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Abstract

Abstract
Wolbachia are endosymbionts of Onchocerca volvulus and other parasitic nematodes
that cause 150 million cases of filariases worldwide. These endosymbionts have
become important drug targets, given that their removal by antibiotic treatment kills the
worm.

Wolbachia

have

also

been

implicated

in

the

human

host-induced

immunopathologies that are associated with filariases. Crucial to understanding the role
of Wolbachia in worm biology and to assessing the potential for the evolution of
antibiotic resistance is an exploration of the abundance and genetic diversity of
Wolbachia. This study sampled host adult O. volvulus worms from Côte d’Ivoire, Ghana
and Mali, and employed quantitative real-time PCR and next-generation sequencing
approaches to determine Wolbachia copy number and genetic diversity respectively.
Significant heterogeneity in Wolbachia copy number was observed between and within
natural populations of O. volvulus. For the first time, multiple genetically distinct
Wolbachia genomes were observed in a single worm. This study proposes that
Wolbachia population structure is influenced by the severe population bottleneck that
most likely occurs during the maternal transmission of Wolbachia to microfilariae and the
accumulation of new mutations during the subsequent population expansion from the
larval to adult stage and the long adult life span (up to 14 years). There was high
proportion of non-synonymous mutations, a phenomenon observed in other bacteria,
which presents the potential for functional diversity in Wolbachia between individual
worms. Particularly noteworthy is nucleotide polymorphism within the 16S rDNA, which
encodes the 16S rRNA that is targeted by doxycycline and other antibiotics. This may
indicate the potential for evolution of resistance to doxycycline and suggests that the
development of novel anti-Wolbachia drugs should incorporate investigation of the likely
sustainability of a single antibiotic treatment. In addition, non-synonymous SNPs in the
Wolbachia surface protein, which is reported to drive human host immunopathology,
could give an indication for the observed diversity in disease presentation among human
populations.
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Chapter One: General Introduction

Chapter One: General Introduction
1.1 Life cycle and biology of Onchocerca volvulus
The life cycle of Onchocerca volvulus (phylum: Nematoda; order: Spirurida; superfamily:
Filarioidae; family: Onchocercidae) includes a definitive vertebrate host and an
intermediate invertebrate host (Fig 1.1). Adult O. volvulus worms have a life span, which
usually ranges between 9 to 14 years (World Health Organization, 1995), but can also
extend to 20 years (Richards et al., 2001). Adult worms reside in subcutaneous nodules
(onchocercomata) in the human hosts, with a nodule usually containing 1 or 2 adult
males and 2 or 3 adult females (Schulz-Key and Karam, 1986). The highly vascularised
nodules provide access to human blood, which is ingested and digested by adult worms
(Burnham, 1998). It has also been suggested that the nodules provide access to
nutrients that are absorbed directly through the external cuticle of worms (Howells,
1987; Smith et al., 1988).
Adult males are usually 3 to 5 cm in length (World Health Organization, 1995).
Their reproductive system, which runs along almost their entire body length, consists of
testis, a vas deferens, an ejaculatory duct and a cloaca (Bradley et al., 2010).
Spermatogenesis in the adult male is continuous and organized in such a way that only
a single developmental stage is found at a particular section of the reproductive system
(Bradley et al., 2010). The adult male worms move from one nodule to another to
inseminate sessile adult females (Schulz-Key and Karam, 1986).
Adult female worms, which are significantly longer and larger in size than the
male worms (Fig 1.1), commonly measure between 30 to 80 cm in length (World Health
Organization, 1995). Similar to that of the adult males, the reproductive system of O.
volvulus adult females runs along almost the entire length of their body, as observed in
other filarial nematodes (Fischer et al., 2011).
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Fig 1.1 Life cycle of Onchocerca volvulus. The life cycle of O. volvulus includes an
intermediate blackfly host and a definitive human host. The adult stage of the worm lives
in nodules in the human host, where adult females produce millions of microfilariae (mff)
that migrate mainly to the host skin. Adult female blackflies ingest a small subset of mff
during blood meal on human hosts. Ingested mff moult twice to form the infective third
stage larvae (iL3), which are transmitted to human hosts during another blood meal.
Several population bottleneck events occur during the development of mff to the
infective larval stage. Once in the human host, iL3 larvae moult into the L4 stage, which
also moult into the adult forms. The pre-patent period of O. volvulus ranges from 7 to 24
months.
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The reproductive system of the adult females consists of paired ovaries, oviducts,
seminal receptacles, uteri, a vagina and a vulva (Bradley et al., 2010). Adult female
worms require several inseminations per year, which occur at distinct intervals with
varying rates among worms (Schulz-Key and Karam, 1986). Adult females give birth to
live microfilariae [Fig 1.1; 250 to 300 um in length] (World Health Organization, 1995)
within 3 to 4 weeks after insemination (Schulz-Key and Karam, 1986). The insemination
and subsequent production of live microfilariae (mff) occurs every 3 to 4 months
(Schulz-Key, 1988; Schulz-Key and Karam, 1986). A reproductively active adult female
worm can release 1000 to 3000 mff per day (Duke, 1993; Engelbrecht and Schulz-Key,
1984; Schulz-Key and Karam, 1986).
Newly produced mff migrate to specific regions in the human host using an
intrinsic directional mechanism (Eichler and Nelson, 1971). The skin is the main site for
aggregation, containing about 90% of total mff (Bradley et al., 2010). The remaining mff
will usually be found mainly in the eyes or subcutaneous nodules (Bradley et al., 2010;
World Health Organization, 1995). Some mff have occasionally been found in the
cerebrospinal fluid, urine, sputum, blood and ascitic fluid of infected humans (Bradley et
al., 2010). The average lifespan of mff in the human host is predicted to be 2 years
(Eberhard, 1986).
O. volvulus, like other filarial nematodes such as Brugia malayi, Wuchereria
bancrofti, Dirofilaria immitis, Loa loa and O. ochengi etc., requires transmission by an
invertebrate host (vector) to complete its lifecycle [Fig 1.1] (Blacklock, 1926, 1927;
Hawking and Worms, 1961). In the case of O. voluvulus, blackfly (genus: Simulium)
vectors are used for transmission to human hosts (Fig 1.1). This transmission cycle
begins with mff ingestion by adult female blackflies during blood meal on human hosts
(Blacklock, 1926, 1927). To increase their chances of transmission, mff migrate to the
preferred biting spots of blackflies. For instance mff in most endemic regions in Africa,
migrate to the lower limbs of infected humans, which are also the preferred biting spots
of main vectors such S. damnosum s.l. (Renz and Wenk, 1983). However, in Central
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America, mff migrate to the upper body of hosts, where vectors (mainly, S. sanctipauli)
bite (Deleon and Duke, 1966).
The blackfly vectors ingest only a minor subset of skin mff, leading to a severe
population bottleneck (Fig 1.1). Another population bottleneck event occurs when
majority of the mff are digested with the blood meal (Trpis et al., 2001), leaving only a
minor subset to migrate from the gut to the thoracic muscles of vectors to transform to
first stage larvae (L1; Fig 1.1) without moulting (Trpis et al., 2001). Another population
bottleneck event, a relatively mild one, occurs as a subset of L1 larvae moult into
second stage larvae (L2; Fig 1.1). The L2 larvae moult into the infective third stage
larvae (iL3; Fig 1.1), which are about 676 um in length (McCall et al., 1992). Under
optimal environmental conditions, mff will develop into iL3 larvae within an estimated
period of 6 to 8 days (Trpis et al., 2001).
The transmission cycle (Fig 1.1) ends with the introduction of a subset of iL3
larvae into the blood of human hosts during blood meal by adult female blackflies
(Blacklock, 1927; Duke et al., 1966; Trpis et al., 2001). In another mild population
bottleneck event, surviving iL3 larvae migrate to existing nodules, driven by intrinsic
mechanisms (Duerr et al., 2001). Another larval moulting occurs as iL3 larvae moult into
the fourth stage (L4), which finally moult into the adult stage worms (Trpis et al., 2001).
The prepatent period, the period between inoculation with iL3 and the production of
detectable mff by fertilized adult female worms, is usually 12 to 15 months (Duke, 1962;
Prost, 1980). Another report estimates this period as ranging from 7 to 24 months
(World Health Organization, 1987).
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1.2 Onchocerciasis: the disease
1.2.1 Clinical presentations and epidemiology
Onchocerciasis is an infectious disease of humans that is associated with O. volvulus
infections. The disease remains a public health problem in the world, being endemic in
30 countries, 1 country in the Arabian Peninsula, and a few loci in Latin America [Fig
1.2] (Boatin and Richards, 2006; World Health Organisation, 2017; World Health
Organization, 1995). About 37 million people in the world are infected with O. volvulus
(African Programme for Onchocerciasis Control, 2005), with another 120 million at risk
of infection (World Health Organization, 1995).
The blackfly vectors oviposit in river rapids, and the larval stages feed by filtering
food particles that are carried by river currents (World Health Organization, 1995).
Because of the association of vectors with rivers, most endemic communities are
located within riverine areas, which has led to the disease being commonly referred to
as river blindness (Bradley et al., 2010).
Onchocerciasis is associated with a range of dermal and ocular pathologies (Bird
et al., 1976; Murdoch et al., 1993; World Health Organization, 1995). Murdoch and
colleagues assigned the early stages of dermal onchocerciasis to two main categories:
1, acute papular onchodermatitis (characterized by widely scattered pruritic papules; Fig
1.3A) and 2, chronic papular onchodermatitis, which is characterized by scattered
pruritic hyper-pigmented and flat-topped papules (Fig 1.3B). The mid stage of the
disease presents as lichenified onchodermatitis, which is characterized by pruritic,
hyper-pigmented and thickened skin [Fig 1.3C] (Murdoch et al., 1993). Finally, the late
stages of the skin diseases include atrophy (characterized by wrinkled and dry skins)
[Fig 1.3D], leopard skin (characterized by patches of complete pigment loss) [Fig 1.3E]
and hanging groin, which presents as uni- or bi- lateral skin folds in the inguinal region
[Fig 1.3F] (Murdoch et al., 1993).
The ocular pathologies include early-stage inflammation, sclerosing keratitis,
punctate keratitis and optic atrophy, which lead to complete irreversible bilateral
5
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blindness [Fig 1.3G-J] (Bird et al., 1976; World Health Organization, 1995). The earliest
clinical presentations of ocular forms include inflammation of the conjunctiva
(conjunctivitis), iris (iritis), uvea (uveitis) and retina, (retinitis) [Fig 1.3G] (World Health
Organization, 1987, 1995). The mid to late stages include sclerosing keratitis (Fig 1.3H),
which is the scarring of corneal tissue (World Health Organization, 1995), and punctate
keratitis (Fig 1.3I), which is caused by aggregation of leucocytes (eosinophils and
neutrophils) and lymphocytes around dying mff in the anterior chamber of the eye (Hall
and Pearlman, 1999; Pearlman and Hall, 2000). Ocular atrophy (World Health
Organization, 1987) leads to the most severe form of onchocerciasis, which is
irreversible uni- or bi-lateral blindness (Fig 1.3J).
According to the most recent review of disease burden, there are 265,000 blind
people, and an additional 746,000 people with low vision worldwide due to
onchocerciasis (World Health Organization, 2010). This makes onchocerciasis the most
important cause of infectious disease blindness in the world (World Health Organization,
2010).
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Fig 1.2 World map showing countries with reported cases of onchocerciasis. The
endemic countries are coloured green. There are 37 endemic countries in the world,
consisting of 30 in Africa, 6 in Latin America and 1 in the Arabian Peninsula.
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Fig 1.3 Clinical presentations of onchocerciasis. (A to F) show dermal pathologies
(credit: Murdoch et al., 1993), whilst (G to J) show ocular pathologies (credit: WHO, url:
https://extranet.who.int/photolibrary/). (A) Acute papular onchodermatitis: characterized
by widely scattered pruritic papules. (B) Chronic papular onchodermatitis: characterized
by

scattered

pruritic

hyper-pigmented

flat-topped

papules.

(C)

Lichenified

onchodermatitis presents as pruritic hyper-pigmented and thickened skin. (D) Skin
atrophy, a late stage dermal disease, presents a dry and wrinkled skin. (E) Leopard skin,
which is characterized by pale patches on skin resulting from the loss of skin pigment.
(F) Hanging groin: uni or bilateral skin folds in the inguinal region of human hosts. (G)
Early stage inflammation of eye including conjunctivitis, uveitis, retinitis and iritis. (H)
Sclerosing keratitis, which is characterized by scarred corneal tissue. (I) Punctate
keratitis, which is characterized by opaque cornea and blurred vision. (J) Optic atrophy,
which leads to complete irreversible uni- or bi-lateral blindness.
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Onchocerciasis occurs in communities with forest or savannah vegetation covers, which
are the main vegetation covers in the tropical world, where disease exists (Fig 1.2).
There have been general observations of two distinct epidemiological patterns of
disease between the forest and savannah zones (Anderson et al., 1974; Budden, 1956;
Dadzie et al., 1989; Remme et al., 1989). The prevalence of the most severe form of the
disease, blindness, is generally low within the forest bioclimes, with over-representation
of the milder dermal forms (Anderson et al., 1974; Dadzie et al., 1989). On the contrary,
there is a general over-representation of the severe form of the disease in the savannah
compared to the forest zones (Anderson et al., 1974; Budden, 1963; Remme et al.,
1989). It is, therefore, generally accepted that the forest and savanna bioclimes
constitute two different transmission zones, with two distinct O. volvulus ecotypes, the
forest and savannah ecotypes. This reasoning is corroborated by the differentiation of
these two ecotypes using the O-150 DNA sequence of the worm (Erttmann et al., 1987;
Ogunrinade et al., 1999; Zimmerman et al., 1992).
Generally, male human hosts living in endemic areas are subject to more
blackfly bites than female hosts (Filipe et al., 2005). There appears to be sex bias in the
clinical

manifestations

of

onchocerciasis.

For

instance,

without

appropriate

chemotherapeutic interventions, about 46% of infected males that are above 15 years
old are likely to go blind compared to 35% with females in the same age category (Prost,
1986). Another report indicated that infected females have about 40% less risk of
becoming blind when compared to infected males (Little et al., 2004).
Age has also been correlated with disease outcomes, as the intensity of O.
volvulus infection has been positively correlated with age (Budden, 1956; Kirkwood et
al., 1983b; Prost, 1986; World Health Organization, 1995). A high intensity of infection is
more likely to result in clinical manifestations of onchocerciasis (Budden, 1956; Prost,
1986; World Health Organization, 1995).
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1.2.2 Social and economic impacts
The World Health Organization has classified onchocerciasis as one of the 17 neglected
tropical diseases (Hotez et al., 2012). As a general rule of thumb, onchocerciasis and
most of the neglected tropical diseases are associated with areas with high levels of
poverty (Hotez et al., 2012).
In some endemic communities, more than 50% of inhabitants can be infected
with O. volvulus (Budden, 1956; Osei-Atweneboana et al., 2007; Prost, 1986; World
Health Organization, 1995). A high prevalence of infection would most probably result in
a prevalence of disease, with accompanying high costs to the human society (World
Health Organization, 1995). One way of measuring the cost of a disease is to use the
disability-adjusted life years (DALYs) metric (Salomon et al., 2012). The DALY metric
estimates the number of years of healthy life lost due to morbidity, disability or
premature mortality (Salomon et al., 2012). It has been estimated that, between 1995
and 2005, onchocerciasis resulted in 16.5 million DALYs, which translates to an average
of 1.5 million DALYs per year (Coffeng et al., 2014).
Apart from their clinical burden, the dermal forms of onchocerciasis usually
attract a lot of social stigmatization (Vlassoff et al., 2000; World Health Organization,
1995). Women tend to suffer more stigmatization than males with the similar conditions
(Vlassoff et al., 2000). Although no direct causal relationship has been established,
onchocerciasis blindness has been linked to significant reductions in life expectancies of
affected individuals (Kirkwood et al., 1983a; Prost, 1986). For instances, an assessment
of epidemiological data in the former OCP regions discovered 3 to 4 times higher
mortality rates among blind individuals compared to non-blind individuals (Kirkwood et
al., 1983a). Another report indicated that majority of people died within 7 to 9 years after
the onset of blindness (Prost, 1986). A more recent report on a longitudinal study from
1971 to 2001 indicated that 5.2% of all deaths among study participants were related to
onchocerciasis (Little et al., 2004).
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Apart from the clinical and social costs, onchocerciasis has the potential to lead
to massive economic costs. Onchocerciasis can result in mass migrations from fertile
low elevation lands within river basins to arable lands located on highlands, where there
may be reduced contact with blackflies (Amizago et al., 2006; World Health
Organization, 1995). This can lead to competition and over cultivation of few arable
lands, which can lead to the collapse of local economies that are mainly driven by
agricultural activities (Amizago et al., 2006).
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1.3 Immunopathology
The clinical manifestations of onchocerciasis (Fig 1.3) have been linked to human hostinduced responses to O. volvulus infections (Hall and Pearlman, 1999; Ottesen, 1984,
1995; World Health Organization, 1995). It has been suggested that the formation of
nodules in the human host is an attempt to prevent exposure of the immune system to
any foreign antigens that may be presented by adult worms (Brattig, 2004). The millions
of live mff that may be present in an individual host also elicit little or no immune
response (Ottesen et al., 1977) because live mff are able to evade the host immune
system through an immunosuppression mechanism (World Health Organization, 1995).
Active immunosuppression by mff means that they are invisible to the immune system,
but when the mff die they are exposed to the immune system and provoke a strong
inflammatory response. It is this response, to dead mff, that leads to the
immunopathology that characterises clinical onchocerciasis (Hall and Pearlman, 1999;
Ottesen, 1995).
The first response of the human immune system to the presentation of foreign
antigens is to cause an inflammation that signals other components of the system to the
site of infection (Kindt et al., 2007). Attractants such as interleukin (IL)-5 and IL-4 attract
phagocytic eosinophil leucocytes and B cells respectively to site of inflammation (Limaye
et al., 1991; Pearlman and Hall, 2000). Dead mff have been also been found surrounded
by macrophages, eosinophils and neutrophils (Buttner and Racz, 1983). A direct causallink between the acute and severe immune responses, and the pathogenesis of
onchocerciasis has been proposed (World Health Organization, 1995).

The acute immune inflammatory response has been demonstrated in infected human
hosts after treatment with diethylcarbamazine [DEC] (Mazzotti, 1948). This treatment
results in sudden death of mff, which triggers an inflammatory reaction known as the
Mazzotti reaction (Mazzotti, 1948). Symptoms of the Mazzotti reaction include acute
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papular onchodermatitis (Fig 1.3A), inflammation of lymph nodes, pruritus, fever,
tachycardia, hypotension and arthralgia (Francis et al., 1985).
Without any chemotherapeutic interventions, mff will die naturally at rates
ranging from 20,000 to 500,000 per day depending on density of infection (Duke, 1993).
This can start the Mazzotti reaction in the infected host, which can lead to local tissue
damage and subsequent disease presentations (Fig 1.3). A positive correlation between
the extent of Mazzotti reaction and disease presentation has been proposed (Ottesen,
1995; World Health Organization, 1987). The clinical incubation period, i.e. the time from
inoculation of iL3 to clinical manifestation of onchocerciasis in human hosts, is estimated
to be greater than 2 years [i.e. upper limits of prepatent period] (World Health
Organization, 1987).
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1.4 Overview of control measures
Despite the clinical, social and economic burdens of onchocerciasis, several intervention
efforts have led to an immense reduction of these burdens (World Health Organization,
1995). The first major international intervention against onchocerciasis was the
Onchocerciasis Control Programme (OCP). The OCP, which was launched in 1974, was
supported by the World Health Organization, United Nations Development Programme,
World Bank and Food and Agriculture Organization (World Health Organization, 1995).
The first control strategy that was utilized by the OCP was focused on limiting
exposure to blackflies (World Health Organization, 1995). The larval stage of blackflies
were mostly targeted, and because the larvae develop in river rapids across broad river
basins, the OCP adopted aerial spraying of larvicides at breeding sites (World Health
Organization, 1995). The most widely used larvicide was Temephos, because, among
all other larvicides, it was able to travel the greatest distance (20 to 30 Km) in rivers
(World Health Organization, 1995). Another reason for the selection of Temephos was
its relative safety to non-target invertebrates in the river bodies (World Health
Organization, 1995). However, due to reports of Temephos resistance in blackfly, other
larvicides such as Bacillus thuringiensis, permethrin, phoxim and pyrraclos were
introduced (World Health Organization, 1995). This control strategy was carried out
consistently for 15 years, and resulted in the interruption of transmission in many
endemic communities in West Africa (World Health Organization, 1995).
Apart from vector control, other control strategies were adopted by the OCP.
One main revolutionary control strategy was the mass treatment of infected and at-risk
human populations with ivermectin (Fig 1.4A). This adoption was facilitated by the
donation of ivermectin to the World Health Organization by the Mectizan Donation
Programme (MDP), established by Merck & Co, in 1987 (Boatin and Richards, 2006;
World Health Organization, 1995). The drug is administered at a standard dose of 150
μg/kg body weight (Plaisier et al., 1995).
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Another control initiative, the African Programme for Onchocerciasis Control
(APOC), was launched in 1995 to control onchocerciasis in 19 endemic countries in
Africa that were not covered by the OCP. APOC remained the main onchocerciasis
control programme in Africa until its closure in December 2015, taking in former OCP
countries after the end of OCP in the year 2002 (Boatin and Richards, 2006). APOC has
continued with mass treatment with ivermectin through a Community Directed Treatment
with Ivermectin [CDTI] (Basanez et al., 2006; Boatin and Richards, 2006).
Another regional control programme, the Onchocerciasis Elimination Programme for the
Americas (OEPA), was launched in 1992 (World Health Organization, 1995). The OEPA
covers 6 endemic countries in the Americas (Boatin and Richards, 2006), and also
employs the CDTI as main control strategy (Cupp et al., 2011).
These control strategies have resulted in several success stories. For example,
at the end of the OCP, 30 million people living within a total land area of 1.2 million
square kilometres in 11 endemic countries in West Africa had been covered (Basanez et
al., 2006; Boatin and Richards, 2006; World Health Organization, 1995), leading to the
prevention of about 600,000 cases of blindness (Boatin and Richards, 2006). In addition,
15 million children were born in former transmission zones, with no risk of infection [Fig
1.4C-D] (Boatin and Richards, 2006; World Health Organization, 1995). It has also been
estimated that 25 million hectares of deserted arable lands were reclaimed for
agricultural purposes, which provided food for 17 million people (Boatin and Richards,
2006). The activities of OEPA have led to the elimination of the disease in some foci in
the Americas (Cupp et al., 2011).
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Fig 1.4 Ivermectin: impact and microfilariae clearance rate. (A) Ivermectin tablets
and packaging. (B) Microfilaricidal activity of a single dose of ivermectin (150μg per Kg
body weight). About 99% of mff are killed within the first 30 days after treatment. The
intensity of mff infection usually remains low within six months of treatment. After this
period, there is drastic increase in the intensity of mff infection as a result of the
resumption of mff production. It therefore appears that ivermectin has a contraceptive
effect on adult female worms. (C) Prevalence of onchocerciasis in West Africa in 1974,
before the commencement of the Onchocerciasis Control Programme (OCP). (D)
Prevalence of onchocerciasis in West Africa, in 2002 at the end of the activities of the
OCP. The introduction of mass treatment with ivermectin in 1987 is a major contributory
factor to this success.
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1.5 Ivermectin monotherapy
1.5.1 Mode of action
Due to the absence of well-established in vitro cultures of O. volvulus, the mode of
action of ivermectin in this parasite has been deduced from studies on other nematodes
such as Caenorhabditis elegans (Dent et al., 1997). The proposed mode of action of
ivermectin in C. elegans is to bind to the glutamate gated chloride channels to prevent
reclosure. The inability of worm to close these transport channels leads to
hyperpolarization and loss-of-function of nerve cells, which leads to paralysis (Dent et
al., 1997). The pumping of the pharyngeal muscles of C. elegans, which is controlled by
nerve cells, is very important in their ingestion or suction of food particles (Avery, 1993).
Therefore paralysis of the pharyngeal muscles after exposure to ivermectin results in an
inability to feed, which may result in earlier than expected death (Dent et al., 1997).

1.5.2 Treatment effect
The administration of a single dose of ivermectin at 150 μg per Kg body weight results in
the clearance of 99% of host mff within 30 days of treatment [Fig 1.4B] (Basanez et al.,
2008). The intensity of mff infection generally remains low within 6 months after
treatment (Basanez et al., 2008). However, the intensity of mff infection generally
increases after this 6-month period, which is due to the resumption of production by
adult females (Basanez et al., 2008; Plaisier et al., 1995). Therefore it appears that the
ivermectin has a contraceptive effect on O. volvulus for up to 6 months after treatment
(Plaisier et al., 1995).
Ivermectin is not able to kill adult worms. Since adult female worms remain
reproductively active (Schulz-Key, 1988; Schulz-Key and Karam, 1986) for the majority
of the up to 20-year life span (Richards et al., 2001), there is the need for continuous
treatments in endemic communities (Boatin and Richards, 2006). Therefore a single
dose of ivermectin has been administered annually in most parts of Africa (Boatin and
Richards, 2006) and semi-annually in the Americas, since its introduction (Cupp et al.,
17

Chapter One: General Introduction

2011). Some countries in Africa have also adopted a biannual treatment regime in a bid
to eliminate the disease (Frempong et al., 2016; Ndyomugyenyi et al., 2007; Turner et
al., 2013).
The microfilaricidal effect of ivermectin results in a significant reduction in the chances of
mff ingestion during blood meal by vector (Chavesse and Davies, 1990; Cupp et al.,
1992; Cupp et al., 2011); thereby interrupting transmission of O. volvulus (Boatin et al.,
1998; Boussinesq et al., 1997). The interruption of transmission has resulted in
significant reductions in the incidence of disease (Boussinesq et al., 1995; Cupp et al.,
2011; Ndyomugyenyi et al., 2007) and subsequent elimination of disease in some
communities in Africa and Latin America [Fig 1.4C-D] (Diawara et al., 2009; Gustavsen
et al., 2011; Zarroug et al., 2016). However, it is important to note that many years of
ivermectin treatment in some foci in Africa has not been able to stop transmission of the
parasite (Katabarwa et al., 2013; Lamberton et al., 2015; Wanji et al., 2015).

1.5.3 Emerging resistance
The continuous long-term use of a single drug of choice for the control of parasitic
diseases can result in selection pressure due to the interruption of gene flow within
parasite populations (Grant, 2000). This potential for evolution is also accompanied by a
risk of resistance to the monotherapeutic agent (Grant, 2000). Ivermectin still remains
the most safe, effective and sustainable option for mass treatment and prevention of
onchocerciasis since its introduction in 1987. There are other anthelminthics that could
be used but are not sustainable because of safety issues or relative effectiveness or
requiring treatment regimes that are not suitable for MDA etc. (Basanez et al., 2006;
Boatin and Richards, 2006). Despite the many ivermectin-related success stories
against onchocerciasis (Basanez et al., 2006), there have been several reports of
emerging resistance (Awadzi et al., 2004a; Awadzi et al., 2004b; Frempong et al., 2016;
Osei-Atweneboana et al., 2011; Osei-Atweneboana et al., 2007), which may be
expected (Grant, 2000) given the > 25 years of monotherapy (Basanez et al., 2006).
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1.5.3.1 Phenotypic manifestations of ivermectin resistance in the Onchocerca sp
A single dose of ivermectin results in rapid clearance of microfilariae from the skin and
also the death of embryonic and microfilarial progeny in the uterus of adult female
worms. The ivermectin-induced death of in-utero stages in adult females is then followed
by a prolonged (>6 months) inhibition of new reproduction (Basanez et al., 2008). The
net effect of the absence of microfilariae from the skin for several months following a
single dose of ivermectin is the basis of the implementation of an annual treatment
regime that has proven effective in much of Africa to both prevent skin and eye
pathology, and interrupt transmission (Boatin et al., 1998; Boussinesq et al., 1997; Cupp
et al., 2011; Nguyen et al., 2014). Resistance, or sub-optimal response as it has been
termed in the literature (Grant, 2000), could therefore be expressed as either a failure of
ivermectin to clear microfilariae from the skin (Awadzi et al., 2004b; Osei-Atweneboana
et al., 2007) or a failure to inhibit reproduction in adult females, or both (OseiAtweneboana et al., 2011). The phenotype that has been observed is a more rapid
resumption of female fecundity (Osei-Atweneboana et al., 2011) leading to premature
repopulation of the skin by microfilaria, resumption of pathology and resumption of
transmission. Is this resistance? Given that it is a failure of one of the observed effects
of ivermectin on the worm (Basanez et al., 2008), that it has a genetic basis and it
appears to be under selection (i.e. becoming more prevalent with continued ivermectin
use and correlated with specific genetic change in the population), this phenotype meets
the necessary criteria to be termed drug resistance.
These observations could have serious implications on the control of
onchocerciasis, given that ivermectin remains the preferred drug of choice for the mass
treatment drug of onchocerciasis. Moreover ivermectin resistance has been reported in
many species of veterinary nematodes (Alonso-Diaz et al., 2015; Bourguinat et al.,
2011; Geary et al., 2011; Rose et al., 2015; Whittaker et al., 2016). The most important
of these, from the perspective of O. volvulus, is resistance in the closely related filarial
nematode, D. immitis (Bourguinat et al., 2011; Geary et al., 2011). Therefore, there is
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the need to explore alternative treatment strategies, as reccommended by the London
Declaration against 10 neglected tropical diseases, which includes onchocerciasis
(Uniting to combat NTDs, 2015).

1.5.3.2 Anti-Wolbachia therapies for control of onchocerciasis
One leading alternative measure for the control or elimination of onchocerciasis and
other filarial diseases is the focus on using anti-Wolbachia agents (Debrah et al., 2015;
Hoerauf et al., 2003; Hoerauf et al., 2000; Taylor et al., 2014). Compared to ivermectin,
which has a microfilaricidal effect (Basanez et al., 2008; Plaisier et al., 1995), these antiWolbachia agents have both micro- and macro-filaricidal effects on target worms
(Debrah et al., 2015; Hoerauf et al., 2000). Anti-Wolbachia treatments can be used for
targeted clearance of ivermectin-resistant worm populations, leading, possibly, to the
prevention of the risk of wide spread resistance worms after >25 years of monotherapy
(Grant, 2000).
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1.6 Wolbachia
1.6.1 Phylogeny of Wolbachia
Wolbachia are Rickettsia-like bacteria that were first discovered in Culex pipiens
(phylum: Arthropoda) in 1924 by Hertig and Wolbach (Hertig and Wolbach, 1924). Since
then, Wolbachia have been detected in a wide range of arthropods and filarial
nematodes. Several reports have estimated the proportion of arthropods that harbour
these bacteria: the most recent estimate being 44% (Zug and Hammerstein, 2012), with
earlier estimates of 66% (Hilgenboecker et al., 2008) and 20% (Werren, 1997). Among
insects, it has been estimated that about 70% contain Wolbachia (Jeyaprakash and
Hoy, 2000). Apart from arthropods, the majority of filarial nematodes contain Wolbachia.
These estimates make Wolbachia the most inheritable microorganisms in the world
(Werren, 1997).
The Wolbachia of both arthropods and filarial nematodes are currently classified as a
single species, however, phylogenetic studies based on DNA sequence information of
Wolbachia genes such 16S rDNA, ftsZ and Wolbachia surface protein etc. have
revealed seventeen genetically distinct Wolbachia supergroups which are designated A
to R, except G (Bandi et al., 1998; Bordenstein and Rosengaus, 2005; Campbell et al.,
1992; Glowska et al., 2015; Rowley et al., 2004; Wang et al., 2016). Among all
Wolbachia supergroups, A to F are most common, and widely studied. Supergroup A
contains Wolbachia of insects such as Drosophila mauretania (order: Diptera),
Phlebotomus papatasi (order: Diptera), Trachelipus ratzeburgi (order: Isopoda) Nasonia
vitripennis (order: Hymenoptera) (Casiraghi et al., 2004; Werren et al., 1995; Zhou et al.,
1998). Supergroup B are Wolbachia of insects- Culex pipiens (order: Diptera), Aedes
albopictus (order: Diptera), Ephestia cautella (order: Lepidoptera), Gryllus assimilis
(order: Ensifera) and Callosobruchus chinensis (order: Coleoptera) (Casiraghi et al.,
2004; Werren et al., 1995; Zhou et al., 1998). Supergroups C and D contain Wolbachia
of filarial nematodes: C contains Wolbachia of D. immitis, O. volvulus, O. ochengi, O.
gibsoni and Litomosa westi etc.; whilst supergroup D contains Wolbachia of B. malayi,
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B. phalangi, Wuchereria bancrofti, Litomosoides hamletti, L. sigmodontis and L. galizal
etc (Bandi et al., 1998; Bazzocchi et al., 2000b; Casiraghi et al., 2001). Supergroup E
contains Wolbachia of arthropods of the order Collembola such as Folsomia candida,
Paratuliberbergia callipygos, Mesaphorura italica and M. macrochaeta (Czarnetzki and
Tebbe, 2004; Lo et al., 2002). Supergroup F contains Wolbachia of arthropods, and
filarial nematodes. The arthropods include Rhinocyllus conicus (order: Coleoptera), and
Kalotermes flavicollis (order: Isoptera). The filarial nematode member is Mansonella
ozzardi (oder: Filaria) (Campbell et al., 1992; Casiraghi et al., 2005).

1.6.2 Anatomical locations in hosts
Many filarial nematodes, including O. volvulus, contain Wolbachia bacteria [Fig 1.5]
(Bandi et al., 1998; Casiraghi et al., 2005; Fischer et al., 2011; Sironi et al., 1995; Slatko
et al., 2010). Wolbachia in filarial nematodes are located in cytoplasmic vacuoles of host
cells at specific regions of the worm (Fig 1.5). The lateral hypodermal chord cells of
worms (Fig 1.5) are the main sites for Wolbachia infection in both adult male and female
worms (Fischer et al., 2011; Kozek, 1977; Kozek and Marroquin, 1977; Landmann et al.,
2010; Slatko et al., 2010; Taylor et al., 2005a). Wolbachia are also found in the
reproductive cells of the adult females, including developing embryos (Fig 1.5A).
However, the reproductive system of the adult male worms does not contain Wolbachia
(Fig 1.5C).
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Fig 1.5 Illustrations of the anatomical locations of Wolbachia in the adult stages of
a filarial nematode; and a cross-section of a nematode showing locations of
Wolbachia. Wolbachia are represented by red dots. (A) Schematic presentation of
mature adult females showing presence of Wolbachia in hypodermal chords, uteri and
other reproductive tissues. (B) Schematic presentation of immature adult females
showing Wolbachia in the lateral chords. (C) Schematic presentation of adult males
showing location of Wolbachia in the lateral chords. Wolbachia are noticeably absent in
the reproductive system of adult males. (D) A cross-section of a filarial nematode
showing the distribution of Wolbachia within the cytoplasmic vacuoles of the hypodermal
lateral chord cells (LC) and ovaries (O).
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1.6.3 Reproduction and growth
Due to the absence of Wolbachia in the reproductive system of adult males (Fig 1.5C), it
has been proposed that these bacteria are transmitted from adult females to
microfilariae (Kozek, 1977, 2005; Kozek and Marroquin, 1977; Landmann et al., 2010;
Taylor et al., 2005a) i.e. that Wolbachia is transmitted maternally. Similarly, mitochondria
are also found in the cytoplasm of host cells, are believed to share a common Rickettsia
ancestor with Wolbachia (Andersson et al., 1998; Foster et al., 2005) and are known to
be maternally inherited (Sato and Sato, 2012), which gives support to the suggestions of
maternal inheritance of Wolbachia. After maternal transmission, Wolbachia increase
their population within hosts by asexual reproduction means such as binary fission and
coccoid formation (Taylor et al., 2005a).

1.6.4 Symbiotic role in host worm
Although Wolbachia are generally considered to be parasites of their many arthropod
hosts (Werren, 1997; Werren et al., 2008), it appears that they are beneficial to their
filarial nematode hosts (Hoerauf et al., 2003; Taylor and Hoerauf, 1999; Taylor et al.,
2013). Several observations support the proposed mutualistic relationship between
Wolbachia and filarial nematodes. First, the removal of Wolbachia by antibiotic treatment
has been correlated with impaired reproduction and eventual death of adult worm
(Debrah et al., 2015; Hoerauf et al., 2001; Hoerauf et al., 2003; Hoerauf et al., 2008;
Hoerauf et al., 2000). Second, a 100% prevalence rate of Wolbachia in infected filarial
nematodes (Landmann et al., 2010; Taylor et al., 2005a) compared to varying
prevalence rates in infected arthropods (Clark et al., 2005; Rolain et al., 2003). Thirdly,
the reduced size of the filarial nematode Wolbachia genomes compared to the genomes
of parasitic Wolbachia in arthropods (Brattig, 2004; Foster et al., 2005). In the Wolbachia
genome size reduction, genes that encode proteins required for a parasitic relationship
are lost (Brattig, 2004). For instance, the majority of gram-negative bacteria have lipid A
as a major component of their cell membrane (Rietschel et al., 1994). This lipid is an
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endotoxin and is largely responsible for the pathological effects that are associated with
infections of parasitic gram-negative bacteria such as Salmonella enterica, Chlamydia
psitacci, Haemophilus influenza, Escherichia coli and Legionella pneumophila (Rietschel
et al., 1994). Although Wolbachia are gram-negative bacteria, their genomes have lost
the genes required for the synthesis of lipid A (Foster et al., 2005). The absence of this
endotoxin has been linked to adaptations for their endosymbiotic lifestyle (Foster et al.,
2005). The fourth evidence is the congruent phylogeny of Wolbachia and their filarial
nematode hosts, which suggests co-adaptations to sustain their symbiotic relationships
(Bandi et al., 1998; Casiraghi et al., 2001). It should be noted here that a recent report
has indicated that Wolbachia in supergroup C may have been the basal clade in the
transmission of Wolbachia to other filarial nematodes, despite congruent evolution
occurring at some point (Lefoulon et al., 2016).
There is also evidence from filarial nematode genomes that supports the
symbiotic relationship. For example, an analysis of the nuclear genome assembly of a
filarial nematode, B. malayi, revealed the absence of genes that encode enzymes
required for several vital biochemical pathways in the worm (Ghedin et al., 2007). These
included the loss of genes for 6 out 7 enzymes required for heme biosynthesis; 9 of 10
enzymes required for de novo purine synthesis; and all 5 enzymes involved in de novo
riboflavin synthesis (Ghedin et al., 2007). However, complete pathways for the abovementioned pathways are found in the genome assembly of Wolbachia of B. malayi
(Foster et al., 2005), leading to suggestions that host worms rely on Wolbachia for the
production of these enzymes (Brattig, 2004; Foster et al., 2005; Ghedin et al., 2007).
The densities of Wolbachia have been reported to increase as worm develops from the
iL3 to the L4 stage (Fenn and Blaxter, 2004b; Fischer et al., 2011; Landmann et al.,
2010; McGarry et al., 2004). The L4 stage is followed by a substantial increase in the
size of females as they develop into sexually mature adults (as is the case with other
nematode parasites). This timing of Wolbachia proliferation is compatible with the
hypothesis that the increase is linked to a rapid increase in the metabolic requirements
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of the worm because the increase in size to adulthood and then reproduction (as an
adult) are energetically very costly. If Wolbachia do contribute to the worm’s energy
metabolism (Brattig, 2004; Foster et al., 2005), then having increased density of
Wolbachia before these energetically costly processes would be sensible.
As part of the mutually beneficial relationship between filarial nematodes and
their Wolbachia bacteria, it has been suggested that the nematode provides nutrients,
such as amino acids, to Wolbachia bacteria (Foster et al., 2005). This suggestion is
supported by the localization of Wolbachia in the hypodermal chord cells (Fischer et al.,
2011; Kozek, 1977; Kozek and Marroquin, 1977; Landmann et al., 2010; Taylor et al.,
2005a), which are the main storage centers for nutrients in the worm (Landmann et al.,
2014). Since Wolbachia cannot be cultured outside of their host worms (Brattig, 2004;
Taylor and Hoerauf, 1999), it can be reasoned that the worm provides shelter and the
appropriate physiological conditions for successful growth and reproduction of
Wolbachia.

1.6.5 Immunopathology
Apart from antigens from dead mff (Hall and Pearlman, 1999; Ottesen, 1984, 1995;
World Health Organization, 1995), a causal-link between Wolbachia bacterial antigens
and immunopathology has been proposed (Bazzocchi et al., 2000a; Brattig et al., 2004;
Brattig et al., 2001; Gillette-Ferguson et al., 2006; Keiser et al., 2002; Pathak et al.,
2015; Saint Andre et al., 2002). For example, the introduction of extracts from normal
worms into the corneal stroma of a murine model triggered keratitis that is consistent
with onchocerciasis pathology (Hall and Pearlman, 1999; Ottesen, 1984, 1995; World
Health Organization, 1995), whereas extracts from doxycycline treated worms did not
have the above-mentioned effect (Saint Andre et al., 2002). As part of experimental
controls, sera from un-infected individuals were injected into this murine model and the
authors observed relatively low levels of host immune responses to un-infected sera
compared to sera from infected individuals (Saint Andre et al., 2002).
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In another experimental confirmation of the role of Wolbachia in disease
pathogenesis, Keiser and colleagues compared the concentrations of Wolbachia DNA in
the sera of O. volvulus infected humans with and without exposure to DEC, which
results in rapid death of the mff and is expected to cause the Mazzotti reaction (Keiser et
al., 2002). In all, the concentrations of Wolbachia DNA in sera in patients that exhibited
a Mazzotti reaction were higher compared to patients without this reaction (Keiser et al.,
2002). Another study measured the concentrations of Wolbachia antigens in the blood
sera of two groups of people: 1, O. volvulus infected and 2, those living outside endemic
areas (Brattig et al., 2004). Although Wolbachia antigens were detected in the blood of
infected people, none were detected in the blood of people living outside endemic areas
(Brattig et al., 2004).
Another study (Higazi et al., 2005), which explored densities of Wolbachia in O.
volvulus worms that had been sampled from the two proposed ecological transmission
zones, i.e. forest and savannah (Anderson et al., 1974; Budden, 1963; Dadzie et al.,
1989; Remme et al., 1989), discovered higher densities of Wolbachia in parasites from
the savannah zones (Higazi et al., 2005). Since the savannah ecotype of O. volvulus
had been generally correlated with the severe form disease (Anderson et al., 1974;
Budden, 1963; Dadzie et al., 1989; Remme et al., 1989), it was therefore suggested that
there is a positive correlation between Wolbachia density and disease severity (Higazi et
al., 2005).
Some studies on other filarial nematodes have also supported suggestions of the
immunogenic role of Wolbachia in filariases (Bazzocchi et al., 2000a; Langworthy et al.,
2000). For instance, the removal of Wolbachia was significantly correlated with the
disappearance of palpable skin nodules in cattle (Langworthy et al., 2000). The removal
of Wolbachia in W. bancrofti has been correlated with reduction in the concentrations of
vascular endothelial growth factors that play essential roles in disease pathogenesis
(Debrah et al., 2006). A case-control study detected antibodies to Wolbachia antigens in
D. immitis - infected cats, with no antibodies being detected in non-infected cats;
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supporting the proposed immunopathogenic role of Wolbachia in filariasis (Bazzocchi et
al., 2000a).

1.6.6 An important target for the control and elimination of filariases
Given the proposed symbiosis, and causal link to immunopathology, Wolbachia have
become an attractive target for the control and possible elimination of filariases (Taylor
et al., 2005a; Taylor and Hoerauf, 1999; Taylor et al., 2014). The current anti-Wolbachia
drugs do not only have a microfilaricidal effect on host worms (Hoerauf et al., 2001;
Hoerauf et al., 2003), which is the case for ivermectin (Basanez et al., 2008), but more
importantly, they also have a macrofilaricidal effect (Debrah et al., 2015; Hoerauf et al.,
2008; Langworthy et al., 2000).
It has been proposed that adult female filarial worms require heme, which is
produced by Wolbachia endosymbionts, for embryogenesis (Foster et al., 2005). This
could explain the significant impairment of embryogenesis in adult females after the
removal of Wolbachia (Debrah et al., 2015; Hoerauf et al., 2009). In addition to heme,
filarial nematode hosts depend on Wolbachia for the provision of some essential
enzymes required for the production of purines and riboflavin (Foster et al., 2005;
Ghedin et al., 2007). The absence of these essential enzymes could possibly explain the
earlier than expected death of a major proportion adult worms in infected individuals.
Although the macrofilaricidal effect of anti-Wolbachia therapies could be an important
contribution to the control of filariases, it should be noted that this is a slow process with
deaths occurring approximately 1.5 to 2 years after treatment (Debrah et al., 2015;
Hoerauf et al., 2008; Langworthy et al., 2000), and it is not clear that Wolbachia are
cleared completely from the worm by antibiotic treatment.
The depletion of Wolbachia in filarial nematodes has also been correlated with
impaired development of larval stages in their arthropod vectors (Albers et al., 2012;
Arumugam et al., 2008). This has been observed with O. volvulus larvae in blackflies
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(Albers et al., 2012) and Litomosoides sigmodontis larvae in Ornithonyssus bacoti
(Arumugam et al., 2008).
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1.7 Aims and scope of this study
Several combined efforts over the years have led to a significant reduction in the public
health burden and threat of onchocerciasis (Basanez et al., 2006; Boatin and Richards,
2006). However, onchocerciasis still remains a public health threat (Frempong et al.,
2016), due to an on-going O. volvulus transmission in some communities (Lamberton et
al., 2015). This, therefore, requires the sustenance of public health interventions against
onchocerciasis. Although mass treatment with ivermectin still remains an effective
control tool (Basanez et al., 2008), an emergence of resistance (Awadzi et al., 2004a;
Awadzi et al., 2004b; Osei-Atweneboana et al., 2011; Osei-Atweneboana et al., 2007)
could cancel the successes of onchocerciasis control in the past. This, among other
reasons, led to an important call, The London Declaration (Uniting to combat NTDs,
2015), for the development and utilization of alternative control tools.
Since many parasitic filarial nematodes contain Wolbachia, which may be
required for the survival of host worms (Debrah et al., 2015; Hoerauf et al., 2008), antiWolbachia agents have become important alternative control tools for onchocerciasis
and other filarial diseases (Hoerauf et al., 2000). An important feature of these antiWolbachia agents is their ability to result in earlier than expected death of adult worms
(Debrah et al., 2015; Hoerauf et al., 2008). This is in contrast to the therapeutic effect of
ivermectin, which is only microfilaricidal (Basanez et al., 2008), making annual or semiannual administration over many years mandatory (Basanez et al., 2008; Boatin and
Richards, 2006). An effective anti-Wolbachia macrofilaricide could result in elimination of
the disease because of its potential to reduce the effective population size of parasitic
filarial nematodes over much shorter timescales.
The filarial-Wolbachia relationship still needs to be explored (Fenn and Blaxter,
2004a), and crucial to the understanding of this relationship is an investigation of the
variation in both the density and genetics of Wolbachia in natural populations of filarial
nematode parasites. This thesis will focus on variation in the Wolbachia of O. volvulus.
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The first experimental chapter, which is also a research article manuscript for the
Parasites and Vectors journal, will investigate the densities of Wolbachia in natural
population of O. volvulus worms that have been sampled from three endemic countries
in West Africa. To estimate the densities of Wolbachia in the host worms, a relative
quantitative real-time PCR assay was developed to measure the number of Wolbachia
genome(s) per nuclear genome. Wolbachia densities or copy number are determined for
a subset of worms using next-generation sequence read depths ratios of the Wolbachia
and nuclear genomes. This chapter analyses the significant heterogeneity in Wolbachia
copy number in natural populations of O. volvulus from a number of biological
perspectives. The discussion section of this chapter is informed by disparities in the
forest-savanna ecotypic classification of O. volvulus and, since variations in Wolbachia
copy number have previously been linked to these two ecotypes, this chapter will seek
to further explore this ecotypic classification using Wolbachia copy number estimates.
The discussion will also explore the relationship between Wolbachia densities and the
exposure and response of host worms to ivermectin.
The second chapter, which is a research article for the PLOS Pathogens journal,
describes a next-generation deep sequencing experiment, which, for the first time,
reports extensive intra- and inter-host genetic diversity of Wolbachia of the same filarial
nematode, which is O. volvulus in this thesis. A high proportion of singleton SNPs will be
discussed as resulting from the effects of the severe population bottleneck that occurs
as a consequence of the maternal transmission of Wolbachia to mff, and the rapid
Wolbachia population expansion during development from the larval to adult stages.
This chapter will also discuss the potential for evolution in a possible target for
doxycycline in Wolbachia. The disparities in the savannah-forest disease presentation
model will also be explored by determining genetic variation in the gene that encodes
Wolbachia surface protein. This Wolbachia protein has been linked to immunopathology.
The third chapter, which is also a research article under-preparation for
submission to the Proceeding of the National Academy of Sciences, describes a whole
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Wolbachia genome next-generation sequencing experiment. The chapter proposes the
functional implications of nucleotide polymorphisms within gene coding regions of the
genome. There is a focus on SNP hotspot regions, important genes for Wolbachia
survival, genes required for sustaining the symbiotic relationship between Wolbachia
and host worms, and genes that encode proteins which are binding sites required for the
optimal function of a main anti-Wolbachia agent (doxycycline). The potential for
evolution in these binding sights and the possibility of the emergence of drug resistance
will be discussed. Furthermore, genes that may be involved in other antibiotic resistance
mechanisms in Wolbachia will be explored. The potential for protein functional diversity
in proteins that are involved in immunopathology will be described. Variations in these
proteins could possibly explain the broad range of disease presentation.
The conclusion chapter discusses the significance of the findings of the three
experimental chapters described above. The likely biological and policy implications will
be discussed, with future directions recommended.
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Chapter Two: Significant Heterogeneity in Wolbachia Copy Number

Abstract
Wolbachia, an endosymbiont of a number of filarial nematodes, has been proposed to
play an important role in the immunopathology associated with onchocerciasis. Disease
severity has been correlated with the number of Wolbachia per Onchocerca volvulus
host, with higher Wolbachia-to-nematode ratios in the savannah-ecotype compared to
the forest-ecotype. However, factors such as geographic stratification and ivermectin
drug exposure can lead to significant genetic heterogeneity in the nematode host
populations, so we investigated whether Wolbachia copy number variation is associated
with these underlying factors. Genomic DNA was prepared from single adult nematodes
sampled from Togo, Ghana, Côte d’Ivoire and Mali. A qPCR assay was developed to
measure the number of Wolbachia genome(s) per nematode genome. Next-generation
sequencing (NGS) was also used to measure copy number and validate the qPCR.
Significant variation was observed within the forest (range: 0.02 to 452.99; median:
10.58) and savannah (range: 0.01 to 1106.25; median: 9.10) ecotypes, however, no
significant difference between ecotypes (P = 0.645) was observed; rather, strongly
significant Wolbachia variation was observed within and between the 9 study
communities analysed (P = 0.021). Analysis of ivermectin-treated and untreated
nematodes by qPCR showed no correlation (P = 0.869), however, additional analysis of
a subset of the nematodes by qPCR and NGS revealed a correlation between response
to ivermectin treatment and Wolbachia copy number (P = 0.020). This study
demonstrates that extensive within and between population variation exists in the
Wolbachia content of individual adult O. volvulus. The origin and functional significance
of such variation (up to 100,000 fold between worms; 10 to 100 fold between
communities) in the context of the proposed mutualistic relationship between the worms
and the bacteria, and between the presence of Wolbachia and clinical outcome of
infection remains unclear. These data do not support a simple correlation between
Wolbachia copy number and forest or savannah ecotype, and may have implications for
the development of anti-Wolbachia drugs as a macrofilaricidal treatment of
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onchocerciasis. The biological significance of a correlation between variation in
Wolbachia copy number and ivermectin response remains unexplained.

Keywords
Wolbachia, Onchocerca volvulus, onchocerciasis, quantitative real-time PCR, Nextgeneration sequencing, copy number, heterogeneity
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2.1 Background
2.1.1 Wolbachia association with immunopathology
Onchocerciasis, also known as river blindness, is a human parasitic disease caused by
the filarial nematode Onchocerca volvulus. The disease affects approximately 37 million
people worldwide (Boatin and Richards, 2006), and is associated with a range of dermal
and ocular pathologies (Taylor et al., 2010). O. volvulus harbour mutualistic
endosymbiotic Wolbachia bacteria (Bandi et al., 1998; Taylor et al., 2013), and it is the
bacteria rather than the nematode itself that are hypothesised to drive the
immunopathology associated with the disease (Saint Andre et al., 2002). Wolbachia are
essential for worm survival (Bouchery et al., 2013; Debrah et al., 2015; Tamarozzi et al.,
2011), and are thought to play an important role in a number of biosynthetic pathways
and during reproduction and growth of filarial worm host (Ghedin et al., 2007), and it is
this functional symbiosis that that has led to the proposal that Wolbachia is a putative
drug target for novel anthelmintic therapies (Clare et al., 2015; Debrah et al., 2015;
Hoerauf et al., 2000; Slatko et al., 2010).

2.1.2 Deviations from forest-savannah ecotypic classification
A longstanding, broadly accepted hypothesis is that there are two strains or “ecotypes”
of O. volvulus, and that these two ecotypes correlate with two distinct patterns of
pathology (Anderson et al., 1974; Dadzie et al., 1989; Remme et al., 1989). The forest
ecotype causes a the mild pattern of disease, which mainly presents as dermal rather
than ocular pathology (Dadzie et al., 1989), whereas the savannah ecotype is
associated with the severe pattern of the disease, which is mainly ocular – the worst
presentation being complete irreversible bilateral blindness (Remme et al., 1989).
Although there is currently no mechanistic explanation for the different outcomes of
infection, a recent study identified a correlation between Wolbachia copy number and
ecotype, whereby the density of Wolbachia per nematode in the savannah ecotype was
significantly higher than in forest (Higazi et al., 2005). This correlation supported a
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hypothesis that higher Wolbachia numbers were associated with the more severe
disease pathology of the savannah ecotype (Higazi et al., 2005). The authors of this
study noted the occurrence of variation between the communities studied, however, the
data from several communities from each ecotype were aggregated and the variation
that may have occurred within and between communities was not reported. O. volvulus
populations have been defined at the molecular level as a means to differentiate forest
and savannah worms using alleles of the O-150 DNA repeat (Erttmann et al., 1987;
Zimmerman et al., 1992). With the increasing availability of information on genetic
variation from genomic data, further population stratification is being uncovered (Doyle
and Grant, in preparation). Moreover, deviations from the forest-savannah, mild-severe
disease dichotomy exist: isolated forest regions with high incidence of blindness
correlated with microfilaria intensity have been reported (Cheke and Garms, 2013), and
novel O-150 alleles have been identified in addition to “classical” forest-savannah
sequences (Fischer et al., 1996; Higazi et al., 2001). It seems possible, therefore, that a
classification of parasite pathogenicity based on forest and savannah ecotypes may be
oversimplified and that it may be informative to re-examine Wolbachia copy number with
the focus on analysis of variation at the community level.

2.1.3 Aims and scope
In this study, we have focussed attention on the intra- and inter-community
variation of Wolbachia copy number relative to their host using a quantitative PCR
(qPCR) assay and next-generation sequencing (NGS) in addition to considering
ecotype. We have also examined the effect of ivermectin (IVM) exposure and drugresponse on Wolbachia copy number. This examination was prompted by two pieces of
evidence: first, a recent study demonstrated that IVM treatment could influence the
relative copy number of Wolbachia genomes in Dirofilaria immitis (Bazzocchi et al.,
2008), and second, a preliminary analysis of O. volvulus NGS data from pools of
ivermectin (IVM) treated and untreated worms discovered a higher proportion of
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Wolbachia-associated reads from IVM-treated worms compared to untreated worms (S1
Table).
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2.2 Methods
2.2.1 Sample preparation
A total of 234 male and female adult O. volvulus samples were used in this study (Table
2.1), which were obtained by the surgical excision of nodules from infected patients
living in 9 communities in the forest and savannah transmission zones of 4 countries in
West Africa: Togo, Ghana, Côte d’Ivoire and Mali (Fig 2.1). The samples were obtained
from a broad geographic range of communities within the Onchocerciasis Control
Program region of West Africa and differed in their exposure to IVM at the time of
sample collection. An additional set of DNA samples (38 in all) were from the nonreproductive tissues of female adult worms that had been subjected to embryogram
analysis to determine their reproductive status post-ivermectin treatment (Awadzi et al.,
2004a; Awadzi et al., 2004b; Osei-Atweneboana et al., 2011; Osei-Atweneboana et al.,
2007) and were classified as good or sub-optimal responders depending on the
presence of live embryos and/or microfilariae in utero. O. volvulus adults were extracted
from nodules by collagenase digestion followed by gentle teasing of the digested
nodules to isolate individual nematodes (Schulz-Key et al., 1977). Genomic DNA was
prepared from single nematodes using the DNeasy® Tissue kit (Qiagen, Hilden,
Germany) following manufacturer’s instructions. It should be noted that although DNA
was extracted from individual worms that were isolated from nodules, there are no
records that match worms to nodules of origin.

2.2.2 Quantitative real-time PCR assay development and validation
A qPCR assay was designed to measure the relative number of Wolbachia genome(s)
per nematode genome, similar to those employed by others (Bazzocchi et al., 2008;
Higazi et al., 2005; McGarry et al., 2004). To develop this assay, single copy genes per
genome were used; the Wolbachia surface protein (wsp) gene (GenBank: HG810405.1)
and the O. volvulus glutathione reductase (gr) gene (GenBank: Y11830.1) were
selected.
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Table 2.1 Breakdown of samples by country, community, ecotype and ivermectin
treatment history. Worms sampled from savannah ecosystems were classified as
savannah ecotype, whereas those from forest ecosystems where classified as forest
ecotype.
Number of

IVM treatment

Country

Study community

samples

Ecotype

history

Togo

Tadome

34

Forest

Untreated

Aflakpe

19

Forest

Untreated

Asubende

30

Savannah

Treated

Asukawkaw

23

Forest

Treated

Jagbengbendo

48

Savannah

Treated

Todzi

21

Forest

Treated

Ghana

Wiae

29

Savannah

Treated

Côte d’Ivoire

Grobaledou

17

Forest

Untreated

Mali

Koudian

13

Savannah

Treated
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Fig 2.1 Map of West Africa showing study countries and communities.
Communities have been numbered by alphabetical order from the East to West. Togo:
1. Tadome. Ghana: 2: Aflakpe; 3: Asubende; 4: Asukawkaw; 5: Jagbengbendo; 6:
Todzi; 7: Wiae. Côte d’Ivoire: 8: Grobaledou. Mali: 9: Koudian.
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Primers

for

wsp

(Forward:

CAGCAACCTACCAAAGATGGA;
GTGCGACGAAGAAGGATTTC;

AACCGGGACAAAAAGAAGAG;
110-bp

reverse:

product)

and

gr

GCTTATGCTGTTTCGGGTTT;

reverse:
(forward:
103-bp

product) were designed using CLC Genomics Workbench 6.5 (CLCbio, Aarhus,
Denmark). Both primer sets were designed within well-conserved regions of the genes.
Also, to ensure uniqueness of the primer regions to our target genes, we screened the
primer regions against the whole Wolbachia (GenBank: HG810405.1), mitochondria
(GenBank: HG810405.1) and nuclear (Accession: PRJEB513) genomes of O. volvulus
by using the BLAST tool in CLC Genomics Workbench 6.5 (CLCbio, Aarhus, Denmark).
Each qPCR reaction mixture (total volume: 10 μl) included 0.2 μM of each primer, 2 μl of
DNA and 5 μl of SsoAdvancedTM Universal SYBR® Green Supermix (Bio-Rad
Laboratories Inc., California, USA). All qPCR runs were performed in duplicate on a CFX
96 Real-Time PCR Detection System (Bio-Rad Laboratories Inc., California, USA). The
reaction conditions were optimised by gradient PCR, from which the optimal conditions
were found to be as follows: an initial incubation at 95 °C for 2 min, followed by 40
cycles of 95°C for 5 sec, 53.8°C for 15 sec and 72°C for 15 sec. Melt curves were
generated at the end of each run to ensure specificity of the amplification (S2 Fig), which
were performed as follows: 95°C for 30 sec, annealing at 65°C and increments to
95.5°C, holding for 5 sec at each step of increment. Amplification efficiencies (E) for
each primer set (S1 Fig A; E) were determined by generating 10-fold dilution series
across 8 orders of magnitude (starting at 1 ng) using cloned PCR product in pGEM®-T
Easy vector (Promega Corporation, California, USA). Standard curves were also
generated for each primer set using O. volvulus genomic DNA (S1 Fig B; F) to
determine the maximum quantification cycles (Cq) that could be used for data analysis,
from which a cut-off Cq value of 30 was determined to be the Cq threshold before
significant technical inconsistencies were observed. The number of Wolbachia
genome(s) per nematode genome was determined using the following equation per
sample:
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Relative copy number (wsp/gr) = 2

([𝜇Cq.𝑔𝑟 ∗E.𝑔𝑟]−[𝜇Cq.𝑤𝑠𝑝 ∗E.𝑤𝑠𝑝])

Where μCq is the mean cycle threshold for each target, and E is the reaction efficiency
for each target (determined by measuring the slope across the linear range from the
standard curves described above).

2.2.3 Relative copy number estimation by next-generation sequencing
The relative copy number of Wolbachia genomes was also estimated for additional 38
adult worms for which the reproductive response to ivermectin was known. The full
methods and data for sequencing of these worms will be published elsewhere. Briefly,
genomic DNA for individual worms was sheared to an average fragment length of 400bp
and barcoded Illumina sequencing libraries for each individual worm were prepared
using the NEBNext® UltraTM DNA Library Prep kit for Illumina (E7370L, New England
Biolabs, Inc. Ipswich, USA). The barcoded single worm libraries for up to 16 worms were
pooled per Ilumina HiSeq lane and paired-end sequenced (Illumina Inc., San Diego,
USA). After standard trimming to remove adaptor and barcode sequences and filtering
for quality, reads were mapped to the Wolbachia (GenBank: HG810405.1),
mitochondrial (GenBank: HG810405.1) and nuclear reference genomes of O. volvulus
(Accession: PRJEB513). Relative copy number was calculated as the ratio of the
number of bases mapped to the Wolbachia genome to the number of bases mapped to
two major contigs of the nuclear genome of O. volvulus.

2.2.4 Statistical analyses
Data analysis, including Wilcoxon rank sum test (W) and Kruskal-Wallis rank sum test
(K-W), were performed in the programming language: R version 3.2.2 (R Development
Core Team, 2015). P values less than 0.05 were considered to be significant. Microsoft
Excel (2011) was used for all other data analyses.
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2.3 Results
We determined the density of Wolbachia in 234 adult O. volvulus worms sampled from 9
communities in the savannah and forest transmission zones in four West African
countries: Togo, Ghana, Côte d’Ivoire and Mali (Fig 2.1). Based on their ivermectin
treatment history, these worms were categorized into two groups: (1) ivermectin treated
and (2) ivermectin untreated (Table 2.1). In addition to these worms, a different set of 38
worms, which had been classified as good or sub-optimal responders to ivermectin
based on embryogram analysis (Awadzi et al., 2004a; Awadzi et al., 2004b; OseiAtweneboana et al., 2011; Osei-Atweneboana et al., 2007), were used. These worms
were sampled from the savannah transmission zone of Ghana. To determine the density
of Wolbachia, a quantitative real-time PCR assay was developed that measured the
number of Wolbachia genome target (wsp) per nuclear genome target (gr). The ratio of
the number of next-generation sequencing reads that mapped to the Wolbachia
genome, to reads that mapped to the nuclear genome was also used to determine
Wolbachia copy number or density in the additional set of 38 worms.

2.3.1 Validation of qPCR assay
Although qPCR assays have been successfully applied elsewhere for genome copy
number estimations (Fenn and Blaxter, 2004b; Higazi et al., 2005; McGarry et al., 2004)
and disease diagnostics (de Paiva Cavalcanti et al., 2009; Mortarino et al., 2004) etc.,
the high sensitivity of this technique (Mary et al., 2004; Morrison et al., 1998) coupled
with the potential to produce non-specific products (Morrison et al., 1998) requires
validation for sensitivity and specificity (Bustin et al., 2009). Therefore, before the results
of this study are presented, we give a brief overview of the assay validation experiments
performed here.
The sensitivity of the qPCR assay was estimated by generating standard curves
from serial dilution series of plasmid DNA clones of both Wolbachia and nuclear targets
(S1 Fig A-B; E-F), as recommended (Bustin et al., 2009; Schmittgen and Livak, 2008)
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and performed elsewhere (de Paiva Cavalcanti et al., 2009; Schmittgen and Livak,
2008). With all qPCR targets in this assay, efficiency was within the optimal 90 to 100%
range required for standard qPCR assays (Bustin et al., 2009; de Paiva Cavalcanti et
al., 2009). This suggests high sensitivity of primers used in this assay.
To ensure the specificity of this assay, DNA melt curve analyses were performed
at the end of PCR cycles (S1 Fig C; G) as recommended (Bustin et al., 2009) and done
elsewhere (Ririe et al., 1997). In all qPCR runs, we observed a single melt peak for each
primer, which is consistent with the amplification of a single product (Ririe et al., 1997).
As an additional check, a subset of PCR products were ran on agarose gel (S1 Fig D; H)
to determine size and number of bands. We observed single PCR products with
expected sizes for all additional checks performed (S1 Fig D; H).
Genome or gene copy number can be estimated by determining the number of
NGS reads mapped to the reference genome or gene of interest after sequencing (Alkan
et al., 2009; Shendure and Ji, 2008). In this study, copy number estimates from an NGS
sequencing of the whole genomes of a subset of worms (to be published elsewhere)
were compared with those from our qPCR assay (Fig 2.2). We determined a high
positive correlation between these two measurements (Fig 2.2; R-squared = 0.950; Fstatistic = 602.5; P = 2.2 x e-16): an additional validation of our qPCR assay.

2.3.2 Results of qPCR assay
A total of 92 female and 142 male worms were analysed by qPCR to determine the
relative copy number of Wolbachia per nematode genome (i.e. Wolbachia genomes per
nuclear genome). An initial examination of sex bias demonstrated that there was not a
significant difference in Wolbachia : nuclear ratio between male and female worms (S2
Fig; W = 7079; DF = 1; P = 0.668), which is consistent with previous studies in other
filarial species (Bazzocchi et al., 2008; McGarry et al., 2004).
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2.3.2.1 Comparisons among communities of origin of worms
The qPCR analysis of Wolbachia : nuclear ratios for individual worms based on the
community from which they were collected demonstrated that there was remarkable
within community variation (Fig 2.3A); the upper and lower 95% confidence bounds for
all communities ranged over 10 – 100 fold, with up to 100,000 fold differences between
the upper and lower extremes within each community. This is exemplified by
consideration of within community variation at Asubende, a savannah community in
Ghana: the highest individual worm Wolbachia : nuclear ratio of 1106.2 was recorded in
Asubende (median: 8.15), as was the lowest Wolbachia : nuclear ratio of 0.01 (Fig
2.3A). Earlier studies on Wolbachia densities in O. volvulus and other filarial nematodes
have also reported a wide range of copy number values (Bazzocchi et al., 2008; Higazi
et al., 2005; McGarry et al., 2004).
The variation between communities was less extreme, although most median
community values showed a 10 – 100 fold range of variation. The variation among
communities was, however, statistically significant (K-W = 18.012; DF = 8; P = 0.021),
and was driven mainly by 3 communities (i.e. Grobaledou, Todzi and Koudian; see Fig
2.3A; Fig 2.4; S2-3 Tables for analysis). The two forest communities, Todzi and
Grobaledou, recorded the highest and lowest median Wolbachia : nuclear ratios (23.46
and 1.22), respectively. The strong effect of inter-community (or intra-ecotype) rather
than inter-ecotype variation is illustrated further by examination of the pattern of pairwise
differentiation between communities: there are more intra-ecotype pairwise comparisons
with P < 0.05 than there are inter-ecotype community comparisons with P < 0.05 (5 and
4 significant pairwise comparisons for intra-ecotype and inter-ecotype respectively; S2
Table).
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Fig 2.2 Correlation between qPCR and NGS copy number estimates. There is a
statistically significant positive correlation between these estimates (R-squared = 0.950;
F-statistic = 602.5; P = 2.2 x e-16).
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Fig 2.3 Comparisons of Wolbachia : nematode genome copy number ratios
among different categories of worms. Box and whisker plot shows the median (line
within box), the 25th and 75th percentile (lower and upper limits of the box respectively).
The whiskers indicate the 10th and 90th percentiles, with outliers represented by dark
dots. Sample size of categories is in parenthesis. (A) Comparison among study
communities: P-value of 0.021 from Kruskal-Wallis rank sum test. (B) Comparison
between forest and savannah ecotypes: P-value of 0.645 from Wilcoxon rank sum tests
(W). (C) Comparison between IVM-treated and untreated worms: P-value of 0.869 from
W. (D) Comparison between good and sub-optimal responders to ivermectin: P-value of
0.020 from W.
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2.3.2.2 Comparisons between forest and savannah ecotypes
When data for forest and savannah communities were aggregated, significant variation
in Wolbachia densities within but not between ecotypes was observed (Fig 2.3B). The
Wolbachia : nematode genome ratios for samples obtained from communities classified
as forest ecotype ranged from 0.02 to 452.99, and from 0.01 to 1106.25 in the savannah
ecotypes. In contrast to Higazi et al. (Higazi et al., 2005), the Wolbachia : nematode
genome ratio of the forest ecotype data reported here (median: 10.58) was not
significantly different from the savannah ecotype (median: 9.10; W = 7079; DF = 1; P =
0.645). Higazi et al. study (Higazi et al., 2005) analysed worms that had been
categorised as forest/non-blinding and savannah/blinding on the basis of O-150
genotype. Other work examining the correlation between O-150 genotype, pathology
and geographical origin of the parasites casts doubt on this correlation (Fischer et al.,
1996; Higazi et al., 2001; Kron and Ali, 1993) and is more consistent with the apparent
association of O-150 genotype and ecotype being a function of parasite population
genetic structure rather than linked to pathogenicity. Thus, the difference in Wolbachia :
nuclear ratios observed by Higazi et al. may also be a marker of population structure
rather than a marker of pathogenicity.

2.3.2.3 Comparisons between ivermectin treated and untreated worms
There was a high degree of variation of Wolbachia : nuclear ratios within both IVMtreated and IVM-naive populations (Figure 2.3C) but there was no significant difference
in Wolbachia : nuclear ratios between the two treatment categories using the qPCR
assay (W = 5661; DF = 1; P = 0.869). Wolbachia : nuclear ratios for the IVM-untreated
group ranged from 0.11 to 452.99 (median: 8.81), whereas the range for the IVM-treated
group was 0.01 to 1106.25 (median: 9.34). We also compared Wolbachia : nuclear
ratios with treatment duration (S3 Fig) and did not observe a clear relationship between
ivermectin treatment duration and Wolbachia copy number.
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Fig 2.4 Pairwise comparisons of Wolbachia : nematode genome copy number
ratios among different communities. (A) Manhattan plot showing P-values from
pairwise Wilcoxon rank sum tests (W) between study communities. (B). Bar plot showing
the number of significant associations from pairwise tests.
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This is in contrast to the inference from Wolbachia read frequency in our preliminary
next generation sequence data from pools of treated and untreated worms (S1 Table),
which showed a difference in Wolbachia : nuclear genome sequencing depth between
treated and untreated pools. Comparison of Wolbachia copy number among study
communities (Fig 2.3A) revealed a significant difference among the communities
considered in this thesis (Kruskal-Wallis rank sum test; P = 0.021). Thus the observed
differences in Wolbachia copy number from the earlier NGS data could have well been
due to differences in geographic origins of worms.

2.3.2.4 Additional set of worms: comparisons between good and sub-optimal
responders
A second NGS analysis was carried out to explore a different aspect of ivermectin and
Wolbachia. In this analysis, the comparison was based on sequencing depth from whole
genome NGS of individual worms rather than pools. In addition, in this analysis the
comparison was between worms whose reproductive status at 90 days post-ivermectin
administration was known and had been classified as “good responders” and “suboptimal responders” (Awadzi et al., 2004a; Awadzi et al., 2004b; Osei-Atweneboana et
al., 2011; Osei-Atweneboana et al., 2007) rather than simply ivermectin naïve vs
ivermectin exposed. Furthermore, these worms were sampled from Ghanaian
communities that are much closer together than the sampling strategy in the previous
NGS analysis (which included worms from Ghana and Cameroon), so that analysis of
these worms is perhaps less likely to be confounded by population subdivision based on
geographic origin. Comparison of good and sub-optimal responder worms identified a
significant correlation between ivermectin response and Wolbachia : nuclear ratios (Fig
2.3D; W = 257; DF =1; P = 0.020). Sub-optimal responder worms (which have
recovered reproductive activity at day 90 post drug administration) had significantly
lower Wolbachia : nuclear ratios than worms that had responded as expected to
ivermectin and remained non-reproductive at day 90. It is important to note that unlike
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the female D. immitis reported by Bazzocchi et al. (Bazzocchi et al., 2008), DNA for the
O. volvulus sequenced here was prepared from the head region of the worm and
excluded any reproductive organ tissues, so the difference in Wolbachia copy number
between good and poor responding worms is not a reflection of the presence or
absence of embryos and/or microfilaria in their uteri.
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2.4 Discussion
Given their proposed symbiotic roles in filarial nematode hosts (Taylor et al., 2013), and
suggestions of a causal-link with immunopathology of onchocerciasis and other filarial
diseases (Saint Andre et al., 2002; Taylor et al., 2013), this study explores Wolbachia
density variations in natural populations of a filarial nematode, O. volvulus. We
performed this experiment against the backdrop of the reported positive correlation
between Wolbachia copy number and disease severity (Higazi et al., 2005), with the
severe form of the disease (blinding) traditionally being over-represented in the
savannah transmission zones (Anderson et al., 1974; Remme et al., 1989). However,
we are also prompted by variation in disease presentation within the savannah and
forest regions (Murdoch et al., 1993; World Health Organization, 1995), and, therefore,
need to further explore Wolbachia densities in worms.
Wolbachia density was estimated by designing a relative copy number qPCR
assay that determined the number of Wolbachia genome(s) relative to the nuclear
genome. As an additional validation test, copy number measurements from the qPCR
assay were compared to estimates from an NGS experiment (to be published
elsewhere) for validation. The assay passed this validation test, in that there was a high
positive correlation between these estimates (Fig 2.2; R-squared = 0.950; F-statistic =
602.5; P = 2.2 x e-16). The comparative Cq method (Schmittgen and Livak, 2008) is
employed here as done elsewhere (Berticat et al., 2002; Fenn and Blaxter, 2004b;
Higazi et al., 2005; McGarry et al., 2004). This method is robust, in that there is
calibration or normalization with a reference (gr: nuclear genome target), which
standardizes assay and makes readings comparable (Schmittgen and Livak, 2008).
There is significant heterogeneity in Wolbachia densities in natural populations of
worms from the same categories: (Fig 2.3A-D). These findings suggest that differences
between individual worms (intra-population) is the level at which Wolbachia densities
vary most strongly. The existence of such extensive variation (over several orders of
magnitude) between individual adult worms of both genders raises questions regarding
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the nature of the proposed symbiosis between the Wolbachia and their worm hosts, and
the mechanisms by which Wolbachia density per worm is determined or regulated. If we
accept the hypotheses that worms (a) require metabolic products from Wolbachia
(Tamarozzi et al., 2011) and (b) actively regulate Wolbachia density (Voronin et al.,
2012), how does Wolbachia meet the metabolic requirements of the worms in the face
of such extreme variation and why does the regulatory mechanism allow Wolbachia :
nuclear genome ratios to be more than 1000 in some worms and as low as 0.01 in
others? At face value, the extreme variation observed seems more consistent with
stochastic variation in Wolbachia copy number rather than a regulated symbiotic
relationship, and implies that worms are able to tolerate extreme variation in the supply
of whatever Wolbachia metabolic products are required by the adult worms. This
extreme variation may offer an explanation for the slow and variable rate at which
Wolbachia content declines during antibiotic treatment (Walker et al., 2015). Such
extreme variation in Wolbachia content is difficult to reconcile with the hypothesis that
Wolbachia play a key role in the pathology of onchocerciasis (Tamarozzi et al., 2011).
Or it is also possible that Wolbachia contribute to pathogenesis, and may account for the
wide variations in onchocerciasis presentation.
The next level at which variation in Wolbachia : nuclear genome ratios vary is the
geographic origin of the parasite population sampled (Fig 2.3A) rather than ecotype (Fig
2.3B) or IVM treatment history (Fig 2.3C) [inter-population]. We suggest three factors
that could contribute to variation in Wolbachia : nuclear ratios in different parasite
populations. First, given evidence of wide genetic variation in O. volvulus populations
within and between endemic communities (Doyle et al. unpublished) and the ability of O.
volvulus hosts to maintain a homeostatic balance of Wolbachia densities (Voronin et al.,
2012), it is likely there may be variation in the ability of worm genotypes to control
Wolbachia densities. Given that genetic variation between worm populations exists at
the community level, genetically determined differences in Wolbachia density should
also manifest at the community level. Second, it is possible that genetic variation
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between Wolbachia populations (rather than between worm populations) could account
for the high heterogeneity of copy number. Our preliminary analysis of NGS data has
provided evidence of such Wolbachia genetic variation and we are in the process of
exploring this variation. Third, variation in factors such genotype, diet and drug treatment
history of human populations in endemic communities could contribute to the high
heterogeneity of Wolbachia copy number observed in this study.
For a small subset phenotypically classified worms (38 in all), Wolbachia :
nuclear genome ratios varied according to worm responder status (viz. good or suboptimal (Fig 2.3C)). Given the wide variation in Wolbachia copy number in the larger
sample set, which has been described above, the biological significance of this
correlation remains unexplained.
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2.5 Conclusions
This study presents a qPCR copy number assay and NGS analysis that was used to
detect significant heterogeneity in the number of Wolbachia per O. volvulus nematode in
a number of populations in West Africa. The focus in this study was on variation within
and between communities rather than on broad ecotypes, given that worm populations
are genetically structured at the individual and community level.
These data do not support the conclusion of a previous report (Higazi et al.,
2005)

that

parasite

ecotype,

and

hence

possibly

parasite

pathogenicity

(blinding/savannah vs non-blinding/forest) is correlated with Wolbachia density, although
we should point out that we do not have clinical data for the patients from whom
individual worms were removed so have not explicitly compared worms from patients
with ocular involvement and those without. However, the hypothesis that Wolbachia
number per cell in adult worms is correlated with immunopathology seems unlikely also
on the grounds that, in B. malayi microfilaria, the Wolbachia density is lower and more
constant than in adults (McGarry et al., 2004), and immunopathology of onchocerciasis
primarily provoked in response to the presence of dead microfilaria in the skin and
cornea (Hall and Pearlman, 1999) rather than to the presence of adult worms.
What other factors may determine the difference between blinding and nonblinding parasites? One possibility that requires further investigation is that underlying
genetic variation in the Wolbachia genome may render some variants more or less
immunoreactive, and therefore more or less likely to induce pathologic changes in the
skin and eyes, i.e. that variation in pathogenicity is a qualitative rather than quantitative
feature of Wolbachia. Another factor for the wide variation in Wolbachia density is
variation due to a natural cycle of Wolbachia in adult worms. Also, factors such as the
age and ivermectin treatment history could contribute to the heterogeneous Wolbachia
population observed here.
The findings presented here may have important practical implications for the
development of antibiotics targeting Wolbachia as a macrofilaricidal alternative to IVM.
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In particular, if the efficacy of antibiotic treatment is influenced by copy number, then the
105 fold variation in copy number may result in variable outcomes of this treatment
which may, in turn, complicate finding a single efficacious antibiotic dose for mass drug
administration and also provide the heritable phenotypic variation in drug response that
is the key prerequisite for the evolution of antibiotic resistance. It is already known that
the rate and extent of Wolbachia loss during doxycycline treatment is very variable, with
some worms retaining small numbers of bacteria, long after treatment (Walker et al.,
2015).
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S1 Fig Validation of qPCR assay. (A, B) wsp plasmid and genomic DNA-derived standard curves with efficiency values of 93.5% of
92.7% respectively. E, F) gr plasmid and genomic DNA-derived standard curves with efficiency values of 97.4% and 95% respectively. (C,
G) Melt peak analysis showing a single peak for wsp and gr, inferring PCR specificity. (D) Agarose gel image with lanes 3 to 5 (Left to right)
containing wsp qPCR amplicons (110 bp) from the 3 nematodes, and lanes 2 and 6 displaying positive and no template controls
respectively. (H) Agarose gel image with lanes 3 to 5 (Left to right) containing gr qPCR products (103 bp) from 3 O. volvulus individuals,
lanes 2 and 6 containing a positive and no template control respectively. A 100 bp molecular weight marker was used for both gels.
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S2 Fig Wolbachia copy number variation between female and male worms. Box
and whisker plot shows the median (line within box), 25th and 75th percentile (lower and
upper limits of the box respectively). The whiskers indicate the 10th and 90th
percentiles, with outliers represented by dark dots. A Wilcoxon rank sum test was used
to compare the medians between the two groups.
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S3 Fig Comparisons of Wolbachia : nematode genome copy number with duration
of ivermectin treatment.
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Tables
S1 Table Number (and proportion of total) of Wolbachia reads from NGS data
analysis. Analysis of next generation sequence (NGS) data of IVM treated and
untreated O. volvulus worms from Ghana and Cameroon showed higher proportions of
Wolbachia reads in the treated worms from both Ghana and Cameroon (i.e. 6.03% and
2.46 % respectively) compared to the untreated worms from both countries (i.e. 0.90%
and 0.87% respectively).
Ivermectin

Cameroon

treatment

Number of

Percentage of

Number of

Percentage of

history

samples

reads

samples

reads

Untreated

Treated

15

25

Ghana

287625 /

303767 /

33209117

33619822

(0.87%)

10

(0.90%)

1657566 /

2109278 /

67500137

34970922

(2.46%)

7

(6. 03%)
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S2 Table Pairwise comparison of Wolbachia copy number values among 9 study communities. P values from Wilcoxon rank sum
test of Wolbachia : nematode genomes copy number ratios of pairs of study communities are presented. P values less than 0.05 were
considered to be significant (italics). Green shading represents pairwise comparisons between communities of like ecotype; red shading
represents pairwise comparisons between communities of differing ecotypes.
Forest

Savannah

Ecotype

Community

Asukawkaw Grobaledou Tadome Todzi

Asubende Jagbengbendo Koudian Wiae

Forest

Aflakpe

0.098

Asukawkaw

0.009*

0.767

0.420

0.682

0.728

0.024*

0.137

0.156

0.193

0.012* 0.351

0.147

0.344

0.847

Intra-ecotype

0.025*

0.002* 0.060

0.018*

0.721

0.054

Inter-ecotype

0.350

0.840

0.821

0.064

0.370

0.221

0.151

0.007*

0.018*

0.861

0.175

0.544

0.047*

0.200

Grobaledou
Tadome
Todzi
Savannah Asubende
Jagbengbendo
Koudian
Statistically significant association (P < 0. 05)*

0.268

Legend
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S3 Table Summary of the number of significant associations from pairwise
comparison of Wolbachia copy number values among the 9 study communities

Community

Number of statistically significant association(s)

Grobaledou (F)

4

Todzi (F)

4

Koudian (S)

3

Aflakpe (F)

2

Jagbengbendo (S) 2
Asukawkaw (F)

1

Tadome (S)

1

Wiae (S)

1

Asubende (S)

0

(F): forest ecotype

(S): Savannah ecotype
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Chapter Three: Intra- and Inter-host Wolbachia genetic diversity

Abstract
Wolbachia are bacterial endosymbionts of many of the parasitic nematodes that cause
150 million cases of filariases worldwide. These endosymbionts have become important
drug targets, given that their removal by antibiotic treatment kills the worm. Crucial to
understanding the role of Wolbachia in worm biology and to assessing the potential for
the evolution of antibiotic resistance is an exploration of genetic diversity of Wolbachia.
We PCR-amplified and sequenced 21.79 Kbp of the Wolbachia genome in 79 individual
adult O. volvulus worms sampled from Côte d’Ivoire, Ghana and Mali. In all, we
observed 687 single nucleotide polymorphic sites distributed in 316 haplotypes at a
minimum haplotype frequency cut-off set at 3% (well above the rate of expected PCR
misincorporation). AMOVA tests revealed that the majority of the of Wolbachia genetic
variation occurred within worms (62.76%, P < 0.001), with 35.57% (P < 0.001) and
1.87% (P < 0.001) occurring among worms and communities respectively. We propose
that this intra-worm genetic variation could be due to the combined effects of the severe
population bottleneck that most likely occurs during the maternal transmission of
Wolbachia to microfilariae and the accumulation of new mutations during the
subsequent population expansion from the larval to adult stage and the long adult life
span (up to 14 years). We also observed a high proportion of non-synonymous SNPs, a
phenomenon observed in other bacteria. Particularly noteworthy were SNPs in the 16S
gene,a binding site for doxycycline, which may indicate the potential for evolution of
resistance to doxycycline, and suggests that the development of novel anti-Wolbachia
drugs should incorporate investigation of the likely sustainability of a single antibiotic
treatment.
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3.1 Background
3.1.1 Filariases
Filariases remain a significant public health burden in the world, with lymphatic filariasis
and onchocerciasis affecting 120 and 37 million people respectively (Basanez et al.,
2006; Taylor et al., 2010). Many of the parasitic filarial nematodes that are responsible
for filariases harbour mutually beneficial cytoplasmic bacteria in the genus Wolbachia
(Bandi et al., 1998; Fischer et al., 2011; Landmann et al., 2011; Taylor et al., 2005a).
The symbiotic (mutually beneficial) nature of the relationship is supported by the
observation that antibiotic treatment of the worm, which kills the Wolbachia, is followed
by the death of the worm (Debrah et al., 2015; Hoerauf et al., 2008). Further evidence in
support of this mutualistic relationship is the 100% prevalence of Wolbachia among host
worms (Landmann et al., 2010; Taylor et al., 2005a). This relationship makes Wolbachia
an attractive target for macrofilaricidal drug development (Clare et al., 2015; Hoerauf et
al., 2001; Slatko et al., 2010). Crucial to understanding the role of Wolbachia in
nematode biology, and to assessing the effectiveness of alternative drugs in controlling
nematode populations, is a full picture of genetic diversity of Wolbachia in the host.

3.1.2 Wolbachia supergroups and genetic variation among Wolbachia of
different hosts
In strong contrast to their mutualistic relationship with filarial nematodes, Wolbachia are
intracellular parasites of a wide variety of arthropods (Werren, 1997; Werren et al., 2008;
Zhou et al., 1998). All nematode and arthropod Wolbachia have been classified as a
single species, based on available data (Lo et al., 2007). However, within this species,
there are currently seventeen genetically distinct supergroups (designated A to R;
except G) that divide roughly according to their host phylogeny (Bandi et al., 1998;
Casiraghi et al., 2005; Glowska et al., 2015; Lo et al., 2007; Wang et al., 2016; Werren
et al., 2008; Zhou et al., 1998). The A, B, C and D supergroups are the most commonly
studied. Supergroups A and B are Wolbachia of dipterans such as Drosophila sp and
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Culex sp; hymenopteran species such as those in the genus Nasonia; Chelicerates; and
Crustaceans (Lo et al., 2007; Werren et al., 2008; Zhou et al., 1998). Supergroups C
and D are the presumed mutualists of filarial nematodes, including those that cause
diseases in humans, Onchocerca volvulus and Wuchereria bancrofti (Bandi et al., 1998;
Casiraghi et al., 2005).
Given this classification, there are therefore at least four hierarchical levels at
which genetic variation could be examined. At the highest level, there clearly exists
genetic differentiation among the Wolbachia supergroups, given that these supergroups
are defined by sequence variation within genes and at the genome level (Comandatore
et al., 2015; Gerth et al., 2014). At the next lower hierarchical level it is likely that there
also exists genetic variation among Wolbachia isolated from different host species within
a single supergroup. At the next lower hierarchical level sits genetic variation between
the Wolbachia isolated from individual hosts of a single (host) species. Finally, there
may exist variation between individual Wolbachia within a single host individual.

3.1.3 Maternal mode of transmission of Wolbachia
Wolbachia of filarial nematodes occur in vacuoles within the host cytoplasm,
predominantly clustering in the hypodermal chord cells of both adult males and females,
but also present in the reproductive system of adult females and in developing embryos
(Fischer et al., 2011; Kozek, 1977, 2005; Kozek and Marroquin, 1977; Landmann et al.,
2010; Taylor et al., 2005a). However, Wolbachia have not been detected in the adult
male reproductive system of filarial nematodes, leading to the suggestion that
Wolbachia are vertically transmitted from mother to offspring (Kozek, 1977, 2005;
Landmann et al., 2010; Taylor et al., 2005a).
Wolbachia in filarial nematodes share a number of characteristics with
mitochondria (with whom they share a common Rickettsia ancestor; (Andersson et al.,
1998; Foster et al., 2005)): they are maternally transmitted (Sato and Sato, 2012), are
found in the host cytoplasm, and contribute to energy production in the host worm
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(Darby et al., 2012; Foster et al., 2005; Keddie et al., 1998; Melnikow et al., 2013).
Mitochondrial DNA markers have been extensively used in population genetics studies
because of the rapid evolutionary rate of the mitochondrial genome and the proposed
lack of recombination between mitochondrial genomes (Crainey et al., 2016; de Souza
et al., 2014; Small et al., 2013; Small et al., 2016; Winkelmann et al., 2013), which
simplifies the inference of mitochondrial lineages from sequence data. The occurrence
of intra-host mitochondrial genetic variation (heteroplasmy (Li et al., 2010)) in addition to
inter-host (de Souza et al., 2014; Small et al., 2013; Small et al., 2016) genetic diversity
has been documented and is thought to play an important role in the penetrance of
mitochondrial disease in humans (Holt et al., 1990; Payne et al., 2013; Taylor and
Turnbull, 2005). Therefore, given that both mitochondria and Wolbachia possess
maternally-inherited, haploid genomes of Rickettsial origin and the likely absence of
horizontal transmission or genetic recombination, it seems likely that (a) genetic
variation will arise in Wolbachia between individual nematodes of the same species and
(b) the equivalent of heteroplasmy, where a single nematode may harbour more than
one Wolbachia genome, may also exist and give rise to intra-worm Wolbachia genetic
variation.

3.1.4 Justification of this study
We report here an investigation of genetic variation of Wolbachia in natural populations
of O. volvulus at the two levels of organization at which mitochondrial genetic diversity
has been investigated: diversity in the Wolbachia genomes found within a single
individual adult worm and diversity in Wolbachia genomes between individual worms.
This study sought to address two main concerns. First, Wolbachia has become an
important target for macrofilaricidal drug development, with doxycycline as the leading
filarial nematode anti-Wolbachia agent (Debrah et al., 2015) in active programs to
discover novel and narrow spectrum anti-Wolbachia chemical entities (Clare et al., 2015;
Taylor et al., 2014). Just as the evolution of antimicrobial resistance threatens the
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sustainability of chemotherapy of microbial infections in general (World Health
Organization, 2014), so too could Wolbachia genetic variation within natural host
populations lead to selection of drug resistant strains due to selection pressure from
monotherapy (Grant, 2000). Second, Wolbachia in parasitic filarial nematodes have
been implicated in the human host-induced immunopathology that is associated with
filariases (Gillette-Ferguson et al., 2006; Pathak et al., 2015; Saint Andre et al., 2002).
Onchocerciasis may present in dermal forms (Murdoch et al., 1993), which is also
considered as the mild form, or the more severe visual (ocular) impairment or complete
irreversible blindness (World Health Organization, 1995). Although it is generally
accepted that there are two O. volvulus transmission zones: forest and savannah zones
(Anderson et al., 1974; Budden, 1963; Remme et al., 1989; World Health Organization,
1995); which present two distinct epidemiological patterns of disease: (1) overrepresentation of the mild forms in the forest zones (Anderson et al., 1974; Dadzie et al.,
1989), and (2) the severe forms in the savannah zones (Anderson et al., 1974; Budden,
1963; Remme et al., 1989); some contradictory evidence (Cheke and Garms, 2013;
Fischer et al., 1996; Higazi et al., 2001) suggest that this classification may be too
simplistic (Cheke and Garms, 2013). Genetic or copy number variation in Wolbachia
may, therefore, contribute to the wide range of onchocerciasis disease presentations in
both the dermal (Murdoch et al., 1993) and ocular forms (World Health Organization,
1995). We have already observed several orders of magnitude variation (105) in
Wolbachia copy number in natural populations of the host worm (Armoo et al., 2017)
and it is equally important to quantify genetic variation of Wolbachia.

3.1.5 Aims and scope
We have employed deep sequencing of PCR amplicons derived from ~20kb of the O.
volvulus Wolbachia (wOv) genome at a mean sequence depth of 430x per nucleotide
base, which allowed the detection of low frequency variants. This strategy revealed the
presence of multiple genetic variants of Wolbachia in a single worm (intra-worm
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diversity), such that each worm could be considered as a rapidly diverging, genetically
unique population of Wolbachia. There is also significant genetic differentiation between
worms (inter-worm diversity), with limited overlap between the Wolbachia populations
found in individuals. We present experimental evidence against the contribution of
nuclear Wolbachia transfers (nuwts) or PCR mis-incorporation (Dunning Hotopp et al.,
2007; Ioannidis et al., 2013) to the polymorphic sites reported here. Given that
Wolbachia has been a target in the control of filariases (Debrah et al., 2015; Hoerauf et
al., 2008), we discuss possible biological implications of our findings, particularly that
this scale of genetic diversity could increase significantly the potential for Wolbachia to
evolve drug resistance.
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3.2 Methods
3.2.1 Study samples and DNA extraction
Whole genomic DNA (gDNA) was extracted from 79 adult female worms obtained by
surgical excision of nodules from infected patients living in 7 communities in 3 countries
in West Africa: Côte d’Ivoire, Ghana and Mali (Fig 3.1). The adult worms were extracted
from nodules by collagenase digestion followed by gentle teasing of the digested
nodules to isolate individual worms (Schulz-Key et al., 1977). Genomic DNA was
prepared from single whole worms using the DNeasy® Tissue Kit (Qiagen, Hilden,
Germany) following manufacturer’s instructions.

3.2.2 Long range PCR amplification
We have used an annotated O. volvulus Wolbachia genome sequence (NCBI RefSeq
accession: NZ_HG810405.1) as a template for primer design (S1 Fig) and all other
subsequent analyses in this study. The selection of primer binding sites was informed by
a previous analysis of NGS data that revealed higher than expected polymorphism in
the O. volvulus Wolbachia genome (Doyle et al., unpublished). Three long-range PCR
primers were designed to cover these polymorphic sites (frag_1; frag_2; frag_3: see
S1A Table for details) using the CLC Genomics Workbench 6.5.1 (CLCbio, Aarhus,
Denmark). We additionally PCR-amplified the whole length of two polymorphic
Wolbachia genes (i.e., cell cycle gene, ftsZ, and ribosomal subunit RNA gene, 16S
rDNA) [S1A Table] that have previously been used in the phylogenetic classification of
these endosymbionts (Bandi et al., 1998; Taylor et al., 1999).
All three sets of long-range PCR amplifications were performed using the highfidelity Go Taq® Long PCR Master Mix (Promega Corporation, Madison, USA). Each
PCR reaction mixture, a total volume of 15μl, included 0.8 μM of each primer, 1 μl of
gDNA template and 7.5 μl of Master Mix (See S1A Table and S2 A-C Fig for PCR
cycling conditions and agarose gel images respectively).
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Fig 3.1 Map of West Africa showing study countries and communities.
Communities have been numbered by alphabetical order from the East to West. Ghana:
1: Aflakpe; 2: Asubende; 3: Bui; 4: Jagbengbendo; 5: Wiae. Côte d’Ivoire: 6:
Grobaledou. Mali: 7: Koudian. The sample distribution per community includes: Aflakpe
(3); Asubende (13); Bui (7); Jagbengbendo (22); Wiae (10); Grobaledou (14); and
Koudian (10).
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We also amplified 1,973 bp and 1,926 bp fragments of the Wolbachia genome that
contained the whole coding regions of 16S rDNA and ftsZ genes respectively (S2 D-E
Fig). The high-fidelity heat-activated IMMOLASETM DNA polymerase (Bioline Reagents
Ltd., London, UK) was used to amplify these relatively smaller fragments. The PCR
reaction mixture (total volume of 20 μl) included 2 μl of 10x PCR buffer, 3mM of MgCl2,
0.4mM of dNTP mix, 0.25 μM of each primer, 1 μl of gDNA and 1 unit of an enzyme (see
S1A Table for PCR cycling conditions).

3.2.3 Deep sequencing of amplicons
Following PCR amplification, all amplicons for each sample were purified, quantified and
pooled at equimolar concentrations so that each had a full complement of all five
amplicons. Next, DNA was sheared to approximately 300-600 bp in length using a
Bioruptor® Plus sonication device (Diagenode, Liege, Belgium). After shearing,
sequencing libraries were prepared using the Illumina TruSeq DNA HT sample
preparation kit

(FC-121-2003, Illumina Inc.,

San Diego,

USA) according

to

manufacturer’s protocol. The size distribution of each library was validated using
MultiNA MCE-202 microchip electrophoresis system for DNA (Shimadzu Corporation,
Kyoto, Japan), and library concentration quantified using a Qubit® 2.0 flourometer
(InvitrogenTM by Life TechnologiesTM, Carlsbad, USA). The indexed libraries of all
individuals were pooled at equimolar concentrations and sequenced on the Illumina
MiSeq platform (Illumina Inc., San Diego, USA).

3.2.4 Discovery of SNPs
De-multiplexed paired-end sequence reads were trimmed using CLC Genomics
Workbench 6.5.1 (CLCbio, Aarhus, Denmark) so that only reads with PHRED score ≥ 30
and minimum size of 200 bp were retained. Trimmed reads were aligned to the
reference genome (RefSeq sequence: NZ_HG810405.1) using the Burrows-Wheeler
Aligner (Li and Durbin, 2009) and indexed using SAMtools (Li et al., 2009). Indexed
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BAM files were marked for duplicates using Picard 1.115 (http://picard.sourceforge.net),
and only de-duplicated BAM files were used for downstream analyses. Because
individual host worms were uniquely indexed prior to pooled sequencing, Wolbachia
SNPs within individual hosts were determined using Freebayes version 0.9.14-17
(Garrison and Marth, 2012). The following SNP calling parameters were used: minimum
variant frequency of 0.03 (--min-alternate-fraction 0.03), minimum of 12 reads supporting
a variant allele (--min-alternate-count 12) and ploidy of 79 (--ploidy 79). For the purpose
of generating a single variant call format (VCF) file for downstream SNP functional
impact analyses, we created a de-duplicated BAM file list, and used the –L (use BAM list
file) function of Freebayes version 0.9.14-17, maintaining parameters above.

3.2.5 Filtering of SNPs
All SNPs were filtered using the vcflib software (https://github.com/ekg/vcflib), leaving
only SNPs with a minimum PHRED score of 50. SNPs within PCR primer binding
regions were also excluded from downstream analyses. Finally, SNP regions were
checked for mapping and base quality using CLC Genomics Workbench 6.5.1 (CLCbio,
Aarhus, Denmark).

3.2.6 Development of relative qPCR copy number assay
This study utilized a relative qPCR copy number assay that had been designed to
measure the relative number of Wolbachia genome(s) per host genome and used
elsewhere (Armoo et al., 2017). This assay consisted of single copy nuclear (glutathione
reductase- gr) and Wolbachia (Wolbachia surface protein- wsp) gene (Chapter two of
thesis: S1 Fig). Therefore, gene copy number was equivalent to genome copy number.
The assay was validated in three main ways. First, the efficiencies (E) of both qPCR
primers were determined to be within the optimal range (Chapter two of thesis: S1 A-B;
E-F Fig). Second, melt peak analyses of qPCR products (Chapter two of thesis: S1 C; G
Fig) and the observations of agarose gel images (Chapter two of thesis: S1 D; H Fig) of
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qPCR products revealed the production of a single amplicon, suggesting high specificity
of both primer sets. Third, the copy number estimates from this assay were compared
with those from whole genome NGS data generated for the same set of samples. A high
positive correlation between these estimates was observed (Fig 2.2; R-squared = 0.950;
P = 2.2 x e-16), suggesting high specificity and sensitivity of our assay.
We used our assay above as a control, and designed a new qPCR copy number
assay to enclose a non-singleton SNP from our SNP calls (S3 Fig). We ran this assay,
together with our previous assay on the same 96-well plate, with the expectation that
qPCR amplicons originating from the same genome will have similar copy numbers.
Therefore SNPs within the nuwt region will have a similar copy number to a control gene
in the nuclear genome.
To experimentally confirm the presence of the SNP within these amplicons, we
cloned the qPCR product in pGEM®-T Easy vector (Promega Corporation, California,
USA). Multiple PCR clones from each individual were selected and sequenced using
Sanger sequencing technology. We aligned PCR products to our reference genome (S4
Fig), and visual inspection of these alignments revealed the presence of the SNPs within
the Wolbachia genome.

3.2.7 Verification of SNPs by Sanger sequencing
To confirm SNP calls, we PCR-amplified and Sanger-sequenced 75 Wolbachia DNA
fragments covering a total of 3 polymorphic loci from deep sequencing data. PCR
amplicons were ligated to a pGEM®-T Easy vector (Promega Corporation, California,
USA) and cloned. Multiple PCR clones were selected for each individual and sequenced
using Sanger sequencing technology. The selection of multiple clones per individual
improved the chances of detecting alternate alleles at a polymorphic locus. The PCR
primer sequences, reaction mix, thermal cycling conditions and agarose gel images are
presented as supplementary data (S1B Table; S2 Table; S5 Fig).
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All sequences of single clones from an individual were edited and aligned to
reference region using CLC Genomics Workbench 6.5.1 (CLCbio, Aarhus, Denmark).
Primer sequences were deleted, and only sequences with PHRED score ≥ 30 were
considered valid. Visual inspection of sequence alignments (S4; S6; S7 Figs) confirmed
the presence of alternate Wolbachia alleles within a single worm. Analysis of deep
sequencing data showed that some of these alleles were present at frequencies as little
as 3% and as high as 99% (S4; S6; S7 Figs).

3.2.8 Determination of functional impact of SNPs
SnpEff version 4.1 (Cingolani et al., 2012) was used to annotate and determine the
impact of all SNPs. A SnpEff database was constructed using an annotated version of
the reference genome:
(ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCF_000530755.1_W_O_volvulus_Cameroon_v
3/GCF_000530755.1_W_O_volvulus_Cameroon_v3_genomic.gbff.gz).

3.2.9 Estimation of haplotypes
We sought to discover haplotypes within each worm, i.e., combinations of alleles at
multiple loci on the same Wolbachia chromosome. To estimate haplotypes, we used
Evolutionary Reconstruction of Haplotypes [EVORhA] (Pulido-Tamayo et al., 2015).
EVORhA requires an input BAM file, and outputs haplotypes with their frequencies. We
used the same de-duplicated BAM files from SNP calling pipeline for EVORhA
haplotype calls.

3.2.10 Verification of haplotypes
Sequencing reads containing “linked” alleles that are on the same Wolbachia genome
should be present at approximately the same frequency (sequence depth) in an
individual. Therefore, by visual inspection of bar graphs of read depth for individual
SNPs, we were able to estimate the number of Wolbachia haplotypes per worm. We
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found that the predictions of the number of haplotypes from visual inspection of read
depth histograms correlated well with EVORhA haplotype calls.

3.2.11 Phylogenetic and population genetic analyses
We used custom Perl scripts to extract haplotype sequences from EVORhA output,
assuming that sites for which no SNP was called are identical to the reference
sequence. POPART software (Leigh and Bryant, 2015) was used to construct haplotype
networks based on the integer neighbour-joining (IntNJ) method (Leigh and Bryant,
2015), a derivative of the neighbour-joining method (Saitou and Nei, 1987). The
POPART software also enabled colour coding of nodes according to group information
such as host worm or community of origin.
To construct phylogenetic trees, we extracted individual genes and intergenic
regions that contained variable SNPs. We used PartitionFinder v.1.1.1 for Linux (Lanfear
et al., 2012) to determine the best-fit partition for the concatenated alignment, and the
model of sequence evolution for each partition. We then used RAxML-HPC v.8.0.19 for
Linux (Stamatakis, 2014) to find the maximum likelihood estimate for phylogenetic
relationships among haplotypes, using 20 search reps ( commands: -m GTRCAT –p 6 –
T 4 –b 6 -# 20) ; 100 bootstrap replicates were used to estimate bootstrap proportions
(commands: -m GTRCAT -p 6 -T 4 -b 6 -# 100 ). Figures were then produced using the
R package ape (Paradis et al., 2004). We used the program ARLEQUIN v.3.5.2.2 for
Windows (Excoffier and Lischer, 2010) to calculate pairwise distances among
haplotypes, both within and among study communities, and to perform an analysis of
molecular variance (AMOVA) to examine how genetic variation was partitioned within
worms, among worms within communities, and among communities (Excoffier et al.,
1992). Finally, to explore the probability that a haplotype could be correctly assigned to
its community of origin, we transformed the data using PCA, and performed a
discriminant function analysis using the R packages pegas (Paradis, 2010) and
adegenet (Jombart and Ahmed, 2011).
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3.3 Results
We have investigated genetic diversity of Wolbachia in natural populations of O.
volvulus at the two levels of organization: diversity in the Wolbachia genomes found
within a single individual adult worm and diversity in Wolbachia genomes between
individual worms. To achieve these goals, a total of 21.79 Kbp of Wolbachia genome
which was found to posses higher than expected genetic variation in preliminary NGS
data analyses (not shown) have been amplified and deep-sequenced. In all, we used
genomic DNA from 79 adult worms sampled from 7 endemic communities in three
onchocerciasis-endemic countries (viz. Côte d’Ivoire, Ghana and Mali) in West Africa as
template for PCR and amplicon sequencing (Fig 3.1).

3.3.1 Classification of SNPs
Since the primary aim of this study was the investigation of intra- and inter- host
(individual worm) genetic variation of Wolbachia, it was important to use a haplotypebased SNP detection tool that is also programmed to detect multiallelic polymorphic
sites in groups of organisms with wide variation in copy number. The Freebayes SNP
caller (Garrison and Marth, 2012) was used because it has been recommended
(Schlotterer et al., 2014) and used elsewhere with similar objectives (Clement et al.,
2013). With a mean sequence depth for all samples ranging from 311 to 467 reads per
site (S8 Fig), we detected a total of 687 single nucleotide polymorphisms (SNPs) from
628 polymorphic sites. We also grouped SNPs as singletons or non-singletons based on
the following criteria: singleton SNPs were present in only one host (adult worms),
whereas non-singleton SNPs were present in at least two hosts. In all, we found 94% of
SNPs to be singletons, with the remainder (6%) shared between two or more worms.
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3.3.2 Evidence against nuwts
The presence of Wolbachia DNA in the nuclear genome of filarial nematode hosts (i.e.
nuwts: nuclear Wolbachia transfers) has been reported elsewhere (Dunning Hotopp et
al., 2007; Ioannidis et al., 2013). Nuwts can be a confounding factor in any study on
genetic variation of Wolbachia, similar to the effect of transferred mitochondrial DNA
(numts) elsewhere (Li et al., 2010). Therefore, before we present further results of this
study, we show experimental evidence that suggests that polymorphic sites and
haplotypes called here are not likely to have originated from nuwts. In addition, since
this is an amplicon re-sequencing study, we also present findings against the
confounding effects of PCR artefacts.

3.3.2.1 Quantitative real-time PCR copy number assay
Given that nuwts are present in the nuclear genome, a polymorphic site residing in a
nuwt will be expected to have the same or equivalent copy number as a control gene in
the nuclear genome of host, whereas a polymorphic site residing in the (non-nuclear)
Wolbachia genome would share copy number with other genes in the Wolbachia
genome. Thus it is possible to differentiate between nuwts (located in the nuclear
genome) and bona fide Wolbachia genes using a quantitative real-time PCR (qPCR)
copy number assay (Choi et al., 2015). We have reported a relative copy number assay
that determines the relative number of Wolbachia genome(s) per host genome (Armoo
et al., 2017). This assay consisted of an amplification of a single copy nuclear gene
(glutathione reductase- gr) and a gene known to be located in the Wolbachia genome
(Wolbachia surface protein-wsp) (Chapter two of thesis; S1 Fig). The relative copy
number estimates from this assay were compared with those from whole genome NGS
data generated from the same set of samples, with the observation of a high positive
correlation between these estimates (Fig 2.2; R-squared = 0.950; P = 2.2 x e-16),
suggesting high specificity and sensitivity of our assay.
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We used this assay as a control, and designed another qPCR copy number
assay based on an amplicon that included a polymorphic site called from deep resequencing experiment (S3 Fig). We ran the new assay together with our control
nuclear gr: Wolbachia wsp assay on the same 96-well plate (Fig 3.2A). Consistent with
expectations that the variable SNP was present in the Wolbachia genome and not a
nuwt, the SNP and wsp primer amplification curves always clustered separately from the
gr (nuclear) amplification curves (Fig 3.2B-E) for four individual worms. To further
experimentally confirm the presence of the SNP within these qPCR amplicons, we
cloned the qPCR product and selected multiple PCR clones from each individual for
Sanger sequencing. The qPCR product sequences were aligned to the reference
genome (S4 Fig), and visual inspection of these alignments revealed the presence of
the expected SNPs in the Wolbachia genome.

3.3.2.2 Bioinformatic support for locating polymorphic sites in the Wolbachia
genome
In addition to the direct experimental validation of one polymorphic site described above,
we also employed a bioinformatic analysis of the assembled O. volvulus genome
(GenBank Accession No: PRJEB513) to assess whether nuwts might be responsible for
the observed sequence diversity of Wolbachia. We performed a blastn search (Altschul
et al., 1990) using each Wolbachia gene that contained a variable site as a query
against the O. volvulus nuclear genome to identify whether nuwts exist for those genes,
and if so, their chromosomal position (S3 Table).
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Fig 3.2 Verification of Wolbachia SNP by qPCR. (A) Plate map showing experimental
setup. GR refers to the primer amplifies the single copy glutathione reductase gene of
the worm. WSP refers to primer that amplifies the single copy Wolbachia surface
protein. SNP refers to primer that encompasses a polymorphic site from our deep
sequencing experiment. The qPCR run, which was on a same plate, was performed in
duplicate on a CFX 96 Real-Time PCR Detection System (Bio-Rad Laboratories Inc.,
California, USA). (B-D) Amplification curves for different worms that share a polymorphic
site. WSP and SNP primers have very similar amplification cycle threshold values, and
aggregate, whilst the GR worm nuclear primer for all four worms had very different
values. This presents a clear evidence of the presence of SNPs in the Wolbachia
genome.
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We also examined the likelihood that the primers used in this study might also prime
amplification from the O. volvulus nuclear genome, using the NCBI web-based primer
design tool, primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/). In all cases,
nuwts for the genes amplified in Wolbachia for our study were not found in any of the
regions that could possibly be amplified in the nematode host (S3 Table).
This finding is further supported by the observation that <3% of the
polymorphisms reported are considered “loss-of-function” by SNPEff analysis (Fig 3.3A).
A consistent feature of nuwts is the rapid accumulation of loss-of-function mutations
because nuwts are considered to be non-functional and thus not under selective
constraint, whereas a gene residing in the Wolbachia genome is likely to be under some
degree of selective constraint and therefore relatively less likely to accumulate
deleterious substitutions (Andersson and Kurland, 1998).

3.3.3 Evidence against PCR artefacts
3.3.3.1 Elimination of PCR duplicates
Given that the sequencing libraries used here were generated by random shearing and
size selection of large amplicons, the inclusion of duplicated reads could contribute to
inflated estimates of sequence diversity. Therefore, all sequence reads were filtered for
duplicates using the Picard software version 1.115 (http://picard.sourceforge.net). This
software retained the sequence with the highest quality score among duplicates. Only
de-duplicated sequence reads were used in downstream analyses.

3.3.3.2 Non-random distribution of SNPs
We determined the distribution of synonymous and non-synonymous SNPs in the 21.79
Kbp amplified regions, comparing singleton and non-singleton SNPs as done elsewhere
(Redman et al., 2015). We observed a bias for non-synonymous over synonymous for
both categories of SNPs (Fig 3.4). This is in contrast to findings by Redman and
colleagues, who observed that singleton SNPs, unlike non-singletons, were randomly
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distributed with no bias for the non-synonymous over synonymous, which they attributed
to the confounding effects of PCR artefacts (Redman et al., 2015). We therefore suggest
that SNPs called here are less likely to be confounded by PCR artefacts.
Although the mutation rates of different genomes may vary, the ratio of
nucleotide transitions to transversions (Ti/Tv) is a critical metric that is used as a general
estimation of the contribution of PCR artefacts to SNP calls (DePristo et al., 2011;
Ebersberger et al., 2002). The expected Ti/Tv value for SNPs arising from random PCR
errors is < 0.5, with increasing values being consistent with genuine SNPs (DePristo et
al., 2011). A Ti/Tv ratio of 5.51 here is consistent with SNPs being genuine.

3.3.3.3 Verification of SNPs by Sanger sequencing technique
The Sanger sequencing technique is considered as the gold standard for sequencing
DNA, because of the higher quality of sequence reads compared to those from all other
sequencing techniques (Vincent et al., 2016). Therefore, some studies (Clement et al.,
2013; Manske et al., 2012) that have employed the NGS technique have also used
Sanger sequencing to verify a subset of SNPs, and minimize or eliminate any concerns
about PCR artefacts. Therefore, in this study, we designed PCR primers to enclose
three polymorphic sites within the Wolbachia genome. After amplification, cloning,
Sanger sequencing and alignment of sequence results to the reference genome, we
verified the presence of these SNPs (S4; S6; S7 Figs). Also, as expected, these
sequences aligned to the reference genome, and the vast majority of the DNA
sequences around the SNP region were the same as that of the reference (S4; S6; S7
Figs).
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3.3.4 Screening for pseudogenes
An annotated version of the O. ochengi Wolbachia reference genome has been
published (Darby et al., 2012). This annotation was extensively manually curated
utilizing transcriptomic and proteomic data (Darby et al., 2012), and thus more likely to
be more accurate than the O. volvulus Wolbachia reference genome, that was
annotated using the NCBI Prokaryotic Genome Annotation Pipeline. Given that there is
a close evolutionary relationship between Wolbachia of O. ochengi and O. volvulus
(Bandi et al., 1998; Bazzocchi et al., 2000b; Casiraghi et al., 2001), and the likely
greater accuracy of the O. ochengi annotation, it is prudent to refer to the O. ochengi
annotation to determine whether the genes amplified and sequenced here are likely to
be pseudogenes. For this purpose, nucleotide BLAST analysis was performed for all the
genes here. The results of the analysis, which are presented in Table 3.1, revealed the
likely ortholgues of the genes analysed here are in the Wolbachia of O. ochengi genome
and are not annotated as likely pseudogenes. Thus, these results (Table 3.1) suggest
strongly that none of the O. volvulus Wolbachia genes amplified here are pseudogenes.
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Table 3.1 Comparison of the wOv and wOo genomes to screen for pseudogenes based on sequence homology
O. volvulus

O. ochengi

Locus tag

Gene annotation

Locus tag

Gene annotation

RS00435

ftsZ cell division protein

wOo_05350

Cell division protein FtsZ

RS01185

GTP cyclohydrolase

wOo_07280

GTP cyclohydrolase II

RS01195

Phosphoesterase

wOo_07300

Calcineurin-like phosphoesterase

RS01205

Phosphoribosylformylglycinamidine synthase

wOo_07350

Phosphoribosylformylglycinamidine

RS01215

Amidophosphoribosyltranferase

wOo_07380

Amidophosphoribosyltranferase

RS01220

Iron transporter

wOo_07390

NifU family protein

RS01225

Histidyl-tRNA synthetase

wOo_07400

Histidyl-tRNA synthetase

RS01230

Hypothetical protein

wOo_07410

Hypothetical protein

RS01235

RNA polymerase sigma 70

wOo_07420

DNA-directed RNA polymerase sigma 32 subunit

RS01240

Wolbachia surface protein

wOo_07430

Outer surface protein Wsp

RS01860

Transcriptional regulator

wOo_09110

Response regulator

RS01870

50S ribosomal protein L9

wOo_09140

50S ribosomal protein L9

RS02250

16S rRNA

wOo_10130

16S Ribosomal RNA
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3.3.5 Functional impacts of SNPs
The annotated SNP output from SnpEff version 4.1 (Cingolani et al., 2012) was grouped
into 4 categories, similar to criteria employed elsewhere (Gudbjartsson et al., 2015): (1)
loss-of-function: stop- gain or loss SNPs, splice donor or acceptor SNPs and initiator
codon SNPs, (2) moderate impact: non-synonymous SNPs, in-frame INDELs and splice
region SNPs (3) low impact: synonymous SNPs and 5’- and 3’-UTR SNPs; and (4)
other: intergenic SNPs. The frequency of SNPs by impact is as follows (Fig 3.3A): Lossof-function (3%), Moderate impact (43%), Low impact (21%) and Other (32%). The high
proportion of moderate impact SNPs reported here (43%) is similar to the 65%
(Gutacker et al., 2002) and 70% (Holden et al., 2004) of non-synonymous SNPs
observed in other bacterial genomes after genetic isolation. We found the ratio of nonsynonymous (304) to synonymous (137) SNPs (N/S) over the entire region as 2.219
(using the counting method with the reference sequence as ancestral, and a two-tailed
Chi-squared test, P < 0.001)..

3.3.6 Detection of SNP hotspots
We determined the distribution of all SNPs within the 21.79 Kbp amplified region of the
Wolbachia genome. This region contained DNA that had been proposed to encode
thirteen proteins and two transfer RNAs, with ten intergenic regions (S1 Fig). A sliding
window approach was used to explore the occurrences of any SNP hot- or coldspots.
We employed a 1 Kbp sliding window with 250 bp overlaps, and observed some
polymorphic hotspots (Fig 3.3B).
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Fig 3.3 Functional impacts and distribution of SNPs. (A) Functional impact of SNPs
determined by annotation and effect prediction software, SnpEff version 4.1. (B)
Distribution of SNPs within a 1 Kbp sliding window with 250 bp overlaps of amplified
regions. (C) Distribution of SNPs in amplified regions. Gene labels in the reference
genome have been maintained here. RS00435: ftsZ cell division protein. RS01185: GTP
cyclohydrolase.

RS01195:

Phosphoribosylformylglycinamidine

Phosphoesterase.
synthase.

RS01205:
RS01215:

Amidophosphoribosyltranferase. RS01220: Iron transporter. RS01225: Histidyl-tRNA
synthetase. RS01230: Hypothetical protein (blastn: invasion-associated protein).
RS01235: RNA polymerase sigma 70. RS01240: Surface protein. RS01860:
Transcriptional regulator. RS01870: 50S ribosomal protein L9. RS02250: 16S rRNA.
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Fig 3.4 Distribution of singleton and non-singleton SNPs by functional impact
across amplified regions. For both singleton and non-singleton, there was a nonrandom distribution of SNPs, with a bias for non-synonymous over synonymous, which
is consistent with SNPs being genuine, as SNPs arising from PCR-artefacts are more
likely to be randomly distributed. The high proportions of non-synonymous mutations
could be interpreted as being non-random. However, care should be taken in this
interpretation since most endosymbiotic bacteria genomes that undergo recurrent
population bottlenecks during transmission will be subject to the rise of non-synonymous
mutations by random effects (Andersson and Kurland, 1998; Balbi and Feil, 2007;
Kryazhimskiy and Plotkin, 2008; Moran, 1996).
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The 1 Kbp to 2 Kbp region of frag 1 (A 6 Kbp long-range PCR amplicon: see Methods
section) contained the highest number of polymorphic sites (87 in all). This region also
contained the gene that encodes phosphoesterase (RS01195), which contained the
highest number of polymorphic sites (8 per 100 bp) among all coding regions here (Fig
3.3C). The gene encoding phosphoribosylformylglycinamidine synthase (RS01205),
which was also within frag 1, contained 4 polymorphic sites per 100 bp (Fig 3.3C), the
next highest after RS01195. The 1 Kbp sliding window encompassing some regions of
this gene (RS01205) contained 43 polymorphic sites, which is higher than observed
trend (Fig 3.3B). The gene (RS01860) encoding the transcriptional regulator protein also
contained 4 polymorphic sites per 100 bp (Fig 3.3C). Genes that are proposed to
encode the ftsZ cell division protein (RS00435), Wolbachia surface protein (RS01240)
and 16S rRNA (RS01230) genes, which are traditionally used in phylogenetic studies
(Bandi et al., 1998; Casiraghi et al., 2005), contained 1, 3 and 1 polymorphic site(s) per
100 bp, respectively (Fig 3C). In addition, the 16S rRNA plays an important role as a
binding site of doxycycline, an important anti-Wolbachia agent (Nguyen et al., 2014).
The gene encoding the 50S ribosomal protein L9 (RS01870) contained 3 polymorphic
sites per 100 bp.

3.3.7 Intra- and inter- host diversity of polymorphic sites
Because amplicons derived from individual worms were assigned unique indices before
pooled sequencing, it was possible to assign individual reads and hence Wolbachia
SNP calls to individual hosts. Multiple Wolbachia polymorphic sites within a single host
worm were detected (Fig 3.5A-B), analogous to mitochondrial heteroplasmy (Li et al.,
2010).
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Fig 3.5 Counting Wolbachia haplotypes per worm, with a view of non-singleton
SNPs. Two methods were used to estimate the number of haplotypes. “Expected
haplotypes” refer to the number of discrete read frequencies at variable sites for each
worm. We also used a software (EVorhA) designed to count bacterial haplotypes from
metasequence data of bacterial communities. (A-B) present haplotype counts for
different worms. (C-D) present non-singleton SNPs varying in frequency between
worms.
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The NGS deep sequencing technology has been used to detect mutations occurring as
low as 0.1% in populations (Shimizu et al., 2014). We observed non-singleton SNPs
(reference position: 560219 – S6 Fig; 297317- Fig 3.5D) occurring at frequencies
ranging from 3 to 100%, therefore, we set a minimum allele frequency detection
threshold of 3% (a minimum of 12 reads for the ~400 sequence depth) for all SNP calls.
As another quality control measure, only SNPs with a minimum Phred score of 50 were
used for downstream analyses. The 3% minimum allele frequency detection threshold is
well above the expected sequencing error accumulation rate of 1 per 100,000 bases for
a Phred score threshold value of 50 (Ewing et al., 1998).
Most of these SNPs were singletons and present at varying frequencies (ranging
from 3 to 100%; Fig 3.5A-B). The small number of non-singleton SNPs also varied
between hosts by frequency (Fig 3.5B-C). The occurrence of large numbers of singleton
SNPs and haplotypes (see below) that are restricted to individual worms is consistent
with a rapidly expanding population.
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Table 3.2 A list N/S ratios computed for all proteins considered in this study
Count

N/S

Fragment

Encoded protein

Non-synon.

Synon.

ratio

ftsz

Ftsz

6

5

1.20

frag 1

GTP cyclohydrolase

10

8

1.25

frag 1

Phosphoesterase

87

18

4.83

frag 1

Phosphoribosylformylglycinamidine 76

43

1.77

frag 2

Amidophosphoribosyltranferase

22

14

1.57

frag 2

Iron transporter

10

6

1.67

frag 2

Histidyl-tRNA synthetase

28

13

2.15

frag 2

Invasion-associated protein

8

8

1.00

frag 2

RNA polymerase sigma 70

14

4

3.50

frag 2

Wolbachia surface protein

13

10

1.30

frag 3

Transcriptional regulator

6

2

3.00

frag 3

50S ribosomal protein L9

7

6

1.17

All

All

287

137

2.09
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3.3.8 Defining Wolbachia haplotypes within host worms
A more informative view of genetic variation can be obtained when one considers
haplotypes (combinations of genetically linked SNPs) rather than single SNPs. To
determine the number of haplotypes per worm, we used EVORhA (Pulido-Tamayo et al.,
2015), a software tool that is designed to count the number of bacterial haplotypes
present in metasequence data derived from bacterial communities, where we consider
each worm to be a “community” of Wolbachia.
Using a frequency cut-off of 3%, we observed an average of four Wolbachia
haplotypes per host worm (Fig 3.6A; S4A Table), ranging from 2 to 6 (Fig 3.6A; S4A
Table), with a total number of 316 unique haplotypes for all 79 host worms in this study
(S4A Table). Among all the study communities, Bui recorded the highest mean value of
4.71 (S4A Table) and Wiae recorded the lowest mean value of 3.60 (S4A Table). There
was some variation in the number of haplotypes per worm in study communities (Fig
3.6A); however, this variation was not statistically significant (ANOVA; P = 0.077).
We calculated the uncorrected pairwise genetic distances (the number of
differences between two haplotypes) within and between study communities. Higher
average pairwise distances indicate higher genetic differentiation. Koudian was the most
genetically diverse of the communities, with the highest mean number of pairwise
differences between haplotypes (19.34) [Fig 3.6B; S4B Table]. In contrast, Asubende
had Wolbachia haplotypes that were comparatively very similar to each other, with the
lowest mean number of 3.30 (Fig 3.6B; S4B Table), and also recorded one of the
smallest mean number of haplotypes per worm (Fig 3.6B; S4B Table). We found
differences in the levels of haplotype genetic variation within the different communities to
be statistically significant (ANOVA; P < 0.001). We also generated a heat map (S9 Fig)
to observe the relationship between number of haplotypes, haplotype diversity and
Wolbachia : nuclear copy number ratio. This heat map (S9 Fig) revealed a general trend
of a positive correlation between number of haplotypes and haplotype genetic diversity
in some communities (S4A-B Table).
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Fig 3.6 Haplotype and genetic diversity within and between communities. (A)
Comparison of the number of haplotype per worm among study communities; P-value of
0.077 from ANOVA F test. (B) Comparison of pairwise SNP mismatches between
haplotypes in a communities; P-value < 0.001 from ANOVA F test.
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3.3.9 Haplotype phylogenetics
3.3.9.1 Inter- and intra- worm diversity
To further explore the relationships between haplotypes within and between individual
worms, we randomly selected 5 out of the 79 worms and performed haplotype network
analyses (S10 Fig). The haplotypes in the network are coded according to host worms.
We observed that some haplotypes were shared, but the majority of haplotypes were
singletons (i.e., present in only one worm). For instance, all four haplotypes of “worm 5”
were singletons (S10 Fig). And there are some shared haplotypes among worms “2”, “3”
and “4” with the majority being singletons (S10 Fig).
Unrooted phylogenetic trees were constructed for all data combined (Fig 3.7A),
and

for

each

predicted

gene

and

intergenic

region

separately

(phosphoribosylformylglycinamidine synthase and a non-coding intergenic region
presented in Fig 3.7B & C respectively). Each worm is colour-coded. The pattern that
emerges from these trees is that the haplotypes of each worm are clustered together,
suggesting that they represent recent divergence from a common “ancestral” haplotype
for each individual.

3.3.9.2 Hierarchal structure
Test of hierarchal structure, using an analysis of molecular variance (AMOVA; (Excoffier
et al., 1992)) revealed that the majority (62.76%, P < 0.001) of Wolbachia population
genetic structure occurred within individual worms (Fig 3.8A) with most of the remaining
variation structured at the level of differences between worms (35.57%, P < 0.001). The
remaining 1.87% (P < 0.001) of haplotype genetic diversity occurs as a result of
structuring among communities.
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Fig 3.7 Phylogenetic relationships among 316 Wolbachia haplotypes estimated
from 79 worms. Coloured circles represent individual nematode hosts; circles of the
same colour indicate haplotypes estimated from the same worm. Black diamonds at
internal nodes indicate bootstrap proportions over 0.80. (A) Maximum-likelihood
estimate based on 17,821 bp of DNA sequence data from 79 worms. (B) Maximumlikelihood

estimate based

on

2816

bp

of

DNA

sequence

from

phosphoribosylformylglycinamidine synthase gene. Identical haplotypes were removed
for clarity. (C) Maximum-likelihood estimate based on 2557 bp of DNA sequence from a
non-coding intergenic region. Identical haplotypes were removed for clarity.
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Fig 3.8 Wolbachia haplotypes population structure determined by AMOVA and
network analysis, with a community membership plot. (A) The majority (62.76%) of
Wolbachia haplotype diversity is observed within individual worms, with much (35.37%)
of the remaining diversity partitioned between worms. There is, however, some
population genetics signal among communities (1.87%). (B) Haplotypes have been
colour-coded according to study communities. There is some sharing of haplotypes
between communities but most haplotypes are unique (i.e. occurring only in a single
worm). (C) Plot of the percentage of haplotypes correctly assigned to community of
origin.
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A network of all haplotypes revealed some shared haplotypes, but the majority of
haplotypes are unique to a given community and there is little evidence of strong
relationships between haplotypes within individual communities (Fig 3.8B), reflecting the
fact that the majority of genetic variation is within and between worms rather than at the
community level.

3.3.9.3 Exploring genetic structure among communities
Although majority of haplotype genetic variation occurred within worms, AMOVA
analysis revealed that there was some level of genetic structuring among communities.
Therefore to maximize the effect of the variation between the study communities, we
performed principal components analysis (PCA) and discriminant function analysis
(DFA). This maximized the effect of the shared haplotypes among the communities that
could be used to differentiate communities, and helped predict the probability of
correctly assigning haplotypes to the community of origin (Fig 3.8C). As one might
expect based on the divergence of Asubende in terms of haplotype diversity (Fig 3.6B),
the haplotypes from Asubende were the most likely to be correctly assigned to
community of origin by PCA, where as those from Grobeladou were the least likely to be
correctly assigned (Fig 3.8C). Thus, although the surprising degree of intra- and interworm diversity is the main feature of Wolbachia population genetics, there is a higher
order population structure that presumably reflects restrictions on parasite transmission
between communities, a conclusion that is supported by the differences in genetic
diversity between communities (Fig 3.6B).
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3.4 Discussion
We conducted deep sequencing (mean sequence depth of 430x per site per individual
worm) of a total of 21.79 Kbp region of the Wolbachia genomes of 79 adult O. volvulus
sampled from 7 communities in three countries in West Africa (i.e., Côte d’Ivoire, Ghana
and Mali) [Fig 3.1]. Our study is the first such analysis of the Wolbachia genome of any
filarial worm.
Although deep sequencing affords the opportunity to detect rare SNPs (Manske
et al., 2012; Schuster, 2008; Shimizu et al., 2014; Thomas et al., 2007), caution is
required in the interpretation of low frequency SNPs, particularly where amplicon resequencing has been employed, due to the risk of sequencing error and polymerase
mis-incorporation. To mitigate these risks, the first step in data analysis was filtering
sequence reads for PCR duplicates using the Picard software version 1.115
(http://picard.sourceforge.net). This software retained the sequence with the highest
quality score among PCR duplicates, and only de-duplicated sequence reads were used
in downstream analyses. SNP calling was carried out using a conservative threshold of
a minimum read frequency of 3% for SNP inclusion (> 12 – 13/430 reads on average).
Published estimates of PCR mis-incorporation rates from similar amplicon resequencing experiments in trichostrongyle parasites suggest PCR mis-incorporation of
between 10-5 and 10-6 per base pair (Redman et al., 2015). Two further bioinformatic
tests of the likelihood that we are sampling sequencing or mis-incorporation errors were
calculation of the Ti/Tv, and N/S ratios, both of which were biased strongly away from
values expected for randomly occurring PCR or sequencing errors that are not subject
to repair surveillance. Furthermore, we selected a small subset of predicted, low
frequency SNPs and showed that direct Sanger sequencing of the relevant amplicons
detected the predicted SNPs. We are therefore confident that the SNPs we report here
are not experimental artefacts.
An additional challenge with respect to analysis of the Wolbachia genomes of
nematodes is the widespread occurrence of nuwts (Dunning Hotopp et al., 2007;
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Ioannidis et al., 2013). We provide two main pieces of evidence against the occurrences
of nuwts among the SNPs called here. First, a qPCR assay showed that SNP regions
occurred at equivalent copy number to the Wolbachia genome (Fig 3.2) rather than the
nuclear genome. Second, we performed a blastn (Altschul et al., 1990) search of all
possible nuwts in the whole nuclear genome assembly of O. volvulus (GenBank
Accession No: PRJEB513), and extracted all those sequences with their chromosomal
positions (S3 Table), and (a) compared the sequence of the mapped nuwts with the
sequences obtained here and (b) explored the likelihood that regions in the O. volvulus
genome could be amplified by the primers used here, using the NCBI web-based primer
design tool, primer-BLAST. And, in all cases, the amplicon sequences we obtained here
map only to the Wolbachia genome and the primers used are not predicted to prime
amplification of equivalently sized amplicons containing these nuwts from the nuclear
genome.

3.4.1 Intra- and inter- host genetic diversity of Wolbachia
Only 6% of the 687 SNPs detected in this study were observed in more than one
individual. The remaining (94%) were singletons, restricted to a single worm, so each
adult worm carries a unique genetically diverse complement of Wolbachia genomes.
This conclusion, which is conceptually similar to mitochondrial heteroplasmy (Li et al.,
2010), is supported by the observation that the distributions of SNP frequencies for each
worm suggest the presence of Wolbachia genome haplotypes in which SNPs showing
the same intra-worm frequency are hypothesised to co-occur on a single Wolbachia
(haploid) genome and are thus genetically and physically linked. Using either this
empirical approach (clustering SNPs with the same frequency into single haplotypes) or
a recently published tool designed to call haplotypes from bacterial metapopulation
sequence data (EVORhA; (Pulido-Tamayo et al., 2015)), we define an average of 4
haplotypes per worm (range 3 – 6; Fig 3.6A; S4 Table A). This is likely an underestimate
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of true haplotype diversity per worm given that we set a stringent frequency cut-off of 3%
for SNP and hence haplotype calling.
We explored the relationship among haplotypes within individual worms by
constructing haplotype networks and phylogenetic trees. Haplotypes in individual worms
are related with a pattern that suggests stepwise accumulation of single mutations from
a small number of progenitor sequences during the lifetime of the individual worm. We
propose that the presumed strict maternal inheritance and asexual mode of reproduction
of Wolbachia, coupled with the dramatic reduction and subsequent rapid expansion of
Wolbachia numbers in individual worms during their lifecycle (abundant in adult females
→ restricted in microfilaria → migration and rapid population expansion during
development from iL3 to adult post-infection; (Fenn and Blaxter, 2004b; Fischer et al.,
2011; Landmann et al., 2010; McGarry et al., 2004)) and likely error-prone DNA
replication (Andersson and Kurland, 1998; Andersson et al., 1998; Itoh et al., 2002;
Moran, 1996) lead to the model predicted in Fig 3.9. We propose that the vertical
transmission of Wolbachia from mother to microfilaria imposes a strong genetic
bottleneck on Wolbachia diversity, so that only a small proportion of the diverse
genomes present in the mother are passed to individual offspring. Once infection has
occurred and the Wolbachia in the developing L4 and young adult parasite proliferate
and invade the gonad and other tissues (Landmann et al., 2010), the Wolbachia
population within the worm expands rapidly and new mutations accumulate rapidly
mainly due to the paucity of DNA repair genes in supergroup C Wolbachia (Badawi et
al., 2014; Comandatore et al., 2015; Darby et al., 2012), giving rise to multiple
Wolbachia genomes that are all descendants of perhaps a single genome passed to that
particular microfilaria. This genetic bottleneck is likely amplified by the subsequent,
additional strong bottleneck imposed when the blackfly feeds: only a handful of the very
large total population of microfilaria present in the skin at the time the fly feeds can be
taken up, and only a proportion of those ingested mature to iL3 and are transmitted to a
new host when that fly feeds again.
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Fig 3.9 Illustration of population dynamics of O. volvulus, with implications on
Wolbachia copy number and haplotype diversity. Colour-coded dots represent
different Wolbachia haplotypes. (A) Adult female worm in human hosts with diverse
Wolbachia haplotypes. (B) Reduction in haplotype diversity as Wolbachia is maternally
transmitted to microfilariae. (C) Reduction in haplotype diversity as a small subset of
microfilariae is ingested by blackfly during blood meal. (D) Reduction in haplotype
diversity as a small subset of microfilariae develop to infective stage larvae in the
blackfly vector. (E) Haplotype diversification via accumulation of new mutations as
infective larvae develop into adult stage and the Wolbachia population expands.
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It is this combination of successive, severe population bottlenecks during vertical
transmission of genomes from mother to microfilaria, and of microfilaria between hosts
via the vector, that shapes the population genetics of Wolbachia and accounts for the
hierarchical distribution of genetic variation in which the majority of genetic variation is
concentrated within individual adults (64% of genetic variation at intra-worm level by
AMOVA).
It is noteworthy that the intra-worm accumulation of mutations that gives rise to
the Wolbachia diversity we observe is not, however, random: the Ti/Tv and N/S ratios
and the uneven distribution of SNPs within and between protein coding regions suggest
that the new mutations that arise during post-infection, intra-worm Wolbachia
proliferation are subject to selective constraint. Ideally, to be able to determine selective
constraints within the Wolbachia populations studied here, dN/dS ratios (Li et al., 1985)
must be computed for all genes involved. The dN/dS ratio is calculated taking into
account the degeneracy of the genetic code involved; i.e. the fact that some amino acids
are encoded by a single codon, while others are encoded by multiple codons (Li et al.,
1985). This means that the probability of a non-synonymous change resulting from a
random mutation varies considerably according to the degree of degeneracy of the
affected codon. One important point to consider is that the dN/dS ratio was developed
as an indirect measure of natural selection for distantly diverged species with fixed
genetic differences (Kimura, 1977; Kryazhimskiy and Plotkin, 2008; Li et al., 1985). The
Wolbachia populations studied here displayed high intra- and inter- host genetic
diversity with loci that are not fixed but have allele frequencies that vary significantly
among worms. Consequently, the validity of the dN/dS ratio as in indicator of
evolutionary change within a single species of bacteria with varying frequencies (rather
than fixed genetic differences between distinct species) is thought to be problematic,
and subject to a range of caveats on interpretation (Kryazhimskiy and Plotkin, 2008; Li
et al., 1985). Given these caveats, a more conservative approach is to use the N/S ratio
to

identify

the

location

and

frequency

of

non-synonymous

to

synonymous
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polymorphisms (N/S) as an indicator of mutational “hotspots” of potential functional
significance in the Wolbachia genomes studied, and leave aside the question of positive
or negative selection at specific sites.
Although the majority of the genetic variation we observe here is at the intraworm level of the population genetic hierarchy, there are SNPs that are shared between
worms and give rise to population structure at inter-worm and inter-community
hierarchical levels. Analysis of pairwise genetic distances between communities shows
highly significant genetic differentiation at the inter- community level, a conclusion that is
reinforced when the genetic distances are used to place Wolbachia genomes in their
communities of origin. Such assignments are generally 60 – 80% successful and, in the
case of Asubende, close to 100% accurate, suggesting that there is indeed a strong
population structure signal. The existence of strong population structure implies that
there are restrictions on gene flow and hence on the transmission of parasites between
communities at this spatial scale. Several studies on other bacteria have observed
accumulation of unique mutations after geographical isolation (Becraft et al., 2011;
Connor et al., 2010; Hunt et al., 2008). The accumulation of unique mutations has also
been observed in viral populations with long incubation periods that lead to physical and
genetic isolation of viral genomes in individual hosts (Zwart and Elena, 2015). When
considering the extent of differentiation between communities, it is perhaps surprising
that the one forest community included in this study (Aflakpe) is no more distant from the
savannah communities than the savannah communities are from each other. Given the
proposed role for Wolbachia as drivers of ocular pathology and the classical
“forest/savannah” dichotomy of “blinding/non-blinding” disease (Anderson et al., 1974;
Budden, 1963; Remme et al., 1989; World Health Organization, 1995), one might expect
that “forest Wolbachia” would be more distinct genetically from “savannah Wolbachia”
than the “savannah Wolbachia” are from each other. The data presented here do not
support that hypothesis.
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3.4.2 Potential for evolution in the Wolbachia genome
The evolutionary fate of the de novo mutations in a population will be determined by a
combination of selective and random forces (Kimura and Ohta, 1971). There are four
possible fates for de novo mutations in both eukaryotic and prokaryotic organisms (Balbi
and Feil, 2007): (1) neutral mutants will not elicit any selective sweeps and may be
mainly driven by random forces (Lambert and Moran, 1998); (2) beneficial mutants may
trigger a positive selective sweep (Kryazhimskiy and Plotkin, 2008); (3) deleterious
mutants may lead to a negative selective sweep or may proliferate in the population due
to random effects (Muller’s ratchet; (Andersson and Kurland, 1998)); (4) near-neutral
mutants may be slightly deleterious, but certainly not beneficial, and may elicit some
degree of negative selective sweep (Balbi and Feil, 2007).
In this study, a high rate of genetic variation in the Wolbachia genomes was
detected, similar to observations in other endosymbiotic bacteria (Itoh et al., 2002;
Moran, 1996; Woolfit and Bromham, 2003). As already described above, these
mutations will be subject to either selective or random forces. One widely used and
robust metric for quantifying selection is the dN/dS ratio metric (Kryazhimskiy and Plotkin,
2008). As already expounded in the section above, this thesis is limited to the
computation of N/S ratio, which cannot be used as an estimate of selection. The N/S
ratios computed and presented in Table 3.2 only indicate regions of the genome that
may have be informative due to the aggregation or otherwise of non-synonymous
polymorphisms.
The isolation of Wolbachia populations within hosts, recurrent population
bottlenecks during transmission and asexual reproduction, could lead to the proliferation
of mutations that are mainly driven by random effects (Itoh et al., 2002; Woolfit and
Bromham, 2003). In this proliferation, some non-synonymous mutations, which can be
deleterious or near-neutral, can proliferate in a population by genetic hitch hiking (Balbi
and Feil, 2007; Lambert and Moran, 1998; Rocha et al., 2006) or other random effects
(Muller’s ratchet; (Andersson and Kurland, 1998)). Such occurrences could lead to
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increases in the proportions of high impact polymorphisms. . In general bacterial
genomes exhibit high rates of mutation, with many being deleterious (for instance: it has
been estimated that there are about 105 deleterious mutations for every beneficial
mutation in the E. coli genome (Kibota and Lynch, 1996)). Although the fate of these
mutations will be determined by a combination of evolutionary forces, genetic drift has
been reported as a major driver of evolution in bacterial populations (Balbi and Feil,
2007; Holt et al., 2008).
In conclusion, it obvious that the potential for evolution in Wolbachia, populations
cannot be denied. This potential could have biological and policy implications, given the
importance of Wolbachia.

3.4.3 Possible biological and policy implications of our findings
The uneven distribution of N/S ratios observed here (Fig 3.3C; Table 3.2) suggest that
some areas of the genome may be informative and require further attention. The
majority of polymorphisms are singletons, which are generally interpreted to be recentlyderived mutations (Field et al., 2016),. This shows a great potential for protein functional
diversity among Wolbachia of filarial nematodes. For example the phosphoesterase
coding gene (RS01195) showed a high proportion of non-synonymous polymorphisms
(Fig 3.3C; Table 3.2), which can be interpreted a high potential for functional diversity.
Phosphoesterases are part of a diverse superfamily of enzymes, including metallo-betalactamase, 2H phosphoesterase, DHH hydrolases, HD hydrolases, calcineurin-fold
phosphoesterases and the haloacid dehalogenase superfamily etc., which are involved
in diverse biological roles such as activation of hydrolysis of phosphoester bonds,
nucleic acid synthesis and cell signal transduction (Anantharaman et al., 2002; Aravind
and Koonin, 1998; Mazumder et al., 2002; Zhu and Shuman, 2006).
Loss-of-function polymorphisms, however, occurred as minor alleles within
individual worms (S5 Table), suggesting selective constraints against their proliferation.
Wolbachia is a major driver of the immunopathology associated with filarial diseases,
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modulated by the immunogenic properties of the outer surface protein (Brattig et al.,
2004; Pathak et al., 2015; Saint Andre et al., 2002). SNPs detected in the gene
proposed to encode the outer surface protein could have important implications for
disease presentation. For instance, some non-synonymous SNPs result in switching of
amino acids between different functional groups (S6A Table). These changes could
drive variation in protein folding, which could have functional implications. Amino acid
changes were detected in Wolbachia from both the savannah and forest ecotypes (S6A
Table), which could be an explanation for the huge variation in onchocerciasis disease
presentation (Murdoch et al., 1993; World Health Organization, 1995).
Antibiotics are attractive solutions for preventing disease transmission, as
clearing Wolbachia has a macrofilaricidal effect on filarial nematodes (Debrah et al.,
2015; Hoerauf et al., 2008), while the drug currently used for mass drug administration,
the macrocyclic lactone ivermectin, does not (Basanez et al., 2008). A leading candidate
for Wolbachia-directed therapy is the antibiotic- doxycycline (Clare et al., 2015; Hoerauf
et al., 2001; Sharma and Kumar, 2016; Slatko et al., 2010), sensitivity to which is
determined by its affinity to binding sites on the 16S rRNA (Moazed and Noller, 1987;
Nguyen et al., 2014). The gene that encodes the 16S rRNA has been amplified in this
study. Polymorphisms detected in the 16S rDNA (Fig 3.3B-C) could decrease the
binding affinity of DOX to the ribosomal system. If not so, the polymorphism indicates
the potential for functional diversity within the 16S rRNA, raising questions about the
sustainability of a single antibiotic treatment for the control of filariases (Grant, 2000).

3.5 Conclusions
We deep-sequenced a total of 21.79 Kbp region of the Wolbachia genome of O.
volvulus. The deep sequencing experiment provided us with an opportunity to discover
SNPs in the genome that could not be detected by capillary sequencing, which was
employed in previous filarial Wolbachia genome diversity studies (Bandi et al., 1998;
Casiraghi et al., 2005; Zhou et al., 1998). Surprisingly, our analysis discovered the
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presence of multiple Wolbachia genomes per individual host worm in addition to the
expected variation between worms, giving rise to extensive intra- as well as inter- worm
Wolbachia haplotype diversity. Although this genetic diversity is primarily structured
within and among worms, there remains a readily detectable level of genetic
differentiation between Wolbachia haplotypes at the community level, consistent with
significant restrictions on transmission of parasites between communities at this spatial
scale. We propose that this pattern of genetic variation is shaped by the successive
Wolbachia population bottlenecks that occur during the lifecycle of the host worms.
These include: 1) during the maternal transmission of Wolbachia genomes to
microfilariae, 2) during the parasite development stages: the uptake of mff; development
a minor subset of the mff to iL3; transmission of a subset of iL3s to a new human host;
and the development of iL3s to the adult stages that result in a rapid population
expansion (Fig 3.9)”
When comparing haplotypes, we observed a high proportion of non-synonymous
SNPs, similar to other studies of bacterial genetic diversity (Gutacker et al., 2002;
Holden et al., 2004).. The accumulation of new SNPs, and particularly of nonsynonymous changes, is distributed unevenly throughout the genes we have targeted,
and could lead to a degree of functional diversity between individual worms. For
instance, genetic variation was discovered in the outer surface protein (S6A Table),
which has been implicated in the immunopathogenesis associated with filariasis (Brattig
et al., 2004; Pathak et al., 2015; Saint Andre et al., 2002). This observation could be
important in further understanding the wide variation in filarial disease presentation
(Murdoch et al., 1993; World Health Organization, 1995). We also discovered SNPs in
the16S rRNA gene, which is required for sensitivity to DOX (Epe and Woolley, 1984;
Moazed and Noller, 1987; Nguyen et al., 2014; Schnappinger and Hillen, 1996). While
treatment with antibiotics that target Wolbachia may be an effective strategy for the
control of filariases, the potential for evolution in this gene and others, raises important
questions about the sustainability of using a single drug (Grant, 2000). Lastly, when the
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observations reported here are coupled with the observation of several orders of
magnitude variation in the ratio of Wolbachia to nuclear genome copy number between
individual worms (Armoo et al., 2017) the picture that emerges is of a dynamic
endosymbiont population that changes rapidly quantitatively and qualitatively over the
lifetime of individual worms, potentially giving rise to heterogeneity between worms in
their potential to provoke pathology and sensitivity to Wolbachia-directed therapies. On
the latter, it is perhaps not surprising, then, that the rate at which doxycycline has been
observed to clear Wolbachia from worms, and the rate at which microfilaria die
subsequent to doxycycline treatment, is variable (Walker et al., 2015).
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Supporting Information: Chapter Three
Figures

S1 Fig An illustration of reference genome showing the long-range primer binding
sites and gene positions. There are 13 genes, 10 intergenic regions and 2 transfer
RNA genes.
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S2 Fig Agarose gel images of long-range PCR products that were used for deep
sequencing experiment. (A) frag_1 (amplicon size = 6,312 bp). (B) frag_2 (amplicon
size = 5,414 bp). (C) frag_3 (amplicon size = 6,165 bp). (D) 16S rDNA (amplicon size =
1,973 bp). (E) ftsZ (amplicon size = 1,926 bp). S1 and S2 refer to samples 1 and 2
respectively. A 1 Kbp molecular weight marker was used for all gels.
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S3 Fig Validation of qPCR assay (SNP locus 462725). (A) Genomic DNA-derived
standard curves with efficiency value of 100%. (B) Melt peak analysis showing a single
peak Wolbachia SNP primer. (C) Agarose gel image with lanes S1 and S2 containing
amplicons with Wolbachia SNP. A 100 bp molecular weight marker was used for the gel.
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S4 Fig Verification of SNP by Sanger sequencing (locus 462725). (A to D)
Sequences from randomly selected PCR clones (from Wolbachia SNP primers) align to
the reference genome. The presence of the shared SNP allele is confirmed in different
worms.
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S5 Fig Agarose gel images of Wolbachia SNP amplicons used for validation. (A)
Locus 313351 (amplicon size = 258 bp). (B) Locus 560219 (amplicon size = 119 bp). (C)
Locus 462725 (amplicon size = 115 bp). S1 and S2 refer to samples 1 and 2
respectively. A 100 bp molecular weight marker was used for all gels.
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S6 Fig Verification of SNP by Sanger sequencing (locus 560219). (A to F)
Sequences from randomly selected PCR clones (from Wolbachia SNP primers) align to
the reference genome. The presence of the shared SNP allele is confirmed in different
worms.
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S7 Fig Verification of SNP by Sanger sequencing (locus 313351). Sequences from
randomly selected PCR clones (from Wolbachia SNP primers) align to the reference
genome. The presence of alternate Wolbachia alleles in a single worm is confirmed.
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S8 Fig Distribution of MiSeq sequencing read depth determined for barcoded
individual samples. Most worms sequenced to a depth of >400 reads per nucleotide
position per amplicon.
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S9 Fig Heat map of the relationships among pairwise genetic distance, Wolbachia
/ nematode ratio and number of haplotypes. The average number of Wolbachia
haplotypes per study area is plotted against the corresponding community mean
pairwise genetic distance and median Wolbachia / nematode copy number value. There
is some positive correlation between the number of haplotypes and genetic distance in
some communities. A positive correlation is also observed between copy number ratio
and genetic distance in some communities.

121

Chapter Three: Intra- and Inter-host Wolbachia genetic diversity

S10 Fig Haplotype network analysis of 5 worms. Haplotypes have been colour-coded
according to host worms. There is some sharing of haplotypes between worms but most
haplotypes are unique (i.e. occurring only in a single worm).
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Tables

S1A Table List of long-range PCR primers
Name

Sequence (5'-3')

Length

SP_frag_1

CCG CGA TTT TTA GTT CTG T

19

ASP_frag_1

CAG GTG GCT AGT CGA TAT T

19

SP_frag_2

TCG CAA TTG GAA GTT CAG T

19

ASP_frag_2

GTA AAA GTG AAG CCT GGT

18

SP_frag_3

AGT AAG TCT GGG GCA CAA

18

ASP_frag_3

AGA AGC AGA GAT GAC GAA

18

SP_16S rDNA

TTG TAG ATG TGG AGA AAG AGG

21

ASP_16S rDNA

GCG ATT GTA GAT TGT TTT GTG C

22

SP_ftsZ

GGT GGG CTT AAT GAC TGT ACT

21

ASP_ftsZ

ATC CCC TCG CTA CAT ATT TCT

21

Amplicon length

Cycling conditions
94C for 2m, followed by 25 cycles of 94C for 30s, 50C for

6,312

30s and 65C for 7 mins. Finally, 72C for 10 mins
94C for 2m, followed by 25 cycles of 94C for 30s, 50C for

5,414

30s and 65C for 7 mins. Finally, 72C for 10 mins
94C for 2m, followed by 25 cycles of 94C for 30s, 60C for

6,165

30s and 65C for 7 mins. Finally, 72C for 10 mins
94C for 10m, followed by 25 cycles of 94C for 30s, 63C for

1,973

30s and 72C for 1 min. Finally, 72C for 10 mins
94C for 2m, followed by 25 cycles of 94C for 30s, 50C for

1,926

30s and 65C for 7 mins. Finally, 72C for 10 mins

S1B Table List of primers used to amplify Wolbachia SNP regions for verification by Sanger sequencing
Reference
position

Name

Sequence (5'-3')

Primer length

Amplicon length

Cycling conditions
95C for 10 m, followed by 35

SP-WbOvo_313351

ACC ACC AGC CAT AAA AGA A

cycles of 95C for 30s, 55C

19

for 30s and 72C for
313,351

ASP-WbOvo_313351

ACG AGG GTA ACT ATG CAT T

19

SP-WbOvo_560219

GCT TTA TAC TGC TGT CTT TAT TTC

25

258

30s.Finally 72C for 7 m
95C for 2m, followed by 40
cycles of 95C for 5s, 53.8C

560,219

ASP-WbOvo_560219

GAT TTG CAA AAA CAT ATT GAC AC

23

SP-WbOvo_462725

TTG GCT AGT TCA TAG AGT TAG TG

23

119

for 15s and 72C for 15s
95C for 2m, followed by 40
cycles of 95C for 5s, 53.8C

462,725

ASP-WbOvo_462725

GTT CAA ATC CCT CCT CAG

18
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S2 Table Setup for primers used to amplify Wolbachia SNPs from deep
sequencing experiment for verification by Sanger sequencing

S2A Table PCR reaction setup for primers WbOvo_313351 and WbOvo_560219
Enzyme: IMMOLASETM DNA polymerase (Bioline Reagents Ltd., London, UK)
Volume (µl)
Component

X1

HPLC H2O

13.8

Buffer (10X)

2

dNTP (10mM stock dNTP mix)

0.8

(0.4 mM final)

MgCl2 (50 mM stock)

1.2

(3 mM final)

Sense (10 µM stock)

0.5

(0.25 µM final)

Antisense (10 µM stock)

0.5

(0.25 µM final)

Polymerase, Immolase (5U/µl)

0.2

(1U enzyme)

Mix thoroughly, move back to the
lab bench

Then add

DNA per tube

1

Total volume

20µl
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S2B Table qPCR reaction setup for primer WbOvo_462725
Enzyme:

SsoAdvancedTM

Universal

SYBR®

Green

Supermix

(Bio-Rad

Laboratories Inc., California, USA)
Volume (µl)
Component

X1

HPLC H2O

2

SYBR green super mix (2X)

5

Primer Mix (2µM)

1

Mix thoroughly, move back to the lab bench

Then add

DNA per tube

2

Total volume

10µl
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S3 Table Nuwt blastn results
Does one of the
genes examined in
Primer
pair

Start

End

Amplicon

this study blast to

Chromosome

position

position

length

this region?

OVOC_OM1b

6150618

6155781

5164

no

28233834

2490

no

15704163

948

no

20669232

6734

no

6

24109684

5709

no

8805072

8806316

1245

no

9565512

9572096

6585

no

15438971

6581

no

7

16426840

5194

no

2923064

2929443

6380

no

2936326

2938301

1976

no

5200687

5201372

686

no

5740376

5740642

267

no

6

15194941

5336

no

OVOC_OO_000238

2238

3700

1463

no

OVOC_OO_000093

2479

8577

6099

no

OVOC_OM1b

787332

788671

1340

no

11388176

2975

no

12822021

325

no

19736796

526

no

26749237

805

no

26751175

2743

no

5

26911531

3037

no

98256

101780

3525

no

2823134
5
1570321
OVOC_OM2

6
2066249
9
2410397

frag 1
OVOC_OM3

1543239
1
1642164

OVOC_OM4

1518960

frag 2

1138520
2
1282169
7
1973627
1
2674843
3
2674843
3
2690849

OVOC_OM2
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8115675

8115976

302

no

8346011

8348894

2884

no

8364105

8367085

2981

no

8748476

8750240

1765

no

11352165

138

no

14215937

1708

no

14287281

1067

no

15640103

3250

no

1135202
8
1421423
0
1428621
5
1563685
4
1393251
OVOC_OM3

3

13934451

1939

no

OVOC_OM4

4896772

4899894

3123

no

8038236

8039426

1191

no

6

10958456

3481

no

OVOC_OM5

408230

408526

297

no

OVOC_OO_000002

12776

14073

1298

no

OVOC_OM1a

1349601

1350708

1107

no

2354653

2356140

1488

no

7117412

7118779

1368

no

11998696

3847

no

14208524

231

no

17416207

512

no

18670504

3549

no

20999041

3850

no

4

20999041

2718

no

730154

731496

1343

no

4

18908267

2524

no

2396237

2399964

3728

no

3446069

3446457

389

no

6329296

6332555

3260

no

3

15239603

371

no

4953985

4956302

2318

no

7120735

7123480

2746

no

1095497

frag 3

OVOC_OM1b

1199485
0
1420829
4
1741569
6
1866695
6
2099519
2
2099632

OVOC_OM2

1890574

OVOC_OM3

1523923

OVOC_OM4
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1070964
2

10710277

636

no

10712774

3133

no

10857947

2535

no

6

12603096

631

no

OVOC_OO_000003

50086

51072

987

no

OVOC_OO_000004

77121

77852

732

no

131139

131745

607

no

OVOC_OO_000039

11193

11881

689

no

OVOC_OO_000088

834

4777

3944

no

OVOC_OO_0001259

2206

3296

1091

no

1070964
2
1085541
3
1260246
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S4A Table Distribution of number of haplotypes among study communities
Total

Number of haplotypes

Study

number of

community

worms

Total

Mean

Min

Max

Standard deviation

Aflakpe

3

13

4.33

3

6

1.53

Asubende

13

51

3.92

3

5

0.76

Bui

7

33

4.71

4

6

0.76

Grobaledou

14

58

4.14

3

6

0.86

Jagbengbendo

22

81

3.68

2

6

0.95

Koudian

10

44

4.40

3

6

1.17

Wiae

10

36

3.60

3

4

0.52

Total

79

316

4.11

S4B Table Distribution of pairwise genetic distances among haplotypes
Pairwise genetic distance
Study community

Total number of worms

Mean

Standard deviation

Aflakpe

3

11.44

5.55

Asubende

13

3.30

1.73

Bui

7

11.86

5.51

Grobaledou

14

10.82

5.00

Jagbengbendo

22

9.54

4.42

Koudian

10

19.34

8.73

Wiae

10

14.50

6.65
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S5 Table List of loss-of-function SNPs
Reference position Variant allele frequency (%)

Proposed protein encoded by gene

296709

3

GTP cyclohydrolase

299848

4

Phosphoribosylformylglycinamidine synthase

300218

3

Phosphoribosylformylglycinamidine synthase

302112

30

Phosphoribosylformylglycinamidine synthase

302317

7

Phosphoribosylformylglycinamidine synthase

309800

3

Histidyl-tRNA synthetase

311384

8

Hypothetical protein (blastn: invasion-associated protein)

312113

4

RNA polymerase sigma 70

S6A Table List of non-synonymous SNPs in the Wolbachia surface protein gene
Amino acid change
Reference

Proposed

Allele

functional

position

Ecotype

frequency (%)

Reference

Allele

Description of amino acid groups

implications

313214

Savannah

7

Thr

Ile

Hydrophilic to hydrophobic

1*

313287

Savannah

10

Phe

Val

Both non-polar hydrophobic

2*

312947

Savannah

3

Lys

Arg

Both positively charged and hydrophilic

2*

313334

Savannah

8

Ala

Val

Both non-polar hydrophobic

2*

312795

Savannah

3

Gly

Cys

Hydrophilic polar uncharged to special case

1*

312968

Savannah

4

Leu

Pro

Hydrophobic non-polar uncharged to special case

1*

312834

Savannah

3

Ser

Pro

Hydrophilic polar uncharged to special case

1*

313221

Savannah

10

Val

Ile

Both non-polar hydrophobic

2*

312768

Forest

3

Lys

Glu

Both hydrophilic, but different charges

1*

313109

Forest

5

Asp

Gly

Hydrophobic to special case

1*

313280

Forest

3

Pro

Leu

Special case to non-polar hydrophobic

1*

313351

Forest

23

Asn

Lys

Both hydrophilic: uncharged to charged

1*

312791

Forest

4

Gln

Leu

Hydrophilic to hydrophobic

1*

1*: May affect protein folding, and function

2*: Likely to have no functional implications

S6B Table List of non-synonymous SNPs in the 50S ribosomal protein L9 gene
Amino acid change

Proposed

Allele

functional

Reference position

frequency (%)

Reference

Allele

Description of amino acid groups

implications

464341

3

Val

Ala

Both hydrophobic

2*

464377

7

Ile

Thr

Hydrophobic to hydrophilic

1*

464431

3

Lys

Arg

Both hydrophilic

2*

464546

70

Asp

Tyr

Both hydrophilic: charged to uncharged

1*

464596

4

Glu

Gly

Hydrophilic to special cases

1*

464633

3

Ala

Thr

Hydrophobic to hydrophilic

1*

1*: May affect protein folding, and function

2*: Likely to have no functional implications
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Abstract
A further exploration of the interaction between Wolbachia and their filarial nematode
hosts is necessary, given evidence of the impairment of growth and reproduction, and
eventual death of hosts after Wolbachia depletion. This suggests a mutually beneficial
relationship between Wolbachia and hosts, making Wolbachia an attractive target for the
control of filariases. In this relationship, Wolbachia may encourage functional diversity in
their proteins as insurance for their offspring against extreme physiological changes that
may occur within hosts. We explore the potential for diversity in some important
Wolbachia proteins, and determine polymorphic hotspots. The whole genomes (viz.
Wolbachia, mitochondria and nuclear) of 38 adult female worms that were sampled from
13 communities in Ghana. To eliminate or minimize the confounding effect of nuclear
Wolbachia transfers, sequence reads were mapped to all the three reference genomes,
and only reads mapped to the Wolbachia genome were used for downstream analyses.
We observed a non-random distribution of nucleotide substitutions. It is also possible
that genetic drift, which is a major evolutionary force in bacterial populations, could be
occurring. Although we observed some amino acid substitutions in proteins that have
been proposed to play important roles in the symbiotic relationship, generally, most of
these proteins were conserved. The 16S and 23S rRNAs contained the highest number
of nucleotide substitutions, and surprisingly, the 5S rRNA did not contain any
substitutions. This finding requires some attention, given that mutations in these rRNAs
have been linked to antibiotic resistance in other bacteria. We observed amino acid
substitutions that had the potential to cause functional diversity in the proteins of the
ribosomal system, which is the target for many antibiotics, including doxycycline.
Although, further Wolbachia protein structural studies are needed to determine
functional domains of these proteins, the occurrence of amino acid substitutions with the
potential for functional diversity in these proteins indicates the possibility of evolution,
which can have implications on the long-term application of anti-Wolbachia agents in the
control of filariases. There was also an over-representation of nucleotide substitutions in
135

Chapter Four: Protein Functional Implications

transport and membrane proteins, which have been employed by other bacteria in
antibiotic resistance mechanisms. Given the importance of Wolbachia to the filarial
nematode host, the observed potential for Wolbachia protein functional diversity at the
whole genome level needs consideration and additional follow-up studies..
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4.1 Background
4.1.1 Evolution in the Wolbachia genome plausible
In an evolutionary genetics sense, an underlying genetic diversity with the potential for
protein functional diversity is important for strengthening the resilience of living
organisms against extreme ecosystem conditions (Reusch et al., 2005). Many parasitic
filarial nematodes, including Onchocerca volvulus, contain Wolbachia bacteria (Bandi et
al., 1998; Fischer et al., 2011; Landmann et al., 2010), which are essential for the
survival of host worms since their removal eventually leads to impaired reproduction and
early death of their nematode host (Debrah et al., 2015; Hoerauf et al., 2008).
Since Wolbachia cannot survive or be cultured outside of their hosts, due to their
obligate intracellular lifestyle, it is expected that there would be a long period of physical
and genetic isolation within hosts, which could result in the accumulation of unique
mutations within individual hosts that may improve genetic diversity and hybrid vigour.
About 2.3% of the O. volvulus Wolbachia genome was amplified and sequenced in
chapter three of this thesis. Given the high rate of inter- and intra- host genetic variation
of Wolbachia observed in chapter three of this thesis, it is of particular interest to
determine whether that picture is observed elsewhere in the genome.
Apart from the proposed mutualistic symbiotic role in the host worm, the
involvement of Wolbachia in host-induced immunopathology that is responsible for
filarial diseases has also been proposed (Gillette-Ferguson et al., 2006; Pathak et al.,
2015; Saint Andre et al., 2002). This makes Wolbachia very important, as their parasitic
host worms together cause about 150 million cases of filariases worldwide, although the
majority are sub-clinical (Taylor et al., 2010). Understanding the potential for protein
functional diversity in these important intracellular bacteria will be fundamental to the
sustainability of any future Wolbachia related control strategies against filariases. And
may also aid in the development of treatments to prevent or alleviate the
immunopathology for patients that are infected.
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4.1.2 Wolbachia filarial interactions
In addition to filarial nematodes, Wolbachia are also intracellular bacteria of a
wide variety of arthropods, where they play several reproduction manipulation roles that
favour infected female hosts (Werren, 1997; Werren et al., 2008; Zhou et al., 1998), the
most common being cytoplasmic incompatibility (Werren, 1997; Werren et al., 2008), a
situation in which embryos formed from incompatible strains of Wolbachia do not
develop (Werren et al., 2008). There is also the feminization of genetic males by
Wolbachia in some arthropods in response to environmental stress such as food
shortage etc. (Vandekerckhove et al., 2003). Another form of reproductive manipulation
is the killing of Wolbachia-infected adult male arthropods in response to scarcity of food
resources (Werren, 1997; Werren et al., 2008).
Within filarial nematode species that contain Wolbachia, all individuals in a
population will be infected – 100% prevalence rate, which is a clear manifestation of an
obligate mutually beneficial relationship between host and endosymbiont (Landmann et
al., 2010; Taylor et al., 2005a). In contrast, the prevalence rates in infected arthropod
populations are usually less than 100%, although it likely that some arthropods
approach 100% prevalence rate under some circumstances. For instance, prevalence of
17.8% and 30% were observed in naturally infected populations of Ctenocephalides felis
(Rolain et al., 2003) and Drosophila melanogaster (Clark et al., 2005) respectively, while
artificial infection of the mosquito vector of Dengue Fever is reported to reach 100% due
to the fitness effects of the introduced Wolbachia. The variation in prevalence in different
arthropods is interpreted as an indication of a relationship which is not beneficial, but
parasitic (Werren, 1997; Werren et al., 2008)”.
The different modes of relationships among Wolbachia of filarial nematodes and
arthropod hosts could be observed in the relative reduction of the nematode Wolbachia
genomes (approximately 1 Mbp) compared to arthropod Wolbachia genomes
(approximately 1.6 Mbp) and free-living bacteria [4.7 Mbp] (Foster et al., 2005; Sun et
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al., 2001). The loss of genes is expected with the shift to an intracellular environment
because there are now a lot of functions (such as membrane defences etc.) that are no
longer required (Brattig, 2004). This is also probably true of a number of metabolic
pathways that are no longer necessary in the constant environment in the host
nematode cytoplasm. Reduction of gene content is a common feature of obligate
symbiotic relationships, and is perhaps best appreciated when one considers the
reduced genome content of mitochondria (which started life as an intracellular bacterial
symbiont in a proto-eukaryote). For example, Wolbachia, which are gram-negative
bacteria, have lost the ability to synthesise lipid A (Foster et al., 2005), a major
component of the gram-negative bacteria’s cell membrane (Rietschel et al., 1994) and
an endotoxin that is largely responsible for the pathophysiological effects of infections by
parasitic bacteria (Rietschel et al., 1994). Annotations of the Wolbachia (Foster et al.,
2005) and nuclear (Ghedin et al., 2007) genome assemblies of B. malayi revealed the
absence, within the nuclear genome, of some genes that encode enzymes required for
the biosynthesis of purines, heme and riboflavin in the host worm (Foster et al., 2005;
Ghedin et al., 2007). The in silico gene predictions indicated that these missing genes
were present in the endosymbiont’s genome assembly (Foster et al., 2005), thus
providing further evidence of a mutually beneficial relationship (Landmann et al., 2010;
Taylor et al., 2005a). Although there are no experimental data to support this
hypothesis, an exploration of amino acid substitutions with the potential for protein
functional diversity will be important in understanding the relationship between
Wolbachia and their nematode hosts.
Several Wolbachia proteins such as the Wolbachia surface protein have been
proposed to be involved in disease pathogenesis (Bazzocchi et al., 2000a; Saint Andre
et al., 2002). A previous study had observed amino acid substitutions within this protein
(Chapter three of thesis). Although it cannot be predicted for a fact that these amino acid
substitutions occurred within the functional domain of this protein, this observation
presents the potential for protein functional diversity. In Chapter three of this thesis, it
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was proposed that this observation could account for the broad spectrum of
onchocerciasis disease presentation (Murdoch et al., 1993; World Health Organization,
1995).. Therefore, in this chapter, the potential for protein functional diversity in this
protein was further investigated, as well as other Wolbachia proteins that have been
proposed to posses immunogenic properties: aspartate aminotransferase (Fischer et al.,
2003), heat shock protein 60 (Brattig et al., 2001; Kaufmann et al., 1991; Taylor et al.,
2001) and the Htr serine protease (Jolodar et al., 2004).

4.1.3 Anti-Wolbachia agents
Many antibiotics target the bacterial ribosomal system, which is the site of protein
synthesis (Brodersen et al., 2000; Carter et al., 2000; Nguyen et al., 2014; Poehlsgaard
and Douthwaite, 2005). The ribosomal system is made up a complex of interdependent
protein subunits and RNAs, which require a particular arrangement to function
(Poehlsgaard and Douthwaite, 2005). The ribosome-targeting antibiotics bind to
important components of the ribosomal system and disrupt their arrangement and
function (Poehlsgaard and Douthwaite, 2005). The ribosomal system of bacteria contain
the 30S and 50S subunits, which combine to form the 70S complex. The system also
contains three ribosomal RNAs (rRNA), viz. 16S, 23S and 5S (Laursen et al., 2005;
Poehlsgaard and Douthwaite, 2005; Tsai et al., 2012; Yamamoto et al., 2016).
Doxycycline (DOX), which is a member of the tetracycline family of antibiotics
(Nguyen et al., 2014), is the leading anti-Wolbachia candidate for filariases control
(Debrah et al., 2015; Hoerauf et al., 2008). X ray structural studies show that DOX binds
to the 16S rRNA backbone of the ribosomal system of bacteria, thereby disrupting the
optimal function of this system (Brodersen et al., 2000; Nguyen et al., 2014).
The components of the ribosomal system of eukaryotes are different from that of
prokaryotes.. Whilst those of prokaryotes consist of the 30S and 50S subunits that
combine to form the 70S complex, the eukaryotic system consists of the 60S and 40S
subunits that combine to form the 80S complex (Laursen et al., 2005; Poehlsgaard and
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Douthwaite, 2005; Tsai et al., 2012; Yamamoto et al., 2016). There is a high
conservation of DOX binding sites in ribosomal system of eukaryotes (Ben-Shem et al.,
2011; Budkevich et al., 2008), therefore an impaired uptake of DOX by eukaryotes
(Nguyen et al., 2014) could account for the relative safety of DOX when administered to
humans. It should, however, be noted that a 6-week 100mg per day doxycycline
treatment regimen does not make the drug ideal for mass administration (Hoerauf,
2008). Moreover pregnant or breastfeeding women and children under 9 years of age
cannot be treated with this drug (Hoerauf, 2008), which leaves this sizable proportion of
the endemic populations as potential reservoirs of infection. Despite these limitations,
the micro- and macro-filaricidal properties of doxycycline make the drug a potentially
important tool for the control of filariases (Debrah et al., 2015; Hoerauf et al., 2008),
making Wolbachia of filarial nematodes important targets for the development
macrofilaricides.. In addition, doxycycline can be employed in endemic communities with
ivermectin resistant worms to curb their spread (Molyneux et al., 2003).
Despite the success stories of doxycycline treatment against filarial diseases
(Debrah et al., 2015; Hoerauf et al., 2008), there is the possibility of the development of
drug resistance after repeated usage of a single class of drug (Grant, 2000). Four
possible doxycycline-related tetracycline antibiotic resistance mechanisms in bacteria
have been proposed (Nguyen et al., 2014). First, and the majority mechanism, is the
efflux system, which actively pumps doxycycline out of the cytoplasm to reduce
concentration (Nguyen et al., 2014). Second, a major mechanism, is ribosomal
protection, which includes proteins that bind to target sites to dislodge doxycycline
(Nguyen et al., 2014). Third, modification of doxycycline, which is facilitated by
monooxygenases enzyme, that promotes degradation of the drug (Nguyen et al., 2014).
Fourth, mutations in the 16S rRNA that reduce the binding affinity of doxycycline to the
proteins of the ribosomal system (Nguyen et al., 2014). In chapter three of this thesis,
some polymorphic sites were observed in the 16S rDNA, and since polymorphisms in
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the 16S rDNA have been linked to DOX resistance in other bacteria (Nguyen et al.,
2014), it will be relevant to further explore genetic diversity in this gene.

4.1.4 Reference genome annotation and general properties
The assembly and annotation of the reference genome of Wolbachia of O. volvulus
(NCBI Reference Sequence: NZ_HG810405.1) is an important component of this study.
We therefore provide a brief overview. The Wolbachia genome is a single circular
chromosome consisting of 960,618 nucleotide pairs with a G+C content of 32%. The
reference genome was isolated from O. volvulus parasites sampled in Cameroon. The
assembly and annotation of the reference genome was performed by Cotton and
colleagues at the Pathogen Sequencing Unit of the Wellcome Trust Sanger Institute,
Hinxton,

Cambridge,

United

Kingdom

volvulus

(NCBI

Reference

Sequence:

NZ_HG810405.1). The NCBI Prokaryotic Genome Annotation Pipeline, with the bestplaced-reference-protein-set method (Angiuoli et al., 2008), was used to annotate the
reference genome on the 18th of August 2015. The reference genome annotation
produced 722 genes, consisting of 642 protein-coding genes with probable biological
function, 42 pseudo genes, 34 transfer RNA genes, 3 ribosomal RNA genes (5S, 16S
and 23S), 2 repeat regions and 1 non-coding RNA.
Prior to the submission of the reference genome by Cotton and colleagues, Dr
Stephen Doyle of the Grant Laboratory assembled a draft O. volvulus Wolbachia
genome using three contigs that were provided by the Wellcome Trust Sanger Institute.
The three junctions of the contigs in this whole genome assembly had some gaps due to
low quality of sequence reads at those regions. Therefore an experiment was designed
to correct the gaps. This experiment, which will be described in the methods section of
this chapter, confirmed the accuracy of the assembly and closed those gaps. It is also
worth noting that there was a high level of similarity between this assembly and the
annotated reference genome used here (NCBI Reference Sequence: NZ_HG810405.1),
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which gives further confidence to functional impact predictions made with this reference
genome.

4.1.5 Aims and scope
This chapter, to our knowledge, presents the first in silico protein functional change
predictions from nucleotide polymorphisms at the whole genome level of Wolbachia in
natural populations of O. volvulus. This is also the largest whole genome assembly
dataset for Wolbachia of O. volvulus.
Given the proposed importance of Wolbachia to the survival of host worms,
these endosymbionts have become attractive alternative chemotherapeutic agents
against filariases (Clare et al., 2015; Sharma and Kumar, 2016). Therefore, this chapter
explored the potential for diversity in genes that may play roles in the mutualistic
relationship between Wolbachia and their O. volvulus hosts.
Genes that may be involved in the proposed causal-link between Wolbachia and
immunopathology of onchocerciasis will also be investigated in this chapter. The
potential of functional diversity could help with understanding the variations in disease
presentation. And may also help any future developments of treatments to prevent or
alleviate the immunopathology for patients that are infected.
Genes that may be involved in potential resistance mechanisms to antiWolbachia agents, such as doxycycline, will be explored. This may inform decisions on
the attempts to use anti-Wolbachia agents in the control of filariases.
Finally, hotspots for nucleotide polymorphisms will be determined, and likely
implications of findings expounded.
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4.2 Methods
4.2.1 Confirmation of genome assembly
Before the methods for this chapter are presented, a previous genome assembly
confirmation experiment, which was performed prior to the submission of the reference
genome (NCBI Reference Sequence: NZ_HG810405.1), is described. This is important,
given the high level similarity between our experimentally confirmed genome assembly
and the reference sequence, which adds some confidence to predictions made with the
annotated reference genome.
Six sets of primers (1A; 1B; 2A; 2B; 3A; 3B: see Fig 4.1 and S1A Table for
details) were designed using the CLC Genomics Workbench 6.5.1 (CLCbio, Aarhus,
Denmark) to amplify the ends of the 3 contigs that flank three small gaps in the original
genome assembly. The PCR reaction mixture (total volume of 20 μl) for all six sets of
primers included 2 μl of 10x PCR buffer, 3mM of MgCl2, 0.4mM of dNTP mix, 0.25 μM of
each primer, 1 μl of gDNA and 1 unit of an enzyme (see S1A Table for PCR cycling
conditions). After confirmation of the expected sizes using agarose gel electrophoresis
(Fig 1B), all PCR product were cloned in pGEM®-T Easy vector (Promega Corporation,
California, USA) and sequenced using Sanger sequencing technology. Sequence
results were aligned to the genome assembly using the nblast tool in CLC Genomics
Workbench 6.5.1 (CLCbio, Aarhus, Denmark). Once amplified products were confirmed
after sequencing, the primers were combined to amplify the gaps between the contigs
(Gaps 1, 2 and 3; see Fig 4.1 and S1A Table for details). The PCR reaction mixture
described above was used for the amplification of these gaps, and reaction conditions
are presented in S1B Table. Cloning and Sanger sequencing of the gap amplicons
verified the genome assembly.
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Fig 4.1 PCR confirmation of Wolbachia genome assembly. (A) An illustration of
primer binding sites in the genome, and the primer combinations used to amplify the
gaps between the contigs used in the assembly. (B) An agarose gel electrophoregram of
PCR amplicons from confirmation experiment, prior to additional confirmation by Sanger
sequencing.
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4.2.2 Sample preparation
A total of 38 adult female O. volvulus samples were used in this study (Fig 4.2). The
worms, which were obtained by surgical excision of nodules from infected persons, were
sampled form 13 communities found within 3 major river basins in the savannah
vegetation belt of Ghana (Fig 4.2). To avoid reproductive tissues / cells of adult females,
only ~4 cm of the anterior region of the worm, representing approximately 4 to 5 % of
the average length of adult female worms, was used to for genomic DNA (gDNA)
extraction. The Isolate II Genomic DNA extraction kit (Bioline, Australia) was used for
gDNA extraction following the manufacturers’ instructions.

4.2.3 Library preparation and sequencing
The first step of sequencing library preparation was the random shearing of whole
gDNA. For every individual worm, 10ng of gDNA was sheared using the S220 focusedultrasonicator (Covaris Inc., Massachusetts, USA), with the following settings for an
expected fragment length of 400 bp (S1A Fig): peak incident power (W): 175; duty
factor: 5%; cycles per burst: 200; and treatment time: 55 seconds. After gDNA shearing,
sequencing library preparation was performed using the NEBNext® UltraTM DNA Library
Prep kit for Illumina (E7370L, New England Biolabs, Inc. Ipswich, USA), mainly following
the manufacturer’s protocol with slight modifications. The first step of library preparation
was to end-repair fragmented gDNA using the End Prep Enzyme Mix and the End
Repair Reaction Buffer (E7370L, New England Biolabs, Inc. Ipswich, USA). This was
followed by ligation of adenosine base to the end-repaired sheared gDNA (A-tailing).
Next, gDNA size selection was performed with Agencourt AMPure XP Beads (Beckman
Coulter, Inc. #A63881), using a slight modification of the manufacturer’s protocol.
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Fig 4.2 Map of study communities. Sampling for adult O. volvulus worms was
performed in 13 communities that are located in five administrative districts in the
savannah vegetation zone of Ghana. The communities, from west to east, include:
Agbelekame_1 (AGB_1), Agbelekame_2 (AGB_2), Kyingakrom (KYG), New Longoro
(NLG), Ohiampe (OHP), Baaya (BAY), Senyase (SEN), Asubende (ASU), Wiae (WIA),
Wiae Chabbon (WCH), Takumdo (TAK), Jagbengbendo (JAG) and Kojoboni (KOJ).
Three major rivers drain these study communities: Black Volta, Pru and Daka Rivers.
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For a 400 bp size selection, the manufacturer’s protocol recommended 50 ul of
Agencourt AMPure XP beads (E7370L, New England Biolabs, Inc. Ipswich, USA).
However, only 10 ul of Agencourt AMPure XP beads was used, with polyethylene glycol
(PEG) buffer (20% PEG w/v, 2.5M NaCl; (He et al., 2014; Lis and Schleif, 1975)) added
to make up the 50 ul volume. A previous in-house troubleshooting, performed by Dr.
Stephen Doyle, a post-doctoral fellow in the Grant Laboratory, revealed that using only
10 ul of beads and correcting the volume difference with PEG buffer was an efficient and
cost-effective way of using AMPure XP beads (Beckman Coulter, Inc. #A63881). This
size selection step was followed by a PCR enrichment step, which attached sequencing
primers with unique barcode combinations to gDNA fragments from individual worms.
Next, was another size selection step to remove small low molecular size fragments
such as un-used primers and adapters. The size distribution (S1B-C Fig) of each library
was validated using MultiNA MCE-202 microchip electrophoresis system for DNA
(Shimadzu Corporation, Kyoto, Japan), and library concentration quantified using a
Qubit® 2.0 flourometer (InvitrogenTM by Life TechnologiesTM, Carlsbad, USA). The
barcoded single worm libraries for up to 16 worms were pooled per Ilumina HiSeq lane
and paired-end sequenced (Illumina Inc., San Diego, USA).

4.2.4 Discovery of nucleotide polymorphisms
Raw indexed sequence reads for individual samples were trimmed using Trimmomatic
software, which is an optimized trimmer for Illumina sequence data (Bolger et al., 2014).
The trimmed reads were mapped to the reference genome using the Burrows-Wheeler
Aligner (Li and Durbin, 2009).
Prior to mapping, an exploration experiment was conducted to determine the
optimal Trimmomatic settings for our dataset. Briefly, raw reads from the same samples
were trimmed using different Trimmomatic settings (see S2 Table for details) and
mapped to the reference genomes: Wolbachia (NCBI Reference Sequence:
NZ_HG810405.1: NZ_HG810405.1), mitochondria (GenBank: HG810405.1) and nuclear
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(Accession: PRJEB513) to determine the frequency of surviving reads. For instance,
setting (a) used a 10 bp sliding window and only kept reads with a minimum quality
score of 20 and length of 80 bp. Whereas setting (f) utilized all the above settings but did
not include any read quality or length limitations. To clarify the comparisons among the
different settings, the outcomes of setting (a) were used a reference. Using a stringent
sliding window of 4 instead of 10 resulted in a 13% reduction in the number of surviving
reads when compared to setting (a). Maintaining a sliding window of 4 and changing
minimum sequence quality score to 15, increased the number of surviving reads, with a
relative percentage of -1.9%. In all, performing trimming with no read length limitations
always led to greater frequencies of surviving reads when compared with same settings
with minimum length requirements. This experiment concluded that a sliding window of
4 with a minimum quality score of 10 produced the highest number of surviving reads.
However, for a conservative approach, where read quality was assured, setting (S2
Table) was used for all other trimmings performed.
After mapping, BAM files were indexed using SAMtools kit version 1.2 (Li et al.,
2009),

and

all

samples

were

marked

for

duplicates

using

Picard

1.115

(http://picard.sourceforge.net). Only non-duplicate reads were used for downstream
analyses. Next, to focus on the Wolbachia genome, BAMtools kit version 2.3.0 (Barnett
et al., 2011) was used to split de-duplicated BAM files according to the reference
genomes used. After splitting, only de-duplicated reads that were mapped to the
Wolbachia genome were used for downstream analyses.
Polymorphic sites within the Wolbachia genomes of individual hosts were
determined using Freebayes software, version 0.9.14-17 (Garrison and Marth, 2012).
The following settings were used: minimum variant frequency of 0.2 (--min-alternatefraction 0.2), minimum of 4 reads supporting a variant allele (--min-alternate-count 4)
and ploidy of 38 (--ploidy 38). The software produced a list of polymorphic sites for every
individual host worm in a variant call format (VCF) file.
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To determine the distribution of all polymorphic sites in this dataset, and their
functional implications, a single VCF file was created using the –L (use BAM list file)
function of the Freebayes software, and maintaining all the parameters above.

4.2.5 Filtering of nucleotide polymorphisms
All

nucleotide

polymorphisms

were

filtered

using

the

vcflib

software

(https://github.com/ekg/vcflib), leaving only those with a minimum PHRED score of 30.
Polymorphic regions were checked for mapping and base quality using CLC Genomics
Workbench 6.5.1 (CLCbio, Aarhus, Denmark).

4.2.6 Determination of functional impact of SNPs
Filtered polymorphisms were annotated using SnpEff version 4.1 (Cingolani et al.,
2012). A SnpEff database had already been created in our previous study (Chapter
three of thesis).

4.2.7 Data analyses
All frequency calculations and sliding window counts were performed with Microsoft
Excel (2011). All plots were produced in the R programming environment, version 3.2.2
(R Development Core Team, 2015).
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4.3 Results
We have investigated the functional impacts of nucleotide polymorphisms within the
Wolbachia genomes in natural populations of O. volvulus. A previous next-generation
deep sequencing experiment, which targeted a total of 21.79 K bp of the Wolbachia
genome, discovered multiple Wolbachia variants in a single worm (Chapter three of
thesis). In this study, we determined polymorphisms at the whole genome level by
sequencing the whole genomes (viz. nuclear, mitochondrial and Wolbachia) of individual
O. volvulus worms and isolating the Wolbachia genomes using bioinformatic techniques.
In all, we used genomic DNA from 38 adult worms sampled from 13 communities in 3
river basins (viz. Black Volta, Pru and Daka) in the savannah vegetation belt of Ghana
(Fig 4.2).

4.3.1 Classification of nucleotide polymorphisms
Since we had previously determined the presence of multiple Wolbachia haplotypes in a
single worm, we used a haplotype-based SNP detection tool, Freebayes (Garrison and
Marth, 2012), to determine polymorphic sites within the whole Wolbachia genome
assemblies. This SNP-calling software is also programmed to detect multi-allelic
polymorphic sites in organisms with wide variations in copy number as observed with
Wolbachia in O. volvulus (Armoo et al., 2017). Due the heterogeneity of Wolbachia copy
number in O. volvulus, there was also wide variation in mean sequence depth per
nucleotide base per site, ranging from 20 to 1,644 bp (S1 Table).
Due to this wide variation in sequence depth, the SNP detection threshold was
set at 20% as proposed and used elsewhere (Biswas and Akey, 2006; Clement et al.,
2013; Marth et al., 2001). Due to the limitation of sequence depth, the 20% threshold is
a very conservative approach, given that we detected Wolbachia variants occurring at
3% frequency in our previous deep next-generation sequencing experiment (Chapter
three of thesis). In all, 2,157 polymorphic sites were determined: the majority (83%)
being single nucleotide polymorphisms, 8% multi-nucleotide polymorphisms (SNPs), 5%
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deletions, 4% insertions, and 1% multi-nucleotide polymorphisms (Fig 4.3; S2 Fig).
These polymorphic sites resulted in a combination of 7,762 polymorphisms for all
samples studied here. The high proportion of SNPs among polymorphism sites within a
genome is consistent with what has been observed elsewhere (Clement et al., 2013;
Gudbjartsson et al., 2015). Henceforth, for the purpose of clear communication, all
polymorphic sites in this study will be referred to as SNPs.

4.3.2 Determination of SNP hotspots using the sliding window approach
The reference genome contains 722 genes, which consist of 642 protein-coding genes
with probable biological function, 42 pseudo genes, 34 transfer RNA genes, 3 ribosomal
RNA genes (5S, 16S and 23S), 2 repeat regions and 1 non-coding RNA. SNP hotspots
within the whole genome assemblies were determined using the sliding window
approach. A 10,000 bp sliding window with 1, 000 bp overlaps was employed (Fig 4.4A).
The top six SNP hot spot regions, which are the 558,000 to 568,000 (150 sites - Fig
4.4B); 666,000 to 676,000 (134 sites -Fig 4.4C); 1 to 10,000 (95 sites – Fig 4.4D);
126,000 to 136,000 (80 sites – Fig 4.4E); 720,000 to 730,000 (77 sites – Fig 4.4F) and
549,000 to 559,000 (76 sites – Fig 4.4G), were expanded using a 1,000 bp sliding
window with 100 bp overlaps to determine gene content.
The DNA regions in Fig 4.4B (150 sites) contained the 16S rRNA coding gene,
which contained 106 polymorphic sites (7 per 100 bp).. The next highest hotspot region,
Fig 4.4C (134 sites), was mainly driven by the 117 SNPs within the 23S rRNA coding
gene (4 per 100 bp). The high density of SNPs observed in the 16S and 23S rRNA
genes was not observed in the 5S rRNA gene. There are no polymorphisms in the 5S
rRNA gene, suggesting that the 5S gene is highly conserved.

153

Chapter Four: Protein Functional Implications

Fig 4.3 Classification of nucleotide polymorphisms. Majority of the polymorphic sites
were single nucleotide polymorphisms.
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Fig 4.4 Distribution of SNPs within varying sliding windows. (A) Distribution of
SNPs in the whole Wolbachia genome, observed using a 10,000 bp sliding window with
1,000 bp. (B-G) Expansion of the distribution of SNPs within hotspot regions identified in
(A), using a 1,000 bp sliding window with 100 bp overlaps.
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The third highest SNP hotspot, Fig 4.4D (95 sites), was driven by polymorphisms within
several genes proposed to code the following proteins: phosphate ABC transporter
permease (18 sites: 1 per 100 bp), tRNA (guanine (37)-N (1))-methyltransferase (16
sites: 2 per 100 bp), phosphoribosylformylglycinamidine synthase (12 sites: 2 per 100
bp), lipoate-protein ligase B (10 sites: 2 per 100 bp) and 50S ribosomal protein L19 (3
sites; 1 per 100 bp). The fourth highest SNP hotspot, Fig 4.4E (80 sites), was solely
driven by polymorphisms within the gene encoding an ATP-dependent metalloprotease
(63 sites: 3 per 100 bp). Interestingly, the intergenic region before this gene also
recorded a relatively high rate of polymorphisms (8 sites, 1 per 100 bp). This is a
putative promoter region, and could suggest variation in expression of the gene. The
fifth highest polymorphic site, Fig 4.4F (77 sites), was driven by several DNA regions.
These include an intergenic region (22 sites, 2 per 100 bp), and the gene after this
intergenic region, UDP-N-acetylmuramoylalanine-D-glutamate ligase (18 sites, 1 per
100 bp). A membrane protein-coding gene also contained a relatively high number of
polymorphic sites (9 sites, 1 per 100 bp). The sixth highest polymorphic site, Fig 4.4G
(76 sites), was driven by polymorphisms within a portion of the gene encoding 16S
rRNA (39 sites). Perhaps Fig 4.4B and G could be considered as a single region. There
were, however, other regions with relatively high rates of polymorphisms. The gene
encoding the phosphomannomutase protein was found in this region and contained 11
polymorphic sites (1 per 100 bp). The intergenic region preceding this gene contained 8
polymorphic sites (1 per 100 bp), a relatively high number, which could be another
evidence for expression level variation rather than protein sequence variation.

4.3.3 Functional impact of SNPs
SNPs calls from the Freebayes SNP caller (Garrison and Marth, 2012) were annotated
using SnpEff version 4.1 (Cingolani et al., 2012). SNPs were grouped into four
categories, similar to criteria employed by Gudbjartsson and colleagues (Gudbjartsson
et al., 2015): (1) loss-of-function, which includes stop -gain or –loss SNPs and frameshift
156

Chapter Four: Protein Functional Implications

insertions and deletions (INDELs), (2) moderate impact, which includes nonsynonymous SNPs, splice-region SNPs and in-frame INDELs, (3) low impact, including
synonymous variants and 3’- and 5’-UTR SNPs; and (4) other, including intergenic
SNPs. The frequency distribution of SNPs after functional impact analyses is presented
in Fig 4.5. Loss-of-function SNPs constituted 3% of all SNPs, as observed in our
previous study (Chapter three of thesis). The frequencies of other categories include:
moderate impact (33%), low impact (24%) and other (39%). The high proportion of nonsynonymous SNPs was expected as a similar pattern was observed in chapter three of
this thesis, and in other bacterial genomes; for example 1.86 (Gutacker et al., 2002)
and 2.33 (Holden et al., 2004). The ratio of the number of non-synonymous (667) to
synonymous (447) SNPs (N/S) – as applied in chapter three of this thesis- was
computed as 1.49, a confirmation of a higher proportion of non-synonymous SNPs at
the whole genome level.

4.3.5 Determination of synonymous and non-synonymous SNP hotspots
using the sliding window approach
The distribution of synonymous and non-synonymous SNPs within the 722 genes in the
whole genome assembly was determined using a 10,000 bp sliding window with 1,000
bp overlaps (Fig 4.6A). The outstanding SNP hotspot regions from this plot were then
expanded to determine gene contents (Fig 4.6B - C). In these plots (Fig 4.6B –C), a
1,000 bp sliding window with 100 bp overlaps was used. The coding region with the
highest proportion of both synonymous and non-synonymous SNPs was determined
within the 126,000 to 136,000 bp window (Fig 4.6B: 40 non-synonymous and 23
synonymous sites). SNPs within the gene that encodes ATP-dependent metalloprotease
contained the highest number of polymorphisms within this hotspot region (20
synonymous, 1 per 100bp, and 38 non-synonymous, 2 per 100bp, polymorphisms; N/S
= 1.90).
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Fig 4.5 Functional impacts of SNPs. The functional impact of SNPs were predicted
using SnpEff version 4.1 (Cingolani et al., 2012), and categorized according to criteria
employed elsewhere (Gudbjartsson et al., 2015).
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Fig 4.6 Distribution of non-synonymous and synonymous polymorphisms within
coding regions of the Wolbachia genome. (A) Distribution of non-synonymous and
synonymous polymorphisms in the whole Wolbachia genome, observed using a 10,000
bp sliding window with 1,000 bp overlap. (B-E) Expansion of the distribution of
polymorphic sites within hotspot regions identified in (A), using a 1,000 bp sliding
window with 100 bp overlaps.
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The second highest hotspot was the 1 to 10,000 bp sliding widow (Fig 4.6C), which
contained 37 non-synonymous and 23 synonymous sites. The window contained
several genes: phosphate ABC transporter permease (5 synonymous, <1 per 100bp,
and 9 non-synonymous, 1 per 100bp, polymorphisms; N/S = 1.80), lipoate-protein ligase
B (3 synonymous, <1 per 100bp, and 8 non-synonymous, 1 per 100bp, polymorphisms;
N/S = 2.67) and phosphoribosylformylglycinamidine synthase (3 synonymous, <1 per
100bp, and 8 non-synonymous, 1 per 100bp, polymorphisms; N/S = 2.67). The next
highest hotspot region, the 720,000 to 730,000 window (Fig 4.6D), contained 20 each of
synonymous and non-synonymous SNPs. This window contained the following genes:
UDP-N-acetylmuramoylalanine-D-glutamate ligase (8 synonymous, 1 per 100bp, and 8
non-synonymous, 1 per 100bp, polymorphisms; N/S = 1.00), membrane protein (5
synonymous, <1 per 100bp, and 4 non-synonymous, <1 per 100bp, polymorphisms; N/S
= 0.80) and methylase (3 synonymous, 1 per 100bp, and 1 non-synonymous, <1 per
100bp, polymorphisms; N/S = 0.33). The fourth highest window, 432,000 to 442,000 (Fig
4.6E), contained 11 synonymous and 24 non-synonymous sites. This polymorphic
hotspot is solely driven by polymorphisms in the gene encoding MFS transporter protein
(8 synonymous, 1 per 100 bp, and 18 non-synonymous sites, 2 per 100 bp; N/S = 2.25).

4.3.6 Comparing N/S ratios at the whole genome level, using the sliding
window approach
We computed the ratio of non-synonymous to synonymous polymorphisms (N/S) as
done in chapter three of this thesis. The N/S ratios within a 10,000 bp sliding window,
with 1,000 bp overlaps were computed (Fig 4.7). The top 6 ratios were expanded to
determine gene content (Table 4.1).
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Fig 4.7 Distribution of N/S ratios within the whole genome assemblies. A 10,000 bp
sliding window with 1,000 bp overlaps was employed. The tops six ratios are
highlighted.
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The sliding window with the highest ratio (Fig 4.7A: 5.5) was mainly driven by
polymorphisms in the gene that encodes phenylalanine-tRNA ligase subunit beta protein
(N/S = 7). Apart from this noticeable gene in the first sliding window, there were no other
“stand-out” genes in the other five sliding windows (Table 4.1). With the most close
being the gene that encodes hypothetical membrane protein (Table 4.1; N/S = 3).

4.3.7 Functional impact analyses of SNPs within selected genes
It is proposed that the Wolbachia of filarial nematodes are involved in several biological
processes that promote successful growth and reproduction in nematode hosts. Their
removal has been correlated with impaired reproduction and eventual death of host
worms (Debrah et al., 2015; Hoerauf et al., 2008). Crucial to further understanding of
this relationship is an exploration of functional diversity in some genes that have been
proposed to be play vital roles in this relationship (Foster et al., 2005; Sharma and
Kumar, 2016).

4.3.7.1 Purine synthesis
It has been proposed that the host depends on its Wolbachia endosymbiont for purine
synthesis (Foster et al., 2005; Ghedin et al., 2007) because genes encoding nine out of
the ten enzymes required for purine synthesis are absent in the host worm genome
(Ghedin et al., 2007). However, there is a complete purine synthesis pathway in the
endosymbiont genome (Foster et al., 2005). To further explore this relationship,
imputations of functional variations in these genes (Sharma and Kumar, 2016) are
presented in Table 4.2. A very low rate of polymorphisms is observed in all of these
genes, with some genes, such as DNA-directed RNA polymerase subunit alpha and
DNA-directed RNA polymerase subunit omega containing no polymorphic sites. The
majority of the polymorphisms that are observed are synonymous, with a few nonsynonymous polymorphisms that are likely to have functional implications.
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Table 4.1 The N/S ratio values for genes within the top 6 sliding windows in Fig 4.7
Sliding

Counts

window
(Fig 7)

A

B

Gene

Synon

Non-synon

N/S ratio

Hypothetical protein

0

1

1

D-alanyl-D-alanine carboxypeptidase

1

2

2

Phenylalanine-tRNA ligase subunit beta

1

7

7

MerR family transcriptional regulator

0

1

1

Ferredoxin

0

0

0

Glycerol-1-phosphate dehydrogenase

0

2

2

Succinyl-diaminopimelate desuccinylase

0

1

1

Peroxidase

0

1

1

Thioredoxin reductase

0

0

0

biosynthesis protein TsaB

0

0

0

Hypothetical protein

0

1

1

Hypothetical protein

0

0

0

Hypothetical protein

0

0

0

Superoxide dismutase

0

0

0

Peptidase M16

0

1

1

Cytochrome B561

0

0

0

2-nitropropane dioxygenase

1

0

0

Hypothetical protein

0

1

1

Type VI secretion protein

0

2

2

NADH: ubiquinone oxidoreductase subunit L

1

1

1

NADH-quinone oxidoreductase subunit K

0

0

0

NADH-quinone oxidoreductase

0

0

0

Hypothetical membrane protein

0

3

3

ABC transporter permease

0

1

1

Hypothetical protein

0

0

0

50S ribosomal protein L36

0

0

0

Dioxygenase

0

0

0

Peptidylprolyl isomerase

0

0

0

Geranyl transferase

0

2

2

Acyl carrier protein

0

0

0

3-oxoacyl-ACP synthase

0

0

0

Permease

0

0

0

Glutamyl-tRNA amidotransferase

1

1

1

Ribonuclease III

0

0

0

tRNA threonylcarbamoyladenosine

C

D

E
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F

Dihydroorotate dehydrogenase (quinone)

0

1

1

Fructose-bisphosphate aldolase

0

0

0

Aconitate hydratase

0

0

0

Cysteine desulfurase

1

1

1

Delta-aminolevulinic acid dehydratase

0

1

1

4-hydroxy-tetrahydrodipicolinate synthase

0

1

1

Single-stranded DNA-binding protein

0

1

1

Hypothetical protein

0

0

0
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Table 4.2 Functional impacts of SNPs in Wolbachia genes proposed to be involved in purine synthesis
Counts

Amino
acid

Functional

Gene

Synon

Non-synon

change

Amino acid group change

DNA-directed RNA polymerase subunit alpha

0

0

None

None

DNA polymerase III subunit delta

0

1

Leu to Met

Both hydrophobic (unchg)

2

Deoxyguanosinetriphosphate triphosphohydrolase

2

1

Ala to Val

Both hydrophobic (unchg)

2

DNA-directed RNA polymerase subunit omega

0

0

None

None

None

DNA polymerase III subunit epsilon

1

0

None

None

None

DNA polymerase III subunit gamma/tau

0

1

Ser to Gly

Hydrophilic (unchg) to special case (unchg)

1

DNA polymerase III subunit alpha

2

1

Lys to Asn

Hydrophilic (pos) to hydrophilic (unchg)

1

DNA polymerase III subunit beta

0

1

Arg to His

Both hydrophilic (pos)

2

DNA polymerase III subunit delta

2

1

His to Leu

Hydrophilic (pos) to hydrophobic (unchg)

1

DNA polymerase III subunit delta

2

1

Pro to Ser

Special case (unchg) to hydrophilic (unchg)

1

1*: may affect protein folding and function 2*: Likely to have no functional implications

impact

4.3.7.2 Riboflavin metabolism
The riboflavin biosynthesis pathway in Wolbachia of O. ochengi contains a number of
pseudogenes, and is likely to be non-functional (Darby et al., 2012). The close
evolutionary relationship between Wolbachia of O. ochengi and O. volvulus suggests
that this may also be the case for Wolbachia of O. ochengi. However, for most filarial
nematode Wolbachia, which biochemical pathways are involved in their symbiotic
relationship with the host worm is unclear, and in some Wolbachia such as wBm, the
contribution to the riboflavin synthesis pathway has been proposed (Foster et al., 2005;
Ghedin et al., 2007; Sharma and Kumar, 2016). It is therefore of interest to present the
genes in this pathway to show the potential for protein functional diversity even though
the functional significance of any changes is uncertain. The same reasoning applies to
the other genes that are discussed in Chapter 4 of the thesis: although there is
uncertainty concerning their function in Wolbachia of O. volvulus, a variety of authors
have suggested functional roles for each of these genes and pathways at various times
in O. volvulus and/or in other filarial species. The principal aim of this analysis is to
determine the pattern of mutation in these “genes of interest” rather than to propose
specific functional roles.
The proposed riboflavin metabolism pathway genes of wBm have been
presented in Table 4.3. There was a low rate of polymorphisms in these genes. For
instance, no polymorphic sites were observed in the gene that encodes 6,7-dimethyl-8ribityllumazine synthase. Only one SNP with a possible functional impact was detected
in the gene that encodes 3,4-dihydroxy-2-butanone 4-phosphate synthase protein.

4.3.7.3 Respiration
Genes that are involved in the respiration of Wolbachia in the host will be vital for the
survival of the endosymbiont (Foster et al., 2005). The optimal functioning of proteins
encoded by these genes will have a direct positive impact on the survival of the
endosymbiont, and provide indirect benefits to the host worm, since the host worm
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needs live Wolbachia to sustain a mutualistic relationship. A list of genes which encode
proteins that may be important for the endosymbiont’s respiration (Foster et al., 2005) is
presented in Table 4.4. The gene encoding the Cytochrome C biogenesis protein CcmA
enzyme recorded no polymorphic sites. Only one non-synonymous SNP with the
potential of causing functional diversity in the encoded proteins was detected in the
Cytochrome C biogenesis protein CcmH gene.
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Table 4.3 Functional impacts of SNPs in Wolbachia genes proposed to be involved in riboflavin metabolism
Counts

Amino acid

Gene

Synon

Non-synon

change

Amino acid group change

6,7-dimethyl-8-ribityllumazine synthase

0

0

None

None

None

Riboflavin biosynthesis protein RibF

1

0

None

None

None

3,4-dihydroxy-2-butanone 4-phosphate synthase

0

1

Tyr to Asp

Hydrophilic (unchg) to hydrophilic (neg)

1*: may affect protein folding and function 2*: Likely to have no functional implications

Functional impact

1

Table 4.4 Functional impact of SNPs in Wolbachia genes proposed to be involved in the endosymbiont’s respiration
Counts

Functional

Gene

Synon

Non-synon

Amino acid change

Amino acid group change

impact

Cytochrome C biogenesis protein CcmH

1

1

Ala to Val

Both hydrophobic (unchg)

2

Cytochrome C biogenesis protein CcmH

1

1

Lys to Asn

Hydrophilic (pos) to hydrophilic (unchg)

1

Cytochrome C biogenesis protein CcmA

0

0

None

None

None

1*: may affect protein folding and function 2*: Likely to have no functional implications
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4.3.7.4 Immunogenic properties
Causal-links between Wolbachia proteins and human host immunopathology in
filariases have been proposed (Bazzocchi et al., 2000a; Punkosdy et al., 2001; Saint
Andre et al., 2002). Functional diversity within proteins proposed to be involved in the
host-induced immunopathology could explain the broad spectrum of onchocerciasis
disease presentation (Murdoch et al., 1993; World Health Organization, 1995). Several
proteins have been proposed. For example the Wolbachia surface protein has been
proposed as the main immunogenic target in the pathogenesis of disease (Bazzocchi et
al., 2000a; Punkosdy et al., 2001; Saint Andre et al., 2002) and the Wolbachia aspartate
aminotransferase protein is also believed to induce B-cell proliferation and the
production of human host antibodies when released by dead and dying worms (Fischer
et al., 2003). Also, the Wolbachia heat shock protein 60 or Chaperonin 60 is believed to
stimulate antibody and T cell response in the human host (Brattig et al., 2001; Foster et
al., 2005; Kaufmann et al., 1991). Finally, the Htr serine protease protein is also believed
to induce the production of human host antibodies as part of the immunopathology that
causes disease (Jolodar et al., 2004). A list of these proteins, with possible functional
diversity, is presented in Table 4.5. In this study, we detected only one non-synonymous
substitution in the gene that encodes Htr serine protease, which had the ability to cause
protein functional change (Table 4.5). All other non-synonymous mutations caused
changes in amino acids within the same group and, therefore, no imputations of
functional change could be made.

4.3.7.5 DOX binding site – 16S rRNA
The majority of antibiotics target bacterial ribosomes (Brodersen et al., 2000; Carter et
al., 2000; Poehlsgaard and Douthwaite, 2005). The removal of Wolbachia after antibiotic
treatment has both micro- and macro-filaricidal consequences on host worms (Debrah
et al., 2015; Hoerauf et al., 2008). DOX is a leading candidate among proposals to use
anti-Wolbachia therapies for the control of filarial diseases (Clare et al., 2015; Hoerauf et
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al., 2001; Slatko et al., 2010). DOX has binding sites on the 16S rRNA. The 16S rDNA
contained the highest concentration of polymorphic sites (Fig 4.4B) at 106 (7 sites per
100 bp).
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Table 4.5 Functional impact of SNPs in Wolbachia genes proposed to be involved in host immunopathology
Counts
Gene

Synon

Non-synon

Amino acid change

Amino acid group change

Functional impact

Aspartate aminotransferase

1

1

Ile to Val

Both hydrophobic (unchg)

2

Htr Serine protease

1

1

His to Tyr

Hydrophillic (pos) to hydrophilic (unchg)

1

Htr Serine protease

1

1

Val to Ile

Both hydrophobic (unchg)

2

Heat shock protein 60

2

1

Ser to Asn

Both hydrophilic (unchg)

2

Wolbachia surface protein

0

0

None

None

None

1*: may affect protein folding and function 2*: Likely to have no functional implication
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4.3.8 Loss-of-function SNPs
Loss-function-substitutions are usually deleterious to living organisms, depending on the
functions of the proteins involved. A list of loss-of-function SNPs, determined by SNPEff
analyses, is presented in S4 Table. In all, 63 loss-of-function substitutions were
determined, representing 3% of polymorphic sites. Although INDELs constitute only 9%
of

polymorphic

sites,

INDELS

were

over-represented

in

the

loss-of-function

polymorphisms, making up 63% of these polymorphisms. A plausible explanation for this
phenomenon is the tendency of INDELs to shift reading frames within coding regions,
thereby disrupting protein translation (Chen et al., 2007; Gudbjartsson et al., 2015;
Montgomery et al., 2013). The gene encoding ATP-dependent metalloprotease
contained 4 loss-of-function SNPs (S4 Table), which was the highest number (6% of
total). The gene for major facilitator superfamily (MFS) transporter protein, which
contained 3 loss-of-function SNPs (5%), was the next highest (S4 Table). Each of the
genes for the following proteins contained 2 loss-of-function SNPs: heme A synthase,
isoleucyl-tRNA synthetase, phosphate ABC transporter permease, recombinase RecB
and RNA polymerase sigma factor. There were also loss-of-function SNPs in the gene
encoding one the 30S ribosomal protein units, S08.
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4.4 Discussion
The Wolbachia, mitochondrial and nuclear genomes of 38 adult female worms, sampled
from 13 endemic communities in the savannah vegetation zone of Ghana (Fig 4.2), were
sequenced using the Ilumina HiSeq sequencing platform (Illumina Inc., San Diego,
USA). Sequence reads were mapped to the three reference genomes, followed by
separation of mapped reads according to the reference genomes. Splitting BAM files
after mapping to all three genomes minimized the risk of assigning reads from
horizontally transferred genes to the wrong genome (e.g. nuclear Wolbachia transfers or
nuwts: (Dunning Hotopp et al., 2007; Ioannidis et al., 2013)). Therefore, it is more likely
that the reads mapped to the Wolbachia genome are actual Wolbachia reads and not
from horizontally transferred regions.
There is evidence of an uneven distribution of Wolbachia within adult B. malayi worms
(Landmann et al., 2010). According to Landmann and colleagues, 4 out of 10 worms
that were observed contained Wolbachia in only 1 of the two lateral chords, the main
anatomical location of Wolbachia in filarial worms (Fischer et al., 2011; Landmann et al.,
2010; Taylor et al., 2005a). In other instances, Wolbachia were observed in both chords,
but not distributed uniformly throughout the chords in which they were observed i.e.
were found in some regions of the chord but not in others (Landmann et al., 2010).
. In chapter three of this thesis, we observed intra- and inter-host genetic
variation of Wolbachia among natural populations of the O. volvulus. The gDNA that was
used in chapter three was extracted from individual whole worms, as such it is possible
that Wolbachia populations or genomes within a single host were accessed. However,
only about 4 to 6% of the length of adult female worms (anterior region) were used for
gDNA extraction in this chapter, which could lead to sub-sampling of Wolbachia
populations within the adult female worms used here, due to the above-mentioned
variations in the distribution of Wolbachia in host adult worms (Ioannidis et al., 2013).
The DNA samples used in this chapter also lack adult female reproductive tissues,
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which are potentially rich sources of Wolbachia (Fischer et al., 2011; Ioannidis et al.,
2013).
The wide variation in read depth per worm (ranging from 20 (standard deviation
= 7.0) to 1,644 (standard deviation = 539.4); S3 Table) could possibly be a consequence
of the several orders of magnitude of variation in Wolbachia copy number in natural
populations of host worms,(Armoo et al., 2017), necessitated setting a relatively
conservative minimum threshold of 20% variant calling frequency,, as done elsewhere
(Biswas and Akey, 2006; Clement et al., 2013; Marth et al., 2001). The use of the 20%
variant frequency threshold increases the likelihood of non-detection of rare alleles,
implying that the estimate of genome wide variation from these data, likely
underestimates the true level of genetic diversity..It is worth noting that deep sequencing
experiment (read depth per worm ranging from 311 to 467; Chapter three: S8 Fig)
performed in chapter three of this thesis could detect Wolbachia variants occurring at
3% frequency within host worms.
The strength of this study is that it provides a genome-wide coverage, compared
to our previous study that analysed only 21.79 Kbp region, which is 2.27% of the whole
genome, (Chapter three of thesis). This study shows clearly that variation is not evenly
distributed across the genome but rather is concentrated in a relatively small number of
“hotspots”. Deductions of possible protein functional variations were performed using
SNP functional annotation calls from SnpEff (Cingolani et al., 2012). Non-synonymous
SNPs that resulted in replacement of amino acids from different functional groups are
noted in this thesis, since such changes can result in atypical protein folding, which
could have functional implications. It is worth noting that not all these possible changes
in protein folding could have functional implications. Folding at a non-active site of a
protein is less likely to cause change in functions. However, the potential for functional
change is very relevant, given the importance of Wolbachia in the biology (Fischer et al.,
2011; Landmann et al., 2010; Taylor et al., 2005b) and control of filariases (Clare et al.,
2015; Debrah et al., 2015; Taylor et al., 2005b).
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4.4.1 SNP Hotspots from whole genome sliding window analyses
Prior to functional annotation of SNPs by SnpEff, SNP hotspots within the Wolbachia
whole genome assemblies of all 38 adult female worms hosts were determined by
employing a 10,000 bp sliding window with 1,000 bp overlaps (Fig 4.3A). Once the most
prominent SNP hotspots within the larger 10,000 bp windows were determined, the
windows were reduced to 1,000 bp (Fig 4.3B-G) to reveal more detail about the genes
present in the hotspots.
The 16S rRNA gene contained the highest number of polymorphic sites at 150,
standardized to 7 per 100 bp (Fig 4.3B). The 16S rRNA is an important component of
the ribosomal system, specifically attached to proteins of the 30S ribosomal subunit.
This rRNA initiates protein translation by recognizing and pairing with special initiation
codons known as Shine-Dalgarno sequences (Laursen et al., 2005; Poehlsgaard and
Douthwaite, 2005; Yamamoto et al., 2016). Within many bacterial genomes (including
those with endosymbiotic, parasitic or free-living lifestyles), the base composition of the
16S rRNA gene has been found to be somehow different from the rest of the genome
(Woolfit and Bromham, 2003). It has also been found that the 16S rRNA of
endosymbiotic bacteria are less stable than that of their free-living counterparts
(Lambert and Moran, 1998), and is characterised by high rates of substitutions (Moran,
1996) as observed here.
It is known that the majority of antibiotics target the ribosomal systems of
bacteria and disrupt optimal functions (Brodersen et al., 2000; Carter et al., 2000;
Poehlsgaard and Douthwaite, 2005). DOX binds to the 16S rRNA backbone of the
ribosomal system of bacteria (Moazed and Noller, 1987; Nguyen et al., 2014; Oehler et
al., 1997). Mutations within the 16S rDNA been correlated with resistance to antibiotics
in Escherichia coli bacteria (Nguyen et al., 2014; Ross et al., 1998) and Brachyspira
hyodysenteriae (Pringle et al., 2007). The relatively high proportion of polymorphism
observed here, could potentially affect the viability of long-term anti-Wolbachia therapies
176

Chapter Four: Protein Functional Implications

against filarial worms, given that mutation in this rRNA has been associated with
antibiotic resistance in other bacteria (Nguyen et al., 2014; Pringle et al., 2007; Ross et
al., 1998). It should, however, be noted here that doxycycline still remains a viable drug
for the control of filariases (Debrah et al., 2015).
The 23S rRNA gene contained the next highest number of polymorphisms with
106 sites, 4 per 100 bp. This RNA interacts with the proteins of the 50S ribosomal
subunit and plays an important role in protein translation (Laursen et al., 2005).
Although, we are not aware of any observations of mutations in the 23S ribosomal RNA
gene that are correlated with doxycycline resistance, mutations within this gene has
been linked to resistance to other antibiotics such as erythromycin (Grossman et al.,
2012).
The ribosomal system of prokaryotes consists of the 30S and 50S subunits,
which form the 70S complex, and three rRNAs (Laursen et al., 2005). Given the high
rates of nucleotide substitution observed in 2 rRNAs, viz. 16S and 23S, we explored
sequence variation in the third rRNA gene, the 5S rDNA. Interestingly, no polymorphic
sites were observed in this gene. The exact function of the 5S rRNA remains unclear
(Laursen et al., 2005), however the high degree of sequence conservation could
suggest that this RNA is strongly constrained by selection.
Apart from the high rates of polymorphisms within the rRNA coding genes, other
regions containing some protein coding genes (Fig 4.4D-F) recorded high rates of
nucleotide polymorphisms. The gene encoding the ATP-dependent metalloprotease
enzyme contained the highest number of polymorphic sites within the protein coding
genes (63 sites: 3 per 100 bp). Metalloproteases are a diverse group of enzymes, which
have varying functions (Luo et al., 2014). Translated protein blast analysis of this gene,
using the blastp search engine, version 2.4.0 (Altschul et al., 2005) revealed 9 putative
domain hits within this protein. An exploration of the domains in the NCBI database
(Marchler-Bauer et al., 2015) revealed a specific hit for the FtsH family of proteins, which
are used by bacteria for the degradation of foreign proteins, for example host cell
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surface proteins during invasion (Herman et al., 2003; Luo et al., 2014). The high rate of
substitution observed in this gene could possibly be explained by the large superfamily
of likely proteins encoded. Interestingly, the intergenic region before this gene also
recorded a relatively high rate of polymorphisms (8 sites, 1 per 100 bp), which could
suggest variations in the expression levels of the proteins encoded by this gene.
The gene encoding phosphate ABC transporter permease was also a hotspot
(18 sites: 1 per 100 bp). This protein consists of consists of functional domains that are
involved in the active energy-driven transport of various molecules, including antibiotics,
ions, amino acids, peptides etc., across the outer membrane proteins (Braibant et al.,
2000). The high rate of sequence diversity could be explained by the functional diversity
of the encoded protein. Although no structural studies of this O. volvulus protein have
been performed, the sequence diversity of this gene needs some consideration given
that the leading doxycycline-related tetracycline resistance mechanism is the application
of the efflux system (Nguyen et al., 2014; Schnappinger and Hillen, 1996).
Another hotspot was the gene encoding tRNA (guanine (37)-N (1))methyltransferase enzyme (16 sites: 2 per 100 bp). This enzyme is involved in the
methylation and modification of tRNAs, an important component of protein translation
(Swinehart and Jackman, 2015). This tRNA methyltransferase is a diverse family of
enzymes (Swinehart and Jackman, 2015). Another gene, the lipoate-protein ligase B
gene, also recorded some considerable sequence diversity (10 sites: 2 per 100 bp).
Diversity within this enzyme has been reported elsewhere and may be involved in
ligation reactions and lipoic acid synthesis (Green et al., 1995; Hermes and Cronan,
2013). Interestingly, the gene encoding phosphoribosylformylglycinamidine synthase,
which is one of the hotspots (12 sites: 2 per 100 bp), was also one of the major hotspot
regions in our previous next-generation deep sequencing experiment (Chapter three of
thesis). This protein is involved in the synthesis of amino acids in other bacteria (Brown
et al., 2011; Dmitriev et al., 2008; Ribeiro and Golding, 1998).
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4.4.2 Hotspots for synonymous and non-synonymous substitutions using
the sliding window analyses
In this section, polymorphic hotspots within coding regions are described (Fig 4.6A-E),
and there is a focus on regions with highest rates of non-synonymous nucleotide
substitutions that could potential impact protein structure and function. The ATPdependent metalloprotease gene contained the highest number of non-synonymous
polymorphisms (38 non-synonymous, 2 per 100bp, polymorphisms; N/S = 1.90). There
is a preference for non-synonymous substitutions, which could well be due to nonrandom evolutionary forces; cautious that the N/S ratio cannot be used to assess the
intensity of selection. . On the contrary, the high proportion of non-synonymous
polymorphisms could be due to the Muller’s ratchet effect; where there is a stepwise,
irreversible accumulation of deleterious mutations (that include some non-synonymous
substitutions) in asexually reproducing organisms (Andersson and Kurland, 1998;
Muller, 1964).
The gene for phosphate ABC transporter permease was another hotspot (5
synonymous, <1 per 100bp, and 9 non-synonymous, 1 per 100bp, polymorphisms; N/S
= 1.80). The high proportion of non-synonymous mutations in this gene may be
concerning, given that the encoded protein is involved in the transfer of molecules such
as antibiotics across the outer membrane of bacteria (Braibant et al., 2000). The
proteins encoded by this gene may be important in the drug efflux resistance
mechanism that has been to be employed by bacteria in antibiotic resistance (Nguyen et
al., 2014; Schnappinger and Hillen, 1996).
The gene for phosphoribosylformylglycinamidine synthase protein also occurred
within the hotspot regions (3 synonymous, <1 per 100bp, and 8 non-synonymous, 1 per
100bp, polymorphisms; N/S = 2.67). A >1 N/S ratio value (1.77) had also been observed
in this gene in chapter three of this thesis. Although both studies discovered different
polymorphic sites within this gene, the high rate of polymorphism observed here could
be an important observation.
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The gene that encodes the MFS transporter protein was among the hotspot
regions, recording 8 synonymous, 1 per 100 bp, and 18 non-synonymous sites, 2 per
100 bp; N/S = 2.25). The MFS transporter family is a diverse group of proteins, which
are involved in the transfer of molecules across cell membranes (Ma et al., 2013). This
family of proteins have been linked to antibiotic resistance efflux mechanisms in other
bacteria (Nguyen et al., 2014). Therefore the high proportion of non-synonymous
nucleotide substitutions in this family of proteins could be concerning, although there is
the need for further studies to determine the structure of the MFS proteins of Wolbachia
of O. volvulus.
A comparison of N/S ratio values for 10,000 bp, 1,000 bp overlaps, sliding
windows across the whole genome revealed a non-random distribution (Fig 4.7), with
one gene, encoding phenylalanine--tRNA ligase subunit beta, having the highest ratio
(N/S = 7) despite containing only 8 polymorphic sites in total (Table 4.1). A blastp
(version 2.4.0: (Altschul et al., 2005)) analysis revealed 14 putative functional domains
within this protein, with functions ranging from the synthesis of RNA to facilitation of
tRNA binding to amino acids in protein translation (Marchler-Bauer et al., 2015; Morales
et al., 1999).

4.4.3 Selected genes
Protein functional diversity imputations have been made based on the occurrences of
non-synonymous mutations within coding regions. The proteins selected here play vital
roles in the survival of the endosymbiont and are also required for the sustaining their
mutually beneficial relationship with the host.
Although a few non-synonymous mutations were observed, it was generally
observed that the majority of genes encoding these vital proteins had low rates of
polymorphism. When deleterious or non-synonymous substitutions occur in important
Wolbachia genes (Tables 4.2 to 4.4; 4.6 to 4.7), It is possible that the endosymbiont
might obtain these proteins from other sources as proposed elsewhere (Foster et al.,
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2005). Maybe there is a transfer of amino acids between Wolbachia populations in a
single host (Foster et al., 2005).
Also, due to the mutually beneficial relationship with their nematode hosts, it has
been proposed that the hosts depend on Wolbachia for the production of riboflavin,
heme and purine (Foster et al., 2005). We suggest that the host worm could tolerate
high impact mutations within these vital endosymbiont genes, since each worm contains
multiple Wolbachia populations (Chapter three of thesis). Thus, the host worm could
compensate for non-production in a sub-population by relying on other populations. It is
also be possible that worms may be obtaining these nutrients from other sources, such
as the serum of human hosts (Chen and Howells, 1979; Ghedin et al., 2007).
Onchocerciasis and other filarial diseases present a broad range of clinical
symptoms (Murdoch et al., 1993; World Health Organization, 1995). And since
Wolbachia proteins have been implicated in triggering the host immunopathology that is
responsible for the diseases (Bazzocchi et al., 2000a; Brattig et al., 2001; Fischer et al.,
2003; Jolodar et al., 2004; Kaufmann et al., 1991; Punkosdy et al., 2001; Saint Andre et
al., 2002), we explored the potential for functional diversity within some proposed
immunogenic proteins of Wolbachia.
The most commonly proposed immunogenic protein is the Wolbachia surface
protein (Bazzocchi et al., 2000a; Brattig et al., 2004; Saint Andre et al., 2002). Although,
our previous next-generation sequencing experiment observed some non-synonymous
nucleotide substitutions that had the potential to cause functional diversity in this protein
(S6A Table; (Chapter three of thesis)), no polymorphic sites were observed within the
gene here. Several explanations could be proposed here. First, the relatively low
sequencing depth here means that minor variants of this gene could possibly not be
detected. Another reason could be a sampling issue, as variants within the populations
may have been missed. Thirdly, using only the anterior regions of adult female worms
for gDNA extraction could sub-sample the potential overall Wolbachia populations in a
single host, thereby missing potential variants. However, we detected a non-
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synonymous substitution that had the potential to cause functional variations in the Htr
serine protease, a proposed immunogenic protein (Jolodar et al., 2004), and could still
possible contribute to our understanding of the broad range of filarial disease
presentation (Murdoch et al., 1993; World Health Organization, 1995).
As already discussed above, the majority of antibiotics, including doxycycline, bind to
the ribosomal system of bacteria to disrupt protein translation and eventually cause
bacterial death (Brodersen et al., 2000; Carter et al., 2000; Poehlsgaard and
Douthwaite, 2005). DOX bind to 16S rRNA in bacteria, therefore the relatively high rate
of nucleotide polymorphism in the rDNA that encodes this RNA is concerning, as this
can lead to RNA functional diversity that could possibly have implications on the
sustainability of DOX for treatment of filariases.

4.3.4 Loss-of-function substitutions
Loss-of-function substitutions (S4 Table) are most likely to be deleterious (Balbi and
Feil, 2007). Therefore the observation of this type of nucleotide substitutions, especially
in bacterial genomes (Holt et al., 2008; Kibota and Lynch, 1996; Moran, 1996), could be
due to random forces in a population. However, the over-representation of loss-offunction substitutions within a single gene could cautiously (Kryazhimskiy and Plotkin,
2008; Rocha et al., 2006) be explained as the result of negative selection (Balbi and
Feil, 2007; Kryazhimskiy and Plotkin, 2008).
This was observed for the ATP-dependent metalloprotease and MFS transport
protein-coding genes, which contained 4 and 3 loss-of-function substitutions
respectively. Wolbachia may use the ATP-dependent metalloprotease enzyme to infect
new cells (Luo et al., 2014). We suggest that the occurrence of these substitutions in
this enzyme might imply functional redundancy, or perhaps these mutations arise late in
the proliferation of Wolbachia after they have colonised adult tissues. This implies
perhaps a two step process of bacteria invading new tissues, then later proliferating in

182

Chapter Four: Protein Functional Implications

those tissues at a time when there is no longer selection against loss-of-function in
“invasion” mediators.
The over-representation of loss-of-function substitutions in the MFS transport
proteins could be concerning given that these proteins are involved in the efflux system
of bacteria that have been implicated in doxycycline-related tetracycline resistance
(Nguyen et al., 2014).
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4.5 Conclusions
This study sequenced the whole genomes (viz. Wolbachia, mitochondria and nuclear) of
38 adult female O. volvulus worms that were sampled from the 13 communities in the
savannah vegetation zone of Ghana, drained by three major river basins (viz. Black
Volta, Pru and Daka). To our knowledge, this is the largest collection of whole genome
next-generation sequences of O. volvulus and, arguably, any other filarial nematode.
Cautions of the confounding effects of nuwts (Dunning Hotopp et al., 2007;
Ioannidis et al., 2013), this study mapped all the sequencing reads to the three
genomes, and, subsequently split the Wolbachia, mitochondria and nuclear genomes
using bioinformatic techniques. This reduced or eliminated the risk of incorrectly
assigning reads originating from nuwts to Wolbachia genes.
A major finding of this study is the uneven distribution of polymorphic sites within
the whole genome assemblies of Wolbachia. This study performed in silico predictions
of the likely functional implications of non-synonymous and loss-of-function substitutions
in the genes found in the hotspot regions. Predictions were also made for substitutions
in the protein-coding genes that play important roles in ensuring the survival of the
endosymbionts, and their interaction with the host worms. In addition, genes that encode
proteins that may be involved in the proposed immunogenic role of Wolbachia were also
considered. The 16S rDNA, which is a binding site of DOX (Brodersen et al., 2000;
Carter et al., 2000; Nguyen et al., 2014; Poehlsgaard and Douthwaite, 2005) was
considered.
Before the major outcomes of this experiment are described, there are some
caveats to be considered. First, these are an in silico predictions, and although this kind
of prediction can be reliable, there is always the need for in vivo experimental
confirmation. Second, there is the need for Wolbachia protein structural studies to
determine the functional domains, which could add more value to predictions made
here. Nevertheless, we affirm the point that presence of loss-of-function and other nonsynonymous substitutions within some important protein coding genes of the Wolbachia
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genome cannot be ignored. It is also possible that amino acid substitutions that occur
outside functional domains of a protein could still have functional implications. For
example substitutions outside the functional domains of receptor proteins could still
affect protein folding and the orientation of the receptor sites, which could lead to a suboptimal performance of the protein. We conclude that, at a minimal consideration of their
consequence, the in silico predictions performed here show the risk or potential for
evolution in some important Wolbachia proteins.
The 16S rRNA gene contained the highest number of nucleotide substitutions
(150 sites at 7 per 100 bp; Fig 4B), and was followed by the 23S rRNA gene (117 sites
at 4 per 100 bp; Fig 4C). Given previous reports that have linked mutations in these
rRNAs to antibiotic resistance (Grossman et al., 2012; Nguyen et al., 2014; Pringle et
al., 2007; Ross et al., 1998), the high rate of substitutions discovered here could suggest
the potential for the development of antibiotic resistance in Wolbachia, for which further
studies need to be conducted. Interestingly, the 5S rRNA, which one of the three rRNA
of bacterial ribosomal systems, did not contain any substitutions. The high rate of
sequence conservation could suggest a strong selective constraint.
Worth mentioning is the highest ratio (7) observed in the gene for phenylalaninetRNA ligase subunit beta protein, a large superfamily of proteins involved in the
synthesis of tRNAs and their binding to amino acids (Marchler-Bauer et al., 2015;
Morales et al., 1999). Also worth noting is the high count of non-synonymous
substitutions in the gene for The ATP-dependent metalloprotease, large class of protein
with several functional domains that have been proposed to be involved in protein
degradation during cell invasion (Herman et al., 2003; Luo et al., 2014).
There were, generally, low rates of nucleotide substitution in genes that have
been proposed to encode proteins that play important roles to ensure the survival of the
worm and the maintenance of their mutually beneficial relationship with the host worms.
This is may be expected given the tendency to conserve genes that vital important
proteins (Balbi and Feil, 2007). We predict that the few non-synonymous substitutions in
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these important genes may have occurred outside of the functional domains, or may
have been proliferated by random forces, such as genetic hitchhiking (Rocha et al.,
2006) or the Muller’s ratchet effect (Andersson and Kurland, 1998; Moran, 1996; Muller,
1964).
Although no nucleotide substitutions were detected in the Wolbachia surface
protein, which is considered to be the main immunogenic protein (Bazzocchi et al.,
2000a; Punkosdy et al., 2001; Saint Andre et al., 2002), a non-synonymous substitution
that had the potential to affect function was detected in another proposed immunogenic
protein, Htr serine protease (Jolodar et al., 2004). This could contribute to our
understanding of the broad range of filarial disease presentation (Murdoch et al., 1993;
World Health Organization, 1995),
Another important standout feature of this dataset is the high rate of nonsynonymous substitutions in genes that encode membrane and transport proteins.
Substitutions in this same class of proteins are over-represented in the loss-of-function
category. These could be due to a functional redundancy. Another interesting
consideration may be the roles of these classes of proteins in the proposed mechanisms
of antibiotic resistance in other bacteria. It has been proposed that bacteria employ
active efflux mechanisms to reduce concentration of antibiotics in their cytoplasm
(Nguyen et al., 2014; Schnappinger and Hillen, 1996). Therefore, the high rate of
substitution in the transport proteins could signify the potential to develop these
mechanisms in Wolbachia. Another resistance mechanism is the modification of
membrane proteins to restrict or prevent the passage of the antibiotics into the
cytoplasm (Schnappinger and Hillen, 1996). In a similar reasoning, the overrepresentation of non-synonymous substitutions in the membrane proteins could
suggest the potential for the development of antibiotic resistance.
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Supporting Information: Chapter Four
Figures

S1 Fig Agarose and MultiNA electrophoresis images in the sequencing library
preparation process. (A) Agarose gel image of DNA that had been sheared with
Covaris to an approximate length of 400 bp. (B) Phi X ladder used as a reference in
MultiNA electrophoresis. (C) MultiNA electrophoregram of a DNA library with a peak size
of 500 bp, prior to sequencing.
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S2 Fig A snapshot of an SnpEff html output file showing the classification of the
nucleotide substitutions in this study. The majority were single nucleotide
polymorphisms.
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Tables

S1A Table List of primers, with cycling conditions, used for the PCR amplification of the tips of the three contigs in the Wolbachia
genome assembly
Primer

Amplicon Length

Sense Primer (5'-3')

Antisense Primer (5'-3')

1A

582

CAG AAA GCA AAA ACG CCA

GTA AAA GAG CCC GCG AAG

1B

513

AAA CTC CCC CCC TAT TC A

GAT CCT TAT TCA CCC CCA

GGT TTA GTG TGC CAA CAG CA

TGA AAT GGC TGT TAA TTA TAA AGA TGA

2A

150
GCA ATC CTA AAA AGC AAA AGG

CAA GGC TTT TCA GTG TAA TAG CAA

2B

107
TAC ACG CAA TGA GTT GAA GC

ACA TTA GTA GTT CTT TTT GAG TCG

3A

234
AAC CGT GCA AGG ATT TCT TC

GCG TTT TAT CCT AAG GCG TTT

3B

192

Cycling Conditions
95C for 10 m, followed by 35 cycles of
95C for 30s, 66C for 30s and 72C for
30s.Finally 72C for 7 m
95C for 10 m, followed by 35 cycles of
95C for 30s, 61C for 30s and 72C for
30s.Finally 72C for 7 m
95C for 10 m, followed by 35 cycles of
95C for 30s, 61C for 30s and 72C for
30s.Finally 72C for 7 m
95C for 10 m, followed by 35 cycles of
95C for 30s, 61C for 30s and 72C for
30s.Finally 72C for 7 m
95C for 10 m, followed by 35 cycles of
95C for 30s, 61C for 30s and 72C for
30s.Finally 72C for 7 m
95C for 10 m, followed by 35 cycles of
95C for 30s, 61C for 30s and 72C for
30s.Finally 72C for 7 m

S1B Table List of primer combinations, with cycling conditions, used for the PCR amplification of the gaps between the three contigs in
the Wolbachia genome assembly
Primer

Amplicon Length

Sense Primer (5'-3')

Antisense Primer (5'-3')

1A

582

CAG AAA GCA AAA ACG CCA

GTA AAA GAG CCC GCG AAG

1B

513

AAA CTC CCC CCC TAT TC A

GAT CCT TAT TCA CCC CCA

GGT TTA GTG TGC CAA CAG CA

TGA AAT GGC TGT TAA TTA TAA AGA TGA

2A

150
GCA ATC CTA AAA AGC AAA AGG

CAA GGC TTT TCA GTG TAA TAG CAA

2B

107
TAC ACG CAA TGA GTT GAA GC

ACA TTA GTA GTT CTT TTT GAG TCG

3A

234
AAC CGT GCA AGG ATT TCT TC

GCG TTT TAT CCT AAG GCG TTT

3B

192

Cycling Conditions
95C for 10 m, followed by 35 cycles of 95C
for 30s, 66C for 30s and 72C for
30s.Finally 72C for 7 m
95C for 10 m, followed by 35 cycles of 95C
for 30s, 61C for 30s and 72C for
30s.Finally 72C for 7 m
95C for 10 m, followed by 35 cycles of 95C
for 30s, 61C for 30s and 72C for
30s.Finally 72C for 7 m
95C for 10 m, followed by 35 cycles of 95C
for 30s, 61C for 30s and 72C for
30s.Finally 72C for 7 m
95C for 10 m, followed by 35 cycles of 95C
for 30s, 61C for 30s and 72C for
30s.Finally 72C for 7 m
95C for 10 m, followed by 35 cycles of 95C
for 30s, 61C for 30s and 72C for
30s.Finally 72C for 7 m

S2 Table Settings and results of the Trimmomatic optimization experiment

Setting

Number of raw
reads

Trimmomatic settings

Survived reads

Percentage survived
relative to (a)

Number of
mapped reads

Percentage mapped
relative to (a)

a

37146948

10:20 \ MINLEN: 80

30388036

0

27083088

0.0

b

37146948

4:20 \ MINLEN: 80

25210880

-13.9

22541248

-14.9

c

37146948

4:15 \ MINLEN:80

29668096

-1.9

26460842

-2.0

d

37146948

4:10 \ MINLEN: 80

31311460

2.5

27885628

2.6

e

37146948

10:30 \ MINLEN: 80

22594230

-20.1

20291846

-22.3

f

37146948

10:20 \

33181630

7.5

19360942

-25.4

g

37146948

4:20 \

33027778

7.1

28541426

4.8

h

37146948

4:15 \

33381466

8.1

29285176

7.2

i

37146948

4:10 \

33432778

8.2

29410950

7.7

j

37146948

10:30 \

31527694

3.1

27414040

1.1
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S3 Table List of O. volvulus host worm samples with communities of origin, and
mean and standard deviation of Wolbachia sequence depth per nucleotide base
pair
Worm ID

Community of origin

Mean depth

Standard deviation

OV03

Agbelekame_1

117.2

30.5

OV04

Agbelekame_1

56.8

15.5

OV06

Agbelekame_2

151.1

38.6

OV07

Agbelekame_2

100.8

29.7

OV08

Agbelekame_2

116.5

38.2

OV09

Agbelekame_2

182.8

39.9

OV10

Agbelekame_2

194.8

57.0

OV11

Agbelekame_2

104.1

30.3

OV12

Agbelekame_2

52.4

15.2

OV14

Asubende

27.1

9.9

OV15

Asubende

332.2

78.0

OV16

Asubende

38.7

12.8

OV20

Wiae Chabbon

190.9

46.2

OV25

Jagbengbendo

312.7

67.4

OV26

Jagbengbendo

980.7

154.0

OV27

Jagbengbendo

28.6

8.3

OV28

Jagbengbendo

20.8

7.8

OV30

Jagbengbendo

99.9

21.7

OV31

Jagbengbendo

86.6

22.4

OV33

Kojoboni

99.8

62.4

OV35

Kojoboni

286.8

42.0

OV37

Kojoboni

65.3

33.8

OV38

Kyingakrom

133.7

26.1

OV39

Kyingakrom

57.1

12.8

OV45

Ohiampe

20.1

7.0

OV51

Senyase

197.5

66.6

OV53

Senyase

1644.9

539.4

OV57

Asubende

41.1

13.7

OV64

Jagbengbendo

75.8

21.1

OV66

Jagbengbendo

248.8

30.8

OV69

Kyingakrom

101.4

23.3
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OV70

Kyingakrom

61.4

17.3

OV73

New Longoro

41.8

12.4

OV74

Ohiampe

44.3

15.0

OV75

Takumdo

31.2

10.0

OV76

Takumdo

32.7

9.6

OV77

Wiae

132.3

26.9

OV78

Wiae Chabbon

82.2

16.4
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S4 Table List loss-of-function nucleotide substitutions
Reference

Functional

position

impact

Gene

572647

start_lost

30S ribosomal protein S8

235753

frame_shift

4-hydroxy-3-methylbut-2-en-1-yl diphosphate synthase

513118

frame_shift

Adenylosuccinate synthetase

699346

frame_shift

ATP-dependent DNA helicase RecG

132375

frame_shift

ATP-dependent metalloprotease

132471

stop_gained

ATP-dependent metalloprotease

133106

frame_shift

ATP-dependent metalloprotease

133185

frame_shift

ATP-dependent metalloprotease

518952

frame_shift

ATPase

75638

frame_shift

Clp protease ClpA

657202

frame_shift

Cysteinyl-tRNA synthetase

248266

stop_gained

Cytochrome B

279007

frame_shift

Cytochrome C biogenesis protein CycK

750649

frame_shift

DEAD/DEAH box helicase

318858

frame_shift

Dehydrase

615624

stop_lost

Dephospho-CoA kinase

497534

stop_lost

Dihydrolipoamide dehydrogenase

624509

frame_shift

DNA glycosylase

39804

frame_shift

Excinuclease ABC subunit A

590664

frame_shift

Glycerol-1-phosphate dehydrogenase

296413

frame_shift

GTP cyclohydrolase

639169

frame_shift

Heme A synthase

639203

frame_shift

Heme A synthase

50892

stop_gained

Hypothetical protein

159812

frame_shift

Hypothetical protein

223654

stop_gained

Hypothetical protein

340263

stop_gained

hypothetical protein

396490

stop_gained

Hypothetical protein

557185

frame_shift

Hypothetical protein

610160

stop_gained

Hypothetical protein

610232

stop_gained

Hypothetical protein

610232

frame_shift

Hypothetical protein

771824

stop_lost

Hypothetical protein

829094

frame_shift

Hypothetical protein

830398

frame_shift

Hypothetical protein

841767

stop_gained

Hypothetical protein

195

Chapter Four: Protein Functional Implications

842380

stop_lost

Hypothetical protein

871570

frame_shift

Hypothetical protein

915695

frame_shift

Hypothetical protein

92530

frame_shift

Isoleucyl-tRNA synthetase

92535

frame_shift

Isoleucyl-tRNA synthetase

3042

stop_gained

Lipoate-protein ligase B

439498

frame_shift

MFS transporter

440194

stop_gained

MFS transporter

440424

stop_gained

MFS transporter

651181

frame_shift

Monovalent cation/H+ antiporter subunit D

474588

frame_shift

Nitroreductase

865819

frame_shift

Penicillin-binding protein

5269

stop_gained

Phosphate ABC transporter permease

5704

frame_shift

Phosphate ABC transporter permease

49069

stop_gained

Phosphatidylserine decarboxylase

4493

frame_shift

Phosphoribosylformylglycinamidine synthase

481840

frame_shift

Photosynthetic protein synthase II

787405

frame_shift

Pyridoxine 5'-phosphate oxidase

303332

frame_shift

Recombinase RecB

303345

stop_gained

Recombinase RecB

33843

frame_shift

Riboflavin biosynthesis protein RibF

762105

stop_gained

RNA polymerase sigma factor

762105

frame_shift

RNA polymerase sigma factor

493040

frame_shift

Trigger factor

6682

stop_gained

tRNA (guanine(37)-N(1))-methyltransferase

290036

frame_shift

Type IV secretion system protein VirD4

724938

stop_gained

UDP-N-acetylmuramoylalanine--D-glutamate ligase
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Chapter Five: General Discussion
Many filarial worms, including O. volvulus, B. malayi, W. bancrofti that cause about 150
million cases of filariases worldwide, contain Wolbachia bacteria (Taylor and Hoerauf,
1999; Taylor et al., 2010; Taylor et al., 2013). The removal of these bacteria by antibiotic
treatment leads to an impairment of growth and reproduction in the host worms (Debrah
et al., 2015; Hoerauf et al., 2003; Hoerauf et al., 2009), and the eventual death of worms
(Debrah et al., 2015; Hoerauf et al., 2008). This has led to suggestions of a mutually
beneficial relationship between Wolbachia and host worms (Tamarozzi et al., 2011;
Taylor et al., 2005a; Taylor and Hoerauf, 1999). This suggestion is further supported by
a 100% prevalence rate of Wolbachia in infected filarial worms (Fischer et al., 2011;
Landmann et al., 2010; Taylor et al., 2005a). Thereby, Wolbachia has become an
important target in the control of filariases (Hoerauf et al., 2000). Another important
feature of the Wolbachia-filarial interaction is the proposed causal link between
Wolbachia proteins and filarial disease presentation in human hosts (Brattig et al., 2004;
Saint Andre et al., 2002).
Given the importance of Wolbachia, there is the need for a further exploration of
the Wolbachia-filarial interaction (Fenn and Blaxter, 2004a). And crucial to the
understanding of this relationship is the need to investigate variation in Wolbachia in
natural populations of host worms. This thesis focused on variation in the Wolbachia of
O. volvulus, which is linked to onchocerciasis (river blindness), a disease that presents a
range of dermal and ocular pathologies, with the most severe being complete
irreversible blindness (Murdoch et al., 1993; World Health Organization, 1995). The
major findings and their implications are discussed below.
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5.1 Chapter two: Significant heterogeneity in Wolbachia copy number in
natural populations of O. volvulus
It is traditionally believed that O. volvulus in Africa occurs in two transmission zones,
which are the forest zone, generally characterised by an over representation of the mild
(dermal) form of the disease, and the savannah zone, generally characterized by an
over representation of blindness (World Health Organization, 1995). Given the proposed
causal link between Wolbachia and immunopathology (Saint Andre et al., 2002), a
previous correlation between high Wolbachia densities and the savannah ecotype has
been suggested as an explanation of the forest-savannah ecotypic classification of host
worms (Higazi et al., 2005).
We were, however, minded by deviations from this ecotypic classification (Cheke
and Garms, 2013; Fischer et al., 1996; Higazi et al., 2001), and the call for paradigm
change (Cheke and Garms, 2013). Therefore, a relative quantitative real-time PCR copy
number assay was designed to determine the number of Wolbachia genome(s) to
nuclear genome. Several experimental methods were used to validate this assay; key
among them was the high positive correlation between NGS copy number values and
the qPCR assay (Fig 2.2).
This analysis of Wolbachia to nuclear genome copy number ratios presented in
this thesis did not detect a significant correlation between Wolbachia copy number and
the savannah or forest ecotypes of host worms. When copy number data for individual
worms and for worm community of origin (rather than aggregating all data into forest or
savannah categories), the analysis reported here revealed significant variation of
Wolbachia copy number between worms and communities within ecotypes, and
between the host worm’s communities of origin. Variation in Wolbachia densities have
been reported in other filarial worm species (Bazzocchi et al., 2008; McGarry et al.,
2004). These findings do not support a simple quantitative relationship between
Wolbachia density and pathology, and do support the call (Cheke and Garms, 2013) for
a reconsideration of the paradigm of a forest-savannah classification of onchocerciasis.
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5.2 Chapter three: Intra- and inter-host genetic diversity of Wolbachia in
natural populations of O. volvulus
DNA sequence variation between the Wolbachia found in different host species has
been used to assign Wolbachia to 17 broad supergroups, with each supergroup
containing Wolbachia of more than one host species (Bandi et al., 1998; Casiraghi et al.,
2005; Glowska et al., 2015; Lo et al., 2007; Wang et al., 2016; Werren et al., 2008; Zhou
et al., 1998). A common Rickettsial ancestry has been proposed for Wolbachia and
mitochondria (Andersson et al., 1998; Foster et al., 2005), which are both inhabitants of
the cytoplasm of filarial nematodes and have a similar maternal mode of transmission
(Sato and Sato, 2012; Taylor et al., 2005a). Given that multiple mitochondrial variants
have been detected in a single host individual (heteroplasmy (Li et al., 2010)), one
hypothesis tested in this thesis was the proposal that similar intra-host variation (multiple
variants in a single host individual) might exist for Wolbachia in filarial nematodes. An
exploration of this level of genetic diversity was crucial to the understanding of the
Wolbachia-filarial interaction.
Having been informed by the several orders of magnitude (105) variation in
Wolbachia copy number in individual host worms (Chapter two) and by unpublished
preliminary whole genome re-sequencing data carried out using pools of adult worms,
we deep-sequenced a PCR-amplified 21.79 Kbp region of the Wolbachia genome to
increase the chances of detecting rare variants. Amplicon DNA from each individual host
was assigned a unique barcode to allow for the detection of Wolbachia variants within a
single host worm, then pooled and sequenced to a mean depth of >400 per nucleotide
site per individual. Polymorphic sites were then called from these data using a variant
allele threshold of >3%. Experimental and in silico approaches were applied to eliminate
or minimize the cofounding effect of nuclear Wolbachia transfers (nuwts; (Dunning
Hotopp et al., 2007)) on polymorphic sites detected here. In addition, a subset of
nucleotide substitutions was confirmed by Sanger sequencing, which is considered as
the gold standard for DNA sequencing (Vincent et al., 2016).
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This thesis, for the first time, reports the presence of multiple Wolbachia variants
in an individual host individual, which is analogous to mitochondrial heteroplasmy. There
was a wide variation in the frequencies of Wolbachia variants in individual hosts, with
the majority of variants being rare. AMOVA tests revealed that the majority of genetic
variation occurred within host worms, which we hypothesize to have been caused by the
severe population bottleneck that occurs during the maternal transmission of Wolbachia
to microfilariae, and the accumulation of unique mutations within individual hosts during
the expansion of the Wolbachia population as microfilariae develop to the adult stages
(Fig 3.9). A similar picture (accumulation of unique mutations) has been observed in
other endosymbionts after population bottleneck and long periods of genetic isolation
(Andersson and Kurland, 1998; Moran, 1996).
Another important finding of this chapter is the discovery of amino acid
substitutions that had the potential to cause functional diversity in a proposed primary
immunogenic protein of Wolbachia, the outer surface protein (Brattig et al., 2004; Saint
Andre et al., 2002). This could possible explain the wide variations in filarial disease
presentation (Murdoch et al., 1993; World Health Organization, 1995).
A noteworthy finding was the detection of nucleotide substitutions in the 16S
rRNA, which is required for the optimal functioning of doxycycline.. Since mutations in
this rRNA have been linked to antibiotic resistance (Nguyen et al., 2014), the observed
nucleotide substitutions could suggest the potential for evolution, which may have
implications on the sustainability of doxycycline treatment (Hoerauf, 2008) since the
repeated use of a single class of drugs can result in the development of resistance,
when there is the potential for evolution (Grant, 2000).
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5.3 Chapter four: The potential for functional diversity of Wolbachia
proteins in natural populations of O. volvulus
Given that this thesis is the first to detect multiple Wolbachia variants in an individual
filarial nematode host (Chapter three), there was the need for further exploration. An
investigation at the whole genome scale was crucial, given that the previous experiment
(Chapter three) focused on only 2.27% of the whole genome.
It is possible that, in an evolutionary genetics sense (Reusch et al., 2005),
protein functional diversity in offsprings will be tolerated by Wolbachia to increase their
resilience against any adverse physiological conditions that may be presented in the
host worms. The previous chapter (Chapter three) discovered the potential for evolution
in some important proteins, and in this chapter, functional impact predictions were made
for nucleotide substitutions in a larger set of important Wolbachia proteins at the
genome-wide scale, to improve the understanding of the Wolbachia-filarial interaction.
Ilumina HiSeq next-generation whole genome sequencing was performed for a
set of 38 adult worm females sampled from 13 communities in Ghana. To minimize the
confounding effect of nuwts, the sequence reads were mapped to all the three reference
genomes of O. volvulus (viz. Wolbachia, mitochondria and nuclear), and only reads
mapped to the Wolbachia genome were used for downstream analysis.
Although there were some amino acid substitutions that had the potential to
cause functional variation in groups of proteins that have been proposed to play
important roles in the mutualism and survival of Wolbachia, there was a general trend of
sequence preservation in these genes. There were, however, some polymorphic
hotspots in other regions of the genome. The preference for non-synonymous
substitutions in some polymorphic hotspots is consistent with the influence of selective
forces. However, this is a cautious interpretation, given that genetic drift has been a
major force in bacterial evolution, particularly in endosymbiotic species. In common with
may other species, the 16S and 23S rRNA genes contained the highest number of
polymorphic sites in the whole genome assemblies. Interestingly, the 5S rRNA did not
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contain any polymorphic sites. Previous reports have linked mutations in the 16S and
23S rRNAs to antibiotic resistance in other bacteria (Grossman et al., 2012; Nguyen et
al., 2014; Pringle et al., 2007; Ross et al., 1998), and since high rates of nucleotide
substitutions were observed in these rRNAs that may suggest the potential for evolution,
it calls for some additional studies and caution in the application of anti-Wolbachia
therapies in the control of filariases.
Given the likely implications of these findings, and the importance of Wolbachia
to the host worm, disease presentation and control efforts, there is the need for follow up
studies.
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5.4 Summary of additions to the body of knowledge
5.4.1 Chapter two


No association between Wolbachia copy number and the forest or savannah
ecotypes of host worms.



A significant variation of Wolbachia densities within and between ecotypes and
communities, respectively.

5.4.2 Chapter three


Multiple Wolbachia variants detected in an individual filarial nematode host.



Wolbachia variants occur at varying frequencies, with the majority being rare.
Therefore, there is the need for deep next-generation sequencing to detect the
rare variants.



A severe population bottleneck that occurs during the maternal transmission of
Wolbachia to microfilariae, and the subsequent Wolbachia population expansion
during the development of the host to the adult stages could be a plausible
explanation

for

the

observed

Wolbachia

population

structure

that

is

predominantly driven by genetic variation in individual host worms.


There was the preference for non-synonymous nucleotide in some proteincoding genes, which could have been driven by non-random or random
evolutionary forces.



Amino acid substitutions that have the potential to cause functional diversity in
the Wolbachia surface proteins were detected. This could give a clue about the
wide variations in disease presentation.



The potential for evolution was detected in a likely target of doxycycline and
other antibiotics in Wolbachia.



A SnpEff database for Wolbachia of O. volvulus has been created, which can be
used for future annotations of polymorphic sites in this genome.

203

Chapter Five: General Discussion

5.4.3 Chapter four


This thesis reported the potential for functional diversity in Wolbachia proteins in
an individual filarial nematode host.



Nucleotide substitutions in the whole genome of Wolbachia of O. volvulus are
non-randomly distributed.



There is the preference for non-synonymous mutations in some polymorphic
hotspots.



There was an over-representation of amino acid substitutions in some
membrane and transport proteins of Wolbachia. Other bacteria, in their
development of antibiotic resistance mechanisms, have employed these classes
of proteins.
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5.5 Technological innovations


Designed a relative quantitative real-time PCR copy number assay that is able to
determine the number of Wolbachia genome(s) to nuclear genome (Chapter two:
S1 Fig).



Designed a qPCR copy number assay to verify the occurrence of nuclear
Wolbachia transfers in Wolbachia genes (Fig 3.2).

5.6 Information for policy makers and implementers
Given the proposed role of Wolbachia in immunopathology, the significant variations in
the density and gene sequence of Wolbachia in natural populations of O. volvulus,
particularly those classified as either savannah or forest ecotypes, support the call for a
paradigm change in this forest-savannah ecotypic classification. This ecotypic
classification has led to the concentration of disease control efforts in the savannah
regions, due to their association with the severe form of the disease. Therefore a review
of the ecotypic classification (Cheke and Garms, 2013) could lead to more diversification
of control efforts, which may possibly target probable severe disease hotspots in the
forest regions, which may be possible based on the findings reported here and
elsewhere (Cheke and Garms, 2013).
The potential for evolution in the ribosomal system, which is the target of
doxycycline and other antibiotics, could have possible implications for the sustainability
of the application of anti-Wolbachia agents in the control of filariases. It is expected that
policy makers and implementers will be minded by these findings, and call for additional
follow-up studies.
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5.7 Future Directions
The significant variation in Wolbachia density in the savannah and forest ecotype, calls
for additional studies in the forest ecotypes to determine any possible severe disease
hotspots, since that may be possible given the proposed immunogenic role of Wolbachia
in filariases, and reports of the deviation from the forest savannah-ecotypic
classification.
It worth noting that the significant heterogeneity in Wolbachia copy number was
observed in adult worms, which are not directly involved in the immunopathology of
hosts. Although it is possible that the lack of correlation between Wolbachia copy
number and worm ecotype could be replicated in microfilariae, there is the need for
actual experimental confirmation in microfilariae. This is important, given the direct
involvement of mff in immunopathology. It is also worth noting that microscopy and
qPCR studies in other filarial nematodes have shown that Wolbachia in mff are
restricted to a few of the nematode’s cells (Fischer et al., 2011; Landmann et al., 2010;
McGarry et al., 2004), and therefore a significant variation in Wolbachia density is not
expected among mff.
This thesis has performed in silico predictions of the functional implications of
nucleotide substitutions in Wolbachia gene. Although in silico predictions can be reliable
and applied in biological systems, there is the need for in vivo confirmation of these
findings. The lack of an animal model for onchocerciasis could make this challenging,
however these findings can be replicated in other parasitic filarial nematodes with animal
models.
An important future step will be to determine the phenotypic consequences of
genetic variation in Wolbachia. It is possible that this can inform population dynamic
models to help predict disease trend.
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