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Abstract

Currently, Aedes aegypti mosquitoes carrying Wolbachia strains wMel and wAlbB,
both of which provide good levels of arbovirus transmission inhibition, are being
used in field releases for dengue control. Other strains of Wolbachia might
provide even stronger virus transmission inhibition in Ae. aegypti. wAu

and wAlbA were transinfected into Ae. aegypti and fitness traits were
characterised, as well as the ability to block arbovirus replication and
transmission. These data reveal that while wAu provides complete viral blockage
of dengue and Zika virus, it has a detrimental effect on fitness with reduced
adult longevity and egg survival. Interestingly, although wAlbA reached a high
density in the Ae. aegypti host, no pathogen inhibition was observed following

challenge with Semliki Forest Virus.

The suitability of wMel, wAu and wAlbB-infected Ae. aegypti for field releases
was examined by exposing larvae to higher temperatures that can occur in the
field. An experimental temperature cycle was based on water temperatures
recorded from larval breeding sites in Trinidad and environmental temperature
in Malaysia. Larvae were exposed to these temperatures, or the normal insectary
rearing temperatures, and the impact this had on Wolbachia density was
assessed. Data revealed wMel and wAu were not stable following heat-
treatment, with drops in whole-body and ovary density, leading to reductions in
maternal transmission rate. On the other hand, wAlbB remained stable following
heat-treatment. Heat-treated mosquitoes were then challenged with Semliki

Forest virus, revealing no significant loss of the pathogen-inhibition phenotype.

Aedes cell lines infected with the high-density wMelPop and wAu

Wolbachia strains were used to investigate the mechanism of Wolbachia-
mediated pathogen inhibition. One hypothesis is that transinfection

of Wolbachia into novel hosts primes the immune system against viruses by
inducing oxidative stress. While Ae. aegypti (Aag2) wMelPop cells showed
evidence of oxidative stress, Ae. albopictus (Aa23) wAu did not, yet both are
strong blockers of arboviruses. Gene transcription assays indicated that wMelPop
is interfering with the expression of protein chaperones that are involved in the
folding of proteins in the endoplasmic reticulum (ER). This

indicates Wolbachia may be modifying the ER and thereby preventing incoming

virus from completing replication.
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1. Introduction

1.1 The spread of Arboviruses

There are over 3000 species of mosquitoes in the world, of which several hundred
bite humans. Mosquitoes are a biting nuisance to those in sub-tropical and tropical
climates, but importantly mosquitoes of the Anopheles, Culex and Aedes genera
transmit arthropod-borne viruses (arboviruses) of serious medical concern to
humans. Aedes aegypti is the primary vector of dengue (DENV), chikungunya
(CHIKV) and Zika (ZIKV) viruses. All three viruses originated in Africa and Asia but
have spread to the semi-tropical and tropical Americas, recently in the case of
ZIKV and CHIKV (Deilgat et al., 2014; ECDC, 2016; Zanluca et al., 2015) .

DENV, CHIKV and ZIKV have similar clinical manifestations in humans, which
include fever, severe joint pain, muscle pain, fatigue and a rash. DENV (genus
Flavivirus, family Flaviviridae) causes a severe flu-like illness, but a small
percentage of cases develop into severe dengue, which can result in total organ
shut down and death. DENV is endemic in more than 100 countries with the most
affected areas occurring in the Western Pacific, the Americas and South-East Asia
(CDC, 2014). DENV has had an increasing effect on human morbidity and mortality
in these regions, particularly from 2010 onwards (Figure 1.1.A). There is also an
increasing risk of transmission of DENV in more temperate regions, due to the
expansion of the geographical range of Ae. albopictus (Fig.1.1.B). Colonisation of
Ae. albopictus in Europe has resulted in local transmission of DENV in France and
Croatia, with imported cases of the virus in three other countries in Europe (Rezza,
2014; WHO, 2017c).

Another arbovirus increasingly invading new territories is CHIKV (genus Alphavirus,
family Togaviridae), a debilitating disease which manifests mainly as arthralgia
and fatigue in a human host. As there is no cure, treatment involves trying to
relieve the patient of these symptoms. CHIKV was first identified in 1952 in Africa
and Asia, however following later re-emergence of the virus in 2004, cases were
then identified in countries in and around the Indian Ocean, including the
Americas (Yactayo et al., 2016). An outbreak of CHIKV on Reunion Island in the
Indian Ocean in 2005 involved over 200,000 cases, spanning twelve months, and

significantly there was a 1 in 1000 fatality rate (Josseran et al., 2006). Alarmingly,
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there has been local transmission of CHIKV in France and Italy in 2017, with the
latter outbreak consisting of over 100 confirmed cases (WHO, 2017b). The
increasing frequency of local transmission in previously non-endemic areas shows

the rapid spread of these arboviruses.

A large outbreak of Zika virus (ZIKV: genus Flavivirus, family Flaviviridae) in Brazil
in 2015 highlighted the risk of complications associated with arboviral infections.

Over 1 million cases of ZIKV were reported, with over 4,000 associated cases of
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Figure 1.1. Global burden of Dengue virus.

Data shows a Dengue cases and deaths reported to the World Health Organisation from 1990- 2016
(A). There is a general increase in Dengue cases since 2010. PAHO = The Americas, SEARO = South-
East Asia, WPRO = Western Pacific. (CDC, 2017c; Deilgat et al., 2014; WHO, 2016a). Map shows
equatorial belt of typical Dengue endemic areas (B) indicating that all four serotypes have been
found there. Map also shows presence of Aedes aegypti (orange), Aedes albopictus (yellow) and
both (green). Note yellow areas in North America and Europe which indicate spread of Ae.

albopictus to temperate regions (Rezza, 2014).
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microcephaly in infants born of an infected mother (Heukelbach et al., 2016). ZIKV
infection can also result in the development of Guillian-Barre syndrome in adults,
in which the immune system attacks the peripheral nervous system (ECDC, 2015).
Towards the end of 2016, local transmission of ZIKV also occurred in the states of
Texas and Florida in North America (CDC, 2017a). Although these areas are no
longer at risk of local transmission, there is still potential for ZIKV to spread
further in North America. The spread of arboviruses into areas with humans that
have previously not been exposed to these viruses also increases the risk of serious
disease complications, as they have not developed immunity from previous

exposure to the virus.

Aedes mosquitoes also transmit Yellow fever virus (YFV) (genus Flavivirus, family
Flaviviridae) which typically causes a febrile illness, however, a small proportion
of those infected will develop severe symptoms including organ shutdown, which
proves fatal. YFV is endemic in tropical areas of South America and Africa, but
does have an effective vaccine that provides life-long immunity (WHO, 2016).
However, with limited vaccine supplies and capacity to deliver this to the public,
deadly outbreaks have occurred in Central/South America in recent years; one
outbreak between December 2016 and March 2018 led to 500 deaths in Brazil, a
country where the last documented outbreak was in 1942 (Possas et al., 2018).
Due to this outbreak, travellers in Brazil then transported YFV to 7 countries in
Europe in 2018; a region which had only experienced 3 cases of YFV in the previous
16 years (Barrett, 2018).

Another arbovirus increasingly imported from Central/South America to Europe is
the emerging Mayaro virus (MAYV) (genus Alphavirus, family Togaviridae), which
is in the same antigenic complex as Semliki Forest virus (SFV), a model alphavirus.
MAYV was first documented in Trinidad in the 1950s and is commonly reported in
Central/South America and the Caribbean (lzurieta et al., 2018). In severe cases,
MAYV can cause paralysis, haemorrhaging and death. MAYV was previously
contained in a sylvatic cycle between non-human primates and mosquitoes such
as Haemagogus janthinomys, which is normally found in the top canopy of
rainforest, with sporadic human cases occurring near forest areas. However,
disturbance of the canopy by urbanisation can cause the vector to remain at

ground level, increasing the chances of transmission to humans. In addition, Ae.
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aegypti and 4 species of Anopheles mosquitoes, which are all present in North
America, have been shown to be competent vectors of MAYV in laboratory settings
(Brustolin et al., 2018; Long et al., 2011). MAYV has been recorded in a semi-rural
area of Haiti, indicating the potential for urban spread. Imported cases of MAYV
have occurred in 4 countries in Europe between 2008-12 due to returning
travellers from endemic areas, showing the potential of geographical spread
(Friedrich-Janicke et al., 2014; Hassing et al., 2010; Receveur et al., 2010;
Theilacker et al., 2013). The clinical symptoms of MAYV, CHIKV, DENV and ZIKV
are so similar that the term “ChikDenMaZika syndrome” has been coined when
diagnosing febrile illness, highlighting the difficulty of arbovirus indentification

and increase in occurrence of infection in humans (Acosta-Ampudia et al., 2018).

Anopheles and Culex mosquitoes are capable of spreading arboviruses different to
those spread by Aedes mosquitoes, enabling the opportunity for interepidemic
transmission of various arboviruses. Anopheles mosquitoes are the main vector of
the malaria parasite, Plasmodium, a leading cause of morbidity and mortality in
sub-Saharan Africa (WHO, 2017e). Anopheles mosquitoes can also transmit
O’nyong yong virus (ONNV) which, like most arboviruses, causes a febrile illness
and arthralgia. ONNV is becoming more of a problem in East Africa as its
prevalence in communities has been increasing over the past three decades, and

epidemics cycle alternate to CHIKV (LaBeaud et al., 2015).

Culex mosquitoes are responsible for the transmission of the closely related West
Nile virus (WNV) and Japanese encephalitis virus (JEV) (genus Flavivirus, family
Flaviviridae). For the majority, infection with WNV is asymptomatic, but 20% of
those infected develop a typical arbovirus fever. For a small percent of those
infected, WNV can be fatal when it develops into a neuroinvasive disease such as
encephalitis, meningitis or acute flaccid paralysis. An estimated 1 in 150 cases of
WNYV are fatal due to invasion of the brain (WHO, 2011). WNV is present in several
continents including West Asia, the Middle East, Africa, Europe and North America.
The WNV life cycle involves replication in birds, which make long migratory
journeys, allowing the virus to ‘piggyback’ across wider territories. WNV has
spread successfully to almost every state in North America and was responsible
for just under 2000 deaths cumulatively from 1999-2015 (CDC, 2017b). The threat

of neuroinvasive WNV is current in North America and highlights the fact that
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arboviruses are not restricted to sub-tropical climates, as WNV has spread to even

northerly states.

Typical symptoms of JEV include headache and mild fever and as with WNV, a
small percentage develop severe symptoms which can result in encephalitis,
paralysis and death. Infact, the fatality rate of people presenting with severe JEV
symptoms can be as high as 30% (WHO, 2015). JEV is typically maintained in a
cycle with Culex mosquitoes (particularly Cx. Tritaeniorhynchus) and vertebrates
such as pigs and birds. Humans are a dead-end host of WNV and JEV, as the virus
does not achieve a high enough viraemia in the blood to be transmitted to a
feeding mosquito (CDC, 2015). JEV is a leading cause of encephalitis across South-
East Asia; virus spread is correlated with increased agricultural development of
pig farming and intensive rice cultivation. However, there is increasing cases of
imported cases due to travellers and spread of JEV into new territories, even in
high altitude regions (Di Francesco et al., 2018; Zhang et al., 2017). JEV has
previously been considered a rural disease, however mosquitoes collected from
an urban city in South Vietnam have tested positive for the virus (Lindahl et al.,
2013). Although there is an effective vaccine against JEV, the unpredictable
spread of the virus means there may be sporadic unexpected outbreaks of the
virus and 3 billion people are currently at risk of infection (Connor and Bunn,
2017).

More people than ever are at risk of arbovirus infection and recent unpredictable
outbreaks have emphasised the serious complications these diseases can have,
causing permanent microcephaly in unborn children or proving fatal due to organ
shutdown/invasion of the brain. In order to prevent transmission of arboviruses to
humans, we must understand how an arbovirus completes its life cycle and identify
stages that can be intercepted. One of these steps is control of the mosquito

vector, which directly delivers arboviruses to humans through an infected bite.

1.1.2. Distribution of Aedes mosquitoes

Ae. aegypti has spread worldwide from its origins in sub-Saharan Africa. Aedes
mosquitoes can breed in essentially any standing water containing suitable food
in natural or man-made containers. The preference for breeding site and

vertebrate blood meal differs between mosquito species (Barrera et al., 2012;
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Dom et al., 2013). Ae. aegypti is more genetically diverse in sub-Saharan Africa,
where the presumed ancestral species Ae. formosus is also present; these
mosquitoes are morphologically darker, reside in natural containers such as tree
holes, and feed on non-human animals (the sylvan form) (Mattingly and
Brucechwatt, 1954; McClelland, 1960). The formation of the Sahara desert in
North Africa created a dry environment and selected for diversification. The
sylvan mosquitoes remained south of the Sahara, whereas those in the north were
in closer contact to human settlements, and switched from zoophagy to

anthropophagy (feeding on humans)(Powell and Tabachnick, 2013).

It is widely thought Ae. aegypti were introduced to the New World (Americas)
from the Old World (Africa, Europe) on ships with conditions that were ideal for
selection of a domestic type of Aedes. European transportation of slaves from
West Africa to the New World likely accounted for a majority of this mosquito
introduction, with thousands of cramped humans in damp conditions providing the
ideal setting for the Aedes life cycle. During this time Ae. aegypti earned the
name the ‘Yellow Fever’ mosquito, as it brought YFV into the western hemisphere,
which reportedly caused more deaths of US soldiers in the Spanish-American war
than the war itself (CDC, 2017b). Analysis of single nucleotide polymorphisms
(SNPs) suggests that Ae. aegypti then spread west from the New World to Asia and
Australia (Brown et al., 2014).

The closely related Ae. albopictus, also known as the Asian Tiger mosquito, is
extremely invasive and has adapted to survive at colder temperatures compared
to Ae. aegypti (Thomas et al., 2012). As the name suggests, the Asian Tiger
mosquito originated in Asia but has spread to 28 countries over the past two
decades. They inhabit natural and artificial containers much like Ae. aegypti, but
it is thought they particularly utilised pools of water in used tyres for laying eggs,
which are resistant to desiccation, and this led to their transportation across the
globe in the used tyre trade (Benedict et al., 2007). Ae. albopictus is an
aggressive, outdoor biter that is a secondary vector of DENV and can be an
extremely efficient vector of some strains of CHIKV, the latter of which is due to
multiple adaptations of virus envelope mutations which increase virus
dissemination within the vector (Tsetsarkin et al., 2007; Tsetsarkin, 2011). With
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Ae. albopictus colonising colder areas north of the equator, and Ae. aegypti

creating endemics south of the equator (Figure 1.2.), an increasing number of
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1.1.3 Arbovirus life cycle

Different stages of the arbovirus life cycle occur in the arthropod vector and
mammalian host. Mosquitoes can remain infected indefinitely with an arbovirus,
as they have evolved an appropriate RNAi immune response which keeps the virus
below pathogenic levels (Myles et al., 2008). Female mosquitoes transmit virus to
a mammalian host when acquiring a blood meal, which is required for
development of fertilised eggs. The virus replicates to high levels in the
mammalian host and this viraemic state increases the chances of another biting
vector acquiring the virus in a blood meal, completing the cycle (Pfeffer and
Dobler, 2010).

Most arboviruses are sustained in a sylvatic cycle, from arthropod vector to non-
human mammalian host, such as birds or primates, with very low morbidity and
mortality in these sylvatic hosts. Humans are generally a dead-end host of most
arboviruses, with some exceptions being DENV, CHIKV and ZIKV, which can sustain
transmission between humans and arthropods without the need for a hon-human
reservoir (Gould et al., 2017). Arboviruses are not only restricted to transmission
via arthropod vectors, as was highlighted in the 2015 ZIKV outbreak in Brazil; ZIKV
is the first known arbovirus to be transmitted via sexual intercourse, blood
transfusion and worryingly from a mother to a baby in the womb (Figure 1.3.). In
fact, a recent study has computed that the risk of sexually-transmitted ZIKV is at
least an order of magnitude higher than is currently estimated (Allard et al.,
2017). Arboviruses can also be transmitted vertically from arthropod host to
offspring; although insect-specific flaviviruses exhibit high rates of vertical
transmission, dual-host flaviviruses such as DENV and ZIKV do not (Lequime et al,
2016). It is thought less than 0.1% of mosquitoes are infected with arboviruses

vertically in nature (Lequime & Lambrechts, 2014).

While it is clear there can be transmission of ZIKV without the aid of mosquitoes,
these vectors are responsible for the majority of arbovirus-related disease. The
intrusion of ZIKV into an urban cycle highlights how humans are increasingly
crossing over with the life cycle of Aedes mosquitoes, allowing outbreaks of

previously sylvatic arboviruses to occur.
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Figure 1.3. Transmission routes of Zika virus.

ZIKV is usually maintained in a forest environment in a sylvatic cycle between arboreal
arthropods and non-human primates. ZIKV enters an urban cycle when vectors come in close
contact with humans, with cycling of the virus via domesticated vectors. Zika virus can also be
transmitted via sexual intercourse, blood transfusions and in utero. Adapted from Council of

Foreign Relations. (Meltzer, 2016)

1.1.4. Aedes life cycle

The Aedes life cycle requires an aquatic and terrestrial environment and consists
of 4 stages: eggs, larvae, pupae and adult (Figure 1.4.). Eggs are laid above a
water line in a standing pool of water and hatch when water reaches the egg line.
Aedes eggs are particularly resistant to desiccation (drying); Ae. aegypti can
withstand several months of desiccation while retaining high viability, but Ae.
albopictus can withstand up to a year even in temperate countries (Faull and
Williams, 2015; Hawley et al., 1989). The larvae stage is mobile and feeds on
microorganisms and nutrients within the water, shedding its skin three times
through four instar stages. The third aquatic stage is the pupae, also known as
‘tumblers’ due to their mobility. Pupae do not feed and eclose into terrestrial
adults once metamorphosis is complete; this whole process lasts 8-10 days
(Clements, 1992).
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Figure 1.4. Life cycle of Aedes mosquitoes.

Eggs are laid above the water line and hatch into larvae in the presence of water. Larvae
feed and develop through four instars into pupae, where metamorphosis into an adult

occurs. Adults remain terrestrial. (CDC, 2012)

1.2. Arbovirus replication

A lot of the knowledge of virus replication in insects arose from discovering
homologues to mammalian systems, therefore the study of virus replication in
mammals is crucial. The replication process of arboviruses has been well studied
in mammalian systems and can differ across genera, due to the composition of
viral genomes. DENV, ZIKV, YF and WNV are members of the Flavivirus genus, one
of three genera in the Flaviviridae family (Simmonds et al., 2017). CHIKV and the
model virus SFV are part of the Alphavirus genus, of the family Togaviridae
(Powers et al., 2001). All known alphaviruses and flaviviruses that cause disease

in humans are transmitted via arthropods.

The composition of viral particles of both genera are similar; they contain the viral
genome in the form of a positive single-stranded RNA (ssRNA) enclosed within an
enveloped membrane. Both genera are spherical in shape, with the diameter of
flaviviruses measuring slightly smaller (40-50nm) compared to alphaviruses (60-
70nm), with a small genome of between 9-11kb (nucleotide bases) that can encode
only up to 10 viral proteins (Fernandez-Garcia et al., 2009; Smit et al., 2011). The
lack of replication machinery within a virion means they must exploit host-cell

resources in order to multiply.
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1.2.1. Flavivirus replication

Flavivirus virions contain one copy of the viral genome, which will encode a
polyprotein that is cleaved into 7 non-structural proteins and 3 structural proteins
during replication. The structural proteins of flaviviruses are the core (C),
premembrane (prM) and E glycoprotein, which will form the viral particle. Non-
structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, NS5) will be involved in
replication of viral RNA, virus assembly and modulation of host-cell responses
(Fernandez-Garcia et al., 2009). Flaviviruses first bind and enter cells through
receptor-mediated endocytosis. The viral glycoprotein E binds to a cellular
receptor; studies have shown there can be many of these receptors including heat
shock proteins 70/90, BiP, C-type lectins such as dendritic-cell specific
intracellular adhesion molecule (DC-SIGN), and negatively charged
glycosaminoglycan’s, the latter of which are expressed on many cell surfaces (Smit
et al., 2011).

Flaviviruses have been shown to enter cells by clathrin-mediated receptor
endocytosis; single-particle tracking has shown DENV will select an attachment
receptor preferentially if it is located at a clathrin hotspot (van der Schaar et al.,
2008). The plasma membrane invaginates around the virus and is sealed with
dynamin, resulting in containment of the virus within a clathrin-coated vesicle.
However, a study has shown that entry into Vero cells, which are widely used in
mammalian cell culture, can differ between DENV serotypes. While DENV-1
entered by classical clathrin-mediated endocytosis, DENV-2 did not, although it
did require dynamin (Acosta et al., 2009). Despite the difference in
internalisation, once inside both serotypes are guided by GTPases Rab 5 and Rab

7 to early and late endosomes, respectively (Acosta et al., 2012).

Once virus is trafficked to endosomes a low pH environment induces a
conformation change in the glycoprotein E, inducing fusion of host and viral
membranes. This results in release of the viral genome into the cell cytoplasm for
replication (Sanchez-San Martin et al., 2009). The composition of the host cell
membrane that the virus is being released from has been shown to be important
in this process. The presence of cholesterol is important for fusion; cholesterol-
depleted cells show less viral infectivity and addition of cholesterol to artificial

membranes results in increased fusion of WNV (Medigeshi et al., 2008). It is
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therefore thought the presence of cholesterol influences the properties and

fluidity of a membrane, required for arbovirus fusion (Smit et al., 2011).

Following fusion and release of the viral genome, Flavivirus replication occurs on
virus-induced host cell membranes within host cell organelles, such as the
endoplasmic reticulum (ER). Flaviviruses use host-cell signalases and the virus-
derived NS3 protease to process the viral polyprotein into three structural and
seven non-structural proteins. Following translation of the viral input RNA, the
non-structural RNA-dependent RNA polymerase (RdRp) NS5 protein transcribes a
complimentary (-) strand to the input (+) strand. This (-) strand will then serve as
a template for transcription back into the (+) form. The +ve RNA strands can then
be processed for virion formation or used for further transcription (Fernandez-
Garcia et al., 2009). New viral RNA is complexed with the C protein on the ER
surface and packaged into a lipid bilayer with heterodimers of the E and prM,
which is transported to the Golgi apparatus. This is where virus maturation occurs,
with furin-mediated cleavage of the prM to the M (membrane), after which virus

is released into the cytoplasm by exocytosis (Fernandez-Garcia et al., 2009).

1.2.2. Alphavirus replication

Like Flaviviruses, Alphaviruses are enveloped viruses, however the composition of
virons differs and slightly alters the replication process. The structure of
Alphavirus Sindbis virus (SINV) has been extensively studied in mammalian
systems. A mature SINV virion is composed of two protein shells; the outer shell
contains 240 copies of glycoproteins E1 and E2, whereas the inner shell contains
the capsid protein and ssRNA. The E2 glycoprotein is involved in receptor
recognition and binding to cells, whereas the E1 protein helps preserve the virion
structure and mediate the infection process (Vancini et al., 2015). Alphaviruses
can enter cells via clathrin-mediated endocytosis like Flaviviruses, however there
is evidence the virus RNA can also enter cells through a virus-formed pore

structure that penetrates the plasma membrane (Vancini et al., 2013).

As Alphaviruses are also +ve ssRNA viruses, the replication process of creating a
complementary (-) strand to the input (+) strand is the same as with Flaviviruses.
However, the translation of the Alphavirus genome is slightly different as the viral

genome encodes for two open-reading frames; non-structural proteins are
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translated by the larger genomic RNA region and structural proteins encoded in a
smaller region by the 26S RNA promoter (Leung et al., 2011). The non-structural
proteins encoded aid in the replication process, whereas the structural proteins
encoded by the 26S RNA site associate with genomic RNA near the budding site
(Leung et al., 2011; Wielgosz et al., 2001). Alphavirus replication occurs in bulb-
shaped membrane invaginations of complex cytoplasmic vacuolar structures (type
1) (CPV-l), which originate from endosomes and secondary lysosomes (Jose et al.,
2017). Replication complexes (RC) are formed on these spherules, which contain
non-structural proteins nsP1-4, viral RNA and host proteins. 240 copies of the
structural capsid protein (CP) form around a single viral RNA to form the virus
core, which is presumed to be trafficked to the plasma membrane for budding by
type Il cytoplasmic vacuoles (CPV-Il) (Jose et al., 2009; Jose et al., 2017). Much
of what is known about arbovirus replication comes from studies in mammalian
systems, however we can use current knowledge of how viruses manipulate

mammalian-cell systems to investigate homologous systems in insects.

1.2.3. Arbovirus replication in mosquitoes

Arboviruses must navigate different pathways, cell types and barriers in an
arthropod vector compared to in a mammalian host. Only female mosquitoes
acquire a blood meal in order to gain the nutrients required for egg development.
If females feed on a viraemic host, they will ingest arboviruses within the blood
meal. Once a mosquito is infected with an arbovirus, it can remain infectious
indefinitely, without detrimental effects to the vector (Blair, 2011). However,
there is a certain degree of specificity between vector and virus, as only certain
vectors can spread certain viruses. The success of a virus infecting a vector relies
on the virus avoiding various immune responses within the vector, and
maneuvering several bottleneck barriers to get to the salivary glands; therefore,
the establishment of viruses in certain vectors is likely due to years of co-evolution
(Bosio et al., 1998; Miller and Mitchell, 1991).

Viruses enter the mosquito midgut during ingestion of a viraemic blood meal from
a vertebrate host. Once in the midgut, virus must enter midgut epithelial cells
within 12 hours, before the peritrophic matrix forms around the gut. This is the
first bottleneck for the virus, as it is estimated as little as 20% of epithelial cells

are successfully infected with virus (Franz et al., 2015). Inside epithelial cells,
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viruses hijack the host-cell machinery to perform viral RNA replication at the
endoplasmic reticulum (ER) membrane. Following replication, virus maturation
occurs within the cell at various sites depending on virus/vector; CHIKV matures
at the plasma membrane in Ae. aegypti, whereas YFV can mature at the cisternae
of the ER (Deubel et al., 1981; Vega-Rla et al., 2015).

During blood meal digestion at 24-32 hours post blood meal, the collagen-
constructed basal lamina becomes permissive, as collagenase activity increases
(Dong et al., 2017). Current studies suggest virions pass through the basal lamina
of the midgut epithelium to enter the hemocoel for dissemination to secondary
tissues such as the fat body, nerve tissues and haemocytes (Figure.1.5.)(Franz et
al., 2015). The final organ for viruses is the salivary gland, and it is thought
haemocytes provide a cell to amplify in and a vehicle to transport the virus there.
Arbovirus replication can also occur in the salivary glands, as budding of CHIKV
has been observed in the salivary glands of Ae. albopictus (Vega-Rua et al., 2015).
Finally, mature virions enter the apical cavities of acinar cells in the salivary

glands, and are inoculated into a vertebrate host upon feeding (Figure 1.5.).

cibarial
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Figure 1.5. Schematic of viral progression through a mosquito.

Ingested virus moves to midgut, where it infects epithelial cells. Virus then escapes the basal
lamina and disseminates to secondary organs, finally reaching the salivary glands. Mature

virions are expectorated during the mosquito’s bite. (Deilgat et al., 2014; Franz et al., 2015)

1.3. Mosquito immune defences to arboviruses

Dual-host arboviruses must overcome tissue barriers, humoral and cellular
responses, and insect-specific viruses (ISV) that are already established within the
vector.Unlike mammals, mosquitoes do not have adaptive immunity and rely on

innate immune responses. Much of what is known of mosquito immunity comes
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from studies in Drosophila with further identification of homologues in
mosquitoes. There are three main conserved immune pathways in mosquitoes; the
Toll, Immune deficiency (Imd) and Janus kinase (JAK) signal transducer and
activator of transcription (STAT) pathways. These immune pathways are activated
by identification of an invading pathogen, resulting in translocation of
transcription factors, which are translated into anti-bacterial/fungi/viral
effectors. The main anti-viral pathway in insects is the exogenous RNAi pathway,
which operates differently to Toll, Imd and JAK-STAT, in that it directly cleaves
incoming virus RNA, preventing infection. Together, these pathways collaborate
to mount an effective antiviral response. In addition, there is mounting evidence
that the presence of ISVs can significantly alter the vector competence of a

mosquito.

1.3.1. RNAi

The well-characterised RNAi immune response is the major antiviral pathway in
insects and is composed of three pathways; small interfering (si) RNA, piwi-
interacting (pi) RNA and micro (mi) RNA pathways, the latter of which is less
involved in immunity. The siRNA pathway is activated by double-stranded RNA
(dsRNA) longer than 150 base pairs in length. Viruses trigger this pathway as they
produce dsRNA intermediates during their replication cycle, which are then
detected by the Dicer-2 protein attached to the R2D2 protein. Dicer then splices
the dsRNA into smaller fragments (siRNA); these are then unwound and a guide
strand is selected based on its complementarity. This guide strand is loaded onto
a preRNA-induced silencing complex (preRISC) which has the RNase Argonaute-2
(Ago2) attached. Any other viral RNA strands which then pair with the guide strand
are degraded by Ago2 (Kingsolver et al., 2013).

The RNAi pathway mounts such a potent antiviral response that viruses produce
proteins that suppress elements of the pathway in both arthropods and mammals.
Viruses in Drosophila (Drosophila C Virus (DCV) and Flock House Virus (FHV))
produce RNAi silencing suppressor (RSS) proteins that prevent the cleavage of
dsRNA by Dicer. In addition, when the RSS protein B2 is knocked down in FHV there
is no established infection of the virus (Han et al., 2011). Similar RSS proteins have
been found in mammalian systems infected with DENV; the NS4B protein from all

four DENV serotypes has been shown to suppress the RNAi pathway in mammalian
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cells (Kakumani et al., 2013). There is a lack of evidence of any RSS proteins
encoded by arboviruses in insect systems; it was considered that arboviruses may
not require RSS proteins and tolerate the RNAi response, as there is still persistent
low levels of infection. However, flaviviruses DENV and WNV have been shown to
produce subgenomic flavivirus RNA (sfRNA) that inhibits RNAi, rather than viral

proteins, in both insect and mammalian cells (Schnettler et al., 2012).

1.3.2. JAK-STAT

The antiviral pathways in mosquitoes do not necessarily work alone; rather they
can work in conjunction to mount a wide cellular antiviral response. The RNAi
pathway upregulates transcription of the protein Vago, which directly activates
the JAK-STAT pathway. In WNV-infected Culex cells, Vago is upregulated and acts
as an Interferon-like antiviral cytokine, activating the JAK-STAT pathway, which
induces further antiviral responses. Transcription of this protein has been shown
to be dependent on Dicer-2, but not other components of the RNAi pathway
(Paradkar et al., 2012). Vago acts as an extracellular receptor that activates the
JAK-STAT pathway however the receptor it binds with is unknown. JAK-STAT is
traditionally activated by the Upd cytokine binding to transmembrane receptor
Domeless (DOME). Binding of different Upd cytokines results in different genes
being transcribed, either promoting developmental process or responses to
bacterial challenge or septic injury. Once the Upd is bound, the Jak (Hopscotch)
can phosphorylate DOME, allowing a binding site for the STAT (STAT92E). This
STAT is also phosphorylated and dimerized, then translocated to the nucleus for

gene transcription (Liu et al., 2017).

The JAK-STAT pathway has been shown to have an important role in virus
infection in insects by activating transcription of antiviral genes. In Drosophila,
the gene vir-1 is upregulated by JAK-STAT in response to Drosophila C virus
infection, reducing the viral load (Myllymaki and Ramet, 2014). JAK-STAT is also
activated in Ae. aegypti in response to DENV infection, with susceptibility to virus
increased with RNAi depletion of Hop and DOME (Souza-Neto et al., 2009).
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1.3.3. Toll

Pattern recognition receptors (PRR) detect invading pathogens and bind to a
specific membrane protein to activate each pathway. The Toll pathway is
activated by a range of organisms in insects, including gram-positive bacteria,
fungi and viruses. The cytokine Spatzle binds to transmembrane protein Toll to
activate the Toll pathway. Toll then interacts with a cascade of proteins, Myd88,
Tube and Pelle, which results in translocation of transcription factor Rel1 to the
nucleus. This translocation results in the production of anti-microbial peptides
(AMPs), such as Defensin and Cecropin, which are anti-bacterial, fungal and viral
(Liu et al., 2017). The Toll pathway has been shown to play an antiviral role in
Drosophila, as knockdown of the pathway results in higher viral loads of RNA
viruses Drosophila C virus and Cricket Paralysis Virus (Ferreira et al., 2014).
Components of the Toll pathway such as transcription factor Rel1 and AMP
Cecropin G are upregulated in Ae. aegypti in response to DENV infection (Xi et al.,
2008). Interestingly, Xi et al also showed that the presence of naturally occurring
microbiota in Ae. aegypti upregulates Toll-pathway components, which reduces

viral load, compared to Ae. aegypti cleared of microbiota with antibiotics.

1.3.4. Imd

The Imd pathway is activated primarily by gram-negative bacteria, via the
peptidoglycan-recognition protein receptors (PGRP)-LC and LG. Like Toll, this
binding initiates a cascade of proteins (IMD, FADD, Dredd, Tak1 and IKK) resulting
in translocation of Rel2 to the nucleus. Antimicrobial effectors are then produced
which are specific for gram-negative bacteria, including Attacin and Diptericin
(Liu et al., 2017). Microbiota in Ae. aegypti has also been shown to activate the
Imd pathway, resulting in a decreased Sindbus virus (SINV) load (Barletta et al.,
2017). Injection of Cricket paralysis virus into Drosophila, with Imd mutants, led

to increases in viral loads (Costa et al., 2009).

1.3.5. Insect-specific viruses

To date, there have been 38 mosquito-specific flaviviruses identified, with the
assumption there are many more to be discovered. ISVs are transmitted through
a mosquito population vertically via the eggs, therefore a dual-host flavivirus

entering the midgut following a blood-meal may encounter inhibited replication
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as ISVs are already established. ISVs such as cell fusing agent virus (CFAV), phasi
charoen-like virus (PCLV) and Aedes flavivirus (AeFV) have been detected in
mosquito lab colonies and field caught Aedes and Culex mosquitoes (Cook et al.,
2006; Cook et al., 2009; Yamanaka et al., 2013). Importantly, studies have shown
presence of ISVs can inhibit growth of WNV, ZIKV, DENV, CHIKV and La Crosse
encephalitis virus (LACV) in mosquitoes, in vitro and in vivo (Romo et al., 2018;
Schultz et al., 2018). Sequencing of CFAV shows a distant relation to dual-host
flaviviruses, with a high similarity of NS5 and NS3 genes (Bolling et al., 2015). The
mechanism of ISV-induced flavivirus inhibition is unknown, but is theorised to be
due to super-exclusion of incoming flaviviruses from cells by ISVs, preventing
replication. However, the presence of ISVs may also be priming the immune

system, preventing establishment of incoming flaviviruses.

1.4. Transmission of arboviruses to humans

Traditionally, arboviruses are contained in a sylvatic cycle within forests, between
arboreal vectors and non-human mammals. Arboviruses can enter an urban cycle
when vectors come in close contact with humans; this is becoming an increasing
problem due to deforestation and urbanisation, resulting in intrusion into
previously isolated vector habitats. The current state of many emerging
arboviruses globally is not an isolated event, and rather, should be considered re-

emerging arboviruses.

1.4.1. Re-emergence of arboviruses

YFV has been present in African forests for centuries, transmitted from arboreal
Aedes mosquitoes such as Ae. africanus and Ae. simpsoni, to non-human primates
(NHP). Small-scale epidemics of YFV occur in humans in rural and peri-domestic
areas when arboreal Aedes mosquitoes cross over with fully domesticated Ae.
aegypti on the outskirts of the forest, thus allowing the virus to travel into
households (Gould et al., 2017). However, there has been a resurgence of YFV
outbreaks in recent years, in Central/South America and Africa, with urban YFV
transmission occurring (Barrett, 2018). There were over 900 confirmed cases of
YFV across an outbreak in Angola, Democratic Republic of Congo and Kenya
between 2016-17 (WHO, 2019). This prompted an emergency vaccination

campaign with 18 million vaccines being distributed throughout these countries.
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Such outbreaks highlight the need to maintain prevention strategies for arbovirus
control, such as immunisation. In addition, this outbreak led to the first import of
YFV into China, due to infected travellers returning from Angola (Cui et al., 2017).
If there were vectors capable of spreading YFV established in China, this could
have led to a widespread outbreak in a high density population with no previous

exposure to the virus.

In the Americas, DENV has an endo-epidemic pattern, with outbreaks occurring
every 3-5 years. There has been several stages of DENV transmission in the
Americas since its introduction in the 1600s; successful eradication due to vector
control, subsequent failure of mosquito eradication and increased vector

dispersion and DENV-serotype circulations (Dick et al, 2012).

ZIKV has emerged and disappeared several times across the globe, only to re-
emerge in a novel location. In 2007 the African lineage of ZIKV dispersed to
Malaysia, and a subsequent Asian lineage is the likely origin of the strain
responsible for the outbreak in Brazil in early 2015 (Gould et al, 2017). It is thought
ZIKV was introduced to the Americas via the French Pacific (FP), and the cases
seemed to coincide with the large influx of people during the FIFA World Cup in
June-July 2014. However, no countries from the FP were competing in the cup;
therefore blame turned to a FP-attended canoe race in Rio de Janeiro in August
2014. Despite these events in which people from different countries that had
potentially been exposed to ZIKV may have attended, mathematical predictions
estimate ZIKV was established in Brazil by infected travellers from October 2013-
March 2014, before the two events (Massad et al, 2017). Following its introduction
in the North-East of South America, ZIKV is thought to have spread southwards at
an average speed of 47km per day due to movement of viremic hosts, with cases
occurring in the South 5-6 months later (Zinszer et al, 2017). The rapid spread of
ZIKV was also attributed to the 2015 El Nino event, which created optimal
climactic conditions for vector-borne spread of the disease (Caminade et al.,
2017).

The closely related Ae. albopictus also transmits DENV, but is a particularly
efficient vector of CHIKV. A mutation on the viral envelope of CHIKV allows Ae.

albopictus to transmit the ‘Indian Ocean’ lineage more effectively than Ae.
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aegypti (Tsetsarkin et al., 2007). Ae. albopictus are of particular concern due to
their ability to survive in colder temperatures than Ae. aegypti, and were
responsible for outbreaks of CHIKV in Europe (Delisle et al., 2015; Grandadam et
al., 2011; Paupy et al., 2009; WHO, 2017a). The expanding geographical range of
Aedes mosquito vectors indicate the current vector control methods are not

effective and novel strategies are required.

The re-emergence of these arboviruses highlights the importance of constant
monitoring and control of vectors responsible for spreading disease, the lack of
which can lead to re-emergence of arboviruses in regions where they have
previously been eradicated (or transmission ceased naturally). With the predicted
global range of Aedes mosquitoes set to increase (Figure 1.6.), monitoring vector

control is crucial in the fight against arboviruses.

Ae. albopictus

Figure 1.6. Predicted global range of Ae. aegypti and Ae.albopictus.

Probability map produced by advanced modelling, combining occurrence records and environmental
correlates. Map shows probability of species occurring at a special resolution of 5km x 5km (blue O - red 1).

(Kraemer et al., 2015)
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1.4.2. Vaccine development

One way to prevent transmission of disease is the development of vaccines.
Vaccine development of arboviruses is a crucial but complicated task. The success
story of arbovirus-vaccination lies with YFV, a virus that mostly causes a typical
febrile illness, however serious complications can occur when it infects organs.
Around half of those that develop severe symptoms such as bleeding from orifices,
vomiting blood and jaundice, will die from the disease (WHO, 2016). YFV is
endemic in Africa and South America, however a licenced vaccine produced in the
1930s is used for immunisation worldwide, providing up to ten years of protection
(CDC, 2017b).

Despite this, endemic areas can lag behind on immunisation due to the lack of the
virus presence in the area. YFV has become a concern again in Brazil due to an
outbreak in 2016, during which approximately 300 deaths were confirmed due to
the virus. The virus had spread from rural areas to metropolitan cities of Vitoria
and Rio de Janeiro, where around 12 million unvaccinated people live with YFV-

competent vectors (Gomez et al., 2018).

The trouble with developing a vaccine for DENV is due to the fact there are 4
genetically distinct serotypes of the virus. If a person is infected with one
serotype, they are then provided antibody-mediated protection against secondary
infection of the same serotype. However, if the secondary infection is a different
serotype, protection is transient and subsequently antibody-mediated immune
enhancement can occur which increases the chances of severe dengue (WHO,
2018). There is one licenced vaccine for Dengue - Dengvaxia - a live recombinant
tetravalent vaccine that should protect against all 4 serotypes. However, efficacy
of this vaccine is not great, with 65% protection offered to those above 9 years
old, and 44% to those that are younger. In addition, hospitalization rates of
children given Dengvaxia have not declined relative to those not given the vaccine.
In-fact, evidence suggests exposure to Dengvaxia resulted in a high risk of
hospitalisation if subsequently infected with DENV, much like occurs naturally
with antibody-dependent enhancement with different virus strains (Halstead,
2017; WHO, 2018).
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Antibody-mediated immune enhancement is also a problem for ZIKV, which is
closely related to DENV. Studies have shown there is substantial sero-cross-
reactivity between DENV and ZIKV, and DENV antibodies can result in
enhancement of ZIKV infection (Charles and Christofferson, 2016; Dejnirattisai et
al., 2016). This means any DENV vaccine licenced for public use must take into
account the effect on ZIKV pathogenesis, and vice-versa. Due to the huge outbreak
of ZIKV in Brazil, a lot of effort was put in to development of a vaccine. There are
currently multiple vaccine candidates, including a DNA-based vaccine that has
entered phase 2 of a clinical trial in 2017. Interestingly, a vaccine is being
developed which is designed to trigger an immune response to mosquito salivary
proteins, which in turn will stimulate an immune response in the human against
any virus, not just a specific viral antigen (NIH, 2017). Despite the efforts going in
to developing vaccines for arboviruses, it is a challenging and lengthy process;
meanwhile people are suffering from these preventable diseases. The main
method used for arbovirus control is to target the vector to reduce population

density.

1.5. Vector control methods

There are many methods of vector control, which include physical, chemical,
biological and genetic control methods. As noted below, each type of control has
its weaknesses, making it inefficient as a control method on its own. The World
Health Organisation (WHO) recommends Integrated Vector Management (IVM); this
means incorporating several methods at the same time to ensure efficient

suppression/eradication of the vector.

1.5.1. Physical control

Physical control of vectors is aimed at prevention of mosquito colonisation and
biting of humans; this includes the use of insecticide-coated bed nets, wearing
protective clothing and removing potential man-made breeding areas. An
insecticide-treated net (ITN) is a mosquito net covered in pyrethroid insecticide
that disables or kills mosquitoes that come in contact with the net, typically hung
over a bed to prevent biting when people are asleep. Nets can be manually dipped

in a WHO-recommended insecticide or factory-treated with netting that has
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insecticide incorporated within/around the fibres, known as a long-lasting
insecticidal net (LLIN)(WHO, 2017d).

The use of bednets has had considerable success with regards to reducing malaria
in Sub-Saharan Africa, as Anopheles vectors are most active at night when a person
is likely to be indoors/in bed (endophilic)(Ndoen et al., 2011). However, Ae.
aegypti and Ae. albopictus are aggressive day-time biters, making the use of bed
nets largely useless. The use of bed nets does not ensure 100% coverage from
biting vectors, as studies have shown children under 5 years old use them
inconsistently and those 6-14 years old are less likely to use them at all (Bawo et
al., 2012; Wanzira et al., 2016). In addition, LLIN must be checked regularly for
holes, which are common with usage. Perhaps the most important problem is the
increasingly widespread pyrethroid resistance observed, meaning the bed net is
essentially just a physical barrier similar to wearing protective clothes (Moyes et
al., 2017).

Removal of breeding sites is an important vector control method that needs to be
incorporated at a community-wide scale for it to be a success. This involves
removing any man-made container that may collect rain water for mosquitoes to
breed in. This may prove successful in more rural areas, however in a city it is
almost impossible to remove all man-made containers. In addition, the ever-
resourceful Aedes mosquitoes can also breed in natural containers such as
coconuts shells/plant axils, and in water storage tanks, gutters, drains etc.,

meaning the sources can never be totally eradicated.

1.5.2. Chemical control

The aim of chemical control is to eradicate a pre-existing colony of mosquitoes,
using insecticides and larvicides. Techniques include indoor-residual spraying,
outdoor fogging and addition of larvicide at breeding spots. Four classes of
insecticide are currently used; carbamates, organochlorines, pyrethroids and
organophosphates (EPA, 2017b). Indoor-residual spraying involves regular spraying
of walls inside a residence, so when a mosquito lands on the wall it will be

disabled/killed. However, this requires a lot of regulation to ensure this is being
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done regularly and efficiently. This method is also ineffective against Ae.
albopictus, which prefers to reside outdoors.

Outdoor fogging involves widescale spraying of insecticide from a vehicle and is
usually implemented for vector control once an epidemic has already begun, in an
attempt to reduce further transmission. However, the effectiveness of
peridomestic space spraying, with regards to disease transmission, is not known.
While some studies report short-term reduction in mosquito population, most do

not investigate any effect on disease transmission (Esu et al., 2010).

A number of plant-based compounds are toxic to mosquitoes at several life stages,
being used as adulticides, larvicides and ovicides, but also as deterrents against
adults and oviposition. Neem powder from the Neem tree acts as a repellent but
also is 100% toxic to mosquito larvae at low concentrations (Singh et al, 2012).
Plants such as eucalyptus and citronella have essential oils and extracts that are
commonly used as a base for mosquito repellent (Tyagi, 2016). Although this
repellent is relatively short lasting, plant-based toxins are environmentally

sustainable yet remain volatile to mosquitoes.

The predominant problem with chemical control methods is the widescale
development of insecticide resistance (IR). Resistance to all 4 classes of
insecticides has been detected in Aedes mosquitoes in Africa, Asia and the
Americas (Moyes et al., 2017). IR has developed due to several causes, including
increased insecticide detoxification and target-site mutations. There may even be
more resistance in Ae. aegypti than is known, as data on this is missing from large
areas of Africa. The geographical expansion of Ae. albopictus insecticide
resistance is known even less, with the exception of throughout southeast Asia. It
is crucial to monitor resistance of both species as they can differ in their rates of
IR. Ae. aegypti were found to be resistant to pyrethroids in four states in Malaysia,
yet Ae. albopictus remained largely susceptible. Worryingly, Ae. albopictus within

the city of Kuala Lumpur had developed moderate resistance (Ishak et al., 2015).

1.5.4. Genetic control

There are several methods of genetic manipulation, which can replace or reduce

the vector capacity of a biting insect. Methods such as the sterile insect technique
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(SIT) and release of a dominant-lethal gene (RIDL) are male specific, focusing on
suppression through release of sterile males, which reduce the offspring produced

by wild females.

With genetic control methods, insects are generally prepared in a laboratory
setting and are constantly released to suppress a population. SIT involves
irradiating males to make them infertile; these males will then be released to
compete with the wild males. It is argued that the irradiation can make the SIT
males weaker and less competitive compared to wild males (Lux et al., 2002),
however in some circumstances SIT has proven to be a very successful pest control
method. The use of SIT over a period of 20 years has led to the eradication of the
screwworm fly in North and Central America, which carried the screwworm
parasite which had devastating effects on livestock (Wyss, 2000). Screwworm was
also eradicated in Libya within three years of implementing SIT; however, it is
estimated that 40 million sterile flies were being released every week to maintain
this. This is one drawback to SIT: the mass production that is required and constant
releases, making this method very labour-intensive. Nevertheless, it has proven
to be locally successful against Aedes mosquitoes in recent times; the release of
1000 irradiated Ae. albopictus pupae weekly in Italy over a three year period led

to sterile males composing 68% of the wild population (Bellini et al., 2013).

The release of genetically-modified mosquitoes was pioneered by Biotech
company Oxitec, who created male Ae. aegypti mosquitoes that possess a self-
limiting gene which results in mosquito death before adulthood (formerly termed
RIDL)(Alphey, 2002; Thomas et al., 2000). The self-limiting gene within OX513A
mosquitoes is suppressed while rearing in a laboratory by the use of tetracycline;
males are then released into the wild, where the gene becomes active (Heinrich
and Scott, 2000; Phuc et al., 2007). OX513A males will then mate with wild
females, and the self-limiting gene will be inherited by any offspring, meaning
they will not reach adulthood and the population will be suppressed as a result.
RIDL has proven to be successful with up to 93% reduction of local mosquito
populations in the Cayman lIslands, Panama and Brazil (Carvalho et al., 2015;
Harris et al., 2012). Further releases in the city of Piracicaba in Brazil have shown
a reduction of larvae up to 82% within 8 months of implementation (Oxitec, 2018).

As with SIT, RIDL requires mass rearing of mosquitoes at an industrial level that
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then need to be transported to sites for release, as the gene is self-limiting. For
example, Oxitec have completed a mass rearing facility in Piracicaba that will

supply the demand of 60 million mosquitoes a week for releases (Oxitec, 2018).

Vector control methods that are self-sustaining once within the environment are
attractive as they do not require continual release of modified mosquitoes.
Synthetic gene-drive systems are being developed using driving endonuclease
genes (DEGs), which contain a ‘selfish gene’ that propels through a population
(Chan et al., 2011; Hammond et al., 2016; Windbichler et al., 2011). DEGs include
homing endonuclease genes (HEGs) and CRISPR-Cas9 systems, which are found in
many single celled organisms, including bacteria. These DEGs encode for an
endonuclease that causes a double-stranded break on the homologous
chromosome, inducing the cellular repair process. The cell uses the chromosome
carrying the DEG as a template to repair the double-stranded break, and the
selfish gene is copied to the damaged chromosome (Godfray et al., 2017). Using
DEGs for vector control would focus on targeting lethal genes to mosquitoes;
current models for Anopheles gambiae control indicate releasing 2-3 HEGs that
target female fertility genes could result in population elimination, reducing
malaria transmission (Deredec et al., 2011). However, unlike the lethal gene in
RIDL mosquitoes that can be ‘turned off’ by using tetracycline, these DEGs cannot
be stopped once introduced into a population. Also, for effective suppression,
models indicate there has to be at least 75% of transmission of the selfish gene to
the progeny (Deredec et al., 2011). In addition, continual transmission of gene
drive systems has been shown to result in nuclease-induced mutations at the
target site, resulting in restored functionality of the target gene (Hammond et al.,
2017).

The main issue with genetic modification of pests and release into the
environment is the negative public view of anything genetically modified.
Governments and health bodies must ensure there is sufficient communication
with the community about the positive effects of releases, which can be time
consuming. This can involve town meetings, pamphlets through doors and good
branding, such as Oxitec naming their releases the ‘Friendly’ Aedes aegypti
project (Neuhaus, 2018; Oxitec, 2018). In addition, mass rearing of insects can be

expensive and this option may not be available for poorer countries that are often
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hit the hardest by arboviruses. Alternatively, there are less-expensive, more

environmentally friendly control methods that can be implemented.

1.5.5. Biological control

Biological control of mosquitoes involves using naturally occurring toxins or
mosquito predators to suppress populations. This includes using the natural insect-
repellent properties of plants, introducing predatory mosquitoes, copepods and
fish into larval breeding sites and release of entomopathogenic fungi. Insecticidal
toxins from Bacillus thuringiensis israelensis (Bti), a bacteria found naturally in
soils, specifically target larval stages of mosquitoes. Bti is widely used for aerial
spraying across the United States and is particularly useful for treating standing
water bodies (EPA, 2017a). Use of Bti has proven successful against Aedes
mosquitoes and could be used to suppress Anopheles malaria-carrying mosquitoes
as well, but with long-term use there is the risk of development of resistance
(Benelli et al., 2016; Dambach et al., 2014).

Another biological control method involves introducing predatory fish, copepods
and even mosquitoes into breeding sites. Larvivorous fish have been introduced
into more than 60 countries for the purpose of mosquito control. Gambusia affinis
has played an important role in biological control since its first introduction 100
years ago; they are tolerant to insecticides and larvicides and thrive in permanent
water bodies. Combining several biological methods has resulted in successful
mosquito suppression; for example, using larvivorous fish G. affinis followed by
Bti in California prevented an expected resurgence of Culex mosquitoes (Huang et
al., 2017). However, Gambusia were introduced to Australia in 1925 for mosquito
control and proved to be highly invasive, having a detrimental impact on native
fish, frogs and invertebrates (Gomon et al, 2019). In addition,behaviour of
mosquitoes can change in response to these predatory fish; Culex mosquitoes have
been shown to sense when the fish are present and choose to lay eggs elsewhere
(Huang et al., 2017). In addition, Aedes mosquitoes can utilise artificial containers

with varying water levels for breeding, where larvivorous fish cannot live.

The use of predatory mosquitoes and copepods has proven more successful for
Aedes control. Toxorhynchites are large mosquitoes whose larvae predates on

smaller species of mosquitoes, such as Aedes. In addition, these ‘elephant
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mosquitoes’ do not consume a blood meal, meaning their release will not affect
disease transmission (Benelli et al., 2016). There is evidence they can locate
cryptic breeding sites, which are likely to be used by Aedes, reducing the quantity
of larvae. There are many species of Toxorhynchites, some of which are adapted
for a sylvatic environment, where others are suited for urban environments.
Weekly release of the urban species Tx. amboinesis resulted in successful Ae.
aegypti reduction in New Orleans, USA, however this does involve weekly laborious
releases to be effective (Huang et al., 2017). Release of predatory larvivorous
copepods of the genus Mesocyclops and Macrocyclops resulted in successful
decrease of DENV transmission due to Ae. aegypti reduction in Vietham, however
has not been so successful in other areas due to lack of community participation
(Lazaro et al., 2015).

Entomopathogenic fungi can be used to target the adult stage of mosquitoes;
these are fungi that produce infective spores which release toxins, resulting in
mosquito death. The conidia spores of Metarhizium fungi are likely to be ingested
by mosquitoes, whereas blastospores upregulate adhesion molecules to attach and
penetrate the outer cuticle of mosquitoes (Huang et al., 2017). Once internalised,
rapid death of the mosquito occurs. Entomopathogenic fungi can be applied

directly to breeding sites or sprayed, much like fogging with chemical insecticides.

1.5.6. Wolbachia as a control method

One novel control method that bridges the gap between biological and genetic
control is the use of Wolbachia pipientis, an endosymbiotic bacteria found in up
to 52% of terrestrial arthropods (Weinert et al., 2015). Wolbachia has been
considered for vector control due to i) its ability to shorten a mosquito lifespan,
ii) the discovery it can reduce replication and transmission of RNA viruses in insect
vectors and iii) release of Wolbachia-infected males can suppress existing
populations infected with a different strain due to bidirectional incompatibility
(Bian et al., 2010; Mains et al., 2016; Min and Benzer, 1997; Moreira et al., 2009;
Sinkins et al., 1995; Teixeira et al., 2008; Walker et al., 2011). In addition to this,
once Wolbachia is established it ensures its propagation through a population by
manipulating the host reproduction in its favour, making it an attractive self-

propagating method for limiting arbovirus transmission.
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Wolbachia-infected female mosquitoes have been released in over 12 countries
globally, including in Australia, Brazil, Vietham, Indonesia and Malaysia (WMP,
2018). The intent of the releases is to replace the native population with
A high

percentage of Wolbachia-infected mosquitoes were retained in the population two

Wolbachia-infected mosquitoes that cannot transmit arboviruses.

years following releases. There was a low frequency of uninfected mosquitoes,
which were likely due to immigration of mosquitoes from other populations
(Hoffmann et al., 2014). This novel vector control method has showed very
promising results and research continues into investigating the diversity of

Wolbachia and the mechanism of pathogen inhibition.

Each vector control method has their advantages and limitations (Table 1.1); the
effectiveness of physical, chemical and biological control methods can be
increased when applied in a co-operative manner. Genetic control and use of
Wolbachia differs to the aforementioned control methods, in that they rely on
invasion and suppression/replacement of existing populations. However, the

increasing spread of arboviruses means the current control methods are

Control Stage of .
. 6 i Methods used Advantages Disadvantages
method intervention
) ) Can't remove all breeding sites
o Reduce bites during the day and when ‘g )
Remove breeding sites Bed nets need community-wide use to be
. Prevent colony . asleep )
Physical ) ) Long sleeved clothing . L . effective
establishment/bite Effective against night time biters like . . ) ) .
Bed nets Bed nets ineffective against day biters like
Anopheles
Aedes
Insecticides & larvicides ) . - .
) ) R ) ) . Widespread insecticide resistance
. Eradicate existing  Indoor residual spraying  Can prevent further disease transmission ) .
Chemical i R Often applied once epidemic has already
colony Outdoor fogging during epidemics
== begun
Apply to breeding sites
SIT successfully eradicated screwworm,  Self-limiting: requires continual releases
Supnress existin Male lethality continues to be effective and mass-rearing facilities
Genetic PP colon ¢ SIT RIDL reduced mosquito populations Not ideal for poorer countries
Y RIDL where implemented Need public approval and environmental
assessment for release of GM mosquitoes
Environmentally friendly Can't put larvivorous fish in artificial
. Plant toxins Very effective in combination with other containers
) , Eradicate/suppress . , )
Biological . Predatory mosquitoes  control methods Requires constant surveillance of breeding
existing colony : ) ) N
Larvivorous fish Predatory mosquitoes can locate cryptic sites and releases
breeding sites Larvivorous fish can replace native fish
) Have to monitor Wolbachia infection
Cl-based suppression - )
7 Self-sustaining; only few weeks of following release
Suppress/replace Replace population with introduction until invades population ~ Replacement will still have biting
Wolbachia Wolbachia-infected

existing colony

mosquitoes that don’t
transmit viruses

No GM involved
Naturally found in mosquitoes

mosquitoes
Can't be used in combination with
chemical control

Table 1.1. Advantages and disadvantages of vector control methods
Comparison of vector control methods. Table outlines when each control method is implemented (Stage of
Intervention), method of implementation and the advantages and disadvantages of each.
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ineffective, and there is a need for targeted Aedes mosquito control. This is where
Wolbachia is an ideal candidate, as the release of Wolbachia-infected Aedes

mosquitoes will replace and reduce the vector efficiency of existing populations.

1.6 Wolbachia pipientis

1.6.1. Biology of Wolbachia

Wolbachia are gram-negative bacterial endosymbionts of the genus Rickettsia,
which are found widespread in arthropods and nematodes. Wolbachia reside
within cells of their host, mainly in reproductive tissues, and do not replicate
outside of cells (Rasgon et al., 2006). They are mainly transmitted vertically to
offspring through the cytoplasm of eggs, but also can be transferred horizontally
(Werren et al., 1995). Wolbachia was first discovered in Culex pipiens mosquitoes
by Hertig and Wolbach in 1924, and given the subsequent species name Wolbachia
pipientis (Werren, 1997). There have been many more discoveries uncovering the
vast diversity of Wolbachia strains within this species, however it has proved

challenging to arrange these strains phylogenetically.

To date, Wolbachia has been categorised into sixteen evolutionary lineages
(supergroups), named from A to O, which indicates the huge diversity of strains
within this species (Gerth and Bleidorn, 2016; Glowska et al., 2015). Those found
in A and B are found in terrestrial arthropods and are the most abundant in nature,
found across a wide range of hosts including parasitic wasps, weevils,
planthoppers and beetles, to name a few (Werren, 1997). Whole genome
sequencing (WGS) indicates the A and B supergroups have a monophyletic lineage,
suggesting the ability to adapt to a wide range of arthropod hosts has a single
origin (Gerth et al., 2014). In fact, their last common ancestor is predicted to be
200 million years ago (Gerth and Bleidorn, 2016). Wolbachia in the C and D
supergroups are found in filarial nematodes and commonly have a mutualistic
relationship with their host. Only two families of nematodes are known to harbour
Wolbachia infections; Onchocercidae (filarial nematodes) and Pratylenchidae
(plant parasitic nematodes) (Brown et al., 2016; Lefoulon et al., 2016). WGS
indicates these mutualist strains have a paraphyletic origin, with possible host-
switches from arthropods-nematodes or vice versa occurring several times through

their evolution (Gerth et al., 2014). However, Wolbachia supergroups are not
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limited to specific hosts; those in supergroup F have been found in arthropods and
nematodes (Gerth et al, 2014).

1.6.2. Reproductive manipulation

Wolbachia are well known as reproductive parasites, employing four strategies
across genera to ensure their propagation; parthenogenesis, feminisation, male-
killing and cytoplasmic incompatibility (Werren et al., 2008). These reproductive
manipulations result in the production of female offspring, which pass on the
Wolbachia infection. Parthenogenesis occurs in species in which eggs can develop
asexually, such as order Hymenoptera (wasps, ants) and mites (Pannebakker et
al., 2004; Weeks and Breeuwer, 2001). Feminisation has been observed in
Hemiptera, Isopoda Lepidoptera insect orders; in Lepidoptera, Wolbachia
suppresses expression of the Masc gene, which normally induces development of
males (Cordaux et al., 2004; Fukui et al., 2015). Wolbachia-induced male killing
has been observed in arthropod orders of Diptera, Coleoptera, and Lepidoptera
(Werren et al., 2008). Wolbachia target the male chromatin in Drosophila
bifasciata, resulting in errors in chromatid segregation and eventual arrest of male
development (Riparbelli et al., 2012). This mechanism of male killing is similar to
that of cytoplasmic incompatibility, which will be explained next. It is therefore
not surprising that some strains of Wolbachia can induce male-killing in one
species, yet cause Cl when transferred to another species, and vice-versa (Hurst
et al., 2000; Sasaki and Ishikawa, 2000).

Wolbachia is mainly spread vertically from female mosquitoes to offspring via the
ovaries and ensures its propagation and survival within an insect population by
inducing cytoplasmic incompatibility (Cl) in mosquitoes. This manipulation results
in the arrest of development of offspring from a cross with a Wolbachia-infected
male and uninfected female. Meanwhile, Wolbachia-infected females can spread
the symbiont to their offspring, regardless of male-infection status (Sinkins, 2004).
This skews the mosquito population towards being infected with Wolbachia (Figure
1.8.).

It is generally accepted that Wolbachia-induced Cl follows a modification-rescue
pattern, whereby male sperm is modified and is rescued in the early embryo when

Wolbachia is present. It is thought Wolbachia induces a defect in early mitosis
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resulting in a delay of male pronuclei development, including the breakdown of
the nuclear envelope and activation of mitosis by Cdk1. Due to this delay, during
metaphase the male chromosomes are only semi-condensed, whereas female
chromosomes are fully condensed. This results in incorrect separation during
anaphase with male chromosomes incorrectly separated or excluded entirely from
the new zygote, resulting in arrest of egg development (Werren et al., 2008). A
recent study has shown Wolbachia-encoded operon cidA-cidB, a deubiquitating
enzyme, can induce Cl in D.melanogaster in a toxin/anti-toxin manner. This model
proposes cidB as a toxin to the fertilised egg, with cidA acting as the anti-toxin.
It is theorised cidA is rapidly degraded in an incompatible cross; therefore cidB
remains toxic to the egg. However, in a compatible cross, the female provides
more cidA, neutralising the toxic cidB (Beckmann et al., 2017). Indeed, cidA has
been shown to be capable of rescuing the Cl phenotype in Drosophila ((Shropshire
et al., 2018). However, the rescue factor required for Cl rescue must differ
between Wolbachia strains, as bidirectional incompatibility can occur; for
example, when a female and male with two different Wolbachia strains mate,
cytoplasmic incompatibility occurs (Bordenstein and Werren, 2007). This indicates
the mechanism of Cl has diverged between Wolbachia strains and cannot be

explained simply by one mechanism.

Bidirectional ClI Unidirectional CI
: No offspring g J : ! ‘ : ‘
? ? .’ No offspring T - f No offspring

s Infected by Wolbachia strain 1
I Infected by Wolbachia strain 2
Non-infected

Figure 1.7. Uni and Bi-directional cytoplasmic incompatibility.
In crosses with two different Wolbachia strains, there is no viable offspring (Bidirectional
Cl). Females can produce Wolbachia-infected progeny with uninfected males or males

infected with the same strain (Unidirectional Cl). (Rainey et al., 2014)
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1.6.3. Wolbachia in Drosophila

The attractiveness of Wolbachia as a tool for arbovirus control exploded when it
was shown to have pathogen-inhibition abilities, initially with viruses in Drosophila
and later in Aedes mosquitoes. Several species of Drosophila naturally harbour
Wolbachia, including Drosophila melanogaster and Drosophila simulans. The
nomenclature given to Wolbachia tends to arise from its native host, for example
wMel is the Wolbachia strain found in D. melanogaster. D.melanogaster infected
with wMel or wMelPop had increased longevity when infected with pathogenic RNA
viruses Cricket paralysis virus (CrPV), DCH and FHV, compared to Wolbachia-
uninfected flies (Hedges et al., 2008; Teixeira et al., 2008). Interestingly,
Wolbachia did not offer the same protection against DNA virus insect iridescent
virus 6 (IIV6) (Teixeira et al., 2008). Further study in Drosophila showed a high
density of Wolbachia was required for viral blockage; in D.simulans only high
density Wolbachia strains wMel, wRi and wAu provided antiviral protection from
DCV and FHV (Osborne et al., 2009). A comprehensive study of wMel-like variants
(wMelCS and wMelPop) revealed a higher density compared to wMel, leading to
stronger viral inhibition and decreased lifespan (Chrostek et al., 2014). The
discovery of Wolbachia-mediated pathogen inhibition in Drosophila prompted
more research into the presence of the bacteria in biting vectors of arboviruses,

and the potential for reducing disease transmission.

1.6.4. Wolbachia in Aedes

Ae. albopictus naturally harbors a superinfection of two low-density Wolbachia
strains in the wild, wAlbA and wAlbB (Ahmad et al., 2017; Kitrayapong et al.,
2002). On the contrary, Ae. aegypti is not naturally infected. Wolbachia has been
artificially transinfected into Ae. aegypti by a process known as cytoplasmic
transfer, whereby cytoplasm from a Wolbachia-infected egg is transferred to an
uninfected Ae. aegypti egg (Ant et al., 2018; Fraser et al., 2017; McMeniman et
al., 2009; Moreira et al., 2009; Xi et al., 2005b). This process is performed on
hundreds to thousands of eggs until a Wolbachia-positive larvae/adult is detected,
from which a Wolbachia-infected Ae. aegypti colony is established. The density
and virus-inhibition ability of Wolbachia strains differs between natural hosts and

those recently transinfected.
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wMelPop is a virulent, high density Wolbachia strain that was artificially created
using laboratory strains of D. melanogaster, noted for its ability to half host
lifespan (Min and Benzer, 1997; Woolfit et al., 2013). When transinfected into Ae.
aegypti, wMelPop provided strong protection from a range of pathogens including
DENV, CHIKV and Plasmodium (Moreira et al., 2009). However, the high density of
wMelPop led to fitness costs for the mosquito, such as life shortening and
increased egg mortality (McMeniman et al., 2009). Despite these costs, wMelPop
is still considered for vector control; this life shortening could result in less
mosquitoes surviving long enough to complete the virus incubation period required
for virus transmission, and increased egg mortality means there could be less
viable mosquito eggs remaining following a dry season. The latter is a particularly
important aspect for vector control; eggs that were laid by mosquito populations
that are subsequently eradicated can remain viable for several months, hatching
once again with rainfall. A recent semi-field study has shown wMelPop can reduce
egg viability to less than 5% (Ritchie et al., 2015). However, field releases in
Australia and Vietnam showed that while wMelPop can invade and persist at 80%
frequency in wild populations during active releases, once releases stop the
percentage of infected adults drops drastically (Nguyen et al., 2015). This is likely
due to immigration from other mosquitoes but importantly loss of wMelPop-
infected mosquitoes due to deleterious fitness costs. For field releases to have
continued success, the Wolbachia strain continued must not hinder the fitness

costs of the mosquito.

Research into the pathogen-inhibition abilities of other Wolbachia strains showed
that density and pathogen-inhibition ability varies depending on the infected host.
wAlbA and wAlbB (WALbA/B) remain relatively low density in Ae. albopictus and
have no effect on DENV and CHIKV replication in their native host (Blagrove et al.,
2013; Blagrove et al., 2012). wAlbB reaches higher densities when transinfected
into Ae. aegypti, and when challenged with DENV has reduced titres and increased
longevity, compared to Wolbachia-uninfected mosquitoes (Ant et al., 2018; Bian
et al., 2010). The low density of wAlbA/B in Ae. albopictus is likely due to years
of co-evolution, whereas the superinfection in the novel Ae. aegypti host has the
opportunity to reach higher densities. However, some Wolbachia strains confer

protection from pathogens in native and novel hosts alike.
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The wMel strain from Drosophila provides protection from RNA viruses in native
and novel mosquito hosts. When transinfected into Ae. aegypti and Ae. albopictus
cleared of their natural infection, wMel provides strong antiviral protection
against DENV and CHIKV (Blagrove et al., 2013; Blagrove et al., 2012; Walker et
al., 2011). Although the related wMelPop offered a stronger pathogen-inhibition
phenotype in Ae. aegypti, wMel provides good protection without the high fitness
costs. The variation in pathogen-inhibition strength between different Wolbachia-
host interactions has raised questions about the mechanism responsible for viral

inhibition.

1.7. Wolbachia-mediated pathogen inhibition

1.7.1. Density

Studies have shown that higher density Wolbachia-strains confer the strongest
pathogen inhibition. Wolbachia density generally increases when it is
transinfected into a novel host, such as wAlbB reaching higher densities in Ae.
aegypti and Ae. polynesiensis than in native Ae. albopictus (Bian et al., 2010; Bian
et al., 2013). However, high density Wolbachia strains can also occur in native
hosts; strong pathogen blocker wMelPop grows to high density in native and novel
hosts, conferring antiviral protection in Drosophila and Aedes alike (Chrostek et
al., 2013; Moreira et al, 2009). This may be explained by the particularly virulent
and fast-replicating nature of wMelPop, which is not usually seen with other
strains (Kambris et al, 2009; Chrostek et al, 2018).

Viruses follow a specific path through mosquito tissues to complete replication,
therefore it may be considered that the density of Wolbachia in tissues such as
the midgut and salivary gland impact pathogen inhibition. Indeed, Wolbachia and
DENV only appear to co-habitat cells when Wolbachia is at a low density (Lu et
al., 2012), indicating virus may be excluded from cells at high density. However,
no correlation has been found between high density in tissues and viral inhibition
in D. simulans and Ae. aegypti (Amuzu and McGraw, 2016; Osborne et al., 2012).
Wolbachia density appears to be more important for pathogen inhibition than
tissue specificity. For instance, wAlbB in Aa23 (Ae.albopictus) cells reduces CHIKV
titres, and density within the cell line is much higher than those naturally found

in host somatic tissues (Raquin et al., 2015).
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1.7.2. Immune priming

One proposed mechanism of Wolbachia-mediated pathogen inhibition is that of
immune priming; activation of immune pathways which in turn reduces viral titre.
When transinfected into novel hosts, Wolbachia has been shown to upregulate
immune genes resulting in transcription of AMPs; wMel, wMelPop and wAlbB in Ae.
aegypti resulted in the upregulation of many immune genes involved in the Imd
and Toll pathways, including Cecropins and Defensin (Bian et al., 2010; Kambris
et al., 2009). Pan et al showed wALbB in Ae. aegypti resulted in higher levels of
ROS, which led to activation of AMP transcription (Defensin, Cecropin) via the Toll
pathway. When challenged with DENV, knockdown of the AMP Defensin resulted

in an increase in virus titre, indicating an antiviral role (Pan et al., 2012).

However, pathogen inhibition still occurs in Drosophila with native and novel
Wolbachia strain infections without immune gene upregulation (Chrostek et al.,
2014; Wong et al., 2011). In addition, there is no immune gene upregulation in
Ae. albopictus cleared of their natural Wolbachia infection and transinfected with
wMel (Blagrove et al, 2012). Despite the lack of immune upregulation,
D.melanogaster and Ae.albopictus infected with wMel exhibit pathogen inhibition
(Rances et al 2012). This indicates immune priming is not the fundamental
mechanism of Wolbachia-mediated virus inhibition. However, it cannot be ruled
out that immune upregulation in recently transinfected hosts can have an additive
effect on virus inhibition, as shown in Pan et al. It is theorised that the elevated
immune gene expression in Ae. aegypti is due to introduction of a novel symbiont

into the mosquito, as it is not observed in native hosts of Wolbachia.

It has been considered that RNAi, the predominant antiviral pathway in insects,
plays a role in Wolbachia-mediated virus inhibition. However, C636 cells have a
dysfunctional RNAi response (Brackney et al., 2010), but when infected with wMel
still inhibit DENV (Frentiu et al., 2010). In addition to this, in Drosophila with
mutated components of the siRNA pathway WNV, DCV and FHV are inhibited
(Glaser and Meola, 2010; Hedges et al., 2012). However, Wolbachia does induce
changes in the miRNA component of the RNAi pathway and this has been shown to
have an antagonistic role to DENV. wMelPop in Ae. aegypti induces expression of
aae-mlIR-2940, an miRNA that suppresses expression of a DNA methyltransferase

(AaDnmt2) gene that may be involved in host defence, gene and lifespan
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regulation (Hussain et al., 2011; Zhang et al., 2013). Importantly, DENV was shown
to induce AaDnmt2, with an increased expression reducing Wolbachia density
(Zbang et al., 2013), indicating an antagonistic relationship between bacteria and
virus. On the other hand, miRNA and piRNA pathways are not required for antiviral
defence in Drosophila cells and flies (Petit et al., 2016; Rainey et al., 2016). In
light of this, the induction of miRNAs in Wolbachia-infected Ae. aegypti may be
due to the fact it is a novel infection, much like the induction of other immune
pathways. This indicates there are other mechanisms at the heart of Wolbachia-

mediated antiviral defense.
1.7.3. Manipulation of cell processes

Wolbachia and viruses both require a host cell to replicate in, therefore it can be
theorised that they are in competition for host cell resources and this is how
pathogen inhibition may inadvertently occur. Wolbachia infection interferes with
homeostasis of iron, cholesterol and with autophagy and apoptosis; all which may
be antagonistic to viral replication. Autophagy is a cellular process that delivers
damaged/unused organelles to lysosomes for digestion, releasing resources to be
used for other processes. It is implemented during times of cell stress, or in
response to invading pathogens (Klionsky and Emr, 2000). Wolbachia has been
shown to interfere with autophagy in both mutualist and parasitic associations.
The autophagosomal marker ATG8a was shown to be associated with Wolbachia
infection in the mutualistic infection in nematode Brugia malayi (Voronin et al.,
2012). Increased ATG8a levels were also observed in wAlbB-infected C636 cells
and wMelPop-infected D.melanogaster (Voronin et al., 2012). DENV also
manipulates autophagy, inducing autophagosomes to co-localise and degrade lipid
droplets, releasing fatty acids. These fatty acids are oxidised and transformed into
ATP, creating a metabolically pro-viral environment for viral replication (Heaton
and Randall, 2011). However, if Wolbachia infection has already hijacked the

autophagy pathway, DENV may not be able to create this favourable environment.

In addition, Wolbachia alters the lipidome of infected cells, which may result in a
decrease of fatty acids available for degradation. Wolbachia-infected Ae.
albopictus cells had reduced sphingolipids relative to uninfected cells (Molloy et
al., 2016), which have previously been shown to be induced in DENV-infected

insect cells (Perera et al., 2012). The lipidome of the intracellular membranes is
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crucial for DENV replication as the virus constructs intracellular replication
complexes with these membranes (Perera et al., 2012). There appears to be a fine
line between Wolbachia inducing autophagy and avoiding lysosomal degradation;
activation of autophagy using Rapamycin results in a decrease in Wolbachia. This
indicates Wolbachia may have evolved a mechanism to avoid lysosomal
degradation, which may involve modulation of key autophagy proteins to delay or
block autophagosome maturation (Voronin et al., 2012). This would in turn
negatively impact DENV replication, as they require mature autophagosomes to

lyse lipid droplets.

Lipid droplets are ER-derived organelles that store protein and lipids. Aag2 (Ae.
aegypti) cells infected with wMelPop have an accumulation of lipid droplets,
relative to uninfected cells. It is perhaps not surprising that Wolbachia interfere
with ER-derived organelles, as electron microscopy has shown they are closely
associated with and alter the structure of the ER (White et al., 2017). In addition,
Wolbachia-infected cells have higher levels of esterified cholesterol, and lower
free cholesterol (Geoghegan et al., 2017). Viruses require cholesterol for many
stages of their replication, and the lack of free cholesterol may hinder this. To
confirm the importance of cholesterol for DENV replication, Aag2 wMelPop cells
were treated with cyclodextrin 2HPCD, which facilitates trafficking of cholesterol
that was previously esterified. This treatment resulted in a reduction of
Wolbachia-mediated DENV inhibition, indicating more cholesterol was available

for viral replication (Geoghegan et al., 2017).

The importance of cholesterol for virus replication was highlighted in Drosophila,
when dietary cholesterol supplementation reversed Wolbachia-mediated
inhibition of DCV in a dose-dependent manner (Caragata et al., 2013). Cholesterol
supplementation had no effect on DCV in uninfected flies, presumably as there
was free cholesterol present already for viral replication, which would reach a
plateu. However, the same result was not observed with DENV in mosquito cells.
Interestingly, treatment of Aag2 wMelPop cells with cholesterol did not rescue
DENYV inhibition, and supplementation of cholesterol to Aag2 uninfected cells
inhibited DENV replication (Geoghegan et al., 2017). This indicates i) that
cholesterol added to Wolbachia-infected cells is esterified rapidly and ii) that

overloading a cell with cholesterol can inhibit viral replication much like depletion
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of cholesterol can. The difference in result with cholesterol supplementation may
be due to DENV and DCV being genetically distinct viruses, with slightly different
usage of cholesterol in their replication process. Despite the differences in result,
there is strong evidence that Wolbachia modulates cholesterol within cells and

this is detrimental to virus replication.

Another cell resource that is manipulated by Wolbachia and viruses is iron. Excess
levels of iron can be toxic to cells, as it can react with hydrogen peroxide (H20;)
to produce highly reactive radicals (Fenton’s Reaction), resulting in damage of
cellular organelles. The protein transferrin is upregulated by the cell in times of
redox stress, acting as an iron store and is also implicated in NF-KB activation of
insect immunity against bacteria (Kremer et al., 2009). It is thought Wolbachia
upregulate bacterioferritin, the bacterial iron store, to combat potential redox
stress (Brownlie et al., 2009). This stress may be due to the induction of
autophagy, which results in accumulation of iron. Wolbachia bacterioferritin is
upregulated in parasitoid wasp A. tabida and D. simulans when overloaded with
iron (Gill et al., 2014). This may be antagonistic to DENV and CHIKV replication,
as virus infection results in downregulation of transferrin (Tchankouo-Nguetcheu
et al., 2010). This indicates storage of iron by Wolbachia may be antagonistic to

flavivirus replication.

There is mounting evidence that Wolbachia alters host cell components and
resources, which may in turn be antagonistic to viral replication. Figure 1.8
summarises the possible ways Wolbachia may be interfering with viral replication
within a cell. Immune priming only occurs in novel hosts and is not necessary for
viral inhibition, therefore there must be another underlying mechanism of
inhibition. This inhibition is not likely to be at the entry, assembly or egress stages,
as replication of SFV that was transinfected into cells was still inhibited (Rainey
et al., 2016). The multiple changes Wolbachia induces in a host cell may
inadvertently restrict the replication of arboviruses, and provide a novel way to

prevent disease transmission from mosquitoes.
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Figure 1.8.

Schematic showing how Wolbachia and viruses may be competing for host cell resources.
Without Wolbachia, viruses have access to iron, lipid droplets, cholesterol, and sites for replication
(endoplasmic reticulum). With Wolbachia, the structure of the ER is disrupted, iron is stored, more

cholesterol is esterified and the lipidome is reduced. Wolbachia may also be disrupting the maturity of

autophagosomes, preventing virus-induced autophagy.

1.8. Aims of this study

Much progress has been made in investigating Wolbachia and its use in Ae. aegypti
as a vector control method, to prevent the spread of arboviruses. This study aims

to;

1) Add to the current evidence of the mechanism by which Wolbachia may be
interfering with viral replication, by studying its effects on redox

homeostasis and perturbation of the endoplasmic reticulum.

2) Characterise novel transinfections of Wolbachia strains in Ae. aegypti and

report on the differences in fitness and viral inhibition between each strain.

3) Further subject Wolbachia-infected Ae. aegypti to cyclical heat-
temperature stress to assess the stability of transinfected mosquitoes in the
field.



Chapter 2

Materials and methods
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2.1. Aedes aegypti

2.1.1. General rearing

All mosquito colonies were reared on a 12-hour light/dark cycle at 27°C and 70%
relative humidity. Eggs were stimulated to hatch by submerging in water and
adding 1g/L bovine liver powder (MP Biomedicals, California, USA). Larvae were
fed tropical fish pellets (Tetramin, Tetra, Germany) and adults were provided
with a 5% sucrose meal ad libitum. Blood meals were provided using the artificial
Hemotek feeding system (Hemotek, UK) using defibrinated sheep blood (TSC
Biosciences, UK). Eggs were collected on damp filter paper (Whatman plc, GE
Healthcare, UK) and desiccated for 5-10 days prior to further hatching. These

conditions were used for mosquito rearing unless stated otherwise.
2.1.2. Cyclical heat-treatment

Eggs of Ae.aegypti WT, wAlbB, wMel and wAu were hatched, separated into
experimental groups and larvae reared at a density of 200 per 500mL of water.
At the L1 larvae stage, the cyclical heat-treatment group were moved to a
Panasonic MLR-352-H Plant Growth Incubator Chamber (Panasonic, Osaka,
Japan) and exposed to the temperature regime selected based on data from Ae.
aegypti larval breeding sites in Trinidad and environmental temperatures in
Malaysia in April 2017 (Hemme et al, 2009; Accuweather.com). Water
temperature from Trinidad was selected to represent a typical tropical region
where Aedes mosquitoes are found. Water temperatures were monitored using a
data logger (Hobo Water Temperature Pro V2, USA) placed in the water.
Mosquitoes in the control group were maintained as stated in general rearing

section.
2.1.3. Strain creation of novel transinfections

Strain creation was performed by Thomas Ant. Briefly, Wolbachia was
transinfected into Ae. aegypti wild-type mosquitoes that had been colonised
from Selangor State, Malaysia in the 1960s. wAIbA, wAlbB and wMel Ae. aegypti
lines were generated by transfer of cytoplasm from triple-infected Ae.
albopictus. Cytoplasm was injected into eggs using a microinjector as previously
described (Blagrove et al., 2012). Female Go survivors following injection were
back-crossed with wild-type males, blood fed and separated for oviposition. The

Go females were then analysed for Wolbachia by PCR. Eggs from Wolbachia-
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negative females were discarded. Eggs from Wolbachia-positive females were
hatched and assessed for Wolbachia transmission. A triple-infected Ae. aegypti
line with wAlbA, wAlbB and wMel was created by transfer from a triple-infected
Ae. albopictus (origin Indonesia) donor. However, maternal inheritance of all
three strains was not 100%, therefore colonies were identified with single strain
infection, leading to the creation of each line. The wAu line was created by
embryonic transfer from Drosophila simulans (origin Australia) embryos straight
into Ae. aegypti embryos. The wAuwAlbB line was created by transfer of wAu

from Ae. aegypti into the single-infected wAlbB Ae. aegypti line.
2.1.4. Dissection of Ae. aegypti tissue

Adult flies were briefly anaesthetised on ice before sampling of whole bodies or
dissection of tissues. Tissues were dissected in a drop of PBS on ice using a
dissection microscope. Typically 5 salivary glands, midguts and pairs of ovaries
were combined for one technical replicate for RNA extraction. For DNA
extraction and quantification of Wolbachia (wsp) in ovaries following cyclical

heat-treatment, 3 pairs of ovaries were combined.

2.2. Maternal inheritance

2.2.1. In novel transinfections

Maternal inheritance of Wolbachia in novel transinfection lines was assessed by
crossing females from each Wolbachia line to wild-type males in groups of 20
males and 20 females. Females were provided a blood meal and then separated
for oviposition. Eggs laid were then hatched and DNA was extracted from a
selection of 10 pupae per cross (resulting in 200 pupae per line) using the
phenol:chloroform method. Wolbachia presence was then checked by PCR

(WSpec and qWSP primers as noted in Appendix 1).
2.2.2. Following cyclical heat stress

Maternal transmission of Wolbachia in Ae. aegypti exposed to cyclical heat stress
was assessed by backcrossing heat-treated females with heat-treated males,
while females reared under normal conditions were mated with their male
counterparts. Females were fed a blood-meal at 5 days old and individualised on
damp filter paper inside an up-turned plastic cup, for oviposition. Filter papers

were left for two days then collected for desiccation. Once dry, eggs were
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hatched in plastic container at control temperatures. 6-10 L4 larvae were
selected from each individualised female and DNA was extracted using STE
buffer. Wolbachia presence was assessed by PCR with strain-specific primers and

qPCR with general wsp primers.
2.3. Cytoplasmic incompatibility

Cytoplasmic incompatibility induction and rescue was assessed with wild-type
mosquitoes and between novel transinfected lines. As above, 20 males and 20
females of each line were allowed to mate and a blood-meal was provided for
oviposition. Eggs were collected on damp filter paper and desiccated for 5 days
at 27°C and 70% humidity. Eggs were hatched and larvae counted at L2-L3 stage
to determine hatch rate. Females that did not lay eggs were dissected to check
for successful mating by presence of spermathecae and those non-mated were

excluded from hatch rate analysis.

2.4. Assessing mosquito fitness

2.4.1. Adult longevity

50 males and 50 females were set up in 24.5x24.5x24.5cm insect rearing cages
and reared under general conditions. Four replicates were set up for each line.
Cages were blood-fed once a day from day 5 onwards and filter paper was
provided for oviposition. Adult mortality was monitored daily for a total length
of 70 days.

2.4.2. Fecundity

5-day old mated females were fed defibrinated sheeps blood using a Hemotek.
20 fully engorged females were selected per line and placed in up-turned cups
on top of filter paper, using an aspirator. 5% sucrose-soaked cotton wool was
made available via a hole in the top of the cup. 3 days after the blood meal the
filter paper was dampened and left overnight. Filter paper was then replaced
the next day and process repeated again. Eggs were counted on each filter paper

using a hand-counter and dissection microscope.
2.4.3. Egg survival

Egg survival following desiccation was measured by feeding 7-day old mosquitoes

and collecting eggs 3 and 4 days post-feed on three separate damp filter cones
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in a cage. Egg papers were stored at 27°C and 70% humidity. 5, 10, 15, 20, 35
and 50-days post oviposition a section of approximately 200-300 eggs was cut
from each egg paper and hatched. Eggs were counted using a hand-counter and
dissection microscope. Hatch rates were assessed 10 days later by counting

larvae using a Pateur pipette and hand-counter.
2.5. Virus propagation

Virus was added to 80% confluent C636 cells at an MOI of 0.1 in Schneiders media
(Pan Biotech, Germany) with 5% Fetal bovine serum and 25mM HEPES. Cells were
transferred to a 28°C incubator (no CO2). SFV was left for 48 hours to replicate,
DENV and ZIKV were left for 5 days. Supernatant was then harvested and spun
down to remove cell debris. Virus was quantified by plaque assay or FFA on vero

cells.

2.6. Virus quantification

2.6.1. Fluorescent Focus Assay (FFA)

Infectious virions of Dengue virus were quantified by Fluorescent focus assay
(FFA). Vero eé6 cells were plated out in 96-well glass-bottom plates (Corning, NY,
USA) overnight at a density of 1x10"5. Samples were 10-fold serially diluted in
DMEM 2% FBS. Media was removed from vero cells and replaced with 50 pl of
each sample dilution. The plate was placed in a 37°C 5% CO2 incubator for 1
hour, with rocking every 15 minutes. Following this, 150 pl of overlay medium
(0.8% carboxymethylcellulose, 5% FBS, 1% penstrep in DMEM 2mM L-glutamine)
was gently added on top of the sample, to prevent migration of virus particles.
Cells were then left for 48 hours for virus to replicate, then washed with PBS and
fixed in ice cold methanol for 30 minutes. Cells were washed with 200 ul PBS
(RT) and permeabilised with 150 pl of 0.1% Trixon X-100 in PBS for 5 minutes at
RT. Permeabilisation solution was removed and 50 pl of primary antibody
solution was added to each well at a dilution of 1:500 in 0.2% BSA PBS. Primary
antibody for Dengue virus was MAB8705 Anti-Dengue Virus Complex Antibody
clone D3-2H2-9-21, Millipore. Primary antibody for Zika virus was MAB10216 Anti-
Flavivirus Virus Complex Antibody clone D1-4G2-4-15 (Millipore, USA). Cells were
left for 1 hour at RT in a dark moist chamber, rocking gently. Cells were then
washed three times with 0.2% BSA PBS and 50 pl of secondary fluorescent
antibody was added to each well (Goat anti-mouse Alexa Fluor 488, A-11001,
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Thermo Fisher; 1:400 in 0.2% BSA PBS). Samples were left for 1 hour at RT on a
rocker, in a moist chamber, in the dark. Cells were then washed three times

with 0.2% BSA PBS again and left in PBS for fluorescent plaque counting.
2.6.2. QRT-PCR

Virus RNA was quantified by qRT-PCR. Virus RNA was exracted using Trizol
reagent (Sigma-Aldrich, MI, USA) unless otherwise stated, using manufacturers
guidelines. cDNA was synthesised using the All-In-One cDNA Synthesis SuperMix
(Biotools, TX, USA). Primers used to quantify Dengue by qPCR were the NS5-F
and NS5-R set, ZIKV 835 and ZIKV 911c for Zika virus and SFV4-F and SFV4-R for
Semliki Forest virus. Levels of target gene were normalised to the RpS17 house-

keeping gene using the Pfaffl method (relative expression).
2.6.3. Plaque assay

Briefly, virus was 10-fold serially diluted and plated onto a vero monolayer for 48
hours. Vero cells were then fixed with 10% formalin and stained with 10% toluidine
blue. Cells were rinsed with ddH20 and plaques were then visible to count. Wells

were counted with 10-100 plaques visible with three replicates for each dilution.

2.7. Virus challenge

2.7.1. Oral feedings

5-day-old females were fed infectious blood-meals containing 800 pldefibrinated
sheeps blood, 400 pl of virus suspension and 5mM of phagostimulant ATP. Semliki
Forest Virus was sub-type C (1112041v), Dengue virus was serotype 2 (New
Guinea C Strain), Zika virus was strain MP1751, all acquired from Public Health
England Culture Collections. The final concentration of Semliki Forest Virus in
the blood meal was 1x10"8. The final concentration of Dengue virus in the blood
meal was 8.3x10"7 FFU/mLl. The final concentration of Zika virus in the blood
meal was 1.6x10"8 FFU/ml. Engorged females were anaesthatised on ice and
placed into cardboard cups, with access to 5% sucrose-soaked cotton wool, and
placed in a climactic chamber at 27°C and 70% humidity until sampling. Sucrose

was replenished every 2-3 days.
2.7.2. Intrathoracic injection

20 5-day-old females of each line were anaesthatised on ice and injected with

SFV in the thorax using a pulled glass capillary needle and a Nanoject Il
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(Drummond Scientific, USA) hand-held microinjector. Injected mosquitoes
placed in cups with netting and maintained under general rearing conditions for
ten days. Whole-bodies of females were then homogenised with glass beads in
Trizol (Sigma-Aldrich, MA, USA) on a Precellys 24 homogeniser (VWR) and RNA

was extracted according to manufacturers guidelines.

2.7.3. Salivation
12 days post-feed females were salivated by inserting the proboscis into a 10 pl
pipette tip containing mineral oil and placing a drop of 1% pilocarpine nitrate on
to the thorax (to stimulate salivation). Collected saliva was ejected into tubes
with Dulbecco’s Modified Eagle Medium (DMEM) with 2% fetal bovine serum (FBS)
and processed for Fluorescent Focus Assay (FFA). Salivary glands were then
dissected where applicable and RNA extracted using the QlAamp Viral RNA Mini

Kit (Qiagen, Hilden, Germany) according to the manufacturers guidelines.
2.8. DNA extraction

DNA was extracted from cells and mosquitoes using STE buffer (10uM Tris HCL pH
8, 100mm NaCl, 1mm EDTA), unless otherwise specified. Cells were spun down
at 2000g for 4 minutes and resuspended in 100 pl STE in an Eppendorf tube.
Mosquitoes were homogenised in 100 pl STE using a hand-held pestle. Samples
were then boiled for 10 minutes at 95°C. Eppendorfs were then put on ice for
two minutes, and spun down at 2000g for 4 minutes to pellet cell debris.

Supernatant was diluted 1 in 10 in ddH20 for further processing.
2.9. RNA extraction

RNA was extracted using TRIzol Reagent (Sigma-Aldrich, CA, USA). Briefly, cell
pellet/mosquito were suspended in 500 pl TRIzol reagent and pipetted up and
down/homogenised using a hand-held homogeniser and left for 5-15 minutes.
150 pl of chloroform was added to samples and mixed vigorously, samples were
left to stand for three minutes at RT. Samples were spun 12,000g for 10 minutes
at 4°C. Top aqueous phase was pipetted off and dispensed into 250 pl of
isopropanol. Samples were mixed and left for 10 minutes at RT. Samples were

then spun at 10,000g for 10 minutes at 4°C, forming a pellet.
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2.10. cDNA synthesis

cDNA was synthesised using the All-In-One cDNA Synthesis SuperMix (Biotools,
TX, USA) according to manufacturers instructions, unless otherwise stated. cDNA
for quantification of ER chaperones in cell lines was created using Superscript I
(Invitrogen, CA, USA) according to manufacturers instructions. For creating
cDNA, RNA was diluted to 100ng/pul with ddH20 and no more than 6 pl of RNA

was used in every reaction.

2.11. Polymerase chain reaction (PCR)

2.11.1. Primer design

Primers for thioredoxin peroxidase (TPX), calnexin, BiP and Xbp1 splicing were
designed using PubMed Primer Design tool, with sequences spanning exons and
products produced <500 base pairs. Primers were tested for efficiency by
diluting Ae. aegypti cDNA 1:5 for a series of dilutions and calculating the
efficiency from CT values (Appendix 2). Primers for DUOX and NOXM were taken
from Pan et al (2012). Primers for Defensin C, Cecropin D and Cecropin G were
designed by Thomas Ant. Primers for Serratia quantification were taken from
Wei et al (2017).

2.11.2. Quantification of nucleic acid

Quantity and quality of nucleic acid was measured using the NanoDrop 1000™
spectrophotometer (Thermo Scientific, UK) according to manufacturer’s
instructions. Samples were blanked against a sample of the buffer they were
diluted in. Concentrations were measured at 260nm and 280nm and given as
ng/pl.

2.11.3. Standard PCR
Wolbachia was quantified from extracted DNA using general or strain-specific
primers. Each reaction was set up with 10 pl of 1x Tagmaster mix (Vazyme), 8 pl
ddH20, 0.5 pl Primer F, 0.5 pl Primer R, 1 pul DNA. Samples were cycled following
the program listed in table 2.1 on a Veriti 96-well thermal cycler (Applied

Biosystems). Primers used are listed in Appendix 1.
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Temperature Time
94°C 2min
94°c 30sec
55°C 30sec X35
68°C 45sec
68°C 7 min

Table 2.1. Cycling conditions for standard PCR

2.11.4. Agarose gel electrophoresis
Following standard PCR, samples were run on a 1% agarose gel made with 1X TAE
buffer, stained with SYBR safe DNA Gel Stain (ThermoScientific, UK) at a
concentration of 1:10,000. Once gels were set they were loaded into a gel tank
(Fisher Scientific, UK) filled with 1X TAE. Samples were run at 100-120V for the

desired distance and visualised using a UV light transilluminator.

2.12. Quantitative PCR (QPCR) & Reverse transcriptase
quantitative PCR (RT-qPCR)

Quantification of Wolbachia, Serratia and gene expression was performed on a
Rotor Gene Q (Qiagen). Each reaction contained; 2 pl of DNA for gPCR or cDNA
for RT-qPCR (diluted 1:10 in ddH20), 5 pl 2x QuantiNova SYBR, 2 ul H20, 0.5 pl
Primer F, 0.5 pl Primer R. Samples were cycled on conditions listed in table 2.2.

Primers used are listed in Appendix 1.

Step Temperature Time Comments
Initial denaturation 95°C 15 min Template separates
Denaturation 95°C 15 sec
Annealing 60°C 20sec X 40
Extension B65°C 5-20sec 5secper 100bp
Fluorescence data
Data acquisition - - collected after
every cycle
Creates melt curve
Melting curve 65-95°C 1sechold per 0.3°%C forprimer
specificity

Table 2.2. Cycling conditions of gqPCR and RT-qPCR for Wolbachia and gene

expression
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2.13. Insect cell culture

2.13.1. Passaging Aag2 and Aa23 cells
Aag? and Aa23 cells were maintained in Schneiders media (Pan Biotech,
Germany) supplemented with 10% fetal bovine serum and 1% penstrep,
maintained at 28°C. Cells were grown in 25cm?2 Nunc tissue culture flasks (no
filter) (ThermoFisher, UK) until confluent. Cells were then plated out for
experiments or passaged into a new flask. Protocol for passage of cells is;
remove old media, replace with fresh complete media, tap cells to remove from
bottom and pipette cells up and down, put cells in new flask at a ratio of 3ml

cells and 2ml new media.
2.13.2. Endoplasmic reticulum chaperone experiment

1x10"6 cells were plated overnight on poly-l-lysine coated 24-well plates. Media
was then removed and cells washed 1x with PBS, Thapsigargin (Sigma Aldrich,
USA) was added in complete media (10 pg/ml) to cells for 18 hours. Dengue virus
2 was then added at MOI 1 (titre 5x10%6 FFU/ml) for 5 days. Supernatant was
then sampled for fluorescent focus assay of infectious virus and cells were spun

down for RNA extraction using Trizol.

2.14. SFV Rluc

2.14.1. SFV Rluc infection

SFV Rluc was obtained (Siu et al., 2011) and grown on BHK cells for 3-5 days
until cytopathic effects were observed, then titrated by plaque assay using BHK
cells. Infection of Aag2 and Aa23 cells was performed in 24-well plates; 3.5x10"5
were plated out overnight on poly-l-lysine coated plates and infected at MOI 5
for 24 hours. Samples were harvested in 100 pl of passive lysis buffer (Promega,
UK), left on a rocker for 20 minutes and luciferase was read on a Glomax Multi+

Microplate Multimode reader (Promega, UK) as outlined in Rainey et al (2016).
2.14.2. SFV Rluc Replicon

SFV Rluc replicon was transfected into cells as detailed in Rainey et al (2016).
Briefly, replicon plasmid was grown in E.coli competent cells and plated onto
agar plates containing Ampicillin and Kenamycin overnight shaking at 37°C.

Colonies were then selected and sampled into LB broth for growth overnight.
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Plasmid DNA was purified using a Maxiprep kit (Qiagen, UK) and in vitro
transcription of replicon was performed. Replicon was then transfected into cells
using Dharmafect (Dharmacon, UK) for 24 hours, then harvested for luciferase

measurement.

2.15. Fluorescent imaging

2.15.1. Fluorescent in-situ hybridisation
Ovaries were dissected in PBS from 5-day old females and fixed in Carnoy’s
fixative (chloroform:ethanol:acetic acid, 6:3:1) at 4°C overnight. Samples were
rinsed in PBS and transferred to a 6% hydrogen peroxide solution in ethanol for
72 hours at 4°C for bleaching. Cells were plated out overnight at a density of
1x10"5 per 96-well glass-bottom plate (Corning, New York, USA). Media was then
removed and cells were fixed with ice cold 10% formalin for 30 minutes at room
temperature (RT). All samples were then incubated in the hybridisation buffer;
50% formamide, 25% 20xSSC, 0.2% (w/v) Dextran Sulphate, 2.5% Herring Sperm
DNA, 1% (w/v) tRNA, 1% Denhardts solution, 0.015% (w/v) DTT and 100ng/ml of
each probe ((Moreira et al., 2009)). Probe sequences are as follows - General
Wolbachia probes used; W2 (green) 5’-CTTCTGTGAGTACCGTCATTATC-
(AlexaFluor 488)-3’, W3 (green) 5’- AACCGACCCTATCCCTTCGAATA-(AlexaFluor
488)-3’, which target Wolbachia-specific 16s rRNA, designed by Moreira et al,
2009. wALbB (red) 5’-TAGGCTTGCGCACCTTGCAGC-(Cyanine3)-3’ designed for
this study. Samples were hybridised overnight in a damp container at 37°C.
Following this, samples were washed twice in a solution with 5% 20x5SC, 0.015%
DTT and twice in 2.5% 20xSSC, 0.015% DTT for 20 minutes per wash at 55°C.
Ovaries were then placed on a slide with a drop of VECTASHIELD Antifade
Mounting Medium with DAPI (Vector Laboratories, California, USA). Cells were
kept in 96-well plates and stained for 20 minutes with Hoechst 33342
(ThermoFisher, MA, USA) at a concentration of 1 pg/ml in PBS. Cells were then
washed with PBS and left in PBS for visualisation to prevent drying out. All
samples were visualised on a Zeiss LSM 880 confocal microscope (Zeiss,

Oberkochen, Germany).
2.15.2. CellRox Green imaging for oxidative stress

3x10"5 cells were plated on poly-l-lysine coated 96-well plates overnight to

adhere. Media was then removed and complete media added with 200 uM TBHP,
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100 pM CHPx, 5000 nM of NAC or no treatment, for 2 hours. Media was then
removed and cells washed once with PBS. For oxidative stress detection, cells
were then stained with 1000nM of CellRox Green (Invitrogen, California) and
Hoechst in Schneiders for 30 minutes. Cells were then imaged on a Zeiss LSM 880

confocal microscope (Zeiss, Germany).
2.15.3. Image-IT Bodipy for lipid peroxidation

3x10"5 cells were plated on poly-l-lysine coated 96-well plates overnight to
adhere. Media was then removed and complete media added with 200 pM TBHP
or 100 pM CHPx for 2 hours. Media was then removed and cells washed once with
PBS. Cells were then stained with 50 nM of BODIPY reagent (ThermoFisher, UK)
and Hoechst in Schneiders for 30 minutes. Cells were then imaged on a Zeiss LSM

880 confocal microscope (Zeiss, Germany).

2.16. Flow cytometry

2x10"6 cells were plated on poly-l-lysine coated 12-well plates overnight to
adhere. Cells were then stained using appropriate FISH/CellRox/Image-IT Bodipy
protocol. Cells were then resuspended in PBS, diluted to 1x10"6 cells per ml and
strained through 50 pM filters (Celltrics, Sysmex, Germany) into tubes for flow
cytometry analysis. Tubes were run on a BD accuri Cé flow cytometer (BD
Biosciences) or BD FACSAria Ill. 30,000 events were collected and results were

analysed using FlowJo software (FlowJo, Oregon).
2.17. Protein analyses

2.17.1. Protein extraction

Cells were washed 2x with PBS and resuspended in 50 pl passive lysis buffer.
Samples were then briefly vortexed and sonicated for five 30 second intervals in
a sonicator water bath. Cells were then spun down at 3000g for 4 minutes to
pellet debris.

2.17.2. Quantification via BCA assay

10 pl of each sample was taken for protein quantification via BCA assay,
according to manufacturer’s instructions. Controls were pre-diluted BCG samples
(ThermoFisher, UK). Once BCA reagent had been added to samples, plates were
left at RT for 30 minutes to allow the reaction to proceed. Samples were then

run on a Labsystems Multiscan Ascent plate reader.
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2.17.3. Protein separation via SDS-page electrophoresis

Protein samples were prepared with the same amount of protein in each at a
total of 10 pl (2.5 pl 6 x LDL sample loading buffer, 7.5 pl protein sample). 1 pl
of BOLT sample reducing agent (Invitrogen) was added and samples were boiled
at 95°C for 10 minutes, then placed on ice for 2 minutes. Samples were loaded
onto pre-made Mini Protean TGC stain-free gels (Bio-Rad) with 10 or 12 wells.
Gels were loaded into a Bio-Rad gel tank and 1xTGS buffer was used to fill the
tank. Gels were then run at 100V until the samples had migrated to the bottom

of the gel.
2.17.4. Western blotting

Blotting was performed on PVDF membranes as provided with the Bio-Rad Trans-
blot turbo transfer system. Membrane and stack paper was pre-wet in Bio-Rad
transfer buffer and the membrane was then prepared for blotting by placing in
Methanol until translucent. Blots were then transferred using the Bio-Rad Trans-
blot turbo transfer system for 7 minutes. Membranes with samples were then

blocked in milk powder (Marvel) for 2 hours at RT.
2.17.5. Western hybridisation

Calnexin antibody (ab75801, Abcam) and Actin antibody (ab8224, Abcam) were
diluted in milk powder at a concentration of 1:2000 and 1:500 respectively and
left on membrane rocking overnight at 4°C. The next day, membranes were
washed several times with milk powder and secondary Rabbit HRP antibody (170-
6515, Bio-Rad) was added at a concentration of 1:500 for 2 hours rocking at RT.

Membranes were again washed several times in milk powder.
2.17.6. Western signal detection

Bands were stained using Pierce ECL western blotting substrate (ThermoFisher,
UK), with 1 ml placed on each membrane for several minutes. Blots were then

visualised using a transilluminator.
2.18. Hydrogen peroxide assay

Hydrogen peroxide levels were measured in whole bodies of Ae. aegypti using
the Amplex Red Hydrogen Peroxide Kit (ThermoFisher, MA, USA) according to the
manufacturers instructions. 3 females were pooled per technical replicate in PBS

containing 2 mg/ml of catalase inhibitor 3-amino-1,2,3-trizole. Samples were
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then filtered through a 10K molecular weight cut off (Corning Spin- XUF; Corning
Life Science) (Pan et al., 2012). The elution was tested on the Amplex Red
Hydrogen Peroxide Kit and protein measured by BCA assay. Fluorescence
intensity was measured at Excitation/Emission 550/590 using a microplate

reader (BMG Labtech). H20; was normalised to protein.

2.19. Serratia marcescens challenge

2.19.1. S. marcescens culture
S. marcescens as used in (Diaz-Albiter et al., 2012) was grown overnight in LB
nutrient broth at 37°C with constant shaking. The optical density (OD) was then
measured on a spectrophotometer to assess S. marcescens growth, using LB

media as a blank.
2.19.2. Oral challenge

For challenge in a blood meal, defibrinated sheeps blood was spun down at
1000G for 10 minutes at 4°C to separate plasma and red blood cells. Plasma was
then heat inactivated at 56°C for 1 hour. Serratia (OD 0.17) was resuspended in
plasma and fed to mosquitoes on a Hemotek for 45 minutes. For challenge in a
sucrose meal, Serratia (OD 0.1) was diluted 1 in 150 in 5% Sucrose in ddH20.
Cotton wool was soaked in this solution and left on the mosquito cages for
feeding ad libitum 12 hours before time points begun. For oral challenges,
individual mosquitoes (5-7) were sampled per time point, DNA extracted by STE
and S. marcescens presence quantified using primers cited in (Wei et al., 2017),

listed in Appendix 1.
2.19.3. Thoracic injection

S. marcescens was grown overnight and diluted to OD 0.4 in LB broth.
S.marcescens was then heat-inactivated at 100°C for 90 minutes; LB broth was
treated the same for media-only control. 10-day old Ae. aegypti WT and wMel
were first injected with media-only and then heat-inactivated Serratia using a
capillary needle and Nanoject Il (Drummond Scientific, PA, USA). Mosquitoes
were then transferred to 27°C and 70% humidity until sampled in pools of 3 at
each time point for RNA extraction and gqRT-PCR of immune genes listed in

Appendix 1.
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2.20. Statistical analysis

Data were checked for normality on GraphPad Prism using the Shapiro-Wilk
normality test. If data was normally distributed, Students T-test was performed.
If data was not normal, the non-parametric Mann-Whitney test was performed.
When multiple lines were being compared with novel transinfections, One-Way
Anova was performed on R studio. Statistics of positive/negative virus points was
tested using a one-tailed Fishers exact test. Graphs were created on R studio,

Microsoft Excel and Graphpad Prism.
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3.1. Introduction

Wolbachia-infected female Aedes mosquitoes are currently being released in
order to replace the wild population, with the aim of the resulting vectors being
unable to spread arboviruses. This vector replacement strategy relies on
Wolbachia-mediated pathogen inhibition, which has been widely studied in several
insect species and yet the precise mechanism is not known. There is evidence that
Wolbachia interferes with host cells in several ways that could directly or

indirectly impact the arbovirus life cycle.

3.1.1. Redox homeostasis

Wolbachia are intracellular endosymbionts, therefore their presence within a cell
can cause many perturbations in cell processes. One such perturbation is
disruption of redox homeostasis, but its role in Wolbachia-mediated pathogen
inhibition remains uncertain. Reactive oxygen species (ROS) are highly-reactive
oxygen-derived species including superoxide anion (02), hydroxyl radical (OH-) and
hydrogen peroxide (H202), the latter of which is easily transformed to OH-. Under
normal cell conditions, ROS are produced as a by-product of mitochondrial
oxidative phosphorylation, but can also be up-regulated in times of stress or

pathogen detection (Caragata et al., 2016; Mikonranta et al., 2014).

Although most studies of ROS have focused on mammalian systems, redox
homeostasis remains an important aspect of immunity in eukaryotic cells of
insects, particularly in the gut (Ha et al., 2005b). Dual oxidases (DUOX, NOXM) are
enzymes whose sole function is to produce ROS, generating superoxide anion and
hydrogen peroxide via the reduction of oxygen. Drosophila Duox (dDuox) has an
important role in suppression of microbial growth within the gut; Drosophila with
dDuox silenced had higher mortality rates when fed a microbe-contaminated meal
than their control counterparts (Ha et al., 2005a). Silencing of Duox in Ae. aegypti
midguts also leads to increased gut flora, highlighting the importance ROS play in

shaping the microbial composition of the gut (Oliveira et al., 2011).

While ROS can protect the host from colonisation of unwelcome microbes, it can
also inadvertently facilitate the development of the malaria parasite,

Plasmodium. Following blood-meal ingestion by a female mosquito, a peritrophic
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matrix (PM) forms to protect the gut epithelial cells and bacteria from the
breakdown of the pro-oxidant heme. In Anopheles gambiae, a heme-peroxidase
and Duox catalyse the cross-linking in the protein layer of the PM, which in turn
protects the gut and also the Plasmodium parasite from immune elicitors (Kumar
et al., 2010). However, ROS can also detrimentally affect parasite development;
an An. gambiae strain selected that was refractory to Plasmodium infection had

higher levels of ROS and increased parasite melanisation (Kumar et al., 2003).

There is evidence that Wolbachia infection perturbs redox homeostasis in a novel
host which can also lead to pathogen inhibition; Aedes polynesiensis, a primary
vector of lympathic filariasis caused by filarial worms, cleared of its native
Wolbachia infection and transinfected with wAlBb showed a reduced ability to
regulate oxidative stress (Andrews et al., 2012). This was particularly apparent
following a blood meal, as the Ae. polynesiensis line with the native Wolbachia
strain retained high levels of ROS following a blood meal, whereas the wAlbB-line
experienced a drop in ROS. Despite this decrease in oxidative stress, when
challenged with filarial worms the wAlbB-line had significantly less worms
reaching an infective stage (Andrews et al., 2012). Perhaps the long co-evolution
of filarial worms with this host has led to adaptation of the worms to oxidative
stress, and this new perturbation with wALlbB indirectly disrupted the

development.

The Wolbachia strains wMelCS, wRi and wAu which protect Drosophila from
Drosophila C Virus by extending survival have 1.5-2 fold more H20; than their
counterpart flies cleared of Wolbachia infection (Wong et al., 2015). However,
there was no investigation into how this higher H,0, protected against viral
infection. Artificial transinfection of wAlbB in Ae. aegypti has resulted in higher
levels of H202, which indirectly activated the Toll pathway and led to DENV
inhibition (Pan et al., 2012). Despite this finding, Wolbachia-mediated pathogen
inhibition has been shown to occur in Drosophila Toll and Imd-pathway mutants,
showing this is not crucial for inhibition (Rances et al., 2013). However,
Wolbachia-induced ROS may be causing damage to another part of the cell

required for viral replication.
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3.1.2. Disruption of viral replication

Cell components particularly liable to oxidative damage include lipids, which are
large components of cell membranes; oxidative stress can disrupt the function of
lipids and permeability of membranes, potentially creating toxic by-products in
the process (Niki, 2008). Oxidative damage of lipids could be detrimental to virus
replication, as lipids such as cholesterol and sphingomyelin play roles in virus
entry, replication, glycoprotein transport and finally budding, particularly with
Alphaviruses (Ng et al., 2008). Analysis of the lipid profile of Wolbachia-infected
Aa23 cells showed less sphingolipids than in uninfected cells (Molloy et al., 2016).
Cholesterol trafficking is also disrupted in Aag2 wMelPop cells, with cholesterol
accumulating in a similar way that is observed in cells with the Niemann-pick lipid
storage disorder in humans (Geoghegan et al., 2017). In-fact, recovery of
cholesterol homeostasis in wMelPop cells by treatment with 2-hydroxypropyl-B-
cyclodextrin resulted in a recovery of DENV replication, which had previously been
inhibited (Geoghegan et al., 2017).

Depletion of cholesterol has also been shown to disrupt the lateral organisation of
Alphavirus glycoproteins on the virus envelope, crucial for early entry events
(Sousa et al., 2011). There is evidence Wolbachia is interfering at the stage of
viral replication; replication of an SFV replicon that was transfected straight into
Wolbachia-infected Drosophila JW18 cells, bypassing entry, was still inhibited
(Rainey et al., 2016). There is also evidence that DENV viral RNA is rapidly
degraded in wMel-infected Aag2 cells, compared to uninfected cells (Thomas et
al., 2018). There is accumulated evidence that Wolbachia is interfering with viral

replication, possibly in more than one way.
3.1.3. Unfolded protein response

Wolbachia has also been shown to interfere with expression of proteins involved
in protein folding in the endoplasmic reticulum (Geoghegan et al., 2017).
Proteomic analysis of wMelPop-infected Aag2 cells and wMel-infected Ae. aegypti
midguts revealed upregulation of proteins involved in the unfolded protein
response (UPR) in the presence of Wolbachia. The function of the ER is to fold
proteins correctly and assist in their transportation to the golgi apparatus
(Schwarz and Blower, 2016). Misfolding of proteins can lead to an accumulation

and therefore ER stress, which can activate the UPR via three pathways; IRE1q,
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PERK or ATF6 (Hollien, 2013). These pathways can result in the upregulation of
chaperones such as BiP and Calnexin, which work to correctly fold the misfolded
proteins (Fig.3.1.1). Upregulation of proteins involved in quality control of
glycoproteins as they enter the ER has been observed (Geoghegan et al., 2017) in
the presence of Wolbachia. This may be interfering directly with virus replication
as viruses manipulate the ER machinery in a timely manner to enable their
replication, in both mammalian and insect cells. In mammalian cells, DENV
serotype 2 has been shown to induce transient upregulation and suppression of
the PERK pathway via phosphorylation of elF2a very early in infection, indicating
the virus takes control of this pathway (Peha and Harris, 2011). DENV also
alleviates ER stress 24-36 hours post-infection by activating the IRE1-Xbp1

pathway, which correlates with the stage of the virus replication cycle involving

Endoplasmic reticulum stress
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and increase of ERAD pathway degradation of proteins

Fig. 3.1.1. Schematic representation of the unfolded protein response (UPR) and

ER-associated protein degradation pathway (ERAD) in eukaryotic cells.
Misfolded proteins can accumulate in the endoplasmic reticulum (ER) causing ER stress. The
unfolded protein response can then be activated by one of three arms of the pathway; PERK,

IRE1 and ATF6. This activation results in transcription of UPR-target genes including
chaperone proteins Grp78(BiP) and Calnexin, which either assist in correct folding and
transport of proteins to the golgi apparatus, or deliver misfolded proteins for degradation by

the ERAD pathway. Figure adapted from (Iranpour et al., 2016).
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viral protein synthesis (Pena and Harris, 2011). This DENV2-induced splicing of
Xbp1 is stronger than is observed with DENV1 infection, indicating activation of
the UPR differs between virus serotypes (Umareddy et al., 2007). The Xbp1 gene
is also spliced in response to DENV2 infection at 24 hours post-infection in Ae.
albopictus C636 cells, resulting in an increase in BiP/GRP78, which subsequently
alleviates oxidative stress (Chen et al., 2017). If Wolbachia is established within
an insect cell and has already modified the UPR pathways, this means any invading
virus may not be able to activate and suppress the pathways to allow virus
replication.

The aforementioned proteomic data adds to other evidence that Wolbachia
infection perturbs the ER. Using electron microscopy Wolbachia has been shown
to be closely associated with the ER in Drosophila cells and alters morphology of
the organelle, with an increase in cisternae, swelling and extensions observed,
relative to uninfected cells (White et al., 2017). This same study revealed 36 and
41 genes that reduced or increased Wolbachia titre respectively, revealing the
multifactorial processes that can affect Wolbachia replication. Knock-down of ER
membrane protein Ubcé resulted in a four-fold reduction in Wolbachia titre; Ubcé
is a component of the endoplasmic-reticulum-associated degradation of mis-
folded proteins (ERAD) pathway, which is also activated by ER stress (White et al.,
2017). This provides evidence that the ER is a crucial structure involved in the
maintenance of Wolbachia titre, possibly via the degradation of misfolded

proteins by the ERAD pathway, providing an amino acid source.

It is clear that Wolbachia infection can perturb many processes, some of which
may be interlinked. Cells from native hosts (Ae. albopictus Aa23) and novel hosts
(Ae. aegypti Aag2) of Wolbachia were used to investigate Wolbachia-mediated
pathogen inhibition. The density of Wolbachia strains wMelPop and wAu in Aedes
cells was quantified using gPCR, confocal fluorescent in-situ hybridisation (FISH)
and flow cytometry FISH. Levels of ROS and lipid peroxidation were then measured
in cell lines to assess any Wolbachia-mediated perturbation of redox homeostasis.
To investigate the stage at which Wolbachia blocks virus replication in Aedes cells,
a SFV replicon was transinfected into cells and genomic and sub-genomic RNA was
quantified. In addition, the perturbations of UPR-related genes was investigated,
with and without DENV.
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3.2. Results

3.2.1. Characterisation of Wolbachia-infected cell lines

The cell lines chosen for investigating Wolbachia-mediated pathogen inhibition
both carried high density Wolbachia: Aag2 with wMelPop (Ae. aegypti) and Aa23
with wAu (Ae. albopictus). The Aag2 and Aa23 cell lines were derived from Ae.
aegypti and Ae. albopictus eggs with developing embryos within them,
respectively (O'Neill et al., 1997; Peleg, 1968). The Aa23 wMelPop cell line would
have been desirable for these experiments but was not used due to instability,
which is discussed later in this chapter. These cell lines were characterised for
Wolbachia density using qPCR (Wolbachia: host genome ratio), fluorescent in situ
hybridisation (FISH) and flow cytometry. QPCR of the Wolbachia wsp gene
normalised to the endogenous cell homothorax (hth) gene revealed the density of
Wolbachia in wMelPop (490/ host genome) and wAu (408/ host genome) did not
significantly differ - both strains were present at a similar high density
(Fig.3.2.1A). While gPCR analysis of Wolbachia gives a general measurement of
density, it gives an overall picture rather than details of density variation between

cells.

FISH of Wolbachia using a wsp probe allows visualisation of individual bacteria
between cells (Fig. 3.2.1B). Using FISH, it is clear while wMelPop appears to infect
almost every cell in Aag2 cells, wAu tends to aggregate in very high-density cells
interspersed throughout (Fig.3.2.1). The confocal visualisation of FISH confirmed
the slightly higher density of wMelPop relative to wAu as seen with qPCR. The
density of each Wolbachia within individual cells may impact the pathogen
inhibition, depending if it is a cell-autonomous process or not. Taking multiple
pictures of confocal images is laborious and time-consuming, with the added
element of user bias that may select sections with more Wolbachia presence. In
addition, cells can clump together and this makes selection of individual cells for

analysis troublesome.

In order to improve Wolbachia density quantification, we sought to develop flow
cytometry FISH (FLOW-FISH), to analyse hundreds of cells for Wolbachia presence
in an accurate manner. Cells were stained using the FISH protocol and strained

through a filter for running in the flow cytometer; cells were then analysed for
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green fluorescence, indicating Wolbachia. A cohort of each cell type was heated
to 37°C for 1 hour as a positive control for identification of dead cells. Aa23 -ve
and wAu cells were then plotted on a scatterplot for forward scatter (size) and
side scatter (granularity) (Fig.3.2.2). Analysis of the dead-cell control revealed
most cells were concentrated towards the side scatter axis (not shown). However,
these cells were inactivated by heat, whereas those used for FISH are fixed to
inactivate them. Nevertheless, with this in mind, cells along the side scatter axis
were avoided and cells along the axis of forward scatter were gated (boundaries
placed in FlowJo to select populations of cells) for further analysis (cells of

interest).
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Fig. 3.2.1. Wolbachia density in Aag2 wMelPop and Aa23 wAu cells as assessed by qPCR and
FISH.
DNA was extracted from Aag2 wMelPop and Aa23 wAu cells and qPCR was performed for Wolbachia wsp
gene normalised to hth (A). Results represent cells from three independent 25cm? flasks of cells. The
same cells were also stained for fluorescent in-situ hybridisation (FISH) with a wsp-binding probe, and

visualised on a confocal microscope (B). Images are representative of six pictures.
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These gated cells of interest were then plotted against green fluorescence, with
Aa23 -ve cells acting as an uninfected control, setting the baseline for auto-
fluorescence. It was then possible to identify Wolbachia-positive wAu cells and
the percentage infected could be observed within the scatterplot (Fig.3.2.2). To
confirm the accuracy of this method, Aa23 -ve and wAu cells were mixed and run
through the flow cytometer, with the results showing an almost even split of
uninfected and infected cells, indicating correct identification of both cell types
(Fig.3.2.2). Plotting data as a histogram showed differentiation of the two cell
types as observed by two peaks, with the wAu cells skewed to higher green
fluorescence (Fig.3.2.2). When green fluorescence is plotted against cell count
and samples are overlaid, we can see a similar number of Aa23 -ve cells were
analysed per replicate, but in one of the Aa23 wAu samples there were more cells

present relative to the other two (Fig.3.2.2).

The same protocol was carried out on Aag2 -ve and wMelPop cells, however far
less cells of interest were identified in the wMelPop cells (Fig.3.2.3A). Further
analysis suggested Wolbachia was present in 62.7% of cells (Fig.3.2.3A), however
plotting of cell count on a histogram revealed the very low count of wMelPop cells
present (Fig.3.2.3.B). The mean and median green fluorescence was plotted in a
bar chart for both Aag2 wMelPop and Aa23 wAu cells, showing similar results in
both cell lines (Fig.3.2.2&3). By using data obtained from scatterplots of three
replicates showing percentage of cells infected with Wolbachia, as indicated by
green fluorescence, the average percentage of cells infected could be calculated;
a significant difference of 62% in Aag2 wMelPop and 81% in Aa23 wAu (Fig.3.2.3B,
p=<0.05). This may not corroborate with the gqPCR and confocal FISH data, which
indicated higher density and percentage of cells infected in the Aag2 wMelPop
cells, however the cells for FLOW-FISH were taken at a different time and
Wolbachia infection is known to fluctuate within cells. It is therefore prudent to
continually check Wolbachia density in cells used for experiments as this may have
changed. Data from FLOW-FISH indicates this method could be used to assess
percentage of cells infected with Wolbachia, but differentiation of cells into high
and low infected would require additional experiments with positive controls for

each type.
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Fig. 3.2.2. Flow cytometry analysis of Aa23 wAu cells

Cells were stained using basic FISH protocol and run through a flow cytometer to quantify green fluorescence

(Wolbachia). Cells of interest were gated on a scatterplot of forward scatter (size) and side scatter

(granularity) (A - top row). Gated cells were then plotted against green fluorescence and positive/negative

quartiles set (A - bottom row). Data gathered is represented in histograms (B) showing cell count plotted

against green fluorescence (left, middle). Mean and median green fluorescence was calculated for Aa23 wAu

cells (right). Three independent 25cm? flasks were used for each replicate. Error bars represent standard

deviation.
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Fig. 3.2.3. Flow cytometry analysis of Aag2 wMelPop cells

Cells were stained using basic FISH protocol and run through a flow cytometer to quantify green
fluorescence (Wolbachia). Cells of interest were gated on a scatterplot of forward scatter (size) and side

scatter (granularity) (A - top row). Gated cells were then plotted against green fluorescence and
positive/negative quartiles set (A - bottom row). Data gathered is represented in histograms (B) showing
cell count plotted against green fluorescence (left). Mean and median green fluorescence was calculated
for Aag2 wMelPop cells (middle). Percentage of cells infected with Wolbachia in Aag2 wMelPop and Aa23
wAu cells was calculated (right). Three independent 25cm? flasks were used for each replicate. Error bars

represent standard deviation. T-tests were performed for significance, represented by asterisks.
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3.2.2. wMelPop-infected Aedes cells are under oxidative stress

Wolbachia-induced oxidative stress was measured in Aag2 (Ae. aegypti) and Aa23
(Ae. albopictus) cells, in order to assess if any results were a species-wide effect.
The CellRox Green probe was used to measure oxidative stress as it fluoresces
when oxidised by any free radical, rather than a specific ROS such as H20,. This
kit is compatible with eukaryotic cells, however the efficacy in insect cells was
tested by using an inducer of oxidative stress. Aag2 uninfected cells were treated
with tert-butyl hydroperoxide (TBHP) to induce oxidative stress as a positive
control (Brennan et al., 2008). TBHP was tested on Aag2 -ve cells for toxicity, by
adding concentrations of 0, 10, 100 and 200uM of TBHP for 2.5 or 4.5 hours. Cells
were then tested for viability using trypan blue, revealing no significant difference
in viability up to 200uM regardless of incubation time, therefore the highest

concentration was used (Fig.3.2.4.A).

CellRox Green was then added to Aag2 uninfected, wMelPop and TBHP-treated
cells at a concentration of 1000nm and visualised using a confocal microscope.
Aag2 wMelPop cells did appear to be experiencing oxidative stress, with green
fluorescence observed in many of the cells much like the positive control
(Fig.3.2.5). The same result was observed in Aa23 wMelPop cells (Fig.3.2.6).
However, there is noticeable cell detritus in the Aa23 wMelPop line, with green
fluorescence occurring in patches outside of cells, indicating the cells may have

burst, possibly due to apoptosis.
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Fig. 3.2.4. Toxicity testing of tert-butyl hydroperoxide and cumene hydroperoxide on
Aag2 Wol -ve cells
Aag?2 uninfected cells were treated with tert-butyl hydroperoxide (TBHP) and cumene
hydroperoxide (CHPx) at concentrations of 0, 10, 100 and 200uM for 2.5 and 4.5 hours. Cells
were harvested and tested for cell viability using trypan blue. Data represents mean values of

three replicates, error bars are standard error.
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The antioxidant N-acetyl-cysteine (NAC), a free-radical scavenger (Kerksick and
Willoughby, 2005), was tested as a negative control in Aa23 cells. Cumene
hydroperoxide (CHPx) was also tested as an alternative positive control; CHPx
induces oxidative stress via peroxidation of lipids that are found within the cell
(Weiss and Estabrook, 1986). CHPx toxicity was tested on Aag2 -ve cells at
concentrations of 0, 10, 100 and 200uM, revealing a significant reduction in cell
viability at 200uM only (Fig.3.2.4.B). Therefore, cells were treated with 100uM of

Aag?2

wMelPop

Fig. 3.2.5. CellRox Green staining of oxidative stress in Aag2 wMelPop cells
Aag? uninfected and wMelPop-infected cells were stained for oxidative stress using CellRox
(green) and nucleus with Hoechst (blue). Positive control was obtained by treating Aag2
uninfected cells with 200 uM TBHP for 2 hours prior to staining. Images were gained using a

confocal and represent six images captured.
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CHPx and 5000uM NAC for 2 hours. NAC did reduce oxidative stress as indicated
by the reduction of faint regions of green fluorescence observed in the Aa23
untreated cells (Fig.3.2.6 - Neg. cont). CHPx did induce oxidative stress in Aa23
cells, but it appeared to alter the cell morphology, therefore TBHP was used for
future experiments (Fig.3.2.6 - Pos. cont). In order to avoid user bias of selecting
regions under oxidative stress by microscopy and to provide a thorough
characterisation of the whole cell line, CellRox Green in cells was then measured

by flow cytometry.

Aa23

Neg. cont

20um
et

wMelPop

Fig. 3.2.6. CellRox Green staining of oxidative stress in Aa23 wMelPop cells
Aa23 uninfected and wMelPop-infected cells were stained for oxidative stress using CellRox
(green) and nucleus with Hoechst (blue). Positive and negative controls were obtained by
treating Aa23 uninfected cells with 100 uM CHPx and 5000 nM NAC for 2 hours prior to staining,

respectively. Images were gained using a confocal and represent six images captured.
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3.2.3. Flow cytometry confirms higher oxidative stress in Aag2

wMelPop cells
Flow cytometry enables thousands of cells to be measured for several parameters
without human bias. Aag2 wMelPop and Aa23 wAu cells were stained with CellRox
Green and run through a flow cytometer, to measure oxidative stress. For these
experiments, Aa23 wMelPop was substituted for another high density strain Aa23
wAu, due to the instability of the wMelPop cell line. The flow cytometry data
confirmed that Aag2 wMelPop cells were under oxidative stress, as the histogram
plot of cells skewed towards the right, indicating higher CellRox Green and more
oxidative stress (Fig.3.2.7.A.). These data also confirm the TBHP positive control
worked accurately, with a peak which has moved to the right compared to
uninfected cells. The median CellRox fluorescence of each sample confirmed the
wMelPop cells had a significantly higher fluorescence compared to uninfected
(Fig.3.2.7.B, p=<0.01). However, the Aa23 wAu cells showed a different result,
with the histogram skewed towards less oxidative stress much like the uninfected
cells (Fig.3.2.7.C). Quantification of the median CellRox fluorescence confirmed

no difference between wAu and uninfected cells (Fig.3.2.7.D.).

3.2.4. Analysis of lipid peroxidation in Aag2 wMelPop cells

As the Aag2 wMelPop cells were observed to be experiencing oxidative stress, lipid
peroxidation was investigated as a potential direct or indirect consequence of
this. Lipids are an important component of cell membranes, which are susceptible
to oxidative damage. Arboviruses use the cell membrane to enter the cell and can
also use components of the membrane as their outer capsid following replication,
therefore the composition of the lipids is important for the completion of viral
replication. To measure lipid peroxidation the BODIPY 581/591 C11 reagent was
applied to live cells; when added to cells, BODIPY localises to membranes and
upon oxidation by lipid hydroperoxides, fluorescence shifts from 590 nm (red) to
510 nm (green). Use of BODIPY reagent was optimised by testing concentrations
of 5, 10 and 50 pM on Aag2 uninfected cells treated with 100 pM CHPx for two
hours (Fig.3.2.8). While the 5 yM of BODIPY appeared too low, single BODIPY
molecules were observed at 10 pM, although it did not appear representative of
the cell line. Lipid peroxidation was represented better with 50 pM of BODIPY.
Initial tests using CHPx (Fig.3.2.9A) and TBHP (Fig.3.2.9B & C) as positive controls
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were variable; using a confocal microscope BODIPY was observed fluorescing green

shades with both treatments, however this was patchy throughout the cell line.
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Fig. 3.2.7. Analysis of CellRox Green staining in Aag2 and Aa23 cells by flow cytometry

Aag? wMelPop and Aa23 whu cells and their uninfected counterparts were stained for oxidative stress

using CellRox Green. Representative samples of Aag2 (A) and Aa23 (C) cells were plotted as a histogram

with green fluorescence on the x axis, showing more fluorescence in cells towards the right of the axis.

Median CellRox fluorescence for three replicates of Aag2 cells (C) and Aa23 cells (D) were averaged and

displayed as bar charts. Uninfected cells were treated with TBHP for 2 hours as a positive control. Cells

were then run through a flow cytometer and analysed on FlowJo software. T-tests were used for

significance, represented by asterisks.
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When Aag2 uninfected and wMelPop cells were assessed for lipid peroxidation by
confocal microscopy, there were variable results depending on the area being
scanned. Both cell lines had areas fluorescing green, while other sections
remained a bright red (Fig.3.2.9D & E). Green fluorescence is also very susceptible
to bleaching, which may bias analysis on the confocal. As with the CellRox
analysis, BODIPY-labelled cells were run through a flow cytometer, to measure
the red and green fluorescence accurately. The density pseudocolour plots show
a representation of two independent replicates performed on a flow cytometer in
which the green and red were fluoresced by the same laser (Fig.3.2.10A). The
pseudoplot of the CHPx-treated Aag2 cells shows a shift towards higher green
fluorescence, indicating lipid peroxidation of the BODIPY reagent. TBHP has been
shown to induce lipid peroxidation in mouse erythrocytes using as low as 5uM (Roy
and Sil, 2012), however the flow cytometry data confirmed that TBHP treatment

of cells did not induce lipid peroxidation in insect cells (Fig.3.2.10A).

CHPx was therefore taken forward as a positive control, as it is a specific inducer
of lipid peroxidation. While there was not a large difference between Aag2
uninfected and wMelPop cells, some wMelPop cells did show a shift towards less
fluorescence, possibly indicating yellowing as has been seen in the confocal
images. A dotplot that represents one replicate of Aag2 uninfected (orange),
wMelPop (purple) and CHPx (red) shows the slight shift of wMelPop to less red
fluorescence, but not higher green fluorescence as with the positive control.
Nevertheless, when the ratio of red to green BODIPY reagents was quantified,
wMelPop cells did have a significantly lower ratio than uninfected cells, indicating
lipid peroxidation (Fig.3.2.10.C, p=<0.05). For the third replicate of this
experiment, a flow cytometer was sourced which excited the green and red on
independent lasers. The previous replicates were run on a flow cytometer which
fluoresced red and green using the same laser, therefore some cross-over could
occur in the results. By using a flow cytometer with independent lasers for red
and green, this bias was avoided. Data from this experiment shows a red:green
ratio that is similar in Aag2 uninfected and wMelPop cells, yet the CHPx positive
control still remained a low ratio as in the previous experiments (Fig.3.2.10.E). It
seems likely therefore that the third replicate provided the most accurate results,

showing no difference in lipid peroxidation in Wolbachia-infected cells.
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Fig. 3.2.8. Initial testing of BODIPY reagent on Aag2 uninfected cells
Aag? uninfected cells were treated with cumene hydroperoxide (CHPx) to induce lipid peroxidation.

BODIPY reagent was added to cells at concentrations of 5,10 and 50 puM for 30 minutes. BODIPY

fluorescence changes from red to green when peroxidised (indicated by red and green arrows).
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Fig. 3.2.9. Confocal imaging of BODIPY in Aag2 cells
Aag2 uninfected cells were treated with 100 pM of CHPx (A) or 200puM of TBHP (B, C) for 2 hours and lipid

peroxidation visualised with staining of 50 pM BODIPY reagent for 30 minutes, visualised using a confocal microscope.

Lipid peroxidation was then visualised in Aag2 Wolbachia-uninfected cells (D, Aag2 Wol-) and Aag2 wMelPop cells (E,

wMelPop). BODIPY reagent fluoresces green when peroxidised. Yellowing of BODIPY shown with yellow arrow in A.
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Fig. 3.2.10. Flow cytometry analysis of BODIPY in Aag2 cells
Pseudoplots are shown representing one sample of each treatment type (A). Unstained (Aag2 Wol -ve
with no BODIPY), CHPx and TBHP positive control, Aag2 Wol -ve and wMelPop with BODIPY. BODIPY
changes from red to green fluorescence when peroxidised. Dot plot shows a representative sample of
data from two independendent replicates, plotted against red and green fluorescence (B) with the

ratio of red:green calculated from all samples (C). Dot plot of representative samples run in the third

replicate on a flow cytometer with independent lasers for green and red fluorescence is shown in (D).

Red:green ratio of all samples in this replicate is shown in (E). Data was analysed on FlowJo software.

Bars represent mean ratio of red/green with standard error. T-tests were used for significance,

represented by an asterisk.
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3.2.5. Wolbachia inhibits viral replication in Aedes cells

As the presence of Wolbachia in Aag2 cells did not appear to be altering lipid
peroxidation which could impact viral binding or capsid formation, it was then
investigated if viral replication was indeed being directly inhibited instead.
Firstly, a range of Aag2 (wMelPop, wAu) and Aa23 (wAlbB, wMelPop, wAu, wMel)
cell lines were challenged with a modified Semliki forest virus which has a Renilla
luciferase reporter inserted into the genome, for quantification of replicated virus
(Fig. 3.2.11A)(Rainey et al., 2016). SFV was chosen for these experiments as it is
a well-studied model alphavirus. Cells were infected with SFV (RLuc) at MOI 5 for
24 hours, following which samples were read for luciferase units. Results from two
independent replicates show SFV levels several ten-folds less in Wolbachia-
infected cell lines relative to their uninfected counterparts (Fig.3.2.11C). The
Aag2 wAu cells were only challenged once as the cells subsequently lost the
Wolbachia infection. This result confirmed general inhibition of SFV by a variety
of Wolbachia strains in cell lines from two host species, however it does not tell

us at which stage the inhibition is occurring.

To achieve this, cells were transinfected with a SFV replicon, thereby bypassing
entry into cells. The structural genes of this replicon were replaced with Firefly
luciferase (sub-genomic region), and Renilla luciferase remained embedded
among the non-structural proteins (genomic region) (Fig.3.2.11B). Separation of
the genomic and sub-genomic regions allows direct quantification of each section
of the viral genome; quantification of the sub-genomic section which would
normally be structural proteins required for composition of new virions reveals if
viral replication is actively occurring. The SFV replicon was transfected into Aa23
wAlbB, wMel and wMelPop cells for 24 hours and samples were quantified for
Renilla and Firefly luciferase. Results show significantly inhibition of genomic
(Fig.3.2.11D) and sub-genomic (Fig.3.2.11E) replication, indicating Wolbachia is
inhibition active replication of SFV. Renilla and Firefly luciferase were used as SFV
readouts as they directly correlate with genome replication. This is consistent
with results found in Drosophila JW18 cells (Rainey et al., 2016). Aag2 cells were
not used in the replicon experiment as they were unstable, however previous
experiments in the lab have shown similar inhibition of sub-genomic virus (not

shown).



A

Sub-Genomic

Genomic ’:D
“"'” 1 nsP1 I nsP2 ‘ nsP3|| RLuc| | nsP4 AAA T

nsP2 cleavage Sub-Genomic

nsP1 | nsP2 | nsP3|[[REUE] | nsP4 [—| FFLug@um)—s

91

FAY
C Unst cleavage
_ 1000000y o A
S 1000007 s =
-
o«
P 10000
£ B
=] B B
> 1000 g B £ T
w
g 100 T
£
B 10
-
1 T T T T
P Q[ 2 & R o
(] ) ]
Rl R A
v T Ty
¥ 1<d
D Renilla (Genomic) E Firefly (Sub-genomic)
_ 120000+ A Hmnooo- A
s g
@' 110000+ 120000
2 &
£ 1000001 Z 1000001
2 - B 2 00+ B
0 1000- b
: B B T B
5 500- — -~ s 504 B T
3 =
| |
0- ’ T 0- . '
S A S
S S

Fig. 3.2.11. Virus and replicon studies in Aedes cells
Schematic diagram of SFV4(3H)-RLuc reporter gene with Rennilla luciferase (RLuc) reporter inserted
at the nsP3/4 junction (A). Genome is split into genomic section containing non-structural proteins
and sub-genomic region with structural proteins (capsid, p62, 6K, E1). Replicon schematic
representation with the structural proteins replaced with Firefly luciferase (FFLuc) (B). Aedes cells
were infected with SFV-Rluc from (A) and luciferase units read after 24 hours (C). SFV replicon was
transinfected into Aa23 cells and genomic RLuc (D) and sub-genomic FFLuc (E) levels were
measured. Results in (C) represent mean of two independent replicates, each with three technical
replicates, except Aag2 wAu which represents one biological replicate. Results in D & E represent
mean of one replicate, with three technical replicates. Standard error is shown. T-test was

performed for significance, represented by letters above bars (e.g. A & B are statistically different).
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3.2.6. Investigating Wolbachia-induced perturbation of the ER and

arbovirus inhibition
Previous proteomic analysis of Wolbachia-infected and uninfected midguts
revealed protein differences in proteins involved with the endoplasmic reticulum
(ER) (Geoghegan et al., 2017). One ER-related proteomic hit was Calnexin
(putative calnexin 99a), a chaperone involved in the unfolded protein response
(UPR) of the ER. Calnexin is upregulated to assist the folding of misfolded proteins
which may be aggregating in the ER. Calnexin protein was 1.35 and 1.16 higher in
Aag2 wMelPop cells and Ae. aegypti wMel midguts relative to their uninfected
counterparts (Geoghegan et al., 2017). To follow up this proteomic data, gene
transcripts of Calnexin, another UPR chaperone BiP and splicing of the Xbp1 gene
were initially measured in Ae. aegypti wMel and wAu midguts. However, there
were conflicting results depending on the replicate and between Wolbachia strains
(Appendix 3), therefore we decided to use cell lines to investigate ER

perturbations as there are less variables to account for.

Calnexin, Bip and Xbp1 splicing was assessed in Aag2 uninfected and wMelPop
cells. Both cell lines had controls treated with thapsigargin (thaps), which induces
ER stress in a calcium-dependent manner (Oslowski and Urano, 2011). Following
treatment, cell viability was tested with trypan blue staining, showing no
differences than non-treated cells. Expression of ER-related genes was also
measured following the addition of DENV-2 at MOl 1 to Aag2 uninfected and
wMelPop cells for 5 days.

Levels of DENV were measured in the cells by RT-gqPCR and in the cell supernatant
by fluorescent focus assay (FFA). RT-gPCR quantifies RNA levels of DENV, whereas
FFA measures live infectious virions. Non-infected Aag2 Wol -ve cells were used
as negative controls. Under normal conditions, Aag2 wMelPop cells had around
ten-fold less DENV RNA (Fig.3.2.12.A) and infectious virions (FFU) (Fig.3.2.12.B)
compared to Aag2 Wol -ve cells. Previous studies have shown a 6-12 fold reduction
in DENV density in Aag2 wMelPop relative to Aag2 uninfected cells (Geoghegan et
al., 2017; Hussain et al., 2013) The addition of thaps to Aag2 Wol -ve cells resulted
in less DENV RNA and no infectious virions (Fig.3.2.12.A&B). On the other hand,
addition of thaps to wMelPop cells resulted in an increase in DENV RNA but again

no infectious virions. Inducing ER stress in wMelPop cells by using thaps appears
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to have allowed the DENV genome to replicate; qPCR of Wolbachia density
revealed a significant decrease of wMelPop when treated with thaps (data not

shown), showing inducing ER stress results in a drop in Wolbachia density.
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Fig. 3.2.12. DENV replication in Aag2 -ve and wMelPop cells during ER stress
ER stress was induced in cells with thapsigargin treatment for 18 hours, after which DENV was
added at MOI 1 and left to replicate for 5 days. Cells were harvested, spun down and RNA was
extracted to quantify DENV RNA (A). Infectious virions from the supernatant of the same cells
was quantified by fluorescent focus assay (fluorescent focus units/ml). Data represents mean of
five replicates with standard error. Statistics performed were students T-test. Asterisks

represent extremely significant differences (*** = p = 0.0001 to 0.001; **** = p = <0.0001).

Gene expression of chaperones Calnexin and BiP were then quantified in Aag2 Wol-
ve and wMelPop cells by RT-qPCR, both with and without thaps treatment and
DENV. Under normal cell line conditions, significantly more Calnexin and BiP
expression was measured in wMelPop cells compared to Wol -ve cells
(Fig.3.2.13.A&B), a result which corroborates the proteomic results. When both
cell lines were treated with thaps, the Wol -ve cells increased expression of both
genes to similar levels found in wMelPop, resulting in significantly higher
expression in the case of BiP (Fig.3.2.13.A&B). Protein levels of calnexin were also
quantified by western blot, confirming the same pattern as observed with gene
expression data (Fig.3.2.13.C), although this only represents one replicate of
samples. This indicates inducing ER stress in uninfected Aag2 cells mimics the
wMelPop infection. However, an independent experiment quantifying expression
of Calnexin protein levels in Aag2 uninfected and wMelPop cells showed the

opposite result; there was significantly less Calnexin in wMelPop cells relative to
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uninfected cells (Fig.3.2.13.E). This variability could be a result of differences in

condition / confluence of cells between replicates.

Addition of DENV to cell lines under normal conditions led to downregulation of
Calnexin and BiP relative to their non-virus counterparts. However, wMelPop cells
retained significantly higher expression than in Wol -ve cells (Fig.3.2.13.A&B).
When DENV was added to thaps-treated cells, the opposite result was observed;
wMelPop cells had significantly less expression of Calnexin. These wMelPop cells
also had higher levels of DENV RNA compared to the non-treated cells, but still no
infectious virions produced (Fig.3.2.12.A&B). DENV being able to replicate
coincided with a drop in Wolbachia density, which also explains the decrease in

Calnexin.

The IRE1 pathway of the UPR can activate splicing of the Xbp1 gene, which results
in upregulation of chaperones to assist in protein folding. Splicing of the Xbp1
gene was quantified by RT-qPCR; this was achieved using primers specific for the
non-modified Xbp1 gene, the spliced form and the unspliced form. The spliced
and unspliced forms were normalised to the control gene and the ratio calculated.
There were no differences in Xbp1 splicing between Wol -ve and wMelPop cells
under normal cell conditions and when treated with thaps; however there was
significantly less spliced Xbp1 in wMelPop cells compared to Wol -ve when DENV
was added (Fig.3.2.13.C).
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Fig. 3.2.13. Gene expression of ER-related genes in Aag2 -ve and wMelPop cells
ER stress was induced in cells with thapsigargin treatment for 18 hours, after which DENV was
added at MOI 1 and left to replicate for 5 days. Cells were harvested, spun down and RNA was
extracted to quantify gene expression of Calnexin (A), BiP (B) and Spliced:unspliced ratio of
Xbp1 (D). Protein expression of Calnexin from one sample for each treatment is shown (C).
Protein was processed by western blot and analysed on Image J. The ratio of calnexin to actin is
displayed. Another independent replicate showing calnexin protein expression in Aag2 Wol -ve
and wMelPop cells is also shown (E). Calnexin:actin ratio is displayed below blot. Bar graphs A,B
& D represent the mean of five replicates, with standard error. C and E represent one

preliminary replicate. T-test was performed for significance, marked by asterisks.
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3.3. Discussion

3.3.1. Different Wolbachia strains may block arboviruses by different

mechanisms
The work presented in this chapter suggests that although the fundamental stage
at which viruses are blocked may be conserved between Drosophila and
mosquitoes, the mechanism in which this is achieved may differ between
Wolbachia strains. Infection of Aedes cells derived from two species with SFV RLuc
showed strong inhibition of virus by all strains measured. The Aag2 wAu cells were
not used for further experiments as the Wolbachia infection was lost, and Aag2
wMelPop cells were unstable at the time of the replicon experiments. Transfection
of the SFV replicon into Aa23 wAlbB, wMel and wMelPop cells showed sub-genomic
SFV production was inhibited despite the virus bypassing entry, indicating
replication was inhibited. This is the same result as observed in Drosophila JW18
cells (Rainey et al., 2016), suggesting virus replication is one of the stages at which

Wolbachia is inhibition across different species and viruses.

One hypothesis for the mechanism of Wolbachia-mediated viral inhibition involves
induction of reactive oxygen species (ROS), resulting in expression of antimicrobial
peptides which inhibit DENV (Pan et al., 2012). Data shown in this chapter
revealed Aag2 wMelPop cells are indeed under oxidative stress, as measured by
CellRox Green reagent. On the other hand, the high-density wAu strain in Aa23
cells is not inducing oxidative stress, yet both cell lines strongly blocked SFV Fluc.
This supports the theory that oxidative stress is only present in naturally naive
hosts of Wolbachia, whereas in those hosts with a long evolutionary history with
the endosymbiont there is not usually induction of oxidative stress (Zug and
Hammerstein, 2015). However, it may be speculated that novel transinfections
such as wAlbB in Ae. aegypti, which previously experienced oxidative stress, may
evolve and adapt over time to the novel host, leading to less oxidative stress. The
Aa23 cells are Ae. albopictus which is naturally superinfected with wAlbA and
wAlbB, and wAu from D.simulans was transinfected into the cell line. Although
this is not a natural Wolbachia-host association, perhaps the cells were primed for
infection with Wolbachia and therefore oxidative stress did not occur. Data here

supports other evidence that there was no difference in ROS hydrogen peroxide in
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Aa23 cell lines infected with several Wolbachia strains, relative to uninfected cells
(Molloy and Sinkins, 2015).

In addition, whether a Wolbachia-host relationship is commensal or parasitic may
alter the oxidative state of the cells. wMelPop is a high-density, fast replicating
Wolbachia strain which has detrimental fitness effects on its host, indicating a
parasitic relationship (McMeniman et al., 2009; Min and Benzer, 1997; Moreira et
al., 2009). On the other hand, wAu is also high density but does not impose the
same deleterious effects in its native host, D.simulans. Treatment of wMelPop-
infected D.melanogaster with paraquat to induce oxidative stress leads to a
reduction in wMelPop density (Monnin et al., 2016). On the other hand, inducing
oxidative stress in wRi-infected D.simulans led to no change in Wolbachia density
(Monnin et al., 2016). wRi and wAu are closely related Wolbachia strains that both
singly naturally infect D.simulans in the wild, and both appear to have a
commensal relationship with their natural host. These results indicate wMelPop is
a parasitic symbiont, as the oxidative stress observed in Aag2 wMelPop cells may
be a host-defense to maintain the Wolbachia density at an appropriate level for
cells to function. Despite this, the Aag2 wMelPop cell line still has a propensity to
crash, indicating the Wolbachia and host are an unstable combination. To
investigate the ROS-mediated theory further, Aag2 Wol -ve cells could have been
induced to oxidative stress and any subsequent effect this may have on arbovirus
inhibition could be measured. There is evidence flaviviruses induce oxidative
stress during infection in a timely manner and this positively affects replication of
positive strand RNA (Gullberg et al., 2015). In fact, antioxidant treatment can
reduce replication of negative strand RNA; flaviviruses may induce oxidative stress
as a proxy to control their genome replication. If Wolbachia is in control of redox
homeostasis, this may render viral replication impossible. Nevertheless, it appears
ROS is not induced in all Wolbachia-infected cell lines and is likely not the

fundamental mechanism of inhibition.

Despite the oxidative stress experienced by wMelPop-infected Aag2 cells, this did
not alter levels of lipid peroxidation as measured by Bodipy reagent. Rickettsia
rickettsii is an intracellular bacterium of the same genus as Wolbachia which is
causes Rocky Mountain spotted fever in humans. Infection of human endothelial

cells with R. rickettsia resulted in higher levels of intracellular perodixes relative
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to uninfected cells (Silverman and Santucci, 1988). In the same infection, it was
also observed that this increase of peroxides coincided with dilation of membranes
of the endoplasmic reticulum, however there was no causal link established. This
indicates members of the Rickettsia genus are capable of altering lipid
peroxidation and morphology of the ER, the latter of which has already been
shown for Wolbachia. However, in Aag2 wMelPop cells there was no difference in
lipid peroxidation detected when samples were analysed on the flow cytometer
which used separate lasers for red and green fluorescence. The two replicates on
the flow cytometer that used a combined laser for both colours showed misleading
results when analysed. This could be avoided with the use of controls that are
100% red or green, however this was not possible with the Image-IT kit. It was
theorised that lipid peroxidation could impact cell membrane permeability and
fluidity which is important for viral entry and exit, however other work in this
chapter and other studies suggest Wolbachia is interfering with viral replication,

rather than binding and entry to cells (Rainey et al., 2016; Thomas et al., 2018).

One aspect that must be considered when analysing Wolbachia-infected Aedes
cells by flow cytometry is the propensity for clumping. This is important as cells
are strained through a molecular cut-off sieve to ensure single cells are run on the
flow cytometer, preventing potential blockages and for accurate single-cell
analysis. However, under a microscope it is clear some Wolbachia-infected cells
tend to clump together, and it is possible some of these cells were excluded from
further analysis. Furthermore, it may be these cells are highly infected with
Wolbachia, therefore this could skew the results. For future flow cytometry
experiments, cells could be treated with trypsin to de-clump the cells, ensuring
this does not have a detrimental effect to the cell line. The Aa23 and Aag2 cell
lines also comprise various sizes of heterogenous cells, which must be considered
when performing cell exclusion with gating during analysis. Ideally for these
experiments, the same Wolbachia strain would have been investigated in both cell
types, Aag2 and Aa23. As Aa23 wAu and Aag2 wMelPop were compared, this means
it cannot be ruled out that each Wolbachia strain would operate differently in the
other respective host. If the same Wolbachia strain is used in both cell lines, this
would outrule the effect of host background on any result. However, due to the

propensity of high-density cell lines to crash, this was not possible.
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3.3.2. Wolbachia infection perturbs UPR chaperone expression

Previous proteomic data showed upregulation of Calnexin in wMelPop cells and
wMel midguts related to uninfected counterparts, indicating Wolbachia presence
is modifying ER homeostasis. Gene expression of chaperones Calnexin and BiP was
indeed significantly higher in wMelPop cells relative to Wol -ve cells, consistent
with the proteomic data. Although BiP was not a hit identified in the proteomics,
it was investigated as it is a UPR chaperone similar to Calnexin. This data indicates

Wolbachia presence results in perturbation of UPR-related chaperone expression.

Thapsigargin was chosen to disrupt ER homeostasis as it does so in a calcium
dependent manner; this would particularly affect expression of Calnexin as it is a
calcium-binding protein (Michalak et al., 2002). Addition of thapsigargin to Wol -
ve cells resulted in an increased expression of both genes similar to those found
in wMelPop cells; this indicates induction of ER stress may mimic the wMelPop
infection. Addition of DENV only resulted in significant reduction of both
chaperones in both cell lines, indicating the virus is manipulating the UPR. In the
case of Calnexin, wMelPop still retained significantly higher expression compared
to WT, even with virus added. However, when wMelPop cells were perturbed with
thapsigargin treatment and DENV was added, there was a significant decrease in
Calnexin expression relative to WT. QPCR analysis of the Wolbachia wsp gene
showed a significant reduction in wMelPop density due to the thapsigargin
treatment, which would explain the decrease in Calnexin expression, however not
the fact that it dropped to significantly less than in Wol -ve cells. Additionally,
the drop in Wolbachia density also explains the increased DENV RNA measured in
thapsigargin-treated wMelPop cells relative to non-treated cells. The Wolbachia
density data was not shown as it was obtained by quantification of wsp from cDNA,
not DNA. It is known that wsp is a single copy gene in DNA, however this may have
been multiplied an unknown amount during the reverse-transcriptase process
when creating cDNA. Therefore, as the Wolbachia density appeared to be several
ten-fold less when treated with thaps, we concluded there is a decrease in relative
density, but were not able to present this absolutely. This result adds to evidence
that Wolbachia require an intact ERAD-pathway in order to maintain their density
(White et al., 2017). Wolbachia may use amino acids derived from broken-down
misfolded proteins for replication, as the bacterium lacks the metabolic pathways

for amino acid synthesis. A previous study has shown that establishment of a
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Wolbachia infection in Ae. albopictus naturally naive cells co-incided with
activation of the proteasome, indicating a degree of controlled intracellular
degradation to free resources (Fallon and Witthuhn, 2009). To this end, it would
benefit Wolbachia to be in control of the UPR pathway, which in turn could

interfere with virus replication.

To further elucidate the quantification of these chaperones it would be ideal to
perform protein quantification by western blot, thereby giving a picture of gene
expression and subsequent amount of each protein present in midguts. Attempts
were made to quantify Calnexin and Troponin H (BiP) in Ae. aegypti midguts,
however the appearance of many non-specific protein bands on the blots made
this process difficult. This may be due to the fact that Drosophila-based antibodies
were used, as there are very few mosquito-specific antibodies available. While
the Calnexin antibody worked in Aag2 cells, within the mosquito midgut there are
many more factors and proteins to interfere with the assay. Protein quantification
of Aag2 wMelPop cells revealed around half the expression of Calnexin as was
found in Wol -ve cells, which is the opposite of the proteomic results. It is also
the opposite result as measured by qPCR in the DENV experiment. This may be
due to the fact that when Calnexin protein levels are low, gene expression is high
as there is a demand for the chaperone, and vice versa. This indicates that
Wolbachia-mediated manipulation of the ER may be a dynamic process that
experiences cycles of chaperone production. However, to test this hypothesis
further replicates would need to be performed, during which both the protein and
the gene expression were measured. To add to this, measurements could be taken
during various time points of cell growth, whilst also monitoring the Wolbachia

density.
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3.4. Conclusion

Data in this chapter highlights the important of investigating the mechanism of
Wolbachia-induced arbovirus inhibition using various strains of the bacterium and
in different hosts. The effect Wolbachia has on cells differs depending if they are
derived from a host naturally infected with Wolbachia, or naturally naive. An
added complexity of investigating pathogen inhibition is that Wolbachia and
viruses are inducing multiple, complex biological perturbations simultaneously,
making pin-pointing of the exact process by which inhibition occurs troublesome.
It is likely Wolbachia is manipulating the host cell in several ways that are
unfavourable for virus replication, however it is clear that the close association of
the bacterium with the ER is not by chance. The ER is also the site of flavivirus
replication, therefore competition in this organelle between bacterium and virus
is a plausible hypothesis for pathogen inhibition. To elucidate this, further work
could be done investigating gene and protein expression of UPR-related molecules
at different time points during virus infection, with flaviviruses and alphaviruses,

in Wolbachia infected and uninfected cell lines/mosquitoes.
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Chapter 4

Characterising novel transinfections
of Wolbachia in Ae. aegypti
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4.1. Introduction

Following the discovery that transinfection of Wolbachia into the naturally naive
Ae. aegypti results in pathogen inhibition, Wolbachia-infected females have been
released as a form of vector control, with the intention of replacing wild
populations. To date, these releases have focused mainly on the wMel Wolbachia
strain, which provides strong but incomplete inhibition of Dengue, Chikungunya
and Zika viruses. Releases of wMel in Australia have proven successful, with
continued invasion and spread of Wolbachia through the field population. Since
the release of Wolbachia-infected mosquitoes, there has been reportedly reduced
dengue transmission (O'Neill et al., 2018). In a laboratory setting wMel has
exhibited incomplete virus inhibition, and when challenged with Dengue-viraemic
blood from patients, can fail to prevent virus transmission (Ferguson et al., 2015).
This leaves scope for wMel-infected mosquitoes to still transmit arboviruses

following release into the field.

Considering Wolbachia are a highly diverse genus of alpha proteobacteria
comprised of up to 16 supergroups, there may be other strains which can provide
more complete pathogen inhibition and are better suited for use in dengue
control. Aedes albopictus, the secondary vector of Dengue virus, is naturally
predominantly infected with Wolbachia strains wAlbA and wAlbB together, termed
a ‘superinfection’. However, single-strain infections can also occur. A survey of
Ae. albopictus in Thailand revealed that of the 100% Wolbachia-positive
mosquitoes, 99.4% were the wAlbA/B superinfection, leaving 6 that harboured
wAlbA only (Kittayapong et al., 2002). On the other hand, analysis of Malaysian
Ae. albopictus revealed that while all females had the wAlbA/B superinfection, a
proportion of the males had lost the wAlbA infection (Noor Afizah et al., 2015).
Further analysis revealed wAlbA decreased in density and was eventually lost in
Ae. albopictus males with increasing age, after which wAlbB density increased
(Tortosa et al., 2010). This highlights the importance of monitoring transinfected
Wolbachia in Ae. aegypti in both males and females over time in order to identify
a stable strain for eventual releases, but also that these two strains can exist

independently without the other.
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The multiple findings of Ae. albopictus without superinfection indicates there may
be competition between the two strains, despite being the predominant natural
infection type. The increased wAlbB density in Ae. albopictus males when wAlbA
is absent supports this theory. Perhaps in unfavourable conditions one strain fairs
better than the other, and is retained in a subset of mosquitoes. This was observed
with the transinfection of superinfected cytoplasm from Ae. albopictus into Ae.
aegypti, in which resulting progeny were predominantly infected with wAlbB only.
In fact, the only wAlbA-infected line was lost due to lack of egg-hatching, although
the authors admit this may have been due to procedure error (Xi et al., 2006).
Two old colonies were found to carry wAlbA-only (their original colonization was
hypothesized to pre-date the global spread of the superinfection), indicating it is

a viable mosquito line (Sinkins et al., 1995).

The wAlbA/B superinfection does not inhibit DENV-2 replication in Ae. albopictus,
but does restrict dissemination/presence of the virus in the salivary glands, albeit
only at lower viral innoculum concentrations (Mousson et al., 2012). However,
when wAIbB is transinfected into Ae. aegypti it significantly reduces DENV
replication in the midgut and reduces the percentage of mosquitoes with virus in
the head to less than 40% (Bian et al., 2010). Although wAlbB in Ae. aegypti
provides more protection than the superinfection in the native host, there is still
imperfect inhibition. It could be hypothesised that wAlbA may also increase in
density in Ae. aegypti without wAlbB present, possibly providing strong pathogen
inhibition. In addition, wAlbA alone provides cytoplasmic incompatibility against
superinfected Ae. albopictus much like wAlbB does, indicating it could be used for

population replacement (Sinkins et al., 1995).

Wolbachia strain wAu is naturally found in Drosophila simulans and is closely
related to the wMel strain. Within its natural host wAu reaches high densities and
offers protection against pathogenic viruses; 90% of wAu-infected D.simulans
survived up to 30 days following injection of Drosophila C Virus (DCV) and Flock
House Virus (FHV), compared to a median of 8 days survival in Wolbachia-
uninfected flies (Osborne et al., 2009). Further analysis revealed that although
there were significantly lower titres of DCV in wAu-infected flies at 2 days post-
infection, titres increased to similar levels as in the uninfected flies after 30 days.

Despite this recovery in titre, the initial reduction in virus reveals that wAu
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possesses the ability to interfere with virus replication. In this study, D. simulans
with wRi also survived significantly longer than uninfected flies when challenged
with DCV and FHV, although not as long as wAu flies. When transinfected into Ae.
aegypti, wRi establishes a density lower than wMel. Although wRi-infection results
in significantly lower titres of DENV following oral-challenge compared to their
uninfected counterparts, there is still virus present at levels up to 10"7 DENV per
head, unlike wMel-infected mosquitoes which had only a few low positives (Fraser
et al., 2017). While in this case wMel remained the strongest pathogen blocker, it
is vital to explore other Wolbachia strains in an attempt to find one with similar

fitness advantages and complete viral blockage.

It is hypothesised that the increased fitness wAu exhibits on its native host
accounts for its successful spread through populations, as this particular strain
does not induce cytoplasmic incompatibility, yet wAu has previously spread and
increased in frequency throughout field D. simulans populations in Australia
(Kriesner et al., 2013). The wAu strain represents a good candidate for
transinfection into Ae. aegypti for arbovirus control; it reaches higher density than
wMel in its native host and provides stronger protection against pathogenic
viruses, whilst increasing host fitness. We hypothesised due to its close
relationship with wMel we would observe much the same fitness advantages as

with wMel infection, but with complete viral blockage.

Novel transinfections were created in Ae. aegypti using Wolbachia strains wAlbA
and wAu in an attempt to discover the best host-symbiont combination for
pathogen inhibition. Fitness traits of these novel lines were characterised,
including survival, egg fecundity/viability and reproductive manipulation,
compared to wMel and wAlbB-infected Ae. aegypti. Importantly, lines were
challenged with model Alphavirus Semliki Forest virus and Flaviviruses dengue
virus and Zika virus, to assess their pathogen inhibition potential. The impact of
novel Wolbachia transinfections on the immune system was assessed by measuring
levels of reactive oxygen species (ROS) and antimicrobial peptides (AMPs) in each
line. In addition, wMel mosquitoes were challenged with pathogenic bacteria
Serratia marcescens to investigate the induction of AMPs and their role in bacterial

defence. A novel superinfection of wAuwAlbB was also created in Ae. aegypti,
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which was shown to cause unidirectional cytoplasmic incompatibility, adding an

alternative method for spread of wAu through field populations.

4.2. Results

4.2.1. Creation of novel Wolbachia transinfections in Ae. aegypti

Wolbachia-infected lines were created in the same host background of Ae. aegypti
with strains wAlbA, wAlbB, wMel and wAu. This was achieved by transfer of
embryonic cytoplasm from Wolbachia-infected eggs of each donor species into Ae.
aegypti eggs using a needle (Fig.4.2.1.A). The donor organism for wAu was
Drosophila simulans, leading to stable transinfections in Ae. aegypti and complete
maternal transmission of Wolbachia (Fig.4.2.1.B). An Ae.albopictus triple infected
line was created with wMel, wAlbA and wAlbB, and this cytoplasm was transferred
to Ae. aegypti. Within the novel host, the three strains were not completely
maternally inherited (Ant and Sinkins, 2018). This resulted in the subsequent
creation of Ae. aegypti with single infections of wAIlbA, wAlbB and wMel
(Fig.4.2.1.B).
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Fig.4.2.1. Creation of novel Wolbachia transinfections in Ae. aegypti

Novel transinfections were created by embryonic transfer of cytoplasm from a Wolbachia-
infected host into the naive Ae. aegypti using a needle (A). This process was repeated hundreds
of times until Wolbachia positive mosquitoes were detected to start a colony. Wolbachia strains

were taken from Ae. albopictus (wALbAwALbB), D.melanogaster (wMel), D.simulans (wAu) and
transferred to Ae. aegypti (B). wAlbAwALbB Ae. aegypti were blood fed and laid eggs with

incomplete maternal transmission leading to creation of single-strain infected colonies.
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4.2.2. All Wolbachia-infected lines assessed induce Cl except wAu

Mating crosses were performed on all the novel transinfected lines and with wild
type (WT) uninfected mosquitoes to assess whether these lines induce cytoplasmic
incompatibility (Cl), a manipulation required for successful invasion of field
populations. Cages were set up with crosses of 20 males and 20 females of each
line and left for several days to allow mating, then females were blood-fed and
individualised for oviposition. Following this, the number of eggs that hatched
were counted. All Wolbachia-infected lines induced unidirectional ClI with WT
mosquitoes except wAu, as crosses with wAu-infected males and WT females still
led to 91.4% hatch rate (Table 4.2.1.). This is consistent with reports that wAu
does not cause Cl in its native host, Drosophila simulans (Turelli and Hoffmann,
1995). The wAlbA, wAlbB and wMel lines all exhibit not only unidirectional
incompatibility with WT mosquitoes, but also with each other Wolbachia strain,

indicating bidirectional incompatibility.

Female line

walbA wAlbB wMel wAu wit
Male line wAlbA 89.2 (1541) 0(774) 0 (644) 0(499) 0 (488)
wAlbB 0 (663) 89.4 (954) 0(821) 0(663) 0(1321)
whMel 0(1254) 0(667) 90.4 (416) 0(451) 0(974)
wAU 91.4 (680) 75.3 (237) 92.7 (402) 92.4 (637) 91.4 (810)
wt 83.7 (771) 79.4 (527) 87.6 (669) 87.6 (296) 87.3 (225)

Eggs are from a single-cage cross of 20 males and 20 females. Females were blood-fed and individualized for oviposition. Numbers show percentage hatch rates with

total numbers of eggs counted in parentheses.
ittps://doi.org/10.1371/journal ppat.1006815.t001

Table 4.2.1.: Crossing patterns in all Ae. aegypti lines

4.2.3. wAlbA and wAu have the highest Wolbachia density in whole
body and tissues

The density of Wolbachia in the whole body of female mosquitoes was quantified
at least five generations after creation of the strains. Females were sampled at
1,5,10 and 15 days post-eclosion (d.p.o.) for DNA extraction and Wolbachia
quantification by qPCR. Wolbachia density increased in all lines over time (Fig.
4.2.2.A). wAlbA and wAu showed similar high densities of over 100 Wol/ host
genome at 1 d.p.o., which steadily increased up to around 1000 Wol/ host genome
in both lines after 15 d.p.o. wMel had the third highest density, several logs lower
than those in wAlbA and wAu, and wAlbB had the lowest density at all time points
observed. A similar trend in density was observed when we dissected and

performed qPCR on tissues to investigate Wolbachia tropism in the novel
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transinfections. wAu and wAlbA had higher densities than wAlbB and wMel in the
ovaries, midgut and salivary glands (Fig. 4.2.2.B). Of the tissues examined,
Wolbachia density in midguts across all lines was the lowest in comparison to

ovaries and salivary glands.

Given the discovery that wAlbA reached a much higher density when transinfected
in Ae. aegypti compared to those found in the natural Ae. albopictus host, the
effect of host-species on density was further investigated. An Ae. aegypti line
transinfected with wAlbA and wAlbB was also created due to imperfect maternal
transmission of the triple-infected line, and compared with wild-type Ae.
albopictus with the same infection. Strain-specific gPCR was performed on whole
bodies of each species, revealing that wAlbA and wAlbB both reach higher
densities in the Ae. aegypti host, with a significant difference observed with
wAlbA (Fig.4.2.2.C). In the native Ae. albopictus host, wAlbB outnumbered wAlbA
at a ratio of 1:7, whereas in Ae. aegypti this was reversed as wAlbA outhnumber
wAlbB 15:1. To further investigate differences in tissue distribution in each host,
midguts, ovaries and salivary glands were dissected for strain-specific gPCR. In
the native Ae. albopictus host, wAlbA and wAlbB were highest density in the
ovaries, with small amounts in the midguts and salivary glands (Fig.4.2.2.D). On
the other hand, in the novel Ae. aegypti host, both strains were found at similar
densities across all three tissues, indicating a broad colonisation of the host. Due
to deleterious effects observed on survival, the Ae. aegypti wAIbAWALbB line was

not brought forward for further characterisation.
4.2.4. wAlbA and wAu infection impacts survival rate and egg hatch

High density Wolbachia strains such as wMelPop have proven to have deleterious
effects on host fitness in Ae. aegypti, therefore it was investigated whether the
high-density wAlbA and wAu novel transinfections had a negative effect on survival
and fecundity. Four cages were set up containing 25 females at 1 day post-eclosion
for each line and the number of deaths was recorded daily for each line. Survival
curves show all lines generally had good survival up to 20 d.p.o, after which the
wAu and wALbA lines have a steady and significant decline in survival compared to
WT mosquitoes (p=0.001), with all females dead at 60 d.p.o (Fig. 4.2.3.A). wAlbA
mosquito survival in particular started to decline sharply in survival from 20 to 40

d.p.o. wMel and wAlbB-infected mosquitoes both had longer survival than wAlbA
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and wAu lines, with a small number of mosquitoes surviving past 60 d.p.o. Despite

this, wAlbB experienced a slight but significant decrease in survival relative to WT

mosquitoes. wMel-infected mosquitoes had the best survival rate, which was not

significantly different to WT.

In order for Wolbachia to be able to spread through a population, female fecundity

must not be too heavily impacted, otherwise the invasion threshold frequency will

be too high. As Wolbachia is mostly vertically transmitted from mother to

offspring, infection with a Wolbachia strain that negatively impacts egg
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Fig.4.2.2 Wolbachia density and tissue tropism in transinfected Ae. aegypti.

Quantification of Wolbachia density by qPCR in whole bodies of females and tissues at various time

points, Wolbachia surface protein (wsp) gene was normalised to hth. (A) Time course of whole-body

density in novel transinfections. Boxes represent 10 biological replicates, each replicate with 5

pooled females within. Mean Wolbachia density in tissues is shown (B), whereby 5 salivary glands,

midguts of pairs of ovaries were combined for 5 biological replicates. Error bars represent standard

error. (C) wAlbA and wAlbB strain specific densities in the whole-body of superinfected

(wALbAWALBB) Ae. aegypti and Ae. albopictus females 5 days post-eclosion. 5 females were pooled

for 5 biological replicates, whiskers show upper and lower quartiles. (D) Mean wAlbA and wAILbB

strain specific densities in dissected tissues of superinfected Ae. aegypti and Ae. albopictus. Error

bars represent standard error. Statistic analysis performed was two-tailed Students t-test.



110

production will hinder spread of the symbiont. The number of eggs produced from
20 individualised females per line following a blood-meal were counted. There
was a slight variation in numbers of eggs produced per line with average egg

numbers ranging from 87-95 per female, however egg number in Wolbachia
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Fig.4.2.3. Measurement of fitness traits in novel transinfections in Ae. aegypti.

(A) Survival curve of Wolbachia-infected lines and uninfected (WT). Curves represent percentage
survival with 95% confidence interval shown by shaded area. Data shown represents 4 replicate cages
per line with 25 initial females in each. (B) Fecundity measured by eggs laid per female during the first
gonotrophic cycle. 20 females were individualised for oviposition and eggs laid were counted. Bars
represent mean egg count per female with standard deviation. ANOVA was performed for significance.
(C) Percentage hatch of eggs dessicated for 5,10,20,35 and 50 days. Egg number varied per time point

from 200-500. Lines represent percentage hatch with 95% confidence intervals shown in shaded area.
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transinfected lines were not significantly different to uninfected WT mosquitoes
(Fig. 4.2.3.B).

Another important aspect of fitness to assess in novel Wolbachia transinfections
is egg quiescence; the ability of eggs to hatch following drying. Aedes mosquitoes
in the wild experience wet but also dry seasons of weather, with very little
rainfall, which is required to stimulate egg hatching. Uninfected WT Aedes eggs
have therefore adapted the ability to withstand extended desiccation, meaning
they can remain dormant until the wet season arrives. If Wolbachia reduces the
ability of eggs to withstand desiccation, it could result in loss of the symbiont
within the mosquito population. Females of each transinfected line were fed a
blood-meal and laid eggs onto egg cones, which were then dried for 5,10, 20, 35
and 50 days, then put into water for hatching. The percentage hatch rate was
calculated from the counting of 200-500 eggs per line, per time point. wAlbA and
wAu eggs experienced a sharp drop in egg hatch following more than 10 days of
dessication (Fig. 4.2.3.C). Less than 50% of wAlbA and wAu eggs hatched following
15-18 days desiccation. On the other hand, wMel and wAlbB-infected eggs
experienced no significant difference in egg hatch at 50 days desiccation

compared to 5 days, much like uninfected WT eggs.

4.2.5. AUl Wolbachia transinfections exhibit pathogen inhibition
except wAlbA

The success of releasing Wolbachia-infected Ae. aegypti as a vector replacement
strategy relies on Wolbachia-mediated pathogen inhibition to reduce the
transmission of arboviruses. The novel lines were challenged with model
Alphavirus SFV and Flaviviruses DENV and ZIKV to investigate broad virus-inhibition
abilities of each Wolbachia strain across two genera. Firstly, females from each
line were challenged with SFV via thoracic injection and virus quantified by RT-
gPCR in the whole-bodies of mosquitoes 10 days post-injection. As expected, the
high density wAu strain exhibited the strongest pathogen inhibition, with
significantly lower levels of SFV relative to WT mosquitoes (Fig. 4.2.4.A, p=<0.01).
The moderate density wAlbB and wMel strains also exhibited strong pathogen
inhibition with SFV levels several logs lower than those found in WT (p=0.05).

Surprisingly, there was no viral inhibition observed in the high density wAlbA line.
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The lines that had shown pathogen-inhibition abilities with SFV were then
challenged with blood-feedings of DENV and ZIKV. Due to the technical difficulties
of challenging multiple lines simultaneously, wAlbA-infected mosquitoes were not
challenged with flaviviruses as they showed no inhibition of the model alphavirus
SFV. Following oral challenge of virus, blood-fed females were incubated for 12
days and individual females were sampled for qRT-PCR of virus presence/levels.
As well as checking for virus in whole abdomens, salivary glands were dissected to
check for transmission potential. There were no DENV-positive salivary glands in
any of the 18 wAu mosquitoes sampled (Fig. 4.2.4.B), despite DENV detection in
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Fig.4.2.4. Virus inhibition in novel transinfections in Ae. aegypti.

(A) Genome copies of Semliki Forest Virus (SFV) following thoracic injection into Wolbachig-infected
and uninfected (WT) Ae. aegypti. At 10 days post-injection RNA was extracted from females and
virus was quantified by gRT-PCR, normalised to RPS17. Statistic analysis performed was one-way

ANOVA with Dunnett’s post-hoc test. 5-day old females were also challenged with Dengue-2 (B & C)

and Zika (D & E) viruses and incubated for 12 days. Females were then salivated (ZIKV only) and RNA

was extracted from dissected salivary glands and abdomens for virus quantification by qRT-PCR. Zika
titres in saliva were quantified by fluorescent focus units (FFU). Numbers under each graph indicate
proportion of mosquitoes infected with respective virus. Statistics of positive/negative infectivity

was assesse by one-tailed Fischer’s exact test. Black lines indicates median of positive samples.
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22.2% of wAu abdomens (Fig. 4.2.4.C). DENV was detected in 31.6% and 36.8% of
wMel abdomens and salivary glands respectively, which was not significantly lower
than WT infection of 58.8% and 41.1%. wAlbB also exhibited partial DENV-
inhibition with 26.3% infection in SG and 47.3% infection of abdomens. wAu proved
to be the strongest DENV blocker in the lines tested, with infection rate
significantly lower than WT mosquitoes in abdomens and SG, the latter of which

is important for transmission.

The novel lines were also orally challenged with ZIKV in order to check broad
inhibition of Flaviviruses. Although quantifying viral RNA in the salivary glands is
a good indication of risk of transmission, females were also salivated and virus
presence detected by FFA. wAu completely blocked ZIKV as no virus was detected
in abdomens or saliva (Fig. 4.2.4.D&E). In addition, although there was ZIKV
detected in 27.7% and 37.5% of wAlbB and wMel abdomens, both lines had a
significantly lower infection rate in the saliva relative to 39% in WT, with no virus
detected in any wAlbB saliva and only one positive wMel saliva sample
(Fig.4.2.4.D&E).

4.2.6. wAIbA transinfection results in high expression of
antimicrobial peptides

Previous studies have shown transinfection of Ae. aegypti with Wolbachia can
result in upregulation of immune genes including antimicrobial peptides (AMPs)
and ROS. There is evidence that Wolbachia-induced ROS H202 can result in
increased expression of AMP defensin C, which can inhibit replication of DENV in
Ae. aegypti (Pan et al., 2012). Considering Wolbachia-induced immunity may play
a role in virus inhibition, levels of H202, expression of ROS-related Nox/Duox genes
(NOXM, DUOX) and antioxidant gene Thioredoxin peroxidase (TPX) were measured
in the novel transinfection lines. In addition, expression of AMPs cecropin d
(CECD), cecropin G (CECG) and defensin C (DEFC) was quantified.

As studies before have shown that high levels of H;0, occur only in novel
transinfections in Ae. aegypti, H,0, levels were measured over several generations
post-creation to assess if results were consistent or due to the novel nature of
Wolbachia infection. 3, 5-day old females were pooled for 6 replicates per line

and H;0, was measured using the Amplex Red Hydrogen Peroxide Kit. At generation
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7 (G7) there were significantly higher levels of H,0, across all Wolbachia-infected
lines assessed relative to WT (Fig. 4.2.5.A). However, by G8 H,0; levels in wAlbA
and wAlbB had decreased to levels similar to WT, with only wMel significantly
higher. By G10, despite a higher mean H;0; level in wMel compared to WT, this

difference was not significant.

As there was a stabilisation of H20; level with more advanced generations, immune
gene expression was quantified at G15, in order to gain insight into Wolbachia
strain effect on immunity. RNA was extracted from 3 pooled females at 5 days
post-eclosion for 6 replicates per line and each gene of interest quantified by qRT-
PCR, normalised to housekeeping gene RPS17. Expression of ROS-related gene
DUOX was similar in all Wolbachia-infected lines relative to WT except for wMel,
which had significantly lower expression levels (Fig. 4.2.5.B). wMel-infected
mosquitoes also had lower levels of antioxidant TPX, however this was only
significantly lower compared to other Wolbachia lines wAlbB and wAu, not
uninfected WT. Levels of NOXM were very similar across all Wolbachia-infected
lines compared to WT, with a small but significant decrease in wAlbA expression
compared to wMel. Analysis of AMP expression showed wAlbA-infected mosquitoes
had significantly higher expression of CECD and DEFC relative to all other
Wolbachia lines and uninfected WT (Fig. 4.2.5.B). Similar expression of CECG was
observed across all lines except wAlbB, in which surprisingly we found no

detectable expression of this gene.
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Fig.4.2.5. Hydrogen peroxide and immune gene expression in novel transinfections in Ae. aegypti.

(A) Hydrogen peroxide (H202) in female mosquitoes 7, 8 and 10 generations post-creation of the lines. H202
levels were measured using the Amplex Red Hydrogen Peroxide Kit. Each bar represents mean H202 level
and standard error of 6 biological replicates, each with 3 pooled females per replicate. (B) Expression of

Antimicrobial peptides (CECD, CECG, DEFC) and ROS-related genes (DUOX, NOXM, TPX) in novel
transinfections at generation 15, normalised to RPS17. Boxplots represent 6 biological replicates, each with
3 pooled females per replicate. The centre of the boxplot represents median gene expression, the edges
show the upper/ lower quartiles, the whiskers show the upper/lower extremes and grey dots represent

outliers. Statistics performed were Students T-test and One-way Anova performed on R.
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4.2.7. Assessing Wolbachia-induced AMP expression in response to

challenge with Serratia marcescens

As one ROS-related theory of Wolbachia-mediated pathogen inhibition relies on
the upregulation of AMPs, the role of AMPs in defense against pathogenic bacteria
was also investigated. Studies have shown transinfection of Wolbachia into novel
hosts such as Ae. aegypti can lead to upregulation of AMPs, Toll and Imd pathway
(Kambris et al., 2009; Moreira et al., 2009). Upregulation of AMPs and the Toll
pathway has been shown to be important in the mosquito defence against DENV
(Pan et al., 2012; Xi et al., 2008). Previously in this chapter, the wMel line showed
higher levels of H20, and AMPs DEFC and CECG, compared to WT. This line also
showed good virus inhibition and was taken forward for challenges of pathogenic
bacteria Serratia marcescens, to investigate if upregulated AMP expression also
inhibits pathogenic bacteria. Due to time constraints, only the wMel line was used

for these challenges.

The ability of Ae. aegypti wMel and WT to clear S.marcescens following oral
challenge was assessed by exposure to an infected blood or sucrose meal. A blood
meal is digested within the midgut, whereas a sucrose meal is delivered to the
crop of the mosquito. For sucrose exposure, mosquitoes were allowed to feed ad
libitum on infected cotton-wool for 12 hours until the experiment began. For
blood-meal, females fed on heated sheeps blood for 60 minutes then placed in a
cage until samples at experimental timepoints. DNA was extracted for 5-6
individual females per time point (0, 24, 48, 72, 100 hours) and qPCR performed
for S. marcescens quantification. There was no difference in clearance of S.
marcescens following blood-meal exposure between WT and wMel mosquitoes,
with both lines exhibiting the same decline in S. marcescens after 72 hours,
resulting in very little bacteria present at 100 hours (Fig.4.2.6.). Following
exposure to a sucrose-infected meal, wMel did have higher levels of S. marcescens
at 0, 24 and 48 hours post-exposure relative to WT, however both lines had the
same level of S. marcescens at the end of the experiment. S. marcescens in WT
mosquitoes appeared to experience an initial drop at 24 hours, but was able to

replicate and increase in number by 72 hours.
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Fig.4.2.6. S. marcescens in WT and wMel Ae. aegypti following exposure to

infected blood or sucrose meal.

5 day old wild type and wMel Ae. aegypti females were fed live S. marcescens at an
optical density (OD) of 2 via a blood meal (top) or provided as a sucrose meal (bottom).
For sucrose feeding mosquitoes fed ad libitum on infected cotton wool for 12 hours before
time points began. 5-7 mosquitoes were samples per time point, DNA was extracted and
qPCR performed to quantify S. marcescens. Lines show S. marcescens per host cell

(reference gene hth) with the shaded areas representing 95% confidence intervals.

As the wMel and WT lines appeared to be able to clear S. marcescens infection at
a similar rate following oral exposure, the lines were also challenged with the
bacteria by intrathoracic injection. Levels of H,0; and AMPs DEFC and CECG were
measured prior to injection, showing significantly higher levels of H,0, and 4-6
fold higher expression of AMPs in wMel mosquitoes relative to WT (Fig.4.2.7.A&B).
Mosquitoes were injected with a media-only control, in order to measure AMP
response to general injury. There was no change in AMP expression in WT
mosquitoes following an injury only (Fig.4.2.7.C). On the other hand, wMel
mosquitoes had significantly higher expression of both AMPs relative to WT at both
time points. This indates wMel mosquitoes are primed for AMP defense regardless
of the recognition of a pathogen. Mosquitoes were then injected with heat-killed
S. marcescens, as previous injections with live S. marcescens proved fatal to
mosquitoes. Using heat-killed S. marcescens could still initiate a receptor-

mediated immune response. Following S. marcescens injection, expression of
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DEFC in WT mosquitoes increased similarly to wMel at 48 hours, however this
decreased by 96 hours, whereas wMel retained significantly higher levels of DEFC
(Fig.4.2.7.D). Both lines also had increased expression of CECG at the 48 hour time
point, again decreasing by 96 hours, with no significant difference observed
between the lines. This data indicates Wolbachia-uninfected mosquitoes can

mount an AMP response to pathogenic bacteria to similar levels found in wMel
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Fig.4.2.7. H,0, and AMP expression following challenge with Serratia marcescens.

H,0, was measured in whole females using Amplex Red Hydrogen Peroxide Kit (A). Expression of antimicrobial
peptides Defensin C (DEFC, green) and Cecropin G (CECG, pink) was quantified in whole females by extracting
RNA and performing RT-qPCR for the genes of interest, referenced to rps17 (B) Whiskers of box plots
represent upper and lower gquartiles, with median line shown. Mosquitoes were injected with media (C) or
heat-inactivated S.marcescens (D) using a Nanoject and collected for RT-gqPCR at 48 and 96 hours post-
injection. All data represents mean of 5-6 biological replicates each with 3 pooled females. Error bars are

standard deviation. T-tests were performed for significance, represented by asterisks (p=<0.05).
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mosquitoes, however this induced immune response remains higher for longer in

Wolbachia-infected mosquitoes.

4.2.8. A wAu/wAlbB superinfection in Ae. aegypti causes

unidirectional cytoplasmic incompatibility

wAu is the strongest virus blocker in Ae. aegypti and is stable under heat stress
(see: Chapter 5), but it does not cause cytoplasmic incompatibility. Despite this,
wAu has been able to spread through field populations of Drosophila, however to
ensure rapid invasion it would be ideal to combine this strain with another that
causes Cl. Cytoplasm was transferred from wAu-infected Ae. aegypti into wAlbB-
infected Ae. aegypti to create a wAu/wAlbB superinfection. Crosses with WT
mosquitoes showed that the wAu/wAlbB does indeed cause Cl, with 0% hatch rate
from a cross with Wolbachia-infected males and uninfected females (Fig. 4.2.9.A).
Analysis of Wolbachia density in the wAuwAlbB line by qPCR revealed a similar
density to the wAu line, indicating it would be a good viral blocker (Fig. 4.2.9.B).
This increase in density was confirmed to be due to higher wAu levels with
Wolbachia-specific PCR, and also the discovery that wAlbB significantly decreased
in density in the superinfected line, relative to the single-infection line (Fig.
4.2.9.C).

FISH probes were designed to differentiate between wAu and wALbB strains when
in superinfection. A general Wolbachia probe targeting the wsp gene was used to
identify wAu (and by proxy, wAlbB). A supergroup B-specific probe was designed
to identify wAlbB-only, by aligning 16s sequences of supergroup A (wAu) and
supergroup B (wALbB) strains and identifying a region of difference in the
sequence. Testing of the specificity of the probes was carried out using Aa23 wAu
and wAlbB-infected cells, which were combined in culture and analysed for FISH.
Results showed the supergroup B (red) probe was able to identify wAlbB
(Fig.4.2.8.B) whereas wAu (wsp) fluoresced in green (Fig.4.2.8.A). The high
density of wAu relative to wAlbB was then visualised in the ovaries of mosquitoes
with FISH (Fig.4.2.9.D). In the single-infected ovaries, wAlbB are visually at a
higher density compared to the superinfected ovaries, whereby wAlbB is
compacted into smaller areas. On the other hand, wAu retains its high density in

the single infected line and also the superinfection.
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Fig.4.2.8. Testing FISH probes to identify superinfection in cells.

Aa23 cells infected with either wAu or wAlbB Wolbachia strains were cultured separately then
combined at a 50:50 ratio to test the ability of FISH probes to differentiate between strains. A
general wsp FISH probe was used to identify wAu (A)(green) and a supergroup-specific 16s probe
was designed to identify wAlbB (B)(red). The nucleus of cells was stained with VectaShield
containing DAPI (C)(blue). Combination of panels (D) shows one cell with yellowing colour,
indicating wAlbB fluorescing with the specific 16s probe and the general wsp probe. The other

cells are wAu-only as they do not fluoresce red.
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Fig.4.2.9. Generation of wAuwAlbB superinfection in Ae. aegypti.

(A) Mating crosses between wAuwAlbB superinfection and Wolbachia-uninfected mosquitoes.
Numbers represent percentage of eggs that hatched, with number of eggs counted in brackets. (B)
Quantification of general Wolbachia density in whole bodies of 10-day old females by qPCR of wsp

gene relative to hth. Each bar consists of 10 biological replicates, each containing pools of 5 females.

(C) Quantification of specific Wolbachia in the ovaries of each strain. Each bar represents 5 biological
replicates, each with 10 pairs of pooled ovaries. Error bars on graphs represent standard deviation.
Statistical analysis performed was one-way ANOVA. (D) FISH of Wolbachia in ovaries of wAu, wAlbB,
wAuwAlbB and WT lines. Probes show specific Wolbachia location of wAu (green) and wAIbB (red).

Blue stain is nuclear dye DAPI.
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4.3. Discussion

Wolbachia strains wAlbA and wAu were transferred into Ae. aegypti with the
intention of discovering a combination that provided complete arbovirus
inhibition, without detrimental fitness effects as found with wMelPop. Our results
show that the high-density strains wAlbA and wAu do have a detrimental affect on
the fitness of Ae. aegypti compared to uninfected WT mosquitoes. Surprisingly,
although being high density in Ae. aegypti, wAlbA offered no pathogen inhibition,
indicating the mechanism of Wolbachia-induced virus inhibition is more important
than density. Data from this study shows that although the high-density strain wAu
provides complete virus inhibition, the detrimental effects on host fitness and lack
of Cl means it is not the best option for vector control compared to medium-

strength strains wAlbB and wMel.

4.3.1. wAu provides complete viral inhibition in Ae. aegypti but

detrimentally affects fitness

When transinfected into Ae. aegypti, wAu provides very strong pathogen-
inhibition across the Alphavirus and Flavivirus genii, by both oral challenge and
thoracic injection. This inhibition was particularly apparent in salivary glands and
saliva analysed following DENV and ZIKV infection, as no viral infection was
detected in any wAu-infected mosquitoes. This is consistent with research in
native host D. simulans, whereby wAu also provided the strongest reduction in
viral titre following injection with highly pathogenic Flock House Virus (Martinez
et al., 2014). However, wAu is at a much higher density in Ae. aegypti than in
D.simulans, in which the density is similar to wMel infection. wAu and D.simulans
have likely developed a mutualistic relationship over years of evolution, which
keeps the density at an advantageous level to the host; providing pathogen
inhibition and increased fitness. Whilst wAu in Ae. aegypti provides complete
pathogen inhibition, there is a detrimental effect on survival and egg dessication

due to the high density.

Release of wAu-infected mosquitoes for population replacement would require a
fitness advantage to succeed, as it does not induce Cl. Despite this lack of
reproductive manipulation, wAu was able to increase its spread in D.simulans in
Australia from 1999-2008, suggesting it conferred a fitness advantage (Hoffman et

al., 1996; Kriesner et al., 2013). However, another native strain wRi which does
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cause Cl has rapidly replaced wAu in this region (Kriesner et al., 2013). If wAu-
infected mosquitoes were released, the same scenario could occur, rendering the

releases useless.

Despite the detrimental fitness effects wAu has on Ae. aegypti fitness, they are
not as extreme as experienced with wMelPop infection. wMelPop impacts survival
of Ae. aegypti mosquitoes more than wAu, with most dead at 40 days post-
eclosion, compared to 60 days for wAu (McMeniman et al., 2009). In addition,
there is a significant drop in wMelPop egg hatch following egg quiescence after
only 3 days of drying. On the other hand, wAu eggs start to drop in egg hatch after
20 days. Despite this, wMelPop-infected Ae. aegypti have been shown to be
successful at suppressing local populations of mosquitoes. In semi-field conditions,
wMelPop invades Ae. aegypti to a high frequency and following subsequent drying
of eggs, the local population is suppressed due to egg mortality (Ritchie et al.,
2015). In light of this, wAu-infected Ae. aegypti could be used in a similar manner
to suppress local populations. On the other hand, wAu-infected Ae. aegypti could
be released in areas without a dry season such as the tropical rain belt, therefore
the egg mortality would not be an issue. Given there are so many strains of
Wolbachia with different phenotypes, there is scope for selecting certain strains

for different areas based on their characteristics.
4.3.2. wMel and wAlbB retain a strong pathogen-inhibition phenotype

When investigating pathogen-inhibition of high density strains, checking virus
presence in the whole body or abdomen can be sufficient, due to the almost
complete inhibition of virus replication. However, with moderate-density strains,
investigation into specific tissues for transmission can give a better indication of
inhibition potential, as virus may be able to replicate to a certain degree in the
midgut, but does not get transmitted to salivary glands for transmission. Although
analysing whole-bodies of mosquito gave an overall picture of strain inhibition
following SFV injection, once oral challenges of DENV and ZIKV were established
salivary glands and saliva were analysed in order to gain an accurate analysis of
transmission potential. The importance of this is highlighted with the ZIKV
challenge, whereby 6/22 wAlbB mosquitoes had detectable ZIKV in the abdomen,

yet none were positive with salivation. In addition, virus in the saliva was
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quantified using fluorescent focus assay (FFA), which quantifies infectious virions,

rather than using RNA, which can also detect non-infectious viral RNA.

Although mosquitoes were not salivated following DENV oral-challenge, dissection
and quantification of virus in salivary glands can be a good indicator of
transmission, as the SG and saliva from the ZIKV feed had similar results. DENV
inhibition in wAlbB and wMel was not as efficient as with ZIKV, with only wAu
having significantly less infection than WT. However, if FFA had been performed
on dissected salivary glands it may have more accurately represented infectious
virus. This may have resulted in a different outcome as several of the wAlbB and
wMel positive for DENV had titres several logs lower than those found in WT; these
titres may be below a threshold for effective transmission. Overall, wAlbB and
wMel show good, but not complete, pathogen-inhibition of Alphaviruses and
Flaviviruses. wMel and wAlbB are described as only ‘good’ virus inhibiters as some
virus is still able to replicate in the abdomen, despite the fact that a lot of virus
is prevented from being transmitted via the salivary glands. This means if some
Wolbachia was to be lost in the salivary glands, there may still be potential for

virus transmission.

4.3.3. Wolbachia superinfections allow the combination of desirable

characteristics for vector control

The creation of the wAuwAlbB strain gave insights into the possibility of combining
the wAu strain for virus inhibition and wAlbB for inducing CI. Although the line was
not challenged with virus, the high density of the strain indicates it would be a
good blocker, considering these strains alone provide good viral blockage. A
wMelwAlbB superinfected line has been challenged with DENV, resulting in
significantly less virus in the salivary glands relative to single wMel infection
(Joubert et al., 2016). It could therefore be hypothesised that the wAuwAlbB
superinfection could block virus better than wAlbB alone. As this superinfection
causes unidirectional Cl, if released it may be able to invade a population quickly
and negate any detrimental fitness effects imposed by wAu infection, as seen in
the single infected line. However, the fitness of the superinfection would have to
be characterised to have an accurate assessment of release potential, as
parameters such as egg viability are particularly important. Females of the

wMelwAlbB superinfection did have slightly reduced lifespan compared to the
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single infected lines, but a decline was not seen until 40 days post eclosion
(Joubert et al., 2016). The high density of wAu and low density of wAlbB in the
ovaries of the superinfection compared to wAu would also need to be monitored
over time, as there may be potential for wAlbB infection to be lost. Perhaps a
wAuwMel superinfection would ensure a more even distribution in the ovaries, as

in the single infected line wMel is higher density than wAlbB.

The transfer of the wAlbAwAIbB superinfection into Ae. aegypti resulted in wAlbA
reaching a higher density in its new host compared to levels reached in its native
Ae. albopictus host. This indicates the strain and host have a long history of co-
evolution, resulting in a suppression of wAlbA density. This would be beneficial to
the host, as the wAlbA-infected Ae. aegypti were so high density that it
detrimentally affected fitness. On the other hand, Wolbachia in Ae. albopictus
was mostly restricted to somatic tissues, which is necessary for maternal
transmission. This means we cannot assume a Wolbachia strain that is low density
in its native host will remain low in a novel host, but also highlights that Wolbachia
density should be measured over a long period of time to assess if the host adapts

and suppresses growth of the bacteria.

4.3.4. High density wAlbA exhibited no pathogen inhibition indicating

mechanism is crucial

Perhaps the most surprising discovery is that the high-density wAlbA strain
provided no protection against SFV infection. Although injection of virus is not
truly biologically representative of natural infection due to bypassing the midgut
barrier, we first injected all strains with virus to be sure virus could establish, as
previous oral infections had not been successful. These injections still provide a
useful assessment of each strains potential to block viruses, as even the moderate
density wAlbB and wMel strains had significantly less SFV in their whole bodies
compared to WT. It was theorised that wAlbA would have inhibition similar to
wAu, however SFV levels were similar to those found in WT mosquitoes. It could
therefore be predicted that wAlbA would also not provide the expected pathogen
inhibition of flaviviruses that is usually observed with high-density strains.
However, there is preliminary data showing wAlbA does have the capacity to
reduce ZIKV presence in Ae. aegypti saliva following oral challenge, relative to

uninfected mosquitoes (not shown, unpublished). This in turn highlights the
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importance of oral viral challenges as they are biologically accurate and
represents how Wolbachia truly interacts with viruses, but also that even though
a strain is high density, the mechanism of inhibition is not always the same

strength.

In this study, Wolbachia density was quantified using gPCR primers for Wolbachia
surface protein, under the assumptions they bind to each strain at the same
efficiency. However, this may not be the case; in order to investigate density
further, strain-specific qPCR primers and TagMan probes could be designed for
gPCR, making the quantificiation very specific and reliable. Using general wsp
primers in this study gave an observation of general relative densities, but could

be improved for future work.

The high fitness costs of wWAIbA in Ae. aegypti is consistent with a high-density
Wolbachia strain, with reduced survival and percentage egg hatch following
drying. Creation of the single wAIbA line occurred by chance, with indirect
maternal transmission of wAlbA and wAlbB occurring from an Ae. albopictus egg.
Previous transinfections of wAlbA and wAIbB superinfected embryos into
uninfected Ae. albopictus and Ae. aegypti have resulted in only wAlbB establishing
in the new host (Xi et al., 2005a; Xi et al., 2005b). Perhaps those embryos that
had wALbA transferred had high larval death and did not reach eclosion stage,
therefore the line was never created. Given the high fitness costs associated with

wALbA, it is not surprising that it is often lost during cytoplasmic transfer.

The lack of pathogen-inhibition with wAlbA infection indicates the mechanism of
inhibition, rather than general Wolbachia density, is important. Analysis of
antimicrobial peptide genes showed wAlbA had significantly higher expression of
CECD and DEFC relative to all lines, as no other Wolbachia-infected lines differed
in expression compared to WT. It was therefore hypothesised that this up-
regulation of AMPs was not a critical component of the mechanism of virus
inhibition, as knockdowns of DEFC in wAlbB-infected Ae. aegypti have resulted in
increased DENV (Pan et al., 2012). This same study showed that wAlbB induced
ROS H,02, which resulted in the AMP upregulation. H,0 levels in our novel lines
was indeed significantly higher than WT mosquitoes at G7, but this did stabilise to

non-significant levels by G10. This indicates that the introduction of Wolbachia
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did initially perturb redox homeostasis, but this levelled out with stabilisation of
the line. This adds to other studies which show no induction of ROS with Wolbachia

infection, yet provide pathogen inhibition (Molloy and Sinkins, 2015).

Transinfection of Wolbachia into a novel host such as Ae. aegypti is likely to be a
turbulent process that impacts immune upregulation and production of ROS as a
defence mechanism. D. melanogaster naturally infected with wMel and wMelPop
show no upregulation of AMPs Defensin and Cecropin, however novel
transinfections in mosquitoes do (Kambris et al., 2010; Wong et al., 2011). To
investigate if upregulated AMPs in novel transinfections provide additional
protection from pathogenic bacteria, mosquitoes were challenged with gram-
negative bacteria S. marcescens. wMel-infected mosquitoes were chosen for these
experiments as they had previously shown the highest induction of H20; relative
to WT. Females were challenged both orally via a blood or sugar meal and
intrathoracically with a needle, as it has been shown that the route of challenge
is crucial for Wolbachia-mediated bacterial protection (Gupta et al., 2017). As no
difference was observed in reduction of Serratia between wMel and WT
mosquitoes following oral challenge, expression of AMPs was not measured.
Although wMel mosquitoes did begin the sucrose challenge with higher levels of S.
marcescens, this may have been due to other uncontrollable factors such as the
size of sucrose meal taken or time feeding on the cotton, as mosquitoes were
allowed to feed ad libitum. wMelPop-infected Ae. aegypti do experience limited
blood-feeding success and even have an observed ‘bendy’ proboscis, which may
explain this (Turley et al., 2009). Multiple attempts were made to inject
mosquitoes with live S.marcescens, in order to monitor growth of the bacteria as
well as AMP expression. However, with a high optical density (OD) this proved
fatal to the mosquito, whereas lower OD resulted in no establishment of the
pathogen bacteria. In order to inject live bacteria without fatalities a less virulent
strain could have been selected, however due to time constraints mosquitoes were

injected with heat-killed S.marcescens.

Results showed that WT mosquitoes were capable of mounting an AMP response
similar to wMel mosquitoes 48 hours post injection, however AMP expression
remained higher in wMel mosquitoes 96 hours post injection. It could therefore be

hypothesised that this elevated AMP expression in Wolbachia-infected mosquitoes
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aids in defence against pathogens. As the experiments performed involved heat-
killed S.marcescens, it was not possible to observe the effect AMP expression had
on suppression of bacterial growth. However, results from oral challenges suggest
no additional capacity of wMel mosquitoes to clear S.marcescens than WT, which
is in agreement with other studies showing Wolbachia provide little to no
antibacterial protection (Wong et al., 2011). Even Ae. aegypti infected with the
highly virulent wMelPop did not survive longer than WT mosquitoes when
challenged with a broad spectrum of extra and intracellular bacteria (Ye et al.,
2013). To add to this experiment it would have been interesting to challenge
wAlbA-infected mosquitoes with S.marcesens, as these mosquitoes had
significantly higher basal expression of AMPs relative to all other lines. However,
due to fitness problems at the time of the experiment these mosquitoes were not

included.

In addition, analysis of ROS-related genes did not provide clear results relating to
Wolbachia infection. Gene transcripts of Dual oxidase 2 (DUOX) and NOX enzyme
(NOXM) were quantified, which are involved in NADPH-related production of ROS
(Kawahara et al., 2007). DUOX has previously been shown to be highly upregulated
in the carcass of wAlbB-infected Ae. aegypti relative to uninfected (Pan et al.,
2012). Analysis of Wolbachia-infected lines showed no upregulated expression of
DUOX or NOXM relative to WT. In fact, there was significantly less expression of
DUOX in wMel compared to WT. Gene expression of antioxidant Thioredoxin
Peroxidase 4 (TPX) was also quantified, as previous proteomics analysis of wMel
midguts showed 5x more TPX protein relative to WT (Geoghegan et al., 2017). Pan
et al (2012) hypothesised that Wolbachia infection resulted in an upregulation of
ROS-related genes, which consequently resulted in higher expression of
antioxidant genes, to prevent toxicity. wAlbB and wAu had significantly higher
expression of DUOX than wMel, and also the same trend with TPX, indicating there
may be an attempt to restore redox homeostasis. However, Wolbachia-uninfected
mosquitoes also had higher DUOX than wMel, therefore it is likely not a side effect
of Wolbachia infection. Overall, there were no discernable differences between
the Wolbachia-infected lines and WT mosquitoes regarding ROS-related genes.
Analysis of a wider selection of ROS/antioxidant related genes may have
elucidated this further, however this has been performed in Ae. albopictus (Aa23)

Wolbachia-infected cells with no difference in gene expression (Molloy and



129

Sinkins, 2015). Redox homeostasis within relatively novel transinfections is likely
to be a turbulent process which may indirectly affect virus replication, however

this is not observed in all Wolbachia infections in Ae. aegypti.

4.4, Conclusion

Wolbachia is a highly diverse genus of intracellular bacteria, of which only a small
selection of strains have been investigated to limit arbovirus transmission by Aedes
mosquitoes. Our work in this chapter shows wMel and wAlbB remain good choices
for field releases, as they provide a fine balance of pathogen inhibition and no
detrimental fitness effects. However, the discovery that wAlbA infection, without
wAlbB, is high density and yet does not provide pathogen inhibition shows we
cannot reliably predict how different strains will perform when transinfected into
a novel host. The superior pathogen inhibition observed for wAu means that,
ideally in combination with another strain that increases mosquito fitness or using
an additional way to increasing its relative fitness (such as use of biopesticides to
which it provides protection), it could represent a very useful new strain for future

field releases.
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Chapter 5

Effect of cyclical high
temperature rearing on
Wolbachia in Ae. aegypti
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5.1. Introduction

The success of Wolbachia as a method for limiting arbovirus transmission by Aedes
mosquitoes relies on its ability to manipulate host reproduction, ensuring its
spread through a population, while maintaining viral inhibition. While Wolbachia
may maintain a relatively constant density under laboratory conditions,
environmental conditions may differ markedly in the field once mosquitoes are
released. Wolbachia has been shown to be affected by various stresses in a variety

of insect species.

The microbial communities within insects is diverse and can be affected by the
environmental conditions around it, including temperature. D. melanogaster
which normally harbor Acetobacter, Wolbachia and Leuconostoc genera of
bacteria, have a higher abundance of Acterobacter at a higher rearing
temperature (31°C), whereas Wolbachia is the dominant bacteria at a lower
temperature (13°C) (Moghadam et al., 2017). Although the wMel strain in D.
melanogaster may proliferate better at low temperatures, this may not to be the
case for all strains of Wolbachia. The highest abundance of three co-existing
strains of Wolbachia in the Leptopilina heterotoma wasp occurred at the highest
rearing temperature (26°C), rather than the lowest temperature (14°C) (Mouton
et al., 2007).

While Wolbachia may thrive at intermediate temperatures, it may be adversely
affected at extremely high temperatures. Treatment of the Asian citrus psyllid
(louse) at 40°C for 24 hours resulted in a reduction in Wolbachia Surface Protein
(wsp) density as analysed by gPCR (Hussain et al., 2017). However, a general wsp
PCR assay was used for Wolbachia detection, therefore it does not tell us which

strain in the Wolbachia genus is being affected by the temperature.

Rather than rearing the mosquitoes at a constant temperature, which would be
rare in the field, studies have reared them at fluctuating temperatures and
monitored the effects. Ae. aegypti with wMel, wMelPop-CLA and wAIlbB strains
reared at 12 hour at 26°C then 12 hours at 32°C, 26-34.5°C or 26-37°C, showed
some interesting effects on Wolbachia at the highest temperature cycle only.

Within this temperature range, wMel and wMelPop-CLA had reduced whole body
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density, egg hatch, partial loss of cytoplasmic incompatibility and complete loss
of maternal transmission. Interestingly, wAlbB was only affected by a slight loss
of maternal transmission in the highest temperature regime (Ross et al., 2017).
wMelPop-CLA is a variant of wMelPop that showed reduce pathogenesis when
transinfected back into D.melanogaster following 35 months of cell passage in
Aedes cell lines (McMeniman et al., 2008). Ae. aegypti with wMel have also been
subjected to even higher heat treatments, similar to heatwave temperatures that
are experienced in Cairns, Australia, where current releases of Wolbachia-
infected mosquitoes are taking place. Eggs and larvae were subjected to
fluctuating temperatures between 30-40°C for various timescales during
development. Wolbachia density did decrease at these higher temperatures,
however 4-7 days post-eclosion the densities recovered (Ulrich et al., 2016). This
may indicate that the mosquitoes experienced more of a heat-shock at such high
temperatures, which they were able to recover from, rather than a gradual

exposure to higher temperatures.

In order to gain a realistic view of how Wolbachia responds to fluctuating
temperatures in the field, Wolbachia-infected larvae were reared at temperatures
that represent the highest Ae. aegypti larval breeding sites in several locations in
Trinidad. Hemme et al (2009) recorded the water temperature ~20cm below the
surface in breeding containers in March, May and October of 2005. This study was
chosen for water temperatures as Trinidad lies in the tropical rainforest belt,
which is a main area of mosquito burden. The mosquitoes were exposed to the
maximum and minimum May temperatures observed, in order to expose Wolbachia
to the higher end of conditions that will be encountered naturally. These
temperatures were cross-referenced with those experienced in April (2017) in
Kuala Lumpur, Malaysia, where wAlbB-infected Ae. aegypti are currently being
released (Fig.5.1.1.). Kuala Lumpur is a hotspot for DENV transmission therefore
represents an area where Aedes mosquitoes are active. Temperature data from
April was chosen as there were the maximum range of fluctuations observed.
Mosquitoes were subjected to this temperature cycle over two generations, in
order to monitor the ongoing effect. Wolbachia density was quantified in whole
bodies and tissues such as midguts, salivary glands and ovaries, the latter of which

is important for maternal transmission of the symbiont. Further to this, heat-
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treated mosquitoes were challenged with SFV, a well-studied model alphavirus,

and virus inhibition was measured.
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Fig.5.1.1. Plot of temperatures measured in Malaysia, Trinidad breeding sites and

experimental incubator.

Data represents 24 hour cycles of temperature observed in a typical April day in Malaysia (teal
line), water larval breeding sites in Trinidad (red line) and the temperatures larvae were reared in
for the experiments (black line). Malaysia range is calculated from mean temperatures over a day

in April (2017) in Kuala Lumpur as recorded on accuweather.com. Range of temperatures from

Trinidad was determined from water temperature data found ~20cm from the surface in various Ae.
aegypti breeding sites at several sites in May 2005 (Hemme et al., 2009). The temperatures chosen
for the experiment represented the extreme highs and lows of the Malaysia and Trinidad datasets.

Larvae were reared at these cycling temperatures until pupation.
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5.2. Results

5.2.1. Wolbachia density significantly decreases in wAu and wMel

females over two generations of heat-treatment

The density of Wolbachia within the whole body of female and male mosquitoes
was quantified by gPCR in order to assess whether any of the three strains were
affected by heat-treatment. Quantification of Wolbachia wsp gene in whole
bodies revealed wAu and wMel decrease significantly in females after one and two
generations of heat-treatment (Fig.5.2.1.A&B). Additional replicates also
supported this result (Fig.5.2.1.D&E). wAlbB density remained unaffected in
females and males across all generations with heat-treatment (Fig.5.2.1.A,B&C).
Density of wAu in males was largely unaffected following one generation of heat-
treatment (Fig.5.2.1.A&D), however after two generations of heat-treatment
experienced a significant reduction (Fig.5.2.1.B). wMel males experienced a
significant reduction in density in two replicates after one generation of heat-
treatment (Fig.5.2.1.A&E), however not in the third replicate (Fig.5.2.1.E). The
control wMel density in the third replicate was lower than those found in the other
two replicates, therefore this replicate was not taken forward for further
experiments. Wolbachia density in control wAu and wMel females and males does
appear to be similar in Fig.5.2.1.A, however the data represents relative
quantification of Wolbachia compared to a reference gene, rather than absolute
quantification. This means the comparison that is important is the relative drop
in density within a strain when exposed to heat-treatment, rather than between
strains. For more accurate absolute quantification, a plasmid with known
Wolbachia copies could be used as a standard curve. Overall, wMel and wAu
showed susceptibility to heat-treatment, whereas wAlbB retained a consistent

density throughout.

5.2.2. wMel and wAu density is affected by heat-treatment in tissues

important for viral replication

Following on from the observation that wAu and wMel densities decrease in the
whole body of females after heat-treatment, midguts and salivary glands were
dissected to check tissue-specific density. The midgut and salivary glands are
important tissues for viral replication and transmission of viruses, therefore it was

hypothesised a decrease in Wolbachia density may impact pathogen inhibition.
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Wolbachia density in wMel midguts decreases significantly after one (p=0.04, t-

test) and two

(p=0.002,

mann whitney)

generations of heat-treatment

(Fig.5.2.2.A). An additional replicate of G2 wMel midguts also shows a significant
reduction in density (p=0.02, t-test)(Fig.5.2.2.C). A significant decrease was also
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Figure 5.2.1. Wolbachia density in whole body after one and two generations of heat-

treatment

Females and males were sampled 5 days post-eclosion and DNA was extracted for gPCR of Wolbachia

wsp gene normalised to reference gene hth. Results represent one biological experiment after one

generation (G1) of heat treatment (A) and two generations (G2) (B). Additional experiments

following one generation of heat-treatment are shown for wAlbB (C) wAu (D) and wMel (E). Boxplots

represent 6 biological replicates, with each point representing one mosquito. Black line in the

middle of boxplots represents the median and whiskersrepresent the upper and lower quartiles.

Statistic analysis performed was t-test and mann-whitney test.
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observed in wAu midguts over both generations (p=0.004, mann whitney; p=0.01,
t-test), whereas wAIlbB maintains a relatively constant density with heat-
treatment across two generations (Fig.5.2.2.A). wAu density decreases
significantly in the salivary glands after one (p=0.001, t-test) and two generations
of heat treatment (Fig.5.2.2.B). wMel remained at a stable density in salivary
glands despite the heat-treatment, much like wAlbB. However, the density of
Wolbachia in salivary glands is very low in wMel compared to wAu, and with the
significant drop in midgut density this may result in some virus being able to
replicate and be transmitted by a mosquito, following exposure to similar
temperatures in the field.
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Figure 5.2.2. Wolbachia density in midguts and salivary glands after one and two generations of
heat-treatment

Midguts (A) and salivary glands (B) were dissected and pooled 5 days post-eclosion and DNA was extracted
for gPCR of Wolbachia. (C) represents additional G2 wMel experiment. Results represent one experiment
with 5-6 biological replicates of 3 pooled tissues. wsp gene was normalised to hth reference gene. Mann-

whitney and t-tests were performed to test for significance, represented by an asterisk.
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5.2.3. Wolbachia retains virus inhibition following two generations

of heat-treatment

As a reduction in Wolbachia density was observed in tissues important for viral
replication and transmission, it was hypothesised that this may reduce the
strength of pathogen inhibition. Control and heat-treated mosquitoes were
challenged with a blood meal containing the model arbovirus SFV. After 14 days,
individual females were sampled for RNA, and RT-qPCR was performed to identify
SFV-infected mosquitoes. Above 80% of WT mosquitoes in both treatments were
infected with SFV, indicating the vector was susceptible to viral infection
(Fig.5.2.3.A). wAlbB and wMel strongly blocked SFV infection under control
conditions, with only 15% and 14% of mosquitoes infected, respectively. However,
the wAu line showed complete blockage of SFV infection. With the heat-
treatment, there was a 9-11% increase in SFV-infected mosquitoes in the wAlbB
and wMel lines, while wAu increased only by 5% (Fig.5.2.3.A). However, infection
of heat-treated WT mosquitoes also resulted in 9% increase in infection, indicating

this is not due to Wolbachia.

The quantity of SFV was then measured in whole bodies of females to investigate
if heat-treatment resulted in higher viral titres in the Wolbachia-infected
mosquitoes. WT mosquitoes had a wide range of SFV levels, from 0.0001 to 10
virus genomes per host cell (Fig.5.2.3.B). Although the heat-treated WT had more
SFV-positive mosquitoes compared to control, there was not a significantly higher
viral titre (p=0.054). SFV levels in wAlbB control and heat-treated mosquitoes
were all lower than 0.1 per host cell, as was the one virus-positive heat-treated
wAu female. The majority of SFV-infected wMel mosquitoes were also lower than
0.1 virus per host cell, with the exception of one control mosquito and 4 heat-
treated mosquitoes (Fig.5.2.3.B). The majority of Wolbachia-infected mosquitoes,

regardless of heat-treatment status, remained uninfected.

In order to gain more insight into the transmission potential of mosquitoes that
were positive for virus by RT-gPCR, heat-treated mosquitoes were challenged with
SFV again and the bodies were dissected into two parts, head and abdomen.
Quantification of virus in the head gives an indication of virus dissemination

throughout organs not essential for replication. Following 14 days incubation post-
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feed, RT-qPCR was performed on heads and abdomens. A high percentage of WT
mosquitoes were infected in the head and abdomen, indicating the virus was again
permissive to replication in these mosquitoes (Fig.5.2.4.). With regards to
abdomen infection, control and heat-treated WT mosquitoes had similar
quantities of SFV relative to rps17. In Wolbachia-infected lines, for the most part
SFV remained several logs lower than those found in WT, below 0.0001 SFV/rps17

(Fig.5.2.4.). However, one notable exception to this is one female wAlbB HT,
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Figure 5.2.3. Detection of SFV in Ae.aegypti orally challenged with virus, following two

generations of heat-treatment.

5 day old females were challenged with SFV in a blood meal and placed in an incubator for 14 days. RNA

was extracted from females and RT-qPCR was performed to quantify SFV copies to rps17. Data represents

percentage of each line/treatment with SFV detected and uninfected (A). Quantification of SFV genome
relative to rps17 with each dot representing one female (B). Dotted line represents cut-off with

uninfected females below. Significance was tested using Fishers exact test.
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which had 0.01 SFV/rps17. This female that had 0.01 SFV/rps17 in the abdomen
also had the same titre in the head, indicating high viral dissemination. Aside from
this data point, SFV in Wolbachia-infected lines remained below 0.0001 virus/host
genomes. WALbB, wMel and wAu-infected mosquitoes exhibited similar strength
inhibition of SFV under control conditions; it may be expected that wAu would
provide stronger inhibition, however previous work has shown similar results
between strains with SFV Fluc (Chapter 3). In addition, RT-gPCR picks up viral RNA
rather than infectious virions only; there may have been a more noticeable
difference if fluorescent focus assay for infectious virions was performed. There
was no statistical difference in the quantity of SFV in heat-treated mosquitoes in
heads or abdomens in the Wolbachia-infected lines. However, heat-treated WT
mosquitoes did have significantly higher titres of SFV relative to control

mosquitoes (p=0.04).
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Figure 5.2.4. Detection of SFV in the head and abdomen of Ae. aegypti orally
challenged with SFV, following one generation of heat-treatment

5 day old females were challenged with SFV in a blood meal and placed in an incubator for 14
days. Females were cut in two parts (head, thorax/abdomen) and RNA was extracted for RT-
qPCR of SFV normalised to rps17. Data represents quantification of SFV levels with each dot
representing tissues from one female. Dotted line represents cut-off with uninfected females
below. Statistical analysis was performed using a one-tailed Fisher’s exact test comparing

number of virus positive and negative samples. Significance represented by asterisk (p=<0.05).
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5.2.4. Wolbachia wMel and wAu significantly decrease in density in

ovaries following heat-treatment

Wolbachia is maternally transmitted via the ovaries; therefore density was
quantified in these organs following heat-treatment. Pairs of ovaries were
dissected and pooled to quantify Wolbachia density by gPCR, and also visualised
with FISH using a general Wolbachia probe. After one generation of heat-
treatment, wAu and wMel significantly decrease in ovaries as visualised by FISH
(Fig.5.2.5.A) and further quantified by qPCR (Fig.5.2.5.B). As with the midgut and
salivary glands, wAlbB in the ovaries does not appear to be affected by the heat-
treatment regime, maintaining a stable density (Fig.5.2.5.A&B). After two
generations of heat-treatment, wAu and wMel again significantly decrease in the
ovaries, however wAlbB significantly increases in density (Fig.5.2.6.A&B). The
control Wolbachia density of wAu and wAlbB does appear higher in G2 compared
to G1, however this is relative quantification of wsp to reference gene hth,
therefore should not be analysed as a total Wolbachia number. Rather, the

comparison of control and heat-treated ovaries within experiments is important.

5.2.5. Heat-treatment results in significant maternal leakage of

wMel, whereas wALbB retains complete transmission

As Wolbachia density was shown to significantly decrease in wMel and wAu ovaries
following heat-treatment, it was then investigated if maternal transmission of the
bacteria was impacted. Females were individualised to lay eggs following a blood
meal and families of larvae were reared separately. After three days, 4-5 larvae
were selected from each family and PCR was performed for Wolbachia presence.
The percentage of Wolbachia-positive larvae from each family was calculated and
all families per treatment were combined and averaged. wAlbB retained 100%
maternal transmission following one generation of heat-treatment over two
biological replicates (Fig.5.2.7.A&B). wAu maternal transmission decreased
significantly to 80% in the first replicate (p=0.0031), and again to 90% in the second
replicate (p=0.4). However, wMel experienced a significant decrease in maternal
transmission in both replicates (p=<0.0001), with only 30% and 13% of larvae
infected with Wolbachia, respectively (Fig.5.2.7.A&B).
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Wolbachia density was then additionally quantified in the larvae samples by gPCR
to assess whether the density was very low in the wMel samples and therefore
undetectable by PCR or if wMel was absent. The gPCR results confirmed that the
maternal leakage observed was due to the complete loss of wMel in 3 of the 6
heat-treated families sampled (Fig.5.2.7.A). Two families of the heat-treatment
retained a similar density to those found in control families, and family C had one
wMel-positive larvae. When analysed as one group, the Wolbachia density in larvae

from heat-treated females are significantly lower than those of controls
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Figure 5.2.5. Wolbachia density in ovaries after one generation of heat-treatment

WT

Pairs of ovaries were dissected 5 days post-eclosion and stained by fluorescent in-situ hybridisation (FISH).
Green = Wolbachia with FISH probe, Blue = nucleus stained by DAPI. Corresponding qPCR of Wolbachia density in
ovaries is shown next to FISH images. Mean Wolbachia density is shown in bar chart, with error bars
representing standard error. Results represent one experiment, with 6 biological replicates of 3 pairs of pooled
ovaries. Ovaries were STE extracted for DNA and relative qPCR for wsp was performed, normalised to reference

gene hth. C = Control, HT = Heat-treatment. T-tests were performed for significance, represented by asterisks.
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(p=<0.0001, mann-whitney). The density of heat-treated wAu larvae also
significantly decreases compared to controls (p=0.005, mann-whitney), with the
exception of one high density family (Fig.5.2.7.B). There was a trend of higher
density in wAlbB in heat-treated larvae compared to the control in all families
except one (Fig.5.2.7.E). When the larvae from each family are combined, there
is a significant increase in wAlbB density in the heat-treated larvae (p=0.0002,

mann-whitney).
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Figure 5.2.6. Wolbachia density in ovaries after two generations of heat-treatment

Pairs of ovaries were dissected 5 days post-eclosion and stained by fluorescent in-situ hybridisation
(FISH). Green = Wolbachia with FISH probe, Blue = nucleus stained by DAPI. Corresponding qPCR of
Wolbachia density in ovaries is shown next to FISH images. Mean Wolbachia density is shown in bar
chart, with error bars representing standard error. Results represent one experiment, with 6
biological replicates of 3 pairs of pooled ovaries. Ovaries were STE extracted for DNA and relative
gqPCR for wsp was performed, normalised to reference gene hth. C = Control, HT = Heat-treatment.

T-tests were performed for significance, represented by asterisks.
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Figure 5.2.7. Maternal transmission of Wolbachia following one generation of heat-treatment

Females were blood fed and individualised in order to collect eggs from each mother. 5-6 larvae were

selected from 4-6 females and PCR was performed for Wolbachia presence. Percentage of Wolbachia-

positive larvae was averaged across the five families for one (A) and two (B) independent experiments.

Additional gPCR of wsp in the larvae tested revealed the density of Wolbachia wMel (C), wAu (D) and

wAlbB (E) across 6 families (A-F). Significance was performed by Students t-test.



144
5.3. Discussion

5.3.1. Maternal transmission of wMel and wAu decreases following

exposure to cyclical heat stress

Wolbachia wMel-infected females have previously been released in multiple sites
across the world in an attempt to replace the current mosquito population and
reduce their ability to transmit arboviruses. Data here showed Wolbachia density
of wMel and the closely related wAu strains are significantly affected by a
fluctuating temperature regime similar to those experienced in the field in the
equatorial zone, which could hinder vector control regimes. Despite this
discovery, the World Mosquito Program reports wMel is stable in field Ae. aegypti
in North Queensland, Australia, since its introduction in 2011 (O'Neill et al., 2018).
This indicates wMel may be suitable for releases in areas that do not experience
temperatures fluctuating as extreme as those found in Trinidad and Malaysia,
however other strains such as wAlbB are more suitable to unpredictable

environments.

The density of wAu and wMel-infected females is consistently significantly reduced
over two generations of heat-treatment, whereas wAlbB density was not reduced.
The consistent decrease in density is associated with a significant drop observed
in the ovaries, where most of Wolbachia is located. The fact that the density of
wAlbB is unaffected in the whole bodies and specifically in the ovaries supports
this. The decrease in Wolbachia density in the ovaries has a marked effect on
maternal transmission rates, particularly with wMel heat-treated mosquitoes, in
which almost 75% of progeny lose Wolbachia infection. Maternal transmission of
wAu is less affected, with an almost 25% loss of Wolbachia infection, presumably
as wAu is still at a high density in the ovaries following heat-treatment when
compared to wMel control ovaries. However, if this experiment was continued for
several generations using heat-treated mosquitoes, perhaps the wAu would
decrease to even lower levels and maternal transmission significantly more

affected.

This imperfect maternal transmission has implications for releases; even if there
is perfect maternal transmission, there is an estimated invasion threshold of 20-

30%, which must be reached during initial releases in order for Wolbachia to
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successfully invade a population (Jiggins, 2017). However, if wMel mosquitoes
show reduced rates of maternal transmission at high temperatures experienced in
the field, this threshold would need to be higher, and clearly the equilibrium
frequency reached would be below 100%. wAu would be difficult to spread due to
its imperfect maternal transmission at high temperature, no induction of Cl and
deleterious fitness costs imposed on the mosquito host. On the other hand, wAlbB
mosquitoes retained perfect maternal inheritance, which means that in
combination with its low fitness costs this strain would require a lower invasion

threshold to spread.

After one generation of heat-treatment, in males wMel decrease in density but
return to similar levels as the control by the second generation; the wAu males
experience the same drop in density but this time in the second generation. As we
attributed the significant drop in Wolbachia density in females largely to the loss
in the ovaries, this may explain why there is not a consistent drop of density in
males, as the density in the reproductive organs is likely to be lower. Despite
these variable results across generations, it is clear that wAu and wMel in males
can significantly decrease in density when exposed to field-like temperature
regimes, expected to impact Cl, whereas wAlbB remains at a stable density. To
investigate this further we could have set up ClI crosses, in which our heat-treated
males could be assessed for their ability to induce Cl with wild type females. In
fact, it has been shown elsewhere that wMel males do lose the ability to induce
Cl when the larvae are reared at 12-hour diurnal cycles between 26°C and 37.5°C,
whereas wAlbB males retained the Cl-inducing phenotype (Ross and Hoffmann,
2018). This data clearly suggests wAlbB is more thermo-stable at higher

temperatures than wMel and wAu Wolbachia strains.

5.3.2. wAlbB is stable and can increase in density at high

temperatures

Data here shows that wAlbB replicates to higher levels with high temperatures, as
Wolbachia density increased in the ovaries following two generations of our
temperature regime. After one generation, the density in the ovaries was largely
unaffected, but following two generations we found a significant increase in
density as quantified by qPCR, and visually with FISH. Investigating this further

revealed wAlbB larvae from this generation were at a significantly higher density
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than those reared at control temperatures. A similar phenomenon has been
observed in wAlbB-infected Anopheles stephensi, whereby wAlbB density
increased significantly when reared above 24°C, compared to those reared at
lower temperatures (Murdock et al., 2014)). In addition, wAlbB strongly reduced
Plasmodium oocyst number at the highest temperature (28°C), compared to
having no effect at the lowest temperature (20°C), presumably due to the
difference in density. Altogether, these results suggest wAlbB can thrive at higher
temperatures, making it a strong candidate for releases in areas with extended
periods of daytime temperature peaks in the high thirties (celcius). The wMelPop
strain of Wolbachia has also been shown to replicate to higher levels and therefore
reduce mosquito survival at higher temperatures, due to its pathogenicity
(Reynolds et al., 2003). Although wAlbB retains a moderate density compared to
wMelPop in Ae. aegypti, it may be worthwhile to check if multiple rounds of heat-
treatment results in a high density wAlbB that could potentially be detrimental to

host fitness.
5.3.3. Alphavirus inhibition is conserved despite density drop

Despite experiencing a significant reduction in density, heat-treated wMel and
wAu mosquitoes still exhibited strong inhibition of SFV over two independent
experiments. wAu in particular maintained an almost perfect inhibition, with only
one positive heat-treated female; this is perhaps not surprising, as the heat-
treated wAu females were still at a higher density than moderate blockers of wMel
control, even in individual tissues. We hypothesised an increase in virus in wMel
mosquitoes as Wolbachia density significantly decreased in the midgut in both
generations; this is where arboviruses experience their first bottleneck, as they

have to pass the midgut barrier for further replication and dissemination.

The number of SFV-positive wMel females doubled in the first experiment
following heat-treatment compared to control, however the same increase
occured in Wolbachia-uninfected females, meaning this cannot be attributed
solely due to reduction in Wolbachia density. As the mechanism of Wolbachia-
mediated pathogen inhibition is not currently known, it cannot be assumed that a
decrease in certain tissues means a loss of the inhibition phenotype. It has been
suggested that virus inhibition is indeed a tissue-specific effect, as higher densities

of Wolbachia in Drosophila tissues correlated with a more protective effect
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against Drosophila C Virus (Osborne et al., 2012). In addition, immunofluorescence
of wMelPop-infected Ae. aegypti injected with DENV showed cellular exclusion of
the virus when Wolbachia was present in tissues (Moreira et al., 2009). On the
other hand, levels of DENV-3 RNA have been shown to not be correlated with
Wolbachia density in specific tissues such as fat body, midgut, salivary glands and
malphigian tubules, indicating Wolbachia-mediated inhibition is a systemic effect
(Amuzu and McGraw, 2016). While it is clear that high density strains of Wolbachia
protect strongly against arboviruses, the importance of Wolbachia exclusion of

virus in specific tissues in this process remains unclear.

Further investigation into titre of SFV in the abdomen and head revealed a
significantly higher virus titre in the head of wild type heat-treated mosquitoes,
relative to control. This is similar to results obtained by (Ulrich et al., 2016), who
observed an increase in DENV dissemination in wild type Ae. aegypti when reared
at higher temperatures. Heat-treated mosquitoes were challenged with DENV-2 at
a titre of 1 x 10”6 in the blood meal, however after performing FFA on salivary
glands 14 days post-feed there was no detectable infection in wild type females
and therefore any results observed in Wolbachia-infected lines could not be
compared. As in the previous SFV challenges, (Ulrich et al., 2016) also struggled
to investigate heat-treatment on DENV infection in wMel due to a lack of virus-
positive females. Due to the potent viral inhibition induced by Wolbachia, to
investigate any effects temperature could have on this phenotype an experiment
would have to be performed on a much larger scale, in order to get enough virus-
positive females in the Wolbachia-positive strains to perform statistical analysis.
Studies have also shown that the extrinsic incubation period (EIP) of arboviruses
(the period required within the arthropod vector to travel from midgut to salivary
gland for transmission) reduces when mosquitoes are reared at higher
temperatures, resulting in a higher percentage of mosquites infected (Mbaika et
al., 2016; Xiao et al., 2014). With regards to Wolbachia-mediated pathogen
inhibition, if a strain is released into field populations that reduces in density at
higher temperatures, combined with a shorter EIP, this could result in the

commencement of arbovirus transmission once again.
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5.3.4. Wolbachia strains should be robustly tested before field

release

This research highlights that Wolbachia strains can vary in their response to
environmental stressors, and should be assess thoroughly if used for vector
control. A recent study has shown that infection with Wolbachia can alter the
thermal preference of D.melanogaster; while uninfected flies preferred
environments of 24.4°C, those infected with wMel preferred temperatures 1.2°C
lower, and with wMelPop 4°C lower (Truitt et al., 2018). Although it is a small
temperature change with regards to wMel infection, this may have a huge impact
on Wolbachia titre within the fly, and indicates that Wolbachia may be influencing
behaviour of infected flies for its own benefit. The affect of temperature on
Wolbachia strains may be exacerbated in the novel Ae. aegypti host, leading to

our observed drastic decrease in wMel density.

Efforts have been made to create a ‘heat-resistant’ wMel strain that can be
deployed to the field, in which wMel-infected females reared under cyclical stress
(12 hour intervals of 26°C and 36.5°C/37.5°C) were mated to wMel males reared
at 26°C, with any resulting hatched larvae selected for the next generation (Ross
and Hoffmann, 2018). Despite repeating this heat-treatment selection for eight
generations, wMel density was still lost by the seventh generation, indicating it is
not stable at high temperatures despite constant selection. This study also found
field-caught wMel mosquitoes and the laboratory wMel colony used responded
similarly to the heat-treatment, giving confidence that our results do represent
what could happen to Wolbachia in the field (Ross and Hoffmann, 2018).

Despite our results, wMel should not be completely ruled out for releases; perhaps
this strain will be better suited (given its low fitness costs) for releases in areas
with lower average temperature regimes, wheras wAlbB will be more useful in
much warmer, equatorial areas. Although wAu provides perfect virus inhibition on
its own, in order for it to be used for releases it should be paired with another
Wolbachia strain capable of inducing Cl. Superinfection of wMel and wALbB in Ae.
aegypti is an ideal combination for releases, as together they have been shown to
provide stronger inhibition of DENV than alone, and the heat stability of wAlbB

means that even if wMel was lost in some mosquitoes, wAlbB-only would still be
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able to provide pathogen inhibition (Joubert et al., 2016). This work highlights the
importance of investigating the stressors imposed upon Wolbachia-infected

mosquitoes in order to assess their robustness in the field.
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5.4. Conclusion

Wolbachia is a diverse genus containing many strains that reach different densities
in the Ae. aegypti host. Under laboratory conditions, Wolbachia remains at a
relatively constant density and induces complete maternal transmission. These
data show Wolbachia strains are differentially affected by environmental
stressors, specifically temperatures which are likely to occur in the field. The loss
of complete maternal transmission of wMel and wAu mosquitoes following
exposure to high temperatures means these strains may not invade and
persistently spread through a wild mosquito population. On the other hand, wAlbB
remains a constant density and maintains robust virus inhibition, indicating it is
the ideal choice for releases. This study highlights the importance of measuring
the impact of environmental stressors on novel Wolbachia transinfections to

ensure successful invasion in the wild and prevention of arbovirus transmission.
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Chapter 6

Discussions, Future Work and
Conclusions
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6.1. Discussion

Arboviruses are increasingly becoming a huge economic and health burden. With
increased movement and global warming, mosquitoes are able to infect more
people worldwide than ever before. This was evident by the recent outbreaks of
Zika and chikungunya. Therefore, new, effective control strategies are
increasingly required. Wolbachia provides an opportunity to control both mosquito

populations and the spread of arboviruses.

The data within this thesis adds to the expanding information on how Wolbachia
impacts the homeostasis of the cells it inhabits and the effect this can have on
arbovirus replication. Here, predominant results from each chapter and the

direction for future work are discussed.

6.1.1. Chapter 3: Towards a better understanding of the mechanism

of Wolbachia-mediated pathogen inhibition

In this chapter it was shown that two high-density Wolbachia strains in two species
of Aedes cells exhibit different states of redox stress. This work confirms other
evidence that redox stress is not exhibited in native hosts of Wolbachia (Molloy &
Sinkins, 2015). In addition, data from this chapter adds to the evidence that
Wolbachia requires an intact protein degradation pathway in the endoplasmic
reticulum to retain high density, as disruption of ER homeostasis using thapsigargin
reduced Wolbachia density. Chaperone expression in Aag2 wMelPop cells was also
shown to be significantly different compared to uninfected cells, even when
Dengue virus was added. These differences in chaperone expression are of
particular interest as it may be related to the method by which Wolbachia

influence the protein-degradation pathway, and therefore block virus replication.

To continue this work, gene expression of chaperones should be quantified in cells
and mosquitoes at several stages of Dengue infection, as studies have shown that
viruses can manipulate the unfolded-protein response in a time-dependent
manner. In addition, chaperone expression should be measured in response to
several viruses across the Flavivirus and Alphavirus genus to assess if any
manipulations are universal. It would also be beneficial to optimise checking
protein expression of chaperones, however this has associated technical

challenges due to the lack of mosquito-specific antibodies commercially available.
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6.1.2. Chapter 4: Characterising novel transinfections of Wolbachia

in Ae. aegypti

The creation of novel transinfections with wAu and wAlbA in Ae. aegypti revealed
interesting results; 1) wAu provides complete virus inhibition of all arboviruses
tested and 2) despite being a similar density as wAu, wAlbA did not exhibit
pathogen inhibition of SFV. The creation of the Ae. aegypti wAu line adds to the
knowledge of how different Wolbachia strains replicate when transinfected in
novel hosts, and suggests that by exploring other strains in the genus there may
be a discovery of a strain which provides complete virus inhibition without major
detrimental fitness effects. The discovery that wAlbA provided no inhibition of
SFV was surprising, but also indicates that the mechanism of pathogen-inhibition
is not as clear cut as was previously thought - that inhibition is not necessarily
directly related to density. While it is true that high-density strains typically
provide the best inhibition, wAlbA in Ae. aegypti goes against this dogma.

In order to investigate the lack of wAlbA pathogen inhibition it would be ideal to
further challenge this line with Flaviviruses such as DENV and ZIKV, to monitor if
it is a genus-wide effect. In addition, tissues such as midguts and salivary glands
could be dissected from a strong-pathogen inhibition line and wAIbA during
infection, making comparisons of gene expression and possible ER perturbations.
Further characterisation of the wAlbA line was not possible due to an insectary
overnight overheating problem which resulted in the loss of many lines. However,
proteomic data from wAlbA and wAu midguts is currently being analysed within
the lab and may provide notable hits which differ between the two that could be
potentially manipulated in wAu mosquitoes to monitor if there is a loss of

pathogen inhibition.

6.1.3. Chapter 5: Effect of cyclical high temperature rearing on
Wolbachia in Ae. aegypti

Data from this chapter revealed that wMel and wAu Wolbachia strains were not as
stable at a higher temperature range as wAlbB. There is currently evidence that
wMel drops in density at extreme high temperatures, however this study is the
first analysis of Wolbachia density and transmission following larval exposure to
temperatures that have been recorded in the field. Here we show strong evidence

that maternal transmission of wMel is drastically reduced following the
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temperature cycle, which has major implications for the fate of mosquito release
programs that are currently on-going. These data also show that another weakness
of wAu is the slight instability of the strain in response to heat, as well as the
other detrimental fitness effects discussed in Chapter 4. This chapter
unequivocally shows that wAlbB should retain a stable density when exposed to
high temperatures and should currently be the preferred choice for releases in

very hot equatorial zone.

The discovery that wAlbB increased in density following heat-stress is a point of
interest that requires further study. It may be that following releases, wAlbB may
increase in density in the field population following exposure to very hot
temperatures and provide complete virus inhibition. To continue this work, larvae
could again be exposed to the temperature regime and gene expression quantified
at various stages of development; such as immune genes, those involved in
apoptosis and regulation of the endoplasmic reticulum. This may provide some
insight into the establishment of Wolbachia replication rate, i.e. what factors

result in a strain being maintained at high or low density.

6.2. Conclusions of this study

The aim of this study was to further understand Wolbachia-mediated arbovirus
inhibition in Aedes mosquitoes and how it can optimally be used for arbovirus
control. Data reported here confirms that Wolbachia remains a viable option for
reducing the transmission of arboviruses and shows that multiple strains colonise
novel hosts differently. It also highlights the importance of assessing the
properties of different strains that are proposed for releases, as demonstrated
when wMel was exposed to heat-treatment. Data here also hints that there may
be different mechanisms of viral inhibition between Wolbachia strains, important
to bear in mind when performing future work on the mechanisms of virus
inhibition. Overall, this thesis shows it is beneficial to investigate multiple
Wolbachia strains to identify the optimal strains for field releases (which may vary
between regions) and elucidate a complete picture of the mechanism of virus

inhibition.
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Wolbachia qPCR

FORWARD REVERSE
AAELO11643 gHTH F TGGTCCTATATTGGCGAGCTA AAELO11643 gHTH R TCGTTTTTGCAAGAAGGTCA
MG547559.1 qWSP F GCATCTTTTATAGCTGGTGG MG547559.1 qWSP R large GGAGTGATAGGCATATCTTCAAT

Wolbachia PCR

FORWARD REVERSE
MKO053601.1 Wspec F CATACCTATTCGAAGGGATAG MK053601.1 Wspec R AGCTTCGAGTGAAACCAATTC
MG765532.1 wAlbA F GTAGTATTTACCCCAGCAG MG765532.1 wAlbA R ATCTGCACCAGTAGTTTCG
KX650069.1 wAlbB F GCAATACCTATGCCGTTTA KX650069.1 wAlbB R GACGAAGGGGATAGGTTAATATC

DQ235409.1 wAu R AGTAACCTGTCTGGTTGAATC
DQ235409.1 whu wiel (81F) TOCTCCATAAGTOATORGAM whMel R KX650072.1 CAGCCTGTCCGGTTGAATT
Immune gene qRT-PCR

FORWARD REVERSE
AAEL004175 RPS17 F CACTCCCAGGTCCGTGGTAT AAEL004175 RPS17 R GGACACTTCCGGCACGTAGT
AAEL000598 Cecropin D F1 GCTAGGTCAAACCGAAGCAG AAFL000598 Cecropin D R1 TCCTACAACAACCGGGAGAG
AAEL003832 Defensin C F1 TTGTTTGCTTCGTTGCTCTTT AAEL003832 Defensin C R1 ATCTCCTACACCGAACCCACT
XR_002499766.1 Cecropin G F1 TCACAAAGTTATTTCTCCTGATCG XR_002499766.1 Cecropin G R1 |GCTTTAGCCCCGCTACAAC
AAEL002309 TPX4 R3 AAGTGCCATGTCGATTGGGT AAEL002309 TPX4 R3 CTCGGAGACACTCGGTAGGA
AAEL007562 DUOX 2 F CGTGGCGGAGTATTTCAGT AAEL007562 DUOX 2 R GCAATTCATCAGCAACCAC
AAELO10179 NOXM F TCCACAATACGGTTTCGCTA AAELO10179 NOXM R GCCGTCCAACAGAAATTGTA

Pathogen qPCR

FORWARD REVERSE
MK334655.1 Serratia F1 ACGTTCATCAATTGACGTTACTCGCA MK334655.1 Serratia R1 AACCGCCTGCGTGCGCTTA
KP699763.1 SFV4 F CGCATCACCTTCTTTTGTG KP699763.1 SFV4 R CCAGACCACCCGAGATTT
MG721058.1 DENV NS5 F ACAAGTCGAACAACCTGGTCCAT MG721058.1 DENV NS5 R GCCGCACCATTGGTCTTCTC
MH900227.1 ZIKV 835 F TTGGTCATGATACTGCTGATTGC MH900227.1 ZIKV 911c R CCTTCCACAAAGTCCCTATTGC

ER Gene expression

FORWARD REVERSE
AAEL017349 BiP F1 CCCATGACCAAGGACAACCA AAEL017349 BiP R1 CTTCTGGGGTCAGACGGTTC
AAEL015100 Calnexin F2 CAAGGACAAGCAACCGCATC AAEL015100 Calnexin R2 GGAGGCGTAAACTCGGTGAA
AAEL005558_C2F2 GGAAGCACAGACGACACTGA AAEL005558_C2R2 ACAGGGTCGCTACCTTTTCT
AAEL005558_UF2 ATCCGCCCAMACCCCTCA AAEL005558_UR2 CCATCTTGTCCTGACTCAGTGT
AAEL005558_SF2 GAGCGACGACTCAACGATCT AAEL005558_SR2 TCCATTAAAGATCCCTGCTGCT

FISH probes
FORWARD REVERSE

MH732670.1 W2 Alexa Fluor 488

CTTCTGTGAGTACCGTCATTATC

MH732670.1 W3 Alexa Fluor 488 |AACCGACCCTATCCC'I'I'CGAATA

KF725077.1 wAlbB

GCATC ATAGCTGGTGG

Appendix 1. List of primers and probes used in this study.
Primer and probe sequences are listed with gene accession number.
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Appendix 2. Efficiency of primers designed for this study.
cDNA from Ae. aegypti WT was diluted 1:5 for a series of dilutions and the qPCR was
performed to gain CT values. CT values were then plotted to calculate the efficiency.
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Appendix 3. Gene expression of ER-related genes in Ae. aegypti wMel and wAu mosquitoes

RNA was extracted from wMel and wAu mosquitoes for qRT-PCR of BiP, Calnexin and Xbp1 splicing.

BiP and Calnexin expression was quantified in individual female whole bodies of wMel (A), two

independent replicates of wMel midguts (B) and one replicate of wAu midguts (C). The ratio of

spliced:unspliced Xbp1 gene was quantified in wMel midguts (D) and wAu midguts (E). Five midguts

were pooled per data point for five replicates. Statistics performed was students T-test.
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