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Abstract

Onchocerciasis is a parasitic infection commonly known as “river blindness”. It is the world’s
second leading infectious cause of blindness. It is caused by the filarial nematode Onchocerca
volvulus and transmitted from one person to another through the bites of the infected blackfly
insect of the genus Simulium. The 2017 Global Burden of the disease was estimated at 20.9
million and 205 million people are at risk of infection in 34 endemic countries in Africa,
Latin America and Yemen. Two of the 4 main WHO guides for decision making and
implementation of vector control as Alternative Treatment Strategies for elimination of
onchocerciasis are to define transmission zones and characterize Simulium blackflies. Little
has been achieved on this front in most endemic regions of Africa, where 99% of the global
disease burden of onchocerciasis occur. To contribute to solving these issues, this study used
both short amplicon sequencing and high throughput next generation sequencing strategies to
amplify 439 barcoding genomic regions, 91 long range markers, and 82 whole genomes of
Simulium blackflies from West, Central, and South-Eastern Africa. Population structure
analysis have demonstrated significant fly movement and gene flow due to interbreeding of
blackflies across the studied river basins. Observation was made of the presence of 3
molecular units and that one of these may be genetically heterogeneous. There was no
geographic population structure in the river basins. The West African Simulium blackflies
formed a monophyletic group to those from Central and South-Eastern Africa; and all the
African blackflies also formed a monophyletic group to those from Asia, Europe and the
Americas. The central ecological transition zone of Ghana constitutes a single onchocerciasis
transmission zone in the dry season, and this finding is concordant with the parasite data from

the work of colleagues in La Trobe University.
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Chapter 1: General Introduction

1.1 Onchocerciasis: a general background

Onchocerciasis, commonly referred to as “river blindness”, is known to be caused by the
parasitic nematode Onchocerca volvulus and transmitted to humans through the repeated bites
of the infected vector blackfly of the genus Simulium. The disease is referred to as river
blindness due to the blood-feeding flies that transmit the blinding disease inhabiting fertile
land alongside the rivers where they breed. Humans are the natural reservoirs. Some of the
symptoms of infection and associated consequences include severe skin itching (pruritus),
disfiguring skin lesions (dermatitis), blindness, epilepsy associated with heavy infection,
abandonment of fertile river valleys, social ostracism, onchocercomata (subcutaneous
nodules), lymphadenopathies, decreased life expectancy among sighted individuals who have
high microfilarial load, and considerably excess loss of mortality of the blind (WHO, 1976;
Whitworth et al., 1993; Blanks et al., 1998; Boussinesq et al., 2002; Pion et al., 2002; CDC,
2019; WHO, 2019e). Uncomfortable itching alone has been estimated to contribute to 60% of
the disease burden, and onchocerciasis as a whole has been demonstrated to decrease life
expectancy by up to 15 years (Daumerie and Savioli, 2010; WHO, 2010). Observation was
made of increased relationship between mental conditions and onchocerciasis, especially in
children. In the 1960s and many decades after that, onchocerciasis was associated with
Nakalanga syndrome, which is a hyposexual dwarfism that mostly links with dental caries
and mental disturbances. In other parts of Africa where onchocerciasis and epilepsy coexist,
and where there is deep-rooted belief in spirits or other superstitious creatures, there is usually
an anecdotal link between the two (Kipp et al., 1996; Crump, 2003).

There were increased reports of the occurrence of Nodding syndrome, an invariably fatal
paediatric neurologic condition, in parts of Sudan, Uganda and Tanzania. Its aetiology and
pathophysiology remained a mystery for long time. Evidence now exist supporting the
hypothesis that nodding syndrome is an autoimmune epileptic disorder that is caused by
molecular mimicry with antigens of O. volvulus, hence patients will require
immunomodulatory therapies and the disease itself may be prevented or treated with
antiparasitic strategies like the use of ivermectin (Johnson et al., 2017). It normally affects
children aged 5-15 years old and makes them show epileptic-like seizures, cognition
impairment as well as constant nodding of their heads when given food. Infected children live
near fast-flowing rivers and streams and show the presence of O. volvulus antibodies.

Although O. volvulus has been implicated, no direct association has been found between this
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parasite and Nodding syndrome. Nodding syndrome is also linked with vitamin Be deficiency
and malnourishment (Donnelly, 2012).

There have been reports demonstrating that the cost to individual families in parts of Africa
can be catastrophic with poor subsistence farmers in countries like Nigeria spending half of
their hard-earned annual income to combat blackfly associated diseases (Adeleke et al.,
2010). Presently, the over 99% of the infected people are living in 31 countries in Africa, with
the remaining proportion of less than 1% living in some foci in Latin America and Yemen.
Decades of control and elimination activities have reduced the prevalence, morbidity and
mortality, and subsequently improved the disability adjusted life years. Globally, the
prevalence of Onchocerca volvulus infections was estimated as 20.9 million in 2017 by the
Global Burden of Disease Study (WHO, 2019e). The study further showed that 1.15 million
of the infected people had vision loss whiles 14.6 million of them had skin disease. Different
strategies for the disease elimination were adopted by the different continents of endemicity.
Whereas biannual large-scale treatment using ivermectin was the main strategy for
eliminating the disease in the Americas, the endemic regions of Africa adopted community-
directed treatment with ivermectin as the principal strategy to eliminate the disease. In the
Americas, four formerly endemic countries were verified by WHO as being free of
onchocerciasis following decades of successful implementation of elimination activities, and
the countries are Colombia, Ecuador, Mexico, and Guatemala. On the global roadmap to
being declared free of onchocerciasis, 3 additional countries stopped mass drug
administration by the end of 2017 and completed their 3 years post-treatment surveillance in
at least one transmission locality. These countries are the Bolivarian Republic of Venezuela
in the Americas, and both Uganda and Sudan of Africa. Approximately 1.8 million people are
currently found in areas that do not require mass drug administration for onchocerciasis
anymore. There is no proven vaccine or medication for the prevention of O. volvulus
infection. Ivermectin is the main medication used for the control and elimination of the
disease in mass drug administration programs (Cruz-Ortiz et al., 2012; Katabarwa et al.,
2012; Richards Jr et al., 2015; Rodriguez-Pérez et al., 2015; Zarroug et al., 2016b; Sauerbrey
etal., 2018; WHO, 2019e).

Among all international development initiatives, onchocerciasis control investments have
provided one of the highest economic rates of return, some 15-20% (Hodgkin et al., 2007).
Furthermore, it has been tagged as ‘one of the most triumphant public health campaigns ever
waged in the developing world’ (Hodgkin et al., 2007). Perhaps, none of these heralded

triumphant achievements could have been possible without much knowledge of the life cycles

2



of O. volvulus and S. damnosum, the discovery and donation of ivermectin, and the formation
of efficient control programmes, whose relentless efforts fostered unimaginable partnership
between wide range of stakeholders (Tsalikis, 1993; Boussinesq, 1997; Benton et al., 2002;
Vercruysse and Rew, 2002; Mehlhorn, 2008; Cupp et al., 2011a; CDC, 2019; WHO, 2019b).

1.2 Onchocerciasis: Life cycle of Onchocerca volvulus

The life cycle of Onchocerca volvulus that causes human onchocerciasis consist of a
definitive human host and an intermediate arthropod host (see Figure 1.1). When an adult
female blackfly is ready to develop its eggs, it seeks a human host, bites the skin to create a
pool of blood, and introduces third-stage filarial larvae onto the skin of the human host to
penetrate the bite wound (1). At the period of taking the blood meal, the mandibles of the
blackfly cut into the skin with fast scissor-like movements that causes blood to form a pool
for the cibarial and pharyngeal pumps to suck the blood within 4-5 minutes of the blood
feeding duration. The wounds from the bites become entry point for pathogens being carried
by the vector or those found within the environment (Ubachukwu, 2004; Usip et al., 2006).
The larvae (2) develop into adult filariae in subcutaneous tissues that normally live in highly
vascularised nodules in the subcutaneous connective tissues (3). The nodules are source of
human blood for ingestion and digestion by the adult worms (Burnham, 1998), and also
contain nutrients that are absorbed directly via the external cuticle of the worms (Howells,
1987; Smith et al., 1988). The adult males and females mostly live in nodules for about nine
to 14 years of their life span (Plaisier et al., 1991; WHO, 1995), but some are occasionally
able to reach 15 years (Roberts et al., 1967; CDC, 2019). The maximum presumed life span
of the adult worm is however 20 years (Richards Jr et al., 2001). Nodules can contain
different numbers of both sexes. In some instances, nodules are observed to contain 1-2 adult
males and 2-3 adult females (Schulz-Key and Karam, 1986). The sizes of the females range
from 33 to 50 cm in length and 270 to 400 um in diameter. The sizes of the males have a
range of 19-42 mm by 130-210 pum. Normally, once a female develops in a nodule, it does not
go out. It can produce microfilariae for about 9 years. The sizes of the microfilariae range
220-360 pum by 5-9 um. Generally, they have an average life span of approximately 2 years,
but individual ages can range from 6 months to 3 years (Duke, 1968; Eberhard, 1986). The
microfilariae are mostly found in the skin and in the lymphatics of connective tissues (4), but
can sometimes be found in sputum, urine, and peripheral blood. Besides the skin, the
microfilariae have high affinity for the eyes, where the inflammatory response against dying

microfilariae during years of repeated infection leads to the gradual and ultimate blinding
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sclerosis and opacification of the anterior eye by local inflammation and of the posterior eye
by autoimmune mechanisms (Hall and Pearlman, 1999). Microfilariae enter almost all parts
of the eye, except the lens, and cause bleeding, inflammation and many other complications.
The visual impairment and complete blindness result from corneal opacities, chorioretinal
degeneration, cataract and optic atrophy that has a tendency for bilateral symmetry to the
extent of causing both eyes to be damaged (Crump et al., 2012). Widespread skin lesions
include the ‘leopard skin’ and ‘elephant skin’. When affected skin becomes dry and wrinkled,
it loses its elasticity and causes the infected persons to look older than their age. The skin
lesions and ocular complications result from the host immune response to dead parasites. Live
microfilariae are not known to induce such responses. Unlike the live microfilariae, living
adults are capable of stimulating reticuloendothelial response that aid in the formation of the
fibrous nodules (Ridley, 1945).

It has been observed that the skin can contain about 90% of total microfilariae (WHO, 1995;
Bradley et al., 2010). When a blackfly takes a blood meal from an infected human (5), it
ingests microfilariae (Blacklock, 1926a; Blacklock, 1927; Ham and Gale, 1984). Once inside
the vector, the microfilariae migrate from the blackfly’s midgut through the hemocoel to the
flight or thoracic muscles (6). The microfilariae develop into the first-stage larvae (7),
through the second-stage larvae into the third-stage infective larvae (8). When the third-stage
infective larvae suceeds in migrating to the proboscis (9), it can infect a person during another
blood meal (1) (Duke et al., 1966; Trpis et al., 2001; CDC, 2019).
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Figure 1.1: Life cycle of Onchocerca volvulus. The life cycle of O. volvulus (phylum:
Nematoda; order: Spirurida; superfamily: Filarioidae; family: Onchocercidae) consist of the
definitive vertebrate host stages 2-4 and the intermediate invertebrate host stages 1 and 5-9.

The figure was obtained from the Centers for Disease Control and Prevention (CDC, 2019).

1.3 Onchocerciasis: organization, control and elimination

1.3.1 Onchocerciasis Control Program in West Africa (OCP)

By the efforts of four United Nations (UN) sponsoring agencies, there was the launch of the
Onchocerciasis Control Programme in West Africa (OCP). These UN sponsoring agencies
were the World Health Organization (WHO), United Nations Development Programme
(UNDP), World Bank and the Food and Agriculture Organization of the United Nations
(FAQO). The number of people covered by the OCP was 30 million and they were in 11
countries. The most severe effects from O. volvulus infection are generally accepted as
blindness and incapacitating skin lesions, which have the potential to affect about one third of
adult population living in most highly affected communities. The quest to prevent this

5



blindness was the main reason for initiating the OCP in 1974 (Tsalikis, 1993; Boussinesq,
1997; Benton et al., 2002).

The principal strategies for the control of onchocerciasis were initially centred on the killing
of blackfly larvae. To accomplish this, the control programme used helicopters and aircraft to
carry out weekly aerial spraying of insecticide over fast-flowing streams and rivers that
constituted the main breeding sites of the blackfly vectors. In accordance with the life span of
the worms, the spraying continued for 14 years to break the life cycle of the parasite. Through
the strategy of using aerial application of selective insecticides on infested rivers to reduce the
blackfly population at its larval stage (Hougard et al., 1993), there was drastic reduction in
the transmission of infecting O. volvulus larvae and the appearance of both the macrofilariae
and microfilariae. The complete interruption of parasite transmission over a period that was
above the reproductive life span of the adult worm was estimated to cause the gradual
extinction of the parasite in human, thus leading to the potential elimination of the

onchocerciasis in the regions under vector control (Hougard et al., 2001).

The second strategy introduced, to augment the spraying of rivers and streams, was the use of
ivermectin treatment, following its donation in 1989 by Merck & Co., Inc. (Vercruysse and
Rew, 2002; Mehlhorn, 2008; Cupp et al., 2011a).

The 11 countries covered by the OCP were: Benin, Burkina Faso, Cote d'lvoire, Ghana,
Guinea Bissau, Guinea, Mali, Niger, Senegal, Sierra Leone and Togo (see Figure 1.2.1)
(WHO, 2019a).



Bl OCP countries

Figure 1.2.1: The 11 countries covered by the OCP. The map was obtained from WHO
(WHO, 2019a; WHO, 2019b).

Significant achievements were made at the end of the programme in 2002, a total period of 28
years, and these included at least 4 main core successes: (1) freed 18 million of children from
the risk of blindness; (2) completely prevented 600,000 people from going blind; (3)
succeeded in reclaiming 250,000 km? of land that was abandoned, and (4) successfully
eliminated onchocerciasis as a public health problem in 10 out of the 11 endemic countries
under its operation (see Figures 1.2.2 and 1.2.3). The target in the 11" country, Sierra Leone,
could not be realized as a result of years of armed conflict, and prevalence of the disease still
remained either equal to or above 60% in this country (see figure 1.2.3) (WHO, 2019c; WHO,
2019d).



Figure 1.2.2: Onchocerciasis prevalence map of West Africa prior to OCP control in 1974.
The map was accessed from WHO (WHO, 2019d).
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Figure 1.2.3: Onchocerciasis prevalence of West Africa at the end of OCP control in 2002.
The map was accessed from WHO (WHO, 2019d).

1.3.2 African Program for Onchocerciasis Control (APOC)

During the period of 1989 to 1994, the NonGovernmental Development Organizations
(NGDO) for the first-time initiated mass distribution of ivermectin, known then as the
Ivermectin Distribution Programme (IDP). It was introduced as an adjunct to vector control in
the OCP area (Alley et al., 1994). This led to the creation of the NGDO Coordination Group
for Onchocerciasis Control in 1991 at the WHO Headquarters. Upon reflecting on the
achievements and building on both the knowledge and experience of OCP, the NGDO Group
and the sponsoring agencies launched a second programme in 1995 to control river blindness
in the rest of endemic countries in Africa. The name of this second programme was the
African Programme for Onchocerciasis Control (APOC). The goal of APOC was like that of
the OCP, and that was to control onchocerciasis as a public health problem in the remaining
endemic African countries. Unlike OCP, there was no viable option of carrying out



widespread aerial spraying in fast-flowing rivers in the countries covered by APOC (WHO,
2015; WHO, 2019c; WHO, 2019b).

APOC was considered a bigger partnership than OCP due to its involvement with 19
participating countries not previously covered by the OCP, their ministries of health, affected
communities, many international and local NGDOs, United Nation agencies, donor countries,
and the private sector (Merck & Co., Inc.). The World Bank was the fiscal agent of APOC
whiles WHO was the executing agency. A notable feature of APOC was the use of the
Community-Directed Treatment with ivermectin (CDTI) as the principal delivery strategy.
Through the CDTI, local communities were empowered to combat river blindness in their
own localities towards making significant progress in minimizing both suffering and
transmission. APOC was further extended to 2015 to treat more than 90 million people per
year in the participating 19 endemic countries, thus preventing more than 40,000 incidents of

blindness annually and protecting an at risk population of 115 million (WHO, 2019b).

The APOC countries were: Angola, Burundi, Cameroon, Central African Republic, Chad,
Congo, Democratic Republic of Congo, Ethiopia, Equatorial Guinea, Gabon, Kenya, Liberia,
Malawi, Mozambique, Nigeria, Rwanda, Sudan, Tanzania and Uganda (see Figure 1.2.4)
(WHO, 2019b).

B APOC countries

Figure 1.2.4: Map showing APOC countries. The map was obtained from WHO (WHO,
2019b).
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APOC and OCP were established with the purpose of controlling onchocerciasis as a public
health problem rather than to attain elimination of the infection and transmission. Initially,
there was great doubt that the disease could be eliminated with the prevailing resources,
especially with only ivermectin. However, several studies demonstrated the feasibility of
elimination of onchocerciasis in African setting by the use of only ivermectin treatment
(Borsboom et al., 2003; Diawara et al., 2009; Tekle et al., 2012; Traore et al., 2012). Africa
was then poised to tackle the disease head-on with the sole mission of elimination. During
APOC’s final year, over 119 million people were treated with ivermectin, and many countries
had tremendously minimized the morbidity associated with onchocerciasis. In addition, an
estimated number of over 800,000 people in Uganda and 120,000 people in Sudan did not
need ivermectin treatment anymore at the period of APOCs closure (WHO, 2019¢e). APOC
closed on December 31, 2015 after commencing the transition to onchocerciasis elimination.
The Expanded Special Project for Elimination of Neglected Tropical Diseases (ESPEN)
continued with the efforts in the elimination of onchocerciasis in the countries formerly
covered by APOC (Tekle et al., 2016; WHO, 2019¢).

1.3.3 Expanded Special Project for Elimination of Neglected Tropical Diseases (ESPEN)
The Expanded Special Project for Elimination of Neglected Tropical Diseases (ESPEN) was
set up in May 2016 between WHO Regional Office for Africa (AFRO), Member States and
NTD partners for the purpose of bringing together political, financial and technical resources
to minimize the burden of the five most prevalent Neglected Tropical Diseases (NTDs)
amenable to Preventive Chemotherapy (PC-NTDs) and occurring in Africa by the end of the
five-year anticipated lifespan of the project. These five most prevalent NTDs are
onchocerciasis (Oncho), lymphatic filariasis (LF), schistosomiasis (SCH), soil-transmitted
helminthiasis (STH) and trachoma (TRA). The vital pillar of ESPEN, is country leadership
and ownership of their control and elimination programmes and contributing to the overall
WHO target of long-term sustainability and health systems strengthening. The four guiding
principles of ESPEN are: national leadership and ownership, alignment with national
priorities, coordination of stakeholders contributions, and mutual accountability (WHO,
2018). It further has four main objectives: (1) Increase treatments towards the attainment of
100% geographic coverage, (2) Decrease: stopping treatments once transmission has either
been interrupted or control achieved, (3) Strengthen information systems for evidence-based
11



action, and (4) Enhance the efficient use of donated medicines through enhance supply chain
management. ESPEN is situated at the WHO Regional Office for Africa (WHO, 2019e).

There are about 1.5 billion people affected by NTDs globally. Approximately 39% of the
worldwide NTD burden occurs in Africa. There are still an estimated number of 600 million
people requiring treatment in Africa from NTDs (ESPEN, 2019). ESPEN is committed
towards making contributions to ensure that national NTD programmes get the financial
resources, expertise and data needed to expedite the fight against the targeted NTDs through
the coordination of partners and offering technical support. ESPEN is expected to safeguard
the achievements made over the past two decades by integrating their successful approaches
across all five PC-NTDs (AFRO, 2019).

1.3.4 Onchocerciasis Elimination Programme for the Americas

In the late 1980’s, the America’s population at risk of onchocerciasis was estimated at 5
million persons. However, a refinement mapping led to approximately 90% reduction of that
estimate to an at-risk value of 500,000 living in 13 geographically isolated transmission zones
or foci in six countries. The countries were Colombia, Guatemala, Brazil, Venezuela, Ecuador
and Mexico (see Figure 1.2.5). The 3 biggest foci in the 3 countries of Mexico, Venezuela
and Guatemala contained approximately 60% of the regional at-risk population. By 1990,
there was the active distribution of ivermectin Mass-Drug-Administration (MDA) in 3
countries: Ecuador, Mexico and Guatemala. However, the treatment coverage was quite

below what was required to interrupt transmission (Collins et al., 1992; Cupp et al., 2004).

The Pan American Health Organization (PAHO) in 1991 identified the donation of
ivermectin as an opportunity to engage in regional campaign towards the elimination of
onchocerciasis. A PAHO resolution (CD35.R14) was put forth in the same year. The
resolution called for countries and partners to put together resources needed to use ivermectin
MDA s to eliminate eye diseases that are of onchocerciasis-related, as well as transmission by
2007. Consequently, the Onchocerciasis Elimination Program for the Americas (OEPA) was
established in 1993 as the main body achieve the Resolution CD35.R14. The River Blindness
Foundation (RBF) provided a grant for the set-up of an OEPA secretariat in Guatemala.
When the RBF closed, the Carter Center took over the administration of the OEPA secretariat
in 1996 (Blanks et al., 1998). The main approach employed by the OEPA to interrupt

transmission is to use ivermectin MDA from twice to four times per year and a treatment
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coverage of at least 85% of the eligible at-risk population in the entire endemic regions. The
four transmission stages that each of the endemic focus passes through before attaining
elimination is active, suppressed, interrupted and eliminated. A country can then request a
national WHO verification when all its foci have reached the eliminated transmission phase
(Sauerbrey, 2008; PAHO, 2009). The 6 endemic countries in the Americas that were covered
by the OEPA, in relation to the remaining countries in the world, are shown in Figure 1.2.5

below.

Key: /f" .
mm APOC countries -
3 OCP countries - -

3 OEPA countries

TRENDS in Parasitology

Figure 1.2.5: Global map of onchocerciasis endemic countries. The colour codes show the
countries covered by APOC (red), OCP (green) and OEPA (yellow). The map was obtained
from published article (Richards Jr et al., 2001).

The PAHO has played major role in the process of verifying transmission interruption and
elimination, and in ensuring a political will in each of the resolution it makes. Presently, a
resolution has been made calling for the interruption of transmission in all the endemic
regions in the Americas by 2022 (PAHO, 2008; PAHO, 2009; PAHO, 2016).
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Colombia, with its single transmission focus and bi-annual ivermectin treatment, became the
first country in the world to be verified and declared free of onchocerciasis transmission by
the WHO in 2013. Its population under treatment was 1366 with 23 rounds of treatment and a
treatment coverage reaching over 85% (WER, 2013).

1.3.5 Treatment

It has been recommended by the WHO to use ivermectin to treat onchocerciasis at least once
annually for a period of 10-15 years to interrupt transmission. An adjustment in mode of
treatment strategy is required for locations where O. volvulus co-exists with Loa loa. L. loa is
a form of parasitic filarial nematode known to be endemic in the Cameroon, Congo, Nigeria,
South Sudan, Central African Republic, and the Democratic Republic of the Congo.
Ivermectin treatment of people with high levels of L. loa found in the blood tend to
potentially lead to adverse reactions. The recommendation from WHO is to follow the
Mectizan Expert Committee (MEC)/APOC recommendation required for the management of
severe adverse conditions. Over 145 million people received treatment in Africa through the
strategy of the Community Directed Treatment with lvermectin (CDTI), and it represented
over 70% coverage of the total number of people who needed to receive treatment worldwide.
This achievement was made by the ESPEN towards its commitments to the attainment of its 4
core objectives (WHO, 2019¢).

The donation of all the drugs, by the CEQOs of the largest pharmaceutical companies, required
to meet the goals needed to control, eliminate and eradicate the 10 NTDs by 2020 was a result
of the world’s commitment to the London Declaration on Neglected Tropical Diseases
(WHO, 2018). A typical example of such donation that has made major contribution towards
treatment of major global diseases is the wonder drug, ivermectin (Geary, 2005). Ecuador,
with its population of 25,863 at risk in the 119 communities within the single transmission
focus, got WHO verification of onchocerciasis transmission elimination in 2014, and became
the second country in the world to be declared free of onchocerciasis (CDC, 2013; WHO,
2014). Unlike Colombia and Ecuador that had only 1 onchocerciasis transmission focus each,
Mexico had three endemic foci and the second largest population at risk of infection in the
Americas: an estimated value of 169,869 individuals living in 670 communities. Mexico
finally received a WHO verification in 2015 of having eliminated onchocerciasis (Rodriguez-
Pérez et al.,, 2015; WER, 2015). Guatemala, with its largest at risk population in the
Americas: 231,467 persons living in 518 communities, received WHO verification in 2016 of

having eliminated onchocerciasis, and was also documented as having been the first country
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in the world to use the revised WHO guidelines issued in that same year of being declared
free from onchocerciasis transmission (WER, 2016). Venezuela and Brazil are the two
countries left in the Americas yet to achieve onchocerciasis elimination. Venezuela has been
successful at interrupting transmission in two of its three foci. The only focus left initially had
the highest baseline rate of microfilariae in the skin for the whole of the Americas, a baseline
prevalence of 72% in 1998. This South focus is contiguous with the Brazil’s Amazonas focus
with the Yanomami people living in that area. The single focus in Brazil had the second
highest baseline microfilaria prevalence in the skin for the whole of the Americas, a value of
63% in 1995. The estimated number of 30,561 person at risk in the Amazonas border between
north Brazil and south Venezuela constitute the Yanomami people. The foci still have
ongoing transmission and the ongoing transmission is partly due to the people being largely
migratory and hard to locate. The PAHO resolution expect the Yanomami foci in Brazil and
Venezuela to also get WHO verification of onchocerciasis elimination by 2022,
Onchocerciasis elimination in parts of the Americas have been inspiration to Africa, and the
whole continent in the Americas is most likely to be declared free of onchocerciasis
transmission once Brazil and Venezuela get verified by WHO (Amazigo, 2008; CDC, 2013;
PAHO, 2016; Sauerbrey et al., 2018).

1.3.6 lvermectin

Ivermectin, registered for human use as Mectizan®, is a very safe and effective drug used for
the mass treatment of many types of parasite infections (Omura, 2008; Cupp et al., 2011a).
These include onchocerciasis, scabies, head lice, trichuriasis, lymphatic filariasis and
strongyloidiasis (Ottesen and Campbell, 1994; Crump and Omura, 2011; Gonzalez et al.,
2012; Omura and Crump, 2014). In some animals, it is used for the treatment and prevention
of heartworm among other diseases (Papich, 2016). The drug is as effective and safe to use as
albendazole or alternative antinematode drugs for the treatment of pinworm infection or
enterobiasis (Ottesen and Campbell, 1994) Distribution of ivermectin for onchocerciasis and
lymphatic filariasis has been made possible by the philanthropic donation of Merck & Co Inc
in 1987 (Cupp et al., 2011a), following its discovery in 1975 and acceptable medical usage in
1981 (Vercruysse and Rew, 2002; Mehlhorn, 2008). Global, national and regional programs
depend on ivermectin for the control and elimination of O. volvulus. These programmes
include the current Expanded Special Project for Elimination of Neglected Tropical Diseases
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(ESPEN) and the Onchocerciasis Elimination Programme for the Americas (OEPA). Other
programmes in the past include the African Programme for Onchocerciasis Control (APOC)
and the Onchocerciasis Control Programme (OCP) (Remme, 1995; Omura and Crump, 2017;
Rebollo et al., 2018).

Merck & Co Inc has donated ivermectin for the past 33 years due to its effectiveness in
slowly Killing significant numbers of the microfilaria over time and it impairs female
fecundity of the adult female Onchocerca volvulus. In 2011, it was observed that over 800
million doses had been given to more than 80 million people around that time. Consequently,
the disease has been significantly minimized in over 25 countries and led to the interruption
of transmission in at least 10 countries to the extent that onchocerciasis has no longer been
seen in many formerly endemic countries (Cupp et al., 2011b). The donation of ivermectin is
to continue for as long as needed to control onchocerciasis and LF (Sturchio, 2001). Mass
drug distribution programs were set up to empower community distributors in endemic
countries and it was achieved due to the safety profile of the medicine (Amazigo et al., 2002).
Ivermectin-based programs have been successful at improving morbidity, mortality and
productivity (Hotez et al., 2007).

Ivermectin and avermectins are members of the macrocyclic lactones derived from the
bacterium Streptomyces avermitilis. Its effectiveness results from its ability to interfere with
the nervous system as well as muscle function by inhibiting neurotransmission. Preliminary
work on the mechanism and action of this drug centred on its capability to open gamma-
aminobutyric acid (GABA)-gated chloride channels (Campbell, 1985). In both mammals and
invertebrates, ivermectin has strong activity at GABA receptors. GABA is the main inhibitory
neurotransmitter in nematode somatic neuromuscular system. Further research however
suggest possibility of glutamate-gated chloride channels to be the likely physiological targets
of ivermectin and similar drugs (Cully et al., 1994; Yates et al., 2003). Thus, ivermectin has
been proposed to act by paralysing the somatic and pharyngeal muscles that likely stops
filaria worms from moving and feeding until they eventually die of starvation (Geary, 2005).
Despite the safety profile of ivermectin, there are some known side effects like dry skin, red
eyes and burning skin (Rothova et al., 1989; Nontasut et al., 2000). It is contraindicated for
use in people with high burden of loiasis as a result of risk of ivermectin-associated adverse
inflammatory issues (Keating et al., 2014). It is also contraindicated for use in breastfeeding
women, people with kidney or liver disease, and in children below the age of five or those

weighing less than 15 kg (33 pounds) (Dourmishev et al., 2005).

16



A single dose of the drug provides a quick and durable reduction in body burden of eyeworm
(L. loa) for individuals with less than 20,000 microfilariae per ml of blood, and presents very
low risk of the known ivermectin-associated adverse drug events (Pion et al., 2019). All that
is required for the treatment of onchocerciasis is a single dose of the drug to reduce
microfilaridermia by 98-99% after about 1-2 months of medication (Basanez et al., 2008).
The protection of infected persons is to administer a single oral dose once or twice a year for
a period of 10-15 years of the lifespan of the adult worms (Soboslay et al., 1987). There is
weak evidence of ivermectin’s capability to reduce chorioretinal lesions and prevent vision

loss among people infected with O. volvulus (Maheu-Giroux and Joseph, 2018).

1.3.7 Global geographical distribution of onchocerciasis

Parts of the information in this section have already been presented in earlier sections because
of shared responsibilities, achievements and issues of the individual control/elimination
programmes with those of ESPEN. This section is however necessary to present the overall
geographical distribution of onchocerciasis at the worldwide level and to integrate the
distributions at the individual sectoral levels under the coverage of the already presented
individual control/elimination programmes. The worldwide distribution of onchocerciasis
consists of all the countries covered by ESPEN, which was formerly covered by OCP and
APOC, OEPA and a country in the Eastern Mediterranean Region. Until 2013, the disease
was known to be endemic in 36 countries worldwide, which became 37 as a result of the
formation of South Sudan on 9th July 2011. The distribution was globally divided into 31
countries in Africa, 6 countries in the Americas and the last one in the Eastern Mediterranean
region (Scherr, 2012).

The 31 endemic countries in sub-Saharan Africa prior 2017 were Angola, Benin, Burkina
Faso, Burundi, Cameroon, Central African Republic, Chad, Republic of Congo, Coéte
d’Ivoire, Democratic Republic of the Congo, Equatorial Guinea, Ethiopia, Gabon, Ghana,
Guinea, Guinea-Bissau, Kenya, Liberia, Malawi, Mali, Mozambique, Niger, Nigeria,
Rwanda, Senegal, Sierra Leone, South Sudan, Sudan, Togo, Uganda, and United Republic of
Tanzania. The distribution of the disease in the endemic countries in the Americas prior to
2013 were Colombia, Ecuador, Mexico, Guatemala, Brazil and Venezuela (Bolivarian
Republic of). The remaining country on the global endemicity list is Yemen in the Arabian
Peninsula (WHO, 2019e).

A number of countries have achieved elimination of the disease. An announcement was made
by WHO on 5™ April 2013 confirming Colombia as the first country in the world to achieve
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elimination of onchocerciasis. The other 3 countries in the Americas that have also been
verified and declared free of onchocerciasis by WHO are Ecuador in September 2014,
Mexico in July 2015, and Guatemala in July 2016. Presently, over 500,000 people in the
Americas do not require ivermectin treatment anymore. All the 13 foci in the 6 countries in
the Americas achieved coverage of over 85% in 2006. Subsequently, transmission got
interrupted in 11 of the 13 foci by 2017. The remaining 2 foci in Brazil and Venezuela
(Bolivarian Republic of) with ongoing transmission, where the Yanomami people live,
became the primary focus of elimination efforts (Cruz-Ortiz et al., 2012; Rodriguez-Pérez et
al., 2015; Nicholls et al., 2018; Sauerbrey et al., 2018; WHO, 2019e).

As at the end of 2017, three more countries stopped ivermectin mass drug administration and
completed three years of post-treatment surveillance in at least one transmission location.
These additional countries are the Bolivarian Republic of Venezuela, Sudan and Uganda
(Cupp et al., 2019). If these countries get confirmed by the WHO to be free of onchocerciasis,
the only country in the Americas that will be left to complete the disease elimination will be
Brazil. The net result of this outstanding achievement of decades combat against
onchocerciasis is a total of 1.8 million people who currently live in areas that no more need
mass drug administration for onchocerciasis (WHO, 2019¢e). See Figure 1.2.6 for the global
distribution of countries requiring and not requiring preventive chemotherapy with

ivermectin, and the status of endemicity.
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Figure 1.2.6: Map of 2017 distribution and status of onchocerciasis preventive
chemotherapy. The source of the map is WHO (WHO, 2019e).
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1.4 Life cycle and biology of Simulium blackflies

Members belonging to the dipteran genus Simulium have great veterinary and medical
importance. Belonging to the suborder Nematocera and family Simuliidae and commonly
known as blackflies or buffalo gnats, these insect vectors possess long segmented antennae of
about 11 segments. All the immature stages are either aquatic or live in very moist habitats.
Structurally, the family members possess a reduced mesothoracic segment that makes them
look like having a humped back. The majority of the species are of the genera Cnephia,
Simulium, and Prosimulium (Lawrence, 2008).

The earliest recognized simuliid fossils were dated to the late Jurassic times, but the fossil
record of related families indicates that the blackflies likely originated much earlier than this
(Kalugina, 1991; Currie and Grimaldi, 2000). The family Simuliidae most likely had a
Pangean origin of approximately 300 million years ago. Blackflies are important organisms in
both terrestrial and aquatic ecosystems, especially in the boreal biome of the palearctic and
Nearctic regions (Malmqvist et al., 2004). They are holometabolous insects of importance
that undergo ecdysis several times in the course of their larval development. Simulium
blackflies undergo complete metamorphosis characterized by the stages of egg, larva, pupa
and adult (see Figure 1.3). The adult male and female feed on nectar and mate. The adult
female takes a blood meal from a host to develop an egg mass. It lays a mass of 200 to 500
eggs of 0.2-0.5 mm long on substrates in fast flowing water, or deposit them on the water
surface, where they settle into the sediments. The eggs hatch in 4-30 days into sausage-
shaped larvae, but eggs of some species diapause. There are 4-9 larval stages with the last
stage ranging 5-15 mm long, but most species have 7 larval stages in 1-6 months. The last
larval stage usually molts into the non-feeding pupal stage. The 5-15 mm long pupal stage
finally transforms into the winged adult in 4-7 days, and the cycle continues (Crosskey,
1990).
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Figure 1.3: Life cycle of Simulium blackfly.

Some blackfly species possess mouthparts that are poorly developed and unable to cut flesh,
hence become obligatory autogenous species to develop their eggs without blood (Crosskey,
1990). The females of the adult stage of most species are likely vectors of etiological agents,
whose feeding activities can lead to diseases in humans. Besides filarial worms, their bites
can also transmit other parasitic diseases such as protozoans and arboviruses to different types
of domesticated animals (Adler, 2005). When large numbers of adult females bite their host,
it can lead to economic loss to agriculture and tourism. It causes death in both wild and
domestic mammals and birds (Currie and Adler, 2008). Major attacks by the livestock pests
like S. vampirum, S. luggeri and S. colombaschense have led to mortality in pigs, horses,
mules, sheep and cattle. Sublethal attacks can lead to reduced milk production, impotence,
malnutrition and stress-associated phenomena (Adler et al., 2004) Following a blood meal,
adult blackfly females develop a single batch of 200 — 500 eggs. The majority of the species
lay eggs either in or on flowing water. Some of the eggs get attached to wet surfaces like
blades of aquatic grasses. There exists variation in different species in the duration an egg
takes to hatch. The eggs of most species however hatch in about 4-30 days. Some species
hatch in as little as couple of months whiles others hatch in as much as many months. Similar
to the differences in the duration of egg hatching between species, there exists variation in the
number of larval stages. The larvae are important part of the bioenergetic cycle in the lotic
systems (Coscaron-Arias & Bramardi, 1996). They form an important food source for lots of

invertebrates like plecopterans, and vertebrates like salmonids. Their filter-feeding
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mechanisms have a vital role in the processing of organic matter in rivers and streams. Due to
the low digestion efficiency of the larvae, their ingested organic matter gets egested as
nutritious fecal pellets. These sink to the low parts of streams and rivers where they become
food for most collector-gatherer functional feeding guild of aquatic invertebrates (Malmgvist
et al., 2001; Currie and Adler, 2008). The larval stages number 4-9 with a predominant
observed number of 7. The larval development takes approximately 1-6 months, with both
water temperature and food supply as important determinants of larval duration. The last
stage larva is the final cycle stage which can pass through winter and attach to rocks, concrete
surfaces like those of dams and man-made channels. The first instar larva usually has an egg
burster while the seventh instar larvae has separated cervical sclerites. The instars in between

the first and the last are normally separated by size (Fredeen, 1976).

The pupal stage is usually formed at the same location as the last stage larva. However, the
pupal stage can sometimes be carried downstream due to water current carrying it. In some
regions, this usually happen around spring or summer. Within about 4 to 7 days, the adults
emerge from the pupal stage. They can survive for weeks before dying of old age. Most
species reproduce greatly during the rainy season. Generally, this season normally occurs
around March to May in East Africa (Camberlin and Philippon, 2002), May to October in
West Africa, and July to September in Northern Africa (Fontaine et al., 1998). Variations
exist in the seasonal occurrence and durations of rainfall and temperature. This leads to
variation in the number of generations completed in each year from one species to another
with respect to geographical location of the species and their ability to adapt to the variations
(Lough, 1986; Janowiak, 1988; Cheke et al., 2015; Zarroug et al., 2016a).

The larvae and pupae of blackflies develop in fast flowing water with high concentration of
oxygen. Such appropriate habitats for development include fast flowing streams, rivers and
waterfalls. The development of populations in such habitats are governed by mixtures of
density-dependent and density-independent processes (Fredeen et al., 1951; Davies, 1962;
Lawton, 1991; Fonseca and Hart, 1996). Differences in morphology have been noticed from
species to species and from one climatic zone to another. But generally, blackfly larvae have
a large head with two prominent structures, the labral fans, projecting forward at the anterior
end. The main function of the labral fans is to serve as feeding apparatus for filtering organic
matter and other invertebrates out of the fast-flowing water currents. At the ends of the
bulbous abdomen of blackfly larvae are found glands that produce silken threads. The silken

threads have anchorage function by helping attach the larvae to stationary objects like rocks
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in flowing water. The size of the mature larvae varies from about 5 to 15 mm in length based
on the species being examined. The colours observed are grey, green, brown and greyish
black. The larvae develop into pupae. Similar to the larvae, most pupae remain attached to the
stationary objects and resist the currents of the fast-flowing water. The colour of the pupae is
usually orange. Whiles few species do not produce cocoon, most of the blackfly pupae
produce cocoons of different density, size and nature of it being woven. The developing
wings and legs become tightly held to the body with the shape of a mummy. Within 4 to 7
days, pupae develop into adults (Lewis, 1957; Crosskey, 1962; Craig, 1974; Barr, 1984,
Braimah, 1987; Zettler et al., 1998).

Rainfall and temperature are very important in the determination of the abundance and
distribution of blackflies. This is because rainfall increases the amount and current of water
bodies, concentration of oxygen in the fast-flowing water, and the abundance of food resource
for the larvae. The temperature on the other hand creates conducive conditions for the
development of the eggs, larvae, pupae and adults, and the transition from one stage to
another. As noted above, there exist 2 clear distinct rainy seasons in East Africa. The heavier
rains, known in Kenya-Tanzania (Somalia), as masika (gu) occur around March to May and
last longer. The short rains, referred in Kenya-Tanzania (Somalia) as vuli (der) occur around
October to November and the rain is usually not heavy (Griffiths, 1972; Hills, 1978;
Nicholson and lakes, 1996; Camberlin et al., 1997). In West Africa, rainfall can sometimes be
unprecedented in terms of intensity, seasonal expression, duration and spatial character
(Farmer and Wigley, 1985). The driest decade of the millennium in West Africa occurred in
the 1980s (Nicholson, 1993) and this inevitably had drastic effect on the abundance and
distribution of blackflies due to their dependence on fast flowing waters to repopulate. The
annual rainfall is mostly constant along each latitude but decreases sharply from the south
towards the north. The rainy season in the West Africa occurs in around June to September
(Farmer and Wigley, 1985; Eltahir and Gong, 1996).

1.5 Distribution of Simulium blackflies

The distribution of blackflies gives an indication of their location, areas of their transmission
of O. volvulus, and possible consequences to both transmission interruption decisions and
ivermectin endpoint timelines. A Simulium species that has been very successful at inhabiting

a wide range of geographical location is S. ruficorne. It is widespread throughout Africa, the
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Arabian Peninsula, the Middle East, Madagascar, the southern Iberian Peninsula in southwest
corner of Europe, Canary Islands in Spain, and Mascarene Islands in Mauritius, Réunion and
Rodrigues (Crosskey, 1969; Crosskey and Buttiker, 1982). Perhaps the successful features
that enable widespread adaptability to different geographical locations could be attributed to
the species ability to adapt to arid areas in tolerating high water temperatures, very low rates
of water flow, as well as much higher pollution levels than a lot of Simuliidae. This broad
distribution and ecological tolerance, coupled with the presence of pupal gill are known to
form polymorphisms (Crosskey, 1967), and make S. ruficorne possibly to be a sibling species
complex observable by polytene chromosome studies (Bedo, 1989). Such cosmopolitan
distribution could have implications for humans and domestic animals over broad

geographical locations.

The smaller species known as S. ochraceum is the predominant vector of the parasite in the
Americas, including Mexico, Central and South American countries. S. meridionale,
S. slossonae, S. articum and S. vittatum are predominantly distributed in the United States and
Canada. They are usually irritating pests of poultry and cattle, but have been observed to
avidly attack humans on warm days following cold weather moments (Underhill, 1944;
DeFoliart and Rao, 1965; Lawrence, 2008). Simulium tuberosum was first described by
Lundstroem from Scandinavia in Europe (Landau, 1962). It is predominantly distributed in
North America, from Alaska, North-west Territories, as well as Labrador (Stone, 1952;
Shewell, 1957) south to Texas and Florida (Dyar and Shannon, 1927).

In the Australasian region, a number of blackfly species are found. S.dycei and S.
mackerrasorum are widespread and abundant in the localities of north Queensland and the
Northern Territory, with S. mackerrasorum extending all the way into Western Australia.
Restricted distribution is observed in S. standfasti from Carnarvon Gorge in Queensland, and
S. lawnhillense from the areas near both Lawn Hill in North Queensland and Arnhem Land in
the Northern Territory (Colbo, 1976). S. ornatipes and S. melatum are distributed in New
South Wales and Victoria (Bedo, 1975).

The genus Simulium Latreille s.I. is geographically distributed in the Oriental and

Australasian Regions. A study in the region examined the patterns of distribution of this

genus at the subgenus and species-group levels. It was observed that the five subgenera of

Byssodon, Nevermannia, Montisimulium, Eusimulium and Simulium s.str were mainly

Palaearctic and extending from the north to the Oriental Region. In addition, The six

subgenera of Hebridosimulium, Gomphostilbia, Inseliellum, Wallacellum, Morops and
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Himalayum were found to be almost endemic to the Oriental or Australasian Regions or both
(Takaoka, 1996).

Simulium blackflies that serve as vectors of animals and humans are complexes of
ecologically and evolutionarily distinct cryptic species. Accurate identification of such
species is very necessary as a foremost thing to do to get a better understanding of the
epidemiology of arthropod-borne diseases and their control (Procunier, 1989; Post et al.,
2007; Adler et al., 2010; Post et al., 2013). Cryptic species identification is difficult and even
more challenging is the evaluation of species status of allopatric populations. This challenge
becomes compounded when populations are predominantly disjunct on mainlands, between
mainlands, or between a mainland and an island (Adler et al., 2005). There are implications
for assigning the same or different names to populations characterized by allopatric
speciation, and this implication affects the understanding of vector potential and the
development of control programs (Adler, 2009). A typical illustration of difficulties in
determining species status for allopatric populations involves S. nodosum. The species is
mainly distributed from India all the way across southern China, Thailand, Myanmar and
Vietnam (Adler and Crosskey, 2015). It is morphologically similar to S. shirakii. S. shirakii is
distributed in Taiwan, a location that is over 130 km from the Chinese mainland. As a result
of the morphological similarity, the species status of S. shirakii as a different species from S.
nodosum has been questioned (Takaoka and SuzuKi, 1984). S. nodosum transmits filaria to
ruminants, and also feed on both humans and bovids (Datta, 1992; Takaoka et al., 2003,
Choochote et al., 2005).

S. aureohirtum Brunetti has been observed in the Palearctic and Oriental regions, and it is
believed to be widespread in geography (Adler and Crosskey, 2014). Three synonyms are
used to refer to S. aureohirtum, and these are S. geniculare Shiraki from Taiwan, S.
philippinense Delfinado from the Philippines, and S. tuaranense Smart and Clifford located in
the Sabah, Malaysia (Adler and Crosskey, 2014). This species thrives in diverse locations,
especially habitats that have been disturbed by humans. These habitats include manmade

streams, and agricultural lands (Pramual and Kuvangkadilok, 2009a).

Different blackflies that transmit O. volvulus have been identified in Africa and the

predominant of these vectors in West Africa are species of the S. sanctipauli subcomplex, S.

damnosum subcomplex, S. yahense, and S. squamosum. In Ghana, there are many sibling

species of blackflies and these include S. sanctipauli, S. leonense, S. konkourense and S.

soubrense (Boakye et al., 1993a). Their groupings include the S. damnosum subcomplex (S.
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sirbanum, S. damnosum S. str; S. dieguerense), S. sanctipauli subcomplex, S. squamosum and
S. yahense. The predominant among the sibling species in Ghana is S. sanctipauli. It has 3
chromosomal variants, or cytoforms, identified and these are the ‘Pra’ cytoform found in the
Pra river basin, the ‘Djodji’ cytoform in South-East Ghana and South-West Togo, and the
‘Comoe’ cytoform that is located west in the Tano river (Surtees, 1986; Surtees et al., 1988;
Boakye et al., 1999; Kutin et al., 2004). The ‘Djodji’ cytoform may be a difficult to find
because they may have been eliminated by onchocerciasis control activities (Fiasorgbor et al.,
1992). There have been disagreements in the species names partly due to their close physical
resemblance. For instance, the majority of the old records of S. sanctipauli were reassigned to
S. soubrense and vice versa during the change in the nomenclature of the Simulium vectors
after a revision in the field (Post, 1986). Despite this close resemblance, S. sanctipauli
subcomplex shows divergent host preference, vector competency and adult behaviour. For
instance, S. soubrense in Liberia is predominantly zoophilic (Garms, 1987) and is thought as
being of similar populations of S. konkourense in Guinea and Guinea Bissau (Charalambous
et al., 1995). Unlike the zoophilic nature of the S. soubrense in Liberia, other members of the
S. sanctipauli subcomplex are greatly anthropophilic and efficient vectors of the O. volvulus
parasite. For example, great anthropophilic and vector competency characteristics have been
observed in the ‘Djodji’ cytoform of S. sanctipauli and the ‘Beffa’ cytoform of S. soubrense
(Garms and Cheke, 1985; Cheke and Denke, 1988). These two cytoforms can be found in
Togo. Although S. leonense also shows similar increased anthropophilic and vector
competency, members with such characteristics are found in Sierra Leone (Chavasse et al.,
1995).

A diversity of S. damnosum complex members have been identified in Ghana (Post et al.,
2013). S. damnosum complex has been estimated to consist of at least 60 sibling species and
cytoforms (Adler et al.,, 2010). The members demonstrate variation in their vector
competence, anthropophagy, level of anthropophily, ecological characteristics, vectorial
capacity for O. volvulus and geographical distribution (Basafiez et al., 2009; Lamberton et al.,
2014; Adler et al., 2010; Garms and Cheke, 1985; Lamberton et al., 2015). They breed in
many rivers such as the Kulpawn and Black Volta rivers in the dry season (Noamesi, 1966).
Breeding and flight range of vectors are major factors to be understood when deciding the
boundaries of onchocerciais. Breeding places have been found to last for part or an entire
season on rivers like Daka, Kulpawn, Oti and White Volta. A study of the flight ranges of S.
ochraceum, S. callidum and S. metallicum in Guatemala using over 86,000 blackflies showed

that the flies travelled a maximum distance of 15.5 Km (Dalmat, 1950, 1952). In a mark and
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recapture study in the savanna zone of northern Ghana, a total of 3,886 S. damnosum adult
blackflies were used to determine that the flies could travel a distance of 12.9 Km (Crisp,
1956). Similar study on the White Volta River using over 62,000 newly emerged S.
damnosum indicated that the flies travelled a distance of 27 Km (Thompson, 1972).
Blackflies have been observed to travel 83 Km along rivers from Yagaba to Nakong (river
Sissili) in a timeframe of 4 months. Moreover, some blackflies were found to have travelled
182 Km from Yagaba to Nangodi (Red Volta) and lived 4 and a half months (Noamesi,
1966). The S. quamosum can travel at least 125 Km (Cheke and Garms, 1983). Members of
the savanna cytospecies like S. damnosum s. str. and S. sirbanum have been observed to
migrate distances that are over 400 Km (Garms et.al., 1979). Despite these long flight ranges,
S. yahense travels only a few km from its natal sites (Quillévéré et al., 1977a: Garms and
Walsh, 1987).

In the dry season, there is the displacement of Simulium adults on the drying harmattan or
North East Trade winds that seasonally blow in December onward in the direction of south
west across West Africa, including all sections of the ecological transition zone of Ghana
(Gwynne-Jones, 1978) towards the Gulf of Guinea. During the rainy season, mostly occurring
from June onward, a reverse effect takes place and it is characterized by the monsoon or
South West Trade winds that blow and displace blackflies in the north eastern direction and
behind the Intertropical Convergence Zone (Garms et al., 1979; Walsh et al., 1981a; Baker et
al., 1990). These phenomenon formed the basis of the western extension of the OCP eastern
frontier in the 1980s and contributed to the repopulation of breeding sites in vector-controlled
localities (Garms et al., 1979; Walsh et al., 1981a; Baldry et al., 1985; Baker et al., 1990).

The association of S. neavei with fresh-water crabs was first described in the onchocerciasis
foci of Nyanza Province in Kenya (Someren and McMahon, 1950; McMahon, 1951). The
blackfly was predominantly confined to the crab Potamonautes niloticus and was only
occasionally found associating with other species (McMahon et al., 1958). A similar

distribution was observed in Uganda (Barnley and Prentice, 1958).

Unlike West and Central Africa where onchocerciasis is widespread with extensive merging
foci into each other (WHO, 1995), there exist relatively few foci in East Africa, perhaps
reflecting the more limited distribution of Simulium blackflies in the East Africa foci
(Mustapha et al., 2005).
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In southern Malawi, which is the southern-most onchocerciasis focus in Africa, the
predominant blackfly is S. thyolense. For instance, a study using a combination of molecular
and cytotaxonomic techniques found S. thyolense as the most abundant species in that focus
where it represented 91% of the larvae collected. S. kilibanum and cytoforms of the
‘Ketaketa’ subcomplex were identified to be the predominant members of the complex
observed outside of the focus. All the biting female flies collected were found to be S.
thyolense and this led to a conclusion that it is the main vector of O. volvulus in the focus,
with the sampling locations consisting of Thyolo, Mwanza and Mulanje. The remaining
relatively low numbers of Simulium species found were assumed to be zoophilic. The
distribution of Simulium species in the ‘Thyolo-Mulanje’ focus was observed to be
geographically isolated from those in the Mwanza focus (Mustapha et al., 2005). Over 40
years ago, members of the S. neavei were the predominant groups of blackflies distributed
over the Thyolo focus and there were only few anthropophilic S. damnosum s.I. (Lewis,
1961). As a result of human activities, such as the clearing of forest habitat of the crabs, there
has been a disappearance of the S. neavei group (Raybould and White, 1979; Walsh et al.,
1993). Currently, about 99% of the anthropophilic Simulium species found are members of
the S. damnosum complex (Roberts, 1990). Subsequently, there has been an association
between the increase in the human-biting S. damnosum s.I. and the rise in the onchocercal

skin disease prevalence in Malawi (Burnham, 1991).

1.6 Simulium vector complexes and Onchocerca-simulium complexes

A complex of ‘cryptic’ or ‘sibling’ species, popularly known as species complex refers to a
group of closely related species that are not well distinguishable morphologically despite
being reproductively isolated from one another. It requires the use of cytological, ecological
or genetic attributes to differentiate between them (White et al., 1978). A classic example of
such vector complex is S. damnosum s.l. (Vajime and Dunbar, 1975). Cytological studies
over decades have repeatedly showed that most nominal blackflies are complexes of sibling
species (Kim, 1987; Brockhouse et al., 1993) and polytene chromosome studies have
confirmed multiple sibling species in the Simulium damnosum complex (Dunbar, 1969;
Brockhouse et al., 1993; Hadis et al., 2008). Across members belonging to the Simuliidae,
chromosomal speciation inferences are carried out and species resolved by approaches like
cytotaxonomy. For instance, observations of the prevalence of chromosomal rearrangement
have been made possible through cytotaxonomic studies of population samples and

interspecific hybrids (Rothfels, 1989; Livingstone and Rieseberg, 2004). The S. damnosum
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complex is the largest sibling species complex with at least 55 distinct cytoforms (Post et al.,
2007) 9 of which serving as vectors for O. volvulus in the West African region with varying
vector capacities (Boakye, 1993). These sibling species are the forest-dwelling group that
consist of S. squamosum Enderlein and S. yahense Vajime & Dunbar; a savannah-dwelling
group (S. damnosum sensu stricto and S. sirbanum; Vajime & Dunbar); and a transition -zone
characterized by forest-savannah mosaic with the dwelling members of S. sanctipauli Vajime
Dunbar, S. leonense Boakye, Post & Mosha, and S. soubrense Vajime & Dunbar (Boakye et
al.,, 1998). DNA sequence analyses and cytotaxonomy have assisted the division of the
sibling species into 3 main groups. The cytotaxonomy have clearly demonstrated the
occurrence of hybridisation and introgression between the siblings (Boakye and Mosha, 1988;
Boakye and Meredith, 1993; Boakye et al., 2000), calling into question the degree of
reproductive isolation between them. Vector complexes also exist in Latin America (Shelley,
1991).

The term Onchocerca-Simulium complexes was first used in the context of human
onchocerciasis to denote the well adapted parasite-vector combinations that normally lead to
the development and transmission of local populations of O. volvulus populations (Duke et
al., 1966). The savannah form of O. volvulus develops successfully in savannah species of the
vectors such as S. damnosum Theobald sensu lato (s.l.), but such parasites do not develop
well within forest species, and vice versa. Different experimental cross-infection studies were
carried out by feeding blackflies with microfilarial carriers of sympatric (the same) and
allopatric (distant) regions. The studies of this parasite-vector complexes included O.
volvulus-Simulium comparisons from within West Africa, between West Africa and northern
Venezuela, West Africa and Guatemala, Guatemala and northern Venezuela, and also
between northern and Amazonian foci in Venezuela (De Leon and Duke, 1966; Duke et al.,
1967; Duke, 1970; Takaoka et al., 1986a; Takaoka et al., 1986b; Basafiez et al., 2000). The
results indicated the existence of strong local adaptation between the vectors and parasites in
each well-established endemic locality, and there was incompatibility between vectors and
parasites originally taken from separate endemic localities. These results are important
because they increase our understanding of how onchocerciasis disease can be transmitted
outside its known endemic localities (Schiller et al., 1984; Maia-Herzog et al., 1999; Basariez
et al., 2000). For this reason alone, and to manage economic costs and ecological impact of
disease elimination activities, it is necessary to identify accurately the sibling species that
transmit onchocerciasis in a given location (Crosskey, 1990; Brockhouse et al., 1993) and to

monitor their movements. Cryptic taxa differ in terms of geographical distributions, breeding
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habitats, vectorial capacity, and some traits of importance to epidemiology, vector control and
ecology (Bedo, 1976; Walsh et al., 1981b; Crosskey, 1990; Brockhouse et al., 1993).

1.7 Blackfly diversity and evolution: a need to combine morphology,

cytology and molecular genetics

Separation of the effects of current factors from historical factors on the basis of current
genetic structure and diversity of species can be achieved by using molecular markers
(Templeton, 1998; Walton et al., 2000). cytotaxonomy has made many contributions to the
understanding of Simulium blackflies’ biodiversity mainly because cytotaxonomy is capable
of detecting some levels of diversity that are not identifiable by the use of either morpho-
taxonomy or currently available molecular genetics (Rothfels, 1979; Adler et al., 2004).
Similarly, morpho-taxonomy and molecular genetics are able to detect some forms of
diversity that cytotaxonomy is not cable of identifying effectively. For example, recent
studies utilizing molecular genetic markers have unveiled hidden diversity among species that
were not detectable at the cytological level (Pramual et al., 2010; Pramual and Wongpakam,
2013; Pramual and Adler, 2014). Conversely, there has been reports of high diversity
detectable at the cytological level but low diversity at the molecular level (Pramual et al.,
2011). Thus, no single method appears capable of assessing Simulium diversity under all
circumstances and there is the need to integrate approaches and count on the synergies of
cytology, morphology and molecular genetics to better understand the biodiversity,
evolutionary relationships and ecological distribution of blackflies, (Thaijarern et al., 2014).

Methods for the morphological identification of adult Simulium blackflies have been
developed and are well documented (Wilson et al., 1993). Similar morphological
identification methods have been used to identify S. yahense with about 99% specificity
(Garms and Zillmann, 1984; Wilson et al., 1993). The methods enabled a 100% accuracy in
the separation of the savannah cytospecies, consisting of S. damnosum s.s. and S. sirbanum,
from the S. sanctipauli subcomplex (S. sanctipauli, S. konkourense, S. leonense and S.
soubrense). This was achieved by using either the linear discriminant functions (Wilson et al.,
1993) or the thorax:antenna length ratio (Garms et al., 1982). There was a decreased in the
specificity with the identification of S. squamosum, and the methods resulted in about 5%
misidentifications (Wilson et al., 1993). The S. squamosum is better identified using iso-
enzyme electrophoresis but this method has not been adopted widely for field work in Africa
due to the inconvenience of requiring either fresh or frozen-preserved samples and specialized
equipment. For convenience, DNA-based molecular methods are preferred because of their
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suitability for working well in the lab on samples preserved from field work (Wilson et al.,
1993)

Mitochondrial barcode sequences have been used as genetic markers for population genetic
studies especially for phylogeography. Phylogeography has been used to identify features
underlying species genetic structure. These features encompass: (1) contemporary factors like
ongoing gene flow and ecological conditions (Pfenninger et al., 2003); (2) historical
occurrences such as Pleistocene climatic change (Randi et al., 2004); and (3) their integrated
effects (Whorley et al., 2004). Molecular, chromosomal, and morphological characters are
used to resolve and support evolutionary relationships among simuliid lineages (Rothfels,
1979; Moulton, 2000, Adler et al., 2004).

Current data suggest that blackflies initially evolved in habitats characterized by mountains
and cool climates. For instance, all of the oldest extant simuliid subfamilies and tribes such as
Prosimulium, Gymnopais, Helodon, and Parasimulium inhabit small and cool parts of
northern localities of the globe (Adler et al., 2004). Study suggests that the oldest simuliid
fossils dated to the Jurassic era (Currie and Grimaldi, 2000). It is however suggested that the
family might have existed longer than that, with a Pangean origin, such that the Simuliini and
the Prosimuliini possibly originated in Gondwanaland and Laurasia respectively (Currie and
Adler, 2008).

For there to be an efficient vector system, there must at least be repetitive gonotrophic cycles
and anautogeny, and these have been observed to have evolved early in an ancient dipteran
ancestor (Downes and Colless, 1967). This efficient vector system is presently found in the
Simuliidae (Adler et al., 2004). Simulium as a genus consist of approximately 80% of all the
species in the Simuliidae family. It is also made up of about 94% of nearly 50 of the world’s
main vectors and pests of importance to human welfare and health (Adler and McCreadie,
2019). Nearly all the vectors of human-disease organisms and over half of the world’s species
are multivoltine, thus consisting of several broods or generations of the organism in a
breeding season. The evolution of multivoltinism in Simulium was a notable development for
the transition of the blackflies from a mountainous habitat into warmer climatic regions,
where humans eventually became concentrated. Annually, blackflies that serve as vectors of
onchocerciasis and mansonellosis complete about 15-20 generations in a breeding season and
thus increase the chances of their human hosts becoming repeatedly exposed to infection
(Crosskey, 1990). A milestone in the evolution of blackfly in becoming recognized as
modern-day vector and pest was its ability to colonize large streams and rivers to the extent of
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being able to produce large populations to the magnitude of almost a billion flies in each day
per kilometer of river or stream (Amrine, 1982). Furthermore, most species adapted to rivers
are able to colonize disturbed and altered habitats, including those near hydroelectric dams
(Fredeen, 1979). In this instance, the conditions of the water bodies near the dam area mimic
those of large and naturally flowing rivers. A number of blackfly species breed and emerge
from medium-sized to large rivers in numbers large enough to halt agricultural and other
economic developments (Crosskey, 1990; Post et al., 2007; Shelley et al.,, 2010).
Anthropophilic inclinations evolved independently in the subcomplexes of S. damnosum
complex (Krueger and Hennings, 2006). Some vectors like blackflies have evolved to have
preference for attacking large, abundant hosts rather than small ones, and ornithophilic
species are less host specific than mammalophilic species (Malmaquvist et al., 2004). Probably,
a necessary criterion for the evolution of anthropophily is the adaptation to feeding on large
mammals, and an increase in host catholicity. In the S. damnosum complex, the most
effective vectors are those with greater anthropophilic tendencies, while those with zoophilic

tendencies are comparatively observed to be of lesser effective vectors (Post et al., 2007).

The phylogenetic relationship existing between and among African Simulium blackflies
serving as vectors of O. volvulus lack sufficient resolution in the Family simuliidae.
Relationships within the S. damnosum complex have been inferred by the use of cytogenetic
evidence (Dunbar and Vajime, 1981; Post et al., 2007). Often, the cytodendrogram of such
inferred relationships remains unrooted and is without directionality. Studies generating both
molecular and cytogenetic data support the existence of two geographically defined African
clades, one eastern and the other western (Kriiger et al., 2000). Despite some form of
disagreement between molecular and cytological data, there is a robust acceptance of the
existence of four western and two eastern S. damnosum subcomplexes, and further suggesting

that savanna taxa are of more recent origin than forest taxa (Krueger and Hennings, 2006).

Low levels of genetic differentiation are observed by studying isoenzyme variation between
closely related species and within species of blackflies (Snyder, 1982; Feraday and
Leonhardt, 1989; Scarpassa and Hamada, 2003) and this general feature characterize the
Family Simuliidae. A typical example is seen by comparing Drosophila with Simulium. There
is lower variation between sibling species within the S. damnosum complex than between
closely related species of Drosophila. As a result, sibling species of the S. damnosum
complex show species diagnostic alleles at only 6% of isoenzyme loci (Meredith and

Townson, 1981), compared with the relatively higher value of 10% between D. pseudobscura
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and D. persimilis (Ayala and Powell, 1972). There is only 1% of larval proteins observed to
be unique to individual species in the S. damnosum complex when compared with the
relatively larger value of 14% in the Drosophila virilis group (Hubby and Throckmorton,
1965).

There is no strong data-driven evidence explaining this low level of genetic differentiation
among Simulium species. However, a number of plausible suggestions have been put forth
with provisional explanations. One of these hypotheses center on genetic introgression as a
result of interspecific hybridization (Post, 1984; Boakye and Meredith, 1993). In agreement
with this hypothesis is the parallel geographical variation in copy number associated with
middle repetitive DNA sequences in species like S. sanctipauli and S. squamosum (Post and
Flook, 1992). Although the transposable element pSO11 was not detected in these two
species in Togo, an average copy number of 483 was detected in Ghana, and a relatively
similar number, 418, was found in Cote d’Ivoire. A similar trend emanated from the
uncharacterized middle repetitive DNA-sequence pSQ1 and this was explained by the genetic
introgression between the two species. However, this could also have resulted from the
parallel regional natural selection or genetic drift. Molecular phylogenetics lend backing
support to the introgression hypothesis. Cytotaxonomic close relation exist between S.
squamosum and S. yahense (Vajime and Dunbar, 1975). Their sister-group relationship has
been confirmed by mitochondrial DNA phylogenies (Tang et al., 1995; Kruger et al., 2000).
Using the intergenic spacer (IGS) region of the nuclear rDNA to produce phylogeny
(Morales-Hojas et al., 2002b) revealed a mix of haplotypes in the two species. This could
have resulted from genetic introgression, persistence of ancient polymorphisms, or that they
are not separate species when it comes to applying the biological species concept of being
capable of mating and producing fertile offspring. Observation was made of a trend of
intraspecific variation of ITS rDNA and this pattern was attributed to inter-breeding of

sympatric sibling species (Tang et al., 1996a).

Irrespective of the reasons given, it is clear that molecular variation existing between sibling
species of Simulium is usually low. In addition, there have been challenges in the detection of
species-specific molecular variation for the identification of species initially defined by
cytotaxonomy. There have been studies focusing on the detection of species-specific
isoenzyme variation in species that are closely related like Prosimulium fuscum and P.
mixtum (Snyder and Linton, 1983) and in S. verecundum and S. venustum. However, there

was no clear differentiation of the sibling species in the S. verecundum/venustum
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supercomplex (Snyder, 1982). Many enzyme systems for species specific identification have
been studied among the West African S. damnosum complex. Two such enzymes,
phosphoglucomutase and trehalase, have shown species-diagnostic variation (fixed
isoenzyme variants) and they were able to distinguish two sibling species from each other and
also from the rest of the complex (Meredith and Townson, 1981). The species distinguished
were S. yahense and S. squamosum. Another isoenzyme variant was able to distinguish these
two species using only phosphoglucomutase (Thomson et al., 1996). However, the fixed
isoenzyme variation did not correlate with any particular cytospecies (Mebrahtu et al., 1986).

Species-specific molecular weight variation has been identified in proteins found in salivary
glands of blackflies (Brockhouse and Tanguay, 1996). However, more work needs to be done
using the S. damnosum complex members. Similar to the use of salivary gland proteins, the
use of DNA variation has been studied in the identification of sibling species of African
blackflies. Some of such studies utilized species-specific variation in copy number of cloned
repetitive DNA identified by DNA-DNA blot hybridization (Post and Crampton, 1988). This
enabled the identification of variations between morphospecies of blackflies (Jacobs-Lorena
et al., 1988). Variation was found in the copy number of middle repetitive DNA sequences
among three West African subcomplexes of the S. damnosum complex (Post and Flook,
1992). Despite this distinguishing capability, there was no species-specific variation detected,
and an attempt to differentiate among members of the subcomplexes led to misidentification
in some countries like Togo. Among the reasons identified for such discriminatory failure
was the issue of sequences identified as transposable elements (Flook and Post, 1997). In the
Nearctic, there have been DNA sequencing studies using 16S mitochondrial rDNA to
differentiate among members of the S. verecundum/venustum supercomplex (Xiong and
Kocher, 1993). However, there has been no concrete species-identification assay built by such
DNA sequences as a result of failure of the studied species to demonstrate being
monophyletic. The use of PCR has shown variation among morphospecies, but challenges
still exist in attempts to differentiate between sibling species. Random Amplified
Polymorphic DNA (RAPDs) techniques were used to differentiate between cytospecies in the
Nearctic S. vittatum complex. However, none of the amplicons were found in all the
cytospecies (Duncan et al., 2004). Similar studies using the mitochondrial rDNA of 16S and
12S, ND4, and COII genes also failed to identify species-diagnostic traits (Tang et al., 1996b;
Zhu et al., 1998; Pruess et al., 2000). Species-specific variation in the mitochondrial COI and

16S rDNA established the species status of morphologically similar forms of S. reptans but
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showed limited success with other morphologically similar forms of European species (Day
et al., 2008; limonen et al., 2009).

A major issue with studies of blackfly population structure is that there is no clarity if
divergence between populations reflects undescribed sibling species or within-species
population structure. Populations of S. ochraceum in different onchocerciasis foci
demonstrate genetic divergence (Rodriguez-Pérez et al., 2006). Although very little is known
if this divergence is shown in transmission difference, the different populations have been
identified chromosomally as cytotypes. Also, S. tani is a complex of species and cytotypes
(Pramual et al., 2005; Tangkawanit et al., 2009). A study of North American cytospecies
show that one cytospecies arose in the East while another arose in the West (Duncan et al.,
2004). Generally, mitochondrial and nuclear barcoding DNA sequences including ND2, CO1,
16S rDNA and IGS rDNA show limited species-diagnostic variation (Agatsuma et al., 1993;
Mank et al., 2004). Unlike blackflies that show limited success in the identification of sibling
species-specific DNA sequences, there has been better species-specific distinguishing traits in
mosquitoes (Scott et al., 1993). Nevertheless, the ITS1 rDNA demonstrated nine different
amplicon sizes among 28 blackfly cytoforms in southern and eastern Africa (Krueger, 2006a)
and this has enabled the identification of a large proportion of cytoforms across Africa. This
system has been successfully used to detect anthropophilic species in some onchocerciasis
endemic localities where multiple cytospecies breed in the local rivers (Krueger, 2006b).
Cytospecies-specific variation in ITS1 was however limited in West African blackflies (Tang
et al., 1996a; Kriger et al., 2000).

A number of reasons exist to account for the limited genetic differentiation and often lack of
population structure associated with the use of short amplicon barcodes that are
predominantly of mitochondrial source. A plausible reason could be a real panmictic
population being studied. A second reason might be a problem with the barcode data, which
only sample small proportion of the total mitochondrial genome such that other sections not
sampled could be informative. This tends to constitute an ascertainment bias. SNP
ascertainment bias refers to the systematic departure of genetic statistics, at the population
level, from what is expected theoretically (Lachance and Tishkoff, 2013). It can arise from
drawing samples from a nonrandom set of individuals, using part of a genome that does not
capture all informative alleles, or by using biased SNP discovery procedures. SNP
ascertainment bias will always occur when the entire genome of all individuals in a

population are not sequenced due to the fact that a small sample size often leads to the capture
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of common alleles than rare alleles (Gravel et al., 2011). It however does not constitute a
major issue when it comes to the identification of individuals, paternity analysis, and the
assignment of individuals to different populations (Morin et al., 2004; Bradbury et al., 2011).
Often, SNP density tends to be higher for whole genome sequencing than sequencing part of
a genome (Lachance and Tishkoff, 2013), hence increasing the amount of genomic data

increases the chances of identifying more informative sites

Generally, mitochondrial genes tend to be in linkage disequilibrium, hence sequencing more
genes will not likely change the inference of the results with the exception of increasing the
confidence in the results such as increasing the bootstrap values of phylogenetic trees.
Although sequencing different genes from mitochondrial genomes does not generally lead to
different inference, for rapidly evolving genomic sites however, the acquisition of private
mutations followed by natural selection may lead to better resolution as more genetic data are
sequenced in both sequence length and sample size. This is made possible because if
populations have separated long enough, a mutation at one section or lineage may not be
found in another section or lineage. The control region of mitochondrial genomes has become
such a powerful species-specific identification tool partly because it is highly polymorphic
(Bronstein et al., 2018). Other benefits of using the control region of the mitochondria include
fast evolutionary rate (McMillan and Palumbi, 1997; Meyer, 1993), selective neutrality as
non-coding region (except as in Pereira et al., 2008; Rech et al., 2014), polymorphic nature
(Ghatak et al., 2016), maternal inheritance, and lack of recombination (Brown et al.,1979;
Avise,1994). Moreover, the mitochondrial control region has been successfully used as a
genetic marker in various phylogenetic studies such as the one used in invertebrate taxa
(Diniz et al., 2005; Shao et al., 2005; Bronstein et al., 2017; Zhang et al., 2017), reptiles
(Jiang et al., 2011), fish (Jamandre et al., 2014, Beltran-Lépez et al., 2017), birds (Kryukov et
al. 2017), mammals (Firestone, 2000; Boyko et al., 2009), and amphibians (Huang and Tu,
2016). Sequencing more genetic data by increasing the number of genes and sample size will
lead to the detection, if present, of additional variable sites that could be informative.
Although more sequencing data may solve the problem of ascertainment bias, it will not
resolve the issue of linkage disequilibrium for the usage of mitochondrial genes. In this
instance, the use of nuclear data could prove useful. Phenotypic, morphometric, cytogenetic
and electrophoretic literature suggest that there is more variation in Simulium than is detected
here by barcode sequencing (Vajime and Dunbar, 1975; May et al., 1977; Feraday and
Leonhardt, 1989; Wilson et al., 1993; Kruger and Garms, 1999; Adler and Kachvorian, 2001,

Pramual et al., 2011), thus the inability for most barcoding genes and allozymes to detect
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population structure in Simulium blackflies (Feraday and Leonhardt, 1989, Conflitti et al.,
2010; Conflitti et al., 2012, Van Lun Low et al., 2014) suggest the need for more sequence
data generation from both mitochondrial and nuclear sources.

1.8 Transmission Zone

During a 2009 meeting of onchocerciasis experts, the concept of an onchocerciasis
“transmission zone” was introduced and defined as “a geographical area where transmission
of O. volvulus occurs by locally breeding vectors and which can be regarded as a natural
ecological and epidemiological unit for interventions” (WHO-APOC, 2010). The delineation
of a transmission zone is the first step recommended by the WHO when considerations are
been made to stop onchocerciasis treatment. At the time of the meeting by the experts, the
general view was that it was practically difficult to determine with some level of certainty that
the vectors found in any given area will be exclusively locally breeding. Therefore,
transmission zone was operationally defined as ““a river basin, or a major section of a river
basin, where onchocerciasis is endemic and where the river is the core of the endemic area,
with communities with the highest prevalence of infection generally located close to the river
and infection levels falling with increasing distance from the river till they become negligible
or reach a neighbouring transmission zone” (WHO-APOC, 2010). There are 3 main
classifications of transmission zones and they are zones characterized with: (1) active
transmission, (2) suppressed transmission, and (3) interrupted transmission (WHO, 2016).

One of the major challenges faced by the APOC was the identification of the endemic
communities where its mass ivermectin-treatment works were to take place in line with its
stated objective of targeting the most highly endemic, affected and at-risk populations. To
overcome this challenge, APOC initiated the rapid epidemiological mapping of
onchocerciasis (REMO), which was a tool for the provision of data on the prevalence and
distribution of onchocerciasis. The delineation of onchocerciasis transmission zones of
various levels of endemicity, which was a vital step in the planning process for onchocerciasis
control, was based on this REMO (Noma et al., 2002). After mapping onchocerciasis in a
country, it is expected of the programme implementers to select sentinel villages that are
close to the breeding sites of the vectors. A decision to stop ivermectin MDA will depend on
the completion of continuous MDA implementation with at least 80% therapeutic coverage in
the transmission zone during the treatment phase, and getting an indication of being safe to

stop the treatment (WHO, 2016).
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Onchocerciasis transmission zones in Africa are believed to be extensive and span large
geographical areas (Richards Jr et al., 2015). Unlike Africa, onchocerciasis transmission in
the Americas was found in small transmission zones or foci, and before control of the disease
commenced, there were 13 transmission zones located in 6 countries in Latin America. Due
to limited distribution of competent vectors, transmission zones were small, geographically
delimited, and mostly maintained by high biting rates of the blackflies. The endemic countries
were Colombia, Ecuador, Guatemala, Mexico, Brazil and Venezuela. The estimated human
population at risk of infection that was associated with these transmission zones was
approximately 500,000 persons (Sauerbrey, 2008; Gustavsen et al., 2011; Richards Jr et al.,
2015). The 13 onchocerciasis transmission zones in the Americas were divided into 4 in
Guatemala, 3 in Mexico, 1 in Brazil, 3 in Venezuela, 1 in Ecuador and the last 1 in Colombia
(CDC, 2013).

The 2016 onchocerciasis Elimination guideline is centred around locally breeding vector sites
(WHO, 2016). Population structure is different. It is the product of a combination of current
patterns of transmission, which could be breeding site focal, and also the historical patterns of
transmission (i.e. processes that have occurred in the past). If breeding sites are stable for
long periods of time, such as tens to hundreds of blackfly generations, then the population
structure may also be focal around such a perennial breeding site. However, if breeding sites
are ephemeral, and move according to changes in local ecology, the population structure will
be on a larger scale that reflects the scale of that breeding site mobility. In the transition zone,
perhaps its “transitional” nature i.e. between forest and savannah, means that breeding sites
do move around over large geographical distances, with the result that population structure is
over the same sort of scale. Furthermore, the movement of breeding sites predisposes
blackflies to population admixture. Ideally, blackflies that are able to interbreed will be more
genetically similar than those that do not. So, population structure results from restrictions on
blackfly mating. To mate, blackflies have to be in contact, and that will become possible only
when they move. Thus, population structure is the result of blackfly movement. For a vector,
movement allows transmission. This implies that movement for mating, that result in
population structure, translates into movement for transmission. Consequently, population
structure becomes equivalent to transmission zone. This perennial breeding site hypothesis

versus the ephemeral breeding site or admixed population hypothesis need to be tested.
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1.9 Aims, scope and justification of the study

1.9.1 Justification (Rationale) of the study

The world has fought tooth and nail using all resources at its disposal right from the time of
discovery and realization of the effects of onchocerciasis on the general wellbeing of people,
their livestock and on the development of nations. The journey to decreasing the debilitating
effects of the disease has been laborious, and the quest to interrupt transmission has been of
even greater challenge. A compounding effect to the fight against onchocerciasis is the
diverse nature of the culture, interests and goals of the localities affected by the diseases. Yet,
in the spirit of oneness, cooperation and partnership that is united on a common front and on a
common goal, the world is still standing tall to completely root-out the disease and declare

the world free of onchocerciasis transmission.

As former control and elimination programmes end their mandate and handover the vast
wealth of experience, knowledge and success to the incoming program, assessments of
performance of the combat against onchocerciasis are made and new strategies formulated.
Decades of hard work have yielded lots of gains in controlling and eliminating river
blindness. The disease has been eliminated in a number of countries, transmission has halted
in other areas, and more countries are gearing up towards the elimination of onchocerciasis.
The main and only drug used in mass drug administration is ivermectin. Resistance to
ivermectin and related drugs remain an increasing problem for parasite control, especially for
domestic animals (Prichard, 1994; Fiel et al., 2001; Kaplan, 2002; Wolstenholme et al., 2004;
Bartley et al., 2006; Craig et al., 2007; Howell et al., 2008; Molento et al., 2008). Suboptimal
response of the causative organism, Onchocerca volvulus, to ivermectin has been reported in
parts of the world (Eng et al., 2006; Bourguinat et al., 2007; Churcher et al., 2009; Gyan,
2013; Frempong et al., 2016). Attempts have been made to explain and find solution to the
suboptimal response by different workers across fields. More researchers are putting in
resources in one way or another towards the onchocerciasis fight (Grant, 1994; Grant et al.,
2006; Osei-Atweneboana et al., 2007; Osei-Atweneboana et al., 2011; Doyle et al., 2017,
Crawford et al., 2019). Simulium blackflies need careful study and monitoring to

appropriately manage any form of ivermectin resistant parasites that might develop.

The process of drug development takes long time to complete before the drug becomes
available for use in humans. lvermectin must remain effective long enough until either
onchocerciasis becomes completely eliminated from the world or another suitable drug of

similar efficacy, safety, tolerance and broad-spectrum is found. This requires understanding
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the evolutionary relationship of blackflies that transmit the disease and also of their ecological
distribution in well-defined transmission zones. This in part will enable researchers and
control programs know where to direct more resources to prevent the vectors from
transmitting parasites that are showing signs of either sub optimal response or resistance, and
also to safeguard the decades of success gained in fighting the disease. For onchocerciasis
elimination to be effective, WHO recommends the characterization of the genetic diversity of
the vectors that transmit the disease, and to define the transmission zones where they are
found. The 2016 guidelines define a transmission zone -the area within which transmission
occurs- by “locally breeding” vectors, but the guidelines do not include any suggestions as to
how one determines what “locally breeding” really means. When one considers this in
population genetic terms, “locally breeding” implies panmixia, which is an area (or zone)
within which flies are able to interbreed freely. Consequently, characterizing blackfly genetic
diversity and determining their population structure (i.e. the area over which flies are free to
interbreed) will enable the delineation of onchocerciasis transmission zone of the central
ecological transition zone of Ghana. Very little has been achieved in this area and it is
probably due to limited availability of genetic data that does not encompass sufficient

informative sites.

1.9.2 Justification (Rationale) of sampling area

The ecological boundary between the forest and savannah climatic locations in the middle
belt of Ghana was chosen for the sampling area. This location will be referred to as the central
ecological transition zone of Ghana, or simply the “transition zone”. There are good reasons
of choosing the transition zone as sampling location. First and most important is that we have
very detailed information on the parasite population structure in this transition zone. This is
extremely important because it gives us a means to validate an important hypothesis of the
study: if the hypothesis that vector population structure translate into parasite transmission
zone is correct, then the parasites and vector population structures should be the same.
Second, the reason we sampled parasites in this transition zone is because of the occurrence
of ivermectin sub-optimal response (SOR). We want to know the risk that SOR may be more
widespread. To do this, we need to define transmission zone boundaries. Moreover, because
the sampling area is a transition zone, it might be ecologically more interesting than a more
uniform forest or savannah ecological zone. One of the observations of evolutionary biology

is that interesting things happen in ecologically unstable, or transitional, zones.
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1.9.3 Scope of the study

The scope of the study will be restricted to studying the vectors only without any component
for directly carrying out observations on the parasite or the human hosts of onchocerciasis.
The specific objectives will be stated in each of the experimental chapters that seek to address
specific questions. Except where indicated, the phrase ‘African Simulium blackflies’ refers to

blackflies that vector onchocerciasis in Africa, either in part or in whole.

1.9.4 Aims of the study

This study is generally aimed at characterizing the genetic diversity of Simulium blackflies in
the central ecological transition zone of Ghana and to define the transmission zones of the
places they are found. In line with the WHO’s 2016 elimination guidelines definition of a
transmission zone (locally breeding vectors), this study will determine if there is population
structure amongst anthropophilic black flies captured by human landing at locations in the
Pru, Daka and Black Volta river basins in the ecological transition zone of central Ghana. The
secondary aim is to determine if the observed population structure of the blackflies is
congruent with, and can explain, the observed population structure of the parasites they
transmit. The study will review available literature to understand the genetic diversity
expected in different organisms in order to know how comparable the genetic diversity of
blackflies in the study area are to them. The study will also determine population structure of
Simulium blackflies and use it to define transmission zone boundaries. Both amplicon and
whole genome sequencing strategies will be explored. To accomplish this, genetic analysis
will be carried out using nucleotide sequences of organisms such as the cichlid fishes that
have experienced recent rapid speciation and morphological divergence, with the hope of
getting a metric or yardstick against which to compare the genetic diversity of Simulium.
Nucleotide sequences of other organisms of known population structure status will also be
used to determine the genetic diversity associated with such known population structure
status. These will lead to a better understanding in the characterization of molecular
taxonomic unit of Simulium blackflies in the context of onchocerciasis transmission zone
delineation. The study will utilize both amplicon and whole genome sequencing strategies to

define the transmission zone boundaries.
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Chapter 2: Amplicon Sequencing

2.1 Introduction

2.1.1 Genetic diversity and its utility in population structure determination
Caenorhabditis elegans reproduces by self-fertile XX hermaphrodites and facultative XO
males. The males result from rare X chromosome nondisjunction in meiosis of hermaphrodite
germline. They can also result from outcrossing that normally result in about 50% male
progenies. Mostly, sperm production occurs before oocyte production in the hermaphrodite
forms such that the number of sperms impose limits on self-progeny number (Maupas, 1900;
Nigon, 1949). Self-fertilization, if any, can strongly minimize genetic diversity in species due
to the fact that selection at one locus can drive to fixation the rest of the genome with it, in the
presence of strong linkage disequilibrium across the whole genome (Charlesworth and
Wright, 2001). Generally, the known genetic diversity of C. elegans is low (Koch et al., 2000;
Stewart et al., 2005).

Fossil record shows that crocodiles originated in the late Permian or early Triassic era with
those extant constituting a small order within the class Reptilia while those living only
include 23 species (Li et al., 2007). Among crocodylians, many molecular data across
different studies have been used to examine intergeneric phylogenetic relationships ((Brochu
and Densmore, 2001; Gatesy and Amato, 1992; Gatesy et al., 1993, 2003, 2004; Harshman et
al., 2003; McAliley et al., 2006; Ray and Densmore, 2002; White and Densmore, 2001;
Willis et al., 2007). Although there are controversies in the taxonomic status among the
African slender-snouted crocodile (Mecistops cataphractus), the false gharial (Tomistoma
schlegelii), Gavialis gangeticus and the dwarf crocodile (Osteolaemus tetraspis), there is a
wide acceptance in the taxonomic status at the family level and this general acceptance
recognizes the three Crocodylia families as the Crocodylidae, Alligatoridae and the
Gavialidae (Li et al., 2007). Among the well-studied and well understood crocodiles, to the
species level, are the Crocodylus niloticus and the Saltwater crocodile, C. porosus, native in
Australia (Bennett et al., 1985; Fergusson, 2010; Schmitz et al., 2003; Webb et al., 1977).
Other groups of crocodiles used for the interspecific genetic analysis included Crocodylus
acutus (American crocodile), the endangered Crocodylus intermedius (Orinoco crocodile),
the Crocodylus moreletii (fresh water Mexican crocodile), Crocodylus rhombifer (Cuban
crocodile), Crocodylus mindorensis (Philippine crocodile, Mindoro crocodile, Bukarot,
Buwaya, or commonly known as the Philippine freshwater crocodile), Crocodylus

novaeguineae (New Guinea crocodile), Crocodylus palustris (Marsh crocodile, Broad-
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snouted crocodile or the Mugger crocodile), the endangered freshwater Crocodylus siamensis
(Siamese crocodile native to Indonesia, Brunei, East Malaysia, Laos, Cambodia, Myanmar,

Thailand and Vietnam), and Crocodylus johnsoni (Australian freshwater crocodile).

Tilapia remains the common name for about 70 species of the perch-like fishes of the family
Cichlidae, and these are mostly found in the fresh waters of tropical waters, especially in
Africa (Trewavas, 1983; Stiassny, 1991). Among these are the substrate spawning Tilapia,
and the mouthbrooding genera Oreochromis and Sarotherodon Tilapia. The poor
management of genetic resources of tilapia has led to three main genetic problems globally
and these are the loss of pure species through mismanagement of interspecific hybridization,
high levels of inbreeding depression, and the contamination of genetically improved strains
by introgression from feral species (Eknath et al., 1993; Macaranas et al., 1986; McAndrew,
1993). For the purpose of this study intraspecific genetic analysis in the Oreochromis sp.
were carried out using Oreochromis niloticus from completely different geographical
locations on two separate continents, and the locations were in the Democratic Republic of
the Congo (DRC) and Myanmar. On the other hand, interspecific genetic analysis in the
Oreochromis sp. was carried out using the O. niloticus (from Myanmar and the DRC), O.
leucostictus from the DRC, O. mossambicus from Australia, and O. aureus from Australia
(Decru et al., 2016; Loh et al., 2014; Kano et al., 2016).

The source of the nucleotide sequences for the Simulium sp. used in the interspecific meta-
analysis was selected from studies that sampled from Ghana, Mali and Liberia, and the study
utilized the non-transcribed intergenic spacer of nuclear ribosomal DNA (Morales-Hojas et
al., 2002). The original study from which the nucleotide sequences were obtained from
characterized the blackflies as Simulium sirbanum (Mali), S. soubrense (Liberia) and S.
sguamosum (Ghana). The remaining genetic materials used in the cross-country meta-analysis
were from the CO1, CytB, 16S, ITS2 rDNA and ND4 of the blackflies.

The interspecific genetic comparison in the Onchocerca sp. was performed using O. volvulus
from Brazil and O. ochengi from Cameroon. The species from Brazil were forest strain while

those from Cameroon were Savannah strain (Crainey et al., 2016).

It was generally thought and believed that coelacanths had gone extinct more than 80 million
years ago (Mya) until the discovery of a surviving member of the lineage, Latimeria
chalumnae, in 1938 (Thomson, 1991). From that time onward, more specimens have been

caught off the Comoro archipelago close to the eastern cost of Africa in the Indian Ocean
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(Forey, 1998). About 10,000 km east of the southwestern Indian Ocean, other coelacanths
have also been captured off the coast of Manado located in Indonesia (Erdmann et al., 1998).
Studies have shown that the Indonesian coelacanth population are different from the Comoran
population (Forey, 1998). The two main groups used for the interspecific genetic analysis
among the coelacanths belonged to the Latimeria chalumnae and Latimeria menadoensis
(Nikaido, 2011).

The blue-faced honeyeater, Entomyzon cyanotis, are also known as banabird. The birds used
for the intraspecific genetic analysis in this study consisted of two populations of the same
species selected from two different geographical locations in Australia (Pefialba et al., 2019).
The samples were selected from areas away from known or suspected contact zones to ensure

that recent hybrids were not included in the sampling (Ford, 1987; Pefialba et al., 2019).

The interspecific genetic analysis among the fruit flies involved 3 different groups of samples
originally collected from Nairobi (Drosophila simulans), Cote d'lvoire (D. yakuba), and
Benin (D. melanogaster) (Clary and Wolstenholme, 1985; Wolff et al., 2013).

Chlamydosaurus kingii is an agamid frillneck lizard and a conspicuous part of the arboreal
fauna of northern Australia during the period of the wet season. It however becomes very
scarce and rarely seen in the extended dry season (Shine and Lambeck, 1989; Christian and
Green, 1994). The nucleotide sequences of Chlamydosaurus sp. used in this study were
originally collected from three different sites in the wet-dry tropics of Australia in about 60
km Southeast of Darwin (Ujvari et al., 2007).

Variabilichromis moorii is a species of freshwater cichlid endemic to Eastern Africa
including fauna in the three East African Lakes of Tanganyika, Malawi and Victoria. In terms
of ecology, morphology and behaviour, the cichlid fishes of Lake Tanganyika make up the
most diverse species flock (Poll, 1986; Snoeks, 2000; Sturmbauer et al., 2008;). Three
different cichlid groups originally collected from the three water bodies of Malawi, Victoria

and Tanganyika were selected for intraspecific genet