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ABSTRACT

Anopheles funestus is a major malaria vector, which is predominantly responsible for
malaria transmission in Africa and this vector needs to be controlled due to the
devastation of the disease. Temperatures worldwide are rising steadily, which can
affect mosquito distribution and behaviour. Heat shock factor (HSF), a transcription
factor, is crucial in these physiological and behavioral processes. This is because HSF
has a high degree of functional variability and is temperature dependent, enabling
mosquitoes to survive the heat by repairing damaged proteins in the cell. This study
aimed to understand the biological role of HSF in the African malaria vector An.
funestus with regard to HSF transcript abundance and its effect on life table
parameters. In this work, the HSF gene was the target of RNA interference (RNAI).
RNAI was implemented using short interfering RNA (siRNA) that was previously
synthesised and was performed to understand the role of HSF in An. funestus. HSF is
a poorly understood gene, yet it has been found to have a variety of functions within
insects and, more specifically, mosquitoes. Understanding the role of HSF in An.
funestus is important to advance knowledge in this understudied vector. HSF transcript
abundance was measured using real-time quantitative PCR (qPCR) throughout the
four life stages in An. funestus in order to assess the average expression levels of HSF
at 25°C. The HSF transcript abundance was significantly lower during the egg and
pupal stages in comparison to the larval and adult stages. Inhibition, via siRNA, of the
HSF transcript was subsequently used to understand its biological role in An. funestus.
A system was designed to deliver the siRNA to the adult using the ingestion of sugar
water. This was the chosen delivery system due to its ease of use and the potential to
replicate this method in the wild because of the sugar-feeding behaviour of the adult

mosquitoes. A known reference gene, RPL19, was used to evaluate the efficiency of
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a “siRNA-sugar feeding delivery system” in An. funestus. Results showed this would
be an effective system for evaluating transcript inhibition or knockdown. Different
concentrations of HSF-siRNA were utilised, 10 ng/pl, 20 ng/pl and 30 ng/pl at three
different temperatures of 20°C, 25°C and 30°C, to evaluate the impact of different
concentrations and temperatures on the fold change of HSF transcript abundance after
SiRNA treatments. A 20 ng/pl SiRNA concentration at 25°C reduced the HSF transcript
abundance. Therefore, these conditions were selected to study the phenotypic effect
of HSF-siRNA on longevity and reproduction in An. funestus. Longevity, fertility,
fecundity, and time-to-hatch were all reduced when mosquitoes were treated with HSF-
siRNA. In addtion, the impact of decreased survivability in males was more prominent
than in females. In conclusion, HSF might regulate vector development and needs to
be investigated in the future. Furthermore, this study confirms the pleiotropic effect of

HSF in An. funestus.
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CHAPTER 1

INTRODUCTION: MALARIA AND THE MAJOR AFRICAN MALARIA VECTOR,

ANOPHELES FUNESTUS

1.1. Malaria

Malaria is endemic in Africa and the World Health Organization (WHO) reported 249
million cases of malaria worldwide in 2022 with 608 000 deaths (WHO, 2023A). This
tropical disease is caused by the transmission of a protozoan, mainly Plasmodium
falciparum (Rogers and Randolph, 2000). The parasite is transmitted to humans,
specifically by female Anopheles (Sinka et al., 2010). This happens when the
Anopheles female ingests a blood meal from a human host infected with Plasmodium
parasites and becomes infected herself. The female then bites a human and infects
the human with the parasite (Aly et al.,, 2009). The parasites undergo several
developmental stages before moving into the salivary glands of the Anopheles female
(Sato, 2021). Once the infected female consumes a blood meal, the mature parasites

(sporozoites) in the female’s salivary glands can spread to the next human host.

Malaria is a devastating disease which has been shown to not only have a huge impact
on the health burden but also has big socio-economic implications. Effects such as
drastically lower economic growth due to unemployment, contribute to poverty and
lower levels of education. This is mainly due to the absence from school (Carrasco-
Escobar et al., 2021). Households suffer significant costs such as food and medical
costs when a household member is sick with malaria. The direct and indirect costs of
malaria might be substantial, further impoverishing poor households. The mean direct

cost of seeking care for malaria was estimated at 2%—-2.9% of household income
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(Ricci, 2012). Therefore, every control effort, including the vector control, is necessary

to combat this disease.

1.2. Malaria Vector Control

The focus of malaria vector control, using insecticides as one of the ways of control, is
to limit or prevent human-vector contact (Sinka et al., 2010; WHO, 2020). After World
War I, the amount of the organochlorine, dichlorodiphenyltrichloroethane (DDT), used
for agricultural and anti-malaria house spraying, increased (Pampana, 1969).
However, DDT resistance began to spread throughout different vector populations and
prompted the creation and development of substitute insecticides such as pyrethroids,
organophosphates, pyrroles, neonicotinoids, broflanilide, and carbamates (WHO,
1997; Govoetchan et al., 2022; Ashu et al., 2023). Currently, long-lasting insecticide-
treated bed nets (LLINS) and indoor residual spraying (IRS) are the main chemical

interventions that are widely used to target the malaria vector (Pryce et al., 2022).

The insecticide classes approved by the WHO for use in LLINS were historically limited
to pyrethroids (Killeen et al., 2017). The pesticides are embedded into the nets’ fibres,
killing or deterring anthropophilic (feeding on humans) and endophilic (resting indoors)
vectors from feeding. A new type of insecticide-treated net (ITN) that combines
pyrethroids with piperonyl-butoxide (PBO) was subsequently used after a
recommendation by WHO in 2017 (WHO, 2017). PBO is a synergist that increases the
potency of pyrethroids against monooxygenase metabolic resistant mosquitoes.
Recently, two new bed net formulations have been approved for vector control use.
The first is pyrethroid-chlorfenapyr nets, a mix of pyrethroid and pyrrole insecticides to

increase the killing power of the net (Syme et al., 2023). The second net type contains



an insect growth regulator (IGR), pyriproxyfen, and a pyrethroid. The IGR prevents
mosquito reproduction and growth (Accrombessi et al.,, 2023; WHO, 2023B). As
mentioned above, another preventive strategy used to reduce human-vector contact is
IRS (Brooke et al., 2013; WHO, 2015). Insecticides are sprayed on house walls as part
of this preventative treatment to lessen the number of endophilic and endophagic

(feeding indoors) malaria vectors.

Both LLINs and IRS have been demonstrated to be efficient and effective when carried
out proficiently (WHO, 2022B). However, these treatments are frequently undermined
by the target vector populations’ rising pesticide (insecticide) resistance rates. The
term “insecticide resistance” describes the alteration in an insect’s capacity to tolerate
or overcome the harmful effects of one or more insecticides as a result of particular
characteristics or behaviours that have evolved through natural selection (Zoh et al.,
2021; Adams et al., 2023). The cumulative use of insecticides for vector control and
ongoing use in agriculture has resulted in the selection of resistance in several malaria
vector populations (Brooke et al., 2013; Ahmed et al., 2022; Kahamba et al., 2022;
Nkya et al., 2022; Zinszer and Talisuna, 2022). Agricultural insecticides generally end
up in water bodies, which are also the larval breeding sites. Larvae exposure to these
agricultural insecticides results in selection for resistance, including adult resistance
(Ansari et al., 2014). Various samples of malaria vectors were tested for insecticide
resistance and 90% of these in the WHO African regions have resistance to at least
one of the five pesticide classes, and 32% are known to be resistant to four of the five
insecticide classes (WHO, 2022A). This resistance might prevent malaria vectors from
being killed by a standard dose of insecticides used in LLINs or IRS implementation

(Okal et al., 2015; Ugwu, 2023; WHO, 2023C).



South Africa is one of the textbook examples illustrating vector control failure due to
insecticide resistance and how this impacted malaria transmission. Anopheles
funestus, a major malaria vector in Africa, has been eradicated from South Africa since
the 1950s owing to vector control measures involving DDT (Olivier, 1950). However,
in South Africa, the malaria control program replaced the use of DDT with pyrethroids
in 1996 due to increased pressure and concern about its negative effects on people
and the environment (Sharp and le Sueur, 1996; Hargreaves et al., 2000; Bouwman
et al., 2011; Thuy, 2015). Moving away from DDT prompted a malaria outbreak in
South Africa. The population of An. funestus from southern Mozambique was
pyrethroid-resistant, which was unknown then, and An. funestus slowly reinvaded
South Africa in 1996. In 2000, this led to a malaria pandemic that resulted in almost 65
000 malaria cases (Coetzee et al., 2013). This highlighted not only the impact of
insecticide resistance on malaria vector control and malaria transmission, but also
South Africa’s vulnerability to malaria transmission. Insecticide resistance in An.
funestus and other malaria vector species is a widespread problem in Africa and
additional control interventions are necessary to reduce malaria transmission (Liu,
2015; Richards et al., 2020; WHO, 2022B; Suh et al., 2023). Since An. funestus is the

focus of this study, it is discussed in more detail below.

1.3. Anopheles funestus

Anopheles funestus sensu stricto (An. funestus s.s., called An. funestus going forward)
is a member of the An. funestus group that consists of at least 11 morphologically
similar African species, which are distinguished by using molecular and cytogenetic
techniques (Gillies and De Meillon, 1968; Gillies and Coetzee, 1987; Koekemoer et al.,

2002; Cohuet et al., 2003; Spillings et al., 2012). Anopheles funestus is a major malaria



vector in Africa (Sinka et al., 2010) and the P. falciparum infection rates in females
range between 11% to 50% as seen in a Tanzanian study (Mapua et al., 2022).
Anopheles funestus achieves its efficient vector capacity due to its anthropophilic,
endophilic and endophagic behaviour (Gillies and De Meillon, 1968; Gillies and
Coetzee, 1987; Coetzee and Fontenille, 2004; Charlwood, 2017; Wat'senga et al.,
2018). This species requires permanent or semi-permanent water bodies with some
form of vegetation for larval breeding. However, the use of other non-traditional
breeding sites, e.g., irrigated fields, tree holes that catch rainfall, ponds and pools
formed by rainfall, have also been reported (Gillies and De Meillon, 1968; Dia et al.,

2013; Aikpon, 2017; Djouaka, 2017).

There are several studies relating to insecticide resistance in An. funestus (Coetzee
and Koekemoer, 2013; Mungezi et al., 2022; Ngongang-Yipmo et al., 2022; Suh et al.,
2023) and the various factors affecting the behaviour and life stages of this species
(Ngowo et al., 2021; Zengenene et al., 2021A; Felamboahangy et al., 2023). However,
the knowledge regarding An. funestus physiology and life parameters is still somewhat
limited compared to the information available on other main African malaria vector
species, such as Anopheles gambiae. This is due to the difficulty in colonisation of An.
funestus in set laboratory or insectary conditions (Gillies and De Meillon, 1968;
Nepomichene et al., 2017; Ngowo et al., 2021). Colonisation difficulty is mainly due to
low mating success and this species needs approximately 10 days for optimal mating
under laboratory conditions (Maharaj et al., 2022). This is much longer than the three
days reported for the other African malaria vectors, e.g., Anopheles arabiensis
(Munhenga et al., 2016). It is necessary to increase the biological knowledge of An.

funestus to advance vector control methods.



Since this study will investigate the heat shock factor (part of the heat shock response),
the biological impact of temperature (insecticide susceptibility, parasite development
and life table parameters) on mosquito vectors, including An. funestus, will be

discussed in more detail as background information.

1.4. Temperature Effects on Mosquitoes

1.4.1. Effect of temperature on mosquito susceptibility to insecticides

As mentioned above, insecticide resistance is a big concern for malaria vector control
efforts. Insects’ metabolism, binding affinity, and chemical uptake of insecticides are
impacted by changes in ambient temperature (Whiten and Peterson, 2015). This
impacts the capacity of insects to detoxify insecticides and develop metabolic
resistance. Changes in insecticide susceptibility in mosquito vector populations are
due to the physiological stress induced by temperatures higher than 35°C (Oliver and
Brooke, 2017). Few studies have investigated the impact of temperature on An.
funestus insecticide susceptibility (Glunt et al., 2018; Agyekum et al., 2021). It has
been shown that An. funestus, like An. arabiensis (another main African malaria
vector), has reduced mortality after pyrethroid exposure at high temperatures (30°C)
(Glunt et al., 2018). Similarly, with rising temperatures, mosquito pyrethroid
susceptibility was reduced in An. gambiae due to the greater activity of metabolic
enzymes at high temperature ranges of 25°C to 40°C (Agyekum et al., 2022A). At high
temperatures of 30°C to 39°C, insect metabolism is significantly faster than at lower
temperatures, which causes the insect to break down pyrethroids quickly, resulting in

the pyrethroids losing their effectiveness (Neven, 2000).



Global temperatures are predicted to rise by 1.1°C to 6.4°C, depending on the region,
within the next 50 years (Intergovernmental Panel on Climate Change (IPCC), 2022).
Higher insecticide resistance in anopheline malaria vectors at elevated temperatures
can severely impact current vector control methods and disease transmission (Oliver

and Brooke, 2017).

1.4.2. Effect of temperature on Plasmodium infection

It has been suggested that by the end of the 21st century, climate change will increase
the rate of malaria transmission as well as the mortality in human populations by a
predicted 2.6% (Beck-Johnson et al., 2013; Dasgupta, 2018). A reason for this could
be due to temperature affecting the incubation time of the Plasmodium
parasite. Temperature affects the incubation time of the Plasmodium parasite and its
development within the Anopheles female host. At 25°C, the malaria parasite, P.
falciparum, only requires 12 days to complete its development inside the mosquito
host, whereas at 20°C, 30 days are required (lkemoto, 2008). As an example, the
impact of temperature on the sporogonic cycle of P. falciparum was examined in the
vector Anopheles stephensi. Females that were fed a solution containing the parasite
were kept at temperatures of 16°C, 18°C, and 23°C to identify the best temperature for
parasite development. The temperature for the parasite to develop at a normal rate
inside the vector during a period of about 16 days was 18°C, whereas at 26°C, the
parasite developed at a much faster rate of 10 days (Waite et al.,, 2019). Studies
pertaining to parasite development have not been investigated in An. funestus, again

highlighting the gap in the literature relating to this species



1.4.3. Effect of temperature on mosquito larvae and adults

Temperature changes affect many biological parameters in mosquitoes, such as size,
growth, fecundity, fertility, genitalia rotation, biting rate and developmental rates,
amongst others (Agyekum et al., 2021; Lim et al., 2021; Chandra and Mukherjee,
2022). Mosquitoes can adapt to such changes in their environment, which has been

highlighted in past studies (Lyons et al., 2012).

Insects have upper and lower thermal limits in which they cannot survive or thrive and
the capacity of an organism to endure extreme temperatures is known as
thermotolerance. High temperatures such as 50°C can be lethal although insects have
mechanisms to respond to temperature change and to overcome stressors, such as
heat, which confers an advantage to insects in climate change (Charlwood and
Braganca, 2012; Lyons et al., 2016). Most malaria vector larvae tend to be more
sensitive to temperature changes, compared to adult mosquitoes, as they live in small
pools or bodies of water and cannot remove themselves from unsuitable water
conditions (Oliver and Brooke, 2017). A side effect seen in larvae is that they will
expend high levels of energy to increase their metabolic rates at high temperatures,
which causes less thermotolerance and even death (Dodson et al., 2012; Portner et

al., 2017).

Most mosquito larvae are reared in laboratories at 25°C-27°C, which is similar to their
natural environment (Davies et al., 2016) and studies have been performed to assess
the effects of high temperatures on larval survival. Ezeakacha and Yee (2019) studied
the impact of temperature on intraspecific larval competition and changes from larval

to adult stages in Aedes albopictus. There was a significant interaction between larval



density and temperature whereby at the highest temperature of 34°C, the smallest
females took the longest to develop. Higher density also generally accentuated this

effect of longer development.

Adults exposed to higher temperatures had bigger variations in fecundity and survival,
which were carry-over effects from larvae. A separate study showed Ae. albopictus
larvae reared at 26°C pupated faster than those reared at 22°C, however, fewer larvae
completed ecdysis (adult emergence) at the higher temperature (Alto and Juliano
2001). Additionally, An. gambiae, reared in warmer temperatures, lead to faster pupal
development but smaller adults based on wing size (Christiansen-Jucht et al., 2014).
Conversely, lower rearing temperatures resulted in slower development but larger
adults (Westbrook et al., 2010). When temperatures are too low (21°C), ecdysis, as
well as egg hatching, was also delayed in Ae. albopictus as was observed in Anopheles
albitarsis and Anopheles aquasalis (Gongalvez de Carvalho et al., 2002). This
temperature impact on mosquito developmental times has also been reported in Culex
tarsalis (Reisen et al., 1984), Anopheles sergentii (Beier et al., 1987), Anopheles dirus,
Anopheles sawadwongporni (Phasomkusolsil et al., 2011), An. arabiensis (Oliver and
Brooke, 2017) and An. gambaie (Lyimo et al., 1992) to mention but a few. Bayoh and
Lindsay (2003) showed that An. gambiae larvae exposed to 38°C and then moved to
25°C did not complete development, implying a cumulative effect at increased
temperatures. Charlwood et al. (2003) showed that wild-caught An. funestus female
adults’ wing size increased when temperature increased from 26°C to 29°C in a

Furvela village in southern Mozambique.

Furthermore, species-specific trends regarding temperature survival tolerance have

been identified. For example, An. arabiensis tends to have higher larval survival
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tolerance to high temperatures compared to An. funestus or An. quadriannulatus
(Agyekum et al., 2021). Anopheles funestus larvae showed mortality when the
temperature was low (15°C) and at a high temperature of 35°C (Lyons et al. 2013).
Another study supports this whereby An. funestus larvae survive best at a temperature
of 27°C, but when it drops below 18°C and approaches 32°C, it becomes less viable
(Kahamba et al., 2022). Temperature effects are also gender specific and, in An.
arabiensis and An. funestus, the females were more tolerant to low and high
temperatures than males (Lyons et al., 2012). Based on the understanding of how
temperature influences survival, it is clear that temperature changes can potentially
affect the success of mosquito vector populations and, thus, the spread of malaria.
Only a few studies investigated the effect of temperature on An. funestus and additional

studies from different geographical locations are urgently needed

1.5. Heat Shock Response

Heat, as well as cold, are stressors for mosquitoes, and this is mitigated by the heat
shock response (HSR). The HSR is instigated by the heat shock factor, which in turn
is involved in cell regulation in response to stress (Tinté-Font and Cortés, 2022).
Although the HSR is not only related to heat stress, the bulk of the literature relates to
temperature. The HSR is described as the rapid process associated with the synthesis
of heat shock proteins (HSPs) provoked by stress from heat (Bowler, 2005). The first
description of HSR and the molecular changes that occur was described in Drosophila
melanogaster by Ritossa (1962), whereby a HSR was initiated upon a shift in
temperature from 20°C to 37°C. It was not until 1973 that it was discovered that the
heat shock response was also accompanied by the production of several HSPs

(Tissieres et al., 1974).
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The HSR is initiated within minutes when an organism is exposed to a stressor and is
a useful indicator of stress in organisms (Lindquist and Craig,1988). Cellular stress,
such as heat, can cause proteins in the cell to misfold and aggregate (Zhao and Jones,
2012; Chang et al., 2018). Accumulation of damaged proteins in the cell is mitigated
by the HSR pathway (Figure 1). The HSR is regulated by a transcription factor called
the heat shock factor (HSF). The HSF exists mainly in a sequestrated and inactive
state as a monomer, which is inhibited by its association with HSPs (Hightower, 1991).
The HSPs break away from HSF during cellular stresses and bind to misfolded proteins
(Gross et al.,, 2009). Thus, HSPs act as molecular chaperones, which assist the
organism to acclimate to stress and are required in huge amounts. Unbound HSF
undergoes trimerisation, which allows it to be activated and act as a transcription factor
(Sivanetal., 2017). The HSPs and HSF (relevant to this study) will be discussed further

in more detail.

HSP
. break
away
from HSF

Figure 1: Heat shock response pathway. The cell undergoes a stress (1) which causes
proteins in the cells to misfold and aggregate (2). The stressor activates the heat shock
response (3). Heat shock factor (HSF) remains in a sequestered state by HSPs. These
HSPs break away from the HSF (4) and bind to the misfolded and aggregated proteins
(5). The HSPs either repair the misfolding or they destroy the damaged proteins. Thus,
the cell and its proteins remain protected (6).
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1.5.1 Heat shock proteins

The HSPs are required for everyday cell survival, preservation cell homeostasis, and
play a role in protein folding and normal development and makeup 1% to 2% of all
proteins in all organisms (Stephanou and Latchman, 2011; Barna et al., 2018; Chen et
al.,, 2018A). For example, the Antarctic midge, Belgica antarctica, consistently
expresses HSP70 and HSP90 regardless of cold stress, suggesting HSPs are required
for survival (Lopez-Martinez et al., 2008). HSPs are required for the survival of all
organisms, whereby HSPs break away allowing HSF to be translocated to the nucleus
to activate its function as a transcription factor. It is this continual loop that allows these

two components to work together.

As mentioned above, many HSPs act as molecular chaperones to prevent or reverse
misfolded proteins and provide a more suitable environment for correct protein folding
(Richter et al.,, 2010). The insect's HSPs are divided into four families based on
molecular weight, function, and amino acid sequence (King and MacRae, 2015). HSPs
can be divided into either small heat shock proteins (SHSPs) or larger heat shock
proteins (HSPs). The sHSPs are adenosine triphosphate (ATP) independent, while
HSPs (HSP60, HSP70, HSP90 and HSP100) are ATP dependent. HSPs are
numbered according to their molecular weight ranging from 10 to 110 kilodaltons (Hu

et al., 2022).

When a stressor is introduced, the first line of defence is sHSPs, which assist in
preventing the irreversible damage to proteins. If proteins cannot be protected and
conserved, sHSPs promote protein degradation through either the ubiquitin (Ub)-

proteosome system (UPS) or the autophagy-lysosome system (Ciechanover and
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Kwon, 2017). The larger HSPs then interact with the proteins by protein folding. This
influences protein integrity and cell metabolism (King and MacRae, 2015). HSPs work
by collapsing the hydrophobic chains of misfolded proteins to expose and bind to the
interactive surfaces of the protein, by working on forces such as electrostatic forces

and hydrogen bonds (Hartl, 1996; Hu et al., 2022).

HSP70 is the most prominent and well-studied HSP upon cell stress and has two
domains (Mayer and Bukau, 2005; Kurashova et al., 2020). The N-terminal is the most
conserved across species and has a high affinity to ATP. The C-terminal is less
conserved and is responsible for binding to proteins. In Drosophila species, HSP70 is
undetectable in non-stressed cells, but upon heat, it is expressed 1 000-fold (Benedict
et al., 1993). HSP60 is highly sensitive to damaged proteins and proteolytic digestion
by exposing the core of the protein. That being said, HSP70 and HSP60 are less
specific in their interactions with proteins than HSP90. HSP90 is associated with only
particular proteins, and these interactions are usually long-lived and are important

regulatory features (Parsell and Lindquist, 1993).

HSPs in adult Aedes aegypti mosquitoes are linked to egg production, dehydration
tolerance and water balance maintenance, which is important in vector control as water
behaviour is linked to habitat preferences (Benoit et al., 2010). Aedes aegypti and An.
gambiae adult females take a hot blood meal, initiating the heat shock response (Sivan
et al., 2017). However, when the HSPs are suppressed via interfering RNA (RNAI),
fewer eggs are produced, suggesting that HSPs are required for egg production
(Benoit et al., 2011). A study involving Ae. aegypti, Cx. pipiens and An. gambiae
showed a direct link between HSP70 and HSP90 transcript abundance and

dehydration tolerance. In all three species, dehydration induced the transcript
13



abundance of HSP70, but only Cx. pipiens maintained this transcript following
rehydration. Except for Cx. pipiens, whose transcript abundance was not observed
during rehydration, HSP90 was constitutively expressed and its levels remained largely

consistent during dehydration and rehydration (Benoit et al., 2010; Pereira et al., 2017).

1.5.2. Heat shock factor (HSF)

HSF is a DNA-binding transcription factor with conserved structure and function across
various organisms including humans (Kregel, 2002). HSF's transcript abundance and
function may differ between organisms (Feder and Hofmann, 1999; Si et al., 2019).
HSFs are commonly divided into four types, including HSF1, HSF2, HSF3 and HSF4
in vertebrates, whereby HSF1 is considered the main regulator of heat shock protein
transcript abundance. HSF1 is the only HSF present in Diptera and yeast. The
fundamental structure of HSF consists of a helix-turn-helix DNA binding domain, one
or more hydrophobic coiled-coil regions essential for the stability and regulation of
homotrimer formation, and a carboxyl-terminal trans-activation domain (TAD) (Hahn et
al., 2004). TAD is responsible for transcriptional activation whereby a regulatory
domain (RD) modulates TAD activity. The coiled regions are made up of HR-A/B
oligomerisation domains, which include heptad repeat (HR) A (HR-A) and HR-B
leucine-zipper domains, that mediate HSF trimerisation. HR-C heptad repeat domain
keeps HSF in a monomeric form, due to its interaction with the HR-A/B domain (Figure

2).

HSF, most importantly, acts as an activator of the HSPs during times of cellular

stresses such as heat, radiation, hypoxia, infection, introduction of dsRNA and toxicity
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caused by heavy metals (Akerfelt et al., 2010; Vihervaara and Sistonen, 2014). Once
the HSPs have dissociated from HSF monomers, HSF trimerises and translocates to
the cell nucleus where the HSF trimer binds to with heat shock elements (HSE) to
activate the transcription of heat shock genes (Hightower, 1991; Gomez-Pastor et al.,
2018). HSEs consist of 10 base pair sequence repeats of 5-nGAAn-3’ (where ‘n’

indicates any nucleotide) in alternating orientations (Nagao et al., 1990).

Figure 2 : Schematic illustration of the typical HSF protein domains. DBD: DNA binding
domain, which binds the consensus HSE (heat shock elements) sequence; HR-A/B
oligomerisation domain: The HR-A and HR-B leucine-zipper domains mediate the
trimerisation of HSF1. RD: regulatory domain, which modulates TAD activity. The HR-
C heptad repeat domain keeps HSF1 in a monomeric form due to its interaction with
the HR-A/B domain. TAD: transactivation domain is responsible for transcriptional
activation.

HSF undergoes phosphorylation on serine and threonine residues once it is activated
by the release of HSPs upon a stressor. The HSF activity can be inhibited when
phosphorylation on serine residues 121, 303, 307 and 363 occurs. In comparison,
phosphorylation on serine residues 320 and 326 by kinase A results in activation (Chou
et al., 2012) (Figure 3). Phosphorylation of serine 326 leads to a secondary post-

translational modification in which lysine 298 is sumoylated (Gabriel et al., 2023). In
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the sumoylation process, small ubiquitin modifying proteins (SUMO) are covalently
bound to particular lysine residues in the target proteins, controlling a variety of
elements of protein function, including transcription, subcellular localisation, DNA
repair and cell cycle (Zhang et al., 2021). Kinase A is a regulator of cell metabolism
and consists of two subunits, namely PKAc and PKAr. PKAc a-form binds to HSF and
initiates phosphorylation of serine residue 320 by activating the promoter site,
activating transcription (Moreno et al., 2021). The trimerisation of HSF, after the HSR
is produced, enables domains previously hidden to be phosphorylated. The HSR
attenuation occurs when HSF is converted from a trimer to an inactive monomer via
deactylation by the NAD+-dependent sirtuin (SIRT1) deactylase (Stephanou and
Latchman, 2011). Attenuation occurs proportionally to the intensity of the stress to

return to the control conditions (Shi et al., 1998; Voellmy and Boellmann, 2007).
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Figure 3: Heat shock response by activation of HSF. The heat shock factor exists as
an inert monomer and attains its transcriptional activity stepwise upon exposure to heat
shock. (1): HSF accumulates in the nucleus and oligomerises into a DNA-binding
competent trimer. (2): trimeric HSF binds to heat HSE sequences (inverted repeats of
NGAAn) present in the promoters of target genes. (3): HSF becomes
hyperphosphorylated. (4): the hyperphosphorylated HSF attains complete
transcriptional activity by Kinase A (coactivator), resulting in the induction of heat shock
protein gene transcription. The outer circle represents the cell, whereas the inner circle
represents the nucleus (Permission obtained from Westerheide et al., 2006; Appendix
A).
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HSF transcriptionally activates genes that encode components needed for protein
folding, processing, targeting, and degradation. HSF is also involved in responding to
stresses related to cell growth and differentiation as well as normal physiological
processes and this is becoming more evident, although their role in thermotolerance
and the activation of gene expression in response to environmental stress has been
thoroughly studied (Morano and Thiele, 1999; Garbuz et al., 2003; Nielsen et al., 2005).
In addition to its role in stress response, the HSF is also required during normal,
unstressed growth in the single-celled yeasts Saccharomyces cerevisiae and
Schizosaccharomyces pombe (Gallo et al., 1993). Little is known about the unstressed
growth aspect of HSF biology, although the requirement is likely to reflect a need for
HSF in the basal transcription of various target genes. This highlights the need for HSF
investigation as there is a large gap in knowledge of HSF function outside of

temperature in mosquitoes, specifically in An. funestus.

Vectors can expand their geographical range because of global warming (Li and
Managi, 2022). Therefore, it is important to look at global warming in vectors although
it is not directly going to be used to control vectors currently. Understanding how vector
physiology and molecular mechanisms change and the mechanism around the HSR
IS important to give biological insight into the vector that needs to be controlled. It is

important to know what impacts its fertility, fecundity and longevity.

1.6. Study rationale

Insecticide resistance is a major threat to vector control, and stakeholders are
investigating novel genetic approaches to supplement current vector control

interventions. However, the lack of understanding of complex molecular pathways and
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systems limits the expansion and development of supplementary approaches. This is
also true for An. funestus and although it is responsible for a substantial number of
malaria cases in Africa, it remains understudied compared to the other main African
malaria vectors (Ngowo et al., 2021; Kahamba et al., 2022). In order to study HSF
under stressed conditions, this study prioritised to understand and gain knowledge of
HSF under non-stressed conditions. Thus, this study is a stepping stone for further
studies. In order to improve our understanding of the molecular and biological systems
of An. funestus, the current study aims to better understand the biological role of HSF

in this species.

1.7. Aim and Objectives

This study aimed to understand the biological role of HSF in the African malaria vector
An. funestus with regard to HSF transcript abundance and its effect on life table

parameters.
The following objectives, with sub-objectives, were used to achieve the aim:

1.7.1. To evaluate HSF transcript abundance during all An. funestus life stages (egg,

larvae, pupae, and adults) (Chapter 2).

e Since HSPs are essential for survival (Akerfelt et al., 2010), it is hypothesised that

HSF transcripts will be present throughout all developmental stages.

1.7.2. To determine if SIRNA fed via sugar water can be used as a delivery system to

achieve target gene knockdown of RPL19 (Chapter 3).

e RPL19 is a positive control and the evaluation of RPL19 knockdown before testing
HSF knockdown was performed to assess that the delivery method of siRNA was

suitable. Given that it is non-invasive and incorporates siRNA into an energy source
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(sucrose solution), it is hypothesised that this technique can be used to deliver

siRNA to female An. funestus mosquitoes.

1.7.3. To achieve knockdown of HSF via siRNA targeting the HSF gene (Chapter 4).

e |t is hypothesised that sugar feeding of siRNA will decrease HSF transcript

abundance.

1.7.4. To evaluate the HSF knockdown effect at the phenotypic level (longevity,

fecundity, fertility, and time-to-hatch) in adults (Chapter 5).

e |tis hypothesised that HSF knockdown will affect longevity, fecundity, fertility, and

time-to-hatch of An. funestus.
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CHAPTER 2

HSF TRANSCRIPT ABUNDANCE DURING THE FOUR LIFE STAGES OF

ANOPHELES FUNESTUS

2.1. Introduction

Anopheles funestus was discussed in Chapter 1 and has a life cycle similar to that of
other anophelines. Mosquitoes have four separate life stages, namely eggs, larvae,
pupae, and adults (Figure 4). The life cycle of mosquitoes is interdependent, whereby
internal and environmental factors from one stage affect the development of the other
stages (Childs et al., 2016). Anopheles funestus females usually lay around 60
elongated eggs at a time, individually directly onto the water surface (Clements, 2000;
Zengenene et al., 2021B; Felamboahangy et al., 2022). The eggs are 0.44-0.51 mm in
length and 0.13-0.17 mm in breadth, and they have floats with 14-18 air chambers in
order to float on the water surface (Gillies and De Meillon, 1968). Anopheles funestus
eggs hatch into larvae after about three days (Gillies and De Meillon, 1968; Ngowo et
al., 2021), after which the larvae grow and undergo four growth stages called instars
(Rozendaal, 1997). The larval stage is the longest of the three juvenile stages and is
the only juvenile stage that feeds (Beck-Johnson et al., 2013). The first instar larvae
measure around 1.5 mm long, whereas the fourth instar measures about 8 mm,
depending on the species (Schaper and Hernandez-Chavarria, 2006). Larvae
(anophelines specifically) feed on particulate matter using mouth brushes by anchoring
to the water's surface (Clements, 2000). They usually rest and feed parallel to the water

surface (Rozendaal, 1997)
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A study by Zengenene et al. (2021A) showed that An. funestus larval development
time to pupation ranged from 16- 21 days under laboratory conditions (25°C). In
warmer climates of 30°C, the larval period of other anophelines can last four to seven
days, after which they develop into non-feeding pupae. Once the pupa matures after
about two to five days, the pupal case splits open and the adult mosquito emerges
(eclosion) (Williams and Pinto, 2012). The newly emerged adult requires rest to allow
for the cuticle to harden. Males and females feed on nectar as an energy source, but
the female requires blood to develop her eggs post-mating. In the wild, a female
requires a blood meal every two days in order to lay eggs. This life cycle from egg to
adult lasts about 21 to 30 days in optimal conditions in An. funestus (Ngowo et al.,

2021).

Adult
Terrestrial
> Aquatic
7
Egg f Pupa
f f /f ‘f /
j i K
Larval stages: L1 L2 L3 L4
-
Larva

Figure 4: The life stages of the anopheline mosquito life cycle. There are three aquatic
life stages: eggs, larvae, and pupae. The one terrestrial life stage is adults. The larvae
undergo four stages called instars, which increase in size (Williams and Pinto, 2012).

In a stress-free environment, HSF activity and associated gene transcript abundance

have been linked to developmental stages. For example, Caenorhabditis elegans, a
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model organism, shows a sudden decline of HSF transcript abundance during the first
24 hours of adulthood, just as sexual maturity is reached, suggesting a developmental
role in addition to a HSR role (Chen et al., 2018B). During diapause, all of the HSF
splice variants identified in the study by Chen et al. (2018B) were up-regulated in pupae
of Helicoverpa armigera (cotton bollworm). In addition, even the synthesis of HSPs,
which are transcriptionally activated by HSF, in An. stephensi was linked to
morphological and physiological events during pupal development (Gakhar and

Shandilya, 1999).

HSF is the main interest of this study. Before determining its biological role in An.
funestus, its transcript abundance at the different developmental stages in a stress-

free environment was investigated.

2.1.1. Aim and objectives

The aim of the study described in this chapter was to determine the transcript
abundance of HSF during all life stages in the major malaria vector, An. funestus. The

following objectives were formulated:

2.1.1.1. Optimising real-time quantitative PCR (gPCR) protocol and analysis
procedures.

2.1.1.2. Confirmation that experimental mosquito cage setup with male and
female adults in a 1:1 ratio will produce mated females (mating was
allowed for 10 days) for downstream life stage analysis studies for

objective 2.1.1.3.
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e |tis expected the majority of females will be mated due to the optimal
mating time of 10 days (for An. funestus) being used (Maharaj et al.,
2022).
2.1.1.3. Assess HSF transcript abundance level in eggs, larvae, pupae, and
adults using gPCR
e |tis hypothesised that HSF transcripts will be present in all life stages

but will vary between life stages.

2.2. Materials and Methods

2.2.1. Study samples

Laboratory-reared eggs, larvae, pupae, and adults (females and males) of An. funestus
from the FUMOZ colony were used in this research. FUMOZ was established in 2000
using wild-caught An. funestus material from southern Mozambique (Hunt et al., 2005).
The colony is housed in the Botha De Meillon Insectary (Vector Control Reference
Laboratory (VCRL), National Institute of Communicable Diseases (NICD),
Johannesburg), at 80% humidity and 25°C with a 12-hour light; 12-hour dark cycle and
45-minute dusk/ dawn simulation. Mosquito larvae were fed a powdered diet consisting
of a mixture of Beeno® dog biscuits (Beeno® South Africa, http://www.beeno.co.za)

and Brewer’s yeast in a 3:1 ratio (Zengenene et al., 2021A).
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2.2.2. Experimental setup to determine that the designed HSF primers efficiently

target the HSF gene

2.2.2.1. Primer design

Primers targeting the HSF gene were designed by Dr. Yael Dahan-Moss using the
Vector Base accession number AFUN004137 and manufactured by Macrogen, South
Korea (Table 1; Figure 5). This set of primers was evaluated to ensure the correct gene
target was amplified using An. funestus complementary DNA (cDNA) template for
gPCR. A no-template control (excludes DNA template) and a negative control (includes
only SYBR® Green Supermix and water, but no primers or cDNA) were included to

ensure the reagents and primers were not contaminated.

Table 1: Primers sequences and amplicon length of the predicted product (Dahan,
unpublished).

Sequence 5’-3’ Primer | Amplicon
Tm length

HSF | Forward | GCACCCGTAGTAGCAATGGT | 60.11°C 206 bp

Reverse | CCAAGGTTCCTTGATCGTGT | 57.81°C

A.

1024 bp
1bp

5984 bp
B. A

GCACCCGTAGTAGCAATGGTIAGCGCCGGAGGTAGCGGTGGAGATGGA
GCATTGAACTACGGAGGTGGAAATGAAACTATTGAGGAAATA CCA
CCTCACCCGTACCGTTCCGCACCGGTGTCGATGGTGGAATGAGAGGAT
CAACTATGCCGTCCAAGGTATTGAAAATGGAAAGCGATCAGAATCGTCA
GCAGAAGTACAGTACACGATCAAGGAACCTIGG

Figure 5: HSF gene and the position of the primers. A) the full length of the HSF gene
B) a portion of the HSF sequence that was amplified and the position of the HSF
primers (highlighted in green).
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2.2.2.2. RNA extraction and cDNA synthesis

Ribonucleic acid (RNA) was extracted from newly emerged (less than 12 hours old)
An. funestus adults (20 males and 20 females) in a 1:1 ratio to represent one biological
replicate. A total of three biological replicates were conducted. The total RNA was
extracted using the TRIzol extraction method (Invitrogen catalogue number
15596018). The quality and integrity of the RNA were evaluated using a NanoDrop ™
spectrophotometer (Thermo Scientific catalogue number ND-2000) and RNA native
gels, respectively (Winnebeck et al., 2010). RNA samples with values below 1.8 and
considerably above 1.8 for both the 260/280 and 260/230 ratios were not used going
forward as these samples had organic contaminants, such as (but not limited to):
phenol, TRIzol, chaotropic salts and other aromatic compounds (Heidary and Kakhki,

2014).

RNA was extracted and quantified (in the range of 900- 1 400 ng/ul) and this RNA was
used to synthesise cDNA (Figure 6) using the QuanitiNova Reverse Transcription Kit
(Qiagen catalogue number 205411). RNA from males and females were combined so
that there was no gender bias in the results. The quality of cDNA was confirmed using
a NanoDrop™ spectrophotometer. Good quality cDNA had an A260/280 ratio of
approximately 1.8, while a lower ratio was considered to have a significant number of
contaminants, such as phenol and TRIzol. All cDNA samples were diluted to a
concentration of 50 ng/pl (Appendix B) and were used for downstream gPCR analysis.

The remaining undiluted cDNA was stored at -20°C.
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Figure 6: Complementary DNA (cDNA) synthesis. Single-stranded mRNA (ss mMRNA)
(red) uses the enzyme reverse transcriptase, which uses the ss mMRNA as a template
and a short 3’ primer complementary to the strand to direct the synthesis of cDNA
(blue). DNA polymerase makes a complimentary copy of the single cDNA strand and
then nuclease cleaves the hairpin loop to form double-stranded cDNA, which was then
used as a template for PCR (Permission obtained from Carr and Kasbekar, 2022;
Appendix C).

2.2.2.3. Confirmation of HSF primers

Solutions to be used in gPCR were prepared using the cDNA, mentioned above, and
HSF primers (Table 1) and were performed in triplicate, per each of the three biological
replicates. Anopheles funestus cDNA (2 pl from a 100 ng/pl solution) was added to the
96-well plate and thereafter, a PCR reaction mix of 3 uM of HSF primers, nuclease-
free water and SYBR® Green Supermix (dNTPs, iTag™ DNA Polymerase, MgClz,
fluorescein; BioRad catalogue number 1708882) was added making up a final volume
of 25 pl. The gPCR cycling conditions for one cycle were as follows: 94°C for 2 minutes
(one cycle) and then 94°C for 30 seconds, 55°C for 30 seconds and 72°C for 40
seconds for 42 cycles. A final auto extension cycling was included at 72°C for 10
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minutes and the amplified mixtures were held at a 4°C hold. Thereafter, samples were

then stored at 4°C.

Following the PCR reaction, 10 pl per technical replicate per sample were
electrophoresed on a 2.5% agarose gel containing 12 pl ethidium bromide, from a 10
mg/ml solution, per 400 ml of gel. The gel was viewed using a Molecular Imager Gel
Doc XR System (BioRad catalogue number 170-8170). The remaining PCR
amplification products underwent Sanger sequencing (Macrogen, South Korea) to
confirm the identity of the three amplicons (Figure 7). The BioEdit tool (version 7.7)
(Hall, 1999) was used to construct a HSF consensus sequence, which was then
analysed by the BLAST VectorBase tool

(https:/Ivectorbase.org/vectorbase/app/workspace/blast/new).
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Figure 7: Flow diagram of the methods involved in determining if the HSF primers that
were designed targeted the HSF gene. (1) Newly emerged adults were collected and
cold-killed. (2) RNA was extracted from the mosquitoes. (3) cDNA was synthesised.
(4) Primers complementary to the HSF sequence were synthesised. (5) Polymerase
chain reaction (PCR) was performed. The PCR amplicon was divided and one half was
electrophoresed on a gel and the rest of the amplicons were sent off for (6) Sanger
sequencing to confirm the correct sequence was amplified.

28




2.2.3. Experimental setup for assessing HSF transcript abundance at different

life stages

2.2.3.1. Obtaining study samples

Experimental setup involved obtaining samples from each stage of the An. funestus
life cycle at 25°C. This temperature was selected as this is the standard insectary
rearing temperature for all life stages. Newly emerged (less than 12 hours old) An.
funestus female and male adults were placed in BugDorm® rearing cages (W32.5 X
D32.5 X H32.5 cm; Megaview Science Co., Ltd, Taiwan) in the Botha De Meillon
Insectary. The three cages, per each of the three biological replicates, contained 40
female and 40 male adults each to allow for mating for 10 days. During this time
mosquitoes were allowed to feed ad libitum on 10% sucrose solution. At day 10 the

males were removed and the females were used for downstream analysis.

2.2.3.2. Spermathecal capsule dissection

Ten females from each cage were removed after 10-day mating period, immobilised
and spermathecal capsule dissections were performed to assess their insemination
status, per each of the three biological replicates. This was important to ensure mating
occurred and that females were ready for their reproductive cycle (blood feeding and
egg production). Reproductive success was vital for the continuation of this study. The
terminalia and last abdominal segment of the females were removed in order to expose
the spermatheca which was subsequently observed via microscopy at 100X
magnification to determine mating status (Methods in Anopheles Research Manual,
2015). The females were either scored “yes” for the presence of spermatozoa (mated)

or “no” for the absence of spermatozoa (unmated). The proportion of females mated
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was calculated as a percentage for each biological replicate. The presence of
spermatozoa (above 60%) indicated successful mating and females could be blood
fed (Zengenene et al., 2021B; Felamboahangy et al., 2022). On days 11 and 13, the
remaining female mosquitoes were allowed to blood feed. This was essential to ensure

egg production to continue with the HSF transcript abundance study for all life stages.

2.2.3.3. Obtaining samples from each life stage

On day 13, blood fed females were removed from the cages and placed in separate
oviposition cups, per each of the three biological replicates (Figure 8). The eggs laid in
each oviposition cup were removed, counted and 300 eggs were used for RNA
extraction and stored in the laboratory in a distilled water solution at 4°C until RNA
extraction was completed later that day (Figure 9A). The remaining eggs were
transferred into rectangular larval rearing bowls (120 mm width X 200 mm length X 70
mm height) filled with 750 ml of distilled water and left to further develop. Larvae were

fed twice daily on a mixture described in section 2.2.1.

Filter
paper

Cotton
wool

Black
paper

Figure 8: lllustration of the oviposition cup. There are three layers at the bottom for
ovipositing. The black photocopy paper was placed down first, cotton wool was added
and moistened with distilled water. The filter paper was then placed on top of the cotton
wool and was securely placed so that it lay flush against the sides of the cup.
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After 13 days, 30 fourth instar larvae (Figure 9B) were removed from each bowl and
cold-killed at -20°C to be stored in the laboratory for RNA extraction. The remaining
larvae were left to develop into pupae and once a larva had pupated (Figure 9C), 30
pupae (15 males and 15 females) were removed, cold-killed, and stored in the
laboratory at 4°C for RNA extraction. The remaining pupae were monitored and once
the adults underwent eclosion, male (Figure 9D) and female (Figure 9E) adults were
removed in a 1:1 ratio from each bowl, cold-killed, and stored in the laboratory at 4°C
for RNA extraction and cDNA synthesis, which was used for transcript abundance
studies (Figure 10). The pupae being used for RNA extraction were viewed under a
microscope to determine the gender of each pupa. It is difficult to sex individual eggs
and larvae, although some laboratories use size separation on Aedes mosquitoes as
a technique. Size separation is not possible for anophelines and therefore, it was
assumed that the eggs and larvae were mixed with both males and females in equal
ratios as no gender distortion has been reported for this colony (Zengenene et al.,
2021B). In order to allow for proper comparison, it was decided that the pupae and

adults of both genders should be mixed in equal proportion as well.
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Figure 9: Microscope images showing the four stages of An. funestus development.
A: Rod-shaped singly laid An. funestus eggs; B: An. funestus fourth instar larvae; C:
An. funestus male (above) and female (below) pupae distinguished by their distinctive
terminalia; D: An. funestus adult male and E: female. Male and female adults differ by
the unique differences in the antennae and mouthparts. Images at a scale of 100 um

at 10X magnification.
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Figure 10: Flow diagram of the methods involved in assessing life stage transcript
abundance. (1) Three cages were setup whereby these each contained 40 females
and 40 males to allow for mating for 10 days. (2) Males were removed from the cages
and (3) 10 female mosquitoes were dissected to determine mating success. (4)
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Females were blood fed (days 11 and 13) and (5) individual blood fed females were
placed in oviposition cups. (6) Eggs were collected and used for cDNA synthesis
(n=300), while the remaining eggs were used for rearing. (7) After 13 days, a subset
of larvae (n=30) was used for cDNA synthesis. (8) Once the larvae pupated, 30 pupae
were used for cDNA synthesis, while the remaining pupae were allowed to develop
into adults. (9) Samples from each life stage were used for cDNA synthesis and (10)
transcript abundance was assessed using gPCR

2.2.3.4. RNA extraction and cDNA synthesis

RNA was extracted and cDNA was synthesised as described in section 2.2.2.2. The
number of eggs, larvae, pupae, and adults required for RNA extraction differed. RNA
was extracted from 300 eggs, 20 larvae, 16 mixed pupae and 16 mixed adults ina 1:1
gender ratio, per each of the three biological replicates. Due to the size difference
between eggs and larvae compared to pupae and adults, more biological material (300
eggs and 20 larvae vs. 16 pupae and 16 adults) was required to ensure sufficient RNA
was extracted. Three biological replicates were performed and a total of 900 eggs, 60
fourth instar larvae, 48 pupae and 48 newly emerged adults were required for RNA

extraction and subsequent cDNA synthesis.

2.2.3.5. Reference gene selection

The identification of reference genes is crucial in producing reliable gPCR results
(Bustin et al., 2009; Nardini et al., 2017). Five reference genes were evaluated namely,
ribosomal protein S7 (RPS7), ribosomal protein L19 (RPL19), glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), ribosomal protein S26 (RPS26) and An.
funestus ribosomal protein 18S (FUN18S) (Spillings, 2012). Primers targeted to the
reference  genes were synthesised through Macrogen, South Korea

(https://www.macrogen-europe.com/services/oligo-synthesis) (Table 2). All five
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reference genes were evaluated using cDNA from two-day old An. funestus adults and

were based on the Ct values (Silver et al., 2006) produced using gPCR (Appendix D).

Table 2: Primers sequences, melting temperatures and amplicon lengths for each

reference gene that was evaluated in gPCR.

Primer | Amplico Genbank
) Tm nlength | Accession
Primer Sequence 52> 3’ Number Referenc
e
RPL19 (forward) | GAAACACCAACTCCCGACA 60.2°C 223 bp | DQ910355. | Spillings,
1 2012
RPL19 (reverse)
TCAACAGGCGACGCAACAC 62.3°C
RPS7 (forward) TTACTGCTGTGTACGATGCC 60.4°C 134 bp | EF450776.1 | Amenya
et al.,
RPS7 (reverse) 2008
GATGGTGGTCTGCTGGTTC 62.3°C '
GAPDH (forward) | GACTGCCACTCGTCCATC 62.2°C 139 bp Spillings,
2012
GAPDH (reverse) |- 5 GTcTGCATGTACTTG 60.4°C
RPS26 (forward) | GATAAGGCAATCAAGAAGTTCG | 59.0°C 160 bp | CD577850.1 | Spillings,
IAF-NORA- | 2012
RPS26 (reverse) | TACGGACAACCTTCGAGTGG 62.5°C contig_270
FUN18S GTGTACTTGGGCGTTACTCTGT | 64.6°C 116 bp AF417780.1 | Spillings,
(forward) G 2012
FUN18S CTTTGAGCACTCTAATTTGTTCA | 59.7°C
(reverse) AG

SYBR® green technology was used to quantify transcript abundance. SYBR® green

is a dye that intercalates non-specifically into dsDNA and fluoresces, allowing

measurement of the amount of PCR product. Hence, as amplification proceeds, the

amount of DNA product increases. In real-time PCR, the results produced is the

number of cycles required to reach a threshold level known as Ct. The changes in the

transcript abundance of the target gene in treated subjects will be compared to that of

the reference gene transcript abundance levels. The raw Ct values had to be

transformed into relative quantities (RQ) using the formula RQ = E-ACt, where E is

gPCR efficiency. ACt was calculated using the formula ACt = Ctmin — Ctsample, with
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Ctsample being the raw Ct value for each gene and Ctmin being the minimal raw Ct

value (the sample with the highest relative quantity) over a range of samples.

2.2.3.6. Real-time PCR for quantitative analysis

Ct values were generated for each life stage. The same approach was used to obtain
the Ct values for the selected two reference genes, RPS7 and GAPDH. The values
generated from both reference genes were averaged to give an average Ct value for
all treatments going forward. Three biological replicates for each sample type were

analysed to determine transcript abundance at each life stage.

2.2.3.7. Data analysis

The change in Ct (ACt) was calculated as ACt = Ct (average Ct of the gene of interest)
— Ct (average Ct of reference gene) (Livak and Schmittgen, 2001; Pfaffl, 2001). This
normalises the gene of interest to a gene which is not affected by your experiment,

hence the reference genes.

The ACt was subsequently used to calculate the delta-delta Ct (AACt) value, which is
the difference between the aforementioned ACt values. The AACt method, also known
as the 2—AACt method, is a simple formula used in order to calculate the relative fold
transcript abundance of samples when performing real-time PCR. This method gives
an output of a relative fold change (FC) value which is an increase or decrease of the
gene of interest normalised against a reference gene (Livak and Schmittgen, 2001).
These values were evaluated for normality using the Shapiro-Wilks test and analysed
using a one-way ANOVA (an alpha value of 0.05 was used for all tests). A Tukey post-

hoc test (for multiple comparisons) using the tool GraphPad Prism (Version 9.0 for
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Windows, GraphPad Software, USA, www.graphpad.com) to indicate statistical
differences between comparisons or to allow for graphic representation on the graphs
even if no statistical differences were present. The spermathecal dissections were
scored as a percentage of success. These values were evaluated for normality using

the Shapiro-Wilks test and analysed using a one-way ANOVA.

2.3. Results

2.3.1. HSF-designed primers successfully amplified the HSF gene

RNA was extracted and then cDNA was successfully synthesised. Using the cDNA.
the PCR amplification of the HSF gene produced an amplicon at 206 bp, which
corresponds to the region of the gene to which the HSF primers hybridised (Figure 11).
The PCR amplicon was sequenced and European Molecular Biology Open Software
Suite (EMBOSS) water alignment (Rice et al., 2000) analysis of the sense and
antisense sequences confirmed that there was a 98.4% and 100% sequence identity
to the VectorBase sequence AFUNO004137 respectively. AFUN004137 is the
accession number for the sequence in VectorBase corresponding to the HSF gene
sequence. The HSF consensus sequence had a 97.57% sequence identity to the
VectorBase AFUN004137 sequence. Fewer mismatches in base pairs were observed
in the sense strand at the 3’ end, which can explain why the identity percentage was
lower than 100%. This is not unusual and is due to sequence artefacts where
mismatches are common at the 3’/5’ ends. This gene is 206 bp and it is located on
chromosome one at position CM012072.1:80651961:80668394:1 (Appendix E). This
confirmed that the HSF primers designed successfully amplify the gene of interest and

are suitable for subsequent experiments.
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Figure 11: Gel image of PCR products using HSF primer pairs (206 bp). Lanes 1 and
5: GeneRuler 100bp DNA ladder (Life Technologies, USA); Lane 2: An. funestus
cDNA; Lane 3: negative control; Lane 4: no template control (NTC).

2.3.2. Reference gene selection

Two reference genes, RPS7 and GAPDH, with the lowest stability values (M) identified
using NormFinder software (Andersen et al., 2004) analysis were selected to be used
to normalise transcript abundance levels in qPCR. These genes had the lowest M-

values of 0.656 (RPS7) and 0.916 (GAPDH) (Table 3) and are therefore the most

stable.
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Table 3: Stability values of each reference gene. RPS7 (pink) and GAPDH (purple)
were the two genes with the lowest M-values.

Gene name M- value
RPS7 0.656
FUN18S 1.009
RPS26 1.457
RPL19 2.159

2.3.3. Sequencing confirming reference gene identity

GAPDH and RPS7 amplicons were sequenced to confirm transcript identity. The
EMBOSS water alignment analysis of the sense and the antisense sequences of
GAPDH revealed a 99.1% and 99.5% sequence identity to accession number
AFUNO003850 on VectorBase. The BioEdit tool (version 7.7) was used to construct a
GAPDH consensus sequence from both strands, which was then analysed by the
BLAST VectorBase tool. There was a 97.12% sequence identity between the GAPDH
consensus sequence and the gene glyceraldehyde 3-phosphate dehydrogenase

(GAPDH).

The RPS7 sequences were also analysed and the EMBOSS water alignment analysis
of the sense and the antisense sequence revealed a 99.8% and 100% sequence
identity to accession number AFUNO007153, respectively. The software BioEdit was
used to construct a RPS7 consensus sequence from both strands, which was then

analysed by the BLAST Vector Base tool. There was a 97.76% sequence identity
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between the RPS7 consensus sequence and the gene 40S ribosomal protein S7

(RPS7).

2.3.4. HSF transcript abundance across the different life stages

This experiment required biological material from all life stages. A cohort of adults was
combined in a cage for mating and blood feeding and the female offspring were used

for this part of the study.

i Confirmation of mating

Spermathecal capsule dissections were performed on 10 females from each treatment
cage on day 10. The insemination status (% insemination £ S.D.) between the three
biological replicates varied from 78.67% = 3.18, 83.34% + 2.96 and 84.34% + 2.33.
There were no significant statistical differences between the biological replicates (one-
way ANOVA: p= 0.3839, F= 1.128, DF= (2, 6)) (Figure 12). The remaining females
were, therefore, used for blood feeding to obtain eggs, larvae, pupae, and adults for
the life stages to be analysed. The biological material was collected from the same life
cycle (from adult to adult) to allow a more controlled experiment and eliminate unknown

biological variations.
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Figure 12: The percentage of mating success in females across three biological
replicates. No significance (ns) between replicates was calculated using a Tukey post-
hoc test. Error bars represent the standard deviation (S.D.).

ii. HSF transcript abundance

HSF was expressed in all the life stages, with the highest relative fold transcript
abundance seen in An. funestus adults and the lowest in eggs. HSF transcript
abundance was statistically significantly different across all life stages (one-way
ANOVA: p<0.0001, F=10.29, DF (3, 8)). A Tukey-honestly significant difference (HSD)
test showed significant transcript abundance differences between eggs and larvae (p<
0.0001), eggs and pupae (p= 0.0080), eggs and adults (p< 0.0001), adults and pupae
(p= 0.0002) and larvae and pupae (p= 0.0008). Interestingly, there was no significant
difference in transcript abundance between larvae and adults (p= 0.3551) (Figure 13)

(raw Ct values found in Appendix F).
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Figure 13: The relative HSF transcript abundance normalised against the reference
genes, RPS7 and GAPDH, across the four life stages of An. funestus. The asterisks
indicate a Tukey post-hoc test (ns p > 0.05; *p < 0.05; ** p<0.01; *** p <0.001; ****p
< 0.0001). Error bars represent standard error of the mean (SEM).

2.4. Discussion

This study is the first to investigate HSF transcript abundance at all life stages in the
malaria vector An. funestus. HSF was expressed in all life stages and therefore is most
likely to be a critical transcript in insect development and survival. Primers were specific
to amplify the HSF gene. Samples used to evaluate transcript abundance were
obtained by allowing male and female adults to mate and females were then
subsequently blood fed. Mating were confirmed by spermathecal capsule dissections
and insemination rates were not significantly different between the biological replicates
(p> 0.05). Maharaj et al. (2022) who also worked on An. funestus found similar results.
After blood feeding, the progeny were used to evaluate the HSF transcript abundance

between eggs, larvae, pupae, and adults by using qPCR.
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Results showed that eggs and pupae had a significantly lower HSF transcript
abundance levels when compared to larvae and adults. HSF transcript abundance
increased 3.25-fold from egg to larval stages. HSF decreased when larvae were
compared to the resting pupal phase (0.5-fold decrease). An increase of 1.9-fold was

observed in adults when compared to pupae.

Jedlicka et al. (1997) identified four mutant alleles of the Drosophila HSF gene in order
to clarify the in vivo roles of HSF. The mutant alleles included a null and temperature-
sensitive allele. Results showed that the hsf* mutant defined the role of HSF in early
larval development and oogenesis. The hsf mutants were isolated in genetic screens
for recessive lethal mutations under conditions of no external stress, revealing a
requirement for HSF function under normal growth conditions in Drosophila. In Chilo
suppressalis, a rice pest moth, it was shown that HSF transcript abundance was greatly
increased during the adult stage (Dong et al., 2023) and this was also observed in An.
funetsus. These species-specific variations in the HSF transcript abundance profile
highlights the imporatace to examine this in An. funestus (Figure 14). There are very
few insect studies looking at HSF transcript abundance in the different life stages. This
gap in the knowledge that has been identified should encourage researchers to do
similar studies in other Diptera so that the knowledge on HSF transcript abundance

can be expanded.

The complicated life cycle of mosquitoes comprises of both aquatic and terrestrial
stages. Temperatures can have an impact on mosquito developmental time and
certain life stages are more susceptible to environmental stress than others (Harada
and Goto, 2017). Higher temperatures and stressors are combatted in insects using
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the heat shock response whereby HSF initiates this. Therefore, HSF transcript
abundance during periods of high stress and heat may be particularly crucial at certain

stages of development (Sgrensen and Loechcke, 2002).

I I Jedlicka et al. (1997) Drosophila
I I I I Dong er al. (2023) Rice pest moth

This study: An. funesius

Egas Larvae Pupae Adults

Figure 14: Graphical representation of the HSF transcript abundance profile in
Drosophila melanogaster (Jedlicka et al., 1997) (blue), the rice pest moth (Dong et al.,
2023) (orange) and An. funestus (this study) (green). Not drawn to scale and is purely
an illustrative proxy of HSF abundance per species.

Eggs, larvae and pupae of An. funestus are found in water, with larvae and pupae
displaying a relative low HSF transcript abundance compared to the larvae. This may
be due to the fact that eggs have three layers, the exochorion, endochorion and serosal
cuticle, that allows the egg to be viable outside of the water (Farnesi et al., 2017). In

this case HSF may not be required at such large quantities in this life stage due to
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other mechanisms of protection. It is also worth considering that the egg and pupal
stages are the developmental stages and it is possible that HSF does not play a big
role during these stages. In other An. gambiae transcript studies (whole genome
studies) the eggs have the fewest differentially expressed genes, hence during embryo
development the insect might put resources into other transcripts that are important for

development (Gokhale et al., 2013).

Larvae undergo four stages called instars and this stage is the longest of all four life
stages. The fact that HSF expression was highest at this stage suggests a
metamorphosis or moulting role and that HSF might be expressed to deal with
environmental stress and larval-pupal transition. HSF may also be a critical protein to
protect and enhance the survival of An. funestus. The eggs and pupae stages are short
(two days) and the larvae stages are much longer (16 to 21 days) (Zengenene et al.,
2021). Larvae are, therefore, exposed to environmental conditions for longer periods

of time.

The adult stage is the only terrestrial stage and showed a high HSF transcript level
compared to eggs and pupae. This suggests HSF plays a crucial role in terms of
survival against environmental conditions and regulation of growth and aging. This may
further extend to perhaps play a role in germline cell development such as oogenesis
and spermatogenesis as seen in Drosophila species (Jagla et al., 2018) which

suggests a reproductive role.
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2.5. Conclusion

Transcript abundance of HSF was confirmed to be present at all life stages of An.
funestus, however, the biological role of HSF in this species’ life table parameters is
still unknown. HSF knockdown by siRNA can provide vital information on the biological
role of this gene. Therefore, sugar feeding as a siRNA delivery system for An. funestus

was optimised and confirmed in the subsequent study.
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CHAPTER 3

EXPLORING SUGAR WATER AS A DELIVERY MEDIUM FOR siRNA-MEDIATED
GENE KNOCKDOWN AND VALIDATION THROUGH RPL19 IN ANOPHELES

FUNESTUS

3.1. Introduction

The biological role of HSF can be studied by inhibiting the gene transcript and
evaluating the impact on An. funestus life table parameters. Ribonucleic acid
interference (RNAI) can be used for this purpose. However, it will need to be delivered
to the mosquito, absorbed into the mosquito body and only then can transcript inhibition
be achieved. Most genes are transcribed into mRNA, which can be successfully
translated into an amino acid chain. Cells employ several strategies to promote or
inhibit the breakdown of these mRNA molecules (Bai et al., 2022). Employing SiRNA
to target endogenous mRNA enables RNAi gene manipulation in An. funestus. This
chapter will investigate siRNA delivery through sugar water feeding. Developing an
appropriate methodology for HSF knockdown was imperative before experimentation

could be initiated for subsequent chapters.

3.1.1. Ribonucleic acid interference (RNAI)

Knockdown studies or reverse genetics enable a better understanding of genes and
their functions (Joga et al., 2016). RNAI is one technique used to study the biological
function of a gene within an organism and was used in this study (Brown et al., 2003A;
Mello and Conte Jr, 2004). RNAi works by knocking down a gene by interfering or

silencing transcript abundance via double-stranded RNA (dsRNA) or siRNA. In
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research, siRNA has often been used as a silencing trigger (Tomari and Zamore, 2000)
and is a secondary molecule produced when dsRNA is introduced into an organism to

produce a silencing effect.

Introducing dsRNA into the organism causes the dsRNA to bind to a nuclease called
Dicer (Hutvagner and Simard, 2008). Dicer cleaves the dsRNA via adenosine
triphosphate (ATP) into smaller double-stranded 21-25 nucleotide short siRNA
fragments with 5’-phosphorylated and two hydroxyl group nucleotide 3’ overhangs
(Zamore et al.,, 2000; Hutvagner and Zamore, 2002; Hannon, 2002; Meister and
Tuschl, 2004; Siomi and Siomi, 2009; Perrimon et al., 2010). Dicer activity varies
between tissues, i.e., whole body, gut, and haemolymph (Peng et al., 2018). Dicer
contains five domains: a PAZ (Piwi-Argonaute-Zwille) domain, two RNase Il domains,
a helicase domain, and a dsDNA binding domain, which are all involved in protein-

protein interactions (Hoa et al., 2003).

The fragments of siRNA assemble onto the PAZ domain of the catalytic component
argonaute (Echeverri and Perrimon, 2006; MacRae et al., 2006). Argonaute is a
member of a large family of proteins with a PAZ and C-terminal Piwi domain (Cerutti,
2003). A single guide strand is incorporated into the RNA-induced silencing complex
(RISC). The guide strand binds to complementary mRNAs and RISC mediates
degradation or translational suppression of the endogenous transcript in the absence
of ATP (Zamore, 2001; Agrawal et al., 2003; Brown et al., 2003B; Sanchez-Vargus,
2004; Whitehead et al., 2009; Murphy et al., 2016). The target mRNA is destroyed and

no protein is synthesised, thus resulting in gene silencing (Fire, 2007) (Figure 15).
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Although many researchers use long dsRNA (~300-400 bp) molecules in their
anopheline mosquito studies, the direct use of sSiRNA molecules enables confirmation
of phenotypes using multiple interfering RNAs. Purchased pre-synthesised siRNA
targets different 21-25 bp sites in a single gene, which can alleviate concerns that the
phenotype under analysis has arisen from off-site targeting that results from using

dsRNA molecules (Mysore et al., 2017; Wiltshire and Duman-Scheel, 2020).

dsRNA EEEEERERRRRRRRRERREEN

l Dicer
SiRNA

. .
duplex ARERERNERES

@

Formation of P
RISC
SIRNA-mRNA , p.l_,_l_,_,.. ,
complex 3 §
Sliced mRNA 3 5

GENE SILENCING

Figure 15: Mechanism of siRNA silencing. Double-stranded RNA is introduced into
the cell and binds to an enzyme, Dicer (yellow). Dicer cleaves the dsRNA into siRNA.
The siRNA attaches to RISC (green) and with the assistance of Ago proteins (blue),
the guide strand binds to complementary mRNAs. It mediates the degradation of the
endogenous transcript (pink), which results in gene silencing.

Regardless of whether dsRNA or siRNA are used, different mechanisms are in place
that enable the molecules to enter the cells of insects, also called receptor-mediated
endocytosis. Since this study's chosen method of siRNA delivery is sugar feeding, the

siRNA molecules will be ingested into the mosquito midgut before entering cells.
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3.1.2. Receptor-mediated endocytosis to assist in cell membrane crossing

Different cell membrane crossing mechanisms exist in organisms. For example, in
nematodes (Caenorhabditis elegans), a transmembrane protein called the systemic
RNA interference defective protein 1 (SID-1) exists. The SID-1 protein binds to the
dsRNA molecules in order for them to cross the cell membrane by interacting with
RISC (as discussed in section 3.1.1) (Zhang et al., 2010; Lu and Wan, 2011).
Dipterans, such as mosquitoes, lack SID-1, which prevents the entry of dsSRNA and
RNA-dependent RNA polymerase (RdRP) across the cell membrane. The function of
SID-1 is replaced by receptor-mediated endocytosis (Murphy et al., 2016). Receptor-
mediated endocytosis requires help from pattern recognition receptors (PRRs) (Joga
et al., 2016). Two major classes of pattern recognition receptors are the Toll receptors

and the scavenger receptors (Saleh et al., 2006; Tulvila et al., 2006).

Receptor-mediated endocytosis for this study will take place in the midgut. The insect
midgut consists of a single layer of columnar cells with microvilli, endocrine cells, and
stem cells at the base (Figure 16). The midgut has a large absorption surface area via
the microvilli, with many channels and endocytosis apparatuses to absorb nutrients
and the dsRNA (this study) from the gut lumen (Saleh et al., 2006; Huvenne and

Smagghe, 2010).
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Figure 16: Schematic representation of cell types that form the insect midgut
epithelium. Endocrine cells (EC) are intercalated to columnar cells (CC), with microvilli
(MV) the major cell type. A closed EC and an open EC are shown in blue and green,
respectively. Stem cells (SC) are located at the base of the epithelium, isolated or
grouped depending on the insect (adapted from Caccia et al., 2019).

3.1.3. Delivery systems used to introduce dsRNA into an organism

There are multiple ways to deliver dsRNA or synthesised siRNA into a mosquito.
Feeding methods include direct ingestion, larval soaking, nanoparticle-mediated
uptake with chitosan or other nanoparticles and vector systems such as bacteria and
yeast (Wiltshire and Duman-Scheel, 2020). Ingestion (Negri et al., 2019),
microinjection (Debalke et al., 2029) and soaking (Pillai et al., 2016) are the most
utilised methods in Anopheles research, all with great success. Letini¢ (2021)
compared the use of CRISPR-i and microinjection as a means of knockdown of the
gene akirin in An. arbiensis. Results showed that knockdown results were similar
between the two methods. The details of these RNAI delivery methods will be briefly

discussed, along with their advantages and disadvantages.

Micro-injection involves the injection of dsRNA (including synthesised siRNA) into an
organism’s abdomen or thorax via a microinjection needle. According to some studies
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(Pillai et al., 2017), microinjection is the most reliable and effective method as the exact
concentration of injected dsRNA or siRNA is quantifiable. However, others claim that
microinjection is not useful due to the trauma caused at the injection site, which might
compromise the organism (Ghosh et al., 2017). Injection can stress the organism,
which will complicate the phenotype characterisation study. Furthermore, conducting
microinjections under field conditions is challenging because it requires expertise and
specialised equipment (Wiltshire and Duman-Scheel, 2020). However, a study by
Maharaj et al. (2022) showed no significant difference in life table parameters
(fecundity, fertility, longevity and susceptibility to P. falciparum infection) between An.
funestus dsRNA injected and uninjected control groups. It suggests that the injection
procedures had no adverse side effects in An. funestus. Microinjection works well on
adults but is more challenging when investigating other life stages (larvae or pupae).
Microinjection is also challenging if the transcript knockdown effect is needed in
experiments over extended periods that might need multiple injections (more than 10

days).

Soaking is a technique to deliver dsRNA or siRNA into mainly the aquatic stages (but
adults can also be used). This method was developed when Lopez-Martinez et al.
(2012) investigated how to induce RNAi of HSP90 in Cx. pipiens larvae. They
dehydrated the larvae in a salt solution, followed by rehydration in water containing
siRNA. They showed that this was an easy knockdown method and that the effect was
also visible in adults. Like sugar feeding, soaking does not allow one to quantify the
amount of siRNA absorbed. Even though soaking might not be ideal, it has the
advantage that it is not life stage specific (Boisson et al., 2006; Yu et al., 2013; Whyard
et al., 2015; Airs and Bartholomay, 2017; Pillai et al., 2017; Bally et al., 2018). Soaking
can also be applied to adults in a technique called thorax spotting whereby a droplet
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of solution is applied to the dorsal thorax using a dropper. Due to the hydrophobic
properties of the thorax in insects, this technique requires that the droplet is absorbed
(Pridgeon et al., 2008). However, thorax spotting is labour-intensive taking a

considerable amount of time.

Mixing the dsRNA or siRNA with a liquid, usually coloured dye (Bilgi et al., 2017) and/or
sugar water (Mysore et al., 2022) allows the organism to ingest the dsRNA while
feeding. This can be a more practical delivery system as the insects remain healthier
due to no trauma from handling or injection (Ghosh et al., 2017). Feeding is also
beneficial for ease of use (fewer skills are required, it is less labour intensive, and it is
faster to train people). However, the amount of solution ingested by the organism is
unknown (Murphy et al., 2016). This method has been performed in An. gambiae
(Taracena et al., 2022) mosquitoes before and was found to be very effective in
silencing the intended genes. This method allows for feeding large numbers of adult
mosquitoes over prolonged periods (days), making this technique the most viable
option for this study. Another advantage of using sugar feeding as a delivery
mechanism is that it will allow for field-based studies. Technology used for attractive
toxic sugar baits (ATSBs), where insects are drawn to a baited sugar solution that
causes mortality when consumed (Fiorenzano et al., 2017), will allow for dsRNA
studies on wild An. funestus populations. Sugar is readily available for large-scale
studies without stress to the organism. This method was therefore selected for this

study.
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3.1.4. Aim and objectives

The aim of the study described in this chapter was to determine if sugar water can be
used as a delivery system for SiRNA in An. funestus and to validate the methodology

for future studies. The following objectives were formulated:

3.1.4.1. To optimise sugar feeding protocol for An. funestus.
3.1.4.2. To validate the siRNA sugar feeding protocol by evaluating transcript
abundance for a known target gene RPL19 before targeting HSF.

e |t is hypothesised that there will be a decrease in RPL19 transcript
abundance due to the effective chosen method of siRNA introduction. The
pre-ordered HSF-siRNA is costly and for this reason, the optimisation and
validation of the technique was conducted on RPL19 using already available

siRNA in the laboratory.

3.2. Materials and Methods

3.2.1. Best feeding proportions to maximise feeding success

Since the siRNA will be delivered to An. funestus adult mosquitoes using a sugar
solution, it was important to ensure that a reliable method was developed to isolate
females that fed on siRNA spiked sugar solution from those that did not ingest SIRNA
spiked sugar solution. Adding a food colouring dye to the sugar water would provide a
visual detection method. However, it was unknown which food dye would be best to
use. This method was, therefore, optimised prior to sSiRNA experimentation

commencement. Four paper cups with a volume of 280 ml were used, each consisting
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of 10 mixed gender newly emerged adult An. funestus mosquitoes. Each cup was

covered by a 15 cm-by-15 cm piece of gauze secured by an elastic band (Figure 17).
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Figure 17: lllustration showing how the paper cups containing mosquitoes were
covered to perform feeding optimisation experiments without SiRNA treated sugar
water. The gauze also contained a small hole to allow the insertion of a 1.5 ml
microcentrifuge tube containing sugar water (Permission obtained from E Silva, 2017).

A 1 ml solution of 5% sugar water solution was added directly into each microcentrifuge
tube that had the lid removed. The solution was made up of 50% (500 pl) RNA free
water, 50% (500 ul) of a 10% sucrose solution and a drop of green or blue gel food
colouring (Cake Flora Gel Food Colouring, Forest Green and Navy Blue,
www.cakeflora.co.za). Sterilised cotton wool (0.1 g pieces) was placed into the opening
of each microcentrifuge tube and saturated with sugar solution. A small hole was
pierced at the bottom of each tube to minimise a vacuum effect and to allow complete
saturation of the cotton wool. A small opening was made in the centre of the gauze
covering the cup, and the 1.5 ml microcentrifuge tubes were placed upside down
through the gauze (Figure 17). Twenty-four-hour old adult mosquitoes previously fed
on a 10% sugar solution for 24 hours were placed into four cups and were fed on either

blue (n=2 cups) or green solution (n=2 cups) for 24 hours (Figure 18).
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Figure 18: Feeding cups. Two green paper cups had a solution consisting of green
food colouring dye and two pink paper cups had solution with blue food colouring. The
cotton wool in the microcentrifuge tubes can be seen to be completely saturated by
each solution.

The cups were placed in the Botha De Meillon Insectary and the mosquitoes were
allowed to feed on the solution ad libitum for 24 hours at 25°C. After 24 hours the
mosquitoes were immobilised by being placed at -20°C for 10 minutes and were then
viewed under a dissecting microscope. The coloured dye in the mosquitoes’ abdomens
would indicate uptake of the solution. Due to low feeding rate (results section 3.3.1),
the mosquitoes (n=40) were starved for 16 hours prior to feeding in order to enhance

the feeding efficiency.

Once feeding methods were optimised, the efficiency of the siRNA delivery system
was evaluated using RPL19-siRNA and the reduction in RPL19 transcript abundance

was evaluated using real-time quantitative PCR (QPCR) to validate the protocol.
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3.2.2. Short Interfering RNA (siRNA)

The siRNA was delivered to the mosquitoes via sugar water solution. Three controls

were included in these experiments. A reference gene, RPL19 was used as a positive

control as this gene was uniformly expressed in An. funestus (Nardini et al., 2017).

This gene was used to validate the siRNA ingestion method. An exogenous gene,

mouse beta-2-microglobulin (82m) was used as a non-specific negative control (Da

costa et al., 2014). B2m is not present in An. funestus and therefore feeding this sSiRNA

to mosquitoes should not alter the transcript abundance of RPL19. A no-siRNA control

was included, which contains sugar water and food colouring dye, but no siRNA. This

control will be referred to as the no-siRNA control. The siRNA was designed by Dr.

Yael Dahan-Moss and synthesised by Ambion (Life Technologies, USA) (Table 4).

Table 4: Primers sequences and amplicon length of RPL19-siRNA and 2m-siRNA.

Amplicon
Primer Sequence 52> 3’ length Gene sequence
RPL19 (forward) ACAACGAUUCUCCACUUAA
1 b AFUNO005878-RA
RPL19 (reverse) UUAAGUGGAGAAUCGUUGU P
(Vector Base)
B2m (forward) GAGAAUGGGAAGCCGAACAUA
AH001856.2
21 bp
B2m (reverse) UAUGUUCGGCUUCCCAUUCUC (GenBank)

3.2.3. Experimental setup to validate siRNA delivery system using RPL19

transcript abundance

The efficacy of siRNA delivery through sugar water feeding was evaluated using the

positive control, RPL19. Knockdown of this gene by RPL19-siRNA would confirm that
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the sugar water delivery system used was adequate to result in gene knockdown and
that the siRNA was effective. Newly emerged An. funestus females and males were
separated based on gender and placed into six BugDorm® rearing cages. Three cages
contained 20 females each and three cages contained 20 males each. These
represent three technical replicates with a total of 120 adults (60 males and 60
females). Mosquitoes were starved for 16 hours (overnight) at 25°C before feeding on
experimental sugar solution containing either 20 ng/pl RPL19-siRNA in dyed 10%
sucrose solution (positive control), 20 ng/ul B2m-siRNA in a dyed 10% sucrose solution
(negative control) and a dyed 10% sucrose solution (no-siRNA control). The siRNA
sugar solution was mixed with green food colouring dye, as this is easier to visualise
under the microscope, and ensures the uptake of the siRNA. Three biological
replicates were performed with a total of 360 adults and these were used for

subsequent qPCR.

3.2.4. RNA Extraction and cDNA Synthesis

After 24 hours of ad libitum feeding, the mosquitoes were visually inspected for dye-
sugar uptake, and those with a dye-sugar solution in their abdomens were used. RNA
was extracted and cDNA was synthesised as described in section 2.2.2.2. All cDNA
samples were diluted to a 50 ng/ul concentration in a 100 pl distilled water solution

(Appendix G).

3.2.5. RPL19 sequence identity confirmation

One amplicon was generated by gPCR and the sense and antisense strands were
sequenced in both directions (Macrogen) to confirm their identity, as described in
section 2.3.1.
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3.2.6. Data analysis

Data analysis was performed as described in section 2.2.3.7.

3.3. Results

3.3.1. Feeding optimisation

The feeding optimisation experiment showed that six mosquitoes fed on the blue dye
whereas two mosquitoes fed on the green dye. Therefore, out of the 40 mosquitoes
that were fed, five males and three females (20%) had coloured abdomens (Figure

19).

Sda

Figure 19: Anopheles funestus female adults viewed under a dissecting microscope.
Abdomens were full of dyed sugar water after ingestion against a blue background.
Blue dye (left) and green dye (right) were used. Images at a scale of 100 um at 10X
magnification.

The 16-hour (overnight) starvation prior to feeding, improved the feeding rate, with 17
out of 20 mosquitoes (12 males and five females) having fed on sugar water containing
the blue dye. Similar results were achieved for adults fed on sugar solution containing
green dye, where 15 out of 20 mosquitoes (nine males and six females) were fed.
Therefore, out of the 40 mosquitoes fed on the sugar solution containing the two

different dyes, 32 (80%) fed as indicated by the coloured abdomens. These feeding
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conditions using green dye, which was visually easier to see under the microscope

than the blue dye, were used going forward for sSiRNA treatment.

3.3.2. RPL19 sequence identity confirmation

The RPL19 PCR amplicon was Sanger sequenced and EMBOSS water alignment
analysis of the sense and the antisense sequence confirmed a 99.4% and 98%
sequence identity to the AFUNO05878 gene respectively. The BioEdit tool (version 7.7)
was used to construct the RPL19 consensus sequence, which was analysed by the
BLAST Vector Base tool. The RPL19 consensus sequence had a 98.761% sequence
identity to the AFUNO005878 gene. This gene has 219 bp and is located on
chromosome two at position AfunF3_2:52743479..52744793. This confirmed that the
RPL19 primers were designed successfully, amplify the gene of interest and are

suitable for subsequent experiments.

3.3.3. Experimental setup to validate siRNA delivery system using RPL19

Adult An. funestus females and males were fed with either 20 ng/pl RPL19-siRNA or
B2m-siRNA spiked sugar water at 25°C. The RPL19 transcript abundance was
measured between the treatment and control groups (2m-siRNA control and no-
siRNA control). RPL19, the positive control, was analysed first to validate a new siRNA

protocol by evaluating transcript abundance for the target gene RPL19.

Analysis of the RPL19 transcript abundance of the males was reduced by 1.25-fold
when compared to both the B2m-siRNA and no-siRNA treatments, but this change was

not significant (one-way ANOVA: p= 0.445, F = 1.117, DF (2, 6)) (Figure 20A). In
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contrast, the RPL19 transcript abundance in the females decreased by 4-fold when
compared to both the B2m-siRNA and no-siRNA treatments and this change was
statistically significant (one-way ANOVA: p= 0.010, F= 2.386, DF (2, 6)) (Figure 20B)
(Appendix H). To determine which treatments resulted in a significant difference, a
Tukey HSD post-hoc test was used. Results showed a statistically significant
difference between the values of the RPL19-siRNA and the negative control, f2m-
SiRNA (p= 0.0186) and no-siRNA control (p= 0.0138). As expected, there were no
statistically significant differences between the negative control (B2m-siRNA) and the
no-siRNA control (p= 0.9619), indicating that the siRNA ingestion does not impact the

transcript abundance of the target gene.

2.0 I 1

A

0.5

2.0 ns

1.5

1.0

0.5

0.0- 0.0

RPL19-siRNA
B2m-siRNA
B2m-siRNA

RPL19 expression normalised against the reference genes
RPL19-siRNA

RPL19 expression normalised against the reference genes

— No-siRNA control
= No-siRNA control

reatments reatments

Figure 20: The normalised relative RPL19 transcript abundance values against the
reference genes, RPS7 and GAPDH, in males (A) and females (B) after treatment with
20 ng/pul RPL19-siRNA and 20 ng/pl B2m-siRNA at 25°C. The asterisks indicate a
Tukey post-hoc test (ns p > 0.05; * p < 0.05; ** p <0.01; *** p < 0.001; **** p £0.0001).
Error bars represent the standard error of the mean (SEM).
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3.4. Discussion

This research evaluates sugar feeding as a delivery system for siRNA in An. funestus.
It also examined the application of siRNA for gene knockdown in the aforementioned
malaria vector. Gene knockdown using dsRNA has been investigated before in An.
funestus (Maharaj et al., 2022), but using siRNA in An. funestus as a knockdown
method has never been explored. The aim of this study was to determine if gene
knockdown via siRNA technology using sugar water as a delivery system in An.

funestus adults was plausible.

The mosquitoes were starved for 16 hours prior to feeding, which is effective for the
uptake of sugar water. This confirms other studies in which An. farauti feeding rates
were examined in relation to various factors before and during direct membrane
feeding, including the starvation circumstances and length of starvation prior to feeding
(Timinao et al., 2021). In addition, overnight starvation (x 20 hours) in An. funestus

yielded the highest feeding rates (Aswat et al., 2023).

The RPL19 transcript abundance in An. funestus females was significantly reduced
after being fed with RPL19-siRNA treated sugar water compared to females fed with
either the B2m-siRNA or no-siRNA controls. However, males showed no significance
in RPL19 transcript change compared to controls. The uptake of SIRNA may differ due
to the volume of sugar water that can be ingested between males and females. This
would result in a difference in transcript abundance. In a study by Olsen et al. (2020),
male and female Ae. aegypti mosquitoes had total sugar contents of 0.27 g and 0.79
g, respectively, when the females were not blood-fed. Therefore, females can ingest

almost 3-fold more than males. A lower volume intake by males would mean a lower
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concentration of spiked sugar water and, thus, a lower impact on transcript abundance

in SiRNA studies.

This experiment, however, showed that the delivery system of adding siRNA directly
to sugar water and allowing the adults to ingest the siRNA over a 24-hour period is
working and suitable for further HSF-siRNA studies. One disadvantage is that the
qguantity of SIRNA ingested can vary between individual mosquitoes. The advantage of
oral delivery of siRNA as opposed to injection or soaking is that the mosquito's body is
not compromised and the method is favourable when doing large-scale experiments

simultaneously (Bilgi et al., 2017).

3.5. Conclusion

The methodology optimised during this experiment confirmed that siRNA feeding via
sugar water is a suitable delivery method of SiRNA in An. funestus. This approach can
be used for downstream experiments to evaluate the effect of HSF-siRNA on HSF

transcript abundance and subsequent life table parameters in this species.
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CHAPTER 4

ACHIEVING KNOCKDOWN OF HEAT SHOCK FACTOR (HSF) IN ANOPHELES

FUNESTUS VIA SPECIFIC SHORT-INTERFERING RNA (siRNA)

4.1. Introduction

Insects employ a variety of survival tactics when exposed to high temperatures. The
HSR is quickly produced by heat or other environmental and physiological stressors,
as explained in Chapter 1. HSF would be translocated to the nucleus whereby there
would be more HSF based transcription but this would not mean a higher HSF
transcript abundance (Demirovic et al., 2014). The HSF itself acts as a transcription
factor whereby it transcribes HSPs. Therefore, the transcript abundance of HSPs

would increase but not of HSF itself regardless of the temperature.

There is a paucity of data pertaining to HSF in anophelines but the identified
information will be discussed below. In An. gambiae, there are three different isoforms
of the HSF coding sequence, namely, HSF1, HSF2, and HSF3. To the best of my
knowledge, it is unknown whether An. funestus contains the same three isoforms and
further work on this is required. However, what is known in other insect and mosquitoes
is that the three isoforms are produced during HSF transcription (Neueder et al., 2014).
The DNA binding domain is shared by all isoforms. HSF1 and HSF2 have a 90%
sequence similarity, while HSF2 has an extra exon in its sequence. Heat shock factor
3 (HSF3) is a shorter splice variant isoform of HSF1 and HSF2 (Dottorini et al., 2013).
Apart from the DNA binding domain on HSF discussed in Chapter 1, the authors also

showed that HSF1 was found to have binding sites to male accessory gland genes.

64



This would imply that HSF has roles other than responding to stressors and impacts

mosquito physiology.

4.1.1. Aim and objectives

The study described in this chapter aimed to evaluate the impact of HSF transcript
abundance when adults were housed at different temperatures and fed on different

siRNA concentrations. The following objectives were formulated:

4.1.1.1. To confirm if the optimised protocol (described in Chapter 3) could
successfully be used to achieve HSF knockdown in An. funestus.

4.1.1.2. To determine the impact of treating An. funestus adults with different HSF-
siRNA concentrations at different temperatures on HSF transcript

abundance.

4.2. Materials and methods

4.2.1. Confirming that the optimised protocol (described in Chapter 3) could

successfully be used to achieve HSF knockdown

4.2.1.1. Short interfering RNA

SsiRNA was delivered to the mosquitoes via a sugar water solution (as described in
section 3.2.1). HSF-siRNA was designed by Dr. Yael Dahan-Moss and synthesised by
Ambion (Life Technologies, USA). The details pertaining to the HSF-siRNA can be

seen below in Table 5.
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Table 5: Primers sequences and amplicon length for the HSF-SiRNA

Amplicon
Primer Sequence 5> 3’ length Gene sequence
HSF (forward) | GACGAUGAAGCAGGAGAAUGA 21 bp AFUNO004137

Vector Base
HSF (reverse) | UCAUUCUCCUGCUUCAUCGUC ( )

4.2.1.2. Experimental setup

A summary of the methods can be seen in Figure 21. Newly emerged An. funestus
adults were separated based by gender. Sixty females were divided into three cages,
of 20 females each, and the same was done for the males (one biological replicate).
Three biological replicates were performed. These mosquitoes were starved for 16
hours and then allowed to feed ad libitum on 20 ng/ul siRNA while adults were housed
under standard insectary conditions of 25°C. After 24 hours of feeding, the mosquitoes
with visually dyed abdomens were cold-killed and their RNA was extracted as
described in section 2.2.2.2. The cDNA was synthesised from the RNA (as described
in section 2.2.2.2.). Thereafter, gPCR analysis was performed as per protocol

described in section 2.2.2.3. to confirm the transcript abundance of HSF.
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Figure 21. Flow diagram of the methods involved in determining if the protocol
described in chapter 3 can achieve HSF knockdown. (1) Six cages were set up
whereby three contained 20 female adults in each and the other three 20 male adults
in each. (2) The adult mosquitoes were fed a mixture of 20 ng/ul siRNA in spiked sugar.
(3) The fed mosquitoes were cold-killed and their RNA was extracted. (4) cDNA was
synthesised from the extracted RNA. (5) Real-time PCR was performed to determine
HSF transcript abundance.

4.2.2. Determining the effect of siRNA concentration and adult exposure

temperatures on HSF transcript reduction

4.2.2.1. Experimental set up

Once it was confirmed that HSF knockdown was successful using the protocol
established, 60 An. funestus males and 60 females were separated and were fed either
10 ng/pl, 20 ng/ul or 30 ng/pl B2m-siRNA and HSF-siRNA at either 20, 25 or 30°C as
per the protocol mentioned in section 3.2.1 (one biological replicate). Three biological
replicates were performed. Three rooms were used in the insectary whereby the three
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temperatures were adjusted and maintained. The above-mentioned An. funestus
adults were cold-killed, RNA was extracted and cDNA synthesised, as described in
section 2.2.2.2. This cDNA was diluted (Appendix I) and was used for transcript
abundance studies using gPCR (Figure 22). Analysis was conducted as described in
section 2.2.3.7. However, even when the one-way ANOVA showed no statistical
difference, a post-hoc test (Tukey-HSD) was performed to represent the results

graphically in figures.

10, 20 or 30 ng/ul

Figure 22: Flow diagram of the methods involved in determining the level of transcript
abundance after siRNA ingestion. (1) 60 males and 60 female adult mosquitoes were
divided into four BugDorm® cages of 15 adults each. These mosquitoes were allowed
to feed on either 10, 20 or 30 ng/pl SiRNA at 20, 25 or 30°C. Three biological replicates
were performed. The mosquitoes were then cold-killed, RNA was extracted and then
cDNA was synthesised (2) The cDNA was used in gPCR to determine transcript
abundance against two reference genes.
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4.3. Results

4.3.1. Real-time PCR for quantitative analysis for the optimised protocol (as

described in Chapter 3) to assess success in HSF knockdown

The transcript abundance of HSF was examined in HSF-siRNA, f2m-siRNA and no-
SiRNA control treated males and females (as described in section 2.2.3.6). Anopheles
funestus males fed at 25°C with HSF-siRNA (20 ng/pl) showed that the effect of HSF-
siRNA feeding significantly decreased HSF transcript abundance by 2.5-fold when
compared to the effect of f2m-siRNA and no-siRNA controls (one-way ANOVA: p=
0.0004, F= 37, DF (2, 6)). A Tukey-HSD test showed that HSF transcript abundance
after HSF-siRNA treatment was significantly lower when compared to the effect of the
B2m-siRNA control (p= 0.0007). This significant transcript abundance decrease was
also observed between the no-siRNA control and HSF-siRNA treatments (p= 0.0007).
However, there were no significant difference in transcript abundance between 2m-

SiRNA control or the no-siRNA control (p= 0.9989) (Figure 23A).

In females, HSF-siRNA feeding significantly decreased HSF transcript abundance by
2.5-fold when compared to the 32m-siRNA and no-siRNA controls (one-way ANOVA:
p= 0.0024, F= 19, DF (2, 6)). A Tukey-HSD test showed that HSF-siRNA transcript
abundance differed significantly when compared to the B2m-siRNA control (p=
0.0102), and to the no-siRNA control (p= 0.0023). The no-siRNA control was not
significantly different when compared to the B2m-siRNA control (p= 0.3333) (Figure
23B). The fold reduction (2.5-fold) in HSF transcript abundance were equal between
male and females. The siRNA downregulation was successful and therefore the study
was continued to evaluate the impact of HSF-siRNA concentrations on the HSF

transcript abundance when adults were housed at different temperatures.
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Figure 23: The relative HSF transcript abundance normalised against the reference
genes, RPS7 and GAPDH, in males (A) and females (B) at 25°C with treatment of 20
ng/ul siRNA. The asterisks indicate a Tukey post-hoc test (ns p > 0.05; * p <0.05; ** p
<0.01; ** p<0.001; **** p < 0.0001). Error bars represent standard error of the mean
(SEM).

4.3.2. Determination of the impact of siRNA concentration and specific

temperatures on HSF transcript abundance

Adult An. funestus females and males were treated with 10 ng/ul, 20 ng/ul and 30 ng/ul
HSF-siRNA at 20°C, 25°C and 30°C and HSF transcript abundance was measured
between the treatment and control groups. A Tukey post-hoc test was included to
determine the effectiveness of the SiRNA treatment at all concentrations and
temperatures. These results will be provided per experimental set-up under specific
temperature conditions (raw Ct values found in Appendix J). The below figures have

also been simplified and tabulated and can be found in Appendix K.
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i. Adults housed at 20°C

a. 10 ng/pl

The HSF transcript abundance in An. funestus males fed with HSF-siRNA (10 ng/ul)
at 20°C was significantly reduced by 2.5-fold compared to males fed with no-siRNA or
with 2m-siRNA (one-way ANOVA: p=0.0005, F=33.74, DF (2, 6)). A Tukey-HSD test
showed that HSF transcript abundance after HSF-siRNA treatment differed
significantly when compared to the effect of the 32m-siRNA (p= 0.0009) and no-siRNA
control (p= 0.001) and not significant when the no-siRNA control was compared to the
B2m-siRNA control (p= 0.996) (Figure 24A). Anopheles funestus females showed that
the effect of HSF-siRNA feeding significantly reduced HSF transcript abundance by 3-
fold (one-way ANOVA: p=0.002, F= 20.76, DF (2, 6)). A Tukey-HSD test showed that
HSF transcript abundance differed significantly when compared to the effect of B2m-
SiRNA (p= 0.0054) and no-siRNA (p= 0.0024) and not significant when the no-siRNA

control was compared to B2m-siRNA (p= 0.6786) (Figure 24B).
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Figure 24: The relative HSF transcript abundance normalised against the reference
genes, RPS7 and GAPDH, in males (A) and females (B) at 20°C with treatment of 10
ng/ul siRNA. The asterisks indicate a Tukey post-hoc test (ns p > 0.05; * p <0.05; ** p
<0.01; ** p <0.001; **** p < 0.0001). Error bars represent standard error of the mean
(SEM).
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b. 20 ng/pl
The effect of 20 ng/pl siRNA at 20°C in An. funestus males showed a decrease of 3.3-
fold in HSF transcript abundance, which was significant when compared to the controls
(one-way ANOVA: p= 0.0006, F= 31.78, DF (2, 6)). A Tukey-HSD test showed HSF-
SiRNA feeding significantly decreased HSF transcript abundance when compared to
the effect of B2m-siRNA (p= 0.0014), with the no-siRNA control also being significant
when compared to HSF-siRNA (p= 0.0009). There was no significant difference in the
no-siRNA control when compared to the 2m-siRNA control (p= 0.8776) (Figure 25A).
The effect of HSF-siRNA feeding on HSF transcript abundance in females showed a
significant decrease of 2.9-fold in An. funestus when compared to controls (one-way
ANOVA: p= 0.00119, F= 10.13, DF (2, 6)). A Tukey-HSD test showed that HSF
transcript abundance was significantly different when compared to B2m-siRNA
transcript abundance (p= 0.0207), with the no-siRNA control also being significant
when compared to HSF-siRNA (p= 0.0171). The no-siRNA control was not significant

when compared to the 2m-siRNA control (p= 0.9846) (Figure 25B).
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Figure 25: The relative HSF transcript abundance normalised against the reference
genes, RPS7 and GAPDH, in males (A) and females (B) at 20°C with treatment of 20
ng/pl siRNA. The asterisks indicate a Tukey post-hoc test (ns p > 0.05; * p <0.05; ** p
<0.01; ** p<0.001; **** p < 0.0001). Error bars represent standard error of the mean
(SEM).
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c. 30 ng/pl

At a temperature of 20°C and a siRNA concentration of 30 ng/pl it was shown that the
effect of HSF-siRNA on HSF transcript abundance decreased by 2.5-fold in males, but
this was not statistically significant when compared to controls (one-way ANOVA: p=
0.0974, F=3.521, DF (2, 6)). To represent this graphically (Figure 26A), a Tukey-HSD
test was also conducted and confirmed that HSF-siRNA feeding did not significantly
decrease HSF transcript abundance when compared to the effect of B2m-siRNA (p=
0.1207) and the no-siRNA control (p= 0.1458). Between 2m-siRNA and no-siRNA
control (p= 0.9880) transcript abundance did also not differ significantly (Figure 26A).
However, An. funestus females showed that the effect of HSF-siRNA significantly
influenced HSF transcript abundance with a 10-fold decrease in transcript abundance
when compared to controls (one-way ANOVA: p= 0.0002, F= 53.02, DF (2, 6)). A
Tukey-HSD test showed that HSF and B2m-siRNA differed significantly (p= 0.0004),
with the no-siRNA control also being significant when compared to HSF-sSiRNA (p=
0.0002) and the no-siRNA control being not significant when compared to the 32m-

SiRNA control (p= 0.4641) (Figure 26B).

ii. Adults housed at 25°C

d. 10 ng/pl

It was observed that An. funestus males housed at 25°C and fed with 10 ng/ul HSF-
siRNA, did not significantly influence HSF transcript abundance when compared to the
controls (one-way ANOVA: p= 0.639, F=5.711, DF (2, 6)) (Figure 27A). Anopheles
funestus females showed that the effect of HSF-siRNA significantly influenced HSF
transcript abundance with a 2.2-fold decrease when compared to controls (one-way

ANOVA: p= 0.0226, F= 7.613, DF (2, 6)). A Tukey-HSD test showed that HSF
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transcript abundance differed significantly when compared to 2m-siRNA (p=0.0360),
with the no-siRNA control also being significant when compared to HSF-SiRNA (p=
0.0327) and the no-siRNA control being not significant when compared to 32m-siRNA

control (p= 0.9964) (Figure 27B).
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Figure 26: The relative HSF transcript abundance normalised against the reference
genes, RPS7 and GAPDH, in males (A) and females (B) at 20°C with treatment of 30
ng/ul siRNA. The asterisks indicate a Tukey post-hoc test (ns p > 0.05; * p <0.05; ** p
< 0.01; *** p = 0.001; *** p < 0.0001). Error bars represent the standard error of the
mean (SEM).

74



ns

1.5 ns ns

1.5+ | * *

1.0 1.01

0.5+ 0.5+

0.0 0.0

HSF expression normalised against the reference genes
HSF-siRNA
B2m-siRNA

HSF expression normalised against the reference genes
HSF-siRNA
B2m-siRNA

— No-siRNA control
— No-siRNA control

reatments reatments

Figure 27: The relative HSF transcript abundance normalised against the reference
genes, RPS7 and GAPDH, in males (A) and females (B) at 25°C with treatment of 10
ng/ul siRNA. The asterisks indicate a Tukey post-hoc test (ns p > 0.05; * p <0.05; ** p
<0.01; "™ p<0.001; **** p < 0.0001). Error bars represent standard error of the mean
(SEM).

e. 20 ng/pl

This analysis of adults housed at 25°C and treated with 20ng/ul siRNA was previously
performed in section 4.3.1. However, it was repeated for this study in order for all
analyses to be done concurrently. Anopheles funestus males fed at 25°C on siRNA
(20 ng/ul) showed that the effect of HSF-siRNA demonstrated a 1.6-fold decrease in
HSF transcript abundance, but this did not differ significantly when compared to
controls (one-way ANOVA: p=0.0608, F=5.711, DF= (2, 6)) (Figure 28A). Anopheles
funestus females showed that the effect of HSF-siRNA also did not significantly
influence HSF transcript abundance although there was a 2.5-fold decrease in
transcript abundance when compared to controls (one-way ANOVA: p= 0.0627, F=

4.500, DF= (2, 6)) (Figure 28B).
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Figure 28: The relative HSF transcript abundance normalised against the reference
genes, RPS7 and GAPDH, in males (A) and females (B) at 25°C with treatment of 20
ng/pl siRNA. The asterisks indicate a Tukey post-hoc test (ns p > 0.05; * p <0.05; ** p
<0.01; " p <0.001; **** p < 0.0001). Error bars represent standard error of the mean
(SEM).

f. 30 ng/ul

The effect of 30 ng/ul siRNA at 25°C on An. funestus males showed a 1.6-fold
decrease in HSF transcript abundance but this was not significant when compared to
the controls (one-way ANOVA: p= 0.0739, F= 4.149, DF (2, 6)) (Figure 29A). HSF
transcript abundance was not significantly influenced in An. funestus females when a
1.3-fold decrease of transcript abundance was reported (one-way ANOVA: p= 0.5229,

F=0.7237, DF (2, 6)) (Figure 29B).
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Figure 29: The relative HSF transcript abundance normalised against the reference
genes, RPS7 and GAPDH, in males (A) and females (B) at 25°C with treatment of 30
ng/ul siRNA. The asterisks indicate a Tukey post-hoc test (ns p > 0.05; * p <0.05; ** p
<0.01; " p <0.001; **** p < 0.0001). Error bars represent standard error of the mean
(SEM).

iii. Adults housed at 30°C

g. 10 ng/pl

Anopheles funestus males fed at 30°C on siRNA (10 ng/ul) showed that the effect of
HSF-siRNA did not significantly influence HSF transcript abundance, yet transcript
abundance was reduced 2-fold when compared to controls (one-way ANOVA: p=
0.2625, F= 1.685, DF (2, 6)) (Figure 30A). HSF transcript abundance in An. funestus
females were reduced by 2.5-fold when fed 10 ng/ul, but this was not significantly

influenced when compared to controls (one-way ANOVA: p= 0.0644, F= 4.485, DF (2,

6)).
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Figure 30: The relative HSF transcript abundance normalised against the reference
genes, RPS7 and GAPDH, in males (A) and females (B) at 30°C with treatment of 10
ng/ul siRNA. The asterisks indicate a Tukey post-hoc test (ns p > 0.05; * p <0.05; ** p
<0.01; " p <0.001; **** p < 0.0001). Error bars represent standard error of the mean
(SEM).

h. 20 ng/ul

It was observed at 30°C that when An. funestus males were fed 20 ng/ul siRNA, this
2-fold reduction in HSF transcript abundance was not significant when compared to
the controls (one-way ANOVA: p=0.539, F=5.663, DF (2, 6)) (Figure 31A). Anopheles
funestus females showed the effect of HSF-siRNA significantly reduced HSF transcript
abundance by 2.9-fold when compared to controls (one-way ANOVA: p= 0.0141, F=
9.442, DF (2, 6)). A Tukey-HSD test showed that HSF transcript abundance when
compared to the 32m-siRNA control differed significantly (p= 0.0230), with the no-
siRNA control also being significant when compared to HSF-siRNA (p= 0.0210) and
the no-siRNA control being not significant when compared to f2m-siRNA (p= 0.9967)

(Figure 31B).
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Figure 31: The relative HSF transcript abundance normalised against the reference
genes, RPS7 and GAPDH, in males (A) and females (B) at 30°C with treatment of 20
ng/ul siRNA. The asterisks indicate a Tukey post-hoc test (ns p > 0.05; * p <0.05; ** p
<0.01; ** p=<0.001; **** p < 0.0001). Error bars represent standard error of the mean
(SEM).

i. 30 ng/ul

Anopheles funestus males fed at 30°C on siRNA (30 ng/ul) showed that the effect of
HSF-siRNA significantly reduced HSF transcript abundance by 3.3-fold when
compared to controls (one-way ANOVA: p= 0.0117, F= 10.23, DF (2, 6)). A Tukey-
HSD test showed that HSF transcript abundance differed significantly when compared
to B2m-siRNA (p= 0.0188), with the no-siRNA control also being significant when
compared to HSF-siRNA (p= 0.0179) and not significant when compared to 2m-
SiRNA (p= 0.9990) (Figure 32A). Anopheles funestus females showed the effect of
HSF-siRNA significantly decreased HSF transcript abundance by 2.5-fold when
compared to controls (one-way ANOVA: p= 0.0101, F= 10.88, DF (2, 6)). A Tukey-

HSD test showed that HSF transcript abundance differed significantly when compared
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to B2m-siRNA (p= 0.0106), with the no-siRNA control also being significant when
compared to HSF-siRNA (p= 0.0296) and not significant when compared to (32m-

SiRNA (p= 0.6520) (Figure 32B).
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Figure 32: The relative HSF transcript abundance normalised against the reference
genes, RPS7 and GAPDH, in males (A) and females (B) at 30°C with treatment of 30
ng/ul siRNA. The asterisks indicate a Tukey post-hoc test (ns p > 0.05; * p <0.05; ** p
<0.01; " p<0.001; **** p < 0.0001). Error bars represent standard error of the mean
(SEM).

j. Effect of siRNA concentration on HSF transcript abundance at a set

temperature

The transcript abundance of HSF after HSF-siRNA treatment at different
concentrations and at a specific temperature was compared to the 2m-siRNA and no-
SsiRNA controls. The 2-AACt values were normalised against the no-siRNA control
which allowed comparison across the three concentrations at any one temperature.
Since no statistically significant difference between the no-siRNA control and the

negative control (2m-siRNA) at all temperatures and concentrations was observed,
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the B2m-siRNA control was not used. The 2-AACt values were evaluated for normality
using the Shapiro-Wilks test and analysed using one-way ANOVA. Males across the

three concentrations were analysed at each temperature separately from the females.

Results showed that there was no significant difference in HSF transcript abundance
in males that were treated with different concentrations of HSF-siRNA regardless of
the concentrations used within a temperature range e.g. 20°C (one-way ANOVA: p=
0.0649, F= 4.464, DF (2, 6)) (Figure 33A), 25°C (one-way ANOVA: p= 0.1340, F=
2.862, DF (2, 6)) (Figure 33B) and 30°C (one-way ANOVA: p= 0.2238, F= 1.941, DF
(2, 6)) (Figure 33C). In addition, there was no significant difference in HSF transcript
abundance in females treated with different concentrations of HSF-siRNA. At 20°C
(one-way ANOVA: p= 0.1530, F= 2.689, DF (2, 6)) (Figure 34A), 25°C (one-way
ANOVA: p=0.2090, F= 2.005, DF (2, 6)) (Figure 34B) and 30°C (one-way ANOVA: p=

0.5721, F= 0.6139, DF (2, 6)) (Figure 34C).

k. The impact of adult exposure to varying temperature on HSF

transcript abundance

Adult mosquitoes that were housed under different temperatures (but at the same
HSF-siRNA concentrations) were compared and the HSF transcript abundance that
was normalised against the no-siRNA control was investigated. The HSF transcript
abundance was not statistically different in either An. funestus males (one-way
ANOVA: p=0.2037, F=2.099, DF (2, 6)) (Figure 35) or females (one-way ANOVA: p=
0.3013, F= 1.431, DF (2, 6)) (Figure 36) that were fed with 10 ng/pul HSF-siRNA at
different temperatures. This was also true when females were fed on 20 ng/pl sSiRNA

concentration at all three temperatures (one-way ANOVA: p= 0.5896, F= 0.5776, DF
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(2, 6)). However, males fed with (20 ng/ul) showed a significant decrease when
exposed to 20°C and 25°C (p=0.0078) as well as between 20°C and 30°C (p=0.0239),

but not for adults exposed to 25°C and 30°C (p= 0.5873).
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Figure 33: The relative HSF transcript abundance normalised against the no-siRNA
control in males at 20°C (A), 25°C (B) and 30°C (C) after treatment with 10 ng/ul, 20
ng/ul and 30 ng/ul HSF-siRNA. The asterisks indicate a Tukey post-hoc test (ns p >
0.05; * p <0.05; ™ p <0.01; *™* p =< 0.001; **** p < 0.0001). Error bars represent
standard error of the mean (SEM).

There was no statistical difference in HSF transcript abundance in males when adults
were fed with 30 ng/pl siRNA (one-way ANOVA: p= 0.2510, F= 0.1518, DF (2, 6)).
Females fed at this concentration (30 ng/ul) showed a significant decrease in HSF
transcript abundance when exposed to 20°C compared to those exposed to 25°C (p=
0.0247) but not when compared to adults exposed to and 30°C (p=0.2532). There was
no statistical difference in HSF transcript abundance between females exposed to

25°C and to 30°C fed at all concentrations of siRNA (p= 0.2259) (Figure 36).
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Figure 34: The relative HSF transcript abundance normalised against the no-siRNA
control in females at 20°C (A), 25°C (B) and 30°C (C) after treatment with 10 ng/ul, 20
ng/ul and 30 ng/ul HSF-siRNA. The asterisks indicate a Tukey post-hoc test (ns p >
0.05; * p =<0.05; *™ p <0.01; ** p < 0.001; **** p < 0.0001). Error bars represent
standard error of the mean (SEM).
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Figure 35: The relative HSF transcript abundance normalised against the no-siRNA
control in males with an HSF-siRNA concentration of 10 ng/ul (A), 20 ng/ul (B) and 30
ng/ul (C) across all three temperatures. The asterisks indicate a Tukey post-hoc test
(nsp>0.05;*p<0.05 **p=<0.01; " p=<0.001; *** p<0.0001). Error bars represent
standard error of the mean (SEM).
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Figure 36: The relative HSF transcript abundance was normalised against the no-
SiRNA control in females with an HSF-siRNA concentration of 10 ng/pl (A), 20 ng/pl
(B) and 30 ng/pl (C) across all three temperatures. The asterisks indicate a Tukey post-
hoc test. (ns p > 0.05; * p <0.05; ** p <0.01; *** p <0.001; **** p < 0.0001). Error bars
represent standard error of the mean (SEM).

4.4. Discussion

There are few studies pertaining to HSF in mosquitoes and more importantly, to
the best of my knowledge, none on the main African malaria vector, An. funestus.
This study is the first study to investigate the plausibility of utilising siRNA in order
to silence the HSF gene in An. funestus. In addition, this study chapter investigated
the impact of HSF-siRNA concentrations and adult environmental housing

temperatures on transcript reduction.

Both An. funestus males and females were used and to ensure siRNA uptake, food
colouring was used to visualise the mosquitoes’ abdomens. The previously
described optimised protocol (Chapter 3) was followed, however the target gene

was HSF. Knockdown of HSF was achieved in both An. funestus males and
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females. In addition, there was no significant change in transcript abundance
between adults fed with no-siRNA control or the 2m-siRNA control, indicating that
the siRNA treatment method did not impact HSF transcription and that the decrease in

HSF transcript observed is due to the HSF-siRNA treatment.

Once it was confirmed that the feeding of An. funestus adults with HSF-siRNA
successfully achieved knockdown, different siRNA concentrations (10 ng/ul, 20
ng/ul and 30 ng/pl) were fed to male and female An. funestus adults, under three
temperatures (20°C, 25°C and 30°C). Different concentrations and temperatures
were tested to evaluate the impact of different concentrations or temperatures on
the fold change after treatment. In all the experiments conducted, the knockdown
of HSF in An. funestus males and females did not significantly differ between adults
without SiIRNA (no-siRNA control) treatment or with B2m-siRNA treatment. There was
statistically significantly lower HSF transcript abundance in adults fed on HSF-siRNA
when compared to both controls (no-siRNA or 2m-siRNA) under specific experimental

conditions.

Although HSF transcript abundance was significantly reduced in HSF-siRNA treated
females when compared to the f2m-siRNA and no-siRNA treated controls at 20°C (10
ng/ul, 20 ng/ul and 30 ng/ul), 25°C (10 ng/ul) and 30°C (20 ng/ul), this phenomenon
was less evident in males. Another reason for the discrepancies between males and
females could be that the concentration of SIRNA was not sufficient to observe a
reduction in the male cohort, most likely due to a lower volume of sugar solution
ingested hence a lower concentration of sSiRNA ingested. Females can ingest a larger

volume of sugar solution compared to males due to the elasticity of their abdomens as
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explained in Chapter 3. A study examined the sugar-feeding habits of Cx.
quinquefasciatus and Ae. aegypti. The mean sugar volume in the bodies of female
Aedes and Culex was higher than that of the males. Culex quinquefasciatus males had
a mean total sugar uptake of 11.74 pg whereas females had 22.85 ug. Aedes aegypti
males had 2.12 ug of sugar and females 11.56 pg. The authors assumed a higher
sugar volume suggested a higher volume uptake of sugar bait in females when
compared to males (Olson et al., 2020). However, this hypothesis needs to be tested.

This technique however, is a good possible addition to future studies.

In addition, during the protocol validation experiment where both males and females
were fed on HSF-siRNA at 25°C (20 ng/ul siRNA), both males and females showed a
significant reduction in HSF transcript abundance when compared to the controls.
However, when the experiment was repeated at 25°C with a range of HSF-siRNA
concentrations, the transcript abundance of HSF did not decrease significantly in An.
funestus male or female adults treated with 20 ng/pl HSF-siRNA when compared to
the control treatments. This discrepancy in results may be because the experiments
were performed two weeks apart from each other and the humidity and temperatures
may have been unstable due to electricity outages. Considering these factors,
additional optimisation is required and when using males and siRNA feeding time

should be longer to ensure consistency.

After normalising the transcript abundance of HSF against the no-siRNA control, it was
evident that the HSF transcript abundance of adults exposed to a set temperature was
not affected by the concentration of HSF-siRNA fed to these adults. The fact that there
was no significant difference across each temperature and siRNA concentration when
normalised against the no-siRNA control indicates that the 10 ng/upl-30 ng/pl siRNA
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had no impact on the HSF transcription. This confirms that the feeding of siRNA via
sugar water is not sensitive to the concentration of siRNA that was evaluated in this
study. Future studies should look at higher concentrations of SiRNA to confirm the trend
observed here. Another alternative would be to evaluate knockdown using more than

one siRNA molecule targeted to the same gene (Wang et al., 2006).

However, when adults were fed the same concentration of sSiRNA, but exposed to
different temperatures, the HSF transcript abundance was affected significantly. Males
appeared to show lower HSF transcript abundance at a lower temperature of 20°C
when compared to 25°C and 30°C after treatment with HSF-siRNA. In contrast,
females fed on HSF-siRNA, only showed a decrease in HSF abundance at 20°C when
compared to 25°C, but not when adults were exposed to 30°C. One could speculate
that at 30°C, the heat shock response would be activated, resulting in translocation of
HSF but not necessarily a higher HSF transcript abundance as mentioned above in
section 4.1. Between all experiments, the no-siRNA and 32m-siRNA controls behaved
similarly meaning that temperature does not impact the relative fold transcript

abundance of HSF as mentioned above.

These results are important as there was significant HSF knockdown regardless of a
change in temperatures. One could utilise this knockdown approach in a gene editing
tactic whereby HSF can be switched on and off under specific conditions and a
complex CRISPR system would be needed. Thus, determining the biological role that
HSF has in An. funestus will advance our knowledge of this understudied African

vector.
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4.5. Conclusion

Gene knockdown of HSF in An. funestus using an optimised sugar-feeding system was
successful. Anopheles funestus treated with different temperatures and concentrations
consistently reduced HSF transcript abundance. Thus, the results of this chapter made
it possible to choose an optimal temperature and concentration at which to investigate

life-table parameters on An. funestus after HSF is knocked down.
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CHAPTER 5

THE EFFECT OF siRNA, TARGETING THE HSF GENE, ON LIFE TABLE

PARAMETERS OF ANOPHELES FUNESTUS

5.1. Introduction

HSF has proven to play a role in survival, fecundity, and fertility and these will be
discussed in more detail below. These life table parameters (amongst others)
influence the success of a vector and interruptions of any of these will have an

impact on the vectoral capacity.

5.1.1. Role of HSF on survival

The Kaplan-Meier curves are generally used to show the cumulative survival
probabilities of organisms (Kaplan and Meier, 1958). This survival are also referred to
as longevity. Longevity (the median lifespan of an organism), especially in female
mosquitoes, is very important as 10-18 days are required for the parasite to mature
inside the mosquito (Beck-Johnson et al., 2013). Before the parasite can be
transmitted, the female mosquito will first have to survive long enough to acquire the
parasite from the blood meal, undergo the incubation period and then transmit the
parasite (Rajatileka et al., 2011; Beck-Johnson et al., 2013). Therefore, the expectancy
or longevity of a vector female can impact the malaria transmission dynamics. The
longer a female survives in nature, the higher the possibility that she will be able to
transmit the parasite and the more time she will have to be able to feed on humans
and reproduce. For example, An. funestus is known for having a longer lifespan when
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compared to another African malaria vector species, An. gambiae (Osoro et al., 2022).
Colonised FUMOZ strains have a median survival of 52 days in females and 49 days
in males (Ngowo et al., 2021), whereas FANG, a colonised strain of An. funestus from
southern Angola, had a median survival time of 28 days in females and 44 days in
males (Zengene et al., 2021B). Adults (F1s) reared from wild-caught females in
Tanzania (FUTAZ-F1’s) showed similar median survival times between females and
males (32 and 33, respectively). Even European species such as colonised An.
atroparvus showed survival surpassing nine weeks in both males and females
(Birnberg et al., 2020). Anopheles gambiae have a median survival time of 26 days
(Barreaux et al., 2018), while An. coluzzii have a median survival time of 19 days
(Krajacich et al., 2020). However, even within the same species variation in longevity
has been reported due to colonisation effect or geographical differences. For example,
in An. arabiensis, mean longevity of 29 days was reported in F1 males from Kruger
National Park versus 45 days from a historical colony from the same site and 26 days
and 31 days, respectively, for females (Munhenga et al., 2011). In contrast, another
An. arabiensis strain showed a mean male survival of 13.5 days (Munhenga et al.,
2016), while a strain from KwaZulu Natal (KWAG) showed a mean survival of 23 days

(Dandalo et al., 2017)

The studies above were conducted under laboratory conditions and longevity can be
influenced in nature by temperature and predation. A study in south-western
Cameroon showed that wild-caught An. funestus median longevity was 24.4 days in
comparison to An. gambiae with a 16.5 days median longevity (Tanga et al., 2010).
This shows that in nature the longevity of mosquitoes can be shorter than when reared
under laboratory conditions. Longevity can be affected by high temperatures in two

ways. Firstly, higher temperatures cause the metabolic processes responsible for the
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development and life-history traits such as fecundity and fertility to speed up. Secondly,
the temperatures may increase damage caused by metabolic by-products such as
reactive oxygen species causing mosquito weakness and high mortality (Keil et al.,
2015). Faiman et al. (2017) found that An. coluzzii longevity increased by two days at

temperatures of 22°C-23.5°C whereas at 27°C longevity decreased by two days.

High temperatures are a huge stress on insects and affect larvae weight and size which
also has a continued effect on adult longevity (Chen et al., 2014; Agyekum et al.,
2022B). In An. gambiae (Afrane et al. 2006; Barreaux et al., 2018), An. superpictus
(Ayetkin et al. 2009) and Cx. tarsalis (Reisen et al. 1984), adults derived from heat
stressed larval regimens were found to have lifespans reduced by several days. In
addition to temperature, a study by Kurapati et al. (2000) showed that young adult
Drosophila strains that were selected in the laboratory to have longer lifespans
produced flies with higher transcript abundance of HSF, suggesting that higher
HSF transcript abundance may promote longevity. This leads to the hypothesis
that if HSF transcript abundance is decreased or knocked down then the longevity
of the vector might be significantly reduced and directly reduce a female's ability

to transmit malaria.

5.1.2. Anopheles funestus female reproductive fithess

Female reproduction in anophelines is complex, starting with mating. Accessory gland
proteins (Acps) in mosquitoes are secreted from the male accessory glands to the
female bursa within the reproductive tract when transferring sperm (Baldini et al, 2012).
Silencing of HSF1 results in a large downregulation of genes encoding Acps, which
would mean that HSF not only functions in the HSR but plays a role in reproduction. A
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study by Dottorini et al. (2012; 2013) used RNAIi against HSF in An. gambiae, which
resulted in the suppression of 50% of seminal fluid proteins. The females that mated
with these males produced significantly fewer offspring. They showed that the
phenotypic effects observed after the silencing of HSF included decrease in mating
success, egg production anomalies, decrease in the induction of oogenesis, ovulation,
and oviposition and thus concluded there would be a significant reduction in mosquito
populations in An. gambiae if HSF is silenced. Functional gene studies by Dottorini
et al. (2013) revealed that the function of HSF is in controlling the transcription of
the Acp genes and have shown how HSF silencing led to a notable drop in Acp
transcripts. This was linked to a considerable reduction in oviposition (fecundity)
and hatching rate, which was noticeable in the decreased number of offspring
produced by those females. This proves that HSF does influence anopheline

reproduction.

In order to evaluate the biological role of HSF, the same concentration of SiRNA in both
males and females will be used in order to make comparisons between males and
females. The decision to use 20 ng/pl of SIRNA was also dependent on the relatively
high cost of the siRNA and this concentration at a set temperature did not affect HSF
transcript abundance (Figures 33 and 34). It was also selected as the mean
concentration between 10 and 30ng/ul (see Chapter 4 for details). Using the 20 ng/ul
rather than 30 ng/ul solution is more economical since 40 additional reactions can be

performed at the lower concentration when using commercial siRNA.
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5.1.3. Aim and Objectives

The aim of the study described in this chapter was to determine the effects of HSF
knockdown on the life table parameters in An. funestus. The following objectives were

formulated:

5.1.3.1. To determine the effect of RNAi knockdown on An. funestus longevity.

e It is hypothesised that HSF knockdown will reduce the longevity (median

survival) of adult An. funestus.

5.1.3.2. To confirm siRNA knockdown at days three and 10 to ensure it can be

sustained throughout the experiment.

e It would be expected that knockdown will be sustained throughout the
experiment due to continual daily siRNA feeding. This is important for future

studies to confirm the role of HSF in fecundity and fertility.

5.1.3.3. To assess mating success in females to ensure that differences in

reproduction are due to treatments and not differences in mating.

e lItis hypothesised that females will be mated due to the optimal mating time
for An. funestus being used and this will not affect fecundity, fertility and the

time-to-hatch.

5.1.3.4. To determine if HSF RNAI affects fecundity in An. funestus.

5.1.3.5. To determine if HSF RNAI affects fertility in An. funestus.
5.1.3.6. To determine the time-to-hatch of the eggs in An. funestus.
e It is hypothesised that HSF knockdown will reduce fecundity, fertility, and

time of egg hatching.
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5.2. Materials and methods

5.2.1. Experimental setup for longevity studies

Survival analysis was conducted to determine whether HSF knockdown influenced An.
funestus longevity. Three treatments were included as described in section 3.2.2.
Longevity was evaluated at 25°C using a total of 40 newly emerged adult female and
male mosquitoes per treatment, which were fed ad libitum on either HSF-siRNA, 2m-
SsiRNA (20 ng/ul in sugar water) or 10% sucrose solution (as per section 3.2.1.). All
solutions included food colouring dye in order to visualise solution uptake. These
mosquitoes were provided with siRNA-treated sugar water daily in order to sustain
knockdown. Three biological replicates were performed. Survival analysis was

performed in BugDorm® rearing cages in the Botha De Meillon insectary.

The rate of survival was monitored until 200% mortality was reached for all three
treatments and respective treatment solutions were maintained at the correct
concentrations throughout the experiment. A Kaplan-Meier survival curve (Goel et al.,
2010) was constructed using the software GraphPad Prism (Version 9.0 for Windows,
GraphPad Software, USA, www.graphpad.com) to assess the rate of An. funestus
survival between the various treatments. The probability of survival for each treatment
was displayed as horizontal lines on the survival curve, while the change in cumulative
probability was displayed as vertical lines (Kaplan and Meier, 1958). The cumulative
probability changed when a death occurred (Rich et al., 2010). The Log-rank test
(Bland and Altman, 2004) was used to determine whether there was a statistically
significant difference in vector longevity between the various treatments (Log-rank: p

<0.05).
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Figure 37: Flow diagram of the methods involved in assessing longevity. (1) Six cages
were setup whereby three contain 40 female adults in each and the other three 40
male adults in each. (2) The adult mosquitoes were fed a mixture of either 20 ng/pul
HSF-siRNA, green food colouring and 10% sucrose solution, 20 ng/ul B2m-siRNA,
green food colouring and 10% sucrose solution or green food colouring and 10%
sucrose solution only. This was performed at 25°C. (3) The mosquitoes were allowed
to feed ad libitum until 100% mortality was reached. (4) Survivability between
treatments was analysed using a Kaplan-Meier survival analysis (Log-rank: p<0.05).
The variance between treatments were calculated using a one-way analysis of
variance (ANOVA) and a Tukey post-hoc test.

5.2.2. Experimental setup for fecundity studies

Mosquito fecundity was analysed using a total of 40 newly emerged virgin female An.
funestus adult mosquitoes per each treatment. Forty females were placed in a
BugDorm® cage and were sustained ad libitum on 10% sucrose solution (no-siRNA
control), 40 female adults were placed in a second cage and with ad libitum access to

a 20 ng/ul B2m-siRNA treated sugar solution and the remaining 40 females were
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placed in a third cage and were given ad libitum 20 ng/ul HSF-siRNA in a sugar
solution. All solutions included green food colouring to ensure visualisation of solution
uptake. Optimal mating time for An. funestus is 10 days (Maharaj et al., 2022) and two-
day-old male mosquitoes were used as genital rotation of all males only reaches the
final stage of rotation 36 hours post emergence (Dahan and Koekemoer, 2013). Forty
untreated two-day-old males were introduced to each cage and were then removed
after 10 days of mating to assess knockdown success (section 2.2.4.1.). Females were
not used to assess knockdown success to ensure the maximum number of females
could be used in the reproduction assay. At day 10, 15 females from each treatment
were removed from each cage to assess mating success via spermathecal dissections.
The remaining females were allowed to feed on distilled water ad libitum which

replaced the 10% spiked sucrose solution to encourage blood feeding at day 11.

Two subsequent blood meals were offered to mated females at days 11 and 13
(Maharaj et al., 2022) and the females were provided with 10% sucrose solution to
feed ad libitum throughout this period. After receiving the second blood meal at day
13, each female was transferred into a separate oviposition cup as described in section
2.2.3.3. Mosquitoes were maintained on their respective sucrose solutions by 0.1 g of
sterilised cotton wool placed on top of the gauze throughout the experiment until
oviposition had taken place. The number of eggs laid were counted by microscopy
(Figure 38). The mean number of eggs laid per female (fecundity) was compared
between the treatment and controls, using a one-way analysis of variance (ANOVA),
and a Tukey post-hoc test. This was done to analyse the differences in means of each
variable (Munhenga et al., 2016), and report on differences that were observed. Three

biological replicates were performed.
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ANALYSIS

Figure 38: Flow diagram of the methods involved in assessing fecundity. (1) Three cages were
setup. (2) The mosquitoes were fed either 20 ng/ul HSF-siRNA, green food colouring and 10%
sucrose solution, 20 ng/ul B2m-siRNA, green food colouring and 10% sucrose solution or green
food colouring and 10% sucrose solution only. (3) Male mosquitoes were added to each of the
three cages to allow for mating. (4) At day 10 all male mosquitoes were removed. (5) At day
10, 10 female mosquitoes were removed from each cage to assess mating success. (6)
Females were allowed to blood feed at days 11 and 13. (7) At day 13, each female was
removed and placed in separate oviposition cups. (8) The number of eggs laid were counted
using microscopy. (9) The mean number of eggs laid per female was calculated. Variance
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between treatments was calculated using a one-way analysis of variance (ANOVA) and a
Tukey post-hoc test.

5.2.3. Experimental setup to determine time-to-hatch and fertility studies

I Fertility

Fertility was measured as the number of larvae hatched by the total number of eggs.
Fertility was compared between the treatment and controls, using ANOVA, and a
Tukey post-hoc test. This was done to analyse the differences in means of each
variable (Munhenga et al., 2016), and report on differences that were observed in

females across treatments.

il Time-to-hatch

Fertility experimental setup followed on from the fecundity study whereby the laid eggs
were monitored to determine the time taken to hatch. Time-to-hatch was determined
by monitoring the hatch time over ten days. Eggs that did not hatch ten days post-
oviposition were considered infertile. Three biological replicates were performed. The
Kaplan-Meier survival curve was used to analyse time-to-hatch. The Log-rank test was
used to determine whether there was a statistically significant difference in vector time-

to-hatch between the various treatments (Log-rank: p<0.05)

5.2.4. Confirmation of siRNA knockdown throughout the experiment

Fifteen female and 15 males for each treatment during the longevity study were placed
in three separate BugDorm® cages at the beginning of the experiment (one biological

replicate). Three biological replicates were performed. These adults were allowed to
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feed ad libitum on 10% sucrose solution on the respective treatments for 48 hours.
Males were removed after 48 hours to assess knockdown success for this experiment
and future experiments. At day 10, males were removed to prevent ongoing mating
and to allow females to blood feed and were used to assess knockdown success for
this experiment. It was assumed that this will confirm that siRNA was ingested by adult

mosquitoes for the full duration of the experiment.

ok

ANALYSIS

Figure 39: Flow diagram of the methods involved in assessing fertility. (1) The number
of eggs laid were counted using microscopy. Previous steps follow that of Figure 38.
(2) The number of eggs that hatched were noted for 10 days. (3) The mean percentage
of eggs hatched per female was determined. The variance between treatments was
calculated using a one-way ANOVA analysis. The egg hatching time between
treatments was analysed using a Kaplan-Meier survival curve was used to analyse egg
hatching time and the Log-Rank test was used to calculate statistical significance. The
Log-rank test was used to determine whether there was a statistically significant
difference in vector hatching time between the various treatments (Log-rank: p<0.05).
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5.2.5. RNA Extraction and cDNA Synthesis

RNA was extracted and cDNA synthesised and then diluted (Appendix L) as described

in section 2.2.2.2.

5.2.6. Real-time PCR for quantitative analysis

Data analysis was performed as described in section 2.2.3.7.

5.3. Results

5.3.1. Effect of HSF knockdown on An. funestus longevity

Longevity was assessed in both males and females to determine whether HSF
knockdown affected An. funestus survival. The rate of survival was monitored until
100% mortality was reached for all treatments. HSF-siRNA treated males had a
significant decrease in longevity when compared to the control treated males (Log-
rank: x2= 7.381, p= 0.0066, DF= 2). HSF-siRNA treated males had 100% mortality at
43 days post-emergence and both B2m-siRNA treated and no-siRNA control males
had 100% mortality at 50 days post-feeding (Figure 40). Upon assessing the median
longevity, An. funestus males treated with HSF-siRNA had a median survival time in
days (IQR: Q1 - Q3) of 25 (23-26) days post feeding and An. funestus that were treated
with B2m-siRNA and no-siRNA had a median survival time of 31 (30-33) days and 32

(31-33) days respectively. This translated to a 19.35% decrease in longevity, when the
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median survival time was compared between the HSF knockdown samples and the

control treatments.
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Figure 40: Kaplan-Meier survival analysis of male An. funestus assessed after
treatment with siRNA. Samples treated with HSF-siRNA is indicated in light blue;
samples treated with f2m-siRNA in dark blue and the no-siRNA control is indicated in
green.

The overall vector longevity was significantly reduced in the HSF knockdown female
An. funestus mosquitoes when compared to the control (32m-siRNA knockdown and
no-siRNA control) treated females (Log-rank: x2= 7.956, p= 0.0048, DF= 2).
Anopheles funestus females treated with HSF-siRNA reached 100% mortality at day
57 post-emergence, while the females that were treated with 2m-siRNA had 100%
mortality at 66 days post-feeding. The no-siRNA control An. funestus had 100%
mortality at 65 days (Figure 41). Anopheles funestus females treated with HSF-siRNA
had a median survival time median survival time in days (IQR: Q1 - Q3) of 32 (31-33)
days post-feeding. The median survival time for An. funestus treated with 2m-siRNA

and no-siRNA had a median survival time of 39 (37-40) days and 40 (39-42) days
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respectively. This translated to a median 17.95% decrease in survival time when HSF

knockdown females were compared to the females from the control treatments.
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Figure 41: Kaplan-Meier survival analysis of female An. funestus assessed after
treatment with siRNA. Samples treated with HSF-siRNA in pink; samples treated with
B2m-siRNA in purple and the no-siRNA control in green.

Survivability between males and females was investigated and there was a significant
decrease in longevity in males when compared to females (one-way ANOVA: p<
0.0001, F=241.4, DF= 2). A log-rank test showed that HSF-siRNA males and females
survivability differed significantly, with the 2m-siRNA males and females (p< 0.0001)

and no-siRNA control males and females (p< 0.0001) respectively.

5.3.2. Spermathecal capsule dissection

Spermathecal capsule dissections were performed on ten females from each treatment
cage at day 10 as described in section 2.2.3.2. Three biological replicates were

performed. There was no significant difference in mating success between females
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treated with HSF-siRNA, 32m-siRNA or without siRNA (one-way ANOVA: p= 0.3944,
F= 0.3636, DF (2, 6)) (Figure 42). Females treated with HSF-siRNA had an
insemination status (% insemination = S.D.) of 86.67% + 2.69, B2m-siRNA (80% =

10.06) and no-siRNA control females (73.33% = 3.09).
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Figure 42: Mating success in females across three treatments. HSF knockdown
(86.67%), B2m knockdown (80%) and no-siRNA control (73.33%). No significance (ns)
between replicates was calculated using a Tukey post-hoc test. Error bars represent
the standard deviation (S.D.).

5.3.3. Effect of HSF knockdown on An. funestus fecundity

The B2m-siRNA and no-siRNA control treatments had a mean fecundity of
approximately 60 eggs laid per female mosquito, while those treated with HSF-siRNA
had mean fecundity of approximately 38 eggs laid per female (Table 6). Anopheles
funestus treated with HSF-siRNA had a 36.6% decrease in fecundity, when compared

to the control treatments (one-way ANOVA: p<0.0001, F=3 100, DF (2, 6)).
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Table 6: Mean fecundity values between the An. funestus mosquitoes which ingested
three siRNA treatments (HSF, f2m and no-siRNA control). Results are shown for each
treatment, with the average standard deviation (xS.D.) and total sample size (N).

M ber of laid
Treatment Total number ean number or eggs lald per
of eggs laid female £S.D. (% eggs laid);
(95% Cl); N
38.42 +0.4452 (79.99% 2);
o 922
HSF-siRNA (38.89- 38.00); 30
61.85 +0.3223 (86.67% P);
B2m-siRNA 1,608
(61.85- 61.26); 30
59.26 + 0.4120 (89.99% Y);
No-siRNA control
1,600 (59.88- 59.10); 30

Data was analysed using a one-way ANOVA test (p< 0.001). Letters that differ are
statistically significant as determined by a post-hoc Tukey test

5.3.4. Effect of HSF knockdown on An. funestus fertility and time-to-hatch

I. Fertility

The overall vector fertility was significantly reduced in the HSF knockdown An. funestus
mosquitoes when compared to the two control treatments. Anopheles funestus
females treated with HSF-siRNA had a 9.2% decrease in fertility, when compared to
the mean of the $2m-siRNA and no-siRNA control treatments, and this was statistically
significant (one-way ANOVA: p= 0.003, F= 17.55, DF (2, 6)). The control treatments
had a mean hatch rate of 76%, while those treated with HSF-siRNA had a mean hatch

rate of 69% (Table 7).
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ii. Time-to-hatch

All eggs that were oviposited by An. funestus females were allowed to hatch over a
period of 10 days and the median time-to-hatch values were then compared. When
assessing the median time-to-hatch in days (IQR: Q1 - Q3), the eggs laid by An.
funestus females treated with HSF-siRNA had a hatch time of 8 (6.5-8.5) days post-
oviposition. Eggs that were oviposited by An. funestus females that were treated with
B2m-siRNA had a median time-to-hatch of 5.5 (3.5-5) days post-oviposition and the
no-siRNA control had a median time-to-hatch of 6 (5.5-7) days post-oviposition. The
median time-to-hatch values were compared between the HSF knockdown samples
and the control treatments (Log-rank: x2= 2.895, p= 0.235, DF= 2) (Figure 43). This
translated to a 21.4% decrease when compared to the average median time-to-hatch

of the controls, but did not differ statistically significantly.

Table 7. Mean fertility values between the An. funestus mosquitoes which ingested
one of three siRNA treatments (HSF, 2m or no-siRNA control). Results are shown for
each treatment, with the average standard deviation (£S.D.) and total sample size (N)

number of | hatched +S.D.; (95% Int il
eggs ch: N (Inter-quartile
hatched range)
63 £0.443; (62.3- 8 (6.5-8.5
HSF-siRNA 630 64.5): gga ( )
75 +0.567; (75.3- 55 (3.5-5
_ 77 £0.496; (77.9- 6 (5.5-7)
No-siRNA control 1, 237 78.1); 30°

Data was analysed using a one-way ANOVA test (p< 0.001). Letters that differ are
statistically significant as determined by a post-hoc Tukey test
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Figure 43: Kaplan-Meier time-to-event of An. funestus fertility (time-to-hatch)
assessed after treatment with siRNA. Samples treated with HSF-siRNA in pink; f2m-
SiRNA in purple and the no-siRNA control in green.

5.3.5. Confirmation of siRNA knockdown throughout the experiment

Adult An. funestus females and males that underwent three treatments (20 ng/pl HSF-
SiRNA, 20 ng/ul B2m-siRNA and no-siRNA control) were cold-killed and their RNA
extracted and cDNA synthesised in order to continue with gPCR. Males and females
at two days post-treatment were analysed separately from the males at day 10 post-
treatment to assess whether the siRNA knockdown was sustained throughout the
experiment. HSF transcript abundance was measured between the treatment and

control groups (negative 32m control and no-siRNA control).

Analysis of the day two post-treatment males showed a statistically significant 1.2-
fold reduction of HSF transcript abundance versus control treatments (one-way
ANOVA: p= 0.0027, F = 18.55, DF (2, 6)). In addition, analysis of the two-day post-
treatment adult females showed a statistically significant decrease of transcript

abundance between treatments (one-way ANOVA: p= 0.0009, F= 28.19, DF (2, 6)).
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In order to determine which treatments result in a significant difference a Tukey-HSD
test was performed. In the males, results showed a statistically significant reduction
between the HSF transcript abundance and the negative control (32m) (p= 0.0026)
and no-siRNA control (p= 0.0117) (Figure 44A). As expected, there were no
statistically significant differences between the negative control (2m) and the no-
SiRNA control (p = 0.3343), indicating that the siRNA ingestion does not impact on
transcript abundance of the target gene in this experiment. In females, the same is
true, whereby there was a statistically significant 3.3-fold decrease between the HSF
transcript abundance values and the negative control (32m) (p= 0.0008) and no-

SiRNA control (p= 0.0061) in females treated with 20 ng/ul siRNA (Figure 44B).
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Figure 44: The normalised relative HSF transcript abundance values against the
reference genes, RPS7 and GAPDH, in males (A) and females (B) two days post
treatment with 20 ng/pl HSF-siRNA and 2m-siRNA at 25°C. The asterisks indicate a
post-hoc test (ns p > 0.05; * p<0.05; ** p <0.01; ** p <0.001; **** p <0.0001). Error
bars represent standard error of the mean (SEM).
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At day 10 post-treatment, males were removed from the fecundity and fertility study
cages, which were analysed to determine knockdown efficiency later during the
experiment. There was found to be a statistically significant 1.3-fold decrease in HSF
transcript abundance between treatments (one-way ANOVA: p=0.0019, F=21.32, DF
(2, 6)). In order to determine which treatments resulted in a significant difference, a
Tukey-HSD analysis was performed. In the males, results showed a statistically
significant decrease between the HSF transcript abundance and the negative control
(B2m) (p= 0.0232) and no-siRNA control (p= 0.0015). As expected, there were no
statistically significant differences between the negative control (2m) and the no-
SiRNA control (p= 0.0703) (Figure 45). However, the statistical significance between
the HSF-siRNA and controls suggests that at day 10, knockdown was still sustained

and it was assumed to also be reflected in the females that were used to determine

fecundity.
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Figure 45: The normalised relative HSF transcript abundance values at day 10 against
the reference genes, RPS7 and GAPDH, in males after treatment with 20 ng/ul HSF-
siRNA and B2m-siRNA at 25°C. The asterisks indicate a post-hoc test (ns p > 0.05; *
p <0.05; " p=<0.01; " p<0.001; *** p <0.0001). Error bars represent the standard
error of the mean (SEM).
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5.4. Discussion

There have been no studies that have examined HSF knockdown in An. funestus.
Thus, the aim of this study was to determine the biological role of the HSF gene on
specific life table parameters (longevity, mating success, fecundity, fertility, and time-
to-hatch) on An. funestus. This was achieved through the knockdown of the gene via

targeted siRNA delivery through feeding.

Results showed that male and female longevity was significantly affected after HSF
knockdown. Males and females had a 18.65% decrease in longevity when compared
to the negative 32m control and the no-siRNA control. Females and males experienced
100% mortality nine and seven days earlier than the negative 2m-siRNA and no-
SiRNA controls, respectively. The no-siRNA female control reached 100% mortality at
65 days whereas the no-siRNA control males reached 100% mortality at day 50. The
difference in longevity between males and females was investigated to determine if
there was a significant difference across treatments which there was. Males lived
significantly shorter than females. This is consistent with what is known in the literature
(Kalonji, 2021; De et al., 2022; Lambert et al., 2022). The disparity between males and
females may be because females generally survive longer since they require time to
mate, feed primarily on blood, digest that meal, make eggs, and then lay those eggs
in a favourable area (Lambert et al., 2022). Males, however, mate and perish soon

after (Barredo and DeGennaro, 2020).

Additionally, several different species of mosquitoes' adult females can endure hostile
situations, yet when males are faced with such brutal circumstances, they only

occasionally persist (Kirby and Lindsay, 2009). The same pattern is seen in this study
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whereby HSF-siRNA females had a median survival of 39 days and males 25 days.
This was an important discovery since Anopheles mosquitoes can spread malaria
parasites 14 days after gametocyte infection (Bray and Garnham, 1982). Given that
the female mosquito must remain alive for at least 14 days after gametocyte infection
in order to transmit the parasite, eliminating the vector population, by utilising
information regarding HSF knockdown, before the end of the extrinsic incubation

period would have a small impact on malaria transmission.

Mating success was assessed in a few females via spermathecal capsule dissections
to ensure that if a difference in fecundity, fertility and time-to-hatch seen, was not due
to differences in mating success. HSF knockdown females had 86.67% mating
success, 32m knockdown had 80% mating success, and no-siRNA control had 73.33%
mating success, which was sufficient in order to continue the experiment. Mating
success was not significantly different, so differences in life table parameters were not
due to differences in mating success. HSF knockdown in An. funestus resulted in a
36.6% decrease in vector fecundity, a 9.2% decrease in vector fertility and a 21.4%

decrease in time-to-hatch.

To determine if the SIRNA knockdown was sustained throughout the experiment, HSF
transcript abundance was measured on day 2 and day 10. There was a significant
knockdown of HSF on both days, suggesting knockdown achieved during this
experimental period. It is important to note that the HSF-siRNA was fed to the
mosquitoes throughout the duration of the experiment to sustain HSF knockdown. This
further supports the fact that sugar water combined with siRNA feeding is a suitable
mechanism to achieve RNAi knockdown. A potential future study will need to

determine the duration of HSF-siRNA knockdown after a single initial feeding. If the
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impact is long-lasting, then it would not be necessary to keep the mosquitoes on siRNA

throughout the experiment.

This study showed that three (longevity, fecundity and fertility) of the four parameters
were negatively affected. The impact on An. funestus populations, when the combined
effect of the 20% decrease in longevity, almost 40% decrease in fecundity and almost
10% reduction in fertility are at play, will need to be determined. In addition, the impact
might be increased if multiple siRNA molecules are used or if more than one gene is

targeted. However, this will need to be investigated.

Because reproduction was affected, it is possible that HSF-siRNA impacted midgut
homeostasis which may lessen the availability of nutrients following a blood meal in
addition to shortening the mosquito’s lifespan (Taracena-Agarwal et al., 2024). Re-
absorption of the growing follicles due to HSF knockdown during the gonotrophic cycle
might limit vector oviposition in An. funestus. These observations are seen by Lea et
al. (1972) in Ae. aegypti whereby the hypothesis that the size of an egg batch is
matched by the re-absorption of developing follicles was postulated. In addition, eggs
hatched two days later in HSF-siRNA treated females than in controls. Eggs that
remain in the water for longer are more vulnerable and exposed to ovicides such as
dinitrophenol compounds and petroleum oils (Smith and Salkeld, 1966). This would
ultimately mean the eggs would be targeted and the life cycle would not continue.
However, one could argue that ovicides in the water pose a deleterious effect on
human health (Agrawal et al.,, 2010). Eco-friendly tools have been recently

implemented against mosquito vectors, including botanical insecticides (Benelli, 2015).
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The results of this study thus demonstrate that HSF transcript abundance in An.
funestus can be suppressed and sustained via RNAI. Additionally, it demonstrates that
An. funestus vector survival, fecundity, and fertility can all significantly decline when
HSF transcript abundance is reduced. If a gene editing approach is to be used, this
could represent what is seen in classical sterile insect technique programs (Alphey et
al., 2010; Peccerillo et al., 2023; Dumont and Yatat-Djeumen, 2024). However, there
would be huge challenges in maintaining a colony of such high numbers for operational
research. Thus, understanding the biological side, rather than the control aspect must

be the focus.
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CHAPTER 6
CONCLUSION

Vector-borne diseases, which include the Black Death (also known as the plague),
yellow fever, and malaria, have a well-known negative influence on humankind. The
development of vector control treatments and research has greatly lowered the spread
of disease. Despite these efforts, infectious vector-borne diseases, particularly
diseases spread by mosquitoes, continue to cause over 700,000 fatalities and leave

more than 80% of the world's population in danger (WHO, 2017).

Every year, the World Health Organization publishes the "World Malaria Report,” which
offers a comprehensive and current assessment of advancements made in the global
fight against malaria. Regretfully, 249 million cases of malaria were reported worldwide
in 2022, five million more than in 2021 (WHO, 2022; WHO, 2023A). Following years of
attempts to eradicate malaria, which included the development of two recent vaccines
(RTS,S/AS01 and R21/Matrix-M) (WHO, 2023D), it is clear that further measures are

required to break through the lull in malaria reduction.

The continued malaria transmission is due to confounding challenges, including the
lack of knowledge of dynamic vector biology, their biological systems and how they
adapt to environmental changes. These knowledge gaps reduce the developmental
speed and implementation of new malaria vector control strategies. New categories of
malaria vector tools will be expected to become available and receive approval from
WHQO'’s Vector Control Advisory Group during the next five years. Regardless, most of
these methods are likely to remain insecticide-based methods. Traditional control

measures, such as insecticide-treated bed nets and indoor residual spraying, are
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increasingly facing resistance and ecological concerns. A paradigm shift towards
targeted approaches is imperative to overcome these challenges. By deciphering the
molecular mechanisms in vectors will allow for novel appraoches for vector control to
be explored. This study investigated the molecular transcriptomic profile of HSF in an
understudied African malaria vector, An. funestus and tried to understand its pleiotropic
function in this species. In addition, this adds to the body of knowledge available of

molecular mechanisms in An. funestus.

It was uncovered in this study that the HSF transcript abundance in An. funestus
showed a dynamic flexibility (up and down) as the eggs develop through to the adult.
This is not unique to An. funestus, and differences in HSF transcript abundance have
also been observed in Chilo suppressalis, a rice pest moth (Dong et al., 2023) and
Cotesia chilonis, a parasitoid wasp (He et al., 2021). Results from this study and other
aforementioned studies suggest that HSF expression differs between life stages due
to its potential role in insect species during developmental and physiological stages

and might be species-specific.

In order to understand the biological role HSF has in An. funestus, various avenues
can be investigated. This study continued by focusing specifically on adults and using
SsiRNA as a method to inhibit HSF transcripts. However, it was important to optimise
the methodologies in a step-by-step manner. Since adult males and females depend
on sugar for their survival, a protocol was developed to ensure knockdown can be
achieved successfully. Once the protocol was established and the transcription of a

“housekeeping” gene was successfully reduced, the system was evaluated for HSF-
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transcript inhibition. This study also showed that HSF transcript inhibition can be
achieved by a wide concentration range of the siRNA target molecule. In addition, this
study confirmed that the adult holding temperatures were not a major factor impacting

SiRNA transcript inhibition for HSF.

During the last part of this thesis, the biological role of HSF in adults was investigated
by evaluating the impact of HSF transcript inhibition on specific life table parameters
in An. funestus. These include evaluations on longevity, fecundity and fertility. HSF
knockdown was achieved via siRNA and the adults could ingest the molecules as part
of their sugar diet. It was observed that longevity (both males and females), fecundity
and fertility were significantly reduced. However, additional research will be needed to
understand the molecular pathway of HSF involvement in longevity, fecundity and
fertility and to ensure phenotypic observations are not due to off-site targeting of other
regions in the genome by HSF-siRNA. Future studies should evaluate differences
between HSF-siRNA-treated and untreated adults at transcriptomic and proteomic

levels. This can potentially identify additional pathways where HSF may be involved.

It is true that the almost 20% reduction in longevity observed in the HSF-siRNA-treated
females will still enable these females to feed and transmit malaria. The additional
reduction in fecundity (just under 40%) and fertility (almost 10%) might reduce
population numbers, but will most likely not eliminate the vector. However, it is possible
to use RNAI approaches and combine different target genes in a “super sugar bomb”
tactic to have the desired impact. To expand on this idea, dsRNA is extremely stable
and past studies have shown that dsRNA can last at least 7+ days under insectary

conditions (Bennett and Koekemoer, unpublished), hence making this an attractive
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idea to supplement current sugar toxic baited approaches. In theory, adding multiple
dsRNA molecules targeting different genes into one sugar bait to create a “super sugar
bomb” is possible. Other target genes that have been targeted by RNAi and shown to
result in reduced reproductive success include the G protein-coupled receptors
(GPCRs) (Keyes-Scott et al., 2023), reproductive genes (GAP005958, AGAP011377
and AGAP007280) (Hammond et al., 2016), ribosomal proteins (RPS6 and RPL26)
(Estep et al., 2016), Krippel homologue 1 (Kr-h1) (Ojani et al., 2018), etc. The “super
sugar bomb” approach can easily be evaluated under laboratory and semi-field
conditions as a proof of principle. Spraying vegetation and bait stations are two
common implementation strategies for attractive toxic sugar bait (ATSB) (Kumar et al.,
2023). The ATSB approach has proven to be quite effective in suppressing the
mosquito vector population in sub-Saharan Africa, Israel, and the United States of
America, among other regions (Muller et al., 2010; Revay et al., 2015; Fiorenzano et
al., 2017). For example, ATSB used against Anopheles mosquitoes in Mali drastically
reduced the density of mosquitoes, the number of older females and sporozoite
prevalence, demonstrating how ATSB significantly reduces malaria parasite

transmission (Traore et al., 2020).

Although mosquitoes' food sources in nature are still understudied, some plants have
been identified already (Hawks and Hopkins, 2022). As our knowledge expands on the
main plant food sources used by vector mosquitoes, it is interesting to imagine
alternative vector control method where these plants are genetically modified so that
the nectar will contain hairpin RNAs that operate similarly to the siRNA to target specific
genes. However, the regulation of genetically modified organisms is complicated and
the environmental impact studies will have to be done (Tromans, 2001). The transfer

of dsRNA in transgenic plants have already been utilised to reduce gene transcript
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abundance in a number of insect species (Baum et al., 2007; Zha et al., 2011). Baum
et al. (2007) developed dsRNA targeting three genes (the hexose transporter gene
NIHT1, the carboxypeptidase gene Nlicar and the trypsin-like serine protease gene
Nltry) that are highly expressed in the brown planthopper midgut. Zha et al. (2011)
designed dsRNA targeted to the genes a-tubulin and V-ATPase in the western corn
rootworm. Unfortunately, this application has not been tested in culicidae yet, so more

research is required.

As with any study, this study has its limitations. Although this study included a large
sample size for the three biological replicates, perhaps five biological replicates with
more samples per replicate could have been included to ensure accurate results. It
was also not possible in this study to quantify the amount of siRNA that was ingested
by the mosquitoes. The results therefore cannot accurately draw a conclusion as to
how much siRNA elicited a knockdown effect and it was purely determined by just the

ingestion of any amount of SiRNA alone. Therefore, future studies are encouraged.
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APPENDICES
APPENDIX A: Permission obtained to use Figure 3

M G mail Merissa Bloch <nerissa.wendy@gmail com:

Figure Permission

3 messages

Merissa Bloch <nerissawendy@gmail.com> Thu, Feb 26, 2024 at 9:14 AM
To: r-morimotodnorthwestem edu

Dear Dr. Morimaobo,

| hope this email finds you well.

| am & PhD candidate at the University of the Witwatersrand in South Africa. | am writing up my thesis titled "HEAT
SHOCK FACTOR (HSF) TRANSCRIPT ABUNDAMCE AMD ITS EFFECT OM LIFE TABLE PARAMETERS IN THE
MAIN AFRICAN MALARIAVECTOR ANOPHELES FUNESTLIS"

| would like to please ask your permission to use Figure G from your paper fitled "Tripiolide, an Inhibitor of the Human
Heat Shock Response That Enhances Stress-induced Cell Death”.

Your response in this regard would be greatly appreciated!
Kind regards,

Herissa Bloch, MSc(Med)
PhD Candidate

Vector Reference Laboratary

Cenfre for Emerging, Zoonotic and Parasitic Diseases,
Mational Institute for Communicable Diseases and

WITS Research Institute for Malara (WRIM)

Email: nerissa.wendy@gmail.com / nerissab@nicd.ac.za

Richard | Morimoto <r-mormoto@northwestern.edu= Thu, Feb 28, 2024 at 11:57 AM
To: Nerissa Bloch <nerissa.wendyflgmail.com:>
Co: Rebecca Phend =rebecca.phend@northwestern.edu=

dear nerissa,

it is @ pleasure to provide permission for you to use figure 6 in the westerheide paper on triptolide
published in jbc.

best wishes on your thesis.

rick morimoto
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APPENDIX B: CDNA Dilutions for Determining HSF Transcript Abundance in All

Four An. funestus Life Stages

Technical replicate 1

FUMOZ Eggs 1 = C1V1=C2V2

(50 ng/u)(100 ph)= (2191 ng/ul)(V2)
5000/ 2191= V>

V2= 2 pl + 98 pl H20

FUMOZ larvae 1 = Ci1V1=C2V2

(50 ng/ul)(100 pl)= (4843.8 ng/ul)(V2)
5000/ 4843.8= V2

Vo= 1ul + 99ul H20

FUMOZ male pupae 1 = C1V1=C2V2
(50 ng/ul)(100 pl)= (2451.6 ng/ul)(V2)
5000/ 2451.6= V2

V2= 2 pl + 98 pl H20

FUMOZ female pupae 1 = C1V1=Cz2V2

(50 ng/ul)(100 uh)= (2627.8 ng/ul)(V2)
5000/ 2627.8= V2
V2= 2 pl + 98 pl H20

FUMOZ male adult 1 = C1V1=C2V2
(50 ng/ul)(100 pl)=(2981.2 ng/ul)(V2)
5000/ 2981.2= V>

V2=1.8 pl +98.2 ul H20

FUMOZ female adult 1 = C1V1=C2V2
(50 ng/ul)(100 pl)= (2863.3 ng/ul)(V2)
5000/ 2863.3= V2

V2= 1.8 pl +98.2 pl H20

Technical replicate 2
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FUMOZ Eggs 2 = C1V1=C2V2
(50ng/ul)(100 ph= (2529.4ng/ul)(V2)
5000/ 2529.4= V2

Vo= 2 pl + 98 pl H20

FUMOZ larvae 2 = Ci1V1=C2V2

(50 ng/pl)(100 pl)= (2694.2 ng/ul)(V2)
5000/ 2694.2= V2

V2=1.9 ul +98.1 ul H20

FUMOZ male pupae 2 = C1V1=C2V>
(50 ng/pl)(100 pl)= (1838 ng/ul)(V2)
5000/ 1838= V2

Vo=25ul + 97.5 ul H20

FUMOZ female pupae 2 = C1V1=Cz2V2

(50 ng/ul)(100 uh= (2790.1 ng/ul)(V2)
5000/ 2790.1= V2
V2= 1.8 pl +98.2 pl H20

FUMOZ male adult 2 = C1V1=C2V2
(50 ng/ul)(100 uh= (2744.6 ng/ul)(V2)
5000/ 2744.6= V2

V2= 1.9 pl +98.1 pl H20

FUMOZ female adult 2 = C1V1=C2V2
(50 ng/ul)(100 uh= (2783.4 ng/ul)(V2)
5000/ 2783.4= V2

V2= 1.8 pl +98.2 pl H20

Technical replicate 3

FUMOZ Eggs 3 RNA = C1V1=CaV>
(50 ng/ul)(100 pl)= (2364.8 ng/ul)(V2)
5000/ 2364.8= V2
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Vo= 2 pl + 98 ul H20

FUMOZ larvae 3 = C1V1=C2V2

(50 ng/ul)(100 ul)= (2783.8 ng/ul)(V2)
5000/ 2783.8= V2

V2= 1.8 ul + 98.2 ul H20

FUMOZ male pupae 3 = C1V1=C2V>
(50 ng/pl)(100 pl)= 4946.3 ng/ul)(V2)
5000/ 4946.3= V2

Vo= 1 pl +99ul H20

FUMOZ female pupae 3 = C1V1=Cz2V2
(50 ng/ul)(100 uh= (2617.7 ng/ul)(V2)
5000/ 2617.7= V2

V2= 2 pl + 98 pl H20

FUMOZ male adult 3 = C1V1=C2V>
(50 ng/ul)(100 uh)= (2847.4 ng/ul)(V2)
5000/ 2847.4= V>

V2= 1.9 pl +98.1 pl H20

FUMOZ female adult 3 = C1V1=C2V2
(50 ng/ul)(100 ul)= (3609.6 ng/ul)(V2)
5000/ 3609.6= V2

V2= 1.5 ul +98.5 ul H20
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APPENDIX C: Permission obtained to use Figure 6

M G mail Merissa Bloch <nerissa wendy@gmail.com:=

Figure Permission

2 messages

Merissa Bloch <nerissa.wendy@gmail.com= Thu, Feb 28, 2024 at 8:36 AM
To: "scammi@mun.ca® <scami@mun.ca>

Dear Dr. Carr,

| hope this email finds you well.

| am & PhD candidate at the University of the Witwatersrand in South Africa. | am writing up my thesis titled "HEAT
SHOCK FACTOR (HS5F) TRANSCRIPT ABUNDAMCE AMD ITS EFFECT OM LIFE TABLE PARAMETERS IN THE
MAIN AFRICAN MALARIAVECTOR ANOPHELES FUNESTLUS"™

| would like to please ask your permission to use your Figure titted "Synthesis of complementary DMNA (cDMA) from
mRMNA by reverse transcription "

‘Your response in this regard would be greatly appreciated!
Kind regards,

HNerissa Bloch, MSc{Med)
FPhD Candidate

‘Vector Reference Laboratory

Cenfre for Emerging, Zoonotic and Parasitic Diseases,
Mational Institute for Communicable Diseases and

WITS Research Institute for Malara (WRIM)

Email: nerissa.wendy@igmail.com / nerissabnicd.ac.za

Carr, Steven <scarn@mun.ca> Thu, Feb 20, 2024 at 1:53 PM
To: Nerssa Bloch <nenssa.wendyiflgmail com>

Dear Nerissa

Thank you for writing. | hope you are well.

Please feel free to use the figure for your thesis. It's modified from a very old genetics text that was the first to try
teaching “DMA First, Peas Later”, same way | do it.

Good luck with your thesis!
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APPENDIX D: Reference Gene Selection CT Values

Table S.1A: Ct values produced using gPCR of two-day-old male and female adults.

N/A indicates no amplification. Three technical replicates were performed.

Primer Ct Value Mean Ct Value
HSF 1 33.25 33.15
HSF 2 33.08
HSF 3 33.12
HSF NTC N/A
RPL19 1 34.26 33.6
RPL19 2 34.14
RPL19 3 32.42
RPL19 NTC N/A
RPS7 1 33.16 32.38
RPS7 2 33.10
RPS7 3 30.87
RPS7 NTC N/A
GAPDH 1 31.98 31.36
GAPDH 2 30.94
GAPDH 3 31.17
GAPDH NTC N/A
RPS26 1 34.39 33.43
RPS26 2 N/A
RPS26 3 32.47
RPS26 NTC N/A
FUN18S 1 18.16 18.06
FUN18S 2 18.46
FUN18S 3 17.56
FUN18S NTC N/A

Table S.1B: Ct values produced using gPCR of two-day old male and female adults.

The values for the gene of interest (HSF) have been omitted.

NormFinder | Two-day old 1 | Two-day old 2 | Two-day old 3
RPL19 34.26 34.25 32.42
RPS7 33.16 31.40 30.87

GAPDH 31.98 31.07 31.17
RPS26 34.39 34.04 32.47
FUN18S 18.16 20.20 17.56
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Table S.1C: Stability values generated by the software NormFinder for each reference
gene tested. RPS7 and GAPDH were selected as reference genes as they had the

lowest stability values.

Gene name Stability value
RPS7 0.656
GAPDH 0.916
FUN18S 1.009
RPS26 1.457
RPL19 2.159
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APPENDIX E: HSF Sequencing Results

Sense Seguence

Chromatogram

| maocrogen
File: HSF_2 _HSF_F.abl Run Ended: 2020/2/3 22:20:13 Signal G:1362 A:2396 C:2878 T:2668 {b ccccc
Sample: HSF_2 HSF F Lane: 11 Base spacing: -16.163063 833 bases in 9803 scans Page 1af2

1 20 k) 40 S 60 0 s w 100 i 120
T GCOATC GOWAGAT CTGACGCTTTOATTTTCATACCTTG GACGGUATAG TTGATCCTC TCATTOCACCAT CG ACAC CG GTGUGGAACGETACGGETG AGGTGGAAAATATTTCOT CAAT AG

m _}lbwmﬁﬁgymf i o 0 f Nﬂlyﬂlj\ -.Ir\{‘ WII 'ﬁ'p'lfa[” J‘I'F\(lfllﬂli \\'l'n'l AM ’\ "Inllll'lluer\ v"lul'\k m ﬂ\fl,l f‘ l‘l /\ llﬁ.'l(Nb

130 140 150 160 170 180 1% 20
TTTCATTTCCAC CTOCG TAGTTCAATGOTC CATC TOCAC CGOTACCTCCGGOGO TACCAT TGO TAC T ACG GG TEOMT AL G

210 120 30 240 250
ATCAAGGAACCTTGEAGATTCACCTTCG C ACCGETGOGUAACGE

M A A A ot

260 270 2ED 290 300 3 320 330 o 350 360 ENl)
T AL GOG T QT TR T TR TC T ACAT TGT TT CCT TCCCCT GCC G TAGTCAAT GCTCCCTUT CACCGUTACCCCT GEGUTAMATAGCACAAC GGG CA AT ACAGTTC «

£y 390
WWACTATTAATTAAGT

Ll 410 420 430 440 450 60 470 480 A50 00 310 520
T AGAAATTTGAAGT GTGUGATT CGCTCCCCTTAAAAGATTAATGATCCCT CCT GTGACGT GGATGTCT AAAAACT AAGACGCCGGT TGA A

TTAGGGGAATTGAGAGCAATGAGGGAGTGGTGAC A

30

370
WGAAGAAGATGCGAC GTTATTTTCATTCTAGGGATTTCCGGGC ATAAA

S0 &40
TCGACCTTAGATT CGGGAATATT AGCGETTATTTTTTTATTTTATTTTCTTGITITGTGI TCTTTTTCTCCGAT AT AAAGG

Sequence

CATACTGGACGCTTTCCATTTTCAATACCTTGGACGGCATAGTTGATCCTCTCAT
TCCACCATCGACACCGGTGCGGAACGGTACGGGTGAGGTGGAAAATATTTCCT
CAATAGTTTCATTTCCACCTCCGTAGTTCAATGCTCCATCTCCACCGCTACCTCC

GGCGCTACCATTGCTACTACGGGTGC
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EMBOSS Water Alignment

Aligned sequences: 2
1: EMBOSS_@el

21 EMBOSS5 _@el
Matrix: EBLOSUME2
Gap_penalty: 18.0
Extend_penalty: 8.5

Length:

Gaps:

HHHHEHH R R R H R R H

EMBOSS @al
EMBOSS @@l
EMBOSS_@al
EMBOSS @al
EMBOSS_@al
EMBOSS_@al
EMBOSS @al

EMBOSS_@al

Identity:
Similarity:

Score: 1876.8

185/188 (98.4%)
185/188 (98.4%)
©/188 ( ©.0%)

1825 QCACCCOTAGTAGCAATOGTAGCGCCGGAGGTAGCGGTGRAGATERAGCA

31 TTEAACTACGRAGETOEAAATGARACTATTGAGGAAATATTTTCCACCTC

1875 TTOAACTACGEAGETOOALATOAAACTAT TEAGGAAATATTTTCCACCTC

181 ACCOGTACCATTCCGCACCOATATCEATEGGTGOAATRAGAGEATCAACTA

1125 A COCACCOOTOTCGATEATORAATEAGAGGATCAACTA

151 TECCGTCCAAGGTATTEAALAT GRAAAGCGTCCAGTAT 1543

1175 T TECﬂﬂGGTATTGAA&ATGG#AAECGATCﬂGAAT 1212

o8

laz4

laa

1124

15&

1174
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Antisense Sequence

Chromatogram

File: HSF_?_HSF_Rabl Run Ended: 2020/2/3 22:20:13 Signal G:7107 A:10983 C:8324 T:8223 et
Sample: HSF_2 HSF R Lane: 9 Base spacing: 15358567 1167 bases in 14161 scans Page 1 of 2

i 0 i 40 S0 Al 0 #0 S0 1k 1 120
WOGEETOETAEE ARTGE AGOT TG AAT ACGE@AGETGGE A AT GAACT AT TGAGGAAT AT TTTCCACCT CACCCGT ACCGT TCCGCACCGGTETOG ATGGTGGAAT GAGAGGAT Ca CT TGCCGTCC

Sy w Al g wmv

130 140 150 160 170 180 15 2 20 230 240 280
AAGGTATTGAAAAT GGAAAGC GAT CAGAATCATCAGE AGAAGT ACAGTACACGAT GGG ACCTTOGA CGOIT GG - C‘ T WCOHEGTECCATTOCAC CATC@EACACCGETGCOG G AALGGT

O e AL ﬁ”um'“t.

260 27
"-CGGGTG.-.(jGT(i(i.\.-..-.'\T.-.TCTCCTC T GTTTC TTTLL C,CTLC T WETTCA TGLTLC TLTLC WCGOTA CLTLCGGLGCT LL TTGCTA L \CA GGTGL CCCTTGG v T

A At g \»W LW,

420 430 440 450 460 470 480
TGTGT CTTTTT lllll TTTTGT GTTTTTTTT TTGTGTTGGC AGGATTGT AAATGTCTTTTTTGTTATTTGTGTGAAGTTTACTTTTGTTTGTGTTT GATGGT GT GGTGGT GG
4590 00 510 520 330 340 50 60 3 3
GTTGTCGGGGTCATGTTTTTTGTTGGCGTCT ATTTTGCTGATTTGTTTTCGT AGGTTTTTTTTT GGTCOCT CACCTGTTTTGTGGGTTTTTGAT AGGTGGTTGGAGT GTGATTITCTCTOT GTTC

Seguence

CCGTAGTAGCAATGGTAGCGCCGGAGGTAGCGGTGGAGATGGAGCATTGAACT
ACGGAGGTGGAAATGAAACTATTGAGGAAATATTTTCCACCTCACCCGTACCGT
TCCGCACCGGTGTCGATGGTGGAATGAGAGGATCAACTATGCCGTCCAAGGTA

TTGAAAATGGAAAGCGATCAGAATCGTCAGCAGAAGTACAGT
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EMBOSS Water Alignment

#::=====================================

¥

# Aligned _sequences: 2

# 1: EMBOSS eel

¥ 2: EMBOSS_@el

# Matrix: EBLOSUME2

# Gap penalty: 1.0

# Extend penalty: 8.5

=

# Length: 282

# Identity: 202/202 (1@0.0%)

# similarity:  2082/202 (lee.eX)

# Gaps: e8/2e2 ( a.e%)

# 5core: 1167.8

®

¥

#=======================================

EMBO55_@al 1 COaTAGTAGCAATEGTAGCGCCGGAGETAGCOOTGGAGATAGAGCATTGA
CLLEPEREEEEEEEET T EEe T e e e e rrr|

EMBOSS @al 1a2% CCOTAGTAGCAATGGTAGCOCCGRAGGTAGCOGTOGAGATEOAGCATTGA

EMBOSS_@al 51 ACTACGGAGGTGEAAATOAAACTATTGAGRARATATTTTCCACCTCACCE
CETEEEEEEEEE PR ET T e e e e e e e e e e e e ey

EMBO55_@al 1679 ACTACGRAGGTOGAAATGAAACTATTEAGGAAATATTTTCCACCTCACCC

EMBOSS @al 181 GTACCGTTCCGCACCOOTOTCRATOATGEAATCAGAGRATCAACTATGCC
||||I|||II||||I|||II|||||IIIIIIII||||||I||||||||||

EMBOSS_a@al 1125 G AATOAGAGEATCAACTATGCC

EMBOS5 _@al 151 GTCCAAGGTATTGAAAATEOAAAGTGATCAGAATCATCAGCAGAAGTACA
CLEPEREEEEEEEEP T e e e e e e e e e e e e e e e ey

EMBO55_@al 1179 GTCCAAGGTATTGAAAATORAAAGCGATCAGAATCATCAGCAGAAGTALZA

EMBOSS_@al 281 aT 282
1

EMBOSS_@dl 1229 4T 123@

Consensus Sequence (BioEdit)

5@

1a7s

laa

1128

158

1178

2aa

1228

GCACCCGTAGTAGCAATGGTAGCGCCGGAGGTAGCGGTGGAGATGGAGCATT

GAACTACGGAGGTGGAAATGAAACTATTGAGGAAATATTTTCCACCTCACCCGT

ACCGTTCCGCACCGGTGTCGATGGTGGAATGAGAGGATCAACTATGCCGTCCA

AGGTATTGAAAATGGAAAGCGCAGATGTCAGCAGAAGTACAGT
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BLAST Results From VectorBase

> AFUNO004137 protein_coding|CM012072.1:80651961:80668394:1|gene:AFUN004137

Length = 5984

Score = 380

Expect = 2e-94
Identity = 97.5728%
Strand = Plus/Plus

Aln Length = 206

Frame: 1/ 1 isTagged: . hitName: AFUN004137-RA

GCACCCGTAGTAGCAATGGTAGCGCCGGAGGTAGCGGTGGAGATGGAGCA

TTGAACTACG

102 GCACCCGTAGTAGCAATGGTAGCGCCGGAGGTAGCGGTGGAGATGGAGCA 108

Shjct

5 TTGAACTACG 4
Quer GAGGTGGAAATGAAACTATTGAGGAAATATTTTCCACCTCACCCGTACCGTT

61 120
y CCGCACCG

SRR AR

108 GAGGTGGAAATGAAACTATTGAGGAAATATTTTCCACCTCACCCGTACCGTT 114
Shjct

5 CCGCACCG 4
Quer GTGTCGATGGTGGAATGAGAGGATCAACTATGCCGTCCAAGGTATTGAAAAT

121 180
y GGAAAGCG
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Shjct

Quer

Shjct

114

181

120

GTGTCGATGGTGGAATGAGAGGATCAACTATGCCGTCCAAGGTATTGAAAAT 120

GGAAAGCG 4
--CAGA--TGTCAGCAGAAGTACAGT 202

[HIF T
123

ATCAGAATCGTCAGCAGAAGTACAGT
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APPENDIX F: HSF Transcript Abundance In All Life Stages (Fig 13)

I HSF transcript abundance in eggs

Table S.2 shows cycle threshold (Ct) values produced during a QPCR for reference
genes RPS7 and GAPDH (A) as well as the gene of interest, HSF (B)

Table S.2A
RPS7 GAPDH
Average Ct of both
RPS7 and GAPDH
Sample Ctl Ct2 Ct3 Ct1 Ct2 Ct3 technical replicates
No-siRNA
Control 1 30.07 32.09 31.42 29.34 32.34 31.65 30.91
No-siRNA
Control 2 30.11 32.14 31.61 30.99 32.74 32.33 31.65
No-siRNA
Control 3 30.44 32.08 31.11 31.12 32.65 32.99 31.73
Eggs 1 31.82 32.09 32.08 30.05 30.96 30.08 31.18
Eggs 2 32.11 32.14 32.08 30.61 30.07 30.59 31.27
Eggs 3 32.81 32.06 32.08 30.49 N/A 30.36 31.56

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical
replicates respectively. N/A indicates no Ct.

Table S.2B
HSF
Sample Ct1l Ct2 Ct3 Average Ct ACt AACt 2"-AACt
No-siRNA
Control 1 30.45 31.99 29.99 29.22 -1.69 -0.52 1.43
No-siRNA
Control 2 30.22 31.00 29.95 30.39 -1.26 -0.09 1.07
No-siRNA
Control 3 30.55 31.96 31.00 31.17 -0.56 0.61 0.66
Eggs 1 29.10 29.02 29.55 29.22 -1.96 1.18 0.55
Eggs 2 29.06 29.27 29.53 29.29 -1.98 -0.81 0.38
Eggs 3 29.99 29.82 29.75 29.85 -1.71 -0.53 0.37

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical
replicates respectively. N/A indicates no Ct.
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Table S.3 shows the average 2"-AACt, standard deviation (SD) and standard error of

the mean (SEM) values of the HSF egg transcript abundance and the no-siRNA control

Average 2"-AACt Average SD SEM
No-siRNA control 1.05 0.39 0.22
Eggs 0.43 0.10 0.06

Table S.4 shows the HSF egg transcript abundance normalised against the no-siRNA

control for each biological replicate

Eggs/ control

Biological rep 1 0.38
Biological rep 2 0.36
Biological rep 3 0.56

ii. HSF transcript abundance in larvae

Table S.5 shows cycle threshold (Ct) values produced during a QPCR for reference
genes RPS7 and GAPDH (A) as well as the gene of interest, HSF (B)

Table S.5A
RPS7 GAPDH
Average Ct of both RPS7
and GAPDH technical

Sample Ctl Ct2 Ct3 Ct1l Ct2 Ct 3 replicates
No-siRNA
Control 1 34.07 | 33.89 | 3455 | 33.09 | 32.34 | 34.99 34.12
No-siRNA
Control 2 3465 | 33.99 | 34.07 | 34.14 | 32.74 | 34.30 33.98
No-siRNA
Control 3 3411 | 33.98 | 34.11 | 34.17 | 32.65 | 34.01 33.84
Larvae 1 3599 | 3591 | 35.75 | 34.09 | 34.87 | 35.56 35.36
Larvae 2 3587 | 35.11 | 35.06 | 34.06 | 34.08 | 35.97 35.03
Larvae 3 3599 | 3591 | 3544 | 34.26 | 34.88 | 35.55 35.34

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical
replicates respectively.

181




Table S.5B

HSF
Sample Ct1l Ct 2 Ct3 Average Ct ACt AACt | 2"-AACt
No-siRNA
Control 1 35.60 35.50 35.60 36.43 2.31 0.65 0.64
No-siRNA
Control 2 35.00 35.42 35.78 35.40 1.42 -0.24 1.18
No-siRNA
Control 3 35.03 34.22 35.99 35.08 1.24 -0.41 1.33
Larvae 1 36.18 36.52 36.58 36.43 1.32 0.09 1.42
Larvae 2 36.11 36.55 36.02 36.23 1.20 -0.45 1.37
Larvae 3 36.19 36.97 36.36 36.51 1.17 -0.49 1.40

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical

replicates respectively.

Table S.6 shows the average 2"-AACt, standard deviation (SD) and standard error of

the mean (SEM) values of the HSF larval transcript abundance and the no-siRNA

control
Average 2*-AACt SD SEM
No-siRNA control 1.05 0.37 0.21
Larvae 1.40 0.03 0.01

Table S.7 shows the HSF larvae transcript abundance normalised against the no-

siRNA control for each biological replicate

Larvae/ control
Biological rep 1 2.23
Biological rep 2 1.16
Biological rep 3 1.05
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iii. HSF transcript abundance in pupae

Table S.8 shows cycle threshold (Ct) values produced during a QPCR for reference
genes RPS7 and GAPDH (A) as well as the gene of interest, HSF (B)

Table S.8A
RPS7 GAPDH
Average Ct of
both RPS7 and
GAPDH technical
Sample Ctl Ct2 Ct3 Ct1 Ct2 Ct3 replicates
No-siRNA
control 1 33.62 33.89 33.98 33.09 32.34 34.99 33.91
No-siRNA
control 2 33.78 33.99 33.00 33.17 32.74 34.30 33.50
No-siRNA
control 3 33.82 33.98 33.09 33.17 32.65 34.01 33.45
Pupae 1 34.09 34.09 34.65 34.56 34.44 34.08 34.32
Pupae 2 34.00 34.12 34.87 34.55 34.65 34.36 34.43
Pupae 3 3451 34.02 34.87 34.39 34.69 34.23 34.45

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical

replicates respectively.

Table S.8B
HSF
Sample Ctl Ct2 Ct3 Average Ct ACt | AACt | 2"-AACt
No-siRNA
control 1 31.79 31.89 | 31.99 33.25 -0.66 | 0.62 0.65
No-siRNA
control 2 31.99 32.07 | 32.00 32.02 -1.48 | -0.19 1.14
No-siRNA
control 3 31.55 31.69 | 31.99 31.74 -1.71 | -0.43 1.34
Pupae 1 32.89 33.95 | 32.91 33.25 -0.18 | -0.86 0.76
Pupae 2 32.01 33.79 | 33.92 33.24 -1.19 | 0.10 0.93
Pupae 3 32.00 | 33.77 | 32.38 32.72 -1.74 | -0.45 0.70

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical

replicates respectively.

Table S.9 shows the average 2"-AACt, standard deviation (SD) and standard error of the mean

(SEM) values of the HSF pupal transcript abundance and the no-siRNA control

Average 2"-AACt Average SD SEM
No-siRNA control 1.05 0.36 0.21
Pupae 0.80 0.12 0.07
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Table S.10 shows the HSF larvae transcript abundance normalised against the no-siRNA

control for each biological replicate

Pupae/ control

Biological rep 1 1.17
Biological rep 2 0.82
Biological rep 3 0.52

iv.

HSF transcript abundance in adults

Table S.11 shows cycle threshold (Ct) values produced during a QPCR for reference
genes RPS7 and GAPDH (A) as well as the gene of interest, HSF (B)

Table S.11A
RPS7 GAPDH
Average Ct of both
RPS7 and GAPDH
Sample Ctl Ct2 Ct3 Ct1 Ct2 Ct3 technical replicates
No-siRNA
control 1 33.62 33.89 | 34.55 33.09 | 32.34 [ 34.99 34.03
No-siRNA
control 2 33.78 33.99 | 34.07 33.17 | 32.74 | 34.30 33.68
No-siRNA
control 3 33.82 33.98 | 34.11 33.17 | 32.65 | 34.01 33.62
Adults 1 36.88 35.03 | 36.37 34.00 | 34.25 | 34.88 35.24
Adults 2 36.77 35.20 | 36.82 34.67 | 34.71 | 34.00 35.36
Adults 3 36.82 35.02 | 36.96 34.21 | 34.24 | 34.18 35.24

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical

replicates respectively.

Table S.11B
HSF
Sample Ctl Ct2 Ct3 Average Ct ACt | AACt | 2"-AACt
No-siRNA
control 1 34.98 34.38 34.72 35.52 1.49 | 0.43 0.74
No-siRNA
control 2 35.01 34.07 34.88 34.65 0.98 | -0.08 1.06
No-siRNA
control 3 34.52 N/A 34.15 34.34 0.71 | -0.35 1.27
Adults 1 36.31 35.24 | 35.00 35.52 0.02 | -0.96 1.40
Adults 2 35.34 | 35.36 35.88 35.53 0.17 | -0.89 1.54
Adults 3 35.29 35.69 36.08 35.69 0.45 | -0.61 1.53

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical

replicates respectively.
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Table S.12 shows the average 2"-AACt, standard deviation (SD) and standard error of

the mean (SEM) values of the HSF adult transcript abundance and the no-siRNA

control
Average 2"-AACt | Average SD SEM
No-siRNA control 1.02 0.27 0.15
Adults 1.49 0.08 0.04

Table S.13 shows the HSF adult transcript abundance normalised against the no-

siRNA control for each biological replicate

Adults/ control
Biological rep 1 1.88
Biological rep 2 1.46
Biological rep 3 1.20
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APPENDIX G: cDNA Calculations To Validate SiRNA Delivery System Using

RPL19

Technical replicate 1

Males 20 ng/ul RPL19-siRNA = C1V1=C2V2
(50 ng/ul)(100 pl)= (2684 ng/ul)(V2)

5000/ 2684= V>

Vo=1.9 ul +98.1 ul H20

Females 20 ng/pl RPL19-siRNA = C1V1=C2V>
(50 ng/ul)(100 uh= (2263.3 ng/ul)(V2)

5000/ 2263.3= V2

Vo=2.2 pl +97.8 pl H20

Males 20 ng/ul B2m-siRNA = C1V1=C2V2
(50 ng/ul)(100 ul)= (2400.1 ng/ul)(V2)
5000/ 2400.1= V>

Vo= 2.1 pl +97.9 pl H20

Females 20 ng/pl B2m-siRNA= C1V1=C2V2
(50n g/ul)(100 ph)= (1463.7 ng/ul)(V2)

5000/ 1463.7= V2

V2= 3.4 ul + 96.6 pl H20

Males no-siRNA control = C1V1=C2V2
(50 ng/ul)(100 pl)= (2859.2 ng/ul)(V2)
5000/ 2859.2= V>

V2= 1.7 pl + 98.3 pl H20

Females no-siRNA control= C1V1=C2V2
(50 ng/ul)(100 ph= (2577 ng/ul)(V2)
5000/ 2577= V>

V2= 1.9 pl +98.1 pl H20

Technical replicate 2

Males 20 ng/ul RPL19-siRNA = C1V1=C2V2
(50 ng/ul)(100 pl)= (2008.7 ng/ul)(V2)

5000/ 2008.7= V2

V2= 2.5 ul + 97.5 pl H20

Females 20 ng/ul RPL19-siRNA = C1V1=C2V2
(50 ng/ul)(100 pl)=(2199.6 ng/ul)(V2)
5000/ 2199.6= V2
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Vo=2.3 ul + 97.7 pl H20

Males 20 ng/ul B2m-siRNA = C1V1=C2V2
(50 ng/ul)(100 ul)= (3087.6 ng/ul)(V2)
5000/ 3087.6= V2

V2= 1.6 pl + 98.4 pl H20

Females 20 ng/pl B2m-siRNA= C1V1=C2V2
(50 ng/ul)(100 ul)= (3306.5 ng/ul)(V2)

5000/ 3306.5= V>

Vo=1.5 ul + 98.5 ul H20

Males no-siRNA control = C1V1=C2V2
(50 ng/ul)(100 ul)= (2808.8 ng/ul)(V2)
5000/ 2808.8= V2

V2=1.8 ul +98.2 ul H20

Females no-siRNA control= C1V1=C2V2
(50 ng/ul)(100 uh)= (2370.6 ng/ul)(V2)
5000/ 2370.6= V2

Vo=2.1 ul +97.9 ul H20

Technical replicate 3

Males 20 ng/ul RPL19-siRNA = C1V1=C2V2
(50 ng/ul)(100 ph)= (3046 ng/ul)(V2)

5000/ 3046= V2

V2=1.6 pl +98.4 pl H20

Females 20 ng/pl RPL19-siRNA = C1V1=C2V2

(50 ng/ul)(100 ul)= (1980.9 ng/ul)(V2)
5000/ 1980.9= V>
Vo=25ul + 97.5 pl H20

Males 20 ng/ul B2m-siRNA = C1V1=C2V2
(50 ng/ul)(100 uh= (2150.4 ng/ul)(V2)
5000/ 2150.4= V2

Vo= 2.3 pl +97.7 pl H20

Females 20 ng/pl B2m-siRNA= C1V1=C2V2
(50 ng/ul)(100 pl)= (2368.8 ng/ul)(V2)

5000/ 2368.8= V>

V2= 2.1 pl +97.9 pl H20

Males no-siRNA control = C1V1=C2V>
(50 ng/ul)(100 pl)= (1618 ng/ul)(V2)
5000/ 1618= V2

V2= 3 ul + 97 pl H20
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Females no-siRNA control= C1V1=C2V2
(50 ng/ul)(100 uh)= (2813.1 ng/ul)(V2)
5000/ 2813.1= V>

V2=1.8 ul +98.2 ul H20
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APPENDIX H: RPL19 Transcript Abundance

i RPL19 transcript abundance in males (Fig 20A)

Table S.14 shows cycle threshold (Ct) values produced during a QPCR for reference
genes RPS7 and GAPDH (A) as well as the gene of interest, HSF (B)

Table S.14A
RPS7 GAPDH
Average Ct of
both RPS7 and
GAPDH technical
Sample Ctl Ct2 Ct3 Ctl Ct2 Ct3 replicates
No-siRNA
control 1 28.51 28.45 28.10 28.64 28.90 28.84 28.57
No-siRNA
control 2 28.59 28.89 28.14 27.55 27.66 27.01 27.97
No-siRNA
control 3 28.36 28.14 28.15 28.07 28.41 28.05 28.20
RPL19-siRNA 1 27.39 27.13 28.01 28.17 27.55 28.12 27.73
RPL19-siRNA 2 27.05 27.87 27.65 26.56 26.81 27.04 27.16
RPL19-siRNA 3 27.80 27.04 27.64 27.43 28.30 27.78 27.67
29.40 29.40 29.47 29.18 29.44 29.70 29.43
29.44 29.60 29.11 29.45 29.55 29.41 29.43
28.36 28.14 28.15 28.50 28.44 28.61 28.37

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical
replicates respectively.

Table S.14B
[ rezg ]
Sample Ctl Ct2 Ct3 Average Ct ACt | AACt | 2"-AACt
No-siRNA
control 1 28.07 28.18 29.18 28.48 -0.10 | -0.48 1.39
No-siRNA
control 2 28.45 28.76 28.56 28.59 0.62 | 0.24 0.85
No-siRNA
control 3 28.70 28.76 28.99 28.82 0.62 | 0.24 0.85
RPL19-siRNA 1 | 28.54 28.41 28.84 28.60 0.87 | 0.49 0.71
RPL19-siRNA 2 | 28.09 28.51 28.11 28.24 1.07 | 0.69 0.62
RPL19-siRNA 3 | 28.24 28.22 28.47 28.31 0.64 | 0.26 0.83
29.03 29.07 29.00 29.03 -0.40 | -0.78 1.72
28.90 29.96 29.78 29.55 0.12 | -0.26 1.20
29.88 29.62 29.54 29.68 1.31 | 0.93 0.52

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical
replicates respectively.
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Table S.15 shows the average 2"-AACt, standard deviation (SD) and standard error of

the mean (SEM) values of the RPL19 transcript abundance and the no-siRNA control

Average 2"-AACt | Average SD SEM
No-siRNA control 1.02 0.31 0.18
RPL19-siRNA 0.72 0.10 0.06
B2m-siRNA 1.15 0.60 0.34

Table S.16 shows the RPL19 transcript abundance normalised against the no-siRNA

control for each biological replicate

RPL19/ control
Biological rep 1 0.98
Biological rep 2 0.73
Biological rep 3 0.51

ii. RPL19 transcript abundance in females (Fig 20B)

Table S.17 shows cycle threshold (Ct) values produced during a QPCR for reference
genes RPS7 and GAPDH (A) as well as the gene of interest, RPL19 (B)

Table S.17A
RPS7 GAPDH
Average Ct of
both RPS7 and
GAPDH technical
Sample Ctl Ct2 Ct3 Ctl Ct2 Ct3 replicates
No-siRNA
control 1 27.01 27.16 27.11 29.22 29.08 29.40 28.16
No-siRNA
control 2 27.08 27.02 27.17 29.45 29.30 29.32 28.22
No-siRNA
control 3 27.11 27.35 27.54 29.15 29.45 29.10 28.28
RPL19-siRNA 1 25.63 25.36 25.88 28.94 28.65 28.77 27.21
RPL19-siRNA 2 26.21 25.93 26.00 28.15 28.25 28.95 27.25
RPL19-siRNA 3 25.81 25.45 25.58 28.29 28.70 28.13 26.99
‘ 26.48 26.43 26.41 26.79 26.65 26.30 26.51
26.89 26.33 26.59 26.87 26.56 26.30 26.59
26.82 26.34 26.97 26.67 26.99 26.75 26.76

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical
replicates respectively.
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Table S.17B

. RPLIO
Sample Ctl Ct 2 Ct3 Average Ct ACt | AACt | 2"-AACt
No-siRNA
control 1 27.44 27.23 27.93 27.53 -0.63 | 0.14 0.91
No-siRNA
control 2 27.10 27.91 27.10 27.37 -0.85 | -0.08 1.06
No-siRNA
control 3 27.60 27.70 27.07 27.46 -0.83 | -0.06 1.04
RPL19-siRNA 1 28.31 28.88 28.40 28.53 1.33 | 2.10 0.23
RPL19-siRNA 2 28.51 28.41 28.65 28.52 1.28 | 2.05 0.24
RPL19-siRNA 3 28.67 28.82 28.40 28.63 1.64 | 241 0.19
\ 26.29 26.32 26.85 26.49 -0.02 | 0.75 0.60
\ 25.50 26.10 26.36 25.99 -0.60 | 0.17 0.89
25.50 25.10 25.99 25.53 -1.23 | -0.46 1.37

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical
replicates respectively.

Table S.18 shows the average 2"-AACt, standard deviation (SD) and standard error of

the mean (SEM) values of the RPL19 transcript abundance and the no-siRNA control

Average 2"-AACt Average SD SEM
No-siRNA control 1.00 0.08 0.05
RPL19-siRNA 0.22 0.03 0.02
B2m-siRNA 0.51 0.46 0.27

Table S.19 shows the RPL19 transcript abundance normalised against the no-siRNA

control for each biological replicate

RPL19/ control
Biological rep 1 0.21
Biological rep 2 0.23
Biological rep 3 0.22
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APPENDIX |I: cDNA Dilutions To Determine The Effect of Concentration and

Temperature On HSF Knockdown

Technical replicate 1

Males 10 ng/ul HSF-siRNA = C1V1=C2V2
(50 ng/ul)(100 pl)= (2456.6 ng/ul)(V2)
5000/ 2456.6= V2

Vo= 2 pl + 98 pl H20

Females 10 ng/pl HSF-siRNA = C1V1=C2V2
(50 ng/ul)(100 uh=(2239.2 ng/ul)(Vz)

5000/ 2239.2= V>

V2= 2.2 ul + 97.8 pl H20

Males 20 ng/ul HSF-siRNA = C1V1=C2V2
(50 ng/ul)(100 uh= (2761.5ng/ul)(Vz2)
5000/ 2761.5= V2

V2= 1.8 pl +98.2 pl H20

Females 20 ng/pl HSF-siRNA RNA = C1V1=C2V>
(50 ng/ul)(100 uh)= (2514.5 ng/ul)(V2)

5000/ 2514.5= V>

V2= 2 pl + 98 pl H20

Males 30 ng/ul HSF-siRNA = C1V1=C2V2
(50 ng/ul)(100 uh= (2769.7 ng/ul)(V2)
5000/ 2769.7= V2

Vo= 1.8 pul +98.2 pl H20

Females 30 ng/pl HSF-siRNA = C1V1=C2V2
(50 ng/ul)(100 ul)= (1713.3 ng/ul)(V2)

5000/ 1713.3= V>

V2=2.9 ul +97.1 pl H20

Males 20 ng/ul B2m-siRNA = C1V1=C2V2
(50 ng/ul)(100 pl)= (4843.8 ng/ul)(V2)
5000/ 4843.8= V>

V2= 1pl + 99ul H20

Females 20 ng/pl B2m-siRNA = C1V1=C2V2
(50 ng/ul)(100 pl)=(2790.1 ng/ul)(V2)

5000/ 2790.1= V2

V2= 1.8 ul +98.2 pl H20
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Males no-siRNA control = C1V1=C2V2
(50 ng/ul)(100 ulh)= (2859.2 ng/ul)(V2)
5000/ 2859.2= V>

V2= 1.7 pl + 98.3 pl H20

Females no-siRNA control= C1V1=C2V2
(50 ng/u)(100 ph)= (2577 ng/ul)(V2)
5000/ 2577= V>

V2=1.9 pl +98.1 pl H20

Technical replicate 2

Males 10 ng/ul HSF-siRNA = C1V1=C2V2
(50 ng/ul)(100 uh)= (2615.4 ng/ul)(V2)
5000/ 2615.4= V>

V2= 1.9 pl +98.1 pl H20

Females 10 ng/pl HSF-siRNA = C1V1=C2V2
(50 ng/ul)(100 uh)= (2235.1 ng/ul)(V2)

5000/ 2235.1= V>

V2= 2.2 ul + 97.8 pl H20

Males 20 ng/ul HSF-siRNA = C1V1=C2V2
(50 ng/ul)(100 ul)= (2178.5 ng/ul)(V2)
5000/ 2178.5= V>

V2= 2.3 ul +97.7 pl H20

Females 20 ng/pl HSF-siRNA RNA = C1V1=C2V2
(50 ng/ul)(100 ul)= (3506.1ng/ul)(V2)

5000/ 3506.1= V>

V2= 1.4 pl + 98.6 pl H20

Males 30 ng/ul HSF-siRNA = C1V1=C2V2
(50 ng/ul)(100 ul)= (2592.5 ng/ul)(V2)
5000/ 2592.5= V>

V2= 1.9 pl +98.1 pl H20

Females 30 ng/ul HSF-siRNA = C1V1=C2V2
(50 ng/ul)(100 pl)=(2762.1 ng/ul)(V2)

5000/ 2762.1= V2

V2= 1.8 pl +98.2 pl H20

Males 20 ng/ul B2m-siRNA = C1V1=C2V2
(50 ng/ul)(100 pl)=(2627.8 ng/ul)(V2)
5000/ 2627.8= V>

V2= 2 pl + 98 pl H20
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Females 20 ng/ul B2m-siRNA = C1V1=C2V2
(50 ng/ul)(100 uh)= (2744.6 ng/ul)(V2)

5000/ 2744.6= V2

V2= 1.9 pl +98.1 pl H20

Males no-siRNA control = C1V1=C2V2
(50 ng/ul)(100 pl)= (1618 ng/ul)(V2)
5000/ 1618= V>

Vo= 3 ul + 97 pl H20

Females no-siRNA control= C1V1=C2V2
(50 ng/pl)(100 pl)= (2813.1 ng/ul)(V2)
5000/ 2813.1= V>

V2= 1.8 pl + 98.2 pl H20

Technical replicate 3

Males 10 ng/ul HSF-siRNA = C1V1=C2V2
(50 ng/ul)(100 ul)= (2667.3 ng/ul)(V2)
5000/ 2667.3= V>

V2=1.9 pl +98.1 pl H20

Females 10 ng/pl HSF-siRNA = C1V1=C2V2
(50 ng/ul)(100 ph)= (2445.9 ng/ul)(V2)

5000/ 2445.9= V>

V2= 2 pl + 98 pl H20

Males 20 ng/ul HSF-siRNA = C1V1=C2V2
(50 ng/ul)(100 uh)= (2889.7 ng/ul)(V2)
5000/ 2505.7= V2

V2= 1.7 pl +98.3 pl H20

Females 20 ng/pl HSF-siRNA RNA = C1V1=C2V>
(50 ng/ul)(100 uh=(2193.9 ng/ul)(V2)

5000/ 2193.9= V2

Vo= 2.3 pl +97.7 pl H20

Males 30 ng/ul HSF-siRNA = C1V1=C2V2
(50 ng/ul)(100 pl)=(2631.1 ng/ul)(V2)
5000/ 2631.1= V2

V2= 1.9 ul +98.1 pl H20

Females 30 ng/ul HSF-siRNA = C1V1=C2V2
(50 ng/ul)(100 pl)= (2447.9 ng/ul)(V2)

5000/ 2447.9= V2

V2= 2 pl + 98 pl H20
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Males 20 ng/ul B2m-siRNA = C1V1=C2V>
(50ng/ul)(100 ph= (2529.4ng/ul)(V2)
5000/ 2529.4= V2

V2= 2 pl + 98 pl H20

Females 20 ng/pl B2m-siRNA = C1V1=C2V2
(50 ng/ul)(100 ul)= (2783.8 ng/ul)(V2)

5000/ 2783.8= V>

V2= 1.8 ul + 98.2 pl H20

Males no-siRNA control = C1V1=C2V>
(50 ng/ul)(100 pl)= 4946.3 ng/ul)(V2)
5000/ 4946.3= V>

Vo= 1 pl +99ul H20

Females no-siRNA control = C1V1=C2V>
(50 ng/ul)(100 pl)= (1980.9 ng/ul)(V2)
5000/ 1980.9= V>

V2= 2.5 pl + 97.5 pl H20
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APPENDIX J: An. funestus Treated With HSF-SiRNA

I An. funestus males treated with HSF-siRNA (10 ng/ul) at 20°C (Fig
24A)

Table S.20 shows cycle threshold (Ct) values produced during a qPCR for reference
genes RPS7 and GAPDH (A) as well as the gene of interest, HSF (B)

Table S.20A
RPS7 GAPDH
Average Ct of
both RPS7 and
GAPDH
technical
Sample Ctl Ct2 Ct3 Ct1 Ct2 Ct3 replicates
E it 36.33 | 3612 | 36.68
control 1 36.29 36.54 36.99 36.49
No-siRNA
control 2 3081 | 3665 | 3695 | 5608 | 3641 | 3623 36.62
No-siRNA
control 3 36.20 36.60 36.83 36.87 36.92 36.95 36.73
HSF-siRNA 1 27.40 27.55 28.10 29.89 29.50 29.86 28.72
HSF-siRNA 2 27.39 28.03 28.07 29.33 29.30 29.17 28.55
HSF-siRNA 3 27.61 28.82 27.42 28.94 29.17 29.48 28.57
33.45 33.96 33.89 33.56 33.09 33.67 33.60
33.23 33.02 33.71 33.97 33.12 33.18 33.37
33.45 33.28 33.65 33.97 33.41 33.29 33.51

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical
replicates respectively.

Table S.20B
HSE
Sample Ct1 Ct2 Ct3 Average Ct ACt | AACt | 2"-AACt
No-siRNA
control 1 37.00 | sr2r | 3749 37.25 0.76 | 0.00 | 1.00
No-SiRNA
control 2 3177 ) 3715 | 37.28 37.40 078 | 002 | 0.99
No-siRNA
control 3 8731 | 3721 | 3788 37.47 074 | -0.02 | 1.01
HSF-siRNA 1 2095 | 3021 | 30.62 30.26 154| 078 | 058
HSF-siRNA 2 30.59 31.59 30.00 30.73 2.18 | 1.42 0.37
HSF-siRNA3 | 3050 | 30.04 | 30.27 30.27 170 | 094 | 052
3424 | 3433 | 33.99 34.19 058 |-018| 1.13
3408 | 3413 | 3438 34.20 082 | 007 | 0096
34.04 | 3504 | 3405 34.38 087 | 011 | 0093

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical
replicates respectively.
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Table S.21 shows the average 2"-AACt, standard deviation (SD) and standard error of

the mean (SEM) values of the HSF transcript abundance and the no-siRNA control

Average 2"-AACt Average SD SEM
No-siRNA control 1.00 0.01 0.01
RPL19-siRNA 0.49 0.11 0.06
B2m-siRNA 1.00 0.11 0.06

Table S.22 shows the HSF transcript abundance normalised against the no-siRNA

control for each biological replicate

HSF/ control
Biological rep 1 0.58
Biological rep 2 0.38
Biological rep 3 0.51

ii. An. funestus females treated with HSF-siRNA (10 ng/pl) at 20°C (Fig
24B)

Table S.23 shows cycle threshold (Ct) values produced during a QPCR for reference
genes RPS7 and GAPDH (A) as well as the gene of interest, HSF (B)

Table S.23A
RPS7 GAPDH
Average Ct of both
RPS7 and GAPDH
Sample Ct1l Ct2 Ct3 Ctl Ct2 Ct 3 | technical replicates
No-siRNA
control 1 28.17 29.74 28.00 31.57 31.68 31.07 30.04
No-siRNA
— 28.64 28.74 28.78 30.95 31.43 31.84 30.06
No-siRNA
e 28.32 28.54 N/A 31.31 32.88 31.27 30.46
HSF-siRNA 1 25.43 25.93 26.02 29.88 29.10 30.04 27.73
HSF-siRNA 2 25.74 25.04 25.08 28.54 29.08 29.33 27.14
HSF-siRNA 3 26.31 25.68 25.86 29.05 29.18 N/A 27.22
25.64 25.49 N/A 28.16 28.68 28.68 27.33
25.49 24.98 25.35 27.78 28.20 28.17 26.66
25.19 25.12 25.86 29.35 28.70 28.81 27.17

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical
replicates respectively. N/A indicates no Ct value.
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Table S.23B

HSF
Sample ct1 | ct2 | ct3 | AverageCt | ACt | AACE| 27-AACt
No-siRNA
control 1 8219 | 3236 | 3240 32.32 228|018 | o088
No-siRNA
control 2 3201 | 3203 ) 32.23 32.09 203 |-007| 1.05
No-siRNA
control 3 3203 | 3242 | 32.89 32.45 108 |-011| 1.08

HSE-siRNA 1 | 30.88 | 3147 | 30.95 31.10 337 | 127 | o041
HSF-siRNA 2 31.43 30.82 31.75 31.33 420 | 2.10 0.23
HSE-siRNA3 | 3216 | 3172 | 3171 31.86 465 255 | 017
| 2049 | 2035 | 29.10 29.31 1.98-0.11| 1.08
29.05 29.71 29.17 29.31 2.65 | 0.55 0.68
| 2062 | 2025 | 29.25 29.37 2.20| 011 | 0.93

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical
replicates respectively. N/A indicates no Ct value.

Table S.24 shows the average 2"-AACt, standard deviation (SD) and standard error of
the mean (SEM) values of the HSF transcript abundance and the no-siRNA control

Average 2"-AACt | Average SD SEM
No-siRNA control 1.00 0.11 0.06
RPL19-siRNA 0.27 0.13 0.07
B2m-siRNA 0.90 0.20 0.12

Table S.25 shows the HSF transcript abundance normalised against the no-siRNA

control for each biological replicate

HSF/ control
Biological rep 1 0.47
Biological rep 2 0.22
Biological rep 3 0.16
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iii. An. funestus males treated with HSF-siRNA (20 ng/ul) at 20°C (Fig

25A)

Table S.26 shows cycle threshold (Ct) values produced during a QPCR for reference
genes RPS7 and GAPDH (A) as well as the gene of interest, HSF (B)

Table S.26A
RPS7 GAPDH
Average Ct of
both RPS7 and
GAPDH technical
Sample Ctl Ct2 Ct3 Ct1 Ct2 Ct3 replicates
No-siRNA
I — 36.51 36.52 36.38 35.21 35.23 35.41 35.88
No-siRNA
control 2 37.39 36.02 36.06 35.33 35.62 35.71 36.02
No-siRNA
control 3 36.72 36.54 N/A 35.22 35.29 35.62 35.88
HSF-siRNA 1 34.03 34.60 34.36 35.29 N/A 35.22 34.70
HSF-siRNA 2 34.68 34.62 34.05 35.79 35.56 35.05 34.96
HSF-siRNA 3 34.30 34.60 34.73 35.24 35.51 34.32 34.78
| 3263 | 3297 | 3281 | 32.85 | 32.19 | 3254 32.67
32.32 32.28 32.97 32.61 32.73 34.99 32.99
\ 33.12 33.01 32.90 32.56 32.63 32.99 32.87

Numerical value (1,2,3) in rows and columns:

replicates respectively. N/A indicates no Ct value.

indicate biological replicates and technical

Table S.26B
HSF
Sample Ctl Ct2 Ct3 Average Ct ACt | AACt | 2"-AACt
No-siRNA
control 1 39.35 | 38.76 | 37.58 38.56 269 | 019 | 087
No-siRNA
control 2 38.30 | 38.22 | 38.04 38.19 217 | -033 | 1.26
No-siRNA
control 3 3822 | NA | 3879 38.51 263|013 | 001
HSESIRNA 1 | 39.60 | 39.26 | 3954 39.47 477 | 227 | o021
HSF-siRNA 2 N/A | 3959 | 39.25 39.42 446 | 1.97 | 026
HSESIRNA3 | 3926 | N/A | 3931 39.29 450 | 201 | 025
3513 | 3519 | N/A 35.16 250 0.00 | 1.00
3593 | N/A | 3501 35.47 248 | 001 | 1.01
3555 | 3588 | 35.24 35.56 269 020 | 087

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical

replicates respectively. N/A indicates no Ct value.
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Table S.27 shows the average 2"-AACt, standard deviation (SD) and standard error of

the mean (SEM) values of the HSF transcript abundance and the no-siRNA control

Average 2"-AACt Average SD SEM
No-siRNA control 1.01 0.21 0.12
RPL19-siRNA 0.24 0.03 0.02
B2m-siRNA 0.96 0.07 0.04

Table S.28 shows the HSF transcript abundance normalised against the no-siRNA

control for each biological replicate

HSF/ control
Biological rep 1 0.24
Biological rep 2 0.20
Biological rep 3 0.27

iv. An. funestus females treated with HSF-siRNA (20 ng/pl) at 20°C (Fig
25B)

Table S.29 shows cycle threshold (Ct) values produced during a QPCR for reference
genes RPS7 and GAPDH (A) as well as the gene of interest, HSF (B)

Table S.29A
RPS7 GAPDH
Average Ct of both
RPS7 and GAPDH
Sample Ct1l Ct2 Ct3 Ctl Ct2 Ct 3 | technical replicates
MR 31.87 | 31.49 | 31.52 | 32.16 | 31.56 | 31.84
control 1 31.74
No-siRNA
control 2 31.25 31.11 31.84 31.43 30.74 31.02 3123
No-siRNA
control 3 31.33 | 31.28 | 3155 | 3158 | 31.59 | 31.89 3154
HSF-siRNA 1 27.88 | 28.20 | 28.12 | 29.49 | 29.98 | 30.30 29.00
HSF-siRNA 2 28.22 29.25 28.23 30.83 30.49 30.72 29.62
HSF-siRNA 3 28.56 | 27.90 | 27.93 | 30.00 | 30.87 | 30.88 29.36
\ 27.35 27.17 28.12 27.77 27.59 28.11 27.69
27.14 29.99 27.52 26.94 27.67 27.32 27.46
27.11 26.57 26.51 27.31 27.54 27.94 27.16

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical
replicates respectively.

200



Table S.29B

HSF
Sample Ct1 | Ct2 | Ct3 | AverageCt | ACt | AAGE| 2°-AACE
No-siRNA
control 1 82.94 | 32.96 | 33.24 33.05 131]-021| 1.15
No-siRNA
control 2 33.00 | 3232 | 32.35 32.56 133]-019| 1.14
No-siRNA
control 3 33.34 | 33.10 | 33.90 33.45 101 | 040 | 0.76

HSESIRNA T | 3151 | 3211 | 3243 32.02 302 | 151 | 035
HSE-SiRNA 2 | 33.06 | 32.90 | 3255 32.84 321| 1.70 | 031
HSE-SiRNA 3 | 3236 | 33.00 | 32.94 32.80 344 | 1.93 | 026
2879 | 2887 | 29.15 28.94 1.25 | -0.26 | 1.20
27.96 | 2928 | 29.19 28.81 135|017 | 112
2013 | 2955 | 29.29 29.32 216 | 065 | 064

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical

replicates respectively.

Table S.30 shows the average 2"-AACt, standard deviation (SD) and standard error of

the mean (SEM) values of the HSF transcript abundance and the no-siRNA control

Average 2"-AACt | Average SD SEM
No-siRNA control 1.02 0.22 0.13
RPL19-siRNA 0.31 0.04 0.03
B2m-siRNA 0.99 0.30 0.18

Table S.31 shows the HSF transcript abundance normalised against the no-siRNA

control for each biological replicate

HSF/ control
Biological rep 1 0.30
Biological rep 2 0.27
Biological rep 3 0.35
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V.

26A)

An. funestus males treated with HSF-siRNA (30 ng/ul) at 20°C (Fig

Table S.32 shows cycle threshold (Ct) values produced during a QPCR for reference
genes RPS7 and GAPDH (A) as well as the gene of interest, HSF (B)

Table S.32A
RPS7 GAPDH
Average Ct of both
RPS7 and GAPDH
Sample Ctl Ct2 Ct3 Ct1 Ct2 Ct3 technical replicates
No-siRNA
- 35.48 35.78 34.87 36.54 36.85 37.03 36.09
No-siRNA
control 2 35.91 35.27 N/A 36.71 N/A 36.55 36.11
No-siRNA
I— 36.54 35.22 35.95 36.07 36.12 N/A 3598
HSE-siRNA 1 3536 | 3460 | 3461 | 36.78 N/A 36.64 35.60
HSF-siRNA 2 35.79 N/A 35.19 | 37.08 N/A 36.95 36.25
HSF-siRNA 3 35.12 35.79 N/A 36.33 36.51 36.45 36.04
‘ 35.48 35.26 36.22 35.84 35.22 35.19 35.54
34.65 35.50 35.29 35.61 35.28 35.74 35.43
‘ 35.00 35.48 35.12 35.94 35.67 35.84 35.51

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical
replicates respectively. N/A indicates no Ct value.

Table S.32B
HSF
Sample Ct1l Ct2 Ct3 Average Ct ACt | AACt | 2"-AACt
No-siRNA
control 1 35841 3604 3689 36.26 017 | -026 | 1.20
No-siRNA
control 2 87.02 37.00)  36.75 36.92 081 | 039 | 076
No-siRNA
control 3 35.37| 3629 3716 36.27 029 | -013| 1.09
HSF-SiRNA 1 3711 | 36.99| 37.24 37.11 152 | 1.09 | 047
HSF-SiRNA 2 3789 | 37.61| 37.33 37.61 1.36 | 093 | 0.52
HSF-siRNA 3 37.51 37.89 37.82 37.74 1.70 | 1.28 0.41
35.04 | 3507 | 37.25 35.79 025 | 017 | 1.3
3426 | 3568 3592 35.29 -0.14 | -056 | 1.48
3577 | 3711| 3747 36.78 128 | 0.85 | 055

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical
replicates respectively. N/A indicates no Ct value.
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Table S.33 shows the average 2"-AACt, standard deviation (SD) and standard error of

the mean (SEM) values of the HSF transcript abundance and the no-siRNA control

Average 2"-AACt Average SD SEM
No-siRNA control 1.02 0.23 0.13
RPL19-siRNA 0.47 0.06 0.03
B2m-siRNA 0.70 0.35 0.20

Table S.34 shows the HSF transcript abundance normalised against the no-siRNA

control for each biological replicate

HSF/ control
Biological rep 1 0.39
Biological rep 2 0.69
Biological rep 3 0.38

Vi. An. funestus females treated with HSF-siRNA (30 ng/pl) at 20°C (Fig
26B)

Table S.35 shows cycle threshold (Ct) values produced during a QPCR for reference
genes RPS7 and GAPDH (A) as well as the gene of interest, HSF (B)

Table S.35A
RPS7 GAPDH
Average Ct of
both RPS7 and
GAPDH technical
Sample Ctl Ct2 Ct3 Ct1l Ct2 Ct3 replicates
No-siRNA
— 31.09 31.14 31.16 33.08 33.29 33.52 3221
No-siRNA
control 2 31.78 31.87 31.45 33.30 33.33 33.03 32 46
No-siRNA
— 31.22 N/A 31.18 33.43 33.34 33.37 3251
HSF-siRNA 1 27.08 27.02 26.19 31.03 30.01 31.26 28.77
HSF-siRNA 2 26.86 27.09 26.61 30.28 30.06 29.95 28.48
HSF-siRNA 3 26.26 26.80 26.88 29.95 29.93 29.96 28.30
33.01 32.02 32.60 33.42 33.26 33.38 32.95
\ 32.70 32.80 33.27 33.17 33.14 33.46 33.17
32.59 32.25 33.09 35.12 33.50 33.00 33.26

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical
replicates respectively. N/A indicates no Ct value.
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Table S.35B

HSF

Sample Ct1 | Ct2 | Ct3 | AverageCt | ACt | AAGE| 27-AACt

No-siRNA

control 1 33.30 | 33.16 | 3348 33.31 110 | 007 | 0.95

No-siRNA

control 2 33.22 | 3341 | 33.04 33.22 076 | 026 | 1.20

No-siRNA

control 3 34.27 | 3249 | 3440 33.72 121 019 | 0.8

HSE-SIRNA T | 3324 | 32.82 | 32.03 32.70 303 | 291 | 013

HSE-SIRNA 2 | 3261 | 32.73 | 32.06 32.47 399 | 297 | 013

HSE-SIRNA3 | 3313 | 31.94 | 31.44 32.17 387 | 285 | 014
34.61 | 34.03 34.29 134 ] 032 | 0.80
34.23 | 34.65 34.38 120 | 018 | 0.88
3412 | 3455 34.29 103 ] 001 | 1.00

Numerical value (1,2,3) in rows and columns:

replicates respectively. N/A indicates no Ct value.

indicate biological replicates and technical

Table S.36 shows the average 2"-AACt, standard deviation (SD) and standard error of

the mean (SEM) values of the HSF transcript abundance and the no-siRNA control

Average 2"-AACt Average SD SEM
No-siRNA control 1.01 0.17 0.10
RPL19-siRNA 0.13 0.01 0.003
B2m-siRNA 0.89 0.10 0.06

Table S.37 shows the HSF transcript abundance normalised against the no-siRNA

control for each biological replicate

HSF/ control
Biological rep 1 0.14
Biological rep 2 0.1
Biological rep 3 0.16
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vii.  An. funestus males treated with HSF-siRNA (10 ng/ul) at 25°C (Fig

27A)

Table S.38 shows cycle threshold (Ct) values produced during a QPCR for reference
genes RPS7 and GAPDH (A) as well as the gene of interest, HSF (B)

Table S.38A
RPS7 GAPDH
Average Ct of
both RPS7 and
GAPDH technical
Sample Ctl Ct2 Ct3 Ct1 Ct2 Ct3 replicates
No-siRNA
control 1 29.25 29.49 29.79 32.23 31.88 32.05 30.78
No-siRNA
control 2 29.85 30.11 30.69 31.12 31.10 30.79 30.61
No-siRNA
control 3 30.24 30.57 N/A 31.00 31.34 30.53 30.74
HSF-siRNA 1 28.44 28.24 28.22 30.83 31.14 31.30 29.70
HSF-siRNA 2 29.65 29.28 28.48 30.05 30.81 N/A 29.65
HSF-siRNA 3 29.28 29.06 29.41 29.25 30.12 30.20 29.55
28.52 28.81 28.62 28.49 28.12 28.61 28.53
27.95 27.89 28.01 28.54 28.90 28.67 28.33
27.58 27.89 27.77 28.33 28.12 28.69 28.06

Numerical value (1,2,3) in rows and columns:

replicates respectively.

indicate biological replicates and technical

Table S.38B
HSF
Sample Ctl Ct2 Ct3 Average Ct ACt | AACt | 2"-AACt
No-siRNA
control 1 32.15 | 32.52 | 32.98 32.34 1.55 | -0.59 1.50
No-siRNA
control 2 33.23 | 33.16 | 33.02 33.14 2.53 | 0.39 0.77
No-siRNA
control 3 33.09 | 33.00 | 33.15 33.08 2.34 | 0.20 0.87
HSF-siRNA 1 33.26 | 33.54 | 33.61 33.47 3.78 | 1.63 0.32
HSF-siRNA 2 33.21 | 33.25 | 33.33 33.26 3.61 | 147 0.36
HSF-siRNA 3 33.62 | 33.51 | 33.98 33.70 4.15 | 2.01 0.25
30.07 | 30.51 | 30.03 30.20 1.68 | -0.47 1.38
30.93 | 30.58 | 30.73 30.75 242 | 0.28 0.82
30.91 | 30.55 | 30.10 30.52 2.46 | 0.32 0.80

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical

replicates respectively.
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Table S.39 shows the average 2"-AACt, standard deviation (SD) and standard error of

the mean (SEM) values of the HSF transcript abundance and the no-siRNA control

Average 2"-AACt Average SD SEM
No-siRNA control 1.05 0.40 0.23
RPL19-siRNA 0.31 0.06 0.03
B2m-siRNA 1.00 0.33 0.19

Table S.40 shows the HSF transcript abundance normalised against the no-siRNA

control for each biological replicate

HSF/ control
Biological rep 1 0.21
Biological rep 2 0.47
Biological rep 3 0.29

viii.  An. funestus females treated with HSF-siRNA (10 ng/ul) at 25°C (Fig

27B)

Table S.41 shows cycle threshold (Ct) values produced during a QPCR for reference
genes RPS7 and GAPDH (A) as well as the gene of interest, HSF (B)

Table S.41A
RPS7 GAPDH
Average Ct of
both RPS7 and
GAPDH technical
Sample Ctl Ct2 Ct3 Ctl Ct2 Ct3 replicates
No-siRNA
control 1 26.58 26.21 26.38 30.25 30.08 29.59 28.18
No-siRNA
A — 26.40 26.55 26.02 28.80 28.98 28.07 27 47
No-siRNA
Iv—— 26.35 25.74 26.37 28.27 28.83 N/A 27 11
HSF-siRNA 1 27.08 27.42 26.44 32.68 33.08 32.87 29.93
HSF-siRNA 2 26.97 27.54 26.77 32.36 32.34 32.59 29.76
HSF-siRNA 3 27.39 26.65 27.72 32.33 32.51 32.68 29.88
25.47 25.20 25.69 28.06 28.10 28.17 26.78
26.05 25.31 26.02 28.06 28.14 28.34 27.12
25.83 25.75 26.26 28.41 28.61 28.71 27.26

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical
replicates respectively. N/A indicates no Ct value.
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Table S.41B

HSF
Sample Ct1 | Ct2 | Ct3 | AverageCt | ACt | AAGE| 27-AACt
No-siRNA
control 1 3115 | 3152 | 30.98 31.22 304 |-028| 1.21
No-siRNA
control 2 30.56 | 3048 | 3103 30.69 3221-010| 1.07
No-siRNA
control 3 30.74 | 30.74 | 30.93 30.80 369|038 | 077

HSE-SIiRNA1 | 3468 | 34.08 | 34.87 3454 462 | 130 | 041
HSF-SiRNA 2 | 3436 | 3424 | 3429 34.30 453 | 122 | 043
HSE-siRNA3 | 3420 | 3411 | 34.05 34.12 424 092 | 053
' 3076 | 30.22 | 30.66 3055 377 | 0.45 | 0.73
3029 | 30.74 | 30.10 30.38 3.25|-0.06 | 1.04
30.14 | 30.22 | 30.45 30.27 301 |-031| 1.4

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical
replicates respectively. N/A indicates no Ct value.

Table S.42 shows the average 2"-AACt, standard deviation (SD) and standard error of

the mean (SEM) values of the HSF transcript abundance and the no-siRNA control

Average 2"-AACt Average SD SEM
No-siRNA control 1.02 0.23 0.13
RPL19-siRNA 0.45 0.06 0.04
B2m-siRNA 1.00 0.25 0.15

Table S.43 shows the HSF transcript abundance normalised against the no-siRNA

control for each biological replicate

HSF/ control
Biological rep 1 0.33
Biological rep 2 0.40
Biological rep 3 0.68
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IX. An. funestus males treated with HSF-siRNA (20 ng/ul) at 25°C (Fig

28A)

Table S.44 shows cycle threshold (Ct) values produced during a QPCR for reference

genes RPS7 and GAPDH (A) as well as the gene of interest, HSF (B)

Table S.44A
RPS7 GAPDH
Average Ct of
both RPS7 and
GAPDH technical
Sample Ctl Ct2 Ct3 Ct1 Ct2 Ct3 replicates
No-siRNA
control 1 30.13 30.52 29.74 30.90 30.43 30.51 30.37
No-siRNA
control 2 29.19 29.88 30.27 30.61 31.06 30.05 30.18
No-siRNA
control 3 30.16 30.71 30.45 31.41 31.48 31.25 30.91
HSF-siRNA 1 33.58 33.69 33.57 33.16 33.02 32.96 33.33
HSF-siRNA 2 33.51 33.97 33.54 33.44 33.61 N/A 33.61
HSF-siRNA 3 33.98 33.41 33.87 34.02 N/A 33.55 33.77
\ 29.17 29.48 28.53 29.22 29.60 29.41 29.24
28.98 28.58 N/A 28.51 28.34 28.75 29.12
\ 29.25 29.41 28.98 30.22 30.18 N/A 29.61

Numerical value (1,2,3) in rows and columns:

replicates respectively. N/A indicates no Ct value.

indicate biological replicates and technical

Table S.44B
HSF
Sample Ct1l Ct2 Ct3 Average Ct ACt | AACt | 2"-AACt
No-siRNA
control 1 34.67 | 34.03 | 33.72 34.14 3.77 | 0.29 0.82
No-siRNA
control 2 3343 | 34.24 | 33.84 33.84 3.66 | 0.18 0.88
No-siRNA
control 3 33.92 | 33.67 | 34.14 33.91 3.00 | -0.48 1.39
HSF-siRNA 1 37.46 N/A 37.59 37.53 4.20 | 0.72 0.61
HSF-siRNA 2 37.43 | 37.84 | 38.46 37.91 4.30 | 0.82 0.57
HSF-siRNA 3 38.20 N/A 37.76 37.98 4.21 | 0.74 0.60
32.96 | 32.85 | 32.97 32.93 3.69 | 0.22 0.86
32.33 | 32.19 | 32.61 32.38 3.26 | -0.22 1.16
32.61 | 32.58 | 32.94 32.71 3.10 | -0.37 1.30

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical

replicates respectively. N/A indicates no Ct value.
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Table S.45 shows the average 2"-AACt, standard deviation (SD) and standard error of

the mean (SEM) values of the HSF transcript abundance and the no-siRNA control

Average 2"-AACt Average SD SEM
No-siRNA control 1.03 0.31 0.18
RPL19-siRNA 0.59 0.02 0.01
B2m-siRNA 1.11 0.22 0.13

Table S.46 shows the HSF transcript abundance normalised against the no-siRNA

control for each biological replicate

HSF/ control
Biological rep 1 0.74
Biological rep 2 0.64
Biological rep 3 0.43

X. An. funestus females treated with HSF-siRNA (20 ng/pl) at 25°C (Fig

28B)

Table S.47 shows cycle threshold (Ct) values produced during a QPCR for reference
genes RPS7 and GAPDH (A) as well as the gene of interest, HSF (B)

Table S.47A
RPS7 GAPDH
Average Ct of both
RPS7 and GAPDH
Sample Ctl Ct2 Ct3 Ctl Ct2 Ct3 technical replicates
No-siRNA
control 1 27.84 27.61 27.59 28.64 28.57 27.87 28.02
No-siRNA
control 2 27.31 27.92 27.62 28.95 28.96 28.65 28.24
No-siRNA
control 3 27.31 27.69 27.33 28.80 29.51 29.70 28.39
HSF-siRNA 1 28.27 28.86 28.09 28.95 28.96 28.65 28.63
HSF-siRNA 2 28.24 28.33 28.25 28.94 28.61 28.35 28.45
HSF-siRNA 3 29.71 29.76 29.81 28.99 28.87 28.95 29.35
27.88 28.06 27.54 27.45 27.96 27.81 27.72
27.43 28.03 27.97 27.51 27.51 27.51 27.66
27.81 27.79 27.43 27.65 27.98 27.32 27.66

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical

replicates respectively. N/A indicates no Ct value.
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Table S.47B

HSF
Sample Ct1l Ct2 Ct3 Average Ct ACt | AACt | 2"-AACt
No-siRNA
control 1 30.22 30.93 31.40 30.85 2.83 | -0.02 1.01
No-siRNA
control 2 30.19 30.87 N/A 30.53 2.30 | -0.56 1.47
No-siRNA
control 3 31.44 31.95 32.06 31.82 3.43 | 0.58 0.67
HSF-siRNA 1 32.25 31.24 32.91 32.13 3.50 | 0.65 0.64
HSF-siRNA 2 31.71 32.49 32.88 32.36 3.91 | 1.06 0.48
HSF-siRNA 3 34.68 34.52 34.83 34.68 5.33 | 2.48 0.18
\ 31.03 30.40 30.52 30.65 2.93 | 0.08 0.95
30.69 30.32 30.73 30.58 2.92 | 0.07 0.95
\ 30.91 30.16 30.75 30.61 2.94 | 0.09 0.94

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical

replicates respectively. N/A indicates no Ct value.

Table S.48 shows the average 2"-AACt, standard deviation (SD) and standard error of

the mean (SEM) values of the HSF transcript abundance and the no-siRNA control

Average 2"-AACt Average SD SEM
No-siRNA control 1.05 0.40 0.23
RPL19-siRNA 0.43 0.23 0.13
B2m-siRNA 0.95 0.01 0.004

Table S.49 shows the HSF transcript abundance normalised against the no-siRNA

control for each biological replicate

HSF/ control
Biological rep 1 0.63
Biological rep 2 0.33
Biological rep 3 0.27

210




Xi. An. funestus males treated with HSF-siRNA (30 ng/ul) at 25°C (Fig

29A)

Table S.50 shows cycle threshold (Ct) values produced during a QPCR for reference
genes RPS7 and GAPDH (A) as well as the gene of interest, HSF (B)

Table S.50A
RPS7 GAPDH
Average Ct of both
RPS7 and GAPDH
Sample Ctl Ct2 Ct3 Ct1 Ct2 Ct3 technical replicates
No-siRNA
control 1 31.47 31.16 30.89 31.20 31.02 31.05 31.13
No-siRNA
control 2 30.01 30.54 29.65 30.50 30.54 30.68 30.32
No-siRNA
control 3 31.36 31.38 30.85 30.13 30.05 30.11 30.65
HSF-siRNA 1 32.59 32.54 31.94 31.38 31.97 32.71 32.19
HSF-siRNA 2 32.05 32.12 32.54 32.01 32.47 32.22 32.24
HSF-siRNA 3 33.02 33.19 32.67 31.70 31.84 32.50 32.49
‘ 29.60 29.60 29.21 29.50 29.51 29.60 29.19
28.49 28.26 28.04 29.65 29.41 29.35 28.87
‘ 29.58 29.48 29.60 29.31 29.01 29.02 29.33

Numerical value (1,2,3) in rows and columns:

replicates respectively. N/A indictaes no Ct value.

indicate biological replicates and technical

Table S.50B
HSF
Sample Ctl Ct2 Ct3 Average Ct ACt | AACt | 2"-AACt
No-siRNA
control 1 35.53 35.43 35.04 35.33 4.20 | -0.42 1.33
No-siRNA
control 2 35.17 35.29 N/A 35.23 491 | 0.29 0.82
No-siRNA
control 3 35.29 35.08 35.79 35.39 474 | 0.12 0.92
HSF-siRNA 1 37.87 38.01 37.49 37.79 5.60 | 0.98 0.51
HSF-siRNA 2 37.29 37.62 37.68 37.53 5.30 | 0.68 0.63
HSF-siRNA 3 37.50 37.44 37.61 37.52 5.03 | 0.41 0.75
33.50 33.54 33.60 33.55 4.36 | -0.26 1.19
33.25 33.58 33.62 33.48 4.62 | 0.00 1.00
34.21 34.02 34.15 34.13 479 | 0.18 0.88

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical

replicates respectively. N/A indictaes no Ct value.
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Table S.51 shows the average 2"-AACt, standard deviation (SD) and standard error of

the mean (SEM) values of the HSF transcript abundance and the no-siRNA control

Average 2"-AACt Average SD SEM
No-siRNA control 1.02 0.27 0.16
RPL19-siRNA 0.63 0.12 0.07
B2m-siRNA 1.03 0.16 0.09

Table S.52 shows the HSF transcript abundance normalised against the no-siRNA

control for each biological replicate

HSF/ control
Biological rep 1 0.38
Biological rep 2 0.77
Biological rep 3 0.82
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xii.  An. funestus females treated with HSF-siRNA (30 ng/ul) at 25°C (Fig

29B)

Table S.53 shows cycle threshold (Ct) values produced during a QPCR for reference

genes RPS7 and GAPDH (A) as well as the gene of interest, HSF (B)

Table S.53A
RPS7 GAPDH
Average Ct of
both RPS7 and
GAPDH
technical
Sample Ctl Ct2 Ct3 Ct1 Ct2 Ct3 replicates
No-siRNA
control 1 26.52 26.76 26.50 28.83 28.24 28.03 27.48
No-siRNA
control 2 26.41 26.45 26.24 29.37 29.18 N/A 27.53
No-siRNA
control 3 27.80 27.66 27.84 29.25 29.42 29.46 28.57
HSF-siRNA 1 25.99 26.10 26.02 28.99 28.99 29.16 27.54
HSF-siRNA 2 26.18 26.04 25.73 28.35 28.97 28.33 27.27
HSF-siRNA 3 26.07 26.58 26.64 28.53 28.57 28.51 27.48
27.18 27.04 27.35 28.60 28.53 28.47 27.74
‘ 26.13 26.17 26.78 28.97 28.88 28.79 27.62
27.15 27.13 27.25 28.70 28.59 28.62 27.91

Numerical value (1,2,3) in rows and columns:

replicates respectively. N/A indicates no Ct value.

indicate biological replicates and technical

Table S.53B
HSF
Sample Ct1l Ct2 Ct3 Average Ct ACt | AACt | 2"-AACt
No-siRNA
control 1 31.93 | 32.73 | 32.64 32.43 4.95 | 0.53 0.69
No-siRNA
control 2 3124 | 31.69 | 32.98 31.97 4.44 | 0.02 0.99
No-siRNA
control 3 32.35 | 32.33 | 32.64 32.44 3.87 | -0.55 1.47
HSF-siRNA 1 32.05 | 32.14 | 3251 32.23 4.69 | 0.27 0.83
HSF-siRNA 2 3255 | 32.14 | 32.33 32.34 5.07 | 0.65 0.64
HSF-siRNA 3 3222 | 32.20 | 32.16 32.19 4.71| 0.29 0.82
32.04 | 32.94 | 32.45 32.48 4.74 | 0.32 0.80
\ 32.33 | 32.31 | 32.73 32.46 4.84 | 0.42 0.75
32.02 | 32.19 | 31.56 31.92 4.02 | -0.40 1.32

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical

replicates respectively. N/A indicates no Ct value.

213




Table S.54 shows the average 2"-AACt, standard deviation (SD) and standard error of

the mean (SEM) values of the HSF transcript abundance and the no-siRNA control

Average 2"-AACt | Average SD SEM
No-siRNA control 1.05 0.39 0.23
RPL19-siRNA 0.76 0.11 0.06
B2m-siRNA 0.96 0.32 0.18

Table S.55 shows the HSF transcript abundance normalised against the no-siRNA

control for each biological replicate

HSF/ control
Biological rep 1 1.20
Biological rep 2 0.64
Biological rep 3 0.56

xiii.  An. funestus males treated with HSF-siRNA (10 ng/ul) at 30°C (Fig

30A)

Table S.56 shows cycle threshold (Ct) values produced during a QPCR for reference
genes RPS7 and GAPDH (A) as well as the gene of interest, HSF (B)

Table S.56A
RPS7 GAPDH
Average Ct of
both RPS7 and
GAPDH technical
Sample Ctl Ct2 Ct3 Ctl Ct2 Ct3 replicates
No-siRNA
control 1 28.57 28.54 28.77 28.05 28.32 28.22 28.41
No-siRNA
control 2 29.18 29.18 29.10 28.92 28.07 N/A 28.89
No-siRNA
control 3 29.07 29.18 29.23 28.45 28.62 28.65 28.87
HSF-siRNA 1 27.97 27.98 28.09 28.06 28.48 28.49 28.18
HSF-siRNA 2 28.46 28.03 28.65 29.13 29.12 29.31 28.78
HSF-siRNA 3 29.33 29.56 29.19 29.34 29.66 29.96 29.51
30.12 30.60 31.12 30.75 30.78 30.82 31.10
32.00 32.59 32.00 30.88 30.69 30.87 31.51
31.86 31.87 32.59 30.99 30.96 30.89 31.53

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical
replicates respectively. N/A indicates no Ct value.
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Table S.56B

HSF
Sample Ctl Ct2 Ct3 Average Ct ACt | AACt | 2"-AACt
No-siRNA
control 1 33.15 33.89 32.65 33.23 4,82 | 0.58 0.67
No-siRNA
control 2 32.52 33.13 33.00 32.88 3.99 | -0.25 1.19
No-siRNA
control 3 33.00 33.15 32.19 32.78 3.91 | -0.33 1.26
HSF-siRNA 1 34.52 34.92 32.94 34.13 595 | 1.71 0.31
HSF-siRNA 2 34.25 34.10 33.87 34.07 529 | 1.05 0.48
HSF-siRNA 3 33.98 34.02 34.10 34.03 4,53 | 0.28 0.82
\ 36.22 36.51 36.99 36.57 547 | 1.23 0.43
\ 35.22 35.78 35.11 35.37 3.87 | -0.38 1.30
35.22 35.26 35.50 35.33 3.80 | -0.44 1.36

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical
replicates respectively. N/A indicates no Ct value.

Table S.57 shows the average 2"-AACt, standard deviation (SD) and standard error of

the mean (SEM) values of the HSF transcript abundance and the no-siRNA control

Average 2"-AACt | Average SD SEM
No-siRNA control 1.04 0.32 0.18
RPL19-siRNA 0.54 0.26 0.15
B2m-siRNA 1.03 0.52 0.30

Table S.58 shows the HSF transcript abundance normalised against the no-siRNA

control for each biological replicate

HSF/ control
Biological rep 1 0.46
Biological rep 2 0.41
Biological rep 3 0.65
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XIV.
30B)

An. funestus females treated with HSF-siRNA (10 ng/pl) at 30°C (Fig

Table S.59 shows cycle threshold (Ct) values produced during a qPCR for reference
genes RPS7 and GAPDH (A) as well as the gene of interest, HSF (B)

Table S.59A
RPS7 GAPDH
Average Ct of
both RPS7 and
GAPDH technical
Sample Ctl Ct2 Ct3 Ct1 Ct2 Ct3 replicates
No-siRNA
control 1 26.96 26.16 26.82 28.65 28.74 28.56 27.65
No-siRNA
control 2 26.80 26.89 26.66 28.68 28.83 28.24 27.68
No-siRNA
control 3 26.61 26.27 26.64 28.22 28.24 28.12 27.35
HSF-siRNA 1 26.07 26.21 26.59 29.32 29.15 29.42 27.79
HSF-siRNA 2 27.41 27.32 26.61 29.40 29.34 29.64 28.29
HSF-siRNA 3 26.83 26.88 26.97 29.00 29.29 29.92 28.15
\ 25.03 25.20 25.00 27.66 27.31 27.04 26.93
27.19 27.87 27.75 27.63 27.54 27.98 27.66
\ 27.03 27.15 27.09 27.95 27.84 27.61 27.45

Numerical value (1,2,3) in rows and columns:

replicates respectively.

indicate biological replicates and technical

Table S.59B
HSF
Sample Ct1l Ct2 Ct3 Average Ct ACt | AACt | 2"-AACt
No-siRNA
control 1 32.94 | 3296 | 32.35 32.75 5.10 | 0.18 0.88
No-siRNA
control 2 3222 | 32.13 | 32.08 32.14 4.46 | -0.46 1.38
No-siRNA
control 3 32.90 | 32.76 | 32.00 32.55 5.20 | 0.28 0.82
HSF-siRNA 1 34.12 | 34.06 | 34.04 34.07 6.28 | 1.36 0.39
HSF-siRNA 2 34.19 | 34.10 | 34.14 34.14 5.86 | 0.93 0.52
HSF-siRNA 3 34.00 | 34.09 | 34.24 34.11 5.96 | 1.04 0.49
31.48 | 31.49 | 30.73 31.23 4.30 | -0.62 154
33.16 | 33,51 | 32.61 33.09 543 | 0.51 0.70
32.26 | 32.33 | 31.19 31.93 4.48 | -0.44 1.36

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical

replicates respectively.
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Table S.60 shows the average 2"-AACt, standard deviation (SD) and standard error of

the mean (SEM) values of the HSF transcript abundance and the no-siRNA control

Average 2"-AACt | Average SD SEM
No-siRNA control 1.03 0.30 0.18
RPL19-siRNA 0.47 0.07 0.04
B2m-siRNA 1.20 0.44 0.25

Table S.61 shows the HSF transcript abundance normalised against the no-siRNA

control for each biological replicate

HSF/ control
Biological rep 1 0.44
Biological rep 2 0.38
Biological rep 3 0.59

xVv.  An. funestus males treated with HSF-siRNA (20 ng/ul) at 30°C (Fig
31A)

Table S.62 shows cycle threshold (Ct) values produced during a QPCR for reference
genes RPS7 and GAPDH (A) as well as the gene of interest, HSF (B)

Table S.62A
RPS7 GAPDH
Average Ct of
both RPS7 and
GAPDH technical
Sample Ctl Ct2 Ct3 Ct1l Ct2 Ct3 replicates
No-siRNA
control 1 28.47 28.65 28.84 28.33 28.44 28.68 28.57
No-siRNA
control 2 28.25 28.39 28.41 28.99 28.95 28.23 28.54
No-siRNA
control 3 28.67 28.37 28.56 28.59 28.93 28.94 28.68
HSF-siRNA 1 26.47 26.55 27.57 27.33 27.85 27.91 27.28
HSF-siRNA 2 26.66 26.87 26.78 27.55 27.53 27.49 27.15
HSF-siRNA 3 26.82 26.59 26.93 27.52 27.41 27.20 27.08
31.39 31.34 31.16 32.13 32.39 31.61 31.38
30.16 30.12 30.32 31.84 31.92 32.13 31.08
30.86 30.00 30.29 30.70 30.00 30.79 30.44

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical
replicates respectively.
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Table S.62B

HSF
Sample Ct1l Ct2 Ct3 Average Ct ACt | AACt | 2"-AACt
No-siRNA
control 1 32.45 32.26 33.20 32.64 4.07 | -0.07 1.05
No-siRNA
control 2 32.51 32.71 32.13 32.45 3.91 | -0.22 1.17
No-siRNA
control 3 32.98 33.09 33.24 33.10 443 | 0.29 0.82
HSF-siRNA 1 32.05 32.32 32.44 32.27 4,99 | 0.85 0.55
HSF-siRNA 2 32.01 32.05 32.19 32.08 4,94 | 0.80 0.57
HSF-siRNA 3 32.11 32.34 32.68 32.38 530 | 1.16 0.45
\ 35.21 35.26 35.14 35.20 3.83 | -0.31 1.24
35.00 35.11 35.02 35.04 3.96 | -0.17 1.13
\ 35.22 35.03 35.18 35.14 470 | 0.57 0.67

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical
replicates respectively.

Table S.63 shows the average 2"-AACt, standard deviation (SD) and standard error of

the mean (SEM) values of the HSF transcript abundance and the no-siRNA control

Average 2"-AACt Average SD SEM

No-siRNA control 1.01 0.18 0.10

RPL19-siRNA 0.52 0.07 0.03
B2m-siRNA 1.01 0.30 0.17

Table S.64 shows the HSF transcript abundance normalised against the no-siRNA

control for each biological replicate

HSF/ control
Biological rep 1 0.53
Biological rep 2 0.49
Biological rep 3 0.55
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XVi.
31B)

An. funestus females treated with HSF-siRNA (20 ng/pl) at 30°C (Fig

Table S.65 shows cycle threshold (Ct) values produced during a QPCR for reference
genes RPS7 and GAPDH (A) as well as the gene of interest, HSF (B)

Table S.65A
RPS7 GAPDH
Average Ct of
both RPS7 and
GAPDH technical
Sample Ctl Ct2 Ct3 Ct1 Ct2 Ct3 replicates
No-siRNA
control 1 27.55 27.15 26.87 28.32 28.20 28.66 27.79
No-siRNA
control 2 26.23 26.13 26.84 28.29 29.75 29.07 27.72
No-siRNA
control 3 26.06 26.85 26.77 28.71 28.54 28.97 27.65
HSF-siRNA 1 25.18 25.11 24.77 27.35 27.21 27.00 26.10
HSF-siRNA 2 24.53 24.10 24.24 27.45 27.23 27.61 25.86
HSF-siRNA 3 24.59 24.73 24.66 27.59 27.44 27.78 26.13
28.31 28.63 28.10 30.67 30.44 30.85 29.51
‘ 28.21 28.36 28.85 30.96 30.25 30.50 29.52
‘ 28.02 28.00 28.44 30.04 30.07 30.14 29.12

Numerical value (1,2,3) in rows and columns:
replicates respectively.

indicate biological replicates and technical

Table S.65B
HSF
Sample Ctl Ct2 Ct3 Average Ct ACt | AACt | 2"-AACt
No-siRNA
control 1 31.22 31.43 32.08 31.58 3.79 | -0.50 1.41
No-siRNA
control 2 31.22 32.54 32.42 32.06 4.34 | 0.06 0.96
No-siRNA
control 3 32.07 32.71 32.34 32.37 472 | 0.44 0.74
HSF-siRNA 1 31.33 31.36 31.88 31.52 542 | 1.14 0.45
HSF-siRNA 2 31.90 31.29 31.84 31.68 5.82 | 1.53 0.35
HSF-siRNA 3 31.64 31.76 32.50 31.97 5.84 | 1.55 0.34
33.98 33.82 33.87 33.89 438 | 0.10 0.94
33.45 33.60 33.73 33.59 4.07 | -0.21 1.16
33.60 33.58 33.15 33.44 433 | 0.04 0.97

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical

replicates respectively.
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Table S.66 shows the average 2"-AACt, standard deviation (SD) and standard error of

the mean (SEM) values of the HSF transcript abundance and the no-siRNA control

Average 2"-AACt | Average SD SEM
No-siRNA control 1.04 0.34 0.20
RPL19-siRNA 0.38 0.06 0.04
B2m-siRNA 1.02 0.12 0.07

Table S.67 shows the HSF transcript abundance normalised against the no-siRNA

control for each biological replicate

HSF/ control
Biological rep 1 0.32
Biological rep 2 0.36
Biological rep 3 0.46
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xvii. An. funestus males treated with HSF-siRNA (30 ng/ul) at 30°C (Fig
32A)

Table S.68 shows cycle threshold (Ct) values produced during a QPCR for reference
genes RPS7 and GAPDH (A) as well as the gene of interest, HSF (B)

Table S.68A
RPS7 GAPDH
Average Ct of
both RPS7 and
GAPDH technical
Sample Ctl Ct2 Ct3 Ctl Ct2 Ct3 replicates
No-siRNA
control 1 29.75 29.71 29.81 29.57 29.60 29.07 29.59
No-siRNA
control 2 29.92 29.35 29.50 29.24 29.41 29.43 29.48
No-siRNA
control 3 29.59 29.62 29.86 29.26 29.16 29.51 29.50
HSF-siRNA 1 27.35 27.27 27.56 27.01 27.00 27.15 27.22
HSF-siRNA 2 27.33 27.28 27.42 27.98 27.56 27.81 27.56
HSF-siRNA 3 27.53 27.40 27.54 27.12 27.14 27.05 27.30
‘ 31.56 31.29 31.00 31.52 31.95 31.25 31.38
31.33 31.50 31.54 31.12 31.22 31.25 31.33
‘ 31.69 31.77 31.79 31.40 31.40 31.56 31.60

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical
replicates respectively. N/A indicates no Ct value.

Table S.68B
HSF
Sample Ct1l Ct2 Ct3 Average Ct ACt | AACt | 2"-AACt
No-siRNA
control 1 34.35 | 34.83 | 34.53 34.57 499 | 0.15 0.90
No-siRNA
control 2 34.00 | 34.11 | 34.41 34.17 4.70 | -0.14 1.10
No-siRNA
control 3 33.93 | 34.24 | 34.84 34.34 4.84 | 0.00 1.00
HSF-siRNA 1 33.24 | 33.03 | 33.61 33.29 6.07 | 1.23 0.43
HSF-siRNA 2 33.31 | 33.56 | 33.79 33.55 599 | 1.15 0.45
HSF-siRNA 3 34.09 | 34.23 | 34.00 34.11 6.81 | 1.97 0.26
36.97 | 35.00 | 35.45 35.81 443 | -0.41 1.33
36.56 | 36.64 | 36.56 36.59 5.26 | 0.42 0.75
36.56 | 36.64 | 36.56 36.59 499 | 0.14 0.90

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical
replicates respectively. N/A indicates no Ct value.
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Table S.69 shows the average 2"-AACt, standard deviation (SD) and standard error of

the mean (SEM) values of the HSF transcript abundance and the no-siRNA control

Average 2"-AACt | Average SD SEM
No-siRNA control 1.00 0.10 0.06
RPL19-siRNA 0.38 0.11 0.06
B2m-siRNA 0.99 0.30 0.17

Table S.70 shows the HSF transcript abundance normalised against the no-siRNA

control for each biological replicate

HSF/ control

Biological rep 1 0.47
Biological rep 2 0.41
Biological rep 3 0.25

XViili.
32B)

An. funestus females treated with HSF-siRNA (30 ng/ul) at 30°C (Fig

Table S.71 shows cycle threshold (Ct) values produced during a QPCR for reference

genes RPS7 and GAPDH (A) as well as the gene of interest, HSF (B)

Table S.71A
RPS7 GAPDH
Average Ct of both
RPS7 and GAPDH
Sample Ctl Ct2 Ct3 Ct1l Ct2 Ct3 technical replicates
No-siRNA
control 1 26.06 | 26.06 | 26.22 | 28.95 | 28.89 | 28.77 27.49
No-siRNA
control 2 26.98 | 26.88 | 27.06 | 28.83 | 28.06 | 28.03 27.64
No-siRNA
control 3 26.77 | 27.13 | 27.10 | 28.70 | 28.52 | 28.76 27.83
HSF-siRNA 1 26.39 | 26.47 | 26.68 | 29.69 | 29.90 | 30.06 28.20
HSF-siRNA 2 26.98 | 26.88 | 27.06 | 30.27 | 30.10 | 30.06 28.56
HSF-siRNA 3 26.45 | 26.97 | 26.73 | 30.32 | 30.25 | 29.61 28.39
30.15 | 30.05 | 30.40 | 29.83 | 29.84 | 29.72 29.90
29.77 | 29.79 | 29.62 | 29.95 | 29.81 | 29.85 29.80
29.95 | 30.02 | 30.14 | 30.25 | 30.16 | 30.84 30.23

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical
replicates respectively.
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Table S.71B

HSF
Sample Ct1l Ct2 Ct3 Average Ct ACt | AACt | 2/-AACt
No-siRNA
control 1 32.10 32.40 32.30 32.27 4,78 | 0.11 0.93
No-siRNA
control 2 32.07 32.26 32.93 32.42 478 | 0.11 0.92
No-siRNA
control 3 32.21 32.24 32.37 32.27 4,44 | -0.22 1.17
HSF-siRNA 1 34.30 34.45 34.08 34.28 6.08 | 1.41 0.38
HSF-siRNA 2 34.22 34.09 33.52 33.94 5.39 | 0.72 0.61
HSF-siRNA 3 34.04 34.30 34.61 34.32 593 | 1.26 0.42
34.77 34.89 34.74 4,84 | 0.18 0.89
34.08 34.70 34.29 450 | -0.17 1.13
34.65 34.00 34.38 4,16 | -0.51 1.42

Numerical value (1,2,3) in rows and columns: indicate biological replicates and technical

replicates respectively.

Table S.72 shows the average 2"-AACt, standard deviation (SD) and standard error of

the mean (SEM) values of the HSF transcript abundance and the no-siRNA control

Average 2"-AACt | Average SD SEM
No-siRNA control 1.01 0.14 0.08
RPL19-siRNA 0.82 0.41 0.23
B2m-siRNA 1.14 0.27 0.16

Table S.73 shows the HSF transcript abundance normalised against the no-siRNA

control for each biological replicate

HSF/ control
Biological rep 1 0.41
Biological rep 2 0.66
Biological rep 3 0.36
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APPENDIX K: HSF normalised against the control mean values for each

treatment

Table S.74: HSF normalised against the control mean values of adult An. funestus males and
females after being housed at one of three temperatures (20, 25 or 30°C) and being fed one of
three siRNA treatments (HSF-siRNA, 82m-siRNA or no-siRNA control). Results are shown for

each treatment.

Males: HSF Females: HSF
normalised against normalised against
Conditions reference gene (SEM) reference gene (SEM)
No-siRNA control 1.000 (0.006) 1.003 (0,062)
20°C 10ng/pl | HSF-siRNA 0.490 (0.062) * 0.270 (0,072) *
B2m-siRNA 1.007 (0.062) 0.897 (0,117)
No-siRNA control 1,013 (0,124) 1,017 (0,128)
20°C 20ng/ul | HSF-siRNA 0,240 (0,015) * 0,307 (0,026) *
B2m-siRNA 0,960 (0,045) 0,987 (0,175)
No-siRNA control 1,017 (0,132) 1,01 (0,097)
20°C 30ng/pl | HSF-siRNA 0,467 (0,031) 0,133 (0,003) *
B2m-siRNA 1,053 (0,271) 0,893 (0,058)
No-siRNA control 1,047 (0,229) 1,017 (0,129)
25°C 10ng/ul | HSF-siRNA 0,310 (0,032) 0,457 (0,037) *
B2m-siRNA 1.000 (0,190) 1,003 (0,149)
No-siRNA control 1,030 (0,181) 1,050 (0,232)
25°C 20ng/ul | HSF-siRNA 0,593 (0,012) 0,433 (0,135)
B2m-siRNA 1,107 (0,129) 0,947 (0,003)
No-siRNA control 1,023 (0,156) 1,050 (0,227)
25°C 30ng/ul | HSF-siRNA 0,630 (0,069) 0,763 (0,062)
B2m-siRNA 1,023 (0,090) 0,957 (0,182)
No-siRNA control 1,040 (0,186) 1,027 (0,178)
30°C 10ng/ul | HSF-siRNA 0,537 (0,150) 0,467 (0,040)
B2m-siRNA 1,030 (0,301) 1,200 (0,256)
No-siRNA control 1,013 (0,103) 1,037 (0,198)
30°C 20ng/pl | HSF-siRNA 0,523 (0,037) 0,380 (0,035) *
B2m-siRNA 1,013 (0,175) 1,023 (0,069)
No-siRNA control 1.000 (0,058) 1,007 (0,082)
30°C 30ng/ul | HSF-siRNA 0,380 (0,060) * 0,470 (0,071) *
B2m-siRNA 0,993 (0,174) 1,147 (0,153)

Asterisks indicate a statistically significant difference between treatments and controls when
conducting the Tukey-HSD test
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APPENDIX L: cDNA Dilutions To Confirm SiRNA Knockdown Throughout The

Life Table Parameter Experiment

Day two

Males 20 ng/ul HSF-siRNA = C1V1=C2V2
(50 ng/ul)(100 ul)= (2456.6 ng/ul)(V2)
5000/ 2456.6= V2

V2= 2 pl + 98 pl H20

Females 20 ng/pl HSF-siRNA = C1V1=C2V2
(50 ng/ul)(100 uh=(2239.2 ng/ul)(Vz)

5000/ 2239.2= V2

V2=2.2 pul +97.8 pl H20

Males 20 ng/ul B2m-siRNA = C1V1=C2V>
(50 ng/ul)(100 ul)= (3087.6 ng/ul)(V2)
5000/ 3087.6= V2

V2= 1.6 pl + 98.4 pl H20

Females 20 ng/pl B2m-siRNA = C1V1=C2V2
(50 ng/ul)(100 ul)= (3306.5 ng/ul)(V2)

5000/ 3306.5= V>

Vo=1.5 ul +98.5 ul H20

Males no-siRNA control = C1V1=C2V2
(50 ng/ul)(100 ul)= (2808.8 ng/ul)(V2)
5000/ 2808.8= V2

V2=1.8 ul +98.2 ul H20

Females no-siRNA control= C1V1=C2V2
(50 ng/ul)(100 uh= (2370.6 ng/ul)(V2)
5000/ 2370.6= V2

Vo=2.1 ul +97.9 ul H20

Day 10

Males 20 ng/ul HSF-siRNA = C1V1=C2V2
(50ng/ul) (100 ph)= (2529.4ng/ul)(V2)
5000/ 2529.4= V2

Vo= 2 ul + 98 pl H20

Males 20 ng/ul B2m-siRNA = C1V1=C2V2
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(50 ng/ul)(100 pl)= (2761.5ng/ul)(V2)
5000/ 2761.5= V2
V2= 1.8 pl + 98.2 pl H20

Males no-siRNA control = C1V1=C2V2
(50 ng/ul)(100 uh)= (2783.8 ng/ul)(V2)
5000/ 2783.8= V2

V2= 1.8 ul + 98.2 pl H20
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HEAT SHOCK FACTOR (HSF) EXPRESSION AND ITS EFFECT ON
LIFE TABLE PARAMETERS IN THE MAIN AFRICAN MALARIA
VECTOR ANOPHELES FUNESTUS

Bloch, N. W.*2, Koekemoer, L. L.2 and Dahan-Moss, Y. L."2

T Wits Research Institute for Malaria, Faculty of Health Sciences, University of the

Witwatersrand, Johannesburg, South Africa

2 Centre for Emerging Zoonotic & Parasitic Diseases, National Institute for
Communicable Diseases, a Division of the National Health Laboratory Service,

Johannesburg, South Africa

ABSTRACT

Anopheles funestus is a major malaria vector in southern Africa and therefore it is
essential to control this species. This necessitates studying the underlying factors that
influence the biology of this species. In mosquitoes, the transcription factor, heat shock
factor (HSF), is a key component in physiological and behavioral processes. However,
there is limited information regarding HSF and its role in An. funestus. The aim of this
study is to investigate the HSF transcript expression in the different life stages of An.
funestus, and its biological role on the life table parameters in this species. The
baseline transcript expression of HSF in all life stages of An. funestus were
investigated using real-time quantitative PCR (gPCR). Anopheles funestus adults were
fed with sugar water containing an optimised concentration of short interfering RNA
that targets the HSF gene (HSF-siRNA). The transcript expression of HSF in HSF-
SiRNA treated An. funestus adults was confirmed via gPCR. The phenotypic effect of
HSF-siRNA on longevity and reproduction in An. funestus was examined. HSF
transcript expression analysis on the four life stages in An. funestus, showed that it
was significantly lower at the egg and pupal stages compared to the larval and adult
stages. The HSF-siRNA knockdown reduced both longevity and reproduction in An.
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funestus. In conclusion, HSF is expressed at varying levels in all life stages, and might
play a role in developmental processes. Heat shock factor plays a role in survival and

reproduction, indicating the pleiotropic effect of HSF in An. funestus.

INTRODUCTION

Malaria is a devastating disease and according to the latest world malaria report, there
has been an approximate 249 million cases and 608 000 malaria related death
worldwide, with 94% of cases and 95% of death being in Africa (World Health
Organization, 2023). Malaria is caused by the transmission of the protozoan, mainly
Plasmodium falciparum, to humans by female Anopheles (Rogers and Randolph,
2000; Sinka et al., 2010). Anopheles funestus is a major malaria vector in Africa and
therefore targeting this vector is crucial to reduce incidences of malaria. The use of
insecticides is commonly used to control An. funestus such as pyrethroids,
organophosphates, pyrroles, neonicotinoids, broflanilide, and carbamates (WHO,
1997; Govoetchan et al., 2022; Ashu et al., 2023). However, the rise of insecticide
resistance in An. funestus populations from several locations in Africa such as, but not
limited to, Sudan, Benin, Céte d'lvoire and Tanzania, pose a problem for sustainable
malaria control efforts (Sinka et al., 2010; World Health Organization, 2020; Akoton et
al., 2023; Ibrahim et al., 2023; N'dri et al., 2023; Tungu et al., 2023). Therefore, other

control interventions are necessary to reduce this species’ population.

Heat shock factor is a transcription factor that exists mainly in a sequestrated and
inactive state as a monomer which is inhibited by its association with heat shock
proteins (HSPs) (Hightower, 1991). Cellular stresses can cause proteins in the cell to
misfold and aggregate (Zhao and Jones, 2012; Chang et al., 2021) and once there is
a cell stress such as heat, HSPs break away from HSF and bind to the misfolded
proteins (Gross et al., 2009). Once the HSPs have dissociated from HSF monomers,
HSF trimerises and translocates to the cell nucleus where the HSF trimer binds to with
heat shock elements (HSE) to activate the transcription of heat shock genes
(Hightower, 1991; Gomez-Pastor et al., 2018).
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Several studied have investigated insects under heat stress. Bai et al. (2022)
investigated the gene Bthsfl, which encodes HSF, in the insect Bemisia tabaci,
silverleaf whitefly. Analysis revealed that Bthsfl was up-regulated in B. tabaci adults
and pupae. Additionally, after exposing B. tabaci to dsBthsfl at -6°C and 41°C for one
day, the expression of Bthsfl was considerably downregulated, and mortality rose in
comparison to the control (Bai et al., 2022). Similarly, heat stress dramatically raised
the expression levels of AhHsf in Agasicles hygrophila. Double-stranded AhHsf RNA
injection dramatically decreased egg production, shortened adult survival, and
eventually decreased fertility in newly emerging adult A. hygrophila (Jin et al., 2020),
while in Liriomyza trifolii high temperatures were generally accompanied by a decrease
in HSF1 expression. These opposing transcription patterns are indicative of the

temporal nature of gene expression in response to heat stress (Chang et al., 2021).

Heat shock factor is therefore necessary for temperature induced transcription, but
pertinent to this study, it is also important for normal physiological roles such as
development, under no stress, in several insect species (Ware-Gilmore et al., 2023).
Jedlicka et al. (1997) identified four mutant alleles of the Drosophila HSF gene in order
to clarify the in vivo roles of HSF. In Drosophila the reduced expression of HSF at a
temperature of 25°C defined the role of HSF in early larval development and a HSF
allele mutant that was sensitive to temperature was necessary for fertility while in Chilo
suppressalis Walker, a rice pest moth, it was shown that HSF transcript expression
was greatly increased during the male adult stage suggesting a role in adult
development (Dong et al., 2023). In Anopheles gambiae, there are three different
isoforms of the HSF coding sequence, namely, HSF1, HSF2, and HSF3. These
isoforms are produced during transcription. The DNA binding domain is shared by all
isoforms. HSF1 and HSF2 have a 90% sequence similarity while HSF2 has an extra
exon in its sequence. Heat shock factor 3 (HSF3) is a shorter splice variant isoform of
HSF1 and HSF2 (Dottorini et al., 2013). The authors also showed that HSF1 have
binding sites to male accessory gland genes suggesting a reproductive role. Therefore,
it is important to investigate the reproductive and lifespan role that HSF plays in order

to better understand the main malaria vector, An. funestus.
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Since there is a need to understand An. funestus biology, for its control, and the fact
that HSF is associated with physiological function in other anopheline and mosquito
species, this study examined the importance of HSF in physiological roles such as

longevity and reproduction in An. funestus.

RESULTS

The basal HSF gene transcript expression in the life stages of An. funestus

Heat shock factor transcript expression was significantly different across all the
different life stages of An. funestus (one-way ANOVA: p= 0.0044, F= 9.98, DF (3, 8)).
The HSF transcript expression was significantly lower in An. funestus eggs and pupae
than larvae and adults, with adults having the highest HSF expression and eggs having
a significantly lower expression of HSF than the other stages. The HSF transcript
expression was 3.25-fold higher in larval versus egg stages (p< 0.0001), and 0.5-fold
lower in the pupal versus the larval stage (p= 0.0008). The transcript expression of
HSF was 1.9-fold higher in adults versus the pupal stage (p= 0.0002). The HSF
transcript expression in An. funestus larvae versus adults was not significantly different
(p=0.3551) (Figure 1).
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Figure 1: HSF transcript expression normalized against the reference genes, RPS7 and GAPDH,
across the four life stages. The asterisks indicate a post-hoc test (ns p > 0.05; *p < 0.05; **p <
0.01; *** p < 0.001; **** p < 0.0001). Error bars represent standard error of the mean (SEM)

Real-time quantitative PCR for quantitative analysis to assess success in HSF

knockdown

The expression of HSF was examined in An. funestus males and females fed with 10%
sugar water containing either HSF-siRNA, 82m-siRNA negative control or without
siRNA (no-siRNA control), at 25°C. The HSF transcript expression was significantly
lower in An. funestus males fed with HSF-siRNA versus males that fed with 82m-siRNA
(p= 0.0007) or the no-siRNA control (p= 0.0007). However, HSF expression was not
significantly different between males fed with 2m-siRNA control or the no-siRNA
control (p= 0.9989) (Figure 2A).

The HSF expression was significantly lower in An. funestus females that were fed HSF-
siRNA versus females fed with 82m-siRNA control (p=0.0102), or the no-siRNA control
(p= 0.0023). The HSF expression was similar in An. funestus females fed with 82m-
siRNA control or no-siRNA (p= 0.3333) (Figure 2B). The feeding of An. funestus males
and females with HSF-siRNA successfully reduced HSF expression and therefore
HSF-siRNA was suitable to use in downstream experiments to examine the role of

HSF in longevity and reproduction in An. funestus.
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Figure 2: The relative HSF transcript expression normalised against the reference genes, RPS7
and GAPDH, in males (A) and females (B) at 25°C with treatment of 20 ng/ul siRNA. The asterisks
indicate a post-hoc test (ns p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). Error
bars represent standard error of the mean (SEM).

Determining the role of HSF in key life table parameters

i Longevity

The feeding of An. funestus males and female adults with HSF-siRNA significantly
reduced their longevity. HSF-siRNA treated males had a significant decrease in
longevity when compared to the control males treated with 82m-siRNA (Log-rank: x2=
7.381, p= 0.0066, DF= 2). Upon assessing the median longevity, An. funestus males
fed with HSF-siRNA had a median survival time in days (IQR: Q1 — Q3) of 25 (23-26)
days post feeding, while An. funestus that were treated with 82m-siRNA or no-siRNA
had a median survival time of 31 (30-33) days and 32 (31-33) days respectively. This
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translated to a 43% decrease in median survival time between the HSF knockdown

samples and the control treatments (Figure 3A).

The overall vector longevity was significantly reduced in the HSF knockdown An.
funestus female when compared to the females fed with 82m-siRNA or no-siRNA
control (Log-rank: x2= 7.956, p= 0.0048, DF= 2). Anopheles funestus females treated
with HSF-siRNA had a median survival time of 32 (31-33) days post-feeding. The
median survival time for An. funestus treated with 82m-siRNA and no-siRNA had a
median survival time of 39 (37-40) days and 40 (39-42) days respectively. This
translated to a 40.5% decrease in survival time in HSF knockdown females compared

to the females from the control treatments (Figure 3B).
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Figure 3: Kaplan-Meier survival analysis of male (A) and female (B) An. funestus assessed after
treatment with siRNA. The different colours indicate the different treatments.

ii. Fecundity

Mating success of An. funestus females fed with HSF-siRNA, 2m-siRNA and no-
siRNA control was assessed via spermathecal capsule dissections. The mating
success was similar between An. funestus females treated with HSF-siRNA, B2m-
siRNA or no-siRNA control (one-way ANOVA: p= 0.3944, F= 0.3636, DF (2, 6)) (Figure
4).
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There was a statistically significant difference between the mean number of eggs laid
per female and the control treatments. The B2m-siRNA and no-siRNA control
treatments had a mean fecundity of approximately 60 eggs laid per female mosquito,
while those treated with HSF-siRNA had mean fecundity of 38 eggs laid per female
(Table 1). Anopheles funestus treated with HSF-siRNA had a 36.6% decrease in
fecundity, when compared to the control treatments (one-way ANOVA: p<0.0001, F=3
100, DF (2, 6)).
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Figure 4: Percentage mating success in females across three treatments (HSF-siRNA
knockdown (86.67%), B2m-siRNA knockdown (80%) and no-siRNA control (73.33%)). No
significance (ns) between treatments was calculated. Error bars represent the standard deviation
(S.D.).

Table 1: Mean fecundity values between the An. funestus mosquitoes which ingested three
SiRNA treatments (HSF-siRNA, B2m-siRNA and no-siRNA control). Results are shown for each

treatment, with the average standard deviation (£S.D.) and total sample size (N).
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Treatment Total number of | Mean number of eggs laid per
eggs laid female £S.D. (% eggs laid);
(95% CI); N
38.42 £ 0.4452 (79.99% ?);
HSF-siRNA 922 (38.89- 38.00); 30
61.85 +0.3223 (86.67%"); (61.85-
B2m-siRNA 1,608 61.26); 30
59.26 + 0.4120 (89.99%P);
No-siRNA control 1, 600 (59.88- 59.10); 30

Data was analysed using the Log-rank test and a one-way ANOVA test (p< 0.001). Letters that

differ are statistically significant as determined by a post-hoc Tukey test.

iii. Fertility

Fertility was measured as the mean number of eggs that hatched and the overall vector
fertility was significantly reduced in the HSF knockdown An. funestus mosquitoes when
compared to the two control treatments. Anopheles funestus females treated with HSF-
siRNA had a 9% decrease in fertility, when compared to the mean of the 82m-siRNA
and no-siRNA control treatments, and this was statistically significant (one-way
ANOVA: p=0.003, F=17.55, DF (2, 6)). The control treatments had a mean hatch rate
of 76%, while those treated with HSF-siRNA had a mean hatch rate of 63% (Table 2).

iv. Time-to-hatch

All eggs that were oviposited by An. funestus females were allowed to hatch over a
period of 10 days and the median time-to-hatch values were then compared. When
assessing the median time-to-hatch in days (IQR: Q1 — Q3), the eggs laid by An.
funestus females treated with HSF-siRNA had a hatch time of 5.5 (3.5-5) days post-
oviposition. Eggs that were oviposited by An. funestus females that were treated with
B2m-siRNA had a median time-to-hatch of 6 (5.5-7) days post-oviposition and the no-
SsiRNA control had a median time-to-hatch of 8 (6.5-8.5) days post-oviposition. The
median time-to-hatch values were compared between the HSF knockdown samples
and the control treatments (Log-rank: x2= 2.895, p= 0.235, DF= 2) (Figure 5). This this
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translated to a 21.4% significant decrease when compared to the average median

time-to-hatch of the controls.

Table 2: Mean fertility values between the An. funestus mosquitoes which ingested three siRNA

treatments (HSF-siRNA, B2m-siRNA and no-siRNA control). Results are shown for each

treatment, with the average standard deviation (£S.D.) and total sample size (N)

Median time to
Treatment Total number Mean % of eggs
Of eggs hatCh (|n'[el’-
hatched +S.D.; (95% .
hatched guartile range)
CI); N
63 +0.443; (70.3-68.5); 5.5 (3.5-5)
HSF-siRNA 630 302
75 +0.567; (75.3- 76.7); 6 (5.5-7)
B2m-siRNA 1,203 30
77 +0.496; (77.9- 8 (6.5-8.5)
No-siRNA control 1, 237 78.1); 30°

Data was analysed using the Log-rank test and a one-way ANOVA test (p>0.005). Letters that

differ are statistically significant as determined by a post-hoc Tukey test.
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Figure 5: Kaplan-Meier survival analysis of An. funestus fertility (time-to-hatch) assessed after

treatment with siRNA. Samples treated with HSF-siRNA (pink) had a time-to-hatch of 5.5 days,
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B2m-siRNA had a median time of 6 days (purple) and the no-siRNA control had a median time of

8 days (green).

DISCUSSION

The purpose of this study was to examine the expression of the HSF transcript in the
various life stages of An. funestus and its biological role in the life table parameters of
this species. Because HSF is essential in several physiological and behavioural
functions in mosquitoes and little is known about HSF and how it functions in An.
funestus it was important to study this gene and assess its function in An. funestus.
HSF was expressed in all life stages of An. funestus and therefore is most likely to be
a critical molecule in insect development and survival. The HSF basal transcript
expression in An. funestus eggs and pupae was significantly lower when compared to
larvae and adults which shows a dynamic flexibility (up and down) as the eggs develop
through to the adult. This is not unique to An. funestus, and differences in HSF
transcript expression have also been observed in Chilo suppressalis Walker, a rice
pest moth whereby HSF expression was highest in the adult male stage (Dong et al.,
2023) and Cotesia chilonis, a parasitoid wasp where HSF expression was lowest in
the second instar larvae and adults and highest in the third instar larval and pupal
stages (He et al., 2021).

The complicated life cycle of mosquitoes comprises of both aquatic and terrestrial
stages. Temperatures can have an impact on mosquito developmental time and
certain life stages are more susceptible to environmental stress than others (Harada
and Goto, 2017). Higher temperatures and stressors are combatted in insects using
the heat shock response whereby HSF initiates the transcription of genes that code for
stress proteins such as molecular chaperones. Therefore, HSF transcript expression
during periods of high stress and heat may be particularly crucial at certain stages of

development (Sgrensen and Loechcke, 2002).

The eggs, larvae and pupae of An. funestus are found solely in water yet only larvae
showed a higher HSF transcript expression. This may be due to the fact that eggs have
the exochorion, endochorion and serosal cuticle, that allows the egg to be viable
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outside of the water (Farnesi et al., 2017). In this case HSF may not be required at
such large quantities in this life stage due to other mechanisms of protection from the
environment. Larvae undergo four developmental instars stages and the larval stage
is the longest of all four life stages. The fact that HSF transcript expression was highest
at this stage suggests a metamorphosis or moulting role and that HSF might be
expressed to deal with environmental stress and larval-pupal transition as was seen in
Drosophila where HSF expression was highest in the larval stage (Jedlicka et al.,
1997). Pupae is the last water stage to be discussed and it does not feed. They are
mobile and can dive to avoid predators (Awasthi et al., 2012). The egg and pupal
stages are the developmental stages. This suggests that HSF does not play as big a
role in the development of An. funestus but may have a role in larval and adult
development. In other An. gambiae transcript studies (whole genome studies) the eggs
have the fewest differentially expressed genes, hence during embryo development the
insect might put resources into other transcripts that are important for development
(Gokhale et al., 2013). The adults stage is the only terrestrial stage and had the highest
HSF expression of the four stages. This suggests HSF plays a crucial role in terms of
survival against environmental conditions and regulation of growth and aging. This may
further extend to perhaps play a role in germline cell development such as oogenesis
and spermatogenesis as seen in Drosophila species (Jagla et al., 2018) which

suggests a reproductive role.

Once the basal transcript expression of HSF was confirmed and that the transcript
expression was highest in adults, sugar water containing HSF-siRNA was fed to adult
An. funestus to knockdown HSF. This method proved suitable due to its ease of use
and its benefit of use during downstream HSF studies whereby the effect of HSF was

examined on longevity and reproduction.

The longevity of An. funestus males and females was significantly decreased by
18.65% after HSF knockdown with HSF-sSiRNA. Males fed with HSF-siRNA lived
shorter than females fed with HSF-siRNA. This is consistent with what is known in the
literature as studied in Ae. albopictus (De et al., 2022) and An. funestus, An. gambiae,
Ae. aegypti and Ae. albopictus whereby females survived on average 1.2 days longer

than males without siRNA feeding (Lambert et al., 2022). This disparity between males

242



and females may be because females generally survive longer since they require time
to mate, feed primarily on blood, digest that meal, make eggs, and then lay those eggs
in a favourable area (Lambert et al., 2022). Males however, are only required to mate
and then soon after perish (Barredo and DeGennaro, 2020). Additionally, several
different species of mosquitoes’ adult females can endure hostile situations, yet when
males are faced with such brutal circumstances, they only occasionally persist (Kirby
and Lindsay, 2009). The same pattern is seen in this study whereby HSF-siRNA
females survived for a median of 25 days and males for only 32 days. A study
examined the sugar feeding habits of Cx. quinquefasciatus and Ae. aegypti. The mean
sugar volume in the bodies of female Aedes and Culex was higher than that of the
males. The authors assumed a higher sugar volume suggested a higher volume
uptake of sugar bait in females when compared to males (Olson et al., 2020). Seeing
as the females take more sugar than males, they may have ingested more siRNA. This
was an important discovery since Anopheles mosquitoes can spread malaria parasites
14 days after gametocyte infection (Bray and Garnham, 1982). The female mosquito
must remain alive for at least 14 days after gametocyte infection in order to transmit
the parasite. Seeing as HSF knockdown reduces An. funestus female longevity to a
median of 39 days, this approach would not work to eliminate the vector population
before the end of the extrinsic incubation period. However, HSF knockdown could

affect the susceptibility of the female to the parasite and this needs to be investigated.

HSF knockdown in An. funestus females resulted in a 36.6% decrease in vector
fecundity, and a 9.2% decrease in vector fertility. A disturbance in midgut homeostasis
via HSF-siRNA introduction may lessen the availability of nutrients following a blood
meal in addition to shortening the mosquito’s lifespan. Re-absorption of the growing
follicles due to HSF knockdown, during the gonotrophic cycle, might limit vector
oviposition in An. funestus. These observations are seen by Lea et al. (1972) in Ae.
aegypti whereby the hypothesis that the size of an egg batch is matched by the re-
absorption of developing follicles was postulated. In addition, in this study, eggs
hatched two days later in HSF-siRNA treated females than in controls. Eggs that
remain in the water for longer are more vulnerable and exposed to ovicides such as
dinitrophenol compounds and petroleum oils (Smith and Salkeld, 1966). This would
ultimately mean the eggs would be targeted and the life cycle would no longer continue.

However, one could argue that ovicides in the water poses a deleterious effect on
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human health (Agrawal et al., 2010). Eco-friendly tools have been recently

implemented against mosquito vectors, including botanical insecticides (Benelli, 2015).

It is true that the almost 20% reduction in longevity, seen in the HSF-siRNA treated An.
funestus females, will still enable these females to feed and transmit malaria.
However, the additional reduction in fecundity (just under 40%) and fertility (almost
10%) seen in An. funestus female treated with HSF-siRNA will very likely reduce this
vector's population numbers. However, it is possible to use RNAi approaches and
combining different target genes in a “super sugar bomb” tactic might have the desired
impact of eliminating this vector. To expand on this idea, dsRNA is extremely stable
and past studies have shown that dsRNA can last at least 7+ days under insectary
conditions (Bennett and Koekemoer, unpublished), hence making this an attractive
idea to supplement current sugar toxic baited approaches (Revay et al., 2015;
Fiorenzano et al., 2017; Traore et al., 2020; Kumar et al., 2023). Other target genes
that have been targeted by RNAi and shown to result in reduced reproductive success
include the G protein-coupled receptors (GPCRs) (Keyes-Scott et al., 2023),
reproductive genes (GAP005958, AGAP011377 and AGAP007280) (Hammond et al.,
2016), ribosomal proteins (RPS6 and RPL26) (Estep et al., 2016), Kriippel homologue
1 (Kr-hl1) (Ojani et al., 2018), etc. The “super sugar bomb” approach can easily be
evaluated under laboratory and semi-field conditions as a proof of principle. Coy et al.
(2012) employed gene knockdown and mosquito ingestion to investigate the impact of
dsRNA introduction into mosquitoes using attractive toxic sugar bait (ATSB)
techniques in Ae. aegypti. A mixture of two dsRNA was used. Spraying vegetation and
bait stations are the two common implementation strategies for ATSB (Kumar et al.,
2023). The ATSB approach has proven to be quite effective in suppressing the
mosquito vector population in sub-Saharan Africa, Israel, and the United States of
America among other regions (Muller et al., 2010; Revay et al., 2015; Fiorenzano et
al., 2017). For example, ATSB containing the insecticide dinotefuran used against
Anopheles mosquitoes in Mali drastically reduced the density of mosquitoes, number
of older females and sporozoite prevalence demonstrating how ATSB significantly
reduces malaria parasite transmission (Traore et al., 2020). HSF-siRNA can be used
to target other anopheline species as the specific HSF-siRNA is homologous to An.

stephensi, An. merus, An. gambiae, An. coluzzii and An. arabiensis.
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In conclusion, HSF may be involved in developmental processes and is expressed at
different levels across all life stages. The fact that HSF is involved in both survival and

reproduction suggests that HSF has multiple phenotypic expressions in An. funestus.

EXPERIMENTAL PROCEDURES
Study samples

Laboratory-reared eggs, larvae, pupae, and adults of An. funestus females and males
from the FUMOZ colony were used in this research. FUMOZ was established in 2000
using wild-caught An. funestus material from southern Mozambique (Hunt et al., 2005).
The colony is housed in the Botha de Meillon Insectary (Vector Reference Laboratory
(VRL), National Institute of Communicable Diseases (NICD), Johannesburg, South
Africa), at 80% humidity and 25°C with a 12-hour light; 12-hour dark cycle and 45-
minute dusk/ dawn simulation. Mosquito larvae are fed a powdered diet consisting of
a mixture of Beeno® dog biscuits (Beeno® South Africa, http://www.beeno.co.za) and

Brewer’s yeast in a 3:1 ratio (Zengenene et al., 2021).

Assessing the HSF transcript expression in all the life stages in An. funestus
Experimental setup

Experimental setup involved obtaining samples from each stage of the An. funestus
life cycle at 25°C. Newly emerged An. funestus female and male adults were placed in
W32.5 X D32.5 X H32.5 cm BugDorm® rearing cages (Megaview Science Co., Ltd,
Taichung, Taiwan) in the Botha de Meillon Insectary. The three cages contained 40
female and 40 male adults each to allow for mating for 10 days as this has been shown
to be the optimal amount of time for mating in An. funestus (Maharaj et al., 2022).
During this time mosquitoes were allowed to feed ad libitum on 10% sucrose solution

that was supplied. At day 10 the males were removed.

Obtaining samples from each life stage

At day 13, blood fed females were removed from the cages and placed in separate
oviposition cups. The eggs laid in each oviposition cup were removed and then

separated by which 300 eggs were removed for RNA extraction and stored in the
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laboratory. The remaining eggs were transferred into rectangular larval rearing bowls
(120 mm width X 200 mm length X 70 mm height) and filled with 750 ml of distilled
water and left to further develop. Larvae were fed twice daily on a mixture described
previously. After 13 days, 30 fourth instar larvae were removed from each bowl and
sacrificed to be stored in the laboratory for use during RNA extraction. Once the larvae
pupated, 30 pupae from each bowl were removed and sacrificed for RNA extraction.
The remaining larvae were used to further develop into adults and 20 male and 20
female adults were removed from each bowl for RNA extraction. Three biological
replicates were performed and a total of 900 eggs, 60 fourth instar larvae, 48 pupae
and 48 newly emerged adults were required for RNA extraction and subsequent cDNA
synthesis. It is difficult to sex individual eggs and larvae, although some laboratories
use size separation on Aedes mosquitoes as a technique. Size separation is not
possible for anophelines and therefore, it was assumed that the eggs and larvae were
mixed with both males and females in equal ratios as no gender distortion has been
reported for this colony. In order to allow for proper comparison, it was decided that

the pupae and adults of both genders should be mixed in equal proportion as well.
RNA extraction, Dnase | treatment and cDNA synthesis

RNA was extracted from An. funestus using the TRIzol™ extraction method according
to the manufacturer’s instructions (Invitrogen, 15596018) and treated with Dnase |
(New England Biolabs, M03035) The quality and integrity of the RNA was evaluated
using a NanoDrop™ spectrophotometer (Thermo Scientific, ND-2000) and RNA native
gel respectively. The RNA native gel was viewed using a Molecular Imager Gel Doc
XR System (BioRad, 170-8170) RNA was then converted to cDNA using QuanitiNova
Reverse Transcription Kit (Qiagen, 205411) according to the manufacturer’s
instructions. The number of eggs, larvae, pupae, and adults required for RNA
extraction differed. RNA was extracted from 300 eggs, 20 larvae, 16 mixed pupae and
16 mixed adults in a 1:1 gender ratio. Due to the size difference between eggs and
larvae compared to pupae and adults, more biological material (300 eggs and 20 larvae
vs. 16 pupae and 16 adults) was required to ensure sufficient RNA was extracted. In
order to determine the genders of the pupae, they were viewed under a microscope to
determine the gender of each pupa and pupae of each gender were separated in a 1:1
ratio prior to RNA extraction. The cDNA was then diluted to a concentration of 50 ng/ul
in a 100 pl distilled water solution to be used in gPCR.
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Real-time Quantitative PCR

Primers targeting the HSF gene were designed by Dr. Yael Dahan-Moss using the
Vector Base accession number AFUN004137-RA and normalized by Macrogen (Table
3). Real-time PCR amplification was performed according to the instructions of iQ™
SYBR® Green Supermix (dNTPs, iTag™ DNA Polymerase, MgClz, fluorescein)
(BioRad, 1708882) and was made up to a final volume of 25 pl. The RT-qPCR cycling
conditions were as follows: 94°C for 2 minutes and then 94°C for 30 secs, 55°C for 30
secs and 72°C for 40 secs for 42 cycles. The cycling conditions then ended with 72°C
for 10 mins and a 4°C hold. gPCR was followed with melt curve analysis for all products
and a no-template control (no cDNA) was included to ensure no contamination. Each
reaction was run with three biological replicates, each with three technical replicates.
The RPS7 and GAPDH genes were used for normalising the data. gPCR data were
analysed using the relative transcript expression ratio method whereby the change in
Ct (ACt) was calculated as ACt = Ct (average Ct of gene of interest) — Ct (average Ct
of reference gene) (Livak and Schmittgen, 2001; Pfaffl, 2001). The ACt was
subsequently used to calculate the delta-delta Ct (AACt) value, which is the difference
between the aforementioned ACt values. The AACt method, also known as the 2—AACt
method, is a simple formula used in order to calculate the relative fold transcript
expression of samples when performing real-time PCR. This method gives an output
of a fold change value which is an increase or decrease of the gene of interest

normalized against a reference gene (Livak and Schmittgen, 2001).

Table 3: Sequences and sequence length of HSF primers.

Primer Sequence 5’-3’ Amplicon length
Forward | GCACCCGTAGTAGCAATGGT
HSF  ["Reverse | CCAAGGTTCCTTGATCGTGT

206 bp

Assessing the effect of siRNA targeted to the HSF gene on life table parameters

Study treatments
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Three treatments were included in these experiments. An exogenous gene, mouse

beta-2-microglobulin (82m) was used as a non-specific negative control (Da costa et

Amplicon

Primer Sequence 52> 3’ length Gene sequence

B2m (forward) GAGAAUGGGAAGCCGAACAUA
21b AHO001856.2
B2m (reverse) UAUGUUCGGCUUCCCAUUCUC P
(GenBank)

HSF (forward) GACGAUGAAGCAGGAGAAUGA AFUNO004137-RA
HSF (reverse) UCAUUCUCCUGCUUCAUCGUC 210p (Vector Base)

al., 2014). The gene, B2m is not present in An. funestus and therefore feeding this
siRNA to mosquitoes should not alter the transcript expression. A no-siRNA control
was included, which contains sugar water and green food colouring dye, but no siRNA.
The gene of interest, heat shock factor, was included to assess gene transcript

expression and life table parameter effects after the use of HSF-siRNA.

RNA interference

For RNAI experiments, siRNAs were designed by Dr. Yael Dahan-Moss and were

synthesised by Ambion (Life Technologies) (Table 4).

Table 4: Sequences and sequence length of HSF and B2m-siRNA

siRNA delivery

A solution of 1 ml of 5% sugar water solution was added directly into each
microcentrifuge tube that had the lid removed. The solution was made up of (490 pl)
RNA free water, (500 pl) 10% sucrose, 10ul 20ng/pl siRNA solution and a drop of blue
gel food colouring (Cake Flora Gel Food Colouring (Forest Green and Navy Blue,
www.cakeflora.co.za). These mosquitoes were provided with siRNA-treated sugar
water throughout the experiment in order to sustain knockdown. Paper cups with a 280
ml capacity were covered by a 15 cm-by-15 cm piece of gauze that was secured by an
elastic band were used and the microcentrifuge tube was fastened upside down into

the gauze to allow for feeding.
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Determine the role of HSF in key life table parameters

i. Longevity
Longevity was evaluated at 25°C and three treatment BugDorm® cages containing a
total of 60 newly emerged adult female and male mosquitoes were setup. Each
treatment cage was provided with ad libitum on the relevant 20 ng/ul sucrose-siRNA-
food colouring solution. Three biological replicates were performed. The rate of survival

was monitored until 100% mortality was reached for all three treatments.

ii. Fecundity
At day 10, 10 females from each cage were removed, immobilised and spermathecal
capsule dissections were performed to assess insemination status. This was
implemented to ensure that a change in fecundity, fertility and time-to-hatch were not
due to mating success. The terminalia and last abdominal segment of the females were
removed in order to expose the spermatheca which was subsequently observed via
microscopy at 100X magnification to determine mating status (Methods in Anopheles
Research Manual, 2015). The females were either scored “yes” for the presence of
spermatozoa (mated) or “no” for the absence of spermatozoa (not mated). The
proportion of females mated was calculated as a percentage for each biological

replicate.

Mosquito fecundity was analysed using a total of 40 newly emerged virgin female An.
funestus adult mosquitoes per each treatment. Forty untreated 2-day-old male
mosquitoes, as genital rotation of all males reaches the final stage of rotation only 36
hours post emergence (Dahan and Koekemoer, 2013), were introduced to each cage
and were left there for 10 days to allow for mating to take place, after which the male
mosquitoes were removed from the cages. At day 10, 10 females from each cage were
removed to assess mating success as previously described. The remaining females
fed ad libitum on distilled water which replaced the 10% treated sucrose solution in
order to encourage blood feeding at day 11. Two subsequent blood meals were offered

to mated females at days 11 and 13 (Munhenga et al., 2016) and the females were
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provided with 10% sucrose solution to feed bad libitum throughout this period. After
receiving the second blood meal at day 13, each female was transferred into a
separate oviposition cup. Mosquitoes were maintained on their respective sucrose
solutions by 0.1 g of sterilised cotton wool placed on top of the gauze throughout the
experiment until oviposition had taken place and the number of eggs laid were counted

by microscopy.

iii. Fertility
Fertility was assessed by determining the number of eggs that hatched from the eggs
that were laid. Fertility experimental setup followed on from the fecundity study

whereby the laid eggs were monitored to determine the time taken to hatch.

iv. Time-to-hatch
Time-to-hatch was determined by monitoring the hatch time over 10 days. Eggs that

did not hatch 10 days post-oviposition were considered infertile.

Statistical analysis

GraphPad Prism was used for all the statistical analyses and creating the graphs
(Version 9.0 for Windows, GraphPad Software, USA, www.graphpad.com). In order to
assess HSF transcript expression in all four life stages, the Shapiro-Wilk test tested
data for normality, and those that passed the test were taken into consideration for
further analysis. The significance of the differences between treatments was assessed
using a one-way ANOVA and Tukey’s post hoc test. A Kaplan-Meier survival curve
was used to analyse longevity and the Log-Rank test was used to calculate statistical
significance of survivability. Fecundity and fertility was determined as the mean number
of eggs laid (fecundity) or hatched (fertility) per female which was compared between
the treatment and controls, using a one-way analysis of variance (ANOVA), and a
Tukey post-hoc test. This was done to analyse the differences in means of each
variable (Munhenga et al., 2016), and report on correlations that were observed. The
Kaplan-Meier survival curve was used to analyse fecundity and fertility and the Log-

Rank test was used to calculate statistical significance. The Log-rank test was used to
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determine whether there was a statistically significant difference in vector time-to-hatch

between the various treatments (Log-rank: p<0.05).
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