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ABSTRACT

Biting midges are small insects (1-3mm long) in the order diptera. Medical and
veterinary importance of biting midges lies in the ability of certain members of these
insects to transmit protozoa and filariae as well as act as vectors of viral diseases in
humans and domestic animals. These vectors have been implicated in the
transmission of African horse sickness virus, Bluetongue virus, Oropouche virus,
Shmallenberg, Epizootic Haemorrhagic Disease and Akabane virus among other
pathogenic viruses, which have been associated with diseases in human and livestock
animals. The aim of the study was to identify and genetically characterize
arboviruses among biting midges and related vectors collected from various sites in
Kenya including; Turkana, Baringo, Kacheliba, Budalangi and lIsiolo. Further, the
study sought to characterize the biting midge vectors so as to determine the species
of vectors associated with the identified viruses. Insect specimens from the field were
first sorted and pooled according to the collection site. The pooled specimens were
homogenized and clarified by centrifugation. The supernatant was used to extract the
viral RNA while the pellet was used to extract the vector DNA. The extracted RNA
was subjected to sequencing using the metagenomics approach while extracted DNA
was used to carry out amplicon-based high-throughput sequencing. The sequence
data were initially cleaned and assembled for subsequent analysis. The sequences
obtained were taxonomically classified through BLAST analysis. Subsequently,
phylogenetic analysis was conducted to show the relationship of the identified
viruses to existing ones in public databases. The study identified 15 viruses that were
phylogenetically distinct. These viruses are classified into seven families, with one
virus belonging to the newly proposed negevirus taxon. Partitiviridae, Iflaviridae,
Picornaviridae, Tombusviridae, Solemoviridae, Totiviridae, and Chuviridae are
among the seven virus families. In addition, a wide variety of midge species was
discovered that could be linked to the viruses discovered. Midges within the
Ceratopogonidae family were the most common insects identified. Others included
those in the Chironomidae and Cecidomydiae families. The findings show a wide
range of RNA viruses in Kenyan midges, including previously unknown viruses.
Furthermore, metabarcoding analysis using COI barcodes reveals a high species
richness among the insects characterized. The findings in this study highlights the
presence of a number of viruses in midges from different sites across Kenya, some of
which can be considered as novel viruses. Further, different species of biting midges
were identified in this study that are possibly associated with these viruses identified.
These findings are therefore important in mapping the potential areas with significant
risk for disease occurrence based on the knowledge of species of insect vectors
associated with particular viral pathogens. Nonetheless, the study recommends
further studies to identify any viral pathogens among the insect vectors that have
been associated with disease in this region.
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CHAPTER ONE
INTRODUCTION
1.1 Background

Biting midges are small flies that belong to the order diptera, suborder nematocera.
Their body lengths rarely exceed three millimetres and their developmental cycle
consists of the egg, larvae (4 instars), pupa, and adult (Mellor et al., 2000). Biting
midges contains a diverse number of species, four of which are known to feed on
blood from vertebrates (Mellor et al., 2000). These include Austroconops, Culicoides,
Forcipomyia, and Leptoconops. Culicoides forms the majority of these biting midges,
with more than 1400 species (Mellor et al., 2000; Heeney, 2006). Given their blood
feeding habits, these insects have been shown to be vectors of several disease-
causing pathogens which have resulted in significant impacts on public and

veterinary health (Carpenter et al., 2013).

Biting midges are known to be vectors of disease-causing pathogens such as
protozoa and filariae; mainly Mansonella streptocerca, Mansonella ozzardi and
Mansonella perstans. These pathogens are quite prevalent in the Caribbean and Latin
America as well as in West and Central Africa (Carpenter et al., 2013). Apart from
the transmission of filarial nematodes, biting midges are also known to be vectors of
arboviruses (van Eeden et al., 2012). Arboviruses refer to viruses that are transmitted
by arthropod vectors, and they account for two thirds of all the emerging viruses
(Heeney, 2006). Majority of arboviruses are RNA viruses, with only African Swine
Fever Virus (ASFV), being the only known DNA virus transmitted by tick vectors
(Weaver & Reisen, 2010). Given their devastating consequences, three of the RNA
viruses transmitted by biting midges have been listed by World organization for
animal health (OIE) as notifiable diseases. These are Bluetongue, African Horse
Sickness and Epizootic haemorrhagic disease (Heeney, 2006; Temmam et al., 2016).

The most important public health importance of biting midges currently is in the
transmission of arboviruses that infect humans as well as domestic and wild animals
(Maclachlan & Guthrie, 2010; Robin et al., 2016). One of the arboviruses transmitted
by biting midges is the African horse sickness virus (AHSV), an aetiological agent of



African horse sickness (AHS) (Robin et al., 2016). AHS affects equids and it is one
of the most important and lethal infectious diseases in the sub Saharan Africa (Robin
et al., 2016). AHS causes mortality rates in susceptible horses that are estimated to
be more than 90%, thus leading to considerable economic losses (Zientara et al.,
2015). Bluetongue virus (BTV) is also another important virus transmitted by these
vectors. It causes Bluetongue (BT) disease in ruminants and it is of particular
concern in Sub Saharan Africa (Maclachlan & Guthrie, 2010). BTV has spread to
various parts of the world and it has been implicated in outbreaks in Europe, such as
the 2006-2007 outbreak in Belgium which resulted in the disruption of animal trade
and death of animals estimated to be worth 180 million pounds (Jauniaux et al.,
2008). In the US, the country was estimated to be losing up to 125 million dollars
yearly due to BT disease (Tabachnick, 1996).

Biting midges have also been implicated in the transmission of Oropouche virus
(OROV), which is the only known human pathogen transmitted by these vectors
(Glick, 1990; Vasconcelos et al., 2009; Carpenter et al., 2013). OROV s the
aetiological agent of Oropouche fever, which is one of the important public health
concerns in the tropical areas of central and South America (Vasconcelos et al.,
2011). Oropouche fever is a febrile illness associated with headache, anorexia,
arthralgia and on rare occasions meningitis (Travassos da Rosa et al., 2017). The
incidences of Oropouche fever remains largely undetermined in a majority of the
epidemics. However, the first outbreak was recorded in 1961 in Brazil, with
approximately 11,000 people reported to have been infected (Travassos da Rosa et
al., 2017). Since then, dozens of other epidemics have been recorded over a span of
45 years, with total number of Oropouche fever cases being estimated to be half a
million (Vasconcelos et al., 2011; Travassos da Rosa et al., 2017). The most recent
epidemic in Brazil occurred in 2006, when it re-emerged in an area that had not
experienced any Oropouche fever incidences in over 26 years (Vasconcelos et al.,
2009). Outside of Brazil, OROV has been detected in Peru, Trinidad and Tobago as
well as in Panama. Recent outbreaks of Oropouche fever occurred in Peru in 2016,
where up to 24% seropositive cases were reported (Romero-Alvarez & Escobar,

2017). Various other arboviruses transmitted by midges and which are the subject of



major outbreaks in the recent years include Shmallenberg, Epizootic Haemorrhagic
Disease (EHDV) and Akabane viruses among others (Maclachlan & Guthrie, 2010;
Toye et al., 2013).

In Kenya, mostly play a role in the transmission of pathogens of veterinary
importance. This has been shown by the detection of different pathogens transmitted
by these vectors in the country. A number of strains of BTV as well as Ephemeral
fever virus (EFV) have previously been isolated from biting midges in Kenya
(Davies et al., 1979). More recently, a study on BTV and EHDV in local breeds of
cattle found that approximately 62% of the 455 tested calves were seropositive for
BTV, EHDV or both (Toye et al., 2013). These studies points to high levels of
circulating BTV and EHDV among Kenyan cattle. Further, there have been recent
reports of outbreaks of BT disease in various counties in Kenya, including Narok and
Samburu (OIE, 2018; The Standard, 2018). Despite this fact, the circulation,
characterisation and associated human and animal disease for these viruses remain
largely unexplored. Here, next-generation sequencing technologies was utilized to
simultaneously characterize the viruses and associated vector species among biting

midges in Kenya.
1.2 Statement of the problem

A variety of arboviruses have been isolated from biting midges throughout the world.
In Kenya, different strains of BTV, EFV and EHDV have been detected. Further,
studies on BTV and EHDV among the local breeds of cattle in Kenya found up to
62% of the calves to have these diseases. The findings point to high levels of
circulating BTV and EHDV in Kenya. There have also been recent reports of
outbreak of BT disease in various counties in Kenya, including Narok and Samburu.
With increasing international and local travel, globalisation and changes in climatic
conditions, there is always a continued risk of incursions of new viruses. This is
particularly true with biting midges, whose long-distance movements have been
extensively modelled. There is, therefore, need to identify any of the currently
circulating arboviruses among midges in Kenya as well as determine the associated

biting-midge species.



1.3 Justification

A number of viruses have previously been isolated from biting midges in Kenya.
These include BTV, EHDV, and EFV among others. Additionally, several biting
midges vectors such as Culicoides spp. have also been identified in the country.
These vectors have previously been implicated in the transmission of viruses of
veterinary and public health concern. There is, however, limited information
regarding arboviruses currently circulating among Kenyan midges. Detection and
characterization of these viruses would provide an insight into the circulating
arboviruses that could be of veterinary or public health concern. Viruses transmitted
by biting midges are associated with diseases that often lead to significant economic
losses due to the loss of livestock. Livestock such as cattle, sheep, goats and equids
contributes 10% of Kenya’s gross domestic product (GDP) and they employ up to
90% of the local population from Kenya’s Arid and Semi-arid Lands (ASAL). Thus,
the importance of livestock in Kenya is quite high and the findings from this study
would be helpful in boosting this sector by providing the basis for surveillance and
control measures aimed at averting any possible effects of arboviruses transmitted by
biting midges. Additionally, the findings would be useful in allowing evidence-based
refinement of guidelines on surveillance and control activities.
1.4 Research questions
1. What viruses are found in biting midges from Turkana, Baringo, Kacheliba,
Isiolo and Budalangi sites in Kenya?
2. What are the phylogenetic relationship of identified viruses to existing
viruses?
3. What species of biting midges are found in Turkana, Baringo, Kacheliba, Isiolo
and Budalangi sites in Kenya?
1.5 Null hypothesis
1. There are no viruses in biting midges from Turkana, Baringo, Kacheliba,
Isiolo, and Budalangi sites in Kenya.
2. There is no genetic diversity in arboviruses found in biting midges from Turkana,

Baringo, Kacheliba, Isiolo, and Budalangi sites in Kenya.



3. There is no diversity in biting midge species from Turkana, Baringo, Kacheliba,
Isiolo, and Budalangi sites in Kenya.
1.6 Objectives
1.6.1 General objective
To detect and genetically characterize arboviruses and associated biting midges and
other related vectors in selected counties in Kenya
1.6.2 Specific objectives
1. To detect and identify viruses in biting midges and related insect vectors from
Turkana, Baringo, Kacheliba, Isiolo, and Budalangi sites in Kenya
2. To characterise and determine the phylogenetic relationship of the identified
viruses
3. To characterise biting midges and related insect vectors from selected sites in

Kenya.



CHAPTER TWO
LITERATURE REVIEW
2.1 General characteristics of biting midges

Biting midges are small flies and, like mosquitoes and sandflies, they belong to the
order diptera. They have been nicknamed no-see-ums, which is a descriptive name
for their extremely irritating bite (Connelly, 2013; Mullen & Murphree, 2019). These
flies are quite small with a size of approximately 1-3mm in length. Taxonomic
identification of biting midges is dependent upon the morphological characteristics
that are unique to each species including the wing patterns and venation, presence or
absence of the spermatheca, intraocular space, sensillae presence and placement of
flagellar segments (Connelly, 2013). Application of molecular differentiation
methods have recently been applied in the differentiation of these vectors. These
methods majorly includes use of a variety of markers that include cytochrome c
oxidase subunit 1 gene (COIl) and the ribosomal markers such as internal transcribed
spacer 1 and 2 (ITS1 and ITS2) (Norris, 2002).

Most biting midge species are mostly active just before dusk and before dawn (Foxi
et al., 2022). All biting midges feed on nectar and plant sap. Female midges,
however, requires a blood meal which is important during the gonotrophic cycle
process. Female biting midges therefore seek blood meal by attacking mammals that
include humans, birds, reptiles as well as livestock (Paweska et al., 2002). However,
despite their blood-seeking habits, biting midges have been shown to be exophilic
and exophagic. Their resting places is mainly in the bushes, though some species

hide in cracks of tree trunks as well as the upper layers of sand (Connelly, 2013).
2.2 General life cycle of biting midges

Biting midges undergo a typical holometabolous life cycle that consist of egg, 4
larval instars, pupa and adult cycles (Foxi & Delrio, 2010). The eggs are small and
slender with an allantoid shape. They measure approximately 350-500um in length
and between 65 and 80 um in breadth (Campbell & Kettle, 1975). When they are
hatched, the eggs have a white colour which turns to dark brown after a short while.

Different biting midge species lay varying egg batches. Culicoides brevitarsis, for



instance, lays between 30 and 40 egg batches while Culicoides circumscriptus can
lay up to 450 egg batches (Foxi & Delrio, 2010). The common African species
Culicoides imicola lays between 53 and 69 egg batches. The eggs are often hatched
within a few days where the conditions are favourable (Foxi et al., 2022). However,
the eggs can also enter into a diapause where it can remain for up to 7-8 months
before they hatched (Campbell & Kettle, 1975).

I Egg Mass

—>

Adult e \
P

1st Instar

3rd Instar j
«%an Instar

Figure 2. 1: General life cycle of biting midges, Culicoides spp. (Walker,

1987).The larval stages of biting midges are much longer than the egg and pupal
stages. Larvae is a typical nematoceran with a sclerotized head, segmented body with
11 bodily segments and no appendages (Mellor et al., 2000). Development of these
larvae is temperature dependent, and it takes between 11 to 16 days at a temperature
of approximately 28°C (Foxi et al., 2022). With a temperature of 25°C the larval
development takes between 15 and 21 days and with a temperature of 20°C it takes
between 34 and 56 days (Foxi et al., 2022). The life stages of different species of
biting midges, under field conditions, vary widely from as short as two weeks to as



long as one year for some species especially those in the arctic (Szadziewski et al.,
1997).

Pupation is made possible by the gradual drying of the larval habitats. Pupa is the
stage that gives rise to the winged adult (Connelly, 2013). It is a none-feeding short-
lived stage. Most biting midge species float in water, while others such as the C.
imicola are unable and often drawn in water-logged soil (Campbell & Kettle, 1975).
During emergence, male biting midges often emerge before the females. This is the
same observation among mosquitoes and it leads to sizable population of males that
are ready for mating once the females emerge. Mating normally occurs during
swarming. This occurs during the dusk and it involves mainly the males that varies
between approximately 10 and 1000 individuals. Swarm size, however, involves
around 50 individuals (Connelly, 2013).

The life-span of adult biting midges varies depending on the prevailing conditions
(Szadziewski et al., 1997). Most species live for up to 20 days, but occasionally can
survive for up to 90 days. Female midges require one blood meal for a single batch
of eggs matured and thus blood feeding frequency is dependent upon the egg
development rate(Kasicova et al., 2021). Biting midge species and the prevailing
temperature also play a role in the frequency of egg development and thus blood
feeding rates (Kasicova et al., 2021). Adult biting midges can fly for short distance
from their larval habitats. However, they can be carried by wind to distances of up to
700 km (Szadziewski et al., 1997).

2.3 Larval habitats of biting midges

The most common larval habitats of most biting midges contain moisture as well as
organic matter. However, some species have more specialized larval habitats.
Surface water and soil surface form a larval habitat for some Culicoides species
(Foxi & Delrio, 2010; Gonzalez et al., 2013). A number of species use this habitat to
lay their eggs. The type of soil that are associated with these vectors may vary from
coarse sand to the finest clay. Presence of decomposed plant material in soil forms
favourable conditions for breeding by biting midges (Gonzalez et al., 2013). Some
species of biting midges have been found in the rotting stems of banana plants as



well as in the rotting fallen fruits. Dung pats of large animals also act as breeding
habitats of biting midges. Studies have found biting midges breeding in bovine dung.
Some species require fresh dung of specific animals to complete their life cycle
(Gonzalez et al., 2013). Culicoides bolitinos, for instance, has been found to breed in
the dung of African buffalo, cattle, as well as the blue wildebeest. Tree holes and
other plant and rock cavities is also another larval habitat for biting midges. These
can be the deep, dark water filled holes to the shallow and exposed hollows in tree
with moist conditions (Foxi & Delrio, 2010).

2.4 Geographical distribution of biting midges

Biting midges has a worldwide distribution except for some few areas. Notable
places of the world where biting midges are not found include New Zealand in
Australasia, Hawaiian islands in the Americas as well as the most Southern tip of
South America (Szadziewski et al., 1997; Guichard et al., 2014). The distribution of
given species of biting midges, however, varies across the different parts of the world.
Most abundant biting midge species in Africa is Culicoides imicola which is a vector
of various disease causing pathogens that includes AHSV (Guichard et al., 2014). In
North America, the most common species is Culicoides sonorensis. Cuicoides
insignis is the most common in South and Central America while Culicoides wadali,
Culicoides brevitarsis and Culicoides actoni are abundant in Australia. Culicoides
fulvus and Culicoides schultzei are common in Asia while Culicoides imicola,
Culicoides pulicaris and Culicoides obsoletus are the most common in Europe
(Guichard et al., 2014). In terms of worldwide distribution, however, Culicoides
imicola is one of the most widely distributed species of biting midges and it is found
throughout Africa, Europe and along the Mediterranean region as well as South
Asian countries such as Sri Lanka, Thailand, Laos and Vietnam (Figure 2.2)
(Guichard et al., 2014; Jacquet et al., 2016).
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Figure 2. 2: Predicted potential distribution of Culicoides imicola based on
global climate suitability under historical conditions (Guichard et al., 2014).

There are currently limited number of studies on the distribution of biting midges in
Kenya and the East African region at large. Nonetheless, earlier studies showed the
presence of quite a number biting midge species across East Africa. Culicoides
grahamii, Culicoides pallidipennis and Culicoides Schultzei were the most abundant
species across the region (Khamala, 1971). Further, a study by Walker & Boreham
(1976) identified different species of biting midges across different regions in Kenya,

as shown below (Figure 2.3).
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Figure 2. 3: Map of Kenya showing the distribution of biting midges across the
different regions (Walker & Boreham, 1976).

In terms of seasonal presence and abundance, biting midges have been shown to be
more common in areas where temperatures are seldom below 0°C (Carpenter et al.,
2013). These vectors are more common in areas that receive summer rainfalls as well
as winter rainfall. It has been shown that as the altitude increases, the winter
temperatures drop and trap collections of biting midges often decreases. In the
months following winter, biting midge collections increase gradually to peak during

the favourable conditions in the summer (Guichard et al., 2014). Even though
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temperature plays an important role in the maintenance of biting midge populations,
rainfall is equally an important aspect that plays a key role in maintaining the
breading sites of biting midges. The number of biting midges increases during the
summer months provided there is sufficient rainfall to maintain semi-aquatic habitats
for the larval stages (Maclachlan & Guthrie, 2010; Carpenter et al., 2013).

2.5 Blood feeding habits of biting midges

Females of nearly all the species of biting midges, just like mosquitoes, require a
blood meal in order to develop their eggs (Slama et al., 2015). Biting habits of these
midges, however, is not similar across all the species. Some European Culicoides are
known to be quite notorious for their man-biting habits (Carpenter et al., 2013). This
is not, however, the case with most of African Culicoides species which are known
to prefer feeding on animal blood as compared to man (Paweska et al., 2002). These
midges are also active at night and are rarely seen flying around during daytime
(Paweska et al., 2002).

The importance of female biting midges lies in their ability to act as biological
vectors of various disease agents of veterinary and medical importance. These
include protozoa, viruses and filarial nematodes which affect humans, birds and other
animals (Diniz et al., 2006; Carpenter et al., 2013). This ability is made possible by
their habit to feed on diverse hosts that include mammals, reptiles, man, birds as well
as blood-engorged mosquitoes (Ma et al., 2013; Slama et al., 2015). In some parts of
the world, biting midges have a severe biting nuisance and can also cause acute
allergic dermatitis (Diniz et al., 2006).

In a study on Culicoides obsoletus, a potential Bluetongue Virus Vector, on the
Canary Islands of Spain, Martinez-de la Puente and colleagues sought to ascertain
the blood meal sources of this vector (Martinez-de la Puente et al., 2012). The
findings showed that C. obsoletus feeds on goats and sheep, as shown by the
molecular identification of the blood sources. It is not clear, however, if at the time
of sample collection the predominant vertebrates in the sample collection area were
only goats and sheep or whether there were other vertebrates that were not fed on by
this vector. However, the findings confirms the fact that female C. obsoletus feeds on
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blood from these two animals thus putting them at risk of contracting Bluetongue
virus and the novel Smallenberg virus; both of which are transmitted by Culicoides
spp. (Carpenter et al., 2013).

In Kenya, Walker and colleagues carried out a study on a number of species of
Culicoides spp. and their blood feeding habits (Walker & Boreham, 1976). Their
study attempted to find out the blood feeding sources of Culicoides spp. using a
precipitin test. The study covered 16 different sites in Kenya and it was done over a
period of five years. The findings from this study showed that C. pallidipennis and C.
schultzei fed more on cattle and sheep. On the other hand, C. cornutus, C. zuluensis
and C. milnei also had same feeding patterns but were uncommon (Walker &
Boreham, 1976).

2.6 Virus isolation from biting midges

A number of viruses have been isolated from biting midges. These insects are vectors
to more than 50 viruses that are classified into three major classes of viruses;
Bunyaviridae, Rhabdoviridae and Reoviridae (Diniz et al., 2006; Heeney, 2006). Out
of these viruses, more than 44% have not been isolated from other arthropod groups.
In a study that analysed the viral communities in Senegalese biting midges, several
novel viruses were detected including novel Thogotovirus species and also novel
Rhabdovirus genus (Temmam et al., 2016). Additionally, a number of known
pathogenic viruses were detected including African horse sickness, epizootic

haemorrhagic disease and bluetongue viruses (Temmam et al., 2016).

In Zimbabwe, a number of viruses were isolated from Culicoides spp. in a veterinary
research farm (Blackburn & Phelps, 1985). The study was carried out over a period
of 11 months and the study ended in the isolation of Akabane virus, Nyabira virus,
African horse sickness virus, bluetongue virus and Ephemeral fever virus (EFV)
(Blackburn & Phelps, 1985). The findings showed differences in the kind of viruses
isolated from individual species of Culicoides midges. Akabane virus, for instance,
was isolated from C. milnei and C. imicola while Nyabira was only isolated from C.

imicola (Blackburn & Phelps, 1985). Further, African horse sickness virus as well as
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bluetongue virus were also isolated from C. imicola. Ephemeral fever virus,

however, was only isolated from C. coarctatus (Blackburn & Phelps, 1985).

Arboviruses have also been isolated from biting midges in Kenya. Various viral
strains were isolated from samples that were collected from different sites in Kenya
(Davies et al., 1979). In the study, however, the investigators did not differentiate the
virus strains according to the vector species. Generally, viruses isolated include BTV
and EFV (Davies et al., 1979). There were also unidentified strains of viruses that
were isolated; one of which was believed to be a new virus strain and the other five
were believed to be members of the Palyam group. Viruses of the palyam group have
been isolated from vertebrates including cattle, sheep, goats and humans and even
though it was initially thought to cause abortion in cattle, this has not yet been
scientifically established (Davies et al., 1979; Whistler et al., 1989).

2.7 Extrinsic incubation period of biting midges

Virus ingested by a vector remains for a certain period of time in the body before it
can develop to transmission capability. The time period taken from the ingestion of a
virus infected blood meal to transmission capability is referred to as extrinsic
incubation period (Elbers et al., 2015). It is during this period that the virus infects
and replicates in the midgut epithelial cells of the biting midge. The virus then
disseminates to infect other secondary organs and disperse to circulating
haemolymph (Walker & Boreham, 1976; Elbers et al., 2015). Once it reaches the
salivary ducts, the virus can then be transmitted to vertebrates during a blood meal
(Walker & Boreham, 1976). The extrinsic incubation period depends on the
prevailing temperature, with higher temperature being known to shorten the

incubation period among these vectors (Elbers et al., 2015).

In one study on Culicoides spp. midges from Kenya, the investigators sought to
determine whether the potential vectors live long enough to allow for virus
incubation; from the time of virus ingestion to the opportunity to transmit the virus
(Walker, 1977). In this study, it was found out that Culicoides pallidipennis, C.
cornutus, and C. schultzei live for a period of approximately 10 - 15 days to take
repeated blood meals, and this period was determined to be long enough to allow for
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development of all biting-midge associated viruses to transmission capability
(Walker, 1977).

2.8 Virus transmission and associated diseases

A high proportion of arboviruses, important to human and animal health, tend to
circulate mostly in the tropical and subtropical regions where flying insects such as
midges and mosquitoes are abundant (Liang et al., 2015). Arboviruses have caused
diseases for many years but it is only in the recent decades that a few arboviruses
have increased in importance (Weaver & Reisen, 2010; Weaver, 2013). This is
because of the increase in exposure to infection which is brought about by the
expansion of human population and their activities. Some of the arboviruses have
expanded their geographical range via direct spill-over from their enzootic cycles to
humans (Weaver, 2013).

Approximately 96% of more than 1400 described species of biting midges are said to
be obligatory blood feeders of mammals and birds (Lassen et al., 2012). Less than 50
of these described species are thought to be involved in disease transmission and a
few of them, less than 10, are proven vectors of arboviruses (Mellor et al., 2000;
Lassen et al., 2012). More than 75 arboviruses have been isolated from Culicoides
spp. across the world and the geographical distribution and seasonal incidences of
these disease-causing arboviruses often depend on the distribution and the biology of
the vector. Approximately 20 arboviruses belong to Bunyaviridae, 19 belong to

Reoviridae and 11 belong to Rabdoviridae families (Mellor et al., 2000).

The most well-known arboviruses include AHSV and BTV which are transmitted by
C. imicola, and which cause devastating diseases in ruminants (Paweska et al., 2002;
Fall et al., 2015). Other common arboviruses include Equine encephalosis virus
(EEV) and Epizootic hemorrhagic disease virus (EHDV). EEV is an aetiological
agent belonging to the genus Orbivirus and it causes Equine encephalosis, an
infectious disease of Equidae and which is noncontagious (Paweska et al., 2002).
EHDV causes Epizootic haemorrhagic disease (EHD), a fatal hemorrhagic disease in
the white-tailed deer of North America. More recently, several arboviruses of health

and veterinary importance have been isolated in various ecosystems across the world.
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Shmallenberg virus (SBV) was recently discovered in Germany among cattle that
were presenting clinical signs that included diarrhoea, congenital deformities in
calves and lambs as well as reduced milk yield (Hoffmann et al., 2012; Carpenter et
al., 2013). Following the detection of this novel arbovirus, a number of studies were
carried out across Europe and it is suspected that the species involved in the
transmission of SBV include many of those that have been implicated previously in
the transmission of BTV. Phylogenetic characterization classified SBV in close

relationship to Akabane, Aino and Shampnda viruses (Carpenter et al., 2013).

Currently, the most important public health role of biting midges lies in their ability
to transmit Oropouche virus (OROV) (Lassen et al., 2012; Carpenter et al., 2013).
OROV belongs to the genus Orthobunyavirus in the family Bunyaviridae. It is
predominantly transmitted to humans by the biting midge Culicoides paraensis.
OROV is the aetiological agent of the febrile illness Oropouche fever. This disease is
commonly associated with headache in high number of cases, but can also lead to
arthralgia, anorexia and meningitis in rare cases. OROV is distributed across a
geographic range that includes Brazil, Panama, Peru, Trinidad and Colombia
(Carpenter et al., 2013).

2.9 Detection and characterization of arboviruses

The process of detection of novel viruses has traditionally relied upon the ability to
culture and morphologically or serologically identify the viruses (Finkbeiner, 2009).
Even though these methods are still in great use, they are highly limited. These
methods are hampered by the inability of a large number of viruses to grow well or
even at all in cell culture (Finkbeiner, 2009; Barzon et al., 2011). Additionally,
successful culturing of the virus does not necessarily lead to easy identification and
characterization given the strategy depends on visual inspection of the morphology
and particle size of the cultured viruses using electron microscopy (EM) or via
serological cross reaction with antibodies to known viruses (Finkbeiner, 2009).
Determination of the viral family to which a given virus belongs to, based on EM
observations, was hampered by the fact that multiple virus families exhibit similar
morphologies, thus making it hard to distinguish between them. Serological assays

also had their own limitations given the unknown viruses must cross-react with
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known viruses for which there are serological materials available (Finkbeiner, 2009).
There is also a requirement for a priori knowledge of the possible identity of the
viruses since the screening of the viruses will need to be done individually for each
virus family (Finkbeiner, 2009).

The increased burden of virus-causing human and veterinary diseases, some new and
previously unrecognized, necessitated the need for improved methods for the
identification and characterization of new and unsuspected viral pathogens.
Development and application of NGS technologies in the detection of disease-
associated viruses has led to great success (Barzon et al., 2011; Radford et al., 2012;
Aguiar et al., 2015). Compared with other methods, NGS offers the benefit of high
sensitivity and also the potential to detect a full spectrum of viruses, including novel
viruses (Radford et al., 2012). Vector-borne and zoonotic viruses are among the
important and challenging areas of viral discovery. The feasibility of identifying
arboviruses using NGS techniques has been explored in a number of studies. In one
study, a simulation of samples derived from a routine arbovirus surveillance was
done by infecting Aedes aegypti mosquitoes with dengue virus and then pooled with
non-infected mosquitoes of the same species (Bishop-Lilly et al., 2010). After
purification of total RNA from mosquitoes, they were reverse transcribed using
random primers after which they were subjected to 454 pyrosequencing. The study

was able to correctly identify the infected mosquito pools (Bishop-Lilly et al., 2010).
2.10 Genetic variability and its role in evolution of arboviruses

Genetic variability is an important aspect of viruses, allowing them to adapt to new
environments as well as to quickly adapt to novel hosts (Longdon et al., 2014). Thus
genetic variation plays a role in host shift, whereby the risk of a host shift of a given
virus is often dependent on the likelihood of accumulation of specific set of
mutations necessary for infecting the new host (Longdon et al., 2014). Arboviruses
are maintained by the transmission between vertebrates and blood-feeding arthropods
(Heeney, 2006). The vast majority of arboviruses are RNA viruses, with the only
known DNA virus being African swine fever virus (Weaver & Reisen, 2010). The
high mutation rates of RNA viruses may, therefore, explain why these viruses often
host shift more frequently than other pathogens (Lauring & Andino, 2010).
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There are three main possible ways of the origin of genetic variability in RNA
viruses; mutation, recombination and re-assortment (Lauring & Andino, 2010). RNA
viruses experience far higher mutation rates as compared to DNA viruses. This is due
to their low fidelity RNA-dependent RNA polymerase (RdRp), large population size
and rapid replication kinetics (Longdon et al., 2014). Recombination refers to the
process by which segments of genetic information are switched between the
nucleotide strands of the different genetic variants, often during replication and
where there is a coinfection with similar viruses (Lauring & Andino, 2010).
Reassortment is a source of genetic variation that occurs in segmented viruses.
Reassortment of the individual segments of RNA may occur, when there is a co-
infection by RNA viruses, leading to production of new viral strains with new
capabilities (Lauring & Andino, 2010).

The distribution of genetic variants in a population may change over time leading to
evolution of the viruses and the development of different taxonomic entities
(Longdon et al., 2014). The study of viral variability and evolution is, therefore,
quite important as it provides an insight into the possibility of the virus to develop
new strains that could compromise control strategies, development of strains that
have higher virulence or those that have the ability to be transmitted by a different
host (Lauring & Andino, 2010).
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CHAPTER THREE
MATERIALS AND METHODS
3.1 Study sites

The samples used in the study were collected prior to its commencement as part of an
ongoing arbovirus surveillance program at Kenya Medical Research Institute’s
(KEMRTI’s) Centre for Virus Research (SSC#2540; WRAIR#1974). The sites where
these samples were collected from include Baringo, Kacheliba, Turkana and Isiolo
(Figure 3.1).
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Figure 3. 1. A map showing sampling locations for the midges used in the

current study.
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3.2 Sample collection and processing

Experimental procedures in this study were undertaken at Centre for Virus Research,
KEMRI, Nairobi, Kenya. The specimens were identified and pooled according to the
collection site. Based on this criteria, insect pools containing up to 50 insects were
kept in -80°C freezer. The insect pools were subsequently processed following the
standard laboratory procedures; accordingly, the specimens were mechanically
homogenized using Copperhead Metal BBs beads (Crosman, USA) after which the
supernatant was clarified by centrifugation at 8,000g for 10 minutes. The clear
supernatant was separated from the pellet and they were kept in separate vials. The
vials containing the supernatant as well as those with the pellet were kept in -80°C

freezer for subsequent use in RNA extraction and DNA extraction, respectively.
3.3 Bulk pool preparation of the samples

Individual samples from the different pools were combined to form bulk pools
belonging to the five different sites; Baringo, Turkana, Isiolo, Kacheliba and
Budalangi. For viral RNA extraction, all the individually clarified supernatants were
combined in equal volumes in order to form five bulk pools representing the five
sites. The combined supernatant were mixed by vortexing then used for RNA
extraction. For DNA extraction, the individual pellets were similarly combined for
each of the five sites. The combined pellet were further mechanically homogenized
in order to ensure adequate mixing of the samples. The crude mixture was then used

for DNA extraction.
3.4 Viral RNA extraction

Viral RNA was extracted from the clarified supernatant in the bulk pools, using
QiaAmp Viral RNA Mini Kit (Qiagen, Germany). Prior to RNA extraction, the
clarified supernatant was first passed through a 0.22um filter so as to remove large
particles such as bacteria and thereby concentrate the viral particles. The filtrate was
used for RNA extraction following the instructions of the manufacturer. To enrich
the final RNA concentration, double the volume of the starting sample was used (i.e.
instead of 140ul starting sample, I used 280ul). As a result, double the volume of the
lysis solution, carrier RNA as well as the precipitation solution (100% ethanol) were
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used. These were then passed through a single spin-column to purify the RNA from
the solution and the RNA was finally eluted to a new nuclease free tube using 50 pl

of nuclease free water.
3.5 Vector DNA extraction and amplification

DNA extraction was performed on the bulk pools of the crude homogenates using
QIAmp DNA Mini kit (Qiagen, Germany), following the manufacturers instruction.
Briefly, 20ul of Proteinase K was first added to 200ul of the crude mixture in order to
degrade excess proteins and nucleases from the mixture. This was followed by
addition of 200 ul of the lysis buffer to the sample after which they were mixed by
pulse-vortexing. Lysis was carried out at 56°C for 10 minutes. The lysed sample was
then purified by micro-centrifugation at 8000 g in a spin column. The purified DNA
were cleaned on the spin column using the Kit-provided wash buffers. Afterwards,
the cleaned DNA was eluted to nuclease free tubes by adding 100ul of elution buffer

to the spin column.

The extracted DNA (5ul volume) was used to amplify a 710bp target of the vector
cytochrome c oxidase | (COI) gene. The PCR was performed using AmpliTaq Gold
360 Master Mix (Invitrogen, USA) with the universal primers, LCO1490 and
HCO2198. These primers target the mitochondrial COI gene of metazoan
invertebrates (Table 3.1). The PCR cycling conditions were set as follows; initial
denaturation at 95°C for 10 mins, 35 cycles of 95°C for 30s, 49°C for 30s, 72°C for
30s, and a final extension of 72°C for 7 minutes. Successful amplification of the
targets was confirmed by running a fraction of the PCR products in a 2% agarose
gels stained with Sybr Green | nucleic acid stain (Invitrogen, USA) (Appendix 3).
The remainder of the products were then kept in -20°C for subsequent library

preparation and sequencing.
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Table 3. 1: Primers to be used for biting midge identification.

Primer Orientation Sequence (5°-3°) Conditions

LCO1490 F GGTCAACAAATCATAAAGA 95°C- denaturing
TATTGG 49°C —annealing

HC02198 R TAAACTTCAGGGTGACCAA 72°C —extension
AAAATCA

Source: Folmer et al., 1994.

3.6 Hlumina library preparation for viral RNA sequencing

Paired-end libraries for high-throughput sequencing were prepared using Truseq
Stranded mRNA Library Prep kit (Illumina, USA). The libraries were prepared
following the manufacturer’s recommended protocol, with modifications to exclude
the mRNA purification steps. The input RNA was first quantified using Qubit® 3.0
Fluorometer and an input amount of 5ng/ul — 40ng/ul of the extracted RNA was used
as input. Library preparation followed four major steps including reverse
transcription, adapter ligation, enrichment, and finally pooling of the libraries for

sequencing.
3.6.1 Reverse transcription of the viral RNA

The extracted RNA was used to carry out reverse transcription using the Superscript
1l Reverse Transcriptase (Invitrogen, USA). First, the extracted RNA was
fragmented using the Fragment, prime and Finish mix (FPF) (Illumina, USA), which
fragments the RNA and simultaneously primes for subsequent cDNA synthesis. The
fragmentation and priming was carried out at 94°C for 7 minutes in order to get to a
mean fragment size of approximately 300bp. First strand cDNA synthesis was
carried out in a total volume of 18ul of the fragmented and primed RNA using
Superscript 111 Reverse Transcriptase and First Strand Synthesis Mix (Illumina,
USA). The reverse transcription conditions included an initial incubation at 25°C for
10 minutes and a cDNA synthesis step at 42°C for 15 minutes. A final incubation

step at 70°C for 15 minutes was carried out to terminate the reaction as
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recommended by the manufacturer. Second strand cDNA synthesis was carried out
using DNA Polymersae | and RNase H (lllumina, USA). The synthesis was carried
out by incubating the mixture in a pre-programmed thermocycler at 16°C for 1 hour.
In this reaction, RNase H digests the RNA strand from the cDNA:RNA hybrid after
which DNA Polymersae | synthesizes the complementary strand of the single-
stranded cDNA.

3.6.2 Adapter ligation and library enrichment

To prevent formation of chimeras and enhance adapter ligation efficiency, the
fragments were first adenylated by adding a single ‘A’ to the 3’ ends of the ds cDNA
fragments. Adapters containing a single ‘T’ nucleotide overhang was ligated to both
ends of the ds cDNA fragments. Ligated fragments were enriched by use of limited-
cycle PCR. This process selectively amplifies those fragments with adapters on both
ends, with the number of PCR cycles minimized to avoid skewed representation of

the library.
3.6.3 Library pooling and sequencing

Enriched libraries were first purified with Ampure XP beads (Beckman coulter,
USA), a process that also size-selects the fragments by removing very short library
fragments. The concentration of the fragments were subsequently measured using
Qubit Fluorometer with dsDNA HS assay kit (Invitrogen, USA). The size
distribution of the fragments were estimated by gel electrophoresis with a 2%
agarose gel stained with Sybr Green | nucleic acid stain (Invitrogen, USA). The
library molecule concentration in each of the libraries was then calculated and equal
amount from each library used to pool all samples to a single library for sequencing.
The final library was denatured with NaOH and diluted further to 12pM before
loading onto the Illumina Miseq sequencing machine. Sequencing was performed
using Miseq Reagent V3 reagents (lllumina, USA), in a 600-cycle sequencing

format.
3.7 MinlION library preparation for COl amplicon sequencing

The COI amplicons were first purified using AMPure XP beads (Beckman Coulter,
USA) following the recommendations of the manufacturer. Briefly, 18ul of the beads
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were added to 10ul of the sample. DNA fragments were allowed to bind to the
paramagnetic beads, after which they were separated from the contaminants.
Separated DNA fragments were washed with 70% ethanol and the washed fragments
were subsequently eluted from the beads using nuclease-free water. Quantification of
the purified products was performed with Qubit dSDNA HS Assay Kit (Invitrogen,
USA), using the Qubit fluorometer 2.0. Based on the size of the amplified products,
which is ~710bp, and the determined concentration, the volume of the amplicons that
yields 200 fmol was calculated and used to make the libraries. The COI libraries
were prepared with Ligation Sequencing Kit (Oxford Nanopore Tech., UK),
following the instructions of the manufacturer. The purified COl amplicons were
first end-repaired using the New England Biolab’s NEBNext Ultra II End repair/dA-
tailing Module. The end-repaired amplicons were then individually barcoded with
the Native Barcoding Expansion 1-12 kit (Oxford Nanopore Tech., UK). Native
barcodes were ligated to the end-repaired amplicons using the Blunt/TA Ligase
Master Mix (New England Biolab’s, UK). The barcoded libraries were then pooled
and the sequencing adapters ligated to them using NEBNext Quick Ligation Module
(NEB, UK). The final library was loaded onto the flowcell (FLO-MIN106D) and
sequenced on a MinlON MKl1c device, following the workflows provided in the
MinKNOW software (Oxford Nanopore Tech., UK).

3.8 Bioinformatics data analysis
3.8.1 lllumina sequence analysis and virus identification

Raw sequence reads were first subjected to quality control using TimGalore v0.6.5
so as to remove adapters. Further, PrinseqLite v0.20.4 was used to filter low-quality
reads with the following settings: minimum phred quality score of 30, minimum
length of 50 and a maximum length of 300. Considering a ribosomal RNA (rRNA)
reduction step was not conducted prior to sequencing, this process was carried out in
silico. The rRNA sequence reads were removed by using riboPicker v0.4.3, a
program that removes excess rRNA sequences by comparing the sequence reads
against the SILVA rRNA database (Quast et al., 2013). In this study, the SILVA
rRNA database release 138.1 was used.
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The cleaned sequence reads were assembled de novo. First, paired-end reads were
merged using PEAR 0.9.8 (Zhang et al., 2014) and the reads were then assembled
using Trinity program (Grabherr et al., 2011) with default parameters. As another
layer of quality control step, the cleaned reads were mapped back to the assembled
contigs, and the contigs were then filtered to only remain with those that had at least
90% of the bases with a minimum of 5x coverage (Wajid & Serpedin, 2014).

The validated contigs were first subjected to BLAST analysis using NCBI Viral
database (http://blast.ncbi.nlm.nih.gov/Blast.cgi) with the BLASTx program. Virus

related contigs were selected from the results of the BLAST search, and further
BLAST analysis performed against the entire NCBI nr database using the BLASTX
program, so as to filter out all non-viral contigs. Only those contigs that showed

significant hits to viruses were retained for further analysis.
3.8.2 Genome-scale characterisation and evolutionary analysis

Complete viral genome sequences were generated by comparing the viral contigs to
closely related homologs in Genbank. Contigs that showed hits to similar homologs
were aligned using mafft and a contiguous sequences, representing the different
viruses generated. Where the full genome of a virus was recovered by de novo
assembly, the contig was inspected for any assembly errors through alignment with
other related sequences obtained from Genbank. Gene prediction and functional
annotation of the viral sequences were then performed. Translation and prediction of
open reading frames (ORF) of the respective viruses was carried out in Expasy
server, using the Translate tool (Artimo et al., 2012). Functional annotation of the
predicted ORFs were identified through web-based comparison to the Pfam database
(Mistry et al., 2020).

To describe the identified viruses in an evolutionary context and ensure a meaningful
depiction of their evolutionary relationships, RNA-dependent RNA polymerase
(RdRp) gene was used to carry out phylogenetic analysis. Closely related RdRp gene
sequences were retrieved from Genbank and used as reference sequences in
reconstructing the phylogenetic relationship of the viral sequences. The combined set
of sequences were codon-aligned using Muscle software embedded in Molecular

25


http://blast.ncbi.nlm.nih.gov/Blast.cgi

Evolutionary Genetics Analysis v.7.0 (MEGAY) software. The aligned sequences
were edited using trimAl v1.2 (Capella-Gutiérrez et al., 2009) and maximum
likelihood phylogenetic analysis carried out using 1Q-TREE v1.6.12 (Nguyen et al.,
2015). The best model and tree search was performed simultaneously based on 2000

bootstrap estimates and approximate likelihood ratio test (alrt).
3.8.3 Vector sequence analysis and taxonomic assignment

Base-calling and demultiplexing were performed on-board the MinlON Mk1C
device using Guppy. Sequencing reads were quality filtered with Nanofilt v2.8.0 (De
Coster et al., 2018), in order to retain only the higher-quality reads with a read

quality score of >10 as recommended by Nanopore

(https://github.com/nanoporetech/ ont_tutorial_basicgc). Reads that were longer or
shorter than the expected length of approximately 710bp (with a 150bp buffer) were
also filtered. Error correction of the sequence reads was performed using iSONclust
v0.0.6 and isONcorrect v0.0.8 (Sahlin & Medvedev, 2020, 2021), using default
parameters with --ont flag. The corrected reads were resampled to approximately
11,000 reads per sample, using rasusa v0.5.0 (M. Hall, 2019). Read clustering,
consensus sequence generation and determination of the number of reads supporting
each consensus sequence was carried out using IsoCon v0.2.5.1 (Sahlin et al., 2018).
IsoCon treats reverse complements and sequence duplicates of varying lengths as
different. Therefore, these were further removed by performing clustering of the
consensus sequences using cd-hit-est (Fu et al., 2012), with 98.9% similarity
threshold which is the lowest accuracy of error-corrected nanopore reads (Sahlin &
Medvedev, 2021).

Taxonomic assignment of the generated consensus sequences was performed in the
MIDORI server, using RDPClassifier with COI reference sequence database (Wang
et al., 2007; Leray et al., 2018). MIDORI server uses reference sequences retrieved
from GenBank and the Barcode of Life Data Systems Identification engine (BOLD-
ID), and it allows identification of metazoan sequences to species level. Taxonomic
assignments were further validated by searching the consensus sequences against the
NCBI nr database, in order to determine the lowest classification of each of the

sequence. Any OTUs that were not classified as belonging to an expected
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invertebrate phylum were excluded. To increase the reliability of the identified OTUs,
singletons and OTUs supported by <10 sequences were removed. Further,
invertebrate species supported by less than one percent of the total sequences in each

site were also removed from the final analysis.
3.9 Ethical consideration

Ethical clearance to carry out this study was obtained from Kenya Medical Research
Institute’s (KEMRI’s) Scientific and Ethics Review Unit (SERU), under protocol
number KEMRI SSC#3693. Ethical clearance was obtained prior to commencement

of the study.
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CHAPTER FOUR
RESULTS
4.1 Virus identification in biting midges
4.1.1 Initial analysis and quality control

A total of 3,351 midge specimens were processed in this study. Out of these, 1063
originated from Turkana, 892 from Baringo while Isiolo, Budalangi and Kacheliba
had 640, 600 and 156 specimens respectively. These vector specimens were used to
create bulk pools representing each of the five sites and they were subjected to high-
throughput sequencing. lllumina sequencing of the RNA viruses was successful in all
the five bulk pools. Approximately 18 million sequence reads were generated in the
study, and the mean read length ranged from 130 and 205bp. After read filtering, a
total number of 12 million reads were obtained. Read distribution across the different
samples representing the five sites as well as their quality statistics are given below
(Table 4.1).

Table 4. 1: Table showing Illumina sequencing statistics across the five sites.

_ Filtered Mean Read No. of No. of
Site Raw Reads

Reads Length (bp) contigs  viruses
Baringo 1,059,487 715,869 150 115 1
Budalangi 965,066 658,245 195 142 1
Turkana 7,050,872 4,892,562 130 1402 10
Isiolo 3,431,858 2,011,532 205 297 1
Kacheliba 5,811,739 3,842,890 200 183 2

4.1.2 De novo assembly and classification of the viral sequences

De novo sequence assembly and BLAST analysis resulted in the identification of
contigs that showed hits to 15 distinct viruses. The similarity thresholds along the
RdRp gene, which is the hallmark of all RNA viruses, varied among the different

contigs ranging between 39.13% and 97.7% similarity to the previously sequenced
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viruses available in Genbank. Among these viruses, 5 of them were similar to

members of the Iflaviridae family and 4 showed similarity to members of the

Partitiviridae family. Picornaviridae, Solemoviridae, Tombusviridae, Totiviridae,

Chuviridae and the recently proposed Negevirus taxon each contributed one virus

among the viruses identified in the study (Table 4.2).

Table 4. 2: Table showing the list of viruses identified in the study with their

identification details based on BLAST analysis.

Strain Site Family BLAST Analysis
Classification Accession  Closest Hit %
Identity

Turkana 1  Turkana Solemoviridae  MF893251  Medway virus 59.05

Turkana 2 Turkana Chuviridae KX924630  Chuvirus 42.39
Mos8Chu0

Turkana_3  Turkana Tombus-like KX235518  Diaphorina citri 55.24
associated C
virus

Turkana 4  Turkana Totiviridae MK440653 Lindangsbacken 50.79
virus

Turkana 5  Turkana Iflaviridae NC 024016 Heliconius erato 85.62
iflavirus

Turkana_6  Turkana Partitiviridae  1LC533398  Lichen partiti- 46.14
like RNA virus

Turkana 7  Turkana Partiti-like KX884215  Hubei partiti-like ~ 52.74
virus 45

Turkana 8  Turkana Iflavi-like MN784069 Redbank virus 66.3

Turkana 9  Turkana Negevirus MT344121  Sandewavirus 39.13
dungflyl

Turkana 10 Turkana Picorna-like MH614292  Boghill Burn 84.27
virus

Baringo 1 Baringo Partiti-like MF344586  Araticum virus 56.01
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Budalangi 1 Budalangi Iflavi-like MN784065 Redbank virus 70.84

Isiolo 1 Isiolo Iflaviridae NC 040574 Culex Iflavi-like 97.7
virus 4

Kacheliba 1 Kacheliba Iflavi-like NC 033201 Hubei picorna- 46.37
like virus 38

Kacheliba 2 Kacheliba  Partitiviridae ~ JX658566  Grapevine 51.61
partitivirus

Among the 5 viral contigs showing similarity to viruses in the Iflaviridae family, two
of them originated from Turkana and one each originated from Isiolo, Budalangi and
Kacheliba. The two viruses from Turkana included Turkana 5 and Turkana 8.
Turkana_5 had an 85.62% similarity to Heliconius erato iflavirus (Table 4.2), which
is an iflavirus initially detected in Heliconius butterflies in Costa Rica (Smith et al.,
2014). On the other hand, Turkana_8 had a 66.3% similarity to Redbank virus (Table
4.2). Similar to Turkana_8, Budalangi_1 viral contig which originated from
Budalangi also showed high similarity to Redbank virus, with a percentage similarity
threshold of 70.84%. Redbank virus is an unclassified iflavi-like virus recently
identified in mosquito fecal microbiota in Australia (Ramirez et al., 2020). The
Iflaviridae virus from lIsiolo, Isiolo_1, had a very high similarity of 97.7% to Culex
Iflavi-like virus 4, which is an Iflavi-like virus previously identified in Culex sp.
Mosquitoes in the USA (Sadeghi et al., 2018). Kacheliba_1 is another Iflaviridae
viral contig that was obtained from a pool of midges from Kacheliba. This virus had
a 46.6% similarity to Hubei picorna-like virus 38 (Table 4.2).

The 4 Partitiviridae viral contigs identified in the study were obtained from pools of
midges from different sites, with two contigs originating from Turkana (Turkana_6
and Turkana_7) and one each from Baringo (Baringo_1) and Kacheliba
(Kacheliba_2). The similarity thresholds for all these viral contigs was highly diverse.
Turkana_6 had a significantly lower similarity of 46.14% to Lichen partiti-like virus.
On the other hand, Baringo_1 had a comparatively higher percent similarity of
56.01% to Araticum virus. The other two viruses included Turkana 7, which had a
52.74% similarity to Hubei partiti-like virus 45, and Kacheliba_2, which had a
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51.61% similarity to Grapevine partitivirus. Partitiviridae family contains viruses
with two segments, dSRNA1 and dsRNA2 (Vainio et al., 2018). The viruses obtained
in the study only showed hits to the segment corresponding to dsRNAL. This
segment contains the ORF which codes for the RNA-dependent RNA polymerase

gene.

The Picornaviridae family only had one viral contig, Turkana_10, which originated
from a pool of midges from Turkana. Turkana_10 had an 84.27% similarity to the
Boghill Burn virus. Boghill Burn virus is an unclassified virus in the Picornaviridae
family which was initially identified in Bombus sp. bees in Scotland (Pascall et al.,
2019). Five other viral contigs were also obtained in the pool of midges from
Turkana. These included Turkana 1, Turkana 3, Turkana 2, Turkana 4 and
Turkana_ 9 which were classified as belonging to Solemoviridae family,
Tombusviridae family, Chuviridae family, Totiviridae family and the unclassified
Negevirus taxon, respectively. Turkana_1 had a 59.05% similarity to the Medway
virus, an unclassified sobemo-like virus. Turkana_ 3 is an 1142bp sequence which
had a 55.24% similarity to the Diaphorina citri associated C virus, which is an
unclassified virus in the Tombusviridae family. The Chuviridae viral contig obtained
in this study had a 42.39% similarity to Chuvirus Mos8Chu0 (Table 4.2). Chuvirus
Mos8Chu0 (KX924630.1) is a bi-segmented virus in Chuviridae family which was
initially identified in Culiseta minnesotae mosquitoes. The Totitviridae viral contig,
Turkana_4, obtained showed similarity to unclassified members of this family.
Specifically, it had a 50.79% similarity to Lindangsbacken virus. The Negevirus-like
contig obtained in the study, Turkana 9, had a considerably low similarity to other
Negeviruses available in Genbank. More specifically, it had a 39.13% similarity to
Sandewavirus dungflyl, a negevirus obtained from dungfly in the arctic yellow river
station (Lu et al., 2020).

4.2 Characterization and evolutionary analysis
4.2.1 Genome-scale characterisation of the identified viruses

The completeness of the assembled viral contigs was confirmed by alignment and
comparison to their closely related full viral genomes. Of the 15 viral contigs
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obtained 9 of them were complete genomes and 6 were partial genomes; genome
length of these viruses is approximately 9kb (Figure 4.1). Protein translations of the
Iflaviridae viruses from the study (Turkana 5, Turkana_8, Isiolo_1, Budalangi_1 and
Kacheliba_1) were consistent with those of other viruses in this family; with a single
open reading frame (ORF) of approximately 2891aa polyprotein which codes for
multiple viral genes. Gene predictions found an approximately 310aa region at the 3’
end which codes for the RNA-dependent RNA polymerase (RARP gene). Adjacent to
it was the RNA helicase coding region, which is important in the cleavage of the pre-
translated protein to the individual genes. Similar to Iflaviridae, Turkana_10, which
falls under Picornaviridae family also showed the same genome architecture (Figure
4.1).

Turkana_9, which is a negevirus, was another fully assembled sequence in this study.
Like other negeviruses, ORF prediction of Turkana_9 resulted in 3 ORF regions of
varying lengths. The first, ORF1, is a 2325aa region coding for the RdRP protein.
The functional prediction of ORF2 of Turkana_9 was not successful. ORF3, however,
is a 253aa region which codes for the Putative virion membrane protein. Turkana_ 1
was the only di-partite virus assembled in the study. The long segment contain two
ORFs with the first, ORF1, being a 468aa protein coding region whose function
could not be assigned. ORF2 is an RdRP gene coding region while the only ORF in
the shorter segment is a 215aa coding region which was inferred to be a viral coat
protein coding region. With regards to Turkana 2, only a partial sequence
corresponding to the entire Segment L of viruses in the Chuviridae family was
obtained. This segment contains a single ORF which is the putative RARP coding
gene (Figure 4.1). The same was observed among the identified viruses that were
falling under Partitiviridae family; Baringo_1, Turkana 7, Kacheliba 2 and
Turkana_6. In this group of viruses, the segment corresponding to RNA1 segment of
viruses in Partitiviridae family was ibtained. This segment contains a single ORF;

approximately 470aa region that codes for the RARP gene.
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Figure 4. 1: Genome architectures of the representative viral genomes identified.
(A.) complete Iflavi-like viruses, (B.) complete novel negevirus genome, (C.) partial
chuviridae genome, showing the RNA-dependent RNA polymerase coding segment,
(D.) novel solemoviridae virus with the two putative segments, and (E.) the
representative partial partitiviridae genome, showing the RNA-dependent RNA

polymerase coding segment.

4.2.2 Phylogenetic analysis of the identified RNA viruses

To provide an evolutionary context for the viruses identified, phylogenetic analysis
of the newly discovered viruses was carried out together with reference virus strains
of the same family available in Genbank. The viruses identified in this study were
classified to 7 different families; Iflaviridae, Partitiviridae, Tombusviridae,

Totiviridae, Solemoviridae, Chuviridae and the yet to be described negevirus taxon.
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Publicly available viruses belonging to these different groups, and more specifically
those closely related to the viral strains obtained in the current study were
downloaded and used as reference sequences in the reconstruction of phylogenetic
trees. Apart from Isiolo_1, Turkana 5 and Turkana_10; all the other identified
viruses showed a significantly high evolutionary divergence from publicly available
viruses. The most divergent virus is Turkana_9, which clustered with negeviruses
(Figure 4.2). Negeviruses are insect-specific viruses (ISVs) and are closely related to
viruses in Kitaviridae family, which are plant-specific viruses (Figure 4.2).
Turkana_9 clustered under negevirus group and it formed a single clade with
Sandewavirus, Tanay virus, Dezidougou virus, and Goutanap virus. Turkana_5 is the
only virus which clustered with known viruses, and it clustered with Iflaviruses
(Figure 4.2). All the other viruses showed high similarity and clustered with diverse
virus strains, most of which remain as unclassified RNA viruses or unclassified
viruses within the specific virus families. Turkana_6 and Kacheliba_2, in particular,
clustered with unclassified Partitiviridae viruses (Figure 4.3); Isiolo_1 formed a
cluster with unclassified Iflaviridae family members (Figure 4.2); Turkana_1 formed
a cluster with members of the unclassified Solemoviridae family, Turkana_4 formed
a cluster with members of the unclassified Totiviridae family, and Turkana_2 formed
a cluster with members of the unclassified Chuviridae family (Figure 4.3).
Turkana_7 and Baringo_1 were found in a cluster that has unclassified Partiti-like
viruses (Figure 4.3); Budalangi_1, Turkana_8, and Kacheliba_1 clustered with
unclassified Iflavi-like viruses; Turkana_3 and Turkana 10 clustered with
unclassified Tombus-like viruses and unclassified Picorna-like viruses, respectively
(Figure 4.2).

34



KX518803.
A B e
" iura - MN938851.1
virus NC_024016.1
KJ679438.1
1o e G5ssts 4
100 KX228231.1
MN560635.1 | @
AB2425001 | 8
to0 Aossoser | <
Qastlema AB070958.1 E
virus 100 KP739937.1 | =
AV251269.2
100 MNS565036.1
JF440525.1
MN538209.1
Ngewotan MT008331.1
vin MT050463.1
us ] 100 LC483655.1
] MT096522.1
y e |5
ig cypress | S 530;
i Isiolo_1 ]
virus g MH188015.1 | @ 2
z MH1880121 | &5
. MH1880111 | o &
2. MH188013.1 [ 5
KX883740.1Wuhan house MH188008.1
KX883798. inede virus| MN565044.1
KX883813. MN784059.1] —
LC516834. MN784061.1| &
KFE35036. Kx883948.1 | =
L ioasee: |Goutanap KX883944 1 | <
KF588039.1 |virus barser g I
KF588038.1 Kacheliba 1|
.J(gg???gg'} Dezidougou KX883695.1| &
MT098525.1| virus 100 KX883703.1| @
MGSE51504.1 MNT84065.1| 2
= MG551503.1| Tanay 100 MN784069.1| >
MGE51802.1|virus 100 Turkana 8 |3
MG673930; Budalangi_1| &
MT344121.1 MG995705.1| ‘5
Turkana_9 96 KP714074.1| @
ol o s 2
MKgo417571 |Kitaviridae 100 MT681680.1 5
MG253803.1 MT137944.1
0.4 03
MG596234.1
C MG596237.1 D
. MG596235.1 . MNS565042.1
AR MN565041.1
o . AY1142131 | @ MN565043.1
JF713435.1 | § MHE142021 [
JF713436.1 | £
MK948534.1| = 100) Turkana 10 | X
100 MN399717.1| & KX883968.1 | =%
LC434068.1 | 3 oo wneazasz1 | 8
LC434066.1 | E £
100 LC434065.1 | © MN933885.1 | &
. %?1‘532?3"1' - MT293126.1 | ©
JX879088.1 72 MF415875.1 | O
HQ677625.1 o7 KX883691.1 g
K azaa 1 0! MN961270.1 | =
MNO034193.1 | MT138201.1 | ‘@
LC512737.1 1 MK733235.1 |
Kxassized | ————— xameos O
MNE61102.1 |= MG995704.1 5
KX580880.1 |5
MN933888.1 | 3 MF155030.1
KX883173.1 [E MH719200.1
KX883233.1 |6 MT138202.1
KX883150.1 | MT138183.1
4 KX883166.1 | % -
- MH614203.1 | & merrsstzs |
KU754521.1 | 3
Kx883171.1 [£ KT452658.1 | o
100, KX883118.1 |5 KT452661.1 g
KX883168.1 | © KT452729.1 | -=
100, KX235518.1 [& >
KT698826.1 | % MG559674.1) @
L Turkana 3 |8 kxa20052.1 | £
93 X g mr138375.1| §
2 KX580894.1 MT138349.1| &
KX883136.1
0.7

Figure 4. 2: Maximum likelihood phylogenies of A. negeviruses, B. Iflaviridae, C.

Tombusviridae, and D. Picornaviridae viruses.
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Figure 4. 3: Maximum likelihood phylogenies of A. Solemoviridae B. Chuviridae

C. Partitiviridae and D. Totiviridae viruses.

4.3 Characterization of the vector pools
4.3.1 DNA extraction and amplification

Extracted DNA showed clean, good quality and a high molecular weight DNA.
Assessment by spectrophotometry showed a ratio of 260/280 absorbance to be 1.8.
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Gel electrophoresis showed successful amplification of approximately 710bp target
of the COI gene (Appendix 3).

4.3.2 MinlON sequencing and quality statistics

Sequencing was successful in all the 5 pools. Approximately 248,173 raw sequence
reads, with the read distribution among the 5 sites as given below, were sequenced
(Table 4.3). The average quality scores for the sequenced reads ranged from 15 to 20

and the median lengths of the reads for the 5 sites ranging from 685 to 699 base pairs.

Table 4. 3: Nanopore sequencing statistics of the vector pools representing the

five sites.

Raw Sequence Reads Cleaned Sequences

Site No. of Length Avg. Length Number of
Reads (Median) QScore (Median) Clusters

Isiolo 90523 696 15 700 633
Baringo 47398 699 19 700 522
Turkana 52722 695 16 700 652
Kacheliba 32469 685 17 698 636
Budalangi 25061 694 20 697 328

4.3.3 Sequence clustering and taxonomic assignment

The metabarcoding analysis yielded a diverse set of reads that were assigned to
various families of midges, including the Chironomidae, Ceratopogonidae, and
Cecidomydiae. All of the reads in the Baringo pool were assigned to the
Ceratopogonidae family, with Culicoides leucostictus, Culicoides pycnostictus, and
Culicoides nivosus accounting for 65.46, 19.81, and 13.26 percent of the reads,
respectively (Figure 4.4). Similarly, all of the reads from the Budalangi pool were
assigned to the Ceratopogonidae family, specifically Culicoides leucostictus species.

In Kacheliba site, all of the reads identified were assigned to the Cecidomyidae
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family (Figure 4.4). On the other hand, Isiolo and Turkana sites had a relatively
diverse number of reads which were classified to various species of midge. The
Ceratopogonidae family accounted for 44.07 percent of the reads in the Isiolo site,
while Cecidomydiae family accounted for 21.03 per cent (Figure 4.4). The remaining
percentage of reads was assigned to the Chironomidae family. Reads classified as
belonging to Ceratopogonidae family were common in Turkana, accounting for
68.49 percent of all reads. Chironomidae and Cecidomyiidae families accounted for

25.64 and 5.88 percent of the reads in Turkana, respectively (Figure 4.4).

Budalangi = Cecidomyiidae sp.

= Chironomidae sp.
m Culicoides bedfordi

m Culicoides leucostictus

m Culicoides nivosus
= Culicoides oxystoma
Turkana .. )
I!.-.- | Culicoides pycnostictus
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m Culicoides similis

Forcipomyia sp.
Microchironomus sp.

|
Isiolo I .ﬁ.ll Polypedilum sp.

— - - Tanytarsus sp.

0% 20% 40% 60% 80% 100%

Figure 4. 4: A hundred percent stacked column chart showing the relative
abundance of the different species of midges in the five sites based on the total

reads in each of the respective sites.

The obtained specimen sequences were classified into OTUs. A total of 187 OTUs
from different midge families were obtained. Turkana and Isiolo each had 51 OTUs,
while Baringo and Kacheliba each had 36 OTUs (Figure 4.5). Despite a relatively
high number of specimens processed and the total reads obtained, Budalangi site had
a relatively lower number of OTUs with 13 (Figure 4.5). The findings of this study
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were generally consistent with the number of specimens processed at each of the

sites.
1200 1063
1000 892
800 :
2 640 600 ® No. of Specimens
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Figure 4. 5: Bar graphs showing the number of specimens processed and the
number of OTUs obtained.

The species richness of the five different sites varied, with Isiolo and Turkana having
the most diverse midge species. Ceratopogonidae, which included Culicoides
leucostictus, Culicoides oxystoma, Culicoides similis, and unclassified Forcipomyia
sp., were among midges that were found in Isiolo. Midges of the Chironomidae
family were also identified in Isiolo, including Ablabesmyia sp., Polypedilum sp.,
Tanytarsus sp., and others that remain unclassified within the Chironomidae family.
In addition, 21 OTUs were identified in Isiolo which shared a high degree of
similarity with unclassified Cecidomyidae family members (Table 4.4). In Turkana
site; Culicoides kingi, Culicoides leucostictus, Culicoides nivosus, Culicoides
schultzei, and unclassified Culicoides sp. were found. In addition, OTUs of the
Chironomidae family, including Ablabesmyia sp. and Microchironomus sp., were
discovered (Table 4.4). OTUs from Baringo and Budalangi sites were all assigned to
the Ceraopogonidae family. Culicoides leucostictus was found in both of these
locations. In addition, Culicoides bedfordi, Culicoides nivosus, and Culicoides
pycnostictus were found at the Baringo site. All of the OTUs identified at Kacheliba
site belonged to the Cecidomyidae family. These OTUs, in particular, shared a high
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degree of similarity with unclassified members of the Cecidomyiidae family (Table

4.4).

Table 4. 4: The community composition of the various vector pools in each site.

Site Family Species Sequence  Fraction No. of
Abundance of Reads OTUs
Isiolo Cecidomyiidae Cecidomyiidae sp. 637 21.03 21
Ceratopogonidae  Culicoides leucostictus 260 8.58 2
Culicoides oxystoma 33 1.09 1
Culicoides similis 124 4.09 2
Forcipomyia sp. 918 30.31 4
Chironomidae Ablabesmyia sp. 53 1.75 3
Chironomidae sp. 343 11.32 8
Polypedilum sp. 501 16.54 9
Tanytarsus sp. 160 5.28 1
Baringo Ceratopogonidae  Culicoides bedfordi 109 1.46 7
Culicoides leucostictus 4871 65.46 17
Culicoides nivosus 987 13.26 4
Culicoides pycnostictus 1474 19.81 8
Turkana  Cecidomyiidae Cecidomyiidae sp. 212 5.88 8
Ceratopogonidae  Culicoides kingi 260 7.21 6
Culicoides leucostictus 1010 27.99 9
Culicoides sp. 102 2.83 1
Culicoides nivosus 354 9.81 6
Culicoides schultzei 745 20.65 14
Chironomidae Ablabesmyia sp. 119 3.3 2
Microchironomus sp. 806 22.34 5
Kacheliba Cecidomyiidae Cecidomyiidae sp. 1110 100 36
Budalangi Ceratopogonidae Culicoides leucostictus 4940 100 13
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CHAPTER FIVE
DISCUSSION, CONCLUSION AND RECOMMENDATIONS

5.1 Discussion

The vast majority of viruses causing disease in humans and animals today are RNA
viruses, specifically arthropod-transmitted viruses. They are responsible for diseases
like Dengue, West Nile, Bluetongue, Schmallenberg, and Yellow fever, among
others. In this study, metagenomics and metabarcoding methods were used on field-
collected midges to characterize viruses and their insect hosts (Besansky et al., 2003).
Several RNA viruses were identified in the study, where complete and near-complete
genomes of these viruses were recovered. In addition, different species of midges
that are plausibly associated with these viruses were identified. These findings add to
the currently known diversity of RNA viruses among biting midges.

In the study, up to 15 RNA viruses were genetically characterized by high-
throughput sequencing in the five sites. The majority of the viruses identified have
low similarity thresholds to existing viruses, with as low as 39.13 percent aa
similarity. Only Isiolo_1, Turkana_ 5, and Turkana_10 had higher aa similarities to
existing viruses with 97.7 percent, 85.62 percent and 84.27 percent, respectively. All
the other viruses had low similarity thresholds between 39.13 and 70.84 percent aa
similarities to existing viruses. It should be noted, however, that taxonomic
classification of these identified viruses was not performed to their respective species
in the current study. The International Committee on Taxonomy of Viruses (ICTV)
establishes various criteria for the classification of virus species, which frequently
differ depending on virus group and include information other than the virus's
genetic sequences (Fauquet & Fargette, 2005). Future research should be conducted
to classify the identified viruses into their respective species.

The majority of the viruses identified in this study are insect-specific (ISVs), and
none are known to be pathogenic to vertebrate hosts. These viruses are, therefore,
unlikely to cause diseases. However, studies have shown that ISVs can potentially
influence arthropod vector competence by interfering with their vectorial capacity for
pathogenic viruses; possibly due to competitive inhibition (Vasilakis & Tesh, 2015;
R. A. Hall et al., 2016; Ohlund et al., 2019). As a result, the viruses identified in this
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study have the potential to be important biocontrol agents in the transmission of
pathogenic viruses. Furthermore, the identification of these viruses may help to fill
important gaps in the phylogeny of viruses and contribute to studies aimed at
understanding the origin and evolution of pathogenic viruses (Forterre, 2006; Parvez
& Parveen, 2017).

Several viruses found in this study are members of families known to be associated
with hosts other than arthropods. Tombusviridae, Solemoviridae, Partitiviridae,
Picornaviridae, and Totiviridae are among them. Viruses in the Tombusviridae and
Solemoviridae families, for example, have plants as their natural hosts. The
Picornaviridae family, on the other hand, contains viruses that are only known to
infect vertebrates. The Partitiviridae and Totiviridae families contain viruses with a
wide range of natural hosts. Partitiviridae are known natural hosts of fungi and
plants, whereas Totiviridae viruses are known to have fungi and protozoan parasites
as their natural hosts. The findings, therefore, suggest that these viruses may also be
associated with midges. However, it is also possible that this observation was caused
by the sample processing strategy. The entire invertebrate specimens were
homogenized during sample processing and as such, some of the viruses detected
could have come from undigested food, gut microflora, or even parasites that were
present in the invertebrates during processing. This could, particularly, be true for
Ceratopogonidae members whose food sources are known to be quite diverse and
includes mammals, birds and even mosquitoes (Ma et al., 2013; Slama et al., 2015;
Tomazatos et al., 2020). It would, therefore, not be surprising if some of the viruses
discovered originated in hosts other than the vectors used in the current study.

Insect community composition identified in the current study is quite diverse. The
metabarcoding method was successful in identifying numerous species of midges at
each site. The proportion of reads specific to each of the species identified in this
study varied greatly across the study sites. Considering the sensitivity issues
associated with HTS such as primer biases, these observations cannot be used to
reliably estimate the relative abundance of each of the identified species (Clarke et
al., 2014; Elbrecht & Leese, 2015). Nonetheless, the identification of a specific
species in a pool of midges is reason enough to consider that species as a possible

host of the viruses identified in the study. This is due to the fact that the identified
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virus could have come from any of the midge species in the pool, regardless of their
abundance. The findings in this study, therefore, present us with a unique opportunity
to infer the possible hosts of the detected viruses using methods such as co-
occurrence networks (Starr et al., 2019). However, such an approach would
necessitate the sequencing of multiple pools from a given locality for use in the
network. Further, to improve the accuracy of host-virus association methods,
approaches to reducing PCR bias can also be considered. Some methods for reducing
PCR bias include in-silico primer testing before use, the use of multiple sets of
primers, and the use of PCR-free shotgun sequencing pipelines. (Zhou et al., 2009;
Clarke et al., 2014; Gibson et al., 2014). Future studies should take some of these
requirements into consideration in order to definitively link the identified viruses to
their insect hosts.

The metagenomics and metabarcoding methods used in this study have the potential
to be low-cost approaches to arbovirus and insect surveillance. These methods have
the advantage of being able to analyze hundreds to thousands of insect specimens in
a single pool. In contrast, traditional methods would process between 25 and 50
specimens per pool. Furthermore, the traditional DNA barcoding method for species
identification and confirmation would only processes a single specimen at a time.
Thus, when metagenomics is combined with metabarcoding in insect surveillance,
the costs and labour are dramatically reduced. However, the deployment of these two
methods for routine use may not be possible at this stage. This is due to the
disadvantages inherent to these two methods. When compared to quantitative PCR,
metagenomics approach is not as sensitive. This is especially true when it is used to
detect viruses with extremely low titres (Wylie et al., 2012). Nonetheless, using
different enrichment methods would improve the sensitivity of this method in
general. Another limitation of metagenomics approach is the difficulty in associating
detected viruses with vector hosts. The use of metabarcoding, as applied in this
study, aids in narrowing down the potential hosts of the identified viruses. However,
as previously stated, further improvement of this method is required to overcome the
challenge of associating the individual virus detected to one of the possible insect

species. Future research will benefit from using viral enrichment methods as well as
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methods such as co-occurrence networks to infer the species associated with the
identified viruses.
5.2 Conclusion
In conclusion, this study has successfully identified and genetically characterized
several viruses among midges. Apart from Isiolo_1, Turkana_10 and Turkana_5, all
the other detected viruses had a significantly low similarity thresholds to previously
identified viruses. Phylogenetic analysis of these viruses suggest a classification that
may go beyond species level for some of the viruses. Nonetheless, the genomic
architectures of all the identified viruses are consistent with previously characterized
genomes of the viruses in the families where these newly identified viruses fall into.
The study also managed to characterize several vectors that are possibly associated
with the identified viruses. The diversity of vectors identified in the 5 different sites
was quite variable. Isiolo had the most diverse vectors identified while Kacheliba and
Budalangi had the least diverse number of vectors. Successful application of
metagenomics and metabarcoding to simultaneously characterize viruses and vectors,
respectively, highlights the potential for the application of these two methods in
high-throughput surveillance of vectors and viruses. This highlights great promise in
the early detection of pathogenic viruses and any invasive vector species, which is
very useful in prevention of disease outbreaks before they can occur.
5.3 Recommendations
1. There is need for more research into viruses circulating among midges in
Kenya. Studies, especially those focussed on virus isolation, should be carried
out in order to determine if the viruses that were identified in this study have
the ability to replicate in mammalian cells. This information would be greatly
useful in giving us an indication on whether the viruses that have been
identified have any pathogenic potential. Nonetheless, similar studies would
also lead to possible identification of other novel viruses that would greatly
improve our understanding of the diversity of viruses circulating among
midges and other related vectors.
2. The metagenomics approach that has been applied in characterizing the
different viruses identified in this study can be improved. It is recommend

that future studies using similar methods can further improve on this by using
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viral enrichment strategies in order to identify rare strains. Some of these
methods, such as the bead-based purification strategies can be harnessed in
order to only target potentially pathogenic viruses and those with similarities
to viruses known to be circulating in a given locality.

Studies aimed at improving the metabarcoding approach used in this study
should also be carried out. More specifically, future studies should focus on
improving the accuracy and reliability of this method. Such studies should
aim at reducing primer biases as well as improving the reliability of the
barcoding targets, in order to ensure a more accurate identification of the
vectors as well as determining their relative abundance. Further, studies to
generate more genetic data of the different variety of vector species are
encouraged in order to get more inclusive databases that will aid barcoding

studies in the future.
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APPENDICES
Appendix I: Quality score across all bases of the viral sequence reads
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Appendix I1: Quality score distribution across the vector sequence reads
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Appendix I11: Gel photo of the vector COIl amplicons

LANES:

1 —100bp ladder

2 — No-template control
3 —Sample 1 (Isiolo)

4 — Sample 2 (Baringo)
5 — Sample 3 (Turkana)
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6 — Sample 4 (Kacheliba)
7 — Sample 5 (Budalangi)
8 — Empty well

9 — Positive control
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