52% (6) 31.74% (20) 20.63% (13)  4.76% (3) 6.34%(4) 4.76% (3) 12.69% (8)

Rh. pulchellus 58 8.62% (5) 6.89% (4) 5.17% (3) 18.96% (11) 15.51% (9) 3.44% (2) 5.17% (3) 36.2% (21) 20.68% (12)

Am. variegatum 39 56.51% (22) 10.25% (4) 58.97% (23) 7.69% (3) 41.02% (16) 2.56% (1)

Ar. persicus 34

Am. gemma 19 36.84% (7) 5.26% (1) 68.42% (13) 36.84% (7) 73.68%(14) 31.57% (6) 42.1% (8)

Hy. truncatum 13 7.69 % (1) 46.15% (6)

Am. sparsum 11 63.6% (7) 81.81% (9) 81.81% (9)

Rh. praetextatus 8 25% (2) 12.5% (1)

Hy. rufipes 7 14.28% (1) 71.41% (5)

Am. falsomarmoreum 6 66.7% (4) 83.3%  (5) 33.3% (2)

Am. nuttalli 3 100% (3)

Total 456 7.45% (34) 14.03% (64) 3.95% (18) 12.28% (56) 9.64% (44) 7.23% (33) 2.85% (13) 7.89% (36) 5.48% (25) 1.97% (9) 4.38% (20) 3.28% (15) 4.38% (20)  

Table 15: Tick borne pathogens isolated from tick species collected in Homa Bay County 

 

Tick species  N  A. ovis A. platys  E. canis  E. ruminantium   

Rh. pravus  41 41.17% (7) 

Rh. evertsi evertsi  26 26.92% (7) 19.23% (5) 

Rh. pulchellus  25 24% (6) 24% (6)

Am. variegatum  15 35.29% (6) 

Am. gemma  9 66.67% (6) 

Rh. appendiculatus  5 60% (3)

Am. latum  4 75% (3) 

Hy. truncatum  4

Total   129 2.32% (3) 15.5% (20)  6.97% (9)  17.52% (17)  
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Table 16: Summary of tick borne pathogens detection in Baringo and Homa Bay Counties, Kenya

 

* GenBank accession numbers of submitted pathogen sequences 
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3.3 Results on arbovirus occurrence among patients with acute febrile 

illnesses visiting rural health clinics in Homa Bay County  

A total of 339 patients with undiagnosed acute febrile illnesses were recruited as study 

participants in the four clinics of Homa Bay County. There was no significant variation in the 

number of selected participants (p=0.001) with Sena Clinic in Mfangano having the most 

participants (n=105, 31%) and Kitare health clinic at the mainland shore (n=61, 18%) the fewest. 

Tom Mboya health clinic in Rusinga Island (n=92, 27.1%) and Kisegi health clinic at the mainland 

shore (n=61, 23.9%), had more proportional study sample sizes. In general, there was a 

preponderance of female participants (57.2%) over their male counterparts (42.2%), with 0.6% 

having listed as missing gender. There was variation in the age groups of study participants with 

persons whose ages ranged from 21-40 being more predominant (46.9%) compared to other age 

groups. In terms of occupation of participants, there were more teachers and students selected as 

participants (31.3%) compared to fishermen (19.5%), housewives (17.1%), farmers (15%) and 

those doing business (10.9%).  

Five Vero cell cultures with disrupted monolayer a possible virus induced cytopathology 

were detected. Figure 17. There was a transformation of the confluent Vero cell line from the 

characteristic spindle shaped morphology (Figure 17, Panel A) to fibrillar rods with disruption of 

the monolayer (Figure 17, Panel B), characteristic virus induced cytopathology in the cell line. The 

cells rounded up and detached from the surface of culture vessel. Additionally, there was a rapid 

color change of the phenol red indicator from red to orange/yellow, indicative of active metabolism 

that are characterized by viral infection. All the five positives samples were from Sena clinic of 

Mfangano Island. Inoculated serum samples from the other three clinics did not differ from the 

negative controls suggesting absence of active virus. Second passages of all other samples also 

turned out negative.  
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Day 0 post-inoculation            Day 8 post-inoculation 

 

Figure 17: Bunyamwera positive sample inoculated in Vero cell lines and monitored for cytopathology. 

Panel A); Morphology of the monolayer of the cell line at the onset of inoculation. Panel B); virus induced 

cytopathology. 

 

Detection of HRM curves with profiles similar to Sindbis and Bunyamwera that have 

previously been described by Villinger et al., 2016 was observed. (Figure 18). Two positive 

cultures confirmed to be Sindbis virus (Figure 19 Panel A) and three cultures were confirmed as 

Bunyamwera virus (Figure 19 Panel B). The summary of acute Bunyamwera and Sindbis 

infections and there relation with demographic data of study participants is illustrated in Table 17. 
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Figure 18: Optimization of multiplex PCR-HRM using different arbovirus positive controls (Villinger et 

al., 2016). 
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Figure 19: Melt rates of Sindbis virus and Bunyamwera virus in blood samples collected in Sena clinic 

along with respective positive controls. NC is no template control. 
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Table 17: Demographic data and arbovirus infections among patients presenting with acute 

febrile illness in four rural health clinics in Homa Bay County 

* Sindbis virus infection * Bunyamwera infection; asterisk mean single infection in the group 

 

None of the five participants that were positive for either Sindbis or Bunyamwera 

infection were positive for Plasmodium. This indicates that their febrile illnesses were not a 

result of malaria infection. Analysis of the arbovirus negative samples however resulted in 62 

Plasmodium positives that were never detected by microscopy or RDT kits (Kipanga et al, 

2014). 

Incidence rates of malaria were generated by PCR-HRM technique. Plasmodium positive 

samples collected at Tom Mboya Health Centre also had the highest Plasmodium species 

diversity consisting of 72.2% (n=26) P. falciparum, 13·9% (n=5) P. malariae, 5·6% (n= 2) P. 

Characteristics # patients (%patients) Chi sq. value df P value

All patients 339

Clinic

Mfangano***** 105 (31.0)

Tom Mboya 92 (27.1)

Kisegi 81 (23.9)

Kitare 61 (18.0) 16.4 3 0.0010

Sex

Female*** 194 (57.2)

Male** 143 (42.2)

Missing 2 (0.6) 14.8 1 0.0001

Age group

≤20 117 (34.5)

21–40 *** 159 (46.9)

41–60 50 (14.7)

≥ 61** 10 (2.9)

Missing 3 (0.9) 211.8 3 <0.0001

Weight Mean=60.59 (range: 38-94)

Occupation

Teacher/student 106 (31.3)

Fishing** 66 (19.5)

Housewife** 58 (17.1)

Farming* 51 (15.0)

Business 37 (10.9)

Other 21 (6.2) 89.5 5 <0.0001
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ovale, 5·6% (n=2) double infection of P. falciparum and P. ovale and 2·8% (n=1) triple infection 

with P. falciparum, P. malariae, and P. ovale. Samples collected at Sena clinic in Mfangano had 

only two cases of P. ovale with the rest being P. falciparum. The unique HRM profiles of the 

three Plasmodium parasites are represented in Figure 20.  

 

Figure 20: Three Plasmodium species detected in a subset of samples from Sena and Tom Mboya clinics 

(Kipanga et al., 2014). 

 

Out of the 197 patients presenting with febrile illness enrolled in Tom Mboya and Sena 

clinic in Mfangano island, 152 (77.2%) were treated with antimalarial drugs. However, of the 62 

patients with detectable Plasmodium parasites, only 42 (67.7%) patients were correctly treated 

with antimalarial drugs. Conversely, of the 135 patients without detectable Plasmodium parasites, 

110 (81.5%) were incorrectly treated with antimalarial drugs. However, these patterns differed 

between the two Health Centres, as represented in figure 21. While in Tom Mboya Health Centre, 
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only 44.4% of the 36 patients with detectable Plasmodium parasites were correctly treated, all 26 

malaria patients with detectable parasites at Sena were treated with antimalarial drugs. Yet, among 

the patients that did not have Plasmodium infection, more than half were treated with antimalarial 

drugs at both Tom Mboya (32 out of 56, 57.1%) and Sena clinic (78 out of 79, 98.7%). 

 

 

Figure 21: Antimalarial treatment of febrile patients with and without low Plasmodium parasitaemia 

(Kipanga et al., 2014).   
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3.4 Seroprevalence of arboviral infections in Rusinga Island  

Out of the 92 patients enrolled in the study, Sindbis virus neutralizing antibodies were 

detected in five (5.4%; 95% CI 1.1%-9.5%) patients (Figures 22 and 23). No Bunyamwera virus 

neutralizing antibodies were detected. Relatively similar number of females, n=2 (2.2%) and 

males, n=3 (3.3%) had Sindbis virus neutralizing antibodies as shown in Table 18. Among the 

individuals with Sindbis virus neutralizing antibodies, three out of the five had co-infection with 

Plasmodium parasites as illustrated in Table 18 and Figure 24.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22: Plaque assay for Sindbis virus infection in patient sample dilution from 10-1 to 10-6. 
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Figure 23: Continuation of Bunyamwera Plaque assay from 10-7-10-9 dilutions. 

 

 

Table 18: Data on individuals with Sindbis virus neutralizing antibodies and co-infection with 

malaria in Rusinga Island 

Serial Number Gender Occupation Treatment Malaria status 

SCHU12028 F Housewife antimalarial P. falciparum 

SCHU12029 F Housewife antimalarial None 

SCHU12030 M Farming antibiotic, amoebicide P. falciparum 

SCHU12083 M Fishing antibiotic, amoebicide P. falciparum,  

P. malariae, P. ovale 

SCHU12092 M Businessman antimalarial, antibiotic  None 
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Figure 24: Pie-chart representation of the estimated infections of patients visiting Tom Mboya clinic of Rusinga 

Island. 
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CHAPTER FOUR 

DISCUSSION 

4.1 Mosquito bloodmeal analysis and arbovirus detection in blood-fed 

mosquitoes  

Blood-fed mosquitoes representing diverse vectors of malaria, arboviruses and filarial 

worms were sampled in both Baringo and Homa Bay counties. Thirty three (33) distinct vertebrate 

hosts of mosquito bloodmeals were identified based on their HRM profiles (Figure 4) across both 

cyt b and 16S gene PCR products. Bloodmeal profiles of vertebrates were specifically matched to 

sequenced positive controls and novel profiles were identified by sequence analysis. Previously, 

the cyt b marker had been used to resolve 14 vertebrate species as sources of triatomine bug 

bloodmeals in South America. However, this approach alone could not reliably differentiate the 

diversity of potential mosquito bloodmeal host species in East Africa. Compared to less mobile 

triatomine bugs, mosquitoes can fly long distances (Greenberg et al., 2012) seeking bloodmeals 

and some species feed on a range of hosts. East Africa (afrotropical) also has abundant fauna (wild 

animals and birds) compared to South America that has a neotropical habitat. 

Melting profiles of some pairs of vertebrate host species could only be differentiated clearly 

based on HRM profiles generated by either cyt b or 16S amplicons, but not by both markers (Figure 

4). Therefore, comparisons of HRM profiles from both loci allow for more robust species 

differentiation and identification. Additionally, identification of hosts with mixed bloodmeal 

sources from individual mosquitoes based on melting profiles with double peaks was possible 

(Figure 6). While sequencing of DNA fragments may also resolve mixed feedings, sequence 

analysis of double base calls is costly, difficult and time-consuming (Metzker, 2005). These HRM 

validation results (Figure 5) show high sensitivity in identifying both pure and mixed vertebrate 

samples from below 1 nl blood volumes (Table 11). As mosquito bloodmeals range from 1nl to 6 
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µl (Konishi, 1989), HRM analysis can effectively identify multiple blood feeding in mosquitoes 

and probably other vectors. 

Most bloodmeals identified were from humans and domestic animals, but also identified 

mosquitoes that had fed on wildlife hosts in both study areas. More wildlife bloodmeal sources 

were identified in Baringo County, which has a higher density of wildlife that interfaces with 

livestock compared to Homa Bay County. As traps were positioned proximal to human habitation 

and farms, bloodmeal host proportions are probably biased by increased host diversity at 

peridomestic and domestic sampling sites. 

In Homa Bay County, blood-fed malarial vectors An. gambiae (7.8%) and An. funestus 

(0.8%) were less commonly collected in comparison to other blood-fed species such as Cx. pipiens 

(19.8%), Ma. africana (13.9%), Ma. uniformis (11.2%) and An. coustani (10.1%) (Table 7). This 

could be attributed in part to massive malaria eradication programs, as many studies are being 

conducted in the area that are focused on development of efficient tools for eliminating malaria 

and malaria vectors (Mukabana et al., 2006, Opiyo et al., 2007, Kawada et al., 2011, Worrall and 

Fillinger, 2011, Kipanga et al., 2014). Because traps were set outdoors, An. arabiensis (78%) were 

mainly among the small number of An. gambiae s.l. mosquitoes. This was probably due to their 

high abundance and exophilic tendencies compared to An. gambiae “s.s”, which are documented 

to be more endophilic in their feeding behavior (Fornadel et al., 2010, Mwangangi et al., 2013). 

This finding concurred with previous entomological survey that showed abundance of An. 

arabiensis over An. gambiae “s.s” and An funestus s.l around Lake Victoria and adjacent habitats 

(Minakawa et al., 2012). 

Bloodmeals of An. gambiae “s.l”, and Cx. pipiens were identified from the same range of 

host species, including birds, with the highest proportions being from humans (Tables 7 and 8). 

This contrasted with previous observations that Cx. pipiens preferentially feed on birds than on 

humans (Simpson et al., 2009, Garcia-Rejon et al., 2010, Greenberg et al., 2013). Even during the 

onset of West Nile cases in humans in suburban Chicago, Illinois, the predominant bloodmeals of 
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its principal vector, Cx. pipiens, were birds (Hamer et al., 2009). Considering the prominent 

abundance human bloodmeal sources of Cx. pipiens (19.8%) in Homa Bay County (Table 7), it is 

surprising that the diverse bulk of wild birds that thrive from fish and aquatic organisms along the 

shores of Lakes Victoria and Baringo (Lewis A, 1989. ) did not form a higher proportion of Cx. 

pipiens bloodmeals. Host feeding of Cx. pipiens in study areas are dynamic and dependent on the 

composition and proportion of available host species present. Alternatively, given that sampling 

was conducted in close proximity to human habitation, it could be interesting to find out if avian 

hosts form the bulk of Cx. pipiens diets in wild caught species that are not close to human 

habitation.  

Blood-fed An. coustani were well represented in the sampling localities of Homa Bay and 

Baringo Counties (Table 7 and 9). Although this species has been implicated in malaria 

transmission in some countries (Fornadel et al., 2011, Tabue et al., 2014), three (Table 6) out of 

32 (9.4%) (Table 7) were the only blood-fed An. coustani mosquitoes found with human 

bloodmeals in Baringo, while none (Table 9) of the 26 (Table 6) blood-fed An. coustani sampled 

from Homa Bay County had human bloodmeals. This finding was surprising considering that in 

Baringo, cattle herders sleep outdoors to protect their livestock from cattle rustlers and night 

fishing is popular in Homa Bay County and therefore inhabitants of both areas should have been 

prone to bites of outdoor blood-questing mosquitoes.  

Culex univittatus, which is considered a competent vector of West Nile virus in Africa was 

collected within the mainland sampling sites and Chamaunga Island in Homa Bay County and 

from Kampi ya Samaki, Salabani and Logumgum sites of Baringo County. This species contained 

bloodmeal sources from humans and domestic animals and interestingly, also from birds such as 

Muscovy duck (Cairina moschata) and Corvus sp. that have the potential of long distance 

migration, which could increase the risk of West Nile virus transmission (Rappole et al., 2000, 

Rappole and Hubalek, 2003). It is worthwhile noting that West Nile virus was recently isolated in 

North Eastern Kenya from Culex sp. and that in the 2006/2007 Rift Valley fever (RVF) outbreak, 
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RVF virus was isolated from a single pool of Cx. univittatus collected from Baringo (LaBeaud et 

al., 2011, Crabtree et al., 2009a). This is a possible indication of Cx. univittatus being a competent 

vector of WNV and RVF virus.  

Blood-fed Ma. africana and Ma. uniformis were widely encountered in samples analyzed 

from Mbita and Luanda Nyamasare and were the predominant species in Baringo (Table 6). The 

abundance of Ma. africana (37.4%) and Ma. uniformis (17.8%) in Baringo observed in this study 

concurred with an entomological survey that was conducted in 2013 (Lutomiah et al., 2013). This 

abundance is noteworthy considering that both vectors have been implicated in RVF virus 

transmission in Baringo in 2007 and also detected Bunyamwera virus in Ma. africana that had fed 

on human. The two Mansonia species exhibited diverse feeding choices with bloodmeal sources 

including humans and domesticated animals like goats, sheep, donkeys and dogs. Other sources of 

Mansonia bloodmeals included hosts that could be classified as disease reservoirs such as the 

baboons (Papio sp.), rodents (Ra. norvegicus), amphibians (Pt. nilotica), crested porcupines (Hy. 

cristata) and wild migratory birds (Ca. moschata and Ar. cinerea). The diverse choices of blood 

hosts by these two species could increase the cross-species transmission and potential for 

Bunyamwera, RVF and possibly other arboviruses and filarial worms in Baringo and Homa Bay. 

Although findings indicate that the two species of Mansonia prefer to feed on domesticated 

animals over humans, this may be due to indiscriminate feeding patterns, as domestic animals are 

more common in areas where mosquitoes were sampled and are located outdoors; always 

susceptible to nocturnal feeding mosquitoes (Beier et al., 1990). 

Sindbis virus was detected in Cx. pipiens sampled in Kokwa Island that had fed on human 

and Bunyamwera virus in Ad. africana that had fed on cattle, An. coustani that had fed on sheep 

and Ma. africana that had fed on man. Although Bunyamwera virus has low pathogenicity in 

vertebrate hosts (Nichol, 2001), it has the propensity to reassort with other closely related 

orthobunyavirus leading to increased virulence in man (Eshoo et al., 2007, Odhiambo et al., 2014). 

As Bunyamwera virus has been isolated from diverse mosquito vectors, ticks and vertebrate hosts 
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in East Africa (Gerrard et al., 2004, Lwande et al., 2013), it appears to have complex transmission 

cycles that may facilitate the emergence of reassortant viruses (Yanase et al., 2006) of public health 

and veterinary concern. 

Blood-fed mosquito species composition differed between sampling areas, probably due to 

adaptation to specific environmental niches or oviposition sites (Table 6). This was observed in 

Mimomyia splendens that were all sampled in close proximity to a wastewater treatment pond in 

Mbita and Ad. africana that were sampled in Logumgum, close to an oxbow lake in areas with 

swampy lagoons. Mansonia sp. were also found abundantly in these ecological sites and could 

migrate to homesteads nearby. Occasionally, bloodmeal sources of these groups of mosquitoes 

were from amphibians (e.g. frogs and toads) with 9/11 (82%) blood-fed Mm. splendens mosquitoes 

having fed on grass frog (Pt. nilotica) (Table 7). Ma. africana, Cx. univittatus, Ae. metalicus and 

An. gambiae and Cx. poicilipes bloodmeals also included African toad (Bu. regularis). This kind 

of feeding could be opportunistic when both amphibians and mosquitoes localize in swampy 

habitats. Alternatively, such feeding behaviour may be restricted to specific mosquito species as 

some mosquito repellents have been isolated from frog skin (Williams et al., 2006). Mosquitoes 

may possibly benefit from antimicrobial peptides found in amphibian skin to get rid of micro-

organisms in their system (Conlon and Mechkarska, 2014). 

 

4.2 Molecular detection of tick borne pathogens around Lakes Victoria and 

Baringo, Kenya  

We identified 14 tick species that are potential vectors of ehrlichiosis, anaplasmosis, 

rickettsiosis, theileriosis and babesiosis in domestic surroundings of Baringo and Homa Bay 

Counties, which were sampled from livestock or wild hosts near human habitation. Most tick 

species were taken from multiple host taxa, except for Hy. truncatum that was restricted to cattle, 

Ar. persicus that was restricted to poultry, Am. latum that was restricted to monitor lizards, and 
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Am. nuttalli and Am. falsomarmoreum that were restricted to tortoises. Overall, we identified 13 

TBPs, each from multiple tick species. These TBPs include novel Ehrlichia sp., Rickettsia sp., 

Paracoccus sp., and Theileria sp. sequences that warrant further investigations into their potential 

pathogenicity. The complex pathogen-tick-host relationships presented here are important to 

public health in mitigating ticks, TBP transmission and possible disease outbreaks in these foci, as 

well as other areas of Kenya, with wider geographical implications.  

While only one to three TBPs were identified in most tick species, none were identified 

in Ar. persicus sampled from poultry houses, and nine, nine and seven TBPs were identified in Rh. 

evertsi evertsi, Rh. pulchellus, and Am. gemma, respectively (Tables 4 and 5). Although all 28 

pools of Ar. persicus were negative for TBP, its large population in poultry houses and frequent 

blood feeding behavior has been linked with severe anemia, paralysis and toxicosis (Rosenstein 

1976). While Rh. evertsi evertsi and Rh. pulchellus have been widely implicated in TBP 

transmission (Mediannikov et al., 2010, Kumsa et al., 2015), Am. gemma (Dönitz, 1909) sampled 

from livestock in both study areas that were once thought to be less important as a disease vector, 

have been recently linked with the transmission of a number of pathogens (Ngumi et al., 1997, 

Wesonga et al., 1993, Burgdorfer et al., 1973). Laboratory studies have shown that Am. gemma 

can transmit E. ruminantium, the etiological agent of heartwater ehrlichiosis in livestock, from 

infected African buffalo to sheep (Wesonga et al., 2001) and the relevance of the species in 

transmission and maintenance of arboviruses has been well elucidated in Kenya (Sang et al., 2006). 

Thus more attention should be paid to the role of Am. gemma ticks in TBP transmission. Further, 

more tick species and TBPs were isolated from Baringo County ticks, suggesting more complex 

and higher transmission rates in the region. 

Among samples collected, Rh. pravus (Dönitz, 1910) was the most frequent (44.9% in 

Baringo County, 34.5% in Homa Bay County) tick parasite of domestic ruminants and dogs, 

followed by Rh. evertsi evertsi (14.7% in Baringo County, 16.6% in Homa Bay County) and Rh. 

pulchellus (12.4% in Baringo County, 19.6% in Homa Bay County), the only three tick species to 

 

 

 

 



90 

 

also parasitize dogs and transmit agents of canine ehrlichiosis (E. canis) and canine anaplasmosis 

(A. platys) in this study. Indeed, we only found A. platys and E. canis bacterial pathogens in Rh. 

pravus ticks, the latter only in Baringo. This tick species has previously been shown in two studies 

in Kenya to be the most common among tick species that feeds not only on domestic animals, but 

also on wildlife (Kariuki et al., 2012, Wanzala and Okanga 2006). Although Rh. pravus has rarely 

been implicated in pathogen transmission, these findings potentially incriminate Rh. pravus in the 

transmission of both. Further studies to determine its vector competence will be critical to 

understanding its role in TBP transmission. 

Heartwater ehrlichiosis (Ehrlichia ruminantium) is an important disease of wildlife and 

livestock ruminants in SSA, with considerable economic impact (Mukhebi et al., 1999). Unlike 

past studies, which have found E. ruminantium to be specific to Amblomma tick species (Trout 

Fryxell and DeBruyn 2016), we also isolated the pathogen from Rh. evertsi evertsi in both study 

locations, though we cannot rule out that this may have come from livestock bloodmeals. 

Amblyomma variegatum (Fabricius, 1794) is the most common and widely distributed 

Amblyomma tick species of livestock in SSA and is a very important vector of the causative micro-

organism of heartwater (E. ruminantium) in cattle (Kelly et al., 2011). In this study, we detected 

E. ruminantium in 58.9% and 35.3% tick pools of Am. variegatum sampled from Baringo and 

Homa Bay Counties, respectively, suggesting very high infection rates.  

Interestingly, Am. sparsum was found on both cattle and tortoises in Baringo and, along with 

Am. falsimarmoreum and A. nuttalli, were infected with E. ruminatium, The occurrence of E. 

ruminantium has previously been reported among Am. sparsum that were sampled from tortoises 

imported to the United States from Zambia (Burridge et al., 2000). Ehrlichia ruminantium was 

also found in all three Am. nuttalli ticks sampled from tortoises. Amblyomma nuttalli and Am. 

falsomarmoreum have both been associated with tortoises before (Horak et al., 2006, Nowak et 

al., 2010), but surprisingly, no report that we are aware of has associated them with harboring or 

the transmission of agents of heartwater ehrlichiosis. Similarly, we found E. canis in Am. latum 
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ticks taken from monitor lizards in Homa Bay County. These pathogen-tick-host associations 

suggest complex transmission dynamics in the epidemiology of heartwater in Baringo County and 

canine ehrlichiosis in Homa Bay County that potentially involve cold-blooded vertebrate hosts. 

We found A. bovis in multiple species of each of the tick genera sampled (Rhipecephalus, 

Amblyomma, Hyalomma) in Baringo County, but none were identified in Homa Bay. The highest 

rates of A. bovis detection occurred in Rh. praetextatus (Gerstäcker, 1873), a three-host tick species 

that were sampled from cattle and goats, also only in Baringo County. Rhipicephalus praetextatus 

from Ngorongoro crater of Tanzania have been implicated in the transmission of A. marginale, 

which is an agent of bovine anaplasmosis (Fyumagwa et al., 2009). Similarly, we found A. ovis in 

both Rhipicephalus and Amblyomma ticks in Baringo, but only in Rh. appendiculatus (60%) in 

Homa Bay County. In contrast, in Baringo County, where no Rh. appendiculatus were sampled, 

A. ovis occurred most frequently in Am. variegatum. Curiously, none of the Am. variegatum 

sampled in Homa Bay County tested positive for A. ovis. These discrepant Anaplasma infection 

patterns are rarely associated with clinical symptoms in livestock, but may affect livestock health 

synergistically during coinfections with other livestock disease agents (Thumbi et al., 2013; 

Hornok et al, 2007), and thus may affect livestock disease ecology, particularly in Baringo County.  

Sequences of spotted fever group (SFG) Rickettsiae (R. africae, R. aeschlimannii, R. 

montanensis, R. rhipicephalii and a novel Rickettsia sp.) were identified in tick samples from 

Baringo County, whereas no Rickettsia were identified in Homa Bay County despite the fact that 

in neighboring Siaya County, a high prevalence of a R. africae variant was previously identified 

among Am. variegatum parasitizing domestic ruminants (Maina et al., 2014). As to be expected, 

R. rhipicephalii, as well as the novel Rickettsia sp., was confined to rhipicephaline (Rh. pulchellus 

and Rh. eversti evertsi) tick species. Rickettsia africae, the etiological agent of African tick bite 

fever, was particularly prevalent in Am. gemma (73.68%) and Am. variegatum (41.02%) ticks, but 

was also found in Rh. evertsi evertsi (4.67%) and Rh. pulchellus (5.17%) tick pools and R. 

montanensis was similarly found in Am. gemma (31.57%) and Rh. evertsi evertsi (4.76%) tick 
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pools. While these findings confirm higher prevalences of R. africae and R. montanensis, within 

specific Amblyomma species, their occurrence, perhaps opportunistic, in Amblomma species 

should be considered in the transmission ecology of these TBPs. 

In Baringo County, we predominantly detected R. aeschlimannii in both Hyalomma 

species sampled (Hy. truncatum and Hy. marginatum rufipes) (55.0%) and incidentally in Rh. 

pulchellus (3.44%). In one Hy. truncatum (Koch, 1844) tick (smooth bont-legged tick) pool that 

was sampled from cattle, sheep and goats, we detected both A. bovis and R. aeschlimannii, Separate 

pools of Hy. marginatum rufipes parasitizing livestock and poultry in poultry houses that were 

next to livestock sheds were also positive for A. bovis and R. aeschlimannii. Rickettsia 

aeschlimannii has previously been isolated from Hy. truncatum parasitizing camels in the Kano 

area of Nigeria [9]. Though SFG rickettsiosis caused by this TBP has been rarely reported in sub-

Saharan Africa, it has been reported in humans in Algeria (Mokrani et al., 2008), and has also been 

found in Am. variegatum ticks in Western Kenya (Maina et al., 2014). The likely role of Hyalomma 

ticks as reservoirs for R. aeschlimannii (Matsumoto et al., 2004), makes these ticks of particular 

importance in the epidemiology of SFG rickettsiosis in East Africa that warrants further attention. 

Additionally, we found both H. fitzsimonsi and Paracoccus sp. bacteria ticks Am. 

falsomarmoreum and Am. sparsum from tortoises in Baringo. In South Africa, tortoises have 

recently been documented to harbor concurrent parasitic infection with H. fitzsimonsi (Cook et al., 

2010). Paracoccus sp. bacteria, also identified in pools of Am. variegatum and Am. gemma ticks 

sampled from Baringo County, was first reported in a population of Am. cajennense from South 

America in 2012, but it is still unknown if Paracoccus sp. infection in ticks is a group of pathogenic 

rhodobacteraceae or simply plays a role in tick physiology (Machado-Ferreira et al., 2012). 

Nonetheless, our findings also demonstrate that primers targeting specific Ehrlichia 16S rRNA 

gene fragment could also be used for detection of Paracoccus species. Paracoccus sp. and H. 

fitzsimonsi. 
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Surprisingly, we detected no arboviruses in our detection panel but managed to detect 

one novel Theileria sp. sequence in three Rh. evertsi evertsi tick pools and one B. caballi sequence 

in eight Rh. pulcellus pools, despite the fact that diverse Theileria and Babesia (Moumouni et al., 

2015) species have been found in other surveillance studies in different regions in Kenya, and 

diverse arboviruses are known to be endemic in the focal areas of this study (Lutomiah et al., 

2014). Nonetheless, Rh. appendiculatus (Neumann, 1901), a vector of Theileria parva (Odongo et 

al., 2009), was sampled from livestock of Homa Bay County, but not in Baringo. We only sampled 

29 ticks of this species over the wet sampling seasons of 2012 and 2013. This was contrary to a 

previous study done over two decades ago that found Rh. appendiculatus to be highly prevalent 

among Zebu cattle grazing along the shores of Lake Victoria in Rusinga Island (Punyua et al., 

1991). This change may be an indication of tick control efforts, most likely with acaricides. 

Although we detected A. ovis in three Rh. appendiculatus tick pools, we did not find T. parva, 

indicating a possible absence of T. parva or extremely low prevalence within our study sites.  

 

4.3 Arbovirus occurrence among patients with acute febrile illnesses visiting 

rural health clinics in Homa Bay County 

In this study, three cases of Bunyamwera acute infection in two females and one male and 

two cases of acute Sindbis infections in each a male and a female were identified. Evidence of 

Bunyamwera virus infection in Kenya has been a common phenomenon among pastoralist 

communities in North eastern part Kenya (Lwande et al., 2013). For Bunyamwera, The two 

infected females were an elderly housewife and a farmer and the Sindbis infected female was 

similarly a housewife. Bunyamwera reacting antibodies have previously been shown to correlate 

with increase in age (Odhiambo et al., 2014) suggesting a possible increase risk of infection with 

age. Sindbis virus causes febrile arthritis and is present throughout Afro-Eurasia, though little is 

known of the epidemiology of Sindbis fever due to insufficient surveillance in most endemic 
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countries although outbreak of Sindbis fever has recently been reported in South Africa (Storm et 

al., 2014). Both Bunyamwera and Sindbis were isolated through inoculation on confluent Vero 

cells culture and by reverse transcription (RT)-PCR using Orthobunyavirus and Alphavirus genera 

primers, respectively, suggesting that these are ongoing infections in Mfangano. Sindbis virus has 

previously been isolated from mosquitoes in surveillance studies around the Lake Victoria region 

both in Kenya and Uganda (Woodall et al., 1964, Ochieng et al., 2013). Mfangano Island is 

isolated 30 km from the mainland shore, at the time of sampling, the island had limited access due 

to limited transportation to and from the island, making it a unique habitat with abundant diversity 

of wildlife including migratory birds that thrive from aquatic organisms and thus could act as 

reservoir hosts for Sindbis virus (Kurkela et al., 2008, Jourdain et al., 2007), and possibly 

Bunyamwera. Additionally, mosquito vectors associated with previous isolations of the two 

viruses, including Aedes (Ae.) mcintoshi, Ae. ochraceus, Culex pipiens, Anopheles (An.) gambiae, 

An. phareoensis, , and Mn. uniformis are abundant in along the shores of Lake Victoria (Lutomiah 

et al., 2013) and may likely be transmitters of these viruses (Omondi et al., 2015).  

Cultural practices among the Luos and Abasuba communities that inhabit Mfangano Island 

include polygamy and wife inheritance, which have also perpetuated high transmission of HIV to 

a prevalence of 33.8% with 80% of hospital beds in the area having been occupied by patients with 

AIDS related illnesses (NASCOP; 2005). AIDS related immunosuppression could lead to 

opportunistic infections and prolonged viremia of arboviral infection, thus making it easier to 

detect by PCR. Even though viremia of these viruses is known to be transient and of low 

magnitude, Bunyamwera (n=3) and Sindbis (n=2) were isolated by cell culture and PCR-HRM 

from patients with febrile illness in Mfangano Island. Therefore, this study implicates 

Bunyamwera and Sindbis viruses as possible etiological causes of febrile illness in Mfangano 

Island. The estimated seroprevalence indicative of previous exposure to Sindbis virus antibodies 

was 5.4%. The primary reservoir hosts implicated in maintaining the virus are the birds. The 

abundant supply of fish provided by the lake ensures a constant presence of both migratory and 
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native birds which use Rusinga Island as their nesting place, bringing the infection nearer to the 

humans. A relatively similar prevalence rate in humans of 5.2% was observed in Finland between 

1999-2003 (Kurkela et al., 2008). The reason(s) why more men than women had been previously 

exposed to Sindbis virus is not presently apparent though environmental factors and increased 

interaction between reservoirs, humans and mosquito vectors could have been responsible (Hall et 

al., 2012). During 2007-2012 period, Ochieng and colleagues (2013) reported the presence of 

Sindbis and Sindbis like viruses in Culex and Culiseta mosquitoes from Kisumu; a town that is 73 

km from Rusinga Island. Their presence is indicative of transmission in this region in suitable 

environmental and socioeconomic conditions. In their study, they did not find Bunyamwera virus 

in any of the sampled mosquitoes from this lake-side region. Given that night fishing is popular 

among inhabitants around the lake, it is possible that that there is higher exposure to biting 

mosquitoes that could be efficient in the transmission of Bunyamwera and Sindbis viruses. 

The limitation of this study was that due to limited resources, examination of the plaque 

reduction and neutralization assays among study participants in Kisegi and Kitare health clinics as 

well as examination of flaviviruses and other zoonotic alphaviruses was not accomplished.  Only 

one blind passage was done and there was a possibility of missing out of samples with extremely 

low viral titer. Although viruses isolating from serum is easier, viruses that are strongly associated 

with red blood cells may have been missed. Further, whole blood can also cause cell line necrosis, 

which could potentially confound virus induced cytopathology. Given that all patients in the study 

sought care for unspecified fevers, the potential etiology of these fevers could be diverse and 

therefore extensive studies that will highlight all the causes of febrile fevers need to be conducted. 

The use of very sensitive molecular methods that can detect sub-clinical Plasmodium parasitemia, 

and possibly remnant DNA levels of Plasmodium (no live parasites) that have no clinical 

significance, may lead to false positive diagnoses (Noormahomed et al., 2012). 

The inability of microscopy to detect low parasitemia consequently led to prescription of 

wrong treatments among the individuals confirmed to have malaria infection by nested PCR, of 
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which 56% (20 out of 36) were treated with antibiotics instead of antimalarials. Misdiagnosis has 

far reaching effects in terms of development of drug resistance, undesirable side effects, improper 

patient care and the development of gametocytes (in case of malaria) and hence reservoirs of 

transmission are maintained (Bousema et al., 2004). Proper diagnosis of any disease leads to 

proper treatment and positive prognosis consequently reducing advancement to severe morbidity 

or even mortality.  

Among the true malaria negative individuals (n=56), prescription of antibiotics was highest 

with 36% (20), followed by antimalarial medication at 29% (16). A prescription consisting of a 

combination of the above constituted 27% (15), with a small percentage being treated for amoeba 

and other intestinal based protozoal infections. A study carried out in Tanzania showed that 

although a total of 201 slides tested negative for malaria, 22% (44) of these patients were treated 

with antimalarials alone, 34% (68) with antibiotics alone, 26% (52) on a combination of the two 

and 18% (37) left the centers with no medication (Reyburn et al., 2006). Though medical 

practitioners are limited to whether to diagnose viral infections due to lack of diagnostic tools 

(LaBaeud et al., 2011), the absence of further bacterial based tests in this study to establish whether 

the fever is as a result of bacterial infections does not justify why more antibiotics were prescribed 

to patients.  Clear policies and guidelines on the management of non- malaria febrile illnesses in 

Kenya should be developed and implemented to guide clinicians (Nyandigisi et al., 2011). 

Individuals involved in fishing and farming (outdoor) activities were more exposed to being 

infected with malaria compared to those who work indoors such as shopkeepers, housewives, 

carpenters, teachers and students. This can be attributed to the fact that while outdoors and 

especially in areas that have water (artificially made or naturally present) which are breeding sites 

for mosquitoes, chances of getting bitten are increased (Imbahale et al., 2011). Fishermen usually 

spend nights out fishing and hence are even more prone to being bitten by mosquitoes.  
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CHAPTER FIVE 

CONCLUSION AND RECOMMENDATION 

Analysis of mosquito bloodmeals using both cyt b and 16S r RNA genes demonstrates the 

improved resolution of HRM-based bloodmeal analysis by using two distinct molecular markers, 

revealing broad opportunistic host feeding patterns among mosquito vectors in arbovirus endemic 

regions of Kenya. The diverse vertebrate sources of vector bloodmeals and the presence of 

arboviruses such as Bunyamwera further demonstrate that many of the vectors identified in this 

study have the potential to transmit Bunyamwera and other pathogens from potential wildlife 

reservoirs to livestock that may act as amplifying hosts to humans. Possible commercialization of 

this powerful method for detection of arboviruses in field collected biological sample would be 

very useful in the endemic areas for surveillance and diagnostics.   

Molecular detection of tick borne pathogens along the shores and adjacent islands of Lakes 

Baringo and Victoria in Kenya demonstrate possible transmission of TBPs in livestock with 

undetermined impacts on humans. Tick borne pathogens were isolated among ticks sampled from 

domesticated animals in both areas, implicating a considerable burden to animal health and a 

possible transmission to humans. Moreover, this study identified new potential tick vectors and 

vertebrate reservoirs like Am. sparsum and free ranging tortoises as important in the transmission 

of heartwater disease (Ehrlichia ruminantium) in both study areas. Improving the capacity of 

developing countries to carry out extensive TBPs surveillance will be critical in understanding and 

mapping novel and existing zoonotic pathogens and thus boosting preparedness to eventual disease 

outbreaks and vector dynamics factoring in effects of recent climate changes.  

Determination of the occurrence of arboviruses among patients with acute undiagnosed 

febrile illnesses implicates Bunyamwera and Sindbis in Mfangano Island as possible aetiological 

agents of these fevers. Therefore, improving surveillance and laboratory capacity for diagnosis of 
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arboviruses in the region will be integral to early detection of such infections and mitigation of 

disease outbreaks, which is a priority to public health.  
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APPENDIX 1 

             1        10        20        30        40        50        60 

                                                                         |        |         |         |         |         |         |  

                  Bufo regularis (African Toad) bloodmeal (sample B70)   ----------------------ACATTTTAATTTT-----TTTAAG-TAGTCTGACTATA 

                                             Bufo regularis (AF220889)   ----------------------ACATTTTAATTTT-----TTTAAG-TAGTCTGACTATA 

  Ptychadena anchietae (Anchieta's Ridged Frog) bloodmeal (Sample B79)   -----------------------CATGGTAATCTT---GGCTTT---TA-TCTA----TT 

                                       Ptychadena anchietae (GQ183598)   -----------------------CATGGTAATCTT---GGCTTT---TA-TCTA----TT 

               Ptychadena nilotica (Grass frog) bloodmeal (Sample B31)   -----------------------CA--CTAACCTTACAGACTCTAG-AA-TCTACTTGTT 

                                        Ptychadena nilotica (DQ525928)   -----------------------CA--CTAACCTTACAGACTCTAG-AA-TCTACTTGTT 

                 Hirundo rustica (Barn swallow) bloodmeal (Sample B21)   ---------CA---CCTCGGGCTTACTAACT-CACG-GGTGACTGGCTCGCA-------- 

                                            Hirundo rustica (AB042382)   ---------CA---CCTCGGGCTTACTAACT-CACG-GGTGACTGGCTCGCA-------- 

    Urocolius macrourus (mousebird) bloodmeal (Sample B11,22,B20,B229)   ------CCCTC---CACCGGACCTATTAATT--GTA-CACTCCTGGCTA-AA-------- 

                                        Urocolius macrourus (AF173589)   ------CCCTC---CACCGGACCTATTAATT--GTA-CACTCCTGGCTA-AA-------- 

                  Bubulcus ibis (Cattle Egret) bloodmeal (sample B180)   ------CCCTA---CT--GGATCTACTACC---CTA-AAACGCTGGC-CCGC-------- 

                                              Bubulcus ibis (KJ190945)   ------CCCTA---CT--GGATCTACTACC---CTA-AAACGCTGGC-CCGC-------- 

                        Gallus gallus (Chicken) bloodmeal (Sample B19)   ------------------GGGTCCACCCACA-CATA-AACCCCTGG-TCGAC-------- 

                                              Gallus gallus (AY236430)   ------CCCCA---CT--GGGTCCACCCACA-CATA-AACCCCTGG-TCGAC-------- 

                Gallus gallus variant (Chicken) bloodmeal (Sample B15)   ----------------------CTACCCGCA-CA-A-AGTCATTGG-TCGAT--------  

                                    Francolinus pintadeanus (EU165707)   ------------------GGATTCACCCATA-CA-A-AGCCCTTGG-TCGAC-------- 

                       Streptopelia turtur(Dove) bloodmeal (Sample B5)   ----------------A--GGCCCACCACTA--GCA-AGATGCTGGCTC-GC-------- 

                                        Streptopelia turtur (KC984248)   ------CCC-A---CTA--GGCCCACCACTA--GCA-AGATGTTGGCTC-AC-------- 

                 Cairina moschata (Muscovy duck) bloodmeal (Sample B6)   --------------CT--GGGGCCACTACTAATCGC-AAGGCATGGC-CGAC-------- 

                                           Cairina moschata (EU755254)   --------------CT--GGGGCCACTACTAATCGC-AAGGCATGGC-CGAC-------- 

                     Ardea cinerea (Grey heron) bloodmeal (Sample B21)   --------------------ATCTACTACCC---TA-AAACGCTGGCTC-GC-------- 

                                              Ardea cinerea (KJ190947)   ------CCCTA---CT--GGATCTACTACCC---TA-AAACGCTGGCTC-GC-------- 

                   Pseudonestor sp. (Passerine) bloodmeal (Sample B19)   ------CCC-A---CT--GGGTTCACTGCTA-CATA-AGCGACTGGT-CTGT-------- 

                                   Pseudonestor xanthophrys (KM078809)   ------CCC-A---CT--GGGTTCACTGTTA-CATA-AGACACTGGT-CTGC-------- 

                                  Small bird (Passerine) (Sample B152)   ------CCC-A---CT--GGGTATACGCACA-CACT-AACCGCTGGC-CTGC-------- 

                                             Ficedula parva (FJ465224)   ------CCC-A---CT--GGGCCCACTTACA-CATA-AGCCACTGGC-CTGC-------- 

        Weaver bird (Ploceus baglaflecht-like) bloodmeal (Sample B221)   ------CCC-A---CT--GGGTTCACTGCCACA-TA-AGTTACTGG-TCCGT-------- 

                      Small bird (Weaver bird) bloodmeal (Sample B209)   ------CCC-A---CT--GGGTTCACTGCCACA-TA-AGCTACTGG-TTCGT-------- 

                                        Ploceus baglaflecht (AY283898)   ------CCC-A---CT--GGGTTCACTGCCGCA-TA-AGCCACTGG-TCCGT-------- 

                                    Black bird bloodmeal (Sample B228)   ------CCC-A---TC--GGGCCCACTCCCCTAACA-AGTCATTGG-TCCAC-------- 

                                            Curaeus curaeus (JX516070)   ------CCC-A---CT--GGGTTCACTGACACA-TA-AGACTTTGG-TCTAC-------- 

             Micropteropus pusillus (Fruit bat) bloodmeal (Sample B34)   ---------------------AAA--TA--A--ACC--AACTTTTACT-GG---ACTAGC 

                                     Micropteropus pusillus (JN398183)   --------------------AAAA--TA--A--ACC--AACTTTTACT-GG---ACTAGC 

                              Bos taurus (Cow) bloodmeal (Sample B25A)   --------------TTAAGGAA----TA--AC-A-----ACAATCTCCATG--AGTTGGT 

                              Bos taurus (Cow) bloodmeal (Sample B146)   --------------TTAAGGAA----TA--AC-A-----ACAATCTCCATG--AGTTGGT 

                                                 Bos taurus (KJ789953)   --------------TTAAGGAA----TA--AC-A-----ACAATCTCCATG--AGTTGGT 

                             Canis lupus (Dog) bloodmeal (Sample B105)   -----------------AGGCA----TA--AC-ATA-ACACCATTATTATG--AGTTAGC 

                                                Canis lupus (KJ789955)   -----------------AGGCA----TA--AC-ATA-ACACCATTATTATG--AGTTAGC 

                          Equus asinus (Donkey) bloodmeal (Sample B93)   -----AACC-----CTCAGGGA----CA--AC-A---AAACTTTTGAT-TG--AATCAGC 

                                               Equus asinus (KM881681)   -----AACC-----CTCAGGGA----CA--AC-A---AAACTTTTGAT-TG--AATCAGC 

                                               Equus asinus (AP012271)   -----AACC-----CTCAGGGA----CA--AC-A---AAACTTTTGAT-TG--AATCAGC 

                           Capra hircus (Goat) bloodmeal (Sample B217)   ----------------AAGGGA----TA--AC-A-----ACATCCTTTATG--GACTAGC 

                                               Capra hircus (KP195268)   ----------------AAGGGA----TA--AC-A-----ACATCCTTTATG--GACTAGC 

                          Homo sapiens (Human) bloodmeal (Sample B148)   -----AACC-----CACAGGTCCT--AA--AC-T-----ACCA--AACCTG--CATTAAA 
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                                               Homo sapiens (KP218948)   -----AACC-----CACAGGTCCT--AA--AC-T-----ACCA--AACCTG--CATTAAA 

                    Arvicanthis niloticus (Rat) bloodmeal (Sample B36)   TAACTTAAC-----CTAATGGGAC--CA--AC-AT----A-AAAAAAAATA--AGCTAGT 

                                      Arvicanthis niloticus (AF141228)   TAATATAAC-----CTAATGGGCC---A--AC-AT----A-AAAAAAAATA--AGCTAGA 

                            Ovis aries (Sheep) bloodmeal (Sample B183)   --------------CCAAGGGA----TA--AC-A-----ACACTCCTTATG--AGTTAAC 

                                                 Ovis aries (KF312238)   --------------CCAAGGGA----TA--AC-A-----ACACTCCTTATG--AGTTAAC 

 

              61       70        80        90       100       110       120 

                                                                         |        |         |         |         |         |         |  

                  Bufo regularis (African Toad) bloodmeal (sample B70)   AGTTTTTGGTTGGGGTGACCGCGGAGCATAACATAACCTCC-----AT----GCTGA--A 

                                             Bufo regularis (AF220889)   AGTTTTTGGTTGGGGTGACCGCGGAGCATAACATAACCTCC-----AT----GCTGA--A 

  Ptychadena anchietae (Anchieta's Ridged Frog) bloodmeal (Sample B79)   AGTTTTGGGTTGGGGTGACCGCGGAGAATAACCTAACCTCC-----GC----AATGAAAA 

                                       Ptychadena anchietae (GQ183598)   AGTTTTGGGTTGGGGTGACCGCGGAGAATAACCTAACCTCC-----GC----AATGAAAA 

               Ptychadena nilotica (Grass frog) bloodmeal (Sample B31)   AGCTTTAGGTTGGGGTGACCGCGGAGAAAAACTTAACCTCC-----AT----AATGAAAA 

                                        Ptychadena nilotica (DQ525928)   AGCTTTAGGTTGGGGTGACCGCGGAGAAAAACTTAACCTCC-----AT----AATGAAAA 

                 Hirundo rustica (Barn swallow) bloodmeal (Sample B21)   TTTTTTCGGTTGGGGCGACCTTGGAGCAAAACAAAACCTCC-----A-----AACACT-A 

                                            Hirundo rustica (AB042382)   TTTTTTCGGTTGGGGCGACCTTGGAGCAAAACAAAACCTCC-----A-----AACACT-A 

    Urocolius macrourus (mousebird) bloodmeal (Sample B11,22,B20,B229)   ATTTTTCGGTTGGGGCGACCTTGGAGTAAAACAGATCCTCC-----A-----AAAACA-A 

                                        Urocolius macrourus (AF173589)   ATTTTTCGGTTGGGGCGACCTTGGAGTAAAACAGATCCTCC-----A-----AAAACA-A 

                  Bubulcus ibis (Cattle Egret) bloodmeal (sample B180)   ATTTTTCGGTTGGGGCGACCTTGGAGAAAAACAAATCCTCC-----A-----AAAACA-A 

                                              Bubulcus ibis (KJ190945)   ATTTTTCGGTTGGGGCGACCTTGGAGAAAAACAAATCCTCC-----A-----AAAACA-A 

                        Gallus gallus (Chicken) bloodmeal (Sample B19)   ATTTTTCGGTTGGGGCGACCTTGGAGAAAAAAAAATCCTCC-----A-----AACCCACA 

                                              Gallus gallus (AY236430)   ATTTTTCGGTTGGGGCGACCTTGGAGAAAAAAAAATCCTCC-----A-----AACCCACA 

                Gallus gallus variant (Chicken) bloodmeal (Sample B15)   ATTTTTTGGTTGGGGCGACCTTGGAGAAAAGAAAATCCTCC-----A-----AACCTACA 

                                    Francolinus pintadeanus (EU165707)   ATTTTTCGGTTGGGGCGACCTTGGAGAAAAGAAAATCCTCC-----A-----AACATAAA 

                       Streptopelia turtur(Dove) bloodmeal (Sample B5)   ATTTTTCGGTTGGGGCGACCTTGGAGAAAAACAAATCCTCC-----A-----AAAACA-A 

                                        Streptopelia turtur (KC984248)   ATTTTTCGGTTGGGGCGACCTTGGAGAAAAGTAAATCCTCC-----A-----AAAACA-A 

                 Cairina moschata (Muscovy duck) bloodmeal (Sample B6)   ATTTTTCGGTTGGGGCGACCTTGGAGAAAAACAGACCCTCC-----A-----AAAACA-A 

                                           Cairina moschata (EU755254)   ATTTTTCGGTTGGGGCGACCTTGGAGAAAAACAGACCCTCC-----A-----AAAACA-A 

                     Ardea cinerea (Grey heron) bloodmeal (Sample B21)   ATTTTTCGGTTGGGGCGACCTTGGAGAAAAACGAATCCTCC-----A-----AAGACA-A 

                                              Ardea cinerea (KJ190947)   ATTTTTCGGTTGGGGCGACCTTGGAGAAAAACGAATCCTCC-----A-----AAGACA-A 

                   Pseudonestor sp. (Passerine) bloodmeal (Sample B19)   GTTTTTCGGTTGGGGCGACCTTGGAGCAAAACAAAACCTCC-----A-----AAAATT-A 

                                   Pseudonestor xanthophrys (KM078809)   GTTTTTCGGTTGGGGCGACCTTGGAGCAAAACAGAACCTCC-----A-----AAAATT-A 

                                  Small bird (Passerine) (Sample B152)   ATTTTTCGGTTGGGGCGACCTTGGAGAAAAACAAATCCTCC-----A-----AAAATT-A 

                                             Ficedula parva (FJ465224)   ATTTTTCGGTTGGGGCGACCTTGGAGAAAAACAAATCCTCC-----A-----AAAACT-A 

        Weaver bird (Ploceus baglaflecht-like) bloodmeal (Sample B221)   GTTTTTCGGTTGGGGCGACCTTGGAGCAAAACAAAACCTCC-----A-----AAAATT-G 

                      Small bird (Weaver bird) bloodmeal (Sample B209)   GTTTTTCGGTTGGGGCGACCTTGGAGCAAAACAAAACCTCC-----A-----AAAATT-G 

                                        Ploceus baglaflecht (AY283898)   GTTTTTCGGTTGGGGCGACCTTGGAGCAAAACAAAACCTCC-----A-----AAAATT-G 

                                    Black bird bloodmeal (Sample B228)   GTTTTTCGGTTGGGGCGACCTTGGAGCAAAGCAAAACCTCC-----A-----AAAATT-G 

                                            Curaeus curaeus (JX516070)   GTTTTTCGGTTGGGGCGACCTTGGAGCAAAACAAAACCTCC-----A-----AAAATT-G 

             Micropteropus pusillus (Fruit bat) bloodmeal (Sample B34)   AA-TTTAGGTTGGGGTGACCTCGGAATATAAAACAACTCCCGAGTGA-C--ACAGTCTA- 

                                     Micropteropus pusillus (JN398183)   AA-TTTAGGTTGGGGTGACCTCGGAATATAAAACAACTCCCGAGTGA-C--ACAGTCTA- 

                              Bos taurus (Cow) bloodmeal (Sample B25A)   AG-TTTCGGTTGGGGTGACCTCGGAGAATAAAAAATCCTCCGAGCGATTTTAAAGACT-A 

                              Bos taurus (Cow) bloodmeal (Sample B146)   AG-TTTCGGTTGGGGTGACCTCGGAGAATAAAAAATCCTCCGAGCGATTTTAAAGACT-A 

                                                 Bos taurus (KJ789953)   AG-TTTCGGTTGGGGTGACCTCGGAGAATAAAAAATCCTCCGAGCGATTTTAAAGACT-A 

                             Canis lupus (Dog) bloodmeal (Sample B105)   AA-TTTAGGTTGGGGTGACCTCGGAATATAAAAAAACTCCCGAGTGAT--TAAAATTTA- 

                                                Canis lupus (KJ789955)   AA-TTTAGGTTGGGGTGACCTCGGAATATAAAAAAACTCCCGAGTGAT--TAAAATTTA- 

                          Equus asinus (Donkey) bloodmeal (Sample B93)   AA-TTTCGGTTGGGGTGACCTCGGAGAACAAAACAACCTCCGAGTGATTT--AAATCTA- 
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                                               Equus asinus (KM881681)   AA-TTTCGGTTGGGGTGACCTCGGAGAACAAAACAACCTCCGAGTGATTT--AAATCTA- 

                                               Equus asinus (AP012271)   AA-TTTCGGTTGGGGTGACCTCGGAGAACAAAACAACCTCCGAGTGATTT--AAATCTA- 

                           Capra hircus (Goat) bloodmeal (Sample B217)   AG-TTTTGGTTGGGGTGACCTCGGAGAACAAGAGATCCTCCGAGCGATTTTAAAGACTA- 

                                               Capra hircus (KP195268)   AG-TTTTGGTTGGGGTGACCTCGGAGAACAAGAGATCCTCCGAGCGATTTTAAAGACTA- 

                          Homo sapiens (Human) bloodmeal (Sample B148)   AA-TTTCGGTTGGGGCGACCTCGGAGCAGAACCCAACCTCCGAGCAGT---ACATGCTAA 

                                               Homo sapiens (KP218948)   AA-TTTCGGTTGGGGCGACCTCGGAGCAGAACCCAACCTCCGAGCAG---TACATGCTAA 

                    Arvicanthis niloticus (Rat) bloodmeal (Sample B36)   AA-TTTCGGTTGGGGTGACCTCGGAGAATAAAAAATCCTCCGAATGATTAT--AGTTCA- 

                                      Arvicanthis niloticus (AF141228)   AA-TTTCGGTTGGGGTGACCTCGGAGAATAAAAAATCCTCCGAATGATTTT--AGCATA- 

                            Ovis aries (Sheep) bloodmeal (Sample B183)   AG-TTTCGGTTGGGGTGACCTCGGAGAACAGAAAATCCTCCGAGCGATTTTAAAGACTA- 

                                                 Ovis aries (KF312238)   AG-TTTCGGTTGGGGTGACCTCGGAGAACAGAAAATCCTCCGAGCGATTTTAAAGACTA- 

             121      130       140       150       160       170       180 

                                                                         |        |         |         |         |         |         |  

                  Bufo regularis (African Toad) bloodmeal (sample B70)   GGATTTAA-TT-CTAAGCTGAGACCTACGCCTCTAAGCATCAGCACACTGACATTAATTG 

                                             Bufo regularis (AF220889)   GGATTTAA-TT-CTAAGCTGAGACCTACGCCTCTAAGCATCAGCACACTGACATTAATTG 

  Ptychadena anchietae (Anchieta's Ridged Frog) bloodmeal (Sample B79)   GAATAATA-TC-CTAATCTAAGAGGGACACCTCTAAGAATTAATAAATTAACGTATGATG 

                                       Ptychadena anchietae (GQ183598)   GAATAATA-TC-CTAATCTAAGAGGGACACCTCTAAGAATTAATAAATTAACGTATGATG 

               Ptychadena nilotica (Grass frog) bloodmeal (Sample B31)   GAATAAAA-TC-CTAATCTATGAGCCACACCTCTAAGAATCAACAAATTGACATAAAATG 

                                        Ptychadena nilotica (DQ525928)   GAATAAAA-TC-CTAATCTATGAGCCACACCTCTAAGAATCAACAAATTGACATAAAATG 

                 Hirundo rustica (Barn swallow) bloodmeal (Sample B21)   GACCACAC--ATCTAGACCAAGAGCTACAACTC----GACGTGCAAATAGC-ACCCA--G 

                                            Hirundo rustica (AB042382)   GACCACAC--ATCTAGACCAAGAGCTACGACTC----GACGTGCAAATAGC-ACCCA--G 

    Urocolius macrourus (mousebird) bloodmeal (Sample B11,22,B20,B229)   GACCT-AC-CCTCTTAATCAAGAGCCACCTCTC----AACATGCCAATAGCCA-CCA--G 

                                        Urocolius macrourus (AF173589)   GACCT-AC-CCTCTTAATCAAGAGCCACCTCTC----AACATGCCAATAGCCA-CCA--G 

                  Bubulcus ibis (Cattle Egret) bloodmeal (sample B180)   GACCACAC--CTCTTAACCAAGAGCGACATCTC----TACGTGCTAACAGTAA-CCA--G 

                                              Bubulcus ibis (KJ190945)   GACCACAC--CTCTTAACCAAGAGCGACATCTC----TACGTGCTAACAGTAA-CCA--G 

                        Gallus gallus (Chicken) bloodmeal (Sample B19)   GACCACAA--CTCTTCACTAAGACCAACTCCTC----AAAGTACCAACAGTAA-CCA--G 

                                              Gallus gallus (AY236430)   GACCACAA--CTCTTCACTAAGACCAACTCCTC----AAAGTACCAACAGTAA-CCA--G 

                Gallus gallus variant (Chicken) bloodmeal (Sample B15)   GACCACAA--CTCTTCACTAAGACCAACCCTTC----AAAGTACAAATAGTAA-CTA--G 

                                    Francolinus pintadeanus (EU165707)   GACCACAA--CTCTTTACCAAGACCAACACCTC----AAAGTACTAATAGTAATTTA--G 

                       Streptopelia turtur(Dove) bloodmeal (Sample B5)   GACCACCC-CCTCTTAACTAAGAGCAACCCCTC----AACGTACTAATAGTAA-CCA--G 

                                        Streptopelia turtur (KC984248)   GACCACTC-CCTCTTAACTAAGAGCAACCCCTC----AACGTACTAACAGTAA-CCA--G 

                 Cairina moschata (Muscovy duck) bloodmeal (Sample B6)   GACCACAC--CTCTTTACTTAGAGCCACCCCTC----AAAGTGCTAATAGCGA-CCA--G 

                                           Cairina moschata (EU755254)   GACCACAC--CTCTTTACTTAGAGCCACCCCTC----AAAGTGCTAATAGCGA-CCA--G 

                     Ardea cinerea (Grey heron) bloodmeal (Sample B21)   GACCACAC--CTCTTAACCAAGAGCAACATCTC----TACGTGCTAATAGTAA-CCA--G 

                                              Ardea cinerea (KJ190947)   GACCACAC--CTCTTAACCAAGAGCAACATCTC----TACGTGCTAATAGTAA-CCA--G 

                   Pseudonestor sp. (Passerine) bloodmeal (Sample B19)   GACCACAC--CTCTAGACTAAGAGCAACCCCTC----AACGTGCTAATAGCAA-CCA--G 

                                   Pseudonestor xanthophrys (KM078809)   GACCACAC--CTCTAGACTGAGAGCAACCCCTC----AACGTGCTAATAGCAC-CCA--G 

                                  Small bird (Passerine) (Sample B152)   GACCACAC--CTCTAGACTAAGAGCTACCCCTC----AACGTGCTAATAGCAA-CCA--G 

                                             Ficedula parva (FJ465224)   GACCACAC--CTCTAGACTAAGAGCAACCCCTC----AACGTGCTAATAGCAA-CCA--G 

        Weaver bird (Ploceus baglaflecht-like) bloodmeal (Sample B221)   GACCATAC--CTCCAGACCAAGAGCAACCCCTC----AACGTGCTAATAGC-ATCCA--G 

                      Small bird (Weaver bird) bloodmeal (Sample B209)   GACCACAA--CTCCAGACCAAGAGCAACCTCTC----AACGTGCTAATAGC-ATCCA--G 

                                        Ploceus baglaflecht (AY283898)   GATCACAC--CTCCAGACCAAGAGCAACCCCTC----AACGTGCTAATAGC-ATCCA--G 

                                    Black bird bloodmeal (Sample B228)   GACCACAC--CTCCAGACCAAGAGCAACCACTC----AACGTGCTAATAGC-AACCA--G 

                                            Curaeus curaeus (JX516070)   GACCATAC--CTCTAGACTAAGAGCAACCTCTC----AACGTGCTAATAGC-AACCA--G 

             Micropteropus pusillus (Fruit bat) bloodmeal (Sample B34)   GACT-AACAAGTCGAAAC--CCT-CTATCA--TT----------CA-GTG--ATCCAA-- 

                                     Micropteropus pusillus (JN398183)   GACT-AACAAGTCGAAAC--CCT-CTATCA--TT----------CA-GTG--ATCCAA-- 

                              Bos taurus (Cow) bloodmeal (Sample B25A)   GACC-CACAAGTCAAATC--ACT-CTATCGCTC-------------ATTG--ATCCAA-- 

                              Bos taurus (Cow) bloodmeal (Sample B146)   GACC-CACAAGTCAAATT--ACT-CTATCGCTC-------------ATTG--ATCCAA-- 

                                                 Bos taurus (KJ789953)   GACC-CACAAGTCAAATC--ACT-CTATCGCTC-------------ATTG--ATCCAA-- 
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                             Canis lupus (Dog) bloodmeal (Sample B105)   GACC-CACAAGTCAAAAT-A-CA-ACATCA--CT----------T-ATTG--ATCCAA-- 

                                                Canis lupus (KJ789955)   GACC-CACAAGTCAAAAT--ACA-ACATCA--CT----------T-ATTG--ATCCAA-- 

                          Equus asinus (Donkey) bloodmeal (Sample B93)   GACT-AACCAGTCAAAAT--ACA-TAATCA--CT----------TA-TTG--ATCCAA-- 

                                               Equus asinus (KM881681)   GACT-AACCAGTCAAAAT--ACA-TAATCA--CT----------TA-TTG--ATCCAA-- 

                                               Equus asinus (AP012271)   GACT-AACCAGTCAAAAT--ACA-TAATCA--CT----------TA-TTG--ATCCAA-- 

                           Capra hircus (Goat) bloodmeal (Sample B217)   GACTT-ACAAGTCAAATC-AA-A-TTATCG--CT----------TA-TTG--ATCCAA-- 

                                               Capra hircus (KP195268)   GACTT-ACAAGTCAAATC-AA-A-TTATCG--CT----------TA-TTG--ATCCAA-- 

                          Homo sapiens (Human) bloodmeal (Sample B148)   GACTTCACCAGTCAAAGC-GA-A-CTACTATACT----------CAATTG--ATCCAA-- 

                                               Homo sapiens (KP218948)   GACTTCACCAGTCAAAGC-GA-A-CTACTATACT----------CAATTG--ATCCAA-- 

                    Arvicanthis niloticus (Rat) bloodmeal (Sample B36)   GACC-AACAAGTCAAAAC-AACA-CTTTAAATCT----------TA-TTG--ATCCAA-- 

                                      Arvicanthis niloticus (AF141228)   GACT-AACAAGTCAAAGC-AACA-TTACAAATCT----------TA-TTG--ACCCAA-- 

                            Ovis aries (Sheep) bloodmeal (Sample B183)   GACT-AACAAGTCAAACC-AA-A-CCATCG--CT----------TA-TTG--ATCCAA-- 

                                                 Ovis aries (KF312238)   GACT-AACAAGTCAAACC-AA-A-CCATCG--CT----------TA-TTG--ATCCAA-- 

             181      190       200       210        

                                                                         |        |         |         |          

                  Bufo regularis (Leopard Toad) bloodmeal (sample B70)   ACCCAATAC----AATTGAGCAACGAACCAAGTTACCC 

                                             Bufo regularis (AF220889)   ACCCAATAC----AATTGAGCAACGAACCAAGTTACCC 

  Ptychadena anchietae (Anchieta's Ridged Frog) bloodmeal (Sample B79)   ATCCAATACTTATATTTGATCAATGAACCAAGTTACCC 

                                       Ptychadena anchietae (GQ183598)   ATCCAATACTTATATTTGATCAATGAACCAAGTTACCC 

               Ptychadena nilotica (Grass frog) bloodmeal (Sample B31)   ACCCGATA-----ATTCGATCAATGAACCAAGTTACCC 

                                        Ptychadena nilotica (DQ525928)   ACCCGATA-----ATTCGATCAATGAACCAAGTTACCC 

                 Hirundo rustica (Barn swallow) bloodmeal (Sample B21)   ACCCAATAA----AATTGATCAATGGACCAAGCTACCC 

                                            Hirundo rustica (AB042382)   ACCCAATAA----AATTGATCAATGGACCAAGCTACCC 

    Urocolius macrourus (mousebird) bloodmeal (Sample B11,22,B20,B229)   ACCCAATAC----ACTTGATTAATGGACCAAGCTACCC 

                                        Urocolius macrourus (AF173589)   ACCCAATAC----ACTTGATTAATGGACCAAGCTACCC 

                  Bubulcus ibis (Cattle Egret) bloodmeal (sample B180)   ACCCAATAT----AATTGATTAATGAACCAAGCTACCC 

                                              Bubulcus ibis (KJ190945)   ACCCAATAT----AATTGATTAATGAACCAAGCTACCC 

                        Gallus gallus (Chicken) bloodmeal (Sample B19)   ACCCAATAT----AATTGAGCAATGGACCAAGCTACCC 

                                              Gallus gallus (AY236430)   ACCCAATAT----AATTGAGCAATGGACCAAGCTACCC 

                Gallus gallus variant (Chicken) bloodmeal (Sample B15)   ACCCAATAC----AATTGATCAATGGACCAAGCTACCC 

                                    Francolinus pintadeanus (EU165707)   ACCCAATAC----AATTGATCAATGGACCAAGCTACCC 

                       Streptopelia turtur(Dove) bloodmeal (Sample B5)   ACCCAATAC----AATTGACCAATGGACCAAGCTACCC 

                                        Streptopelia turtur (KC984248)   ACCCAATAC----AATTGATCAATGGACCAAGCTACCC 

                 Cairina moschata (Muscovy duck) bloodmeal (Sample B6)   ACCCAATAT----AATTGATTAATGGACCAAGCTACCC 

                                           Cairina moschata (EU755254)   ACCCAATAT----AATTGATTAATGGACCAAGCTACCC 

                     Ardea cinerea (Grey heron) bloodmeal (Sample B21)   ACCCAATAC----AATTGATTAATGAACCAAGCTACCC 

                                              Ardea cinerea (KJ190947)   ACCCAATAC----AATTGATTAATGAACCAAGCTACCC 

                   Pseudonestor sp. (Passerine) bloodmeal (Sample B19)   ACCCAATAT----AATTGATCAATGGACCAAGCTACCC 

                                   Pseudonestor xanthophrys (KM078809)   ACCCAATAT----AATTGATCAATGGACCAAGCTACCC 

                                  Small bird (Passerine) (Sample B152)   ACCCAATAT----AATTGATCAATGGACCAAGCTACCC 

                                             Ficedula parva (FJ465224)   ACCCAATAT----AATTGATCAATGGACCAAGCTACCC 

        Weaver bird (Ploceus baglaflecht-like) bloodmeal (Sample B221)   ACCCAATAC----AATTGATCAATGGACCAAGCTACCC 

                      Small bird (Weaver bird) bloodmeal (Sample B209)   ACCCAATAC----AATTGATCAATGGACCAAGCTACCC 

                                        Ploceus baglaflecht (AY283898)   ACCCAATAC----AATTGACCAATGGACCAAGCTACCC 

                                    Black bird bloodmeal (Sample B228)   ATCCAATAT----AATTGATCAATGGACCAAGCTACCC 

                                            Curaeus curaeus (JX516070)   ACCCAATAC----AATTGATCAATGGACCAAGCTACCC 

             Micropteropus pusillus (Fruit bat) bloodmeal (Sample B34)   ----TTT-CTT----TTGATCAACGGAACAAGTTACCC 

                                     Micropteropus pusillus (JN398183)   ----TTT-CTT----TTGATCAACGGAACAAGT----- 
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                              Bos taurus (Cow) bloodmeal (Sample B25A)   ----AAA---C----TTGATCAACGGAACAAGT----- 

                              Bos taurus (Cow) bloodmeal (Sample B146)   ----AAA---C----TTGATCAACGGAACAAGT----- 

                                                 Bos taurus (KJ789953)   ----AAA---C----TTGATCAACGGAACAAGT----- 

                             Canis lupus (Dog) bloodmeal (Sample B105)   ----TAA-TTT----TTGATCAACGGAACAAGT----- 

                                                Canis lupus (KJ789955)   ----TAA-TTT----TTGATCAACGGAACAAGTT---- 

                          Equus asinus (Donkey) bloodmeal (Sample B93)   ----ACC---T----TTGATCAACGGAATAAGT----- 

                                               Equus asinus (KM881681)   ----ACC---T----TTGATCAACGGAACAAGT----- 

                                               Equus asinus (AP012271)   ----ACC---T----TTGATCAACGGAACAAGT----- 

                           Capra hircus (Goat) bloodmeal (Sample B217)   ----AAA--AC----TTGATCAACGGAACAAGT----- 

                                               Capra hircus (KP195268)   ----AAA--AC----TTGATCAACGGAACAAGT----- 

                          Homo sapiens (Human) bloodmeal (Sample B148)   ----TAA-C------TTGACCAACGGAACAAGT----- 

                                               Homo sapiens (KP218948)   ----TAA-C------TTGACCAACGGAACAAGT----- 

                    Arvicanthis niloticus (Rat) bloodmeal (Sample B36)   ----AACTA-T----TTGATCAACGGACCAAGTTACCC 

                                      Arvicanthis niloticus (AF141228)   ----ATCTATT----TTGATCAACGGACCAAGTTACCC 

                            Ovis aries (Sheep) bloodmeal (Sample B183)   ----AAA---C----TTGATCAACGGAACAAGT----- 

                                                Ovis aries (KF312238)    ----AAA---C----TTGATCAACGGAACA 
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