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ABSTRACT

South Africa is taking significant strides towards eliminating malaria transmission within its
borders. However, existing vector control strategies that focus on indoor mosquito
management face challenges with Anopheles arabiensis, the primary malaria vector. To
bolster these efforts, the sterile insect technique (SIT) is being considered as an additional
vector control strategy. SIT involves mass-rearing and sterilising specific pest insects, which

are then released to mate with wild insects, effectively reducing the pest population.

The South African SIT project faces a crucial challenge of efficiently separating female
mosquitoes from the production line. This is because female mosquitoes are capable of
transmitting the malaria parasite, making their elimination vital. Current methods like manual
separation and resistance-based sorting have operational limitations and require further

optimisation for field trials.

To address this challenge, this thesis conducted optimisation and acclimatisation experiments
on adult Anopheles arabiensis females, aiming to transition them to an artificial membrane
feeding technique. Comparative assessments demonstrated that artificial blood-feeding
methods utilising a Hemotek® membrane feeding system and hog casing could effectively

replace conventional methods without significant detriment to reproductive fitness.

Subsequently, the study explored the use of ivermectin, a toxicant, to spike blood during
artificial feeding to target and eliminate females. An optimal concentration of ivermectin (7.5
ppm) was identified, showing potential for segregating females from males during laboratory
rearing. However, complete female elimination within the desired timeframe was not

achieved, indicating that this method serves as a secondary phase for female elimination.

The study also investigated the use of genetic sexing strains (GSSs) to selectively eliminate
females. Although efforts to induce temperature-sensitive lethal mutations temperature
sensitive lethality mutations and random morphological variations were unsuccessful, further
cross mating studies and insights from previous studies on thermosensitive strains from
Cameroon informed future research aimed at developing GSSs tailored to the South African

genetic background.
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Another challenge addressed was the optimal temperature and compaction conditions for
chilling and immobilising sterile males during handling and transport. This is crucial for
maintaining the quality of sterile males. Optimal knockdown temperature ranges (4°C — 8°C
for 20 minutes) and packaging conditions (1000 sterile, marked adult males per 27000 cm?
Bugdorm-1® cage) were identified for laboratory handling and transport, facilitating recent
small-scale pilot trials with successful packaging and transportation of sterile males to field

sites.

These advancements signify significant strides in South Africa's malaria elimination
endeavours, while also playing a pivotal role in shaping the development of efficient
operational protocols for SIT. Furthermore, as the country remains steadfast in its
commitment to eliminating malaria, these innovative approaches offer a promising trajectory

forward and establish a robust framework for orchestrating the SIT operational phase.
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CHAPTER 1: Literature review

1.1. General overview
Malaria stands as one of the most dangerous infectious disease worldwide and persist despite

continuous efforts to manage the disease. Both incidence and mortality rates are now higher
than before the onset of the COVID-19 pandemic (WHO, 2023). This challenge is exacerbated
by the escalating impact of climate change and other factors, posing a threat to the progress
made in combating the disease (WHO, 2023). The World Health Organization (WHO) malaria
report for 2022 revealed a significant surge in global malaria cases, reaching approximately
249 million, a 5 million increase compared to 2021 (WHO, 2023). The global death toll from
the disease was estimated at 608 000, marking a nearly 6 % rise since 2019. Of particular
concern is the sustained high burden of the disease in Africa, where the region accounted for
94 % of global malaria cases and 95 % of all malaria-related deaths in 2022. Notably, around

78 % of these fatalities occurred in children under the age of five years old.

The disease can have health and socioeconomic consequences (Sachs and Malaney, 2002;
Carter et al.,, 2005; Andrade et al., 2022). These include persistent developmental
abnormalities, reduced appetite, restricted playing and social interaction due to cerebral
malaria brain damage. In addition, missed work or school days due to illness and increased
risk of death from severe anaemia due to repeated infections or low birth weight from
infected pregnant mothers are common. Other factors such as high healthcare spending, loss
of income, premature deaths, poverty, poor public health systems, urbanisation, climatic
changes, human migration, and effective malaria vectors exacerbate the malaria burden in

severely affected countries (Sachs and Malaney, 2002; Caminade et al., 2014).

The parasites belonging to the Order: Haemospororida, Family: Plasmodiidae, Genus:
Plasmodium, and encompass over 100 species capable of infecting various animal species,
including reptiles, birds, and mammals (Boundenga et al., 2016, 2017). These parasites
transmit malaria to their vertebrate hosts through Anopheles mosquitoes (Cox, 2010). Among
them, only five species—Plasmodium falciparum (Welch), P. vivax (Grassi and Feletti), P. ovale
(Curtisi) and P. ovale (Wallikeri), P. knowlesi (Sinton and Mulligan), and P. malariae (Feletti
and Grassi)—significantly affect humans (WHO, 2023). Notably, P. falciparum stands out as
the most prevalent among these species, responsible for the majority of severe malaria cases

and deaths in sub-Saharan Africa (Snow et al., 2005; Hay et al., 2010; Bhatt et al., 2015).
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Following closely is P. vivax, the primary cause of relapsing malaria, inducing acute and
persistent symptoms through blood and liver infections, particularly in countries outside sub-
Saharan Africa (Phyo et al., 2023; WHO, 2023). Plasmodium ovale, P. malariae, and P. knowlesi

are comparatively less prevalent.

The pathogenicity of P. falciparum stems from its capacity to manipulate its host's physiology
during the blood feeding stages of its growth (Buffet et al., 2011). Once infecting humans, the
parasite feeds on haemoglobin, develops, and divides within erythrocytes, modifying its host
cells to cling to blood vessel walls. This results in common symptoms such as cyclical fever and
shivering, joint pains, vomiting, headache, and general body pain. In severe malaria cases,
convulsions and or kidney failure can occur, resulting in severe acute anaemia complications,

transient or permanent neurological effects, and death (Schumacher and Spinelli, 2012).

The combat against malaria is ongoing on a global scale. As per the WHO's recommendations,
South Africa is one of 21 countries committed to eliminating malaria (WHO, 2018). Despite
these efforts, challenges prevent the achievement of this goal. For example, during the period
of 2017/2018, the country faced a notable setback attributed to factors such as persistent
residual local transmission and cross-border migration from neighbouring countries, which
through the importation of cases fuelled local malaria transmission, leading to the reporting
of nearly 20,000 malaria cases (South African Department of Health, 2019; Raman et al.,
2020). The majority of these cases were concentrated in the endemic north-eastern provinces
(South African Department of Health, 2019; Maharaj et al., 2019; Tsoka-Gwegweni et al.,
2020). This necessitated a revision of the country's strategy to align with each of the pillars of
the WHO Global Technical Strategy for Malaria (2016-2030) and the establishment of a new
Malaria Elimination Strategic Plan 2019-2023 (South African Department of Health, 2019;
Moonasar et al., 2021). These recommendations included the need to enhance both vector
and parasite surveillance, readiness for epidemics, timely responses, health education, and
prioritising vector control, which continues to serve as the primary preventive measure and
defence strategy. Current vector control strategies rely on insecticides applied inside homes
in endemic areas via indoor residual spraying (IRS) (Brooke et al., 2013; South African
Department of Health, 2019). However, increasing insecticide resistance, outdoor resting
vector behaviour, and logistical concerns/changing house structures call for developing new

approaches to complement existing strategies (Brooke et al., 2015).



The sterile insect technique (SIT) stands as one of the recommended control methods due to
its species-specific nature and environmentally friendly characteristics (Dyck et al., 2005,
2021; Munhenga et al., 2011, 2014, 2016). This approach focuses on a particular vector by
repeatedly introducing laboratory-reared sterile insects of the same species into carefully
chosen natural habitats where they can mate with wild native populations and elicit unviable
progeny (Dyck et al., 2005, 2021). As a result, native insects lay non-viable eggs, causing the
number of progeny to be reduced. Over time, target populations can be suppressed or

eradicated.

However, several aspects of the technology must be optimised before the SIT can be applied
against malaria vectors. One such aspect is having a system to eliminate females before male
sterilisation and field releases. The lack of an adequate gender sorting method remains the
biggest challenge in implementing the SIT against mosquito vectors, mainly for African malaria
vectors (Mashatola et al., 2018). The imperative removal of adult female mosquitoes from
release material is underscored by their role in diseases transmission (Alphey et al., 2010; Lees
et al., 2014). Although both adult males and females fulfil their energy requirements from
nectar and other plant juices, only adult female mosquitoes require a blood meal diet for egg
production (Clements, 1992; Briegel, 2003). This inherent difference between male and
female mosquitoes makes them exclusively contributor of disease transmission.
Consequently, the establishment of a gender separation system is crucial in any mosquito SIT
program. It is therefore essential that the South African malaria SIT programme have a release
strain which has an efficient separating system that can separate males from females before

they can launch a mosquito SIT pilot programme.

In light of this, efforts are underway to create a sexing system for the SIT applications against
the principal malaria vector, Anopheles arabiensis (Patton (Diptera: Culicidae)). These include
investigating the use of temperature sensitivity mutations as a gender separation tool and

exploring blood-feeding differences between males and females (Mashatola et al., 2018).

1.2. Malaria vectors
There are approximately 3 500 mosquito species recorded worldwide (Harbach and Kitching,

2016). Mosquitoes belong to the class Insecta, order Diptera and the family Culicidae
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(Clements, 1992; Rueda and Debboun, 2020). Of all mosquitoes, a comparatively smaller
number, approximately 537 species, belong to the subfamily Anophelinae. The Anophelinae
are further classified into three genera: Bironella, Chagasia and Anopheles Meigen (Harbach,
2013). Within the Afrotropical region, specifically sub-Saharan Africa, there are 140 Anopheles
species, but only twenty are known to transmit malaria to humans (Sinka et al., 2012). Most
of these are classified into mainly two taxonomic groups, namely the Anopheles gambiae
sensu lato (s.l) complex (Diptera: Culicidae) and An. funestus sensu lato (s.l) group (Diptera:
Culicidae) (Gillies and De Meillon, 1968; Gillies and Coetzee, 1987). The use of the terms
"complex" and "group" in mosquito taxonomy reflects the diverse levels of morphological and
genetic differentiation observed among closely related species (Gillies and De Meillon, 1968).
Specifically, "complex" is employed when closely related species exhibit overlapping
morphological traits, posing a challenge for differentiation based solely on physical
characteristics. In contrast, the designation "group" is commonly employed when related
species share specific characteristics but display more noticeable distinctions among
themselves compared to species within a "complex". Both the An. gambiae complex and An.
funestus group comprises morphologically identical or similar species that differ in ecology,
behaviour, and contribution to malaria transmission (Gillies and De Meillon, 1968; Gillies and

Coetzee, 1987; Dia et al., 2013; Coetzee, 2020).

The An. funestus group consists of at least 13 morphologically similar African species classified
into three subgroups based on molecular and morphological descriptions, namely An.
funestus-, An. minimus-, and An. rivulorum subgroup (Harbach, 2013; Dia et al., 2013). The An.
funestus subgroup has seven species (An. funestus sensu stricto (s.s.) (Giles (Diptera:
Culicidae)), An. funestus-like (Diptera: Culicidae), An. aruni (Sobti (Diptera: Culicidae)), An.
confusus (Evans and Leeson (Diptera: Culicidae)), An. parensis (Gillies (Diptera: Culicidae)), An.
vaneedeni (Gillies and Coetzee (Diptera: Culicidae)), and An. longipalpis type C (Theobald
(Diptera: Culicidae)), An. minimus subgroup has two species (An. leesoni (Evans (Diptera:
Culicidae)) and An. longipalpis type A (Theobald (Diptera: Culicidae)), and An. rivulorum sub
group consist of four species (An. rivulorum s.s. (Leeson (Diptera: Culicidae)), An. rivulorum-
like (Diptera: Culicidae), An. brucei (Service (Diptera: Culicidae)) and An. fuscivenosus (Leeson
(Diptera: Culicidae)) (Dia et al., 2013). The An. gambiae complex consists of nine sibling
species, the main malaria vectors being An. gambiae s.s. (Giles (Diptera: Culicidae)), An.

coluzzii (Coetzee, Hunt and Wilkerson (Diptera: Culicidae)), and An. arabiensis (Patton
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(Diptera: Culicidae)), while An. merus (Donitz (Diptera: Culicidae)), An. melas (Theobald
(Diptera: Culicidae)), and An. bwambae (White (Diptera: Culicidae)) are localised minor
vectors (Gillies and Coetzee, 1987; Sinka et al., 2010; Dorn et al., 2011; Coetzee et al., 2013a).
Anopheles quadriannulatus (Theobald (Diptera: Culicidae)) and An. amharicus (Coetzee, Hunt
and Wilkerson (Diptera: Culicidae)) are not known to transmit malaria (Gillies and Coetzee,
1987; Hunt et al., 1998; Coetzee et al., 2013a). A recent addition to the An. gambiae complex

is An. fontenillei sp.n (Diptera: Culicidae) (Barrén et al., 2019).

1.3. Malaria in South Africa
Malaria prevalence in South Africa is low compared to other sub-Saharan African countries.

This is primarily due to its geographical location (Africa's southernmost extreme of malaria
distribution in Africa) and historical malaria control interventions. The result is that the current
confinement of malaria transmissions is restricted to the northern and north-eastern low-
altitude regions of the provinces of Limpopo, Mpumalanga and KwaZulu-Natal that share
inter-country borders with Botswana, Eswatini (formerly Swaziland), Mozambique and

Zimbabwe (Figure 1.1).

The endemic areas in South Africa are home to approximately 4.3 million people, or 10 % of
the total population, constantly at risk of malaria transmission. The primary vector implicated
in malaria transmission is An. arabiensis (Gillies and Coetzee, 1987; Coetzee et al., 20133;
Dandalo et al., 2017a). Anopheles arabiensis achieves its main malaria vector status through
its variable resting and feeding behaviour (rests both inside and outside of human dwellings,
and can feed on both humans and animals (Gillies and De Meillon, 1968; Gilles and Coetzee,
1987), which allows it to evade/be invulnerable to IRS (Brooke et al., 2013). However,
historically and during major outbreaks, An. funestus s.s. has been implicated as a main vector
(De Meillon et al., 1977; Hargreaves et al., 2000; Braack et al., 2020). Anopheles merus only
plays a minor role in malaria transmission (Coetzee et al., 2013a) and was recently found
infected with P. falciparum in northern KZN, cementing its potential position in the ongoing
residual malaria transmission (Dandalo, 2016). Anopheles vaneedeni and An. parensis are two
other vectors recently identified as potential minor vectors after field-collected samples

tested positive for P. falciparum (Burke et al., 2017, 2019).
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Figure 1.1: A South African malaria risk map depicting malaria-endemic north-eastern low-lying areas (Limpopo, Mpumalanga and KwaZulu-Natal
provinces) and their inter-country borders with Botswana, Eswatini, Mozambique and Zimbabwe
content/uploads/2018/12/south africa_malaria risk dec2018 final.pdf).
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1.4. Malaria vector control in South Africa
South Africa has several successful malaria control strategies/initiatives to combat vectors and

manage cases (Coetzee et al., 2013b). This is primarily because of its competent national and
provincial malaria control programmes and relatively well-established scientific, economic,
and health infrastructures (Blumberg and Frean, 2007; Moonasar et al., 2021). The control
approaches include larviciding and IRS targeting vectors and artemisinin-based combination
treatments (ACTs) for treatment of confirmed cases (Blumberg et al., 2014). The most
important of these is the control of malaria vectors through intensive IRS of houses using
synthetic pyrethroids to spray modern painted structures or structures made of cement-brick
and spraying dichlorodiphenyltrichloroethane (DDT) in traditional mud-walled designs
(Tangena et al., 2020). In some instances, carbamates or a mosaic of these synthetics is
interchangeably used (Brooke et al., 2013). These efforts, however, are being jeopardised by
an increase in insecticide resistance among target vectors (Hargreaves et al., 2000, 2003;
Brooke et al., 2015; Munhenga et al., 2022). This is partly because only five classes of
insecticides  (organochlorides, pyrethroids, organophosphates, carbamates and
neonicotinoids) are approved for vector control in this instance IRS (WHO, 2021; Tangena et
al., 2020). This limits control options and complicates insecticide resistance management
(WHO, 2012). In addition, most of the insecticides used for IRS have a relatively short
protection lifespan of approximately two to six months (WHO, 2021). Thus in some cases,
people are not protected for the entire malaria season. Furthermore, DDT (organochlorine), a
previously widely used and effective insecticide, is discouraged and less used as it is frequently
associated with environmental contamination (Eskenazi et al., 2009). The logistical challenges
of achieving adequate IRS coverage (>95 %) in malaria-affected areas, which are typically
characterised by rugged terrain, is another aspect that raises cost-benefit and sustainability

concerns (WHO, 2015).

Nonetheless, the South African government had not been dissuaded and had shifted its focus
from control to elimination (Elimination 8, 2019; South African Department of Health, 2019).
This strategic initiative aims to eradicate locally acquired malaria cases by 2028, building upon
the original target of 2023. However, this has thus far not been attained using current control
tools exclusively (Raman et al., 2016). As a result, complementary malaria control techniques,

particularly vector control strategies targeting outdoor resting An. arabiensis populations,



linked to residual malaria transmission, are required (Dandalo et al., 2017a). The SIT is one

such control strategy currently under investigation.

1.5. The sterile insect technique (SIT)

1.5.1. General overview
The SIT concept was independently conceived by three researchers (Serebrovskii, A.S. at

Moscow State University USSR, Vanderplank F. L. at Tanganyika (modern-day Tanzania), and
Knipling, E.F. of the United States Department of Agriculture) during the 1930s and 1940s
(Franz, 2005). They hypothesised that releasing sterile males in more significant numbers than
the numbers already present in the natural population (indigenous inhabitants/wild natives)
could lead to a reduction in the number of insects in the wild population (Knipling, 1955;
reviewed in Klassen et al., 2005, 2021). The SIT entails introducing many laboratory-reared
male sterile insects into a target population to confer sterility by competing for mating with
wild male native populations and eliciting unviable progeny (Knipling, 1955; Alphey et al.,
2002; Dyck et al., 2005, 2021). The strategic applications of the SIT within area-wide integrated
pest management can result in suppression, eradication, containment, and prevention (Dyck
et al., 2005, 2021). A chronological breakdown of the events involved in the SIT is illustrated

in Figure 1.2.
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1.5.2. Successful SIT programmes
Various successful applications of the SIT as an area-wide integrated pest management (AW-

IPM) method for controlling and, on occasion, eradicating major agricultural and human pests
have occurred over the years (Benedict and Robinson, 2003; Dyck et al., 2005, 2021; Vreysen
et al., 2021). These encompass insects classified in the Order: Diptera, Family: Tephritidae,
such as Ceratitis capitata (Mediterranean fruit fly) (Wiedemann) (Rossler et al., 2000;
Hendrichs et al., 2002; Barnes et al., 2007; Enkerlin, 2005), Anastrepha ludens (Mexican fruit
fly) (Loew), Bactrocera dorsalis (oriental fruit fly) (Hendel), and Bactrocera cucurbitae (melon
fly) (Coquillett) (Koyama et al., 2004) (Dyck et al., 2005, 2021). Additionally, other insect
species include Glossina (tsetse flies) (Wiedemann (Diptera: Glossinidae)) (e.g. Glossina
austeni (Vreysen et al., 2000)), Cochliomyia (screwworms) (Townsend (Diptera: Calliphoridae))
(e.g. Cochliomyia hominivorax (Lindquist et al., 1992; Klassen et al., 2005, 2021)), and various
Gynnidomorpha alisman (moths) (Lepidoptera), such as Cydia pomonella (codling moth)
(Linnaeus (Lepidoptera: Tortricidae)) (Bloem et al., 2007), Pectinophora gossypiella (pink
bollworm) (Saunders (Lepidoptera: Gelechiidae)), Thaumatotibia leucotreta (false codling
moth) (Meyrick (Lepidoptera: Tortricidae)), Cactoblastis cactorum (cactus moth) (Berg
(Lepidoptera: Pyralidae)), and Teia anartoides (Australian painted apple moth) (Walker
(Lepidoptera: Erebidae)) (Dyck et al., 2021). Notably, a few isolated pilot trials involving Aedes
aegypti (Linnaeus (Diptera: Culicidae)) and Aedes albopictus (Skuse (Diptera: Culicidae))
mosquitoes have also been documented (Klassen et al., 2005, Chung et al., 2018; lyaloo et al.,

2020).

In South Africa, the initial SIT efforts occurred almost 20 decades ago against C. capitata
(Barnes et al., 2007; 2015). Subsequently, SIT interventions are being used to control
Thaumatotibia leucotreta (false codling moths) (Hofmeyr et al., 2015) and Cydia pomonella

(codling moths) (Odendaal et al., 2015).

As this study is focused on malaria and only anophelines are responsible for transmitting this
disease, a list of anopheline species that have been involved in SIT field investigations to date
are shown in Table 1.1. The programmes, however, did not aim to achieve complete
eradication but rather to answer specific research questions. These include identifying an
appropriate release site, developing species-specific mass rearing procedures, knowledge of
the target species ecology and behaviour, developing quality control procedures, and tools to
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monitor the development and release of mosquitoes (Benedict and Robinson, 2003; Dyck et
al., 2005; Dame et al., 2009). In South Africa, feasibility studies on the use of the SIT against
mosquitoes as a malaria intervention tool have been underway for the past decade
(Munhenga et al.,, 2011, 2014, 2016; Dandalo et al., 2017a, 2018). Identification of an
appropriate release site (Munhenga et al., 2014; Dandalo et al., 2017a), knowledge, attitude
and practices (KAP) study (Manana et al., 2018), relative mating suitability between laboratory
colonised and native populations (Munhenga et al., 2011), population dynamics (Dandalo et
al., 2017a), vector surveillance (Munhenga et al., 2014), species abundance and distribution
(Munhenga et al., 2014), mating competitiveness (Munhenga et al., 2016), sterilisation by
irradiation (Dandalo et al., 2017b), evaluation of cage rearing conditions (Mashatola et al.,
2017), development of an insecticide resistance based genetic sexing strain (GSS) (Dandalo et
al., 2018), estimation of the field population size and dispersal range (Kaiser et al., 2021),
research looking into using a cultural song to involve the community (Manana et al., 2021),
are all part of these. However, some critical areas still need to be addressed before the
technology can be piloted under open field conditions. These include creating an efficient
method for separating males from females during mass production so that only males are
released and the development of standard operating procedures for handling and packaging
mosquitoes during laboratory production and before transporting the sterile males into a

target field site.
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Table 1.1: Global list of anopheline SIT field investigations from 1959 to 2021.

recapture

Target species Year Location Number Method used for Objective Outcome Reference
released and sterilisation
duration
An. albimanus 1972 El 4.4 million Chemo-sterilisation of | Methods development | Induced 100 % sterility | Benedict,
(Wiedemann Salvador sterile males genetic sexing strain and population in wild population to 2021; Klassen
(Diptera: released over pupae with bisazir reduction below detection level et al., 2005,
Culicidae)) 22 weeks after five months 2021
1977- | El 100 million Sterilisation with bisazir | Population reduction Population suppressed | Benedict,
1979 Salvador males (genetic 2021; Klassen
sexing strain etal., 2005,
(MACHO)) 2021
released during
1977-1979
An. arabiensis 2008 - | Sudan, Variable Sterilisation with Mating between Acceptable male Benedict,
2021 South gamma penetrating released colony competitiveness and 2021; Kaiser
etal., 2021;
Africa electromagnetic females and wild dispersal. Klassen et al.,
radiation males. Mark-release 2005, 2021
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An. culicifacies 1979 Pakistan 3100 malesin | Sterilisation with Mating with wild and No assortative mating | Baker et al.,
(Giles (Diptera: 1 release chromosome released colony selected during the 1980
Culicidae)) translocation females colonisation process
1980 7 500 males in | Chemo-sterilisation Mating between Poor male Reisen et al.,
1 week released colony competitiveness 1981
females and wild
males
An. gambiae s.l. 1968- | Burkina 240 000 over Hybrid male sterility Population reduction No significant effect on | Davidson et
1969 Faso nine weeks egg-batch sterility. al., 1970
Dispersal was high, but
poor male
competitiveness
An. 1959- | United 433 600 Chemo-sterilisation Population reduction No population decline | Weidhaas et
quadrimaculatus 1960 States of | sterilised and semi-sterility was achieved due to al., 1962
America pupae released poor competitiveness
as adult males
over 48 weeks
at 2 locations
1962—- 50 000 colony Chemo-sterilisation Male competitiveness, | Observed mating Dame et al.,
1963 and wild males behaviour, and between wild males 1964

sterilisation methods

and colony females
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1.5.3. Gender separation systems
It is implausible that a mosquito SIT programme will function without a gender separation

system. Female mosquitoes, in particular, must be removed from mosquitoes destined for
release, owing to their biting nuisance and potential to transmit malaria. As has been
demonstrated by Dandalo et al. (2017b) and Guissou et al. (2020), although females will not
lay eggs after irradiation, they are still capable of taking a blood meal and thus can potentially
transmit malaria. The release of females can also raise serious ethical concerns. Furthermore,
if females are in the release material, males may be unable to disperse or mate with wild
females as desired, potentially reducing the efficiency of the SIT programme (Orozco et al.,
2013; Vreysen et al., 2014). Additionally, exclusively rearing males would maximise any
facility's capacity, improving the SIT programme's efficiency (Benedict and Robinson, 2003;
Vreysen et al., 2014). Although gender separation methods for other mosquito SIT species
have been developed, none have reached enough throughput to be employed at an
operational level in mass-release programmes, especially for An. arabiensis (Papathanos et
al., 2009, 2018; Yamada et al., 2012; Gilles et al., 2014; Dandalo et al., 2018). Below is a

summary of some previously developed gender separation strategies for mosquitoes.

1.5.3.1. Morphological, size and developmental differences
In general, male and female pupae of most insects have phenotypic differences, with one

gender being larger than the other (Leimar et al., 1994). This is known as pupal sexual
dimorphism (Moorefield, 1951). This approach has successfully been used for gender
separation in various mosquito species, including Culex quinquefasciatus (Say (Diptera:
Culicidae)) (Krishnamurthy et al., 1962) and Ae. aegypti (McCray, 1961; Sharma et al., 1972).
However, similar attempts to use sexual dimorphism in An. quadrimaculatus and An.
albimanus showed that this approach is unreliable (Dame et al., 1974). When using this
approach, pupae have historically been separated mechanically utilising various methods such
as sieves characterised by specific mesh sizes (Sharma et al., 1972; Bellini et al., 2018) and
pupal sex-sorters that utilise protandry and pupal size selection for sex separation (Fay and
Morlan, 1959; McCray, 1961; Focks, 1980). One of these is the Fay-Morlan separator, which
Fay and Morlan (1959) in which they employed adjustable glass plates to establish a uniformly
diminishing gap for larval removal and pupal size selection. While this method proved highly
effective in gender separation in Cx. Pipiens Linnaeus however, its efficiency was notably lower

for An. albimanus (Dame et al., 1974). In a 1972 sterile male release study in El Salvador, used

14



the Fay-Morlan separator to mechanically separate approximately 170 000 males getting an
average of 86 % male purity. This was primarily due to contamination from small sized female

pupae.

As a results of great success in gender seperation in Culicines and Aedines subsequent
enhancements were made to the original design of the Fay-Morlan separator (Focks, 1980),
including recent automation for improved continuous operational needs (Wolbaki,
Guangzhou, China) (Zheng et al., 2019). The general disadvantage of the Fay-Morlan separator
is that mechanical separation at the pupal stage may compromise the quality of the reared
males (Moran-Aceves et al., 2021). In addition, the fact that separation only occurs at a late
developmental stage limits the applicability of this method, particularly for large-scale
production, as it is not cost-effective. These methods are more efficient in species with
significant differences in pupal size, so this concept cannot be replicated in anophelines,

particularly in An. arabiensis (Dame et al., 1974; Mashatola et al., 2018).

Another device, utilising precisely positioned plates over a sluiceway to exploit the fast
developmental time of males compared to females (protandry), has been utilised for Aedes
(McCray, 1961; Bellini et al., 2018) and Cx. pipiens (Gerberg et al., 1969). However, a challenge
emerged as the pupal cephalothorax size increased on successive days of pupation, leading to
a reduction in discrimination. Similar difficulties were encountered in An. arabiensis, where
pupal cephalothorax sizes showed significant overlap, rendering gender separation impossible
(Mashatola et al., 2018). Additionally, the drawback of protandry is that while it is known that
differences in development time are influenced by rearing temperature and larval diet (Tun-
Lin et al., 2000), no standard method exists to guarantee specific developmental periods
between genders. As a result, protandry as a gender separation strategy for An. arabiensis

appears unlikely (Mashatola et al., 2018).

1.5.3.2. Behavioural differences between sexes
Mosquitoes exhibit several behavioural differences between genders. Swarming and blood-

feeding/seeking behaviour are examples of these. Adult males almost entirely form swarms
to attract females for mating, especially at dusk and dawn (Clements, 1999). Based on this
understanding, induced swarming can allow for rapid and efficient separation of adult males
and females. For example, as mosquitoes mate in swarms in large numbers that are almost
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entirely made up of males, a large number of mixed male and female adult An. arabiensis were
introduced into large laboratory cages and a suction pump was used to remove swarming
males during their peak mating activity at dusk and dawn (Papathanos et al., 2009). However,
this strategy failed, mainly because there are gaps in research on the chemical cues
responsible for luring male or female mosquitoes to swarms (Mozuraitis et al., 2020; Poda et
al., 2022). Furthermore, most swarming studies have been limited to small-scale operations

(e.g., Mozuraitis et al., 2020) and are not ready for mass-scale production.

Another behavioural strategy for separating sexes at the adult stage takes advantage of the
knowledge that only adult females require a blood meal, allowing females to be isolated from
males or even eliminated (Clements, 1999). A toxicant added to a blood meal can cause female
elimination. Spinosad (Miles, 2003), boric acid (Mller et al., 2010), dieldrin (Yamada et al.,
2012, 2013a) and even household detergents have been tested as blood toxicants (Van Emden
et al., 1974). Malathion, which was used against An. albimanus, as part of the SIT programme
in El Salvador and achieved 95 % female elimination, has been by far the most successful
toxicant (Lowe et al., 1981). Unfortunately, male mortality occurred due to tarsal contact with
blood droplets released by females during feeding to thermo-regulate or concentrate
erythrocytes (Lahondére and Lazzari, 2012). However, the high female elimination
demonstrated potential for application, mainly if alternative toxicants are used. Yamada et al.
(2013a) investigated various toxins, and ivermectin showed great potential by eliminating all
females within four days while not affecting male mortality. Males were not affected because
ivermectin toxicity does not occur through tarsal contact but instead directly targets the
mosquito nervous system and muscle performance by inhibiting neurotransmission via
glutamate-gated chloride channels after oral ingestion (Yates and Wolstenholme, 2004;
Moreno et al., 2010). Though this toxin was used by Yamada et al. (2013a) at Seibersdorf,
Austria, it has never been used before to eradicate female An. arabiensis in the South African

laboratory environment.

1.5.3.3. Genetic sex separation techniques
These techniques involve manipulating/disrupting/interfering with the genetics of the target

insect to achieve efficient gender separation (Papathanos et al., 2009, 2018; Gilles et al.,

2014). Typically, a genetic marker that codes for a specific trait is identified, and the allele that
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provides the positive selection is linked to the chromosome that determines gender (Franz,

2005). This category includes both transgenic approaches and traditional genetic techniques.

(a) Transgenic approaches
Transgenic sexing methods involve inserting foreign deoxyribonucleic acid (DNA) into the

genome of another organism to induce lethality of a specific gender or convert sexual
orientation (Papathanos et al., 2009, 2018; Nolan et al., 2011; Gilles et al., 2014). The
technology has shown potential as a basis for gender separation in various pests or vector
species, in some cases leading to the development of transgenic sexing strains (Papathanos et
al., 2009; Gilles et al., 2014). These include work in Anopheles to link the fluorescent protein
marker expression to gender (Catterucia et al., 2005; Ntoyi et al., 2022). In addition, transgenic
embryonic sexing systems, which use conditional lethal systems to eliminate females during
early embryonic development, have been developed in some agricultural pests such as
Anastrepha suspensa (Loew (Diptera: Tephritidae)) (Schetelig et al., 2012), Bombyx mori
(silkworm) (Linnaeus (Lepidoptera: Bombycidae) (Tan et al., 2013), Lucilia cuprina (Australian
sheep blow fly) (Wiedemann (Diptera: Calliphoridae) (Yan and Scott, 2015; 2020).
Advancements in genome modification tools suggest that transgenic sexing methods can be
transferred and adapted between species, including Anopheles. The tools include
transposable elements (Grossman et al., 2001), site-specific recombination systems
(Haghighat-Khah et al., 2015), ribonucleic acid interference (RNAi) approaches (Wiltshire and
Duman-Scheel, 2020), transcription activator-like effector nuclease (TALEN) (Smidler et al.,
2013), and clustered regulatory interspaced short palindromic repeats (CRISPR)/CRISPR
associated protein 9 (Cas9) (Liu et al., 2019). Nevertheless, there has been apprehensions
regarding the immediate use of transgenic sexing methods for African malaria vectors,
especially An. arabiensis (Mashatola et al., 2018). This hesitation stems from the perceived
technical complexity and the challenges associated with public acceptance of releasing
genetically modified mosquitoes. Additionally, the stringent regulatory approvals required for
such interventions further contribute to the uncertainty surrounding the immediate adoption
of transgenic sexing methods in the context of malaria control in Africa (Papathanos et al.,
2009, 2018; Ntoyi et al., 2022). Recently, these concerns have been eased by developments
in new, easy-to-use genome modification tools and expanded community engagement (Pare
Toe et al., 2021, 2022). The South African SIT programme explores this route by investigating
the possibility of introgressing an An. arabiensis strain bearing the entire Y chromosome from
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An. gambiae s.|. and a transgenic red fluorescent marker into a South African genetic
background (Ntoyi et al., 2022). Although the strain is promising, it still requires assessment
and validation in a mass-rearing setting and a risk assessment analysis to address any concerns
related to its potential release in ecosystems. Before this strain can be considered, regulatory
approvals for open field releases are also necessary. As a result, efforts to develop alternative

gender separation approaches are continuing.

(b) Classic genetic techniques
The use of classical genetics techniques has proven to be the most promising. These methods

are based on the easy integration of a selectable gene to a gender-determining chromosome,
in most cases males only, and the subsequent elimination of females (McDonald, 1971;
Seawright et al., 1978; Franz, 2002). Success of this approach on various insects has been
reported, including in anophelines, by primarily the successful development of a GSS based
on insecticide resistance using classical genetics (Seawright et al., 1978; Yamada et al., 2012;
Dandalo et al., 2018). The presence of selectable mutations that can be linked to gender via
chromosomal translocations is required for the successful construction of any new GSS using
classical genetics (Franz, 2005). Most previously established Anopheles GSS relied on
insecticide resistance as a selectable marker, including An. gambiae (Curtis, 1976), An.
albimanus (Kaiser et al., 1978; Seawright et al., 1978), An. stephensi (Robinson, 1986), An.
quadrimaculatus (Kim et al., 1987) and An. arabiensis (Curtis, 1978; Lines and Curtis, 1985;
Yamada et al., 2012; Dandalo et al., 2018). Insecticide resistance was the preferred choice as
a model because it is mono-factorial and dominant or semi-dominant, and insecticide
resistance mutations are common (Davidson and Jackson, 1961; Hemingway, 1992). However,
increased environmental concerns and the possibility of insecticide contamination of the
mass-rearing system, combined with maintenance difficulties, resulted in the extinction of

these strains in the laboratory.

The use of insecticide resistance as a selectable marker for GSS development was revived by
Yamada et al. (2012) through using dieldrin to separate An. arabiensis males from females.
Dandalo (2016) followed the same approach and successfully introgressed the male dieldrin
resistance into an An. arabiensis strain producing a sexing strain with South African genetic
background. This strain shows potential. However, it faces some practical challenges,
including the prohibition of using dieldrin enacted in the 1970s (De Kom and Dewan, 2007),
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adherence of dieldrin to treatment containers and residual retention of treated eggs through
to the adult stage, and potential contamination of other rearing colonies by dieldrin use
(Yamada et al., 2013b). Furthermore, this strain has low levels of fertility (30 %) and male adult
recovery (Dandalo et al., 2018). All the above challenges were experienced recently during
South Africa’s pilot releases of sterile males using a dieldrin based genetic sexing strain

(Mashatola, unpublished results).

Despite these challenges, the success use of classical genetics techniques has prompted
additional research into other alternative selectable markers that are not insecticide based
and have high fertility levels. Temperature-sensitive lethality (ts/) mutations (gene variants
that allow the normal function of an organism at certain temperatures but lethality at other
temperatures) are one type of conditional mutation (Suzuki et al., 1967; Nguyen et al., 2021).
The most successful tsl-based GSS is the C. capitata strain, which has been used on a large
scale for a long time (Caceres, 2002). Ts/ mutations are commonly used in conjunction with
morphological markers to map/trace their fate (e.g., white pupae (wp) in C. capitata) (Caceres,
2002; Franz, 2005; Nguyen et al., 2021). Mutagens such as the ethylating agent ethyl
methanesulfonate (EMS) (which commonly involves random point mutations, low levels of
chromosomal breaks, and lethal effects) can be used to induce ts/ mutations and any other
associated phenotypic markers (Sega, 1984). Examples of insect species where ts/ mutations
have been used include Drosophila melanogaster (Meigen (Diptera: Drosophilidae)) (Suzuki,
1969), Cx. tritaeniorhynchus (Giles (Diptera: Culicidae)) (Sakai and Baker; 1974), An.
quadrimaculatus (Mitchell and Seawright, 1989), An. gambiae s.I. (Benedict et al., 1996), and
An. arabiensis (Ndo et al., 2018).

Furthermore, despite the importance of the ts/ marker or other morphological colour markers,
GSS has not been developed in many SIT-targeted species because naturally occurring mutant
isolation is a random process and inducing these mutations artificially is a labour-intensive
exercise (Mashatola et al., 2018). Additionally, developing a GSS in one species may not be
directly transferable to another. Nonetheless, there are many advantages to any GSS
development. These include but are not limited to, more thorough and consistent elimination
of females, savings of large amounts of money during production by eliminating females in
the early life stages, and increased plasticity of release methods, such as releasing pupae

rather than adults (Franz, 2005). Because of the high prevalence of ts/ mutations in all
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organisms in nature, a temperature-sensitive GSS can be potentially used in anophelines.
Furthermore, mutagens can induce ts/ (Sakai and Baker; 1974; Franz, 2005). The tsl/wp GSS

discovered in C. capitata is an excellent example (Franz et al., 2021).

1.5.4. Mosquito handling and packaging procedures before transport to a field site
The development of standard operating procedures (SOPs) for handling, packaging and

transport of sterile male mosquitoes to intended field sites is a critical requirement in SIT
programmes (FAO/IAEA, 2018; Guo et al., 2022). Several studies have investigated and
developed some guidelines in this regard (Culbert et al., 2017, 2018, 2019; Chung et al., 2018;
lyaloo et al., 2020; Zhang et al., 2020). However, actual universal SOPs that can be applied
across the board remain outstanding. The challenge is that the processes involved in handling,
packaging and transport, such as rearing conditions, sexing method, sterilisation conditions,
temperature, and compaction, among others (Benedict and Robinson, 2003; Dyck et al.,
2005), have a significant impact on the quality of sterile males. This particularly affects the
ability of males going through these various processes to mate successfully and competitively
with native males for female mates (Calkins and Parker, 2005; Pagabeleguem et al., 2015;

Parker et al., 2021).

Lessons on handling and transportation of insects for SIT releases can be drawn from previous
large-scale SIT programmes that have been successfully operating over the past several years,
can serve as guides for studies involving mosquitoes (Blomefield et al., 2011; Nepgen et al.,
2015; Pagabeleguem et al., 2015; Seck et al., 2015; Boersma and Carpenter, 2016; Dominiak
and Fanson, 2021). These operations overall consider the optimal conditions of the entire
processes involved in handling, packaging and transport based on whether ground or aerial
release will be performed and if pupae or adults will be transported (Enkerlin, 2007; FAO/IAEA,
20173, 2018).

Historically, ground releases using automobiles have been a standard choice in SIT studies
(Enkerlin, 2007; Bjelis et al., 2013). However, recently aerial releases have been used,
including field performance tests of sterile male mosquitoes released from an unmanned
aerial vehicle (Bouyer et al., 2020a). Each release method has its own technical and
operational challenges (Enkerlin, 2007; FAO/IAEA, 2018). Ground release, for example, is not
well suited to the AW-IPM programme because sterile male releases must adhere to the
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existing road system and thus cannot uniformly cover the area to be treated. Aerial releases,
typically used in large-scale settings, are hampered by legal restrictions on aircraft types
employed in various scenarios (Bouyer et al., 2020a; Culbert, 2020; Faraji et al., 2021). As a
result, it is recommended that ground release methods be used when regulations limit the
availability or possibility of using aircraft, legislation, costs, or in small suppression trials

(FAO/IAEA, 2017a, 2018).

Regarding pupae and adult transportation, the choice depends mainly on whether a system
to separate sexes, especially in programmes such as mosquitoes SIT where females are usually
disease vectors are available and the two developmental stages are more resilient or resistant
to laboratory handling processes and transport conditions (FAO/IAEA, 2018). Among the
laboratory handling processes to consider is the operational logistics required at the release
site, specifically, which package container and at what density the insects would be packaged

(FAO/IAEA, 2018; Ernawan et al., 2022; Sasmita et al., 2022).

Regardless of the stage of transportation (pupae or adult), and regardless of whether releases
are performed from the ground or aerial, releasing large numbers of insects involves several
steps. These include rearing the insects under standard laboratory conditions, restricting their
movement by chilling them at low temperatures, packaging the compacted release material
at appropriate densities in their release containers, transporting them, and finally releasing
them from the same containers (FAO/IAEA, 2018; Tussey et al., 2023). Chilling can reduce the
physical damage imposed on the insects due to high compaction densities when in transit
(Culbert et al., 2017). As a result, besides deciding transportation methods, maintaining a cold
chain/chilling conditions from the rearing facility to the release site is a crucial consideration
in mosquito handling and transport. The optimal temperature for immobilising mosquito
pupae and adults as well as the maximum time that chilling can be applied before affecting
survival or performance, differ between different species (e.g. An. arabiensis (Culbert et al.,
2017), Ae. aegypti and Ae. albopictus (Chung et al., 2018; lyaloo et al., 2020; Zhang et al.,

2020).Thus, for the South African mosquito SIT project this will first need to be optimised.

Another factor to consider is the packaging conditions, i.e. packing densities and packaging
container type. For example, in most operations involving C. capitata, pupae are transported

in a shipping box measuring 74 x 34 x 34 cm?3, that is made of double-walled corrugated
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cardboard with a top and bottom full overlap (Enkerlin, 2007; Zavala-Ldpez et al., 2017). The
cupboard s lined inside with additional layers of a 46 cm long central compartment corrugated
cardboard. The nine bags of pupae are arranged lengthwise in three layers of three bags each,
separated by spacers. Cooling units are placed at either end, and the temperature is
maintained at 16 °C to 20 °C. In Australia, 2-liter bags are packed in cardboard cartons. In
Argentina, a box with dimensions 42.5 x 33 x 27 cm? is used (Zavala-Lopez et al., 2017,
FAO/IAEA/USDA, 2019). The boxes are sealed with carton staples and two bands of fiber-
reinforced plastic adhesive tape. For sterile T. leucotreta, a small cardboard box at 4 °Cto 8 °C
was used during transboundary shipment (Boersma and Carpenter, 2016). The moths were
enclosed in Styrofoam containers with cooling units for a 72-hour cool chain, crucial for
preserving their non-activity and flight ability. For C. pomonella, sterile adults were packed in
petri dishes and placed in a polyurethane cooler box with icepacks, within a cardboard box.
This was then air freighted at near 0 °C for 67 to 89 hours (h), with minimal detrimental effects
on their quality (Blomefield et al., 2011). For G. palpalis gambiensis, irradiated pupae were
packed in petri dishes or carton boxes and shipped in insulated boxes with phase change
material packs i.e. substances that can release or absorb a significant amount of energy during
a phase transition while maintaining a relatively constant temperature (Noél et al., 2022). The
G. palpalis gambiensis pupae were transported as chilled either at 8 °C to 10 °C before
emergence or at ambient temperatures (20 °C to 22 °C). In a specific case, eight phase change
material packs were used to maintain a 10 °C temperature for up to four days during the

shipment of irradiated pupae from Bobo-Dioulasso to Dakar (Pagabeleguem et al., 2015).

The few studies conducted on mosquito handling, packaging and transportation have been
performed on a small scale, or as part of the phase | studies (Bouyer et al., 2020b). For
example, during a pilot semi-field cage trial, the released sterile An. arabiensis males in Sudan,
were transported in reusable paper coffee cups (50 sterile males per cup) from Khartoum to
Dongola, situated approximately 400 km south (Helinksi et al., 2008). These males were first
transported aerially using a small aeroplane and then by ground using an automobile. A
mortality rate of less than 6 % across three experiments was observed (Helinksi et al., 2008).
No chilling or compaction was performed except for a moistened towel meant to create
favourable humidity. Upon arrival at the field site, the males remained sexually competitive
and lived longer (Helinksi et al., 2008). In another recent study on male An. arabiensis, Culbert

et al. (2017) found that adults could be immobilised and stored at 6 °C without compromising
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their reproductive fitness. For transport, chilling conditions of 4 °C to 10 °C for no more than
24 h were also recommended (Culbert et al., 2017). The study also suggested that if insects
are compacted in release device, some chilling and ventilation should be provided (Culbert et
al., 2017). When designing the release device, it is essential to take into account the sensitivity
to low temperatures, the effects of compaction, relative humidity, and the necessity of proper
ventilation of the insects contained in it. Similar studies conducted on Ae. aegypti also
demonstrated that males contained inside a release device could endure temperatures
ranging from 7 °C to 28 °C for up to 24 h with minimal impact on their survival (Chung et al.,
2018). Additionally, the study revealed that higher levels of compaction resulted in damage
that is more physical to mosquitoes, ultimately affecting their competitiveness when vying for
females alongside native males (Chung et al., 2018). On the other hand, lower levels of
compaction increased mortality. Another study by Zhang et al. (2020) showed that exposure
to temperatures between 5 °C and 10 °C for less than 3 h was optimal for handling Ae. aegypti
males before release. These handling conditions had no adverse effects on survival rate,
longevity, or mating competitiveness. The study also reported that transporting adults at
temperatures ranging from 8 °Cto 12 °C (Zhang et al., 2020) do not affect the survival of adult
males. In another study on Ae. albopictus by lyaloo et al. (2020), it was reported that storage
at 5 °C for 2 h had minimal effect on the survival and competitiveness of males. The same
study showed that sterile, chilled and compacted adult males could be transported to a field
site and successfully perform their mating purpose. In Brazil, a 1.8 litre clear plastic cylindrical
container was employed to transport 500 to 1000 transgenic male Ae. aegypti (Carvalho et al.,
2015). In Thailand, a plastic release container with sugar solution was utilised to transport 10
000 to 25 000 irradiated Wolbachia-infected Ae. aegypti males (Kittayapong et al., 2019). In
Guangzhou, China, a release bucket with a large hole on top covered with mesh gauze was
employed to transport approximately 1000 irradiated Wolbachia-infected Ae. albopictus
males (Zheng et al., 2019). In Italy, Bellini et al. (2013) transported irradiated active pupal Ae.
albopictus mosquitoes for one to two hours to a release station using petri dishes placed in
thermally insulated plastic containers. Despite the positive outcomes of these suppression
programmes, the impact of transportation and packing density has not been thoroughly
investigated, as distances between irradiation facilities and target areas are typically short.
For extended transport durations, it is preferable to transport male specimens in chilled
packages to immobilise them, minimising losses in both quantity and quality of sterile males,

while ensuring cost-effectiveness. However, studies have indicated that chilling and
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compaction, to some extent, can influence the quality of adult male Ae. aegypti (Chung et al.,
2018; Culbert et al., 2018; Culbert et al., 2019), Ae. albopictus (Zhang et al., 2020; lyaloo et al.,
2020), and An. arabiensis (Culbert et al., 2017). Though helpful, not all these studies could
develop SOPs that can be universally applied to all mosquito species. Their findings, however,
provide a valuable guide for future research involving the handling, packaging and transport

of mosquitoes.

Ground releases of sterile adult mosquitoes would seem to be the most feasible in South
Africa, based on the background of small-scale releases and the legislative and regulatory
factors associated with aerial releases (Munhenga, unpublished data). Thus, to successfully
conduct pilot field studies in South Africa, it is critical to determine optimal conditions for
handling and packaging a local An. arabiensis laboratory strain before ground transport and

release.

1.6. Justification of the study
South Africa had aimed to eliminate malaria within its borders (i.e., no local malaria

transmission) by 2023 (Elimination 8, 2019). The main factor preventing this was persistent
residual transmissions being presumably sustained by An. arabiensis (Brooke et al., 2013;
Dandalo et al., 2017a). The behavioural plasticity of An. arabiensis (i.e., it rests indoors and
outdoors and feeds on both humans and animals (Gillies and De Meillon, 1968; Gilles and
Coetzee, 1987)), making the outdoor biting population of this species out of reach to the
current vector management strategies. In addition, although the observed insecticide
resistance in this vector has not yet reached a level where it has an impact on IRS operations,
it is only a matter of time until this happens (Munhenga et al., 2022). As a result, additional
vector control strategies to supplement the existing IRS were suggested. The SIT is among
vector control approaches suggested. Investigations of this technology have been going on for
over ten years. A wide range of research and numerous milestones on the feasibility and
possibility of applying this technique in South Africa have been achieved (Dandalo et al.,
2017a, 2018; Kaiser et al., 2021; Manana et al., 2021; Mashatola et al., 2017, 2018; Munhenga
et al., 2011, 2014, 2016, 2022). However, two critical steps remain before the operational
application of the SIT. The first is creating an efficient gender separation system to obtain only
males for sterilisation before mass release (Dandalo et al., 2018; Mashatola et al., 2018). This
is because none of the currently available gender separation strategies being used in other
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insects is readily applicable or transferrable to An. arabiensis (Papathanos et al., 2009, 2018;
Gilles et al., 2014, Mashatola et al., 2018). The use of traditional genetic approaches to
develop an An. arabiensis GSS has been suggested and successfully achieved by Dandalo et al.
(2018). However, the GSS is confronted with several environmental issues and low
productivity, which significantly influence cost and efficiency in mass rearing (Dandalo et al.,
2018). Because of this, new alternative methods for separating An. arabiensis males from
females are required. In this study, the use of ts/ or other morphological markers was targeted
for the development of an An. arabiensis GSS. This would pave the way for isolating
orthologous genes in An. arabiensis and/or inducing similar mutations that could be used to
develop GSS. This is the separation of sexes at an earlier developmental stage, for example,
during embryogenesis, and with high genetic stability during mass rearing. The second critical
step required before the operational application of the SIT is the development of an SOP to
handle and package mosquitoes during sterilisation and transportation to the field site.
Mosquito handling from production until field release affects the survival and quality of the
sterile males. This has a knock effect on their mating competitiveness. In turn, this can render
the SIT programme ineffective. It is thus essential that the South African SIT programme

develop its mosquito handling and packaging SOPs.

1.7. Aims and objectives
This study aimed to develop additional systems to separate males and females prior to male

sterilisation and release, as well as optimise the handling and transportation requirements for
An. arabiensis sterile males for the South African SIT programme. This was achieved by
addressing the following objectives:

1) To optimise and acclimatise adult An. arabiensis females to an artificial membrane
feeding method that can replace live animals for routine feeding and performing of
blood toxicant experiments.

2) To use the toxicant ivermectin to eliminate blood-feeding An. arabiensis females.

3) To determine the maximum threshold temperature (restrictive) for screening of ts/ in
an An. arabiensis laboratory colony.

4) To use EMS to induce ts/ and morphological body variations in An. arabiensis and
develop GSSs.

5) To use an already established An. arabiensis temperature-sensitive strain from
Cameroon to develop a ts/-based GSS with a South African genomic background.
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6) To investigate and establish the optimal temperature and holding (packaging)

conditions for small-scale pilot releases transportation of An. arabiensis.
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CHAPTER 2: Optimisation and acclimatisation of adult An. arabiensis females to an artificial

membrane feeding method.

2.1. Introduction
Blood-feeding insects, particularly mosquitoes of the Anopheles genus, are crucial subjects of

study due to their role in the transmission of vector-borne diseases, notably malaria (Benedict
et al., 2009; Ayesha et al., 2023). The need for blood meals in mosquito research and rearing
has historically relied on live animals; however, ethical, logistical, and cost considerations have
prompted a paradigm shift towards alternative methods (Kasap et al., 2003; Deng et al., 2012;
Ndebele and Musesengwa, 2012; Harrington et al., 2020). A noteworthy development in this
evolution is the utilisation of artificial membrane feeding systems, which offer precise control
over blood meal composition while addressing ethical concerns associated with live animals

(Baughman et al., 2017; Lauwereyns, 2018).

Artificial membrane feeding systems offer a promising alternative to the use of live animals
for feeding as they can facilitate controlled experiments and efficient insectary operations
(Cosgrove et al., 1994; Kasap et al., 2003; Ooi et al., 2005). In practical terms, the utilisation of
live animals for feeding typically involves preparatory steps such as removing hair or feathers,
applying restraint, and administering anaesthesia, thereby introducing complexities into the
process (Bailey et al., 1978; Foster, 1980). In contrast, artificial membrane feeding systems do
not require these and have demonstrated efficacy in maintaining mosquito colonies,
investigating vector competence, and testing interventions (Sattabongkot et al., 2003;
Damiens et al., 2013; Ross et al., 2019; Timinao et al., 2021). Notable successes include the
adaptation/optimisation of various Anopheles species to artificial membrane feeding (Vallejo
etal., 2016; Ayesha et al., 2023), as well as in studies involving the interactions of toxicants or

pathogens (Costa-da-Silva et al., 2013), showcasing the versatility of such systems.

While artificial membrane feeding systems offer valuable alternatives in mosquito research
and rearing, addressing the challenges associated with species-specific variations, formulation
complexities, acclimatisation nuances, and economic considerations is paramount (Suresh et
al., 2024). A multidisciplinary approach, combining entomology, physiology, and engineering
expertise, is essential to navigate these challenges and unlock the full potential of artificial

blood feeding systems. Against this background, it is critical to optimise adaptation to artificial
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blood feeding systems to maximise the potential of such approaches. This can be achieved
through selection of an appropriate system. In addition, a consideration of the specific biology
and behaviour of the mosquito species under investigation is essential when choosing an
artificial blood feeding systems. Furthermore, factors such as feeding success rates, cost-
effectiveness, and ease of use need careful consideration (Timinao et al., 2021; Suresh et al.,

2024).

The acclimatisation process from live animal-based blood meals to artificial membrane
feeding is pivotal for successful adoption. This gradual transition allows mosquitoes to adjust
to the novel artificial feeding method, ensuring sustained feeding success rates and
reproductive fitness (Ross et al., 2019). A thorough understanding of the intricacies of
acclimatisation is imperative for the broader adoption of artificial membrane feeding in

mosquito research and rearing.

There are several artificial membrane feeding systems available (Novak et al., 1991; Cosgrove
etal., 1994; Deng et al., 2012; Luo, 2014, Faber et al., 2022). However, none of these can be
applied universally to all hematophagous insects. Artificial membrane feeding systems are
necessary, mainly to laboratories with limited financial budgets or those moving towards a
mass-rearing scale, such as SIT programmes. The main challenge seems to be what type of
membrane (that can mimic the skin of vertebrate animals), device/feeding system (to control
and maintain blood temperature similar to live animals), or blood source (to satisfy the specific
preference of each species) should be used (Ooi et al., 2005; Damiens et al., 2013; Dias et al.,
2018, 2021). It is, therefore, important to use an inexpensive, convenient, and effective
artificial membrane blood-feeding method that may also consider animal welfare (Faber et

al., 2022).

In terms of membranes, the primary aim is to have a membrane that does not interfere with
factors associated with insect maintenance in the laboratory, such as feeding success,
fecundity, and egg-hatching rate. It is critical that the membrane is affordable and easy to use.
To date, various membranes have been used, ranging from natural animal skins (e.g., hens
(Bishop and Gilchrist, 1946), pig intestine (Costanzo et al., 2015), sheep intestines (Novak et
al., 1991), and bovine collagen (Deng et al., 2012) and artificial substances (e.g., collagen (Dias

etal., 2018, 2021), Parafiim® (Deng et al., 2012; Dias et al., 2018, 2021), latex condoms (Novak
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et al., 1991; Phasomkusolsil et al., 2013; Dias et al., 2018, 2021), silicone (Novak et al., 1991;
Dias et al., 2018, 2021; Ribeiro et al., 2023).

Feeding systems for the provision of blood is another aspect that needs consideration.
Although various types have been developed and used (e.g., the Glytube system of artificial
blood feeding for mosquitoes (Costa-da-Silva et al., 2013, de Almeida Costa et al., 2020), novel
multiple membrane blood-feeding system (Luo, 2014); and polytetrafluoroethylene-based
membrane for blood-feeding (Siria et al., 2018). The Hemotek® artificial blood feeding system
appears to be a viable option (Damiens et al., 2013). This is particularly true for facilities that
can afford and are moving toward a mass rearing scale (Mamai et al., 2017). This system
employs an electric heating element to maintain the blood meal at desired high temperatures

(Cosgrove et al., 1994).

Concerning blood meal sources, studies have shown that various animals blood sources can
be used (e.g., human and mice blood (Pina and Fonseca, 1999), rabbits (Novak et al., 1991),
bovines (Mamai et al., 2017), chicken (Bishop and Gilchrist, 1946), sheep (Phasomkusolsil et
al., 2013), and horses (Costanzo et al., 2015). One of the most used methods is anaesthetised
adult mice/guinea pigs (Novak et al., 1991, Hunt et al., 2005) and rabbits (Phasomkusolsil et
al., 2013). In certain instances, where the preferred blood meal source of a species is known
efforts could be made to provide such sources, e.g., An. arabiensis, prefers cattle blood

(Tirados et al., 2006), provision of cattle blood will be ideal in this instance.

The primary objective of this chapter was to explore/investigate a suitable and cost-effective
alternative method for providing blood meals to adult An. arabiensis females. The goal was to
replace the current approach of using conventional use of live animals with an artificial blood

feeding system.

2.2. Material and methods

2.2.1. Biological material and rearing procedure
An An. arabiensis laboratory strain, acronymed KWAG, colonised in 2005 from material

collected from Mamfene, KwaZulu-Natal, South Africa was used in this study (Mouatcho et al.,
2009). The colony was maintained in the Botha De Meillon Insectary (BDMI) at the National

Institute for Communicable Diseases (NICD), Vector Control Reference Laboratory (VCRL),
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Johannesburg, South Africa (26°7'57.62°E, 28°6’56.603’’S). The BDMI was physically
separated from areas used for general staff traffic and offices. It comprised eight separate
rooms without windows, ventilated through air ducts equipped with high-efficiency
particulate air filters (mesh size 100 um) to prevent adult mosquitoes from escaping. Access
to the facility was restricted to authorised personnel, with entrance via a double-door
vestibule designed to prevent flying mosquitoes from escaping simultaneously. The insectary
maintained controlled conditions of 27 + 1 °C room temperature, 70 + 10 % relative humidity,
and a 12:12 h photoperiod, including 45-minute transitions of dusk and dawn each cycle (11
h ~ 250 lux full light, 11 h darkness, and 45 minutes of dawn and dusk transitions) (Hunt et al.,
2005; Sheppard et al., 2017). All rearing and colony maintenance procedures followed those

described by Hunt et al. (2005), with some modifications (see appendix 1).

2.2.2. Description of live and artificial membrane feeding system and feeding procedure

2.2.2.1. Description of live and artificial membrane feeding system
At the time of this study, live anaesthetised guinea pigs were the standard blood feeding

method for mosquito colonies at the BDMI (Ref: W-CJ-150911-1, see appendix 2). These
guinea pigs were housed at the NICD in standard laboratory cages, maintained at a
temperature range of 21 + 2 °C with a 12-hour light/dark cycle. The cages contained sawdust,
commercial rabbit pellets, and ad-lib water supplemented with vitamin C. Cage cleaning
occurred three times per week, and efforts were made to maintain a quiet environment to
minimise stress on the guinea pigs. All anaesthesia injections and veterinary procedures,
including the shaving of a 3.7 to 4 cm diameter patch of fur on the abdomen, were performed
10 to 20 minutes prior to mosquito blood feeding by trained veterinarians registered with the

South African Veterinary Council.

For artificial feeding, the Hemotek® membrane feeding system for blood-sucking insects
(Hemotek, Product Code: SP6W1-3, Blackburn, United Kingdom, http://hemotek.co.uk/) was
utilised. This system comprises a power unit, multiple heating plates, aluminium reservoirs
(3.7 cm diameter x 1.3 cm thickness with a total reservoir capacity of 3 m8) and O-shaped
black rubber rings (Figure 2.1). Operating electronically via the power unit, the device
synchronously regulates the temperatures of the multiple heating plates, facilitating the

simultaneous comparison of different membranes (Cosgrove et al., 1994).
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Figure 2.1: The Hemotek®” membrane feeding system used during blood feeding optimisation and acclimatisation of a laboratory An. arabiensis colony:
a) PS6 Power Unit (to accommodate six heating plates simultaneously), b) heating plate, c) plug remover, d) aluminium reservoir (d1 is the flat bottom,

d2 is the well top where blood goes in), e) O-ring, f) plug, and g) blue temperature setting device.
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2.2.2.2. Blood feeding procedure
The live animal feeding procedure involved placing an shaved and anaesthetised guinea pig

on top of a BugDorm-1°insect rearing cage (BugDorm, Model: DP1000, MegaView Science Co.,

Ltd., https://shop.bugdorm.com/). The BugDorm-1° insect rearing cage was made mainly of

polyethylene netting and polypropylene plastic material. The cage’s net weight was 1.1 g with
dimensions of 30 cm length x 30 cm width x 30 cm height. It featured clear panels on the
bottom, front, and top, along with mesh panels on the back, left, and right sides. The mesh
size measured 32 cm x 32 cm with an 800 um aperture. Notably, the front panel included a
single sleeve opening measuring 15 cm in diameter and 40 cm in length. During blood feeding
procedures, the cage was tilted to the side, positioning the left mesh panel on top to

accommodate a guinea pig lying on its shaven abdomen side.

The artificial membrane feeding procedure involved fully enclosing a reservoir with a single
layer of one of three different types of membranes. These were collagen membrane (Edicol
edible collagen membrane, dimensions: 580 mm wide x 30 m length, thickness: 10 to 20 um),
Parafilm-M® (Parafilm-M®, www.parafilm.com, dimensions: 101.6 mm wide x 100 m length,
thickness: 10 to 20 um), and hog casing (purchased from Jay Jay Butchery, Lyndhurst discount
centre, Johannesburg, dimensions: 28 mm wide x 20 m length, thickness: 10 to 20 um) (Figure

2.2).
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Figure 2.2: Artificial membranes used in this study during blood feeding optimisation of a
laboratory An. arabiensis colony: (a) Collagen membrane (dimensions: 580 mm wide x 30 m

length, thickness: 10 to 20 um), (b) Parafilm-M® (dimensions: 101.6 mm wide x 100 m length,
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thickness: 10 to 20 um) and (c) Hog casing (dimensions: 28 mm wide x 20 m length, thickness:

10 to 20 um).

The membranes were trimmed to fit the size needed to cover the reservoir adequately and
then firmly secured using a rubber O-shaped ring (Figure 2.3). Before application, the hog
casing, which had been stored in brine, was rinsed briefly with tap water for approximately 30
seconds. Furthermore, the hog casing was slit longitudinally to produce a single layer.
Parafilm-M® was manually stretched evenly by hand to create a single layer, while the collagen
membrane was utilised in its original state, with the textured surface oriented outward.
Frozen defibrinated cattle blood, 3 m€ in volume, was thawed at room temperature for 2 h
before been injected into the reservoir using a pipette. A plug was then inserted to seal the
reservoir, preventing any spillage or leakage of the blood. Following this, the reservoir was
attached to a heating plate that had been pre-warmed to a temperature range of 37 °C to 39
°C, corresponding to temperatures experienced by most live vertebrates that mosquitoes feed
on (Cosgrove et al., 1994; de Boer et al., 2022). The heating plate with the reservoir attached
was placed on top of the netted side of a BugDorm-1® cage, allowing mosquitoes to access

the blood through the membrane using their proboscis.

The cattle blood utilised in this study was sourced from a local abattoir, Karan Beef (Pty) Ltd,
located in Balfour, Mpumalanga, South Africa. The blood collection process involved manual
defibrination, which included mixing fresh blood with glass beads in a 5 € container to prevent
clotting or coagulation. Subsequently, the blood was transferred into 50 m#& falcon tubes and
placed in cooler boxes containing ice for transportation back to the NICD. Upon arrival at the
laboratory, the blood samples were stored in a refrigerator set at -20 °C and were utilised

within a period of three months or until fully depleted.
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Figure 2.3: Artificial membrane feeding procedure. (a) membrane placed over to top side of reservoir, (b) membrane secured onto an aluminium
reservoir using O-ring, (c) defibrinated, thawed cattle blood in a 50 m£ falcon tube, (d) blood inserted into an aluminium reservoir using a pipette,
(e) blood inside an aluminium reservoir, (f) aluminium reservoir with blood inside before attachment to a heating plate (pre-warmed to 37 °C)

and (g) after it is attached to a heating plate, (h) heating plate with aluminium reservoir containing blood placed on top of the netted side of a

BugDorm-1® insect rearing cage.
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2.2.3. Comparison of feeding on live guinea pig vs artificial membrane feeding methods
(optimisation).
The experimental design for comparing feeding on a live guinea pig versus artificial membrane

feeding methods (optimisation) involved introducing an equal ratio of newly emerged adults
(3005:3009) into a BugDorm-1° cage and allowed three to four days to mate. After the mating
period, females were randomly selected and introduced into new BugDorm-1° cages in
batches of 50 per cage. A mouth aspirator constructed with a transparent glass or
polycarbonate plastic tube measuring 30 cm in length and having an outer diameter of 2 cm
was used to suck mosquitoes. It also includes a latex rubber tube measuring 20 cm in length
with a 2 cm outer diameter. These two components are separated by a 50 um nylon mesh
screen. Four separate cages were set up concurrently: cage 1 (control) involved direct natural
skin-feeding on a guinea pig, cage 2 consisted of collagen membrane, cage 3 utilised Parafilm®

membrane while cage 4 employed hog casing membrane (Figure 2.4).

During the feeding process, blood feeding on a guinea pig lasted 10 minutes following the
protocol by Hunt et al. (2005), while Damiens et al. (2013) conducted artificial membrane
feeding for 2 hours. Subsequently, the number of females with visible blood meal in their
abdomen (engorged females) was counted and recorded for each cage to determine the mean
percentage of females with visible blood meal in their abdomen, which served as the measure
of blood-feeding success. Unfed females were removed from the cages, and each cage was

provided with a 10 % sugar water solution soaked on cotton wool.

Two days after the first blood meal, only females that had blood-fed in the first feeding were
provided a second blood meal. Then, all live female mosquitoes in each cage were counted
three days after the second blood meal, and a plastic container spray painted black on the
outside (henceforth referred to as egg plate (appendix 1, Figure S1.3)) and filled inside with
150 distilled water was placed inside each cage overnight to serve as an oviposition site. The
egg plates were removed from the cages the following day and the total number of eggs laid
from each cage counted using an optical binocular magnifying lens (Donegam Optical
Company, Lenexa, Kansas 66219, USA). The number of females alive divided this total number
of eggs per cage on the day the egg plates were placed inside the cage. This was used to
determine fecundity. Additionally, a subsample of 10 females was removed from each cage

post-oviposition, and each female was dissected under a microscope to observe the presence
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of spermatozoa in their spermatheca (MR4, 2015), which was used to determine insemination

success. The absence of sperm indicated a lack of mating.

All eggs from each cage were monitored for hatching once daily for 14 consecutive days. This
was done by visually observing for hatchlings inside the egg plates, removing them with a
plastic pipette into a new plastic bowl. The total number of hatchlings per egg plate was
recorded and the mean percentage of larvae that hatched used to determine fertility. The
experiments were repeated three times (i.e., three biological repeats). A summary diagram of
the experimental design for comparing direct skin feeding (live guinea pig) and artificial
membrane feeding using three different membranes (collagen, Parafilm-M® and hog casing)

is shown in Figure 2.4.
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Figure 2.4: Experimental design used for comparison of direct skin feeding (live guinea pig) and artificial membrane feeding using three different
membranes (collagen, Parafilm-M® and hog casing). Mixed adults were allowed three to four days to mate, blood fed and monitored for blood-
feeding success (mean percentage of females with visible blood meal in their abdomen), fecundity (the mean number of eggs laid from each
cage), insemination success (mean percentage of females with sperm in their spermathecal) and fertility (total number of hatchlings per egg

batch).
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2.2.4. Impact of blood feeding on the reproductive biology of An. arabiensis females using
hog casing membranes over six successive generations (acclimatisation).
After completing the initial comparison of feeding methods (optimisation), the study

investigated the potential for acclimatisation to artificial membrane feeding methods,
focusing specifically on the hog casing membrane due to its favourable attributes. The
experimental design involved successive generations (Fo, F3, and Fs) of An. arabiensis

mosquitoes being exposed to artificial membrane feeding using hog casing.

In each generation, newly emerged adults (1005:1009) were introduced into BugDorm-1°
cages and allowed to mate for three to four days. Females (50%) from the selected generation
were removed and introduced into a new BugDorm-1° cage. These were provided with two
blood meals over a five-day period through artificial membrane feeding. Their reproductive
parameters (blood-feeding success, fecundity, insemination success, and fertility) were
recorded. These parameters were not measured for the F1, F2, F3 and F4 generations. Progeny
from each generation were reared to adulthood using standard methods and subjected to the

same artificial feeding regimen, with data recorded at specific intervals.

The acclimatisation process was assessed by comparing the recorded parameters (blood-
feeding success, fecundity, insemination success, and fertility) between generations (Fo, F3,
and Fg). This comparison aimed to determine whether there were any changes indicative of
adaptation to the new feeding regimen over successive generations. Each experiment was

replicated three times as detailed in the experimental design outlined in Figure 2.5.
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Figure 2.5: Experimental design for acclimatisation of adult An. arabiensis females to artificial

membrane blood-feeding method. The acclimatisation process was assessed by comparing

the recorded parameters (blood-feeding success, fecundity, insemination success, and

fertility) between generations (Fo, F3, and Fs). These parameters were not measured for the

F1, F2, F3 and F4 generations.
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2.2.5. Data analysis
All data were recorded and entered into Microsoft Excel (version 2016, Microsoft Corporation,

Redmond, WA). Data on both the comparison of natural skin vs artificial membrane and
selection of artificial feeding method per generation was recorded and summarised over three
biological repeats. The data was statistically analysed using the Statistical Package for the
Social Sciences (SPSS) (IBM Corp, 2015) software. First, the data was checked for normal
distribution (homogeneity) using the Shapiro-Wilk test. The mean percentage of females with
visible blood meal in their abdomen (blood-feeding success), the mean number of eggs laid
from each cage (fecundity), the mean percentage of females with sperm in their spermatheca
(insemination success), and the mean percentage of larvae that hatched (fertility) were
compared between feeding method and filial generations with the data analysed using a one-
way analysis of variance (ANOVA) where the data was normally distributed or the non-
parametric Kruskal-Wallis test where the data was not normally distributed. In all cases, a p-

value of less than 0.05 (p < 0.05) was used to indicate statistical significance.

2.3. Results

2.3.1. Comparison of feeding on live guinea pig vs artificial membrane feeding methods
(optimisation).
The results on comparison of feeding on a live guinea pig vs artificial membrane feeding

methods are shown in Table 2.1. Hog casing (74.4% + 6.3) and guinea pig feeding (71.3% £ 9.9)
showed the highest blood-feeding success (+ SD). This was followed by collagen membrane
(60.7% + 8.2), and Parafilm® (24.8% + 9.6) respectively (Table 2.1). A significant statistical
difference between blood-feeding success and feeding method was found, with subsequent
Bonferroni post-hoc test showing a similar feeding success in guinea pig, collagen and hog

casing but all being different from Parafilm® (one-way ANOVA, F3,10) = 11.43; p = 0.001).

Fecundity, varied across the feeding methods, with the highest average fecundity (+ SD)
observed in mosquitoes fed on guinea pigs (12.5 + 5.6 eggs per female) and the lowest in those
fed on Parafilm® (3.2 + 1.3 eggs per female). However, statistical analysis did not reveal a
significant difference in fecundity between the various feeding methods (one-way ANOVA,

F3,100 = 2.71; p = 0.0914) (Table 2.1).

Insemination success was consistently high across guinea pigs, collagen, and Parafilm®, with

rates exceeding 96%. Hog casing showed a perfect insemination success rate of 100%.
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Importantly, statistical analysis did not detect a significant difference in insemination success

among the different feeding methods (one-way ANOVA, F3,10) = 0.50; p = 0.7368).
Fertility (+ SD) ranged as follows: hog casing (92.2% + 6.4), collagen (91.5% + 6.4), guinea pigs

(87.4% * 12.6), and Parafilm® (76.7% % 6.5). However, these differences were not statistically

significant (one-way ANOVA, F3,10)=1.22; p = 0.361).
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Table 2.1: Selected life history traits (blood-feeding success, fecundity, insemination success and fertility) of An. arabiensis mosquitoes that were

fed from different feeding methods (live animal vs artificial membrane).

Feeding method

Blood feeding success (%)
+ SD (95% Cl)

Fecundity £ SD (95% ClI)

Insemination success
(%) £ SD (95% Cl)

Fertility (%) £ SD (95% Cl)

71.3+9.9 (61. 4—81.2)°

12.5+5.6 (6.9 — 18.1)

96.7 + 3.3 (93.4 — 100)?

87.4+12.6 (74.4-100)°

Live animal Guinea pig
abdomen
Collagen
Artificial

membrane Parafilm®

Hog casing

60.7 + 8.2 (52.5 — 68.9)?

24.8 £9.6 (15.2 —34.4)°

74.4 + 6.3 (68.4 —90.7)

5.1+2.8(2.3-7.9)

3.2+1.3(1.9-4.5)

8.8 £ 6.5 (2.3-15.3)°

96.7 + 3.3 (93.4 — 100)°

96.7 + 3.3 (93.4 — 100)°
100 + 0°

91.5 + 6.5 (85.0 — 98.0)

76.7 £ 6.5 (84.1 — 80.9)?

92.2 + 6.4 (85.8 — 98.6)°

Numbers within columns are mean £ SD (95% Cl). Different superscript letters in a column show significant differences (p < 0.05).
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2.3.2. Impact of feeding through hog casing for 6 generations on the reproductive biology
of An. arabiensis females (acclimatisation).
The results regarding feeding success, fecundity, insemination success, and fertility following

the selection of the colony for artificial membrane feeding are presented in Table 2.2. The
mean blood-feeding success (£ SD) exhibited a progression, with values of 62.6% + 3.7 in the
Fo generation, 82.4% + 1.7 in the F; generation, and 94.9% + 1.4 in the Fs generation. Statistical
analysis, did not reveal a significant difference in the average feeding success between the
generations (one-way ANOVA, F3,10) = 1.70; p = 0.2593). In terms of fecundity (+ SD), the Fo
generation had 8.8 eggs per female £ 6.5, while the F3 and Fs generations showed 3.5 eggs per
female + 1.0 and 13.3 eggs per female * 1.8, respectively. Although there was a marginal
difference, statistical analysis did not find a significant variance in fecundity across these three
generations (one-way ANOVA, F2,6) = 4.67, p = 0.0599). Insemination success (x SD) displayed
a trend of 93.3% + 6.5 in Fo, 96.7% + 2.8 in F3, and 100% in Fs, with no statistically significant
difference detected (one-way ANOVA, F310) = 0.60; p = 0.5787). Fertility (+ SD), assessed as
92.2%+6.5in Fo, 88.9% + 10.5in F3,and 95.3% + 1.7 in Fe, also showed no significant difference

between these generations (one-way ANOVA, F2,6) = 0.59, p = 0.5829).
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Table 2.2: Mean number of selected life history traits (blood feeding success, fecundity, insemination success and fertility) of different

generations of adult laboratory-reared An. arabiensis females’ blood-fed artificially using hog casing.

Blood feeding success (%) £ SD Insemination success (%) £

i F ity £ SD % CI Fertility (%) £ SD % ClI
Generation (95% Cl) ecundity % SD (95% Cl) SD (95% Cl) ertility (%) £ SD (95% Cl)
Fo 62.6 + 3.7 (58.9 — 66.3)° 8.8 +6.5(2.3-15.3) 93.3 + 6.5 (86.8 — 100)? 92.2 + 6.5 (85.7 — 98.7)°
Fs 82.4+ 1.7 (80.7 — 84.1)? 3.5+1.0(2.5-6.0) 96.7 + 2.8 (93.9 — 99.5)? 88.9 + 10.5 (78.4 — 99.4)?
Fe 94.9 + 1.4 (93.5 —96.3)° 13.3+1.8 (11.5-15.1)? 100 + 07 95.3 + 1.7 (93.6 — 97.0)?

Numbers within columns are mean + SD (95% Cl). Different superscript letters in a column show significant differences (p < 0.05)
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2.4. Discussion
This study aimed to address a common blood-feeding challenge faced by insectary facilities

worldwide concerning the maintenance of mosquito colonies, particularly Anopheles species
(Dias et al., 2018; Ayesha et al., 2023). Through a comparative analysis, the study sought to
identify a cost-effective and efficient method for providing blood meals to an An. arabiensis
laboratory colony (KWAG), aiming to replace the traditional use of live animals. Different
feeding techniques, including direct use of live guinea pigs and indirect artificial methods using
collagen membrane, hog casing, and Parafilm®, were compared. Key parameters such as
blood-feeding success, fecundity, insemination success, and fertility were assessed to
determine the suitability of each method for maintaining KWAG. Furthermore, the colony was

tested for gradual transition (acclimatisation) to artificial membrane feeding using hog casing.

2.4.1. Comparison of feeding on live guinea pig vs artificial membrane feeding methods
(optimisation).
The results from the comparison of feeding methods between live guinea pigs and artificial

membrane feeding indicated that mosquitoes feeding through hog casing and guinea pig had
comparable blood-feeding success rates. The lowest blood-feeding success was observed
when females were fed using the artificial blood-feeding system through Parafilm-M®
membrane. Furthermore, feeding success was also accompanied with good fecundity and
fertility. This result suggest that hog casing could serve as a feasible alternative to the
traditional method involving live animals. This finding is significant, considering the ethical

concerns and logistical challenges associated with using live animals in laboratory settings.

However, it is important to note that blood-feeding success can be influenced by various
factors, such as the species of the mosquito, whether the mosquito was reared in a colony or
collected in the wild and the adaption level of the colony (Timinao et al., 2021). Furthermore,
blood-feeding success is dependent on the experimental conditions under which the feeding
is carried out and this includes the starvation prior to blood-feeding, the parameters of
starvation (such as water access), the membrane type utilised, the feeding rate duration, the
age of the mosquito, blood source and the amount of blood in the feeder (Timinao et al., 2021;
Melgarejo-Colmenares et al., 2022, 2023). In this study, efforts were made to standardise
most of these factors. For example, the choice of a blood meal source is critical for efficient

rearing and cattle blood, preferred blood meal for An. arabiensis (Meza et al., 2019; Mlacha

45



et al., 2020), and was chosen due to its cost-effectiveness and readily availability from local
abattoirs. The other factors were difficult to make direct comparison, for example cattle vs
guinea pig or defibrinated vs fresh blood. However, as the focus of this study was on

comparison of different membranes, discussion is limited to findings of this study.

Several studies concerning membrane feeding have been conducted with a range of
parameters and these resulted in variations in the success of feeding (Dias et al., 2018, 2021;
Ross et al., 2019; Timinao et al., 2021). The high feeding success demonstrated by hog casing
and collagen membranes natural surface texture of hog casing. The observed high feeding
success exhibited by hog casing is consistent with prior studies suggesting that its natural
surface texture, which facilitates piercing and access to blood, can enhance feeding success
and subsequent reproductive fitness (Novak et al., 1991; Lyski et al., 2011). The collagen
membrane on the other hand, with its textured gripping surface on the side from which
mosquitoes probe through, also produced similar results to hog casing. This is because
mosquitoes utilise their proboscis to feed, enabling them to pierce through clothes or skin,
even from hairy animals or through the netting of the BugDorm-1® cage. In addition, both hog
casing and collagen membranes are generally easier to handle, provide results that are more
consistent, are cost-effective, and readily available through local suppliers. Collagen
membranes are particularly suitable for sustainable or mass-rearing settings, as they are
routinely used at the IPCL/FAQ/IAEA for blood feeding with the Hemotek® system (Damiens
et al., 2013; FAO/IAEA, 2017b; Mamai et al., 2017). In contrast, Parafilm-M® membrane
demonstrated a low feeding success rate of 24.8%, which contradicts the findings reported by
Dias et al. (2018). In their study, Dias et al. (2018) observed high feeding success rates of 98%
for Ae. aegypti and 96% for An. aquasalis when using the Parafilm-M® membrane. However,
they noted a lower feeding success rate of 48% for Cx. quinquefasciatus. The observed
differences in efficiency could be attributed to how Parafilm-M® is prepared, particularly in
terms of stretching or distending (Dias et al., 2018, 2021). Parafilm-M® can very easily rupture
when stretched above over three times its original size, making artificial feeding difficult in a
laboratory routine (Cosgrove et al., 1994; Luo et al., 2014). It is essential for the membrane to
be sufficiently thin for easy perforation by mosquitoes, yet durable enough to prevent blood
leakage (Dias et al., 2018, 2021). Although attempts were made to stretch the Parafilm-M®
membrane uniformly during this study, standardisation of distension may have been lacking,

making it challenging females to pierce and feed through it, thus explaining the low feeding
46



success. This is supported by the observation that females congregated around the feeder and
attempted to pierce the Parafilm-M® membrane unsuccessfully. Another notable drawback
of Parafilm-M® is its brittleness after prolonged exposure to 38 °C (temperature of the heated
plate mimicking a live animal), which can lead to ruptures. This issue was not observed with

collagen membranes and hog casing.

The observed variability in fecundity among feeding methods in this study underscores the
importance of considering the overall reproductive fitness of mosquitoes when selecting
feeding protocols. While guinea pig feeding resulted in the highest fecundity, hog casing and
collagen membrane methods also exhibited relatively high fecundity, indicating their potential
suitability for maintaining mosquito colonies. This was expected as research has shown that
direct skin feeding on live animals is more useful than indirect membrane feeding using
artificial methods (Kasap et al., 2003; Deng et al., 2012). For example, the colony used in this
study has been selected for guinea pig feeding since 2005 (Hunt et al., 2005; Mouatcho et al.,
2009). In terms of membrane type, the results of this study are similar to other researchers
who found low fecundity using Parafilm-M® membrane on Ae. aegypti and Ae. albopictus
(Lyski et al., 2011; Luo, 2014) but different to those obtained from several artificial blood
feeding studies with different objectives on An. stephensi (Nasirian and Ladonni, 2006), and
An. sacharovi (Kasap et al., 2003). It is hypothesised that differences in fecundity could be due
to blood type (Takken and Verhulst, 2013; de Swart et al., 2023). The composition of blood,
including factors like protein content, amino acids, and hormonal levels, can vary depending
on the blood type of the host. This variation in blood composition may affect the physiological
processes within the mosquito, including egg development and fecundity. Overall, although
direct comparison of these different blood sources was not accounted for in statistical
analysis, the consensus is that high blood feeding success correlated with high fecundity as

has been the case in other studies (Hurd et al., 1995; Phasomkusolsil et al., 2013).

In terms of insemination success, this study found consistently high insemination success rates
for across all feeding methods, indicating that blood-feeding method does not compromise
the mating efficiency of mosquitoes. This is a crucial aspect as successful mating is essential
for generating viable offspring (Chambers and Klowden, 2001; Klowden and Russell, 2004;
Sawadogo et al., 2013). Also especially considering the next measured parameter, fertility.

Mosquitoes can lay eggs after a blood meal, which bodes well for fecundity, but for eggs to
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hatch there needs to have been mating that occurred (Chambers and Klowden, 2001; Klowden
and Russell, 2004). Given that females were checked for insemination success only after they
had matured (three to four days of mating) and undergone blood feeding, the results of this
study are not surprising even though they contrast with earlier research on insemination rates
in non-blood-fed mosquitoes, where approximately one-fiftth of An. gambiae s.s. were
reported to be unmated at six days old (Charlwood and Jones, 1979). This could be because
the An. arabiensis colony used in this study is accustomed to colonisation and has no difficulty
mating in this environment (Mouatcho et al., 2009; Benedict et al., 2009). Also, unlike previous
studies that found insemination to be influenced by factors such as age, size, mating duration,
and to be crucial for egg laying (Chambers and Klowden, 2001; Klowden and Russell, 2004;
Sawadogo et al., 2013), this was not the case in our study. The mosquitoes used were of the
same age, provided with the same rearing conditions, mating period, and egg-laying
opportunity. Therefore, the fact that the blood-feeding method did not affect insemination
success in this study is well founded. Moreover, these findings suggest that the choice of
feeding method does not significantly influence the ability of female mosquitoes to
successfully mate with males. This is a crucial result as it indicates that the choice of feeding
method can be based on practical considerations without compromising the insemination

success of mosquitoes.

Furthermore, any blood feeding method need not only result in high feeding success,
insemination success and fecundity, but also the eggs need to be fertile to perpetuate the next
generation. As a result, it was necessary to investigate the fertility of resultant eggs from
females fed on the various feeding methods. Relatively high fertility was recorded throughout
all the treatments affirming egg viability. These findings are similar to several studies where
different blood feeding methods were assessed and there was also no significant difference
in fertility (Kasap et al., 2003; Ooi et al., 2005; Pothikasikorn et al., 2010 Lyski et al., 2011; Luo,
2014). The comparably high fertility found between the routine guinea pigs and all other
artificial feeding methods indicates the substantial viability of the eggs and the reliability of
the both these methods for colony maintenance. However, further investigation into the long-
term effects of different feeding methods on mosquito fitness parameters could provide

valuable insights into their suitability for routine laboratory mosquito production.
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Overall, the findings from the studies above suggest that hog casing and collagen feeding
methods offer comparable outcomes to guinea pigs in terms of blood-feeding success,
fecundity, insemination success, and fertility. However, because of availability, practicality and
the small scale of subsequent experiments for acclimatisation of the colony for artificial

membrane, hog casing was used.

2.4.2. Impact of feeding through hog casing for 6 generations on the reproductive biology
of An. arabiensis females (acclimatisation).
The progressive increase in blood-feeding success observed across generations suggests an

improvement in the adaptation of mosquitoes to the artificial membrane feeding setup. The
consistent increase from the Fo to the Fs generation indicates a potential adaptation among
the mosquito population, leading to more efficient feeding behaviour over time. Although
there was no statistically significant difference in feeding success among these generations
the gradual increase in proportion of females that took a blood meal as the generation
increases suggests that mosquitoes can adapt to and efficiently utilise artificial membrane
feeding methods, ultimately improving blood feeding rates. This adaptation is a promising, as
it suggests that colonies can transition from live animal feeding to more ethically and
logistically convenient artificial membrane feeding while maintaining fertility across
successive generations. Insemination success also remained consistently high throughout
these generations. Moreover, while there were variations in fecundity across generations,
statistical analysis did not reveal significant differences. This indicates that while there might
be fluctuations in reproductive output across generations, the overall fecundity remains
relatively consistent. Moreover, the slight variance observed in fecundity could be attributed
to various factors, such as genetic variability within the mosquito populations, environmental
conditions, and feeding protocol adjustments over time, as documented in Ross et al. (2019).
Thus, overall, these findings support the feasibility of transitioning mosquito colonies from
live animal feeding to artificial membrane feeding using hog casing, which is ethically and
logistically advantageous, particularly in the context of mosquito research and control

programmes.

However, it is important to highlight the importance of considering multiple factors, including
blood-feeding success, fecundity, and ethical considerations, when selecting feeding methods

for mosquito breeding. Future studies could explore additional factors influencing feeding
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success and fecundity, such as diet composition, feeding frequency, and environmental
conditions, to further optimise the artificial membrane feeding protocol for mosquito
colonisation (Nasirian et al., 2006). Thus, investigating the addition of phago-stimulants
(compounds detected by insect chemoreceptors that stimulate insects to imbibe their meals
to full engorgement) such as natural odour ligands from human skin (Ghaninia et al., 2008), L-
lactic acid (Sanz et al., 2008; Ayesha et al., 2023) as well as adenosine triphosphate (ATP)
(Galun, 1967) may improve blood feeding success. Additionally, investigating the genetic and
physiological mechanisms underlying the observed adaptations in feeding behaviour could
provide valuable insights into mosquito biology and vector-host interactions. Importantly, the
current results of this study pave a way for investigating toxicants or pathogens that can be
added into these artificial feeding methods without worrying about affecting live animals (see

next chapter 3).

2.5. Conclusion
Artificial blood-feeding methods using a Hemotek® system with hog casing or collagen

membrane can serve as a viable alternative to the traditional direct skin blood-feeding
approach involving live guinea pigs, with no significant compromise in reproductive fitness.
Furthermore, there were indications of acclimatisation to hog casing membrane feeding,
suggesting that it is feasible to gradually select a mosquito colony to adopt indirect blood-
feeding methods over time. Building on these findings, it is recommended that artificial blood-
feeding techniques be considered as a replacement for direct animal blood-feeding practices.
This transition has already been effectively implemented at the BDMI, where all mosquito
colonies have successfully transitioned from guinea pig blood feeding to Hemotek® blood-

feeding system.
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CHAPTER 3: Use of the toxicant, ivermectin, to eliminate blood-feeding An. arabiensis
females.

3.1. Introduction
As part of efforts towards malaria elimination, there are ongoing investigations into

complementary vector control strategies such as the SIT (Munhenga et al., 2011, 2014, 2016;
Dandalo et al., 2017a, 2018). This technique involves a systematic area-wide release of sterile
insects that mate with wild ones, resulting in no offspring (Dyck et al., 2021). Over time,
targeted populations can be suppressed or eliminated. However, because female mosquitoes,
unlike male mosquitoes, can transmit disease (Clements, 1992), they must be removed from
the mass production process before sterilisation and field releases (Papathanos et al., 2009;
Gilles et al., 2014; Mashatola et al., 2018). As a result, mosquito SIT programmes' success will
depend on the exclusive release of sterile males, which will be impossible on a large scale

without effective methods to separate males from females (Mashatola et al., 2018).

Various gender separation strategies for different stages of mosquitoes are currently being
tried to successfully establish a sexing mechanism (Papathanos et al., 2009; Gilles et al., 2014;
Mashatola et al., 2018). The most commonly used methods include genetic sexing, molecular,
mechanical, and behavioural approaches. For example, though sex separation using genetic
and molecular techniques are most suitable and preferred for large-scale settings, but their
development and application may only become available in the long term (Papathanos et al.,
2009, 2018; Gilles et al., 2014). In comparison, mechanical and behavioural sexing tools are
more suitable for small-scale feasibility studies. Mechanical tools were considered suitable for
small-scale (Papathanos et al., 2009, 2018; Gilles et al., 2014), until the automated, mechanical
sex separation of Aedes mosquitoes in China (Zheng et al., 2019) which has paved way for
large-scale application.). In An. arabiensis, attempts to establish mechanical approaches have
already been tried and, due to a lack of significant differences in pupal sizes, were excluded as
a possible sexing strategy (Mashatola et al., 2018). Because of this, behavioural approaches

were considered as a primary focus by researchers (Mashatola et al., 2018).

Behavioural methods such as swarming and delayed female emergence have been
investigated and excluded as possible gender separation methods in anophelines (Papathanos
et al., 2009, 2018; Gilles et al., 2014). As a result, the exploitation of the haematophagous

behaviour of adult female mosquitoes was suggested (Papathanos et al., 2009). Previous
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studies have shown that blood can be spiked with insecticides (e.g., malathion, dieldrin) or
other toxicants (e.g., ivermectin, spinosad) to kill females during blood feeding, allowing males
to be separated from females (Lowe et al., 1981; Yamada et al., 2013a). Of these blood-spiking
toxicants, the macrocyclic lactone extract, ivermectin, showed the most significant potential
(Yamada et al., 2013a). Its mode of toxicity directly targets the mosquito nervous system and
muscle performance by inhibiting neurotransmission via glutamate-gated chloride channels
after oral ingestion, makes ivermectin the best candidate (Yates and Wolstenholme, 2004;

Moreno et al., 2010; Yamada et al., 2013a).

However, even though behavioural sex separation by spiking blood with ivermectin has been
investigated in other studies involving mosquitoes such as An. arabiensis (Yamada et al.,
2013a) and both Ae. aegypti and Ae. albopictus (Gunathilaka et al., 2019), no attempt has
been made to assess the efficacy of these methods for the South African mosquito SIT
programme. This chapter aimed to assess the efficacy of ivermectin in eliminating females as
well as investigate the ability of males to successfully mate (reproductive fitness) following

inadvertent exposure to ivermectin.

3.2. Material and methods

3.2.1. Mosquito strain
This study used the same An. arabiensis laboratory strain (KWAG) described in 2.2.1.

3.2.2. Determining the optimal concentration of ivermectin to kill adult An. arabiensis
after a single blood meal.

3.2.2.1. Preparation of ivermectin
A 10 mg/® (equivalent to 10 parts per million (ppm)) stock solution of ivermectin was prepared

by dissolving powdered ivermectin formulation (MK-933, CAS No. 70288-86-7) in absolute
ethanol (CAS No.: 9005-79-2). Both solutions were procured from Sigma-Aldrich (St. Louis,
MO). A 500 m® laboratory glass bottle, with GL45 Screw Cap was used for mixing the solutions
(SKU: TC4304, https://worldofscience.co.za/). The ivermectin stock solution was serially
diluted in distilled water to produce three final concentrations of 2.5, 7.5 and 10 ppm. All
solutions were kept chilled in a refrigerator (Labex, South Africa) at 4 °C until used for spiking

blood.

52



3.2.2.2. Experimental design.
The experimental design involved introducing cohorts of 100 newly emerged adult females

and 50 males (1002:503) into four different BugDorm-1° cages (Figure 3.1). This 2:1 ratio was
used to increase the chance of ending up with at least 50 adult females that could be blood-
fed and used as described below. Three cages served as treatments, where each was provided
with 3 m# of defibrinated, thawed cattle blood (> 3 months old) containing ivermectin
concentrations of 2.5, 7.5 and 10 ppm, respectively. The fourth cage served as a control cage,
and mosquitoes were fed with 3 m& of unspiked (no ivermectin added) cattle blood. Blood
feeding was performed an hour after the dusk light cycle of the insectary (i.e., in the dark)
using the Hemotek® membrane feeding system through a hog casing membrane (chapter 2).
Each cage was provided with a single blood meal through a Hemotek® membrane feeding
system on the first day after emergence for a duration of 2 h. After blood feeding, only 50
randomly selected females that contained blood in their abdomen (both partial and fully
engorged) were allowed to remain in the cage while the other females were removed using a
mouth aspirator. Thus leaving 50 males and 50 blood-fed females in each cage. A 10 % sugar
water solution soaked in cotton wool placed in 100 m£€ urine jars was placed into each cage
to sustain the adults. Over the next five days, dead adult males and females were removed
from the cages, and the number of adults killed was recorded daily by gender. All experiments

were repeated three times using mosquitoes from the same strain (i.e., biological repeats).
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Figure 3.1: Experimental set-up for determining the optimal concentration of ivermectin

spiked in the blood, which can kill adult An. arabiensis.

3.2.3. Determining the effectiveness of the optimal ivermectin concentration to eliminate
female An. arabiensis.
Once the optimal ivermectin dose (7.5 ppm) was determined as detailed in 3.2.2., a single

BugDorm-1° cage was stocked with an equal number of newly emerged male and female
adults (1005:1009) (Figure 3.2). A day after, this cage was provided with a 3 m# cattle blood
meal spiked with the optimal concentration of ivermectin determined in 3.2.2 (7.5 ppm).
Blood feeding was performed once daily during the dark light cycle for 2 h until all the females
were eliminated. The control for this experiment consisted of a BugDorm-1° cage containing
the same number of newly emerged male and female adults (1005:100%2). The females were
fed daily on 3 m€ of unspiked cattle blood (without ivermectin). In both cages (control and
treatment), adult mortality was recorded daily by sex, counting and removing dead
mosquitoes from each cage. The number of days taken to achieve 100% female mortality and

the number of males remaining on that day were also recorded.
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Figure 3.2: Determining the optimal ivermectin concentration's effectiveness (time) to

eliminate female An. arabiensis.

3.2.4. Assessing the reproductive fitness of males present in a cage when females were fed
blood spiked with 7.5 ppm of ivermectin
In this objective, the impact of female elimination using the blood spiking on male

reproductive fitness was evaluated by setting up a number of cages concurrently. The first
cage (cage 1) contained 100 newly emerged male adults and 100 newly emerged females (i.e.,
n = 200). Females from this cage were fed with ivermectin-spiked blood as described in 3.2.3
to eliminate all females (Figure 3.3a). Cage 2 contained the same number of adults as cage 1
and was fed on unspiked cattle blood (Figure 3.3a). Cage 3 (fed only sugar water and
containing males only, n = 200) and cage 4 (fed unspiked cattle blood (similar to cage 2 control
and containing females only, n =200) were prepared concurrently with cages 1 and 2 to ensure
that adult ages between all four cages are similar in terms of age and generation (Figure 3.3b).
Cage 3 (males only) was sustained exclusively on a 10% sugar solution, while cage 4 (females
only) was provided with both a 10% sugar solution and unspiked 3 m€ similar to cage 2.
Subsequently, males from cage 1 (n = 50), cage 2 (n = 50) and cage 3 (n = 50) were transferred
to new respective cages (called treatment cages, untreated control cage and sugar control
cage (Figure 3.3c)). Fifty virgin females from cage 4 were transferred into each treatment cage,
untreated control cage and sugar control cage. Mosquitoes in all cages were allowed to mate
for three consecutive days, after which 20 females were randomly removed from each cage
and their spermatheca dissected to check for the presence of spermatozoa. The number of

females with sperm in their spermatheca were counted and recorded (this data was used to
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determine the insemination rate as a proxy of reproductive fitness). These experiments were

repeated on three different occasions, each time using new mosquitoes.
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Figure 3.3: Experimental set-up for assessing the reproductive fitness of the male survivors post female elimination by verifying their mating
ability. a) cage 1 contained a mix of adult males and females that were exposed to ivermectin spiked blood until all females were eliminated,
cage 2 contained a mix of adult males and females that were exposed to unspiked blood; b) cage 3 (containing males only) and cage 4 (containing
female only) were respectively provided with sugar water only and cattle blood only, c) treatment cage, untreated control cage and sugar control

cage each contained an equal number of females from cage 4 and males from cage 1, 2 and 3 respectively.
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3.2.3. Data analysis
Data was entered into Microsoft Excel (version 2016, Microsoft Corporation, Redmond, WA)

and imported into the SPSS (IBM Corp, 2015) software to analyse and generate figures. The
Shapiro-Wilk test was used to determine if the data was normally distributed. The number of
dead males or females was recorded daily for optimal ivermectin concentration investigations.
The data were summarised as the rate of males or females dying per day (daily mortality rate),
determined as the number of females that died per day (n) over the total number of females
at risk/exposed over three replicates (N) (i.e., n/N)). In addition, the proportion of males or
females dying in treatment compared to control per day was determined. A Cox proportional
hazard regression analysis was utilised to compute the hazard ratio, representing the daily risk
of death attributed to the treatment, as well as the overall relative risk (RR) of mortality
concerning the predictor variable (ivermectin concentration) and the outcome (female
mortality). Additionally, a Cox proportional hazard regression model was employed to
investigate whether male mortality was linked to ivermectin treatment following the
complete elimination of females. Survival curves were established through the Kaplan-Meier
survival analysis and a log-rank test to determine whether there is a difference in female or
male survival times between the ivermectin treated and untreated groups. To assess
reproductive fitness, data on the proportion of females with sperm in their spermatheca
(indicating induced insemination by males) was aggregated per replicate to calculate an

average value per treatment, which was then compared by Pearson Chi-Square test.

3.3. Results

3.3.1. Determining the optimal concentration of ivermectin to kill adult An. arabiensis
after a single blood meal.

3.3.1.1. Female mortality
The mean female daily mortality rate in the cages fed with the lowest ivermectin

concentration of 2.5 ppm was 38% on day one, 21.3% on day two, 4% on day three, 0.67% on
day four and 1.3% on day five (Table 3.1). In 7.5 ppm, female mortality was 51.3%, 15.3%,
4.7%, 3.3% and 0.7% on days one to five, respectively. The last concentration, 10 ppm, showed
an average female mortality rate of 56.7% on day one, 18.7% on day two, 6% on day three
and 2% on days four and five. The average female mortality in control was 3.3%, 0.67%, 3.3%,
5.3% and 2.7% on days one to five, respectively. The proportional rate of female death varied
daily across days, with the highest risk of death (hazard ratio) recorded on day four from 2.5

ppm (HR = 3.165) (Table 3.1).
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Table 3.1: Daily mortality rates and hazard ratio of adult females after feeding (ingestion) on blood spiked with different ivermectin

concentrations (0 (control), 2.5 ppm, 7.5 ppm and 10 ppm).

Time period (day) Ivermectin (ppm) N n Daily mortality rate (%) Hazard ratio

0 (control) 150 5 3.3

1 2.5 150 57 38.0 0.088

7.5 150 77 51.3 0.065

10 150 85 56.7 0.059
0 (control) 145 1 0.7

) 2.5 93 32 344 0.020

7.5 73 23 31.5 0.0219

10 65 28 43.1 0.016
0 (control) 144 5 3.5

3 2.5 61 6 9.8 0.353

7.5 50 7 14.0 0.248

10 37 9 24.3 0.143
0 (control) 139 8 5.8

4 2.5 55 1 1.8 3.166

7.5 43 5 11.6 0.495

10 28 3 10.7 0.537
0 (control) 131 4 3.1

2.5 54 2 3.7 0.824

> 7.5 38 1 2.6 1.160

10 25 3 12.0 0.255
0 (control) 150 23 15.3
Cumulative 2.5 150 98 65.3
mortality 7.5 150 113 75.3
10 150 128 85.3

Note: values are N = total number of females at risk/exposed over three replicates, n = number of females that died per day, daily mortality rate (calculated as number died during time

period/number of females at risk (i.e., n/N), Hazard ratio = proportion of the rate of females dying per day in treatment compared to control.
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Overall, the relative risk of female death after five days was shown to be reduced by a factor of 0.453 (54.7%) (i.e., RR =0.453 represents a 54.7%

reduction in the risk of dying after five days) (Table 3.2). Females fed on the highest ivermectin concentrations (10 ppm and 7.5 ppm) showed a

similar relative risk of death (Exp(B) = 1.004 (10 ppm) and 0.977 (7.5 ppm)). Statistically, the female death hazards were significantly different

from 2.5 ppm (p = 0.001) but similar between 7.5 ppm (p = 0.864) and 10 ppm (p = 0.973).

Table 3.2: Relative risk of adult females after feeding (ingestion) on blood spiked with different ivermectin concentrations (0 (control), 2.5 ppm,

7.5 ppm and 10 ppm).

95% Cl for Exp(B)

Ivermectin B SE Wald df Sig. Exp(B)
Lower Upper
0 ppm 12.504 3 0.006
2.5 ppm -0.791 0.233 11.501 1 0.001 453 0.287 0.716
7.5 ppm -0.023 0.134 0.029 1 0.864 0.977 0.751 1.272
10 ppm 0.004 0.129 0.001 1 0.973 1.004 0.780 1.294

B: represents the coefficient estimates or regression coefficients, SE: Standard Error, which measures the variability or precision of the coefficient estimate, Wald: refers to

the Wald statistic, which is used in Wald tests for hypothesis testing in logistic regression models, df: Degrees of Freedom, which represent the number of independent values

or observations in the model, Sig.: Significance level, indicating the probability of observing the data given that the null hypothesis is true, Exp(B): Exponential of the regression

coefficient, interpreted as the odds ratio or relative risk, 95% ClI for Exp(B): 95% Confidence Interval for the odds ratio or relative risk, indicating the range of values within

which the true population parameter is likely to fall with 95% confidence.
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3.3.1.2. Male mortality

The mean daily male mortality rates in the cages fed with 2.5 ppm were 3.3% on day one, 4.0% on
day two, 0.7% on day three, 0.7% on day four and 2.0% on day five (Table 3.3). In the other
concentrations, the highest male mortality in 7.5 ppm was 3.3% on day four while in 10 ppm the
highest mean male mortality rate (10%) was observed on day two. Overall, male mortality in the
treated cohorts was lowest in 7.5 ppm ivermectin (5.3% + 5.0), followed by 2.5 ppm (11.3% + 9.5),
and with the highest observed in 10 ppm (20.0% + 6.0). The proportional rate of male death varied
daily. On day one and two, 7.5 ppm showed the lowest risk of death (HR = 0.666 and 0.993
respectively) (Table 3.4). Overall, the relative risk of male death after 5 days was highest at 10 ppm
(Exp(B) = 0.535), followed by 7.5 ppm (Exp(B) = 0.380) and 2.5 ppm (Exp(B) = 0.046) (Table 3.4).

Statistically, the male death hazards were significantly different in all concentrations (p < 0.05).
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Table 3.3: Daily mortality rates and hazard ratio of adult males after exposure to blood spiked with different ivermectin concentrations (0
(control), 2.5 ppm, 7.5 ppm and 10 ppm).

Daily mortality rate

Time period (day) Ivermectin (ppm) N n (%) Hazard ratio

0 (control) 150 2 1.3

1 2.5 ppm 150 5 3.3 0.400

7.5 ppm 150 3 2.0 0.667

10 ppm 150 5 3.3 0.400
0 (control) 148 3 2.0

5 2.5 ppm 145 11 7.6 0.267

7.5 ppm 147 3 2.0 0.993

10 ppm 145 20 13.8 0.147
0 (control) 145 7 4.8

3 2.5 ppm 134 13 9.7 0.498

7.5 ppm 144 5 3.5 1.390

10 ppm 125 22 17.6 0.274
0 (control) 138 8 5.8

4 2.5 ppm 121 14 11.6 0.501

7.5 ppm 139 6 4.3 1.343

10 ppm 103 26 25.2 0.229
0 (control) 130 10 7.7

2.5 ppm 107 17 15.9 0.484

> 7.5 ppm 133 8 6.0 1.279

10 ppm 77 30 39.0 0.197
0 (control) 130 10 7.7
Cumulative 2.5 ppm 107 17 15.9
mortality 7.5 ppm 133 8 6.0
10 ppm 77 30 39.0

Note: values are N = total number of males at risk/exposed over three replicates, n = number of males that died per day, rate of males dying (calculated as number died during time period/number

of males at risk (i.e., n/N), Hazard ratio = proportion of the rate of males dying in treatment compared to control.
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Table 3.4: Relative ratio of adult males after exposure to blood spiked with different ivermectin concentrations (0 (control), 2.5 ppm, 7.5 ppm

and 10 ppm).
) . 95% Cl for Exp(B)
Ivermectin B SE Wald df Sig. Exp(B)
Lower Upper
0 ppm 226.892 3 0
2.5 ppm -3.084 0.22 196.075 1 0 0.046 0.03 0.07
7.5 ppm -0.969 0.123 62.339 1 0 0.38 0.298 0.483
10 ppm -0.625 0.117 28.645 1 0 0.535 0.426 0.673

B: represents the coefficient estimates or regression coefficients, SE: Standard Error, which measures the variability or precision of the coefficient estimate, Wald: refers to

the Wald statistic, which is used in Wald tests for hypothesis testing in logistic regression models, df: Degrees of Freedom, which represent the number of independent values

or observations in the model, Sig.: Significance level, indicating the probability of observing the data given that the null hypothesis is true, Exp(B): Exponential of the regression

coefficient, interpreted as the odds ratio or relative risk, 95% Cl for Exp(B): 95% Confidence Interval for the odds ratio or relative risk, indicating the range of values within

which the true population parameter is likely to fall with 95% confidence.
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3.3.2. Determining the effectiveness of the optimal ivermectin concentration to eliminate
female An. arabiensis.

3.3.2.1. Female survival
A Kaplan-Meier survivorship curve for adult An. arabiensis females fed on cattle blood spiked

with ivermectin are shown in Figure 3.4. Females fed on unspiked cattle blood (controls) had
the highest survival rate of 38 days, while females exposed to 7.5 ppm ivermectin had a
survival rate of 11 days. The median survival time (days) £ SE (95% Cl) of females in cages
blood-fed on ivermectin-spiked blood was 2.0 + 0.66 (1.87 — 2.13), compared to 11.0 + 0.33
(10.36-11.64) in cages fed on unspiked blood. A log-rank (Mantel-Cox) comparison of survival

rates between these two groups revealed a significant difference (x?>=413.0, df = 1, p < 0.05).
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Figure 3.4: Kaplan-Meier survivorship curves for adult An. arabiensis females fed with cattle
blood spiked with 7.5 ppm ivermectin (red curve) and those blood-fed on unspiked cattle

blood (control, green curve).
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3.3.2.2. Male survival
During the period it took to eliminate females completely, adult males from both the

ivermectin exposed cages and non-exposed cages showed similar survival (cumulative mean
male mortality + SE (95% Cl) was 21.0% * 3.0 (8.1 — 33.9) in the ivermectin treated cages and
20.7% £ 3.8 (4.1 — 37.2)) (Figure 3.5). A Cox proportional hazard regression analysis showed
no statistically significant difference in adult male mortality between the two groups (x*=7.33,

df=1, p>0.05).

Treatment
1.0 e *_# +
* LA M— 7.5 ppm
S 1Control
+—7.5 ppm-censored
—— Control-censored

0.8+
©
= 067
>
| -
3
w
2
Lic] 0.4
=

0.2

0.0

T T T T T T T
0 2 4 6 8 10 12
Day

Figure 3.5: Kaplan-Meier survivorship curves for adult An. arabiensis males exposed to cattle
blood spiked with 7.5 ppm ivermectin (red curve) vs unspiked cattle blood i.e. control (blue

curve).

3.3.3. Assessing the reproductive fitness of males present in a cage where females were
fed blood spiked with 7.5 ppm of ivermectin.
The proportion of females with sperm in their spermatheca was above 90% for all tested cages

(i.e., females drawn from cages pre-exposed to either cattle blood spiked with 7.5 ppm
ivermectin (treatment), unspiked cattle blood (control 1) and only sugar water (control 2))
(Figure 3.6). Analysis between the three groups showed no statistical difference in the

proportion of females mated or unmated (Pearson Chi-Square, x> = 1.189, df = 2, p = 0.552).
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Figure 3.6: Proportion of females with sperm in their spermatheca (insemination rate) after mating with (a) males from the cage where females fed

on unspiked-cattle blood (control 1), (b) males from the cage that was fed exclusively on sugar water solution (control 2) and (c) males from the

ivermectin-treated cage (Treatment).

66



3.4. Discussion
This study aimed to determine if the exclusive blood-feeding behaviour of female mosquitoes

could be explored as a sex-separation approach for SIT applications through spiking blood
meals with ivermectin. Results showed variable but effective female mortality across all tested
ivermectin concentrations (2.5, 7.5, and 10 ppm) over five consecutive days of blood feeding
with the ivermectin spiked blood. However, none of the concentrations resulted in 100%
female mortality over the five-day monitoring period. This could possibly because some of the
females did not feed on the blood or are resistant to ivermectin. The hazard ratios and relative
risk showed variations between the control and treatments. Subsequent experiments that
tested the effectiveness of ivermectin-spiked blood meals provided daily until 100% female
mortality was achieved showed that 7.5 ppm ivermectin eliminated females within 11 days
without negatively impacting male survival. The median survival time of females fed with 7.5
ppm ivermectin spiked blood was two days with an average lifespan of 11 days, compared to
the 11 days’ median survival time and 38 days’ lifespan in females fed on non-intoxicated
blood. This was in contrast with Yamada et al. (2013a), who used 7.5 ppm ivermectin to spike
blood meals and achieved 100% female elimination by day four without significantly affecting
males. The findings of this study also differed from those of Gunathilaka et al. (2019), who
reported that a blood meal spiked with 8 ppm ivermectin was the most effective method of
achieving 100% female elimination for two Aedine species, however, their ivermectin was a

mixed formulation with spinosad.

It is thus suspected that other factors may be involved in inducing ivermectin mosquitocidal
lethality. These factors could include mosquito age at the time of feeding, ivermectin
formulation, feeding method (route of administration) and species or possibly even strains of
the same species/individual genetic variation (Canga et al., 2009; Kobylinski et al., 2014;
Chaccour et al., 2015). For example, in this study, spiked blood meals were provided from day
one, and it was observed that newly emerged female mosquitoes were hesitant to feed on
blood in general (personal observation). This could be because virgin female mosquitoes in
some species do not readily feed on blood but do so once inseminated (Charlwood et al.,
2003). This finding contrasts with results from another study, which suggested that female Ae.
aegypti mosquitoes can attain sexual receptivity as early as one day after emergence.
(Ramirez-Sanchez et al., 2023). However, they are capable of blood ingestion much earlier,
even before mating. This suggests that blood feeding can commence shortly after emergence
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and may not necessarily be dependent on mating as a prerequisite. It was also observed in the
current study that some females that had ingested low blood volume/semi-engorged did not
die as quickly as those that had ingested higher volumes. The assumption is that when
ivermectin-fed females survived early, they were only exposed to lower or sub-lethal

ivermectin concentrations, resulting in definite delayed female mortality (Sagna et al., 2023).

Another possible explanation for the differences in female mortality observed in this study
versus other similar studies is the difference in ivermectin formulations used in each study
and their pharmacokinetics (Lo et al., 1985; Chaccour et al., 2017; Smit et al., 2019). A
veterinary medicine formulation of 1% ivermectin v/v (e.g., Verbamec®, Ivotec®) has been
commonly used to spike blood meals (Yamada et al., 2013a; Gunathilaka et al., 2019). The
formulation comprises 40% formal glycerol and 60% propylene glycol as solvents, making
ivermectin water-soluble and stable. The ivermectin formulation MK-933, which is in powder
form, was used in this study. This formulation had to first be dissolved in a solvent (absolute
ethanol) to stabilise and make the toxicant water-soluble. The same approach as the one used
in this study (ivermectin formulation MK-933) was used by Focks et al. (1991). In contrast,
when ivermectin was dissolved in Dimethyl sulfoxide in a study by Hadlett et al. (2021),
feeding success was not hampered, except that a higher concentration of ivermectin was
required per dose to kill females. While not conclusively proven, it is speculated that the
utilisation of ethanol in dissolving the ivermectin formulation MK-933 might yield reduced
stability compared to pre-made formulations like Verbamec® (Ali et al., 2011; Chaccour et al.,
2015; Das et al., 2020). If true, this raises concerns about the quality and efficacy of the MK-
933 formulation, as solubility and stability are crucial factors in ensuring that the active
ingredient (ivermectin, in this case) is uniformly distributed and effective in killing mosquitoes.
It is a hypothesis of this study that adding a solvent such as ethanol to the blood meal
potentially reduce its palatability to mosquitoes, which could result in decreased feeding
success. In addition, further investigations are required to substantiate any adverse impact of
ethanol on female mosquito mortality. To enhance the efficacy of ivermectin in eradicating
females and prolonging its mosquitocidal impact, there is an opportunity to create novel
formulations explicitly tailored for spiking preserved blood during artificial feeding. These
formulations should prioritise stability, prolonged effectiveness, and be purpose-built for this

application, potentially allowing the incorporation of multiple lethal agents into a single blood
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meal, thus heightening its lethality (Gunathilaka et al., 2019; Chaccour et al., 2018; Pooda et
al., 2023).

Furthermore, the findings show that while ivermectin treatment primarily eliminates females,
male survival and reproductive fitness were unaffected. The mode of action of ivermectin is
through oral ingestion, not through tarsal contact; therefore, the chances of males being
affected are minimal because they do not blood-feed (Yamada et al., 2013a). Occasionally
though, males appear to be prone to premature death. Various independent factors, such as
age, size, overcrowding, lack of sugar, and regular blood feeding can influence male adult
natural mortality (Dawes et al., 2009). In this study, regular blood-feeding, the delicate nature
of male mosquitoes, lack of adequate resting sites and the damage and stress caused by
aspirating into test cages, toxic ivermectin vapours and males feeding on blood droplets
released by females during feeding to reduce thermal stress may have contributed to the
observed mortality (Lahondére and Lazzari, 2012). These suspicions are, however, unproven

and would require further studies.

Because males can mate multiple times and potentially diminish their sperm quantity in the
process (Howell and Knols, 2009), it was essential to determine their reproductive fitness
following ivermectin exposure. Results showed no significant statistical difference in the
number of females mated whether the males were from ivermectin-exposed cages or
unexposed control cages. Males take approximately two days to become sexually mature
(spermatogenesis begins in the late pupal stage) and natural insemination rates are low in
three-day-old males and peak after seven days (Chambers and Klowden, 2001), therefore, the
findings of the current study suggest using ivermectin during this period/eliminating females

while males are sexually maturing is optimal.

Adding ivermectin to blood to eliminate blood-feeding females can be helpful in small-scale
settings and areas or species where alternatives are lacking, particularly a system for early-
stage sex separation (Yamada et al., 2013a). As a result, using this strategy exclusively in an
SIT programme is not operationally feasible. Some optimisation or standardisation studies into
aspects such as waiting for females to be older (three to five days old), starving them of sugar
before blood feeding, extending blood-feeding for several hours, or feeding multiple times per

day, can be taken to improve feeding success will have to be performed to enhance the
69



efficiency of sex separation (Yamada et al., 2013a). Furthermore, because the approach is
dependent on the females’ blood-feeding behavioural traits, which can never be controlled
and may vary over time or in response to other external circumstances such as prior mating
status, hunger, genetic, etc., the method's reliability will not always be 100% effective,
especially if it cannot guarantee full blood-feeding by all females in the cage as early as

possible (Yamada et al., 2013a).

Thus, complete reliance on ivermectin blood spiking as a sex separation strategy is not
recommended. Other sexing strategies, such as GSSs, may be worth investigating because
they are highly efficient and can be adapted for many mosquito species that currently lack
sexing methods (Mashatola et al., 2018). This includes research into ts/ mutations as potential
selective markers for the development of GSSs. So far, headway has been made in determining
the minimum (permissible) and maximum (restrictive) temperatures at which an An.
arabiensis laboratory colony survives (i.e., determining the thermal limits/thermosensitive

range prior to screening for ts/ in individuals) (Mashatola et al., 2018).

3.5. Conclusion
Provision of blood meals spiked with 7.5 ppm of ivermectin to females is a potential practical

way of separating female An. arabiensis from males in a production line during laboratory
mass rearing for SIT application purposes. However, because this approach relies on females
feeding on spiked blood, it does not eliminate all females. Therefore, gender separation using
ivermectin blood spiking can be considered as a secondary female elimination phase to

eliminate inadvertent females who might have evaded the initial female elimination stage.
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CHAPTER 4: Determining the maximum (restrictive) temperature threshold for subsequent
screening of ts/ in an An. arabiensis laboratory colony.

4.1. Introduction
The development of a dependable and efficient gender separation strategy is vital for applying

the SIT against disease vectors such as An. arabiensis (Mashatola et al., 2018). The use of GSSs
derived from classical genetics, such as Mendelian inheritance, is a promising approach
(Bourtzis et al., 2018). This is especially true for insects whose sex is determined by XY systems.
In such cases, two major genetic alterations must be used to generate GSSs (Franz, 2005;
Augustinos et al., 2020; Franz et al., 2021). The first is identifying a mutation that can be used
as a selectable marker (a visible phenotype and/or conditional lethal effect) (Papathanos et
al., 2009, 2018). The second involves moving the wild-type selectable marker allele to a sex-
determining genetic locus, specifically the Y chromosome, resulting in conditions that kill

females but promote male production (Franz, 2005; Franz et al., 2021).

The most notable and successful GSS used operationally in SIT programmes is the one
generated by random mutagenesis and based on a ts/ mutation. This has been successfully
developed in the Mediterranean fruit fly, C. capitata (Franz, 2005). In this strain, individuals
with ts/ mutant alleles express the mutant phenotype, i.e., susceptible to high temperatures.
However, individuals with wild-type alleles can survive under these temperatures (Robinson,
1999; Franz, 2005). An added advantage of the C. capitata GSS is that the ts/ mutation is closely
linked to a wp mutation; both mutations are localised on the right arm of chromosome 5,
where when wp/tsl GSS embryos are exposed to a temperature of 34 °C for 24 h, only the
males survive (Franz et al., 2021). This is because the wild-type copy of the ts/-wp allele was
translocated to the Y chromosome, thus allowing the elimination of females and the eventual
release of males only in SIT programmes. Additionally, the wp mutation in females allows easy
differentiation from male brown pupae (wild-type colour), especially after temperature
treatment (Robinson and Van Heemert, 1982). Thus making it easy to preserve the integrity

of this genetic sexing system and limit contamination.

The principle used in developing a GSS in C. capitata using ts/ mutations has been adopted in
in A. ludens (Zepeda-Cisneros et al., 2014), Ae. aegypti (Koskinioti et al., 2021), and Drosophila
melanogaster (Nguyen et al., 2021). Ts/ mutations occur randomly in nature in almost all

organisms therefore, it might be possible to develop a tsl-based GSS in mosquitoes using the
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same approach (Gilles et al., 2014; Mashatola et al., 2018). However, because of genetic
barrier between mosquitoes and C. capitata it is highly unlikely that direct
copying/transferring of the homologous C. capitata tsl mutation to mosquitoes will be
possible (FAO/IAEA, 2023). Therefore development of a ts/ based GSS in mosquitoes has to

begin with isolation of these mutations from mosquitoes.

Tsl mutations can be expressed at specific developmental stages depending on the nature of
the mutation and its associated temperature sensitivity (Franz, 2005; Ndo et al., 2018). This is
because the specific developmental stage at which ts/ mutations are expressed can vary and
is determined by the characteristics of the mutation itself (Franz, 2005). Some ts/ mutations
may result in lethality during embryonic development (egg stage), preventing the affected
individuals from hatching (Franz et al., 2021). Others may cause mortality during larval, pupal,
or adult stages. The choice of developmental stage for inducing the temperature-sensitive
phenotype depends on the objectives of the research and the specific ts/ mutations being
examined. Studying ts/ mutations during the egg, larval, and pupal stages of mosquito
development is a strategic choice driven by practicality, early intervention potential, and
ethical considerations (Franz, 2005; Papathanos et al., 2009, 2018; Mashatola et al., 2018;
Franz et al., 2021). The contained/restricted space in which aquatic stages are kept/reared
offer controlled environments for precise manipulation of temperature conditions, allowing
researchers to induce and study the temperature-sensitive phenotype efficiently (Lyons et al.,
2012). In addition, investigating ts/ mutations at these stages provides insights into their stage-
specific effects on development, survival, and sex determination, as well as shedding light on
the biology of mosquitoes (Mashatola et al., 2018). Moreover, working with aquatic stages
reduces environmental variability compared to adult mosquitoes, contributing to more

controlled experiments (Lyons et al., 2012).

Most studies that have investigated the effects of temperature on mosquito aquatic stages
have involved a controlled experimental setup (Christiansen-Jucht et al., 2015; Lyons et al.,
2012; Agyekum et al., 2021). These include climatic chambers, water baths, etc. In settings
with fewer resources, water baths offer a cost-effective and user-friendly solution. They are
compact and space-efficient, making them suitable for smaller laboratories, and are accessible
to researchers without specialised equipment expertise. While not as precise as high-end

equipment, water baths can maintain relatively stable temperatures for experiments with
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comparable precision needs, making them ideal for routine studies or initial screenings of ts/
mutations (Mashatola et al., 2018). The energy efficiency and versatility of water baths in

various laboratory tasks further enhance their appeal.

There is limited information on the minimum and maximum developmental temperature
thresholds for Anopheles mosquitoes needed to screen for ts/ mutations. Such information is
useful in determining the minimum and maximum temperature thresholds needed for
segregating mutants and non-mutants when developing a ts/ based GSS (Mashatola et al.,
2018). Generally, the minimum developmental temperature threshold signifies the lowest
temperature at which the mosquito can complete its life cycle, encompassing egg hatching,
larval development, pupation, and adult emergence. Typically, around 10 °C for An. arabiensis,
below this threshold, developmental processes are notably slowed or halted entirely (Lyons
et al., 2012). Conversely, the maximum developmental temperature threshold denotes the
upper limit beyond which development becomes unsustainable due to thermal stress.
Typically, around 40 °C for An. arabiensis, temperatures above this threshold may disrupt
developmental stages, resulting in decreased survival and impaired reproductive fitness
(Lyons et al., 2012). It is hypothesised that determining these temperature thresholds,
particularly sublethal temperatures and upper thermal limits, could aid in identifying ts/
mutations and evaluating the potential application of temperature sensitivity for segregating

males and females.

This chapter establishes the maximum (restrictive) temperatures at which an An. arabiensis
laboratory colony can thrive, thereby identifying a thermosensitive range for screening ts/
mutations (Mashatola et al., 2018). The choice between higher and lower temperatures for
screening ts/ mutations was based on the genetic makeup of An. arabiensis, the nature of the
targeted ts/ mutations, the desired outcomes of the screening process and largely, previous

successful work in C. capitata (Mashatola et al., 2018; Franz et al., 2021).

4.2. Materials and methods

4.2.1. Mosquito strain, rearing and maintenance
The An. arabiensis Dongola strain (available from the International Atomic Energy Agency

(IAEA), Insect Pest Control Laboratory (IPCL) of the FAO/IAEA Agriculture and Biotechnology

Laboratories, Seibersdorf, Austria) was used in this study. The strain was colonised in 2004
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from specimens collected near Sudan and some of the material was transferred to IPCL. The
Dongola strain at IPCL, which was used during this study, was maintained and reared as
reported by the IAEA guidelines for standardised mass-rearing of Anopheles mosquitoes,

volume 1.0 (FAO/IAEA, 2017b).

4.2.2. Construction of experimental equipment
Five stainless steel water baths were used (Product code: FBATH26, Bibby Scientific Ltd.,

Stone, Staffordshire, ST15 0SA, UK), each equipped with its own analogue thermoregulator
(Product code: FTE10ADC, Bibby Scientific Ltd., Stone, Staffordshire, ST15 0SA, UK). The water
baths have internal dimensions of 505 mm in length, 300 mm in width, and 200 mm in depth.
Within each water bath, a single unit stainless steel rack was installed, featuring four legs (each
leg = 190 mm height and 5 cm diameter) welded to a flat stainless steel sheet. The flat sheet,
measuring 500 mm in length, 290 mm in width, and 2 mm in height, was drilled with nine (3 x
3) evenly spaced holes, each 8 cm in diameter. These holes accommodated plastic holding
cups (https://www.ikea.com/at/en/), measuring 8.5 cm in top rim diameter, 5 cm in bottom
rim diameter, and 6 cm in height, which were suspended from the steel rack. The holding cups
were perforated with three or four 5 cm diameter holes around the cup's circumference and
one 5 cm diameter hole at the bottom. Additionally, 100 m# plastic urine jars (57 mm diameter
x 76 mm height, https://www.sarstedt.com/) had their base removed and covered with a 50
um nylon mesh (https://www.amazon.com/), secured in place with a hot glue gun (Product
code: PKP 18 E, Bosch Global, Stuttgart, Germany). These urine jars were used to contain the
biological material so that they allow direct contact with 38 £ of distilled water in the water
bath. A schematic diagram showing the construction of the temperature screening equipment

material is shown in Figure 4.1.
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Figure 4.1: A schematic diagram showing the construction of temperature screening equipment. a) water bath, b) single unit stainless steel rack with
four legs attached to a flat stainless steel sheet. The sheet is perforated with nine evenly spaced holes, each measuring 8 cm in diameter, c) the steel
rack fitted inside a water bath, d) plastic holding cup measuring 8.5 cm in top rim diameter, 5 cm in bottom rim diameter, and 6 cm in height. These
cups are perforated with three or four holes of at least 5 cm diameter around the circumference and one 5 cm diameter hole at the bottom, e) plastic
holding cups suspended on the steel rack inside the water bath, f) plastic urine jar (57 mm diameter x 76 mm height) with base removed and covered

with a 50 um nylon mesh, g) water bath containing plastic holding cups and urine jars containing biological material, with a zoomed-in view provided.
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4.2.3. Experimental design
Various mosquito aquatic developmental stages were used, including eggs (<12 h after

oviposition), first instar larvae (L1) (<6 h post-hatching), and pupae (<6 h after pupation from
larvae)) from the Dongola laboratory strain. Each developmental stage was placed in separate
urine jars, with 100 eggs or 30 L1 or 30 pupae per urine jar. These were subsequently subjected
to constant temperatures of 27°C, 39°C, 41°C, 43°C and 45°C for durationsof 1 h,2h,3 h,6 h
and 12 h. The temperature conditions were selected based on previous studies on mosquito
development that have reported the optimal temperatures for aquatic stages ranging
between 22°C to 28°C (Bayoh, 2001; Bayoh and Lindsay, 2004; Lyons et al., 2012), while the
restrictive temperature threshold for development typically ranges from 39°C to 46°C (Lactin
et al., 1995; Raghavendra et al., 2010a, 2010b; Lyons et al., 2012). Two control conditions
were established for comparison in the experiment. Control 1 involved a water bath set at a
temperature of 27°C, while control 2 involved a plastic cup (dimensions: length and width both
=11 cm and height = 7 cm) filled with 200 m#& of distilled water and placed under standard
insectary conditions (27 + 1°C room temperature, 70 + 10% relative humidity, and a 12:12 h

photoperiod, including 45-minute each of transitions of dusk and dawn cycles).

The biological material was simultaneously exposed to each respective temperature and per
the designated developmental stage and duration of exposure. After each exposure, the
biological material from each urine jar was transferred to new corresponding plastic cups
(dimensions: length and width both = 11 cm and height = 7 cm) filled with 200 m¢£ distilled

water under standard insectary conditions.

Several parameters were observed for each developmental life stages: for eggs (number of
eggs hatched, or egg hatch rates, over 14 consecutive days), for L1 larvae (number of L1 that
died 24 h post-exposure (larval mortality)), and for pupae (number of pupae that died 24 h
post-exposure (pupal mortality)). The experimental setup was repeated three times on
different days. The schematic diagram below (Figure 4.2) summarises the protocol used to
determine the thermosensitive range or a temperature used for screening ts/ individuals from

the An. arabiensis Dongola laboratory colony.
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Exposure temperature (water bath)

Different development stages (eggs, first instar
larvae, and pupae) were exposed to constant
of 27°C, 39°C, 41°C, 43°C and 45°C in separate

water baths for durations of 1, 2,3, 6and 12 h.

Rearing temperature
(27°C insectary)

At the end of the test, survivors were reared in
corresponding cups. Eggs monitored for
hatching daily over 14 consecutive days while
larvae and pupae were monitored for survival

after 24 h.

Figure 4.2: A schematic diagram showing the protocol for determining the maximum temperature at which An. arabiensis Dongola laboratory

colony survives.
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4.2.3. Data management and statistical analysis
All data were recorded manually on paper sheets before being electronically transferred to

Microsoft Excel 2016 and analysed using IBM SPSS (IBM Corp, 2015) and R software (R
Development Core Team, 2003). In all cases, differences between compared groups were
considered statistically significant when p < 0.05. The effects of temperature and duration of
exposure on each respective response variable (i.e., egg hatch rates, larval mortality and pupal
mortality) were checked for interaction using a two-way ANOVA where temperature and
duration of exposure are the independent variables, while egg hatch rates, larval mortality
and pupal mortality were the dependent variables. The thermosensitive range or a
temperature used for screening ts/ individuals, taking the duration of exposure into
consideration, was determined by analysing the interaction effect between temperature and
duration of exposure using two way-ANOVA and subsequently post-hoc tests. Furthermore, a
reliable measure of the developmental stages’ ability to endure exposure to a specific
temperature was assessed by determining the time at which no more than 50% egg hatch
occurred and the time required to induce 50% larval or pupal mortality. This measure, known
as the lethal time to 50% mortality (LTso), was calculated using the probit regression analysis

(Andrewartha, 2012).

4.3, Results

4.3.1. Egg hatch rate
The average egg hatch rates (mean + SD) at 27°C (insectary) and 27°C (water bath) remained

consistent, ranging from 73.3% + 7.6 to 81.1% * 5.1, regardless of the duration of exposure
(Figure 4.3). However, at 39°C, the mean egg hatch rate was 60.8% + 7.1 after 1 h of exposure,
but it progressively declined with longer durations to reach 22.2% + 4.9 after 12 h. Similarly,
at 41°C, the hatching rate was 37.8% * 3.6 after 1 h, 19.1% + 4.4 after 2 h, 10.2% + 4.8 after 3
h, and 3.2% + 1.7 after 6 h (Figure 4.3). Interestingly, no eggs hatched after being exposed to

41°Cfor 12 h, as well as at 43°C and 45°C, regardless of the duration of exposure.
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Figure 4.3: The mean percentage of laboratory-reared An. arabiensis eggs (Dongola) that hatched following exposure to different constant

temperatures of 27°C (insectary), 27°C (water bath), 39°C, 41°C, 43°C and 45°C for durationsof 1 h,2 h,3 h,6 hand 12 h.
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A two-way ANOVA performed to analyse the effect of temperature and duration of exposure
on egg hatching showed a statistically significant in effect of temperature (F(s, 270y = 2771.95, p
< 0.05), duration of exposure (F(s,270) = 76.0, p < 0.05) and their interaction (two-way ANOVA:
F(20,270) = 25.81, p < 0.05) on egg hatching (Table 4.1). Tukey’s post-hoc tests were performed
to compare different levels of temperature and duration of exposure and to determine which
specific combinations are significantly different in terms of their effects on egg hatch rates
(Table 4.2). The difference in egg hatch rates between 27°C (water bath) and 27°C (insectary)
was not statistically significant (p = 0.529). Egg hatch rates significantly decreased at 39°C
compared to 27°C (insectary) (p < 0.001). Similarly, at 41°C, 43°C, and 45°C, egg hatch rates
were significantly lower compared to both 27°C (insectary) and 27°C (water bath) (p < 0.001).
The duration of exposure had a significant impact on egg hatch rates (p < 0.001). Egg hatch
rates decreased significantly as the duration of exposure increased, with the largest difference
observed between 1 h and 12 h (p < 0.001). The differences in egg hatch rates between 1 h
and 2 h, as well as between 1 h and 3 h, were statistically significant (p = 0.045 and p < 0.001,
respectively). However, the difference between 2 h and 3 h was not statistically significant (p

= 0.062).

Table 4.1: Two-way ANOVA showing the effects of temperature, duration of exposure and

their interactions on egg hatching.

Source SS df MS F p
Corrected Model 308,930.03 29 10,652.76  506.2 <.001
Intercept 336,444.3 1 336,444.3  15,987.32  <.001
Temperature 291,671.14 5 58,334.23 2,771.95 <.001
Duration of exposure 6,397.72 4 1,599.43 76 <.001
Temperature x Duration of 10,861.17 20 543.06 25.81 <.001
exposure

Error 5,050.67 240 21.04

Total 650,425 270

Corrected total variation 313,980.7 269
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*SS represents the sum of squares, df represents degrees of freedom, MS represents mean

squares, F represents F-statistic, and p indicates statistical significance at p < 0.05.

The mean temperature at which no more than 50% egg hatching was observed was

approximately 39.9°C for 120.2 minutes (Table 4.2).

Table 4.2: Thermal tolerance of An. arabiensis Dongola eggs, first instar larvae (L1) and pupae

exposed to different temperatures and duration of exposure.

Developmental stage Temperature LTso (in minutes) (lower
exposed (°C) bound — upper bound) X2 (df)
Eggs 39.9°C 120.2 (102.2 - 137.1) 142.3
(29)
First instar larvae (L1) 41°C 76.4 (102.2-137.1) 121.2
(29)
Pupae 43°C 63.1 (52.0 — 74.4) 56.8 (29)

LTso-Lethal time in minutes at which no more than 50% egg hatch occurred, x? (df) — chi square

value of heterogeneity (degrees of freedom).

4.3.2. Larval mortality
The average larval (L1) mortality (mean * SD) at 27°C (insectary) and 27°C (water bath) was

consistently low, ranging from 0.3% + 1.2 t0 0.9% + 1.7, regardless of the duration of exposure
(Figure 4.4). However, when subjected to 39°C, the larval (L1) mortality exhibited a wider
range, starting at 1.9% + 2.4 after 1 h of exposure and escalating to 12.6% * 2.8 after 12 h.
Larval (L1) mortality at 41°C displayed a significant increase, ranging from 13.3% + 3.7 after 1
h exposure to 57.8% * 6.2 after 12 h exposure. The temperature of 43°C induced even higher
larval (L1) mortality rates, with a mortality rate of 82.9% + 8.7 after 1 h of exposure,
intensifying to 95.9% * 4.9 after 2 h, and peaking at 97.0% + 3.5 after 3 h. Notably, complete
larval mortality was observed at 43°C after 6 h of exposure and at 45°C across all exposure

durations.
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Figure 4.4: Larval mortality (%) of laboratory-reared An. arabiensis L1 exposed to different but constant temperatures of 27°C (insectary), 27°C (water

bath), 39°C, 41°C, 43°C and 45°C for durations of 1 h,2 h,3 h, 6 hand 12 h.
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Following analysis, both temperature (two-way ANOVA: F(s, 2700 = 10339.02, p < 0.05) and

duration of exposure (two-way ANOVA: Fs, 270) = 26.96, p < 0.05) and their interaction (two-

way ANOVA: F(2, 270) = 9.08, p < 0.05) showed a statistically significant effect on larval (L1)

mortality (Table 4.3).. In addition, L1 mortality at a temperature of 39°C was significantly

different from 27°C (insectary), with a p = 0.0367. The temperatures of 41°C, 43°C, and 45°C

were all significantly different from 27°C (insectary) (p < 0.05). The duration of exposure for

12 h was significantly different from 1 h, 2 h, 3 h, and 6 h (p < 0.05) (Table 4.3).

Table 4.3: Two-way ANOVA showing the effects of temperature, duration of exposure and

their interactions on larval (L1) mortality.

Source SS df MS F p
Corrected Model 508,079.88 29 17,520 1,792.57 <.001
Intercept 369,630 1 369,630 37,818.99  <.001
Temperature 505,250.25 5 101,050.05 10,339.02  <.001
Duration of exposure 1,054.16 4 263.54 26.96 <.001
Temperature x Duration of 1,775.47 20 88.77 9.08 <.001
exposure

Error 2,345.68 240 9.77

Total 880,055.56 270

Corrected total variation 313,980.7 269

*SS represents sum of squares, df represents degrees of freedom, MS represents mean

squares, F represents F-statistic, and p indicates statistical significance at p < 0.05.

The mean temperature at which 50% larval (L1) mortality occurred was approximately 41°C

for 76.4 minutes (~1 h and 17 minutes) (Table 4.2).
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4.3.3. Pupal mortality
At temperatures of 27°C, whether in the insectary or a water bath, pupal mortality remained

low, indicating that this temperature did not induce significant pupal mortality. However,
when temperatures were raised to 39°C and above, pupal mortality increased significantly.
For instance, at 41°C, pupal mortality ranged from 1.9% + 2.9 after 1 hto 47.4% + 5.2 after 12
h. The most notable pupal mortality occurred at 43°C, with mortality rates reaching 88.9% +
7.1 after 3 h. Complete pupal mortality was observed at 43°C from 6 h onwards, as well as at

45°C for all durations of exposure (Figure 4.5).
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Figure 4.5: Pupal mortality (%) of laboratory-reared An. arabiensis pupae exposed to different but constant temperatures of 27°C (insectary), 27°C

(water bath), 39°C, 41°C, 43°C and 45°C for durationsof 1 h, 2 h,3 h,6 hand 12 h.

85



A statistically significant effect on pupal mortality was shown by both temperature (Fs, 270) =
7.054, p < 0.05) and duration of exposure (F, 270) = 209.4, p < 0.05) and their interaction (two-
way ANOVA: Fo, 270) = 87.0, p < 0.05) (Table 4.4). Tukey’s post-hoc test was then used to
determine the permissive and restrictive temperatures and durations of exposure which show
the significant differences in pupal mortality. The permissive temperature appeared to be
27°C (insectary) and 27°C (water bath) at all exposure durations, as both result in the lowest
pupal mortality, and there were no significant differences when compared to the other
temperatures. The test temperatures of 39°C, 41°C, 43°C, and 45°C, resulted in significantly
higher pupal mortality compared to 27°C (insectary) and 27°C (water bath). In addition, at 12
h duration of exposure, significantly higher pupal mortality was consistently observed as

compared to the lower duration of exposures across various temperatures.

Table 4.4: Two-way ANOVA showing the effects of temperature, duration of exposure and

their interactions on pupal mortality

Source SS df MS F p
Corrected Model 482,858.6 29 16,650.3 1,305.17 <.001
Intercept 314,390.78 1 314,390.78 24,644.18 <.001
Temperature 449,974.65 5 89,994.93 7,054.44 <.001
Duration of exposure 10,685.35 4 2,671.34 209.4 <.001
Temperature x Duration of 22,198.6 20 1,109.93 87 <.001
exposure

Error 3,061.73 240 12.76

Total 800,311.11 270

Corrected total variation 485,920.33 269

*SS represents sum of squares, df represents degrees of freedom, MS represents mean

squares, F represents F-statistic, and p indicates statistical significance at p < 0.05.

The mean LTsp pupal mortality was 43°C for 63.1 minutes (~1 h and 5 minutes) (Table 4.2).

4.4, Discussion
The aim of this study was to establish the maximum restrictive temperatures and duration of

exposure at which an An. arabiensis laboratory colony (Dongola) can thrive as part of the long-

term objective to use these conditions to screen for ts/ mutations and explore the potential
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use of temperature sensitivity as a tool for separating males and females. Investigations
showed that the critical temperature thresholds for eggs, first instar larvae (L1) and pupae
varied based on exposure duration and developmental stage. Specifically, critical temperature
thresholds for egg hatch rates, wherein 50% of the eggs hatch, were determined to be 39.9°C
for 120 minutes (2 h). For first instar larvae, a restrictive temperature threshold of
approximately 41°C was observed within a relatively short duration of about 77 minutes (1 h
and 17 minutes). Similarly, pupae exhibited a mean lethal temperature associated with 50%
pupal mortality at around 43°C after approximately 65 minutes (1 hour and 5 minutes) of

exposure.

The findings of the current study highlight the significant impact of temperature, duration of
exposure, and their interaction on egg hatch rates, larval mortality, and pupal mortality.
Generally, higher temperatures and longer exposure times tend to result in lower egg hatch
rates, increased larval mortality, and heightened pupal mortality (Christiansen-Jucht et al.,
2015; Lyons et al., 2012; Agyekum et al., 2021; Sivan et al., 2021). Moreover, these results
align with prior research. For instance, in Cx. quinquefasciatus eggs exposed to 39°C for 24 h
completely halted egg hatching (Rayah and Groun, 1984). Huang et al. (2006) discovered
noteworthy mortality rates in eggs of An. gambiae s.I. obtained from the wild when subjected
to brief heating ranging between 42°C to 44°C. At 45°C after 10 minutes, minimal egg hatching
was observed, and no eggs hatched at temperatures beyond this threshold. Similarly,
investigations on eggs from a laboratory An. gambiae s.s. strain (Kisumu) exhibited a similar
pattern, albeit with a slight decrease in temperatures by 1°C (Huang et al., 2006). It was noted

that in general egg mortality increased with time as temperatures exceeded 40°C.

When it comes to larvae, the majority of studies on temperature effects have focused on late
instar stages rather than the first instar larvae (L1). For instance, research on late third instar
larvae of An. culicifacies showed that larvae were able to survive at 37°C for up to 360 minutes
of exposure but reached 100% mortality within 240 minutes of exposure at 41°C, with larvae
typically succumbing within 60 minutes at 45°C (Raghavendra et al., 2010a). Similar results
were reported for An. stephensi whereby third instar larvae died within 30 minutes at 45°C
(Raghavendra et al., 2010b) while Ae. aegypti third instar larvae exhibited a higher survival
rate at 39°C for up to 420 minutes compared to temperatures of 27°C and 37°C (Sivan et al.,

2021). Studies by McDonald et al. (1980) and Muirhead-Thomson (1940) demonstrated 100%
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larval mortality in An. minimus exposed to 40°C. In another study, fourth-instar larvae of An.

stephensi and Ae. aegypti typically perished within 90 minutes at 43°C (Patil et al., 1996).

The contrasts in thermal resistance between eggs, larvae and pupae observed in this study is
not a new phenomenon. Studies by Rocca et al. (2009) have reported that pupae exhibit
greater resilience to thermal stress compared to larvae. This trend is not unique to mosquitoes
as Drosophila pupae have also been observed to possess higher thermo-tolerance than larvae
or eggs (Krebs and Loeschcke, 1995). The ecological rationale behind this difference becomes
apparent when considering the behaviour and mobility of larvae versus pupae. While both
mosquito larvae and pupae are mobile, larvae tend to move more actively within the water
column, whereas pupae typically remain at the water surface and only dive when disturbed

(Clements, 1992).

These observations underscore the varying temperature sensitivities across different
developmental stages, highlighting species-specific responses to temperature. Notably,
earlier stages tend to exhibit heightened temperature sensitivity compared to later
developmental stages, a trend also observed in C. capitata (Franz, 2005). These insights into
the role of temperature in insect development have wide-ranging implications. They not only
inform ts/ screenings and the development of sex separation techniques but also offer
valuable guidance for designing strategies aimed at controlling mosquito populations and, by

extension, insect populations in general.

The findings of this study provide knowledge on the temperature required for ts/ screenings
or maintenance of different developmental stages to improve production and possibly avoid
damage to individuals carrying ts/ mutations. This is more so because a protein product of a
tsl gene is suspected of working generally at permissive temperatures but not at restrictive
temperatures (Franz, 2005). However, as temperature sensitivity/thermal limits may vary
depending on properties such as strain, age, sex, and acclimatisation (Patil et al., 1996; Rocca
et al., 2009; Lyons et al., 2012), among other factors, the findings cannot be generalised for

application to all mosquitoes.

Overall, the method employed in this study represents a significant step toward standardising

tsl screening in mosquitoes since it involves direct contact of biological specimens with water
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(without a barrier) and is cost-effective. In addition, these findings can serve as a foundation
for future studies that aim to locate and characterise ts/ mutations in mosquito populations.
In fact, the findings of this study were applied in the next chapter when using EMS to induce

conditional mutations (ts/ and morphological body variations) in An. arabiensis.

4.5. Conclusion
This study has established that the temperature sensitivity of the Dongola An. arabiensis

laboratory strain varies depending on the duration of exposure and developmental stage.
Specifically, this study found that critical temperature thresholds for egg hatch rates/at which
50% of the eggs hatch was 39.9°C for a 2 h exposure. For first instar larvae (L1), the restrictive
temperature threshold was approximately 41°C within a relatively short duration of about 1
hour and 17 minutes. Similarly, for pupae, the mean lethal temperature associated with 50%

pupal mortality occurs at around 43°C for approximately 1 h and 5 minutes of exposure.
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CHAPTER 5: Use of EMS to induce conditional mutations in An. arabiensis for purposes of
developing GSSs.

5.1. Introduction
Development of An. arabiensis GSSs based on ts/ or morphological variation are vital for SIT

programmes involving mosquitoes (Mashatola et al., 2018). This is because SIT involves the
release of sterilised male mosquitoes into the wild population, where they mate with wild
females (Dyck et al., 2005, 2021). Since the females do not produce viable offspring due to
mating with sterile males, the targeted mosquito population declines over time. However, the
operational success of SIT depends on the effective release of only sterile males (Orozco et al.,
2013; Vargas-Teran et al., 2021), as female mosquitoes can transmit diseases like malaria

(Meibalan, and Marti, 2017).

Notable examples where GSSs have been successfully developed and are being used in large-
scale operational SIT programs is in C. capitata (Caceres, 2002) and A. ludens (Quintero-Fong
et al., 2018). These GSSs are designed to produce males under specific conditions or carry
markers that enable the visual identification of males and females during the rearing process
(Rossler, 1979). One of the most promising approaches for developing GSSs involves
conditional mutations, such as ts/ mutations (Franz, 2005, Franz et al., 2021). These mutations
cause lethality in mosquitoes at specific temperature ranges but are harmless at other
temperatures, for example in C. capitata (Caceres, 2002), A. ludens (Quintero-Fong et al.,
2018) and An. arabiensis (Ndo et al., 2018). By exploiting these mutations, researchers can
induce male-only production by subjecting mosquito developmental stages to temperature

conditions that favour male development (Mashatola et al., 2018).

However, the development of GSSs based on ts/ mutations is a complex process that requires
the identification of additional mutations to act as moprphological markers that are stable and
reliable (Franz, 2005; Nguyen et al., 2021). For example, previous efforts in C. capitata have
revealed challenges with using markers like ts/ mutations and the wp mutation on their own
in GSSs due to issues of genetic instability over time (Franz, 2005, Franz et al., 2021). Thus,
efforts were initiated over 40 decades ago to isolate additional selectable markers for C.
capitata that can be used in conjunction/trace each other (Réssler, 1979). This led to
development and isolation of two different strains of C. capitata that each contain the wp

selectable marker or the ts/ gene located on autosome 5 (Franz et al., 1996, 2021). The process
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involved treating male individuals with EMS, which induces random mutations in the DNA
(Franz et al., 1996). After treatment, the mutated males were crossed with wild-type females.
The resulting offspring inherited the mutated genes from their fathers. Subsequently, the
pupae from these crosses were subjected to different temperature regimes during
development. The goal was to identify individuals carrying mutations that rendered them
sensitive to specific temperature ranges. Those individuals exhibiting lethality or sterility at
certain temperatures were selected as potential candidates for the ts/ strain. Once promising
candidates were identified, further breeding and selection processes were conducted to
establish a stable ts/ strain. This involved repeated backcrossing and screening for individuals
exhibiting the desired temperature-sensitive phenotype. Through iterative cycles of mutation
induction, selection, and breeding, a stable ts/ strain that happened to be accompanied by a
T(Y-5) autosome translocation, which pseudo-links the wild-type allele of the aforementioned
selectable markers to the male sex was eventually established. (Franz, 2005). In these strains,
incubating eggs aged 24 h old at 34 °C for 12 h — 24 h eliminated all females (homozygous for
tsl), resulting in the development and release of males only (heterozygous for ts/). The wp
mutation is a visual tracker of contamination female elimination after heat treatment or

recombination (Franz, 2002; Augustinos et al., 2017).

Although tsl-based GSSs have been successfully implemented in C. capitata (Augustinos et al.,
2017; Franz, 2005, Franz et al., 2021), their adaptation and utilisation for mosquitoes,
particularly Anopheles species, remain an ongoing endeavour (Mashatola et al., 2018).
Mosquitoes exhibit distinct temperature requirements and developmental patterns
compared to C. capitata. Hence, subsequent to the research conducted in Chapter 4 aimed at
establishing the temperature thresholds/conditions that can be used to screen for ts/
mutations in an An. arabiensis laboratory colony, further investigations were warranted to
induce and identify appropriate ts/ mutations, along with other selectable morphological or
phenotypic markers (Mashatola et al., 2018). Against this background, this chapter focused
on the application of EMS to induce ts/ mutations and morphological body/colour variations
(those that can be visualised with the naked eye) in An. arabiensis with the aim to ultimately

use these mutations to create a GSS.
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5.2. Methods

5.2.1. Mosquito strain and rearing
The An. arabiensis strain, KWAG, described in 2.2.1, was used in this study. Rearing was

performed as described by Hunt et al. (2005) and detailed in appendix 1.

5.2.2. Experimental design
This experiment involved sex-separating approximately 400 pupae based on genitalia

observation under a compound microscope (Model BX53F, Olympus, Tokyo, Japan) as
described in MR4, (2015). After separation, 200 male and 200 female pupae were placed in
separate plastic cups (12 cm diameter and 7 cm height) filled with 250 m& of distilled water.
The plastic cups with pupae were each introduced into their own BugDorm-1° cage for adult
emergence overnight. Upon emergence into adults, unmated males were removed from the
cages by using a mouth aspirator and divided equally into two separate BugDorm-1° cages
(100 males per cage). The first cage (treatment) was provided with a 10 % sugar solution
spiked with an EMS dose of 0.05 % that was soaked on cotton wool (HGRA2805, Lasec, South
Africa) (see appendix 4). The second cage (control) was provided with a plain 10 % sugar
solution (no EMS). Adult males in both cages were allowed to feed on the respective solutions
cages for 24 h. Concurrently, unmated adult females were allowed to remain in their
BugDorm-1° cage and fed on a plain 10 % sugar solution, also for 24 h. Subsequently, all sugar
solutions were removed from the cages before females were introduced into the treatment
and control cages in a 1:1 ratio. A new plain 10 % sugar solution was placed in each cage. The
mixed adults were left in cages to mate over three consecutive days. On the fourth day, a
cattle blood meal was provided to the females of each cage for 2 h through artificial feeding
method as described in chapter 2. The mixed adults were again left in cages with just a plain
10 % sugar solution on day five and day six. A second blood meal was provided as described
above to each mixed cage on seventh day). On day 10, plastic cups spray-painted black on the
outside (egg plates (see appendix 1, Figure S1.3) were placed at the bottom of each cage for
females to lay eggs overnight. The resultant eggs from each cage (F1 generation progeny) were
introduced into corresponding plastic larval rearing trays (41 cm length x 30 cm width x 8 cm

height, Model: DP1101_6P, MegaView Science Co., Ltd., https://shop.bugdorm.com/) and

reared to adulthood as described in appendix 1 and Hunt et al., (2005). The resulting sibling
adults (both males and females) from each treatment/control (Po) were introduced into their

own corresponding new BugDorm-1° cages. These were allowed to mate (inbreeding) per
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cage, blood feed and lay eggs (now F1) the same as their parents. The F; progeny were also

allowed to bear F;and Fs; progeny following the same inbreeding and rearing method.

The F3 adults were placed in a BugDorm-1° cage, provided a plain 10 % sugar solution soaked
on cotton wool, allowed to mate and also provided two blood meals over a five-day period.
On day 10, gravid F3 females (n = 20) were randomly removed from each cage and placed
individually into a glass oviposition vials (11 mm radius and 50 mm height (GLSC2V5M32,
Lasec, South Africa)) lined inside with a damp filter paper (lot: 20-104, Munktell, Sweden) cut
into a conical shape of about 5 cm either side as described by Choi et al. (2014). The top of the
lid was removed and replaced with a 50 um nylon mesh. A cotton wool ball soaked with a 10
% sugar solution was placed on top of each oviposition vial. The oviposition vials were checked
once daily for eggs on the damp filter paper and dead females for 10 consecutive days. If eggs
were found, the total number of eggs laid by each female was counted and recorded. The
individual adult females in each oviposition vial were regarded as “iso-family”. Thus, eggs from
each iso-family were placed in their own 350 m€ foam cups (SKU: 11230 Westpark stores,
South Africa) filled with 100 m€ — 150 m# of distilled water and allowed to hatch. Upon
hatching, L1 were counted, and the total number of L1 over two to three days was determined
(studies have shown that the majority of (>80 %) of egg hatching in Anopheles occurs within
two to three days (Clements, 1992; Kaiser et al., 2014)). Half of the L1 that hatched over this
period from each iso-family were removed and heat-shocked at 41 °C for 3 h to screen for
temperature sensitivity, while the other half served as negative control kept under standard
insectary conditions. The rationale behind selecting the specific temperature and duration of
exposure utilised in this study was influenced by the previous work of Ndo et al. (2018). Their
research had previously achieved the successful isolation of a temperature-sensitive lethal
strain through the use of EMS and exposing L1 to a temperature of 41 °C for a duration of 3 h
in a water bath. Given the successful outcomes of their protocol, it was deemed appropriate
to adopt and replicate these conditions in the present study as a basis for experimentation
and comparison. Thus, after exposure to heat shock, the remaining larvae were transferred
into corresponding larval rearing bowls, returned to standard insectary conditions and larval
mortality was recorded after 24 h. In all cases, a control with larvae from iso-families that were
never exposed to EMS was also set up, with half of the hatched L1 exposed to heat and the
other half not exposed to heat. Families with larval mortality of 50 % or above after 24 h were

suspected of carrying ts/ and therefore selected and reared to the next generation (families
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with larval mortality below 50 % after 24 h were discarded as they were deemed not to have
any ts/ mutation). The larvae and pupae of the selected iso-families were visually observed for
any distinct morphological markers that deviate from the wild-type, and the numbers were
recorded. Iso-families showing a sex bias favouring males (>50 %) were also selected as
possibly containing a chromosomal translocation, optimistically a ts/ mutation. A schematic

diagram of the experimental protocol described in this section is summarised in Figure 5.1.
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Figure 5.1: Schematic diagram of the experimental protocol used to induce conditional
mutations in An. arabiensis male mosquitoes using EMS and screening for iso-families that can

contain ts/ alleles (protocol adopted and modified from Ndo et al. (2018)).
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5.2.3. Data management and statistical analysis
All data were recorded manually on paper sheets before being electronically transferred to

Microsoft Excel 2016 and analysed using IBM SPSS (IBM Corp, 2015) and DATAtab software
(DATAtab, 2022). In all cases, differences between compared groups were considered
statistically significant when p < 0.05. Data on the induction of conditional mutations in An.
arabiensis male mosquitoes using EMS and screening for iso-families with the potential to
contain ts/ alleles were summarised as descriptive statistics (frequencies and percentages).
The number of mutations generated from individual parental female mothers (iso-families)
was recorded in the F3 and Fa populations and an association between EMS-treated and non-

treated was determined using a chi-square test.

5.3. Results
A total of 120 iso-families were utilised at F3 generation, with half of them subjected to EMS

treatment (n = 60), while the other half served as a control group with no EMS treatment (n =
60). Only 60.8% of these iso-families, encompassing both the EMS-treated group (n =37) and
the control group (n = 36), laid eggs (Table 5.1). When examining the number of eggs laid per
female (fecundity), it was found that the EMS-treated group exhibited a lower mean (+ SD) of
46.3 £ 18.2 eggs laid per female compared to the control group's higher mean of 80.2 + 30.6
eggs laid per female. The observed difference in fecundity between the treatment and control

groups was statistically significant (Independent t-test; t = -8.088, df = 59.187; p < 0.05).

Further analysis revealed that out of the 37 iso-families that laid eggs in the treatment cohort,
only 26 iso-families had eggs that successfully hatched, with an average hatching rate (+ SD)
of 17.9% + 7.6. In contrast, all 36 iso-families in the control group had their eggs hatch at a

significantly higher rate of 61.8% + 27.6.
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Table 5.1: The percentage of iso-families that laid eggs, the mean eggs laid per female and the
total number of eggs that hatched from iso-families that mated with males fed with either

0.05% EMS or control.

Treatme % iso-families Mean number of % iso-families in Total number of

nt that laid eggs eggs laid per which eggs eggs hatched (%)
(n) female £ SD hatched (n) +SD
(0.05% 50.7 (37)? 46.3 +18.22 70.3 (26) 17.9 + 7.62
EMS)
Control 49.3 (36)° 80.2 +30.6° 100 (36) 61.8 +27.6°
(0 EMS)

Different superscript letters within a column indicate significant difference at 0.05 significance

level. n = sample size; SD = standard deviation

Following the examination of larvae from 26 hatched iso-families in the treatment group and
36 in the control group, a total of 13 iso-families from the treatment group and 18 from the
control group were subjected to heat shock as part of temperature/ts/ screening and the
monitoring of phenotypic variants. Among these iso-families, only nine from the treatment
group displayed larval mortality greater than 50 %, indicating potential carriers of tsl
mutations. Notably, two iso-families exhibited 100 % L1 larval mortality after exposure to heat
shock and were therefore selected as promising ts/ carriers (Table 5.2). In contrast, none of
the L1 from the control group exhibited mortality exceeding 50 % after exposure to heat

shock.

Simultaneously, morphological variations, specifically larval and pupal body colour variations
were investigated in all iso-families that produced progeny (94 from the treatment group and
480 from the control group). Only 58.5 % (n = 55) of the iso-families from the treatment group
pupated, in contrast to 81.7 % (n = 392) of the larvae from the control group. Throughout this
observation, a range of morphological variations was noted in both the EMS-treated and
control groups. Some of the most remarkable variations included white larvae and pupae (n =
2), variations in the larval collar and dorsum (n = 6), pupae with white-eye colouration (n = 1),

and pupae displaying variable intensity of body colouration (both in larvae and pupae) (Figure
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5.2). Notably, the majority of conditional morphological variations observed in both larvae

and pupae were related to variations in green body colouration.
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Table 5.2: Nine selected iso-families that recorded L1 mortality >50 % following heat shock and their corresponding controls.

Assay Iso-family ID Total L1 Total L1 died Mortality (%) | Total L1 placed Total L1 died Mortality (%)
exposed to after heat 24 h after heat | under insectary | under insectary 24 h under
heat shock shock shock conditions (not conditions insectary

exposed to conditions

heat shock)
Treatment TR1F11 16 10 62.5 15 1 6.67
Treatment TR1F14 15 9 60 14 0 0
Treatment TR2F9 2 2 100 1 0 0
Treatment TR2F10 13 12 92.31 12 0 0
Treatment TR2F13 1 1 100 1 1 100
Treatment TR2F15 16 13 81.25 16 0 0
Treatment TR2F19 7 5 71.43 7 0 0
Treatment TR3F11 9 6 66.67 9 0 0
Treatment TR3F13 1 1 100 1 1 100

Control CR1F11 56 0 0 56 0 0




Control CR1F14 28 28
Control CR2F1 54 53
Control CR2F9 26 26
Control CR2F11 20 21
Control CR2F14 44 42
Control CR2F16 22 23
Control CR3F12 34 33
Control CR3F13 16 16

Iso-family coding: T = treatment, R1 = replicate 1, F = female number, C = control.
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Figure 5.2: Morphological variations observed in larval and pupal stages of An. arabiensis. (a) wild-type larva, (b) green larva and green pupa, (c)
and (d) larvae with collar and dorsum variation, (e) pupa with low/faded intensity green colour (f) pupa with white eye colour and (g) pupa with

high intensity green colour.



Adult emergence from pupae was 92.7% (n = 51) in the treatment iso-families and 91.8% (n = 360) in the control. A slight sex ratio favouring
males was observed in only three treatment iso-families. These were selected as possibly containing both ts/ and a chromosomal translocation,

and the progeny inbred to bear the next generation. However, none showed L1 mortality >50% after heat shock nor morphological markers and

were thus discarded (Table 5.3).

Table 5.3: A summary of F, iso-female families that were subsequently selected as possibly containing ts/ and chromosomal translocation.

Total L1 Iso-line
selected
placed
for further
3 under Total L1 . .
Total L1 Total L1 Mortality insectar died Mortality Total L1 rearing if
Iso- Number Total eggs exposed died after (%) 24 h . v % under . (L1
ik Male Female . Total L1 conditions under . died after .
family_ID of adults laid to heat heat after heat (not insectar insectary 24 mh mortality
shock shock shock . v conditions >50%) or
exposed conditions K
to heat discarded
shock) if (L1
<50%)
TR1F11 12 8 4 74 51 26 7 26.92 25 0 0 7 Discarded
TR1F14 15 9 6 42 28 14 3 21.43 14 0 0 3 Discarded
TR2F10 9 4 5 121 107 54 19 35.19 53 2 3.77 21 Discarded
TR2F15 8 5 3 118 88 44 21 47.73 44 0 0 21 Discarded
TR2F19 7 3 4 217 42 21 5 23.81 21 0 0 5 Discarded
CR1F11 96 44 42 * * 30 2 6.67 30 0 0 2 Discarded
CR1F14 41 19 22 * * 30 1 3.33 30 0 0 1 Discarded
CR2F1 37 16 21 * * 30 4 13.33 30 2 6.67 6 Discarded
CR2F9 22 11 11 * * 30 2 6.67 30 1 3.33 3 Discarded
CR2F16 26 10 16 * * 30 2 6.67 30 0 0 2 Discarded

Iso-family coding: T = treatment, R1 = replicate 1, F = female number, C = control, *total eggs laid and *total L1s not counted in control.




5.4. Discussion.
The use of EMS to induce mutations, particularly ts/ mutations and morphological variations,

in An. arabiensis is a promising avenue for the development of GSSs. This approach has been
successful in other species (e.g. C. capitata and An. arabiensis) (Caceres, 2002; Ndo et al.,
2018). Hence, this work aimed to use EMS to induce ts/ mutations and morphological
body/colour variations as selectable markers that can be used in solace or parallel to develop

a GSS.

The study observed differences in fecundity and hatch rates between treated iso-families and
control groups. Also, while a greater number of iso-families from the treatment laid eggs as
compared to the control group, the control group exhibited higher egg production and better
hatch rates. This suggests that while the mutagenesis treatment did not significantly affect
the number of females capable of laying eggs, it did however impact the viabilityof the eggs.
These findings align with a previous study by Ndo et al. (2018), which also reported similar
numbers of eggs laid and hatch rates between females mated with EMS mutagenised males
and those from the untreated control group. However, the effect of EMS on fecundity and
fertility across the treated group was more variable. This indicates that while EMS may not
consistently impact the fecundity and fertility of the iso-families, especially at the dose used

in this study, it still retains mutagenic properties.

The potential reason behind these findings could be associated with the type of chromosomal
damage induced by EMS. This is because EMS is known to induce mutations at loci that
regulate various important traits (FAO/ IAEA, 2021). In this context, it is possible that the
mutagenesis primarily affected specific genetic loci responsible for traits other than fecundity
and fertility. This hypothesis opens the door to further investigations aimed at understanding
the precise gene functions affected by EMS-induced mutations and how these mutations
influence mosquito biology. Thus, understanding that EMS mutagenesis might not always
significantly compromise male mosquito reproductive capacity allows researchers to focus on
other traits, such as temperature sensitivity or morphological variations, when developing
targeted mutational screenings. This knowledge contributes to the ongoing efforts to refine

and enhance the efficiency of ts/ screening and mosquito control strategies.
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Subsequent temperature/ts/ screening and monitoring of phenotypic variants showed that
only nine iso-families from the treatment group exhibited larval mortality exceeding 50 %.
Among these, two iso-families experienced 100 % L1 mortality after exposure to heat shock,
indicating the potential presence of ts/ mutations. In contrast, none of the L1 from the control
group exhibited mortality exceeding 50 % post-exposure. Despite these efforts, the study did
not manage to isolate any ts/ mutations. This could be due to a combination of factors,
including their rarity, insufficient sample size, limited understanding of the specific mutation,
and the complexity of genetic interactions involved (Tan et al., 2009). These can hinder
targeted screening efforts. Further research with a focus on these factors may be necessary

to successfully isolate ts/ mutations in An. arabiensis.

In addition, to enhance the chances of locating ts/ mutations, more advanced molecular and
cytogenetic techniques can be employed. These may include whole genome sequencing, DNA
hybridisation, and restriction enzyme digestion methods (Cotton, 1993; Mahdieh and
Rabbani, 2013). However, it is important to note that these advanced techniques can be costly

and resource-intensive.

The study also observed several morphological variations, including green larvae and green
pupae, as well as white-eye larvae and white-eye pupae. These variations have been reported
in previous studies (Benedict et al., 1996; Seawright et al., 1979). The presence of green larvae
and green pupae in both the EMS-treated and control groups raises questions about whether

these mutations are induced by EMS or occur naturally.

The green pupae mutation (gp) has previously been associated with green pigmentation in
the fat body of late fourth instar larvae and young pupae (Warren et al., 1975; Seawright et
al., 1979). However, it is important to recognise that the development of such colour
variations might involve multiple mutations or different genes interacting to produce the
observed morphological changes (Stearns, 2010). This complexity in the genetic basis of colour

variations is not uncommon in organisms.

To gain a deeper understanding of these morphological variations and their genetic
underpinnings, further molecular analyses should be conducted. These analyses can help

identify the specific genes or genetic changes responsible for body colour variations in mutant
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larvae, pupae, and adult mosquitoes. Such insights could provide valuable information for
both basic genetic research and potential applications in mosquito control and GSS

development.

Indeed, it is crucial to continue investigating other traits beyond those screened in this study,
particularly traits that might have lethal or developmental effects. Although not specifically
addressed in this study, there are potentially valuable mutations that deserve further
exploration. One notable example is the "slow development" (sd) gene identified in C. capitata
which has a close relationship with the ts/ gene (Meza et al., 2020; Porras et al., 2020). This sd
gene has been of interest because it influences the development rate of individuals.
Understanding such mutations, which affect the timing of development, can have implications
for the mass rearing and production of insects for various purposes, including SIT programmes.
Therefore, future research efforts could consider exploring these additional mutations and
their effects on development, as they might offer valuable insights and tools for mosquito

control and GSS development.

5.5. Conclusion
Despite encountering challenges in inducing ts/ mutations and isolating morphological

variations, the groundwork laid by previous research indicates the potential for innovative
mosquito control strategies using genetic approaches. Also, while further research and
refinement are needed to overcome the challenges encountered in this study, the potential

of tsl-based GSSs in mosquito control remains promising.
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CHAPTER 6: Use of an already established An. arabiensis temperature-sensitive strain from

Cameroon to develop a ts/-based GSS with a South African genetic background

6.1. Introduction
The failure to successfully isolate a ts/ strain or develop a ts/-based GSS for the South African

SIT programme has continued to hamper the potential application of this technique against
malaria vectors, in particular An. arabiensis (Mashatola et al., 2018). However, the successful
isolation and characterisation of an An. arabiensis strain (henceforth referred to as CMR-ts/)
containing a conditionally lethal selectable temperature sensitivity mutation provided a
significant step towards the development of a sexing system for this species (Ndo et al., 2018).
This strain’s temperature-sensitive phenotype is expressed when L1 is exposed to a
temperature of 41°C for 3 h, resulting in complete larval mortality within 24 h post-exposure
(Ndo et al., 2018). This character provides hope towards the possible linkage of this
conditionally lethal selectable genetic marker to a sex chromosome and thus develop a GSS

(Curtis et al., 1976).

The CMR-tsl, which was developed as part of a Coordinated Research Project (CRP, D44003)
initiated by the IAEA which brings together research institutions from its developing and
developed Member States to collaborate on research projects of common interest (FAO/IAEA,
2019), contains a Cameroonian genetic background and requires integration into a local
genetic background of the same species earmarked for release before it could be used in other
settings (Ndo et al., 2018). In this instance, in South Africa. If a strain containing a foreign
genetic background is directly released into a local geographical field site, unintended
consequences such as foreign gene introduction, incompatibility in mating, and poor
competitiveness between the strain and the native population could occur (Carvalho et al.,

2020).

Foreign genetic backgrounds can be incorporated into native strains through techniques such
as introgressive hybridisation, backcrossing, marker-assisted selection, cytogenetic methods,
molecular biology, and genetic engineering (National Research Council, 2004). Using these
approaches, it is possible to introduce specific traits or genes from foreign strains into native
populations while maintaining the overall genetic integrity of the strain (Dandalo et al., 2018;

Carvalho et al., 2020; Augustinos et al., 2022; Misbah-ul-Haq et al., 2022). The selection of the
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most suitable method depends on aspects such as available resources, and targeted desired

traits.

Against this background, the primary objective in this chapter was to create a GSS by utilising
a combination of cross-mating and backcrossing between two distinct An. arabiensis strains:
a temperature-sensitive strain originating from Cameroon and a non-temperature-sensitive
strain from South Africa. The ultimate aim was to establish a GSS that carries the genetic
background of the local South African strain but incorporates the valuable trait of
temperature-sensitive sex determination. This would result in conditions were both males and
females from this GSS are viable under permissive temperatures, while under restrictive

temperatures females would be selectively eliminated.

6.2. Materials and methods

6.2.1. Mosquito strains
Two laboratory mosquito strains were used in this study. The first, CMR-ts/, was established

at the Centre for Research in Infectious Diseases, Malaria Research Laboratory, OCEAC,
Yaoundé, Cameroon, by continuously feeding male wild-type material from North Cameroon
with cotton wool soaked in 10% sugar water solution spiked with 0.05% EMS for 24 h (Ndo et
al., 2018). The result was the successful isolation of individuals that express complete larval
mortality when L1 is exposed to a temperature of 41°C for 3 h. The eggs of this strain were
imported from Cameroon into South Africa in 2020 during the height of the COVID-19
pandemic. Upon arrival, the eggs were quarantined and reared in one of the rooms in the
BDMI (details in chapter 2) that is specifically designed to house field collected material or

material from other countries. The strain is still maintained under quarantined conditions.

The second strain, KWAG, is the same strain described in 2.2.1. It was hypothesised in this
study that by crossing KWAG (wild-type) with CMR-ts/ (carrying the ts/ mutation), it would be
possible to introduce the South African wild-type genetic background into the CMR-ts/ strain.

This is essential for developing a ts/-based GSS.

6.2.2. Confirming the temperature sensitivity status and species identity of the CMR-ts/
strain.
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6.2.2.1. Confirming temperature sensitivity status
Larvae of the CMR-ts/ strain at the L1 stage, aged between 6 h and 24 h, were randomly picked
from larval rearing trays (41 cm length x 30 cm width x 8 cm height, Model: DP1101_6P,

MegaView Science Co., Ltd., https://shop.bugdorm.com/) using 3 m€ disposable pasteur

pipettes (PFLSBSV136-3R, Lasec, South Africa). These larvae were counted into separate
groups of 30 L1 and placed on a 70 mm diameter grade 3hw filter papers (lot: 20-104,
Munktell, Sweden) that was folded into a conical and suspended within a 175 m® foam cup
(SKU: 12743, West park stores, South Africa) (Figure 6.1). Each batch of 30 L1 was then placed
into a 36 € capacity thermostatic water bath (Model: 103, Labotec, South Africa) and exposed
to different temperatures of either 27 °C (water bath) and 41 °C for a duration of 3 h. After
the specified treatment, the L1 were removed and transferred per cup into new corresponding
350 m® foam cups (SKU: 11230 West park stores, South Africa) filled with 100 m€ — 150 m# of
distilled water. Another batch of 3 x 30 L1 was kept in a 350 m€ foam cup (SKU: 11230 West
park stores, South Africa) at the standard insectary ambient temperature (no water bath) as a
control 27 °C (insectary). Larvae were not provided with any food during this period. Larval
mortality was recorded after 24 h. The tests were repeated on three different occasions using
larvae from various egg batches or generations. The water bath was pre-set to the
experimental temperatures for 1 h before exposing the larvae. A schematic diagram showing
the confirming of temperature sensitivity status described in this section is summarised in

Figure 6.1.
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Figure 6.1: A schematic diagram showing the construction of temperature screening equipment. a) A 36 £ capacity, thermostatic
controlled water bath filled with 34 £ distilled water, covered with a Plexiglas with holes to support plastic cup, plastic cups suspended,

zoomed view of cup and folded filter paper.
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6.2.2.2. Strain species identity confirmation

For species specific identity of the CMR-ts/ and and KWAG strains, 7 newly emerged (> 2 h old)
adults were randomly selected from cages and placed into net covered coffee cups using a
mouth aspirator. The cups were placed in a -70 °C Blizzard™ vertical ultra-low freezer (NU-
99728lJE, Lasec, South Africa) for 10 minutes to kill the adults. Then, each adult was exposed
to the An. gambiae complex PCR as per Scott et al. (1993). Each PCR reaction contained one
leg or wing from individual mosquito specimen and 12.5 u€ of a PCR master mix containing
1.25 mM 10x PCR reaction buffer; 200 uM of dNTPs; 25 mM MgCl2; 0.16 uM of each of the
primers for An. gambiae s.l., An. merus, An. arabiensis and universal primers and 0.08 uM for
An. quadriannulatus species A; 4.9 pf of deionised water and 0.5 units of Thermus aquaticus
(Tag) DNA polymerase enzyme, sourced from Ingaba biotec™, South Africa. The primer
sequence used were ME primer (5’TGACCAACCCACTCCCTTGA3’) that anneals to both An.
merus and An. melas, GA primer (5CTGGTTTGGTCGGCACGTTT3’) that anneals specifically to
An. gambiae s./, AR primer (5’AAGTGTCCTTCTCCATCCTAZ’) that anneals to An. arabiensis, QD
primer (5 CAGACCAAGATGGTTAGTAT3’) that anneals to An. quadriannulatus species A and
UN primer (5’GTGTGCCCCTTCCTCGATGT3’) that anneals to the same position of ribosomal
DNA (rDNA) in all five species. To release the template DNA, the microcentrifuge tubes were
placed in a centrifuge (Eppendorf® 5301 concentrator, Eppendorf, Hamburg, Germany) and
centrifuged at 13 000 revolutions per minute for 10 seconds. Positive control specimens
derived from well-known laboratory strains of An. arabiensis, An. merus, An. quadriannulatus
species A and An. gambiae s.l. and negative control, consisting of the reaction mixture only
(no DNA) were also included. Each reaction mixture was placed individually in a 96-well T100™
Thermal Cycler (Bio-Rad, Hercules, California, USA) and subjected to the following PCR
conditions: 30 cycles of 94 °C denaturation for 30 seconds, 50 °C annealing for 30 seconds, 72
°C extension for 30 seconds, and a final auto extension step of 5 minutes at 72 °C. Following
the PCR reaction, 10 u of each amplified product was loaded into individual wells of a 2.5 %
agarose gel, stained with ethidium bromide. A 1 kilobase molecular marker (O’Gene rulerTM,
Fermentas Life Sciences) was also added to the first and last wells of each gel. The gel was
then submerged in 1x Tris-acetate-EDTA (TAE) buffer and electrophoresed at 100 Volts for 90
minutes or until bromophenol blue was 3 cm from the point of origin to allow for proper
separation of amplicons. A ChemiDoc XRS+ Gel Imaging System (Bio-Rad, Hercules, California,

USA) was used to generate the gel image. The amplified fragment sizes are expected to be 464
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bp for An. merus/An. melas, 390 bp for An. gambiae s.I., 315 bp for to An. arabiensis and 153
bp for An. quadriannulatus species A. A schematic diagram showing the species identity

confirmation protocol described in this section is summarised in Figure 6.2.
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Figure 6.2: A schematic representation of steps followed to identify specimens to species level using PCR (species identity confirmation protocol).
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6.2.2.3. PCR differentiation of samples that amplified as An. gambiae s.I. into species
specificity (i.e., An. gambiae sensu stricto (s.s.) or An. coluzzii).

To add more certainty to the species identity, an additional PCR was performed to
differentiate the An. gambiae s.I. samples into An. gambiae s.s. or An. coluzzii species
(formerly known respectively as An. gambiae S molecular form and An. gambiae M molecular
form) (Coetzee et al., 2013a). The extracted DNA from each sample of the CMR-ts/ strain was
added to a reaction tube containing 1.25 mM 10x PCR buffer; 200 uM of dNTPs; 0.16 uM of
each of the primers R3 (5GAATTCTAGGGAGCTCCAG3'’), R5 (5'CCAATCCGAGCTGATAGCGC3’),
Mopint (5’GCCCCTTCCTCGATGCAT3’) and B/S int (5’ACCAAGATGGTTCGTTGC3’); 25 p€ PCR
grade water and 0.5 units of Taq polymerase enzyme (Ingaba biotec™, South Africa). For each
set of samples, a negative extraction control (no DNA) was included and positive controls from
known M and S species colonies kept in the BDMI. The PCR cycling conditions were as follows:
Ten minutes at 94 °C, followed by 25 cycles of 94 °C for 30 seconds, 62 °C for 30 seconds, and
72 °C for 30 seconds, with a final 7-minute extension at 72 °C. The samples were held at 8 °C
until removed. Each reaction mixture was subjected to agarose gel electrophoresis, and a gel
image was generated as described above. The amplified fragment sizes are expected to be
367 bp for An. coluzzii and 257 bp and 110 bp for An. gambiae s.s. These were compared to a

1 kilobase molecular marker.

6.2.3. Cross mating CMR-ts/ with the South African local strain, KWAG
Cross-mating experiments were pursued furtherin an effort to establish genetic compatibility,

and the potential for hybridisation between the CMR-ts/ strain and the South African local
KWAG strain. Four mating combinations involving these two strains were set up in individual
15 cm length x 15 cm width x 15 cm height BugDorm-4° adult insect holding cages (Model:
4E1515, MegaView Science Co., Ltd., https://shop.bugdorm.com/) (Figure 6.3.a). The cages
are constructed using fiberglass poles that interconnect at the corners, forming a cube-shaped
frame. A mesh cage, made of polyester netting with a mesh size of 680um, is threaded onto
these poles to create an enclosed environment. The front panel features an 18 cm diameter
sleeve opening, providing access for replacing food and adding or removing insects, while a
thin strip across the ceiling allows for the suspension of objects like feeders. Each cage
contained 505:502 newly emerged (> 2 h old) virgin adults of the following cross matings:

cross 1: CMR-ts/ & x KWAG @, cross 2: CMR-ts/ @ x KWAG &, cross 3: CMR-ts/ @ x CMR-ts/ d'and

cross 4: KWAG @ x KWAG & (Figure 6.3.a). The crosses were provided with a 10 % sugar water
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solution soaked on cotton wool that was contained in a urine jar. The adults were then allowed
to mate in their respective cages for three days, after which females were given two blood
meals over five days (fourth and seventh day). A plastic egg plate (appendix 1, Figure S1.3)
filled with 100 m& of distilled water was placed in each cage for adult females to lay eggs
overnight. The following day, the number of eggs laid per cage was counted, and fecundity
was determined by dividing the number of eggs laid over the number of females alive the day
egg plates were placed into cages. on the same day, eggs were placed in 350 m€ polystyrene
cups filled with 150 m# of distilled water, and egg hatch rates (fertility) were monitored daily
by counting and removing L1 into corresponding plastic larval rearing trays (41 cm length x 30

cm width x 8 cm height, Model: DP1101_6P, https://shop.bugdorm.com/) filled with 2 & of

distilled water for 14 consecutive days. The larvae were fed once daily with a standard 1 %
IAEA Anopheles diet at a rate equivalent to 1 mg/larva/day until they reached the pupal stage
(FAO/IAEA, 2017b). A sub-sample of resulting F1 adult males (n = 10, aged three to five days
old) from each of the above crosses had their reproductive tracts (testes and ejaculatory
ducts) dissected and microscopically examined to confirm the presence or absence of sperm
as per Huho et al. (2006). This was done to determine male sterility (i.e., fertile (presence of
sperm) vs infertile (absence of sperm)). In addition, PCR species identify of F1 progeny was
performed as described in section 6.2.2.2. The mating crosses were repeated on three
separate occasions, each time using parents from different generations. A schematic diagram
showing the cross mating of CMR-ts/ strain with the South African local strain, KWAG is

summarised in Figure 6.3.
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Figure 6.3: A schematic diagram showing (a) the mating scheme used to cross CMR-ts/ and KWAG. Parameters such as fecundity, fertility, sterility
and species-level PCR assay were performed in the F1 progeny, (b) backcross population generated from crossing irradiated F, males with virgin
CMR-ts/ females (BCP1) and unirradiated F, males with virgin CMR-ts/ females (BCP2).
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6.2.4. Development of a temperature sensitive GSS through an irradiation-induced
reciprocal Y-autosome translocation
F1 adults from the CMR-ts/ and KWAG strains were allowed to inbreed per cross and produced

F2 progeny. There was no progeny from cross 1. Because of this, only KWAG F; & resulting
from cross 4 were irradiated with 40 Gy (at pupal stage aged 20 — 24 h old) using a cobalt-60
gamma irradiator (see appendix 4). The pupae were placed in Bugdorm cages to emerge
overnight. The emerging irradiated adult males were crossed with virgin, unirradiated females
resulting from cross 2 F, progeny (Figure 6.3.b). Unirradiated KWAG F, adult males resulting
from cross 4 were crossed with virgin, unirradiated adult females resulting from cross 2 to
serve as the control. These backcross populations (BCP) were termed BCP1 and BCP2,
respectively. A 10 % sugar water solution soaked on cotton wool contained in a urine jar was
placed in each cage. Adults were allowed to mate in their own cages for three to four days.
After the mating period, females from each cage were blood-fed on the fourth day. Females
that did not blood-feed were removed from each cage. A second blood meal was provided on
the seventh day to the remaining females that had successfully taken the first blood meal.
Twenty females from each mating cross that had been blood-fed twice were randomly
selected and tubed individually in glass oviposition vials lined inside with a damp filter paper
as described by Choi et al. (2014) and also detailed in section 5.2.2. Cotton wool balls soaked
with a 10 % sugar solution were placed on top of each oviposition vial. The glass oviposition
vials were checked once daily for eggs and dead females for 10 consecutive days. If eggs were
found, the total number of eggs laid by each female was counted and recorded. Eggs were
placed in 350 m& polystyrene cups filled with 150 m#& of distilled water and allowed to hatch
into larvae. First instar larvae (L1 (aged 20 — 24 h)) from each female/isofamily were counted.
The total larvae from each iso-family were subsequently split into two batches. One batch of
the larvae (L1) were exposed to a thermostatically controlled water bath set at 41 °C for 3 h,
while the other batch remained unexposed and were kept under standard insectary
conditions. From the exposed larvae, if families showed total larval mortality (100 %) post
temperature exposure, the other half that was unexposed but from the same family were
isolated as potentially carrying the ts/ mutation/thermo-sensitive and reared to adulthood.
Unmated adult males resulting from these iso-families were backcrossed with parental
thermos-sensitive virgin females from the CMR-ts/ strain. The same procedure whereby L1
(aged 20 — 24 h) resulting from each iso-family were exposed to either 41 °C for 3 h or

unexposed under standard insectary conditions was followed, and families showing total



larval mortality (100 %) post temperature exposure were selected. In addition, families
presenting a sex-ratio distortion 100 % in favour of males were suspected of carrying a Y-

autosome translocation, conferring heat tolerance to the male mosquitoes.

6.2.5. Data interpretation and statistical analysis
All data were manually recorded daily on data sheets before being electronically transferred

to Microsoft Excel 2016. IBM SPSS (IBM Corp, 2015) and DATAtab software (DATAtab, 2022)
were used for data analysis and generating figures, with a p-value of less than 0.05 considered
significant at 95 % Cl. Data on the generation of F; hybrids were summarised as follows:
fecundity as the mean number of eggs per female of females that were alive the day egg plates
were placed in cages, fertility as the number of hatched eggs divided by the total number of
eggs, sterility scored as either fertile or infertile, while species-specific PCR identification was
scored against standard amplicon sizes. To establish differences between crosses, fecundity
and fertility were analysed using a one-way ANOVA, while sterility and species-specific PCR
data were summarised as descriptive statistics. The selection of families suspected of carrying
ts/ mutation was based on the families showing total larval mortality (100 %) post temperature

exposure and a 100 % sex ratio biased towards males.

6.3. Results
6.3.1. Confirming the temperature sensitivity status and species identity of the CMR-ts/
strain.

6.3.1.1. Confirming the temperature sensitivity status
The temperature sensitivity of the CMR-ts/ and KWAG strains, as evaluated by the mortality

rates of L1 recorded 24 h post-exposure to different temperature conditions is displayed in
Figure 6.4. At 27 °C (insectary), there were no observed larval mortalities for either strains 24
h post-exposure. In contrast, at 27 °C (water bath), CMR-ts/ displayed minimal larval mortality,
averaging at 1.11 %, while KWAG showed no larval mortalities. When the L1 were subjected
to a temperature of 41 °C for 3 h, the mortality rate exhibited a stark contrast. For the CMR-
tsl strain, the mortality rate reached 100 % (total larval mortality) 24 h post-exposure. On the
other hand, the KWAG strain exhibited a considerably lower mortality rate of 12.2 % under

the same conditions.
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Figure 6.4: Mortality rates of CMR-ts/ and KWAG strain L1 recorded 24 h post-exposure to different temperature conditions.



6.3.1.2. Confirming the species identity of the CMR-ts/ strain
Of the 21 CMR-ts/ Fo (parents) samples assayed using species-specific PCR, including repeats of

specimens that did not initially amplify, all were identified as An. gambiae s.I. As this was repeated
on three different occasions, each time using seven different samples, figure 6.5 below shows

species-specific PCR results of the CMR-ts/ and KWAG strains for one of the repeats.

SO 1 ORI S 1SS 1415168 17818 B 19870821

Figure 6.5: Species-specific PCR results of the CMR-ts/ and KWAG strains. Lane 1 and 21: 1 kilobase
molecular weight marker; lane 2: negative control; lane 3: An. arabiensis positive control; lane 4:
An. gambiae s.l. positive control; lane 5: An. merus positive control; lane 6: An. quadriannulatus

species A positive control; lanes 7 — 13: An. gambiae s.1.; lanes 14 — 20: An. arabiensis.
As the CMR-ts/ strain, originally thought to be An. arabiensis, proved to be An. gambiae s.I. (Figure

6.5), further differentiation of the An. gambiae s.I. revealed that all the PCR assayed CMR-ts/

samples specimens were An. coluzzii (Figure 6.6).
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Figure 6.6: Molecular differentiation of the CMR-ts/ strain into An. gambiae s.s. or An. coluzzii
species (formerly known respectively as An. gambiae S molecular form and An. gambiae M
molecular form. Lane 1 and 19: 1 kilobase molecular weight marker; lane 2: negative control; lane

3: An. coluzzii positive control; lane 4: An. gambiae s.s. positive control; lane 5 — 18: An. coluzzii.

6.3.2. Cross mating CMR-ts/ with the South African local strain, KWAG

6.3.2.1. Fecundity
The mean number of eggs laid (fecundity) (+ SD) by each of the crosses between CMR-ts/ and KWAG

were as follows: cross 1: CMR-ts/ &' x KWAG @ = 81.46 + 5.91 eggs per female, cross 2: CMR-ts/ @ x
KWAG & = 77.42 + 4.12 eggs per female, cross 3: CMR-ts/ @ x CMR-ts| & = 76.63 * 8.21 eggs per

female and cross 4: KWAG @ x KWAG & = 80.22 + 6.21 eggs per female (Figure 6.7). Statistically, no
significant difference in fecundity was found between the crosses (one-way ANOVA: df =3, F=1.4,

P =0.312).
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Figure 6.7: Mean number of eggs laid per female (fecundity) from various cross combinations

between CMR-ts/ and KWAG strains.

6.3.2.2. Fertility (egg hatch rate)

The mean egg hatch rates (+ SD) of the crosses between CMR-ts/ and KWAG were as follows: cross

1: CMR-ts/ & x KWAG @ = 73.23 % £ 3.41, cross 2: CMR-ts/ @ x KWAG & = 76.50 % + 5.40, cross 3:

CMR-ts/ @ x CMR-ts| & = 77.37 % % 2.89 and cross 4: KWAG @ x KWAG & = 78.67 % + 11.06 (Figure

6.8). Statistical interpretation showed no significant difference in egg hatch rates between the

crosses (one-way ANOVA: df =3, F=0.38, P =0.773).
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Figure 6.8: Mean fertility (egg hatch rates) of the crosses between CMR-ts/ and KWAG strain.

6.3.2.3. Sterility of F1 hybrid males.
The sterility of F1 males (+ SD) resulting from cross 1 (i.e., CMR-ts/ & x KWAG ?) was categorised

infertile based on the fact that no mature spermatozoa were observed in 90 % + 2.3 of the 30
reproductive tracts dissected. The rest were damaged or unclear under a microscope and thus
regarded as undetermined. In F1 males resulting from cross 2 (CMR-ts/ @ x KWAG &), mature
spermatozoa were found in 86.7 % * 3.1 of the reproductive tracts. These were thus regarded as
fertile. Similarly, normal reproductive tract morphology and the presence of mature spermatozoa
(i.e., fertile) was observed in F1 males resulting from the two controls (i.e., cross 3: (96.7 % + 2.9)

and cross 4: (90 % + 2.3).

6.3.2.4. Species PCR results of F; offspring
Results from cross 1 F1 males exhibited an An. arabiensis background (single band of 315 bp on gel)

while F1 males from cross 2 showed an An. gambiae s.l. background (single band of 390 bp) (from
both cross 1 and cross 2 expressed double bands on gel image (both 315 bp and 390 bp, suggesting

they are hybrids). In the two controls (cross 3 and cross 4), both F1 male and female adults exhibited

122



expected pure breed results (i.e., single band of 390 bp (An. gambiae s.1.) for cross 3 and single band

of 315 bp (An. arabiensis) for cross 4) (Figure 6.9).
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Figure 6.9: Species-specific PCR results of F1 progeny resulting from crosses between CMR-ts/ x KWAG. Lane 1 and 52: 1 kilobase molecular weight
marker; lane 2: negative control; lane 3 and 4: An. gambiae s.I. positive control; lane 5: An. arabiensis positive control; lanes 6, 7,9, 12, 31, 36 and 37:
no amplicon; lane 8: An. merus positive control; lane 10: An. quadrannulatus positive control; lanes 11, 13 — 15: An. arabiensis (cross 1 F1 &'); lanes 16
— 20: hybrid (cross 1 F1 ?); lanes 21 — 25: An. gambiae s.1. (cross 2 F1 &); lanes 26 — 30: hybrid (cross 2 F1 ?); lanes 32 — 35: An. gambiae s.1. (cross 3 F1
both & and ?); lanes 38 — 41: An. gambiae s.l. (cross 3 F1 both & and ?); lanes 42 — 51: An. arabiensis (cross 4 F1 both & and ?). *note that two gels

were merged in order to show the all the results in one plane (space between lane 36 and 37 show where the gels were merged).

124



6.3.3. Development of a temperature sensitive GSS through an irradiation-induced
reciprocal Y-autosome translocation.
One hundred and twenty iso-families resulting from the two BCPs (60 from BCP1 and 60 from

BCP2) were screened for thermosensitivity. Of these, 35 iso-families from BCP1 laid eggs that
hatched vs 43 iso-families from BCP2. Following temperature screening of the L1 from each
iso-families whose eggs hatched, only eight families from BCP1 showed L1 mortality of 100 %
after heat shock of half of the progeny. The other half of non-heat shocked male adults from
these eight families were each backcrossed with virgin parental CMR-ts/ females.
Unfortunately, none of these backcrosses showed 100 % thermosensitivity and no complete

sex bias towards males (Table 6.1).
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Table 6.1: L1 mortality after heat shock and number of adults per sex of offspring from BCP1 F1 males crossed with CMR-ts/ females.

Numbe Total L1 Mortality
Iso- Number no. no.
rof L1 died 24h (%) after no. adults
Iso-family family of eggs adult adult Decision*
hatche after heat heat emerged
no. laid males females
d shock shock
BCP1F1 G x CMR-ts/ @ 1 180 138 91 66 37 25 12 Discarded
BCP1F1 O x CMR-ts/ @ 2 251 140 39 28 20 12 8 Discarded
BCP1F1 O x CMR-ts/ @ 3 165 148 112 76 54 32 22 Discarded
BCP1 F1 G x CMR-ts/ @ 4 203 139 88 63 29 16 13 Discarded
BCP1F1 O x CMR-ts/ @ > 170 128 71 55 47 22 25 Discarded
BCP1F1 O x CMR-ts/ @ 6 319 227 129 57 31 12 19 Discarded
BCP1F1 T x CMR-ts/ @ 7 264 125 101 81 39 20 19 Discarded
BCP1F1 O x CMR-ts/ @ 8 112 69 53 77 33 16 17 Discarded

*|so-family selected or discarded if L1 mortality or sex ratio post heat shock = 100 % in favour of males.
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6.4. Discussion
The aim of this study was to use the already established Cameroon temperature-sensitive

strain to develop a ts/-based GSS with a South African genetic background. However, despite
significant efforts, these yielded unsuccessful results. Several reasons are suspected to have

contributed to this failure as discussed below.

The initial suspected cause is the discrepancy in species identification. This stems from the
fact that the CMR-ts/ strain was initially classified as An. arabiensis by Ndo et al. (2018) based
on short interspersed repeated DNA sequences (SINE) diagnostic assays (Santolamazza et al.,
2008). However, upon arrival at the BDMI, the CMR-ts/ strain was identified as An. gambiae
s.l., specifically An. coluzzii using the rDNA PCR method outlined by Scott et al. (1993). Both
the rDNA and SINE PCR methods rely on detecting X chromosome intergenic spacers (IGS)
(Scott et al., 1993; Santolamazza et al., 2008). These methods frequently yield associated
results because IGS are closely situated in a region of the X chromosome with low
recombination rates. In light of the discrepancy in species identification results for the CMR-
ts/ strain, it is hypothesised that other factors, such as pre-zygotic or post-zygotic mating
barriers, or both, may have been breached, facilitating the crossover of X chromosome
markers crucial for species discrimination, as noted by Touré et al. (1998), Tripet et al. (2001)
as well as Lanzaro and Tripet, (2003). Pre-zygotic mating barriers encompass various
mechanisms preventing fertilisation, such as mating seasons, habitat isolation, mechanical
hindrances, gamete incompatibility, and behavioural distinctions. Post-zygotic mating barriers
pertain to situations where homogametic hybrid females (XX) remain fertile while
heterogametic hybrid males (XY) become sterile, as elucidated by Haldane (1922) and
Schilthuizen et al. (2011). Previous studies have indicated that hybrids of An. gambiae s.I. and
An. arabiensis occur infrequently (0.02% — 0.76%) in regions where these species coexist
(Temu et al., 1997; Toure et al., 1998; Weetman et al., 2014). Nonetheless, it is generally
accepted that gene flow or introgression between species can transpire, including instances
of multiple inseminations in field-collected An. gambiae s.l. females, as revealed by DNA
analysis of transferred sperm (Yuval and Fritz, 1994; Tripet et al., 2001, 2005), resulting in
morphologically indistinguishable offspring. With regards to the CMR-ts/ strain, it is important
to note that the original species identification was conducted on a parental female, which,
even though molecularly identified as An. arabiensis, may have circumvented pre-zygotic
barriers (e.g., carrying fertile sperm from a male An. coluzzii) or post-zygotic barriers (e.g.,
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bypassing Haldane's rule by producing eligible progeny, as reported in other studies (Della
Torre et al., 1997), although this was not confirmed in this study. Consequently, progeny from
such parental females could have given rise to viable hybrid offspring which if mated with a
sibling species can propagate the line. Given that, to the best of our knowledge, no further
species PCR identification was conducted beyond the field-collected parental females, the
detection of hybrids would have been impossible. To validate these hypotheses, additional
studies can be undertaken in the original mosquito collection area to explore the extent of
species mixing in sympatric regions and the mating specificity prevailing within the swarms.
Although these investigations fall outside this study's objectives, their outcomes could
enhance our comprehension of the mechanisms and importance of both pre- and post-zygotic

barriers among species within the An. gambiae complex.

Another alternative explanation for the species PCR results is that contamination (mix up of
biological material such as eggs) occurred in the insectary either prior to the CMR-ts/ strain’s
arrival at the Cameroon lab or upon arrival at BDMI, where strains were housed in the same
room as other strains. This is because the strain exchange occurred during the height of the
COVID-19 pandemic, when laboratory staffing, courier services, and other resources were

limited.

The temperature sensitivity trait of the CMR-ts/ strain was confirmed by subjecting L1 to a
temperature of 41 °C for 3 h, as previously reported (Ndo et al., 2018). Thus, although the
CMR-tsl used in this study was identified as An. coluzzi rather than An. arabiensis, we
proceeded to investigate the potential introgression of genetic material from the
Cameroonian strain into a local South African strain through mating crosses. The data from
the parental mating crosses revealed general variability in fecundity, fertility, sterility, and
species-specific identity depending on the specific mating combinations and sexes involved.
Surprisingly, there were no significant differences in fecundity and fertility observed between
the parental crosses. This finding was unexpected, given that mating crosses can potentially
lead to gene flow or chromosomal translocations, which in other insects have been known to
negatively impact fertility due to meiotic segregation, resulting in both genetically balanced
and unbalanced individuals (Slotman et al., 2004. 2005; Lee et al., 2013). Unbalanced
individuals are typically unviable and perish as embryos (Deitz, 2017). However, some level of

introgression-induced sterility was observed. The results indicated that hybrid F1 males from
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cross 1 were infertile, whereas F1 males from cross 2 were fertile. This was confirmed when
these F1 hybrids were subjected to inbreeding, resulting in no offspring. This suggests that
while there was no direct post-F1 gene flow in cross 1, gene flow continued in cross 2. It is this
phenomenon that further raises the hypothesis that Haldane's rule may have been violated,
allowing gene flow between species through an unidentified pathway (Okerere, 1980).
Furthermore, the observed sterility implies that some form of introgression or fitness cost was
triggered by cross-mating of these sibling species (Slotman et al., 2004. 2005; Lee et al., 2013).
PCR-based species-specific detection or identification of F1 hybrids clearly demonstrated the
presence of introgressive hybridisation between An. coluzzii and An. arabiensis. This was
supported by the fact that only F1 males from cross 1 had an An. arabiensis background, while
F1 males from cross 2 had an An. gambiae s.I. (An. coluzzii) background. In both cross 3 and
cross 4 (control groups), male and female adults exhibited the expected results, i.e., An.
gambiae s.l. (An. coluzzii) for cross 3 and An. arabiensis for cross 4. Given the initial species
identification indicating that the CMR-ts/ strain was An. gambiae s.I., specifically An. coluzzii,
it is suspected that these results occurred because the nucleotide sequences in the ribosomal
DNA intergenic spacers are inherited from parental females, thus only being expressed in F1
females, as described by Scott et al. (1993). These results further suggest that the prevalence
of natural hybrids and their detection after the parental female stage may be underestimated
(Vicente et al., 2017). Ultimately, to confirm hybrids and avoid potential issues with specificity,
Sanger sequencing of single-plex species-specific IGS PCR products for representative hybrid
samples followed by subsequent sequencing and phylogenetic analysis of other gene
fragments can be employed, as outlined by Scott et al. (1993), Temu et al. (1997) and
Santolamazza et al. (2008). However, it is worth noting that implementing this approach on a
day-to-day basis may present practical challenges such as shortage of laboratory workers or
expertise, although it is essential for accurate hybrid detection and understanding the

dynamics of introgression.

Subsequent backcrosses aimed at utilising the temperature sensitivity phenotype as a
selectable marker for developing a GSS by linking the wild-type allele to the Y chromosome
through irradiation-induced reciprocal Y-autosome translocation were performed. The
objective was to create a unique mosquito strain with distinctive genetic traits whereby males
are capable of surviving at certain temperatures while females are selectively eliminated

under the same conditions (i.e., link the wild-type allele to the Y chromosome, resulting in
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males with temperature resistance and females with temperature sensitivity). However,
because cross 1 yielded no offspring, subsequent backcrosses employed females from cross
2, mated with irradiated males from cross 4 (referred to as BCP1) and unirradiated males from
cross 4 (referred to as BCP2). Despite thorough screening for families exhibiting the
temperature sensitivity phenotype, none were identified in the screened BCPs. it is suspected
that the potential hybridisation events or selective forces favouring ts/ fixation (such as
ecological factors or the original temperature sensitivity properties of the strains) may have
played a role. Hybridisation can facilitate the transfer of mutations between species, as
observed in studies by Hedrick et al. (2013). Additionally, it is hypothesised that due to the
absence of a morphological marker to trace ts/, recombination events may have contributed
to the absence of detectable temperature-sensitive individuals. Thus, it is plausible that the
ts/ allele acquired by the CMR-ts/ strain lacks fixation or occurs at a low frequency due to a

potentially limited adaptive advantage in the recipient KWAG strain (Abbott et al., 2013).

It is essential to acknowledge that the hypotheses presented here are unverified and would
require further research to establish their validity. In future, advanced genome engineering
techniques like CRISPR/Cas9 could be explored to develop GSSs through targeted mutagenesis
(Chaverra-Rodriguez et al., 2018). This approach entails the selection of appropriate
candidates from existing temperature-sensitive mutations, the introduction of a
corresponding mutation into the genome of the target pest species using CRISPR/Cas9, and
then relocating a dominant wild-type allele to the male-specific Y chromosome to rescue
males or relocating a dominant mutant allele to the female-specific X chromosome to induce
conditional lethality in females (Gamez et al., 2020). This includes the creation of transgenic

strains, which is another viable alternative (Ntoyi et al., 2022).

Furthermore, the research conducted in this study in the pursuit of sex separation strategies
is closely aligned with another significant challenge faced by the South African SIT project. This
challenge relates to identifying the optimal temperature ranges and conditions for
immobilising adult sterile males during laboratory packaging, handling, and transport to

release sites (see next chapter 7).
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6.5. Conclusion
This study did not successfully develop a GSS based on the temperature-sensitivity in An.

arabiensis. However, investigating introgression between An. coluzzii and An. arabiensis, the
cross-mating experiments yielded clear evidence of introgressive hybridisation between these
closely related sibling species. This finding further advances our understanding of the adaptive
and practical implications of genetic introgression among sibling species within the Anopheles

genus.
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CHAPTER 7: Development of optimal handling, packaging and transport conditions of
irradiated-sterilised An. arabiensis adult male mosquitoes

7.1. Introduction
South Africa has made significant progress in investigating the feasibility of the SIT as a

possible complementary control strategy against the primary malaria vector, An. arabiensis
(Munhenga et al., 2011, 2014, 2016; Dandalo et al., 2017a, 2017b, 2018; Manana et al., 2018,
2021; Mashatola et al., 2017; 2018; Kaiser et al., 2021). This has placed the technique at a
point where small-scale pilot trials are possible. The success of an SIT field trial requires a
number of steps such as mass rearing, sex separation, sterilisation, packaging, transportation,

release and monitoring (Benedict and Robinson, 2003; Dyck et al., 2005, 2021).

While substantial progress has been made in optimising some of these procedures, a critical
aspect that remains to be fully addressed is the handling and packaging of mosquitoes during
laboratory production and their subsequent transport (Gomez et al., 2022; Tussey et al.,
2023). A key consideration in mosquito handling and packaging is the impact of
temperature/chilling (Culbert et al., 2017; Chung et al., 2018; lyaloo et al., 2020; Zhang et al.,
2020). Mosquito activity is greatly affected by temperature, with lower temperatures often
immobilising them (Culbert et al., 2017). Therefore, recommendations have been made to
conduct mosquito handling and packaging under chilled conditions, which makes the process
more manageable and reduces physical damage to the insects (Culbert et al., 2017; Tussey et
al., 2023). Against this, there is a need to be aware of the critical lethal lower temperature
limit, below which the mosquitoes will die when exposed. Additionally, compaction which is
employed to efficiently package large quantities of mosquitoes into confined spaces, is
especially important when large numbers of mosquitoes are released weekly (Tussey et al.,

2023).

However, the chilling and compaction processes may have a negative impact on the sterile
male mosquitoes intended for release (Calkins and Parker, 2005; Parker et al., 2021). These
include factors such as reduced survival, impaired mating competence, decreased flight
ability, poor quality and altered reproductive fitness of the males (Culbert, 2020). The effects
of these procedures on mosquito quality and fitness need thorough investigation to ensure

that they do not compromise the effectiveness of the SIT strategy.
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This chapter aimed to establish an optimal temperature range that can be used to
chill/immobilise adult sterile males during handling in the laboratory. Furthermore, the study
aimed to determine the optimal packaging/compaction conditions that can be used to

transport adult sterile males.

7.2. Methods

7.2.1. Mosquito strains and maintenance
The dieldrin based GSS, acronymed GMK was used in this study. The strain was developed

through a series of cross-mating of various An. arabiensis laboratory strains (Dandalo et al.,
2018). This included cross-mating of the Sudanese An. arabiensis GSS ANO IPCL1 males
(carrying the resistance to dieldrin (rdl) gene on the Y-chromosome) (Yamada et al., 2012) with
the South African An. arabiensis females collected from Malahlapanga in the Kruger National
park to generate a GSS acronymed GAMA (Munhenga et al., 2016). The resultant GAMA
offspring were backcrossed with KWAG (rdl-susceptible genotype) to produce GMK males
carrying dieldrin resistance on the Y-chromosome with a genetic background representing the
South African population and housed at the BDMI under standard insectary conditions
(Dandalo et al., 2018). Biological material was reared following protocols stated in Hunt et al.

(2005).

GMK third/fourth instar larvae were exposed to 0.1 ppm dieldrin solution for 2 h to kill females
and retain males prior to chilling and compaction experiments (Dandalo et al., 2018). Male
pupae (20 — 22 h old) were transferred to a cobalt-60 gamma irradiation source, and a dose
of 75 Gy was administered to pupae (see Munhenga et al., (2016) and appendix 4). After
irradiation, pupae were placed in corresponding small plastic cups containing 100 m€ of
distilled water. The cups were placed in Bugdorm-1° adult insect rearing cages, and pupae
were left to emerge overnight. Successfully emerged adult males were used in temperature

and compaction tests.
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7.2.2. Determining the optimal temperature that can be used to immobilise adult sterile
males

7.2.2.1. Determining the time taken for adults to recover (i.e., for all adults to resume
flight) following immobilisation at different temperatures
Batches of 30 newly emerged adult sterile male mosquitoes were aspirated into transparent

cylindrical plastic cups (5 cm base diameter 12 cm length 8 cm top diameter, West park stores,
South Africa) covered with a fabric net (Product ID: 9902056133316, Makro, South Africa) that
was secured with an elastic rubber band (SKU: 951282B2, Waltons, South Africa) (Figure 7.1).
The plastic cups were placed inside a 25 £ climate chamber (Jeio Tech, model: TH3-ME-025,
South Korea) set at temperatures of either 0°C, 2°C, 4°C, 6°C, 8°C, 10°C, 12°C or 27 = 1°C
(control) for 20 minutes (reasonable time required to efficiently knock down mosquitoes
operationally or practically (Culbert et al., 2017; Culbert, 2020)). The relative humidity was set
constantly at 70% + 10%. In each case, the time until all adults were knocked out were
recorded. After 20 minutes of exposure, the plastic cups with adult male mosquitoes were
removed from the climatic chamber and introduced into a Bugdorm-4° adult insect holding
cage placed under standard insectary rearing conditions. The time taken for adults to recover

(i.e., for all adults to resume flight) was recorded.

134



Figure 7.1: Equipment used for determining the optimal temperature that can be used to immobilise adult sterile males: A 25 £ climate chamber (Jeio
Tech, model: TH3-ME-025, South Korea) with a transparent cylindrical plastic cup covered with an elastic band secured fabric net inside which

mosquitoes were aspirated and through visual observation knockdown time recorded.
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7.2.2.2. Determining the survival of adult sterile males following immobilisation to
different temperatures.
For this part, only adults that recovered following immobilisation (7.2.2.1) at temperatures

between 4°C and 10°C, as well the control was used to determine how long they can survive
after 20 minutes of exposure at different temperatures (2°C, 4°C, 6°C, 8°C, 10°C,) in the
climatic chamber. Twenty adults from each temperature were monitored for survival by
removing and counting dead adults in each cage daily for 14 consecutive days. Monitoring was
limited to 14 days as previously suggested by Culbert et al. (2017) who at the time postulated

that survival of male adults after release is unlikely to extend beyond this time frame.

7.2.3. Determining the optimal packaging/compaction conditions that can be used to
transport adult sterile males
To enhance efficiency, it may be necessary to transport adult male mosquitoes using various

containers and packing densities, depending on resource availability and the scale of releases.
Consequently, the impact of compaction density and packaging chambers on adult male
mosquito mortality and longevity were evaluated in three distinct chambers (as illustrated in
Figure 7.2). The first chamber was the cubic Bugdorm-1® cage, with dimensions of 30 cm in
length, 30 cm in width, and 30 cm in height, resulting in a volume of 27 000 cm3. However,
this larger Bugdorm-1® cage was included as a control as it had been previously utilised in
other research studies. The second chamber utilised was a plastic petri dish (SKU PLAS-
HPOO0O5, Lasec, South Africa) with dimensions of 15 mm in height and 90 mm in diameter,
providing a volume of 60 cm3. The third chamber employed was a non-pyrogenic disposable
syringe (SKU: RLSMED-SYRCT50, https://labequipsupply.co.za/) measuring 155 mm in height

and 27 mm in diameter, offering an equivalent volume of 60 cm?3.
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Figure 7.2: Three distinct chambers used in this study. a) Bugdorm-1® cage (30 cm in length, 30 cm in width, and 30 cm in height), b) plastic petri dish

(15 mm in height and 90 mm in diameter) and c) non-pyrogenic disposable syringe (155 mm in height and 27 mm in diameter).
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The experimental protocol involved rendering adult male mosquitoes held in standard rearing
Bugdorm-1® cages immobile in a built in walk-in cold room maintained at temperatures
between 4°C and 8°C. This immobility facilitated accurate weight measurements of the adult
male mosquitoes using an analytical balance (United Scientific Equipment Pty Ltd, Singapore;
model: Kern ABT 120-5DM/Adam PW124). The adult male mosquitoes (held in a Bugdorm-1®
cage) were counted as singles and divided into groups of 1000, 2500 and 5000. This was done
to estimate the number of adults by weight, other than by counting individually as weighing
is quicker for operational purposes. Subsequently, each group of 1000, 2500, and 5000 adult
males were introduced into their own compaction chamber. The average weight of the adult
males per group (+ SD) was as follows: 12.72 g + 0.42 for 1000 adults, 31.81 g + 0.56 for 2500
adults, and 63.81 g £ 0.74 for 5000 adults. These varying weights led to distinct densities per
chamber: 212.03 males/cm?3 for 1000 adult males, 1325.21 males/cm?3 for 2500 adult males,
and 5317.50 males/cm? for 5000 adult males, both in the petri dish and syringe (Table 7.1). In
contrast, the Bugdorm-1® cage exhibited densities of 0.037 males/cm3 for 1000 adult males,
0.093 males/cm? for 2500 adult males, and 0.185 males/cm? for 5000 adult males, reflecting

the significantly larger volume of the cage (Table 7.1).

Table 7.1: Measurements of densities per chamber.

Chamber Density (males/cm3) - | Density (males/cm3) - | Density (males/cm?) -
1000 adult males 2500 adult males 5000 adult males
Petri dish 212.03 1325.21 5317.5
Syringe 212.03 1325.21 5317.5
Bugdorm-1® 0.037 0.093 0.185
cage

Subsequently, the chambers containing the adult males were left undisturbed within the cold
room set at 4°C for a duration of 8 h (chilled), mirroring the time required for transportation
from the mass rearing facility to the field release site. Following the 8 h exposure to cold
temperatures, the adult males from each chamber were respectively transferred to new
Bugdorm-1® cages. These cages were then placed under standard insectary conditions of 27
+ 1°C room temperature, 70 + 10% relative humidity, and a 12:12 h photoperiod, including 45-

minute transitions of dusk and dawn each cycle. After 24 h, the number of deceased or
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moribund males, characterised by their inability to fly were removed from the Bugdorm-1®
cages and meticulously counted. Additionally, a subsample of 100 live adult males were
randomly selected from each chamber and introduced into new Bugdorm-1® cages and kept
under standard insectary conditions. These individuals were subjected to continuous
monitoring by counting and recording the number of dead adults daily until all died. This was
done to assess their longevity. The experiments were replicated three times, with each

replication utilising a new distinct cohort of mosquitoes of the same age.

7.2.4. Data analysis
Data and statistical analyses were conducted using the IBM SPSS software (IBM Corp, 2015).

One-way ANOVA and Bonferroni post-hoc test was performed to compare the mean time to
complete knockout and mean time to complete recovery of adult GMK sterile males after
confirming the normal distribution of the data using the Shapiro-Wilk test. The longevity after
immobilisation and after compaction was compared using the Log-rank (Mantel-Cox) test with
the Kaplan—Meier method used to generate the survival curves. Compaction mortality after
24 h was compared between compaction chamber and number of adults per chamber using
two-way ANOVA and Bonferroni post-hoc test. In all cases, a p-value of less than 0.05 was

used to indicate significance at 95% Cl.

7.3. Results

7.3.1. Determining the optimal temperature that can be used to immobilise adult sterile
males

7.3.1.1. Determining the time taken for adults to recover (i.e., for all adults to

resume flight) following immobilisation at different temperatures
Complete knock out (immobilisation) of adult males was observed within the 20 minutes’

exposure. The time until all adults were knocked down varied across temperatures, with mean
durations (min £ SE) ranging from 0.90 + 0.28 at 0°C, 2.57 + 0.35 minutes at 2°C, 2.44 £+ 0.74
minutes at 4°C, 3.28 £ 0.54 minutes at 6°C, 5.13 + 0.86 minutes at 8°C, and 5.74 £ 0.18 minutes
at 10°C (Figure 7.3). No mosquitoes were knocked down from 12°C and 27 + 1°C within the 20
minutes’ exposure. Statistical comparison showed a difference in knock down time across

temperatures (one-way ANOVA: df =5, F = 25.71, p < 0.05).
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Figure 7.3: Mean (+ SE) times (minutes) it took adult males to be knocked out (immobilisation)

following their exposure to different temperatures (range 0°C — 12°C) for 20 minutes.

Subsequent multiple comparisons analysis using the Bonferroni method to compare the mean
differences between various temperature conditions showed that the mean time until all
adults were knocked out at 0°C was similar to 2°C (Table 7.2). When comparing 0°C to higher
temperatures (4°C, 6°C, 8°C, 10°C), there were significant differences, indicating that as the
temperature increased, the time until knockout significantly decreased. Similarly,
comparisons between 2°C and higher temperatures showed significant differences, except for

the comparison with 4°C.

Table 7.2: Multiple comparisons analysis using the Bonferroni method to compare the mean

differences between various temperature conditions.

Mean 95% Confidence Interval

(1) Temperature(J) Temperature |[Difference (I-J)|Std. Error [Sig. Lower Bound [Upper Bound
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lo°c 2°C -1.67222 .50428 .092 -3.5123 .1678
4°C -1.54444 .50428 .148 -3.3845 .2956
6°C -2.37778" .50428 .008 -4.2178 -.5377
8°C -4.23333" .50428 .000 -6.0734 -2.3933
10°C -4.84444° .50428 .000 -6.6845 -3.0044

2°C 0°C 1.67222 .50428 .092 -.1678 3.5123
4°C 12778 .50428 1.000 -1.7123 1.9678
6°C -.70556 .50428 1.000 -2.5456 1.1345
8°C -2.56111° .50428 .004 -4.4012 -.7210
10°C -3.17222° .50428 .001 -5.0123 -1.3322

4°C 0°C 1.54444 .50428 .148 -.2956 3.3845
2°C -.12778 .50428 1.000 -1.9678 1.7123
6°C -.83333 .50428 1.000 -2.6734 1.0067
8°C -2.68889" .50428 .003 -4.5290 -.8488
10°C -3.30000° .50428 .000 -5.1401 -1.4599

le°C 0°C 2.37778" .50428 .008 .5377 4.2178
2°C .70556 .50428 1.000 -1.1345 2.5456
4°C .83333 .50428 1.000 -1.0067 2.6734
8°C -1.85556" .50428 .047 -3.6956 -.0155
10°C -2.46667" .50428 .006 -4.3067 -.6266

8°C 0°C 4.23333" .50428 .000 2.3933 6.0734
2°C 2.56111" .50428 .004 .7210 4.4012
4°C 2.68889" .50428 .003 .8488 4.5290
6°C 1.85556" .50428 .047 .0155 3.6956
10°C -.61111 .50428 1.000 -2.4512 1.2290

10°C 0°C 4.84444" .50428 .000 3.0044 6.6845
2°C 3.17222" .50428 .001 1.3322 5.0123
4°C 3.30000" .50428 .000 1.4599 5.1401
6°C 2.46667" .50428 .006 .6266 4.3067
8°C 61111 .50428 1.000 -1.2290 2.4512

* The mean difference is significant at the 0.05 level.
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Recovery (flight resumption) of adult males post exposure was observed from all
temperatures (Figure 7.4). However, the average times it took adult males to recover also

differed depending on temperature (one-way ANOVA: df =6, F = 22.93, p < 0.05).
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Figure 7.4: Mean (+ SE) times (minutes) to adult males’ recovery (resume flight) following

exposure to different temperatures (range 0°C — 12°C) for 20 minutes.

Multiple comparisons analysis for the time until all adults recovered (in minutes) at different
temperatures using the Bonferroni method showed that at 0°C, there was no significant
difference in mean recovery time compared to 2°C, with a mean difference of approximately
5.24 minutes (Table 7.3). However, when comparing 0°C to higher temperatures (4°C, 6°C,
8°C, 10°C, 12°C), significant differences were observed, indicating that as the temperature
increased, the recovery time significantly decreased. Similarly, comparisons between 2°C and

higher temperatures showed significant differences except for the comparison with 4°C. At
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4°C, the mean recovery time was significantly different from 10°C and 12°C. At 6°C, the mean

recovery time was significantly different from all higher temperatures (8°C, 10°C, 12°C). At

8°C, the mean recovery time was significantly different from 12°C. At 10°C, the mean recovery

time was significantly different from 12°C. Overall, as the temperature increased, the time

until all adults recovered significantly decreased.

Table 7.3: Multiple comparisons analysis of the recovery times for adults at varying

temperatures.

Mean 95% Confidence Interval
|(1) Temperature(J) Temperature |Difference (I-J)|Std. Error [Sig. Lower Bound [Upper Bound
lo°C 2°C 5.24444 1.94947 |.389 -2.0859 12.5748

4°C 10.311117 1.94947 1.003 2.9808 17.6414
6°C 11.05000" 1.94947 |.002 3.7197 18.3803
8°C 13.22222" 1.94947 ].000 5.8919 20.5525
10°C 18.80556" 1.94947 ].000 11.4752 26.1359
12°C 18.90278" 2.17957 |.000 10.7072 27.0983
2°C 0°C -5.24444 1.94947 |.389 -12.5748 2.0859
4°C 5.06667 1.94947 |.463 -2.2637 12.3970
6°C 5.80556 1.94947 |.224 -1.5248 13.1359
8°C 7.97778" 1.94947 027 .6475 15.3081
10°C 13.56111° 1.94947 ].000 6.2308 20.8914
12°C 13.65833" 2.17957 |001 5.4628 21.8539
4°C 0°C -10.311117 1.94947 1.003 -17.6414 -2.9808
2°C -5.06667 1.94947 |.463 -12.3970 2.2637
6°C .73889 1.94947 [1.000 -6.5914 8.0692
8°C 2.91111 1.94947 (1.000 -4.4192 10.2414
10°C 8.49444" 1.94947 |.016 1.1641 15.8248
12°C 8.59167" 2.17957 |.035 .3961 16.7872
l6°C 0°C -11.05000°  [1.94947 |.002 -18.3803 -3.7197
2°C -5.80556 1.94947 |.224 -13.1359 1.5248
4°C -.73889 1.94947 (1.000 -8.0692 6.5914
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8°C 2.17222 1.94947 [1.000 -5.1581 9.5025
10°C 7.75556" 1.94947 |[.033 4252 15.0859
12°C 7.85278 2.17957 |067 -.3428 16.0483
8°C 0°C -13.22222° 1.94947 |.000 -20.5525 -5.8919
2°C -7.97778" 1.94947 |[.027 -15.3081 -.6475
4°C -2.91111 1.94947 [1.000 -10.2414 4.4192
6°C -2.17222 1.94947 [1.000 -9.5025 5.1581
10°C 5.58333 1.94947 |[.279 -1.7470 12.9137
12°C 5.68056 2.17957 |457 -2.5150 13.8761
10°C 0°C -18.80556" 1.94947 |.000 -26.1359 -11.4752
2°C -13.56111° 1.94947 |.000 -20.8914 -6.2308
4°C -8.49444° 1.94947 |.016 -15.8248 -1.1641
6°C -7.75556" 1.94947 (033 -15.0859 -.4252
8°C -5.58333 1.94947 |.279 -12.9137 1.7470
12°C .09722 2.17957 |1.000 -8.0983 8.2928
12°C 0°C -18.90278" 2.17957 |.000 -27.0983 -10.7072
2°C -13.65833" 2.17957 |.001 -21.8539 -5.4628
4°C -8.59167" 2.17957 |.035 -16.7872 -.3961
6°C -7.85278 2.17957 |067 -16.0483 .3428
8°C -5.68056 2.17957 |457 -13.8761 2.5150
10°C -.09722 2.17957 |1.000 -8.2928 8.0983

* The mean difference is significant at the 0.05 level.

7.3.1.2. Determining the survival of adult sterile males following immobilisation to
different temperatures
Survival of adult sterile males over 14 consecutive days following their 20 minutes’ exposure

to different temperatures (range 4°C — 10°C) is shown in Figure 7.5. The mean survival of adult
sterile males (days * SE) following 20 minutes’ exposure to different temperatures was lower
in males exposed to 4°C (10.467 + 0.550) and highest in 10°C (11.65 + 0.49). Control (27 £ 1°C)
showed similar mean survival as 10°C (11.93 + 0.49). However, overall statistical comparison
showed no difference in survival between the various temperatures over 14 consecutive days
(Log Rank (Mantel-Cox): x? = 5.85, df = 4, p = 0.210).
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Figure 7.5: Cumulative survival of adult males monitored over 14 consecutive days post 20 minutes exposure to constant temperatures of 4°C to 10°C

and corresponding control exposed at (27 + 1°C).
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7.3.2. Determining the optimal packaging/compaction conditions that can be used to
transport adult sterile males
The mean mortality (+ SD) of adults that died 24 h following compaction in different chambers

for 8 hiis shown in Table 7.4. In the petri dish chamber, the mean mortality after 24 h + SD per
1000 adult males was 16.97% + 4.95 at a density of 212.03 adult males/cm?3, 19.40% + 5.08
with 2500 adult males at a density of 1325.21males/cm?, and 36.67% + 6.28 with 5000 adult
males at a density of 5317.5 males/cm3. Conversely, in the syringe chamber, under equivalent
conditions as the petri dish, the mean mortality £ SD were 16.07% + 3.71, 29.55% + 3.35, and
44.45% * 4.33 respectively. In the Bugdorm-1® chamber, the mean mortality + SD were
notably lower, with 6.47% + 1.80 for 1000 adult males at a density of 0.037 males/cm?, 12.19%
+3.39 for 2500 adult males at a density of 0.093 males/cm?3, and 18.05% * 3.42 for 5000 adult

males at a density of 0.185 males/cm3.

Table 7.4: Mean mortality of adult sterile males 24 h after being compacted in different

chambers for 8 h.

Compaction chamber Number of adult males per Mean mortality (%) + SD
chamber (Density)

Petri dish 1000 (212.03 males/cm?3) 16.97 £ 4.95
Petri dish 2500 (1325.21 males/cm3) 19.40 £ 5.08
Petri dish 5000 (5317.5 males/cm3) 36.67 +6.28
Syringe 1000 (212.03 males/cm?) 16.07 +3.71
Syringe 2500 (1325.21 males/cm?) 29.55+3.35
Syringe 5000 (5317.5 males/cm?3) 44.45 + 4,33
Bugdorm-1® 1000 (0.037 males/cm?3) 6.47 +1.80
Bugdorm-1® 2500 (0.093 males/cm?3) 12.19+3.39
Bugdorm-1® 5000 (0.185 males/cm?3) 18.05 +3.42

SD represents standard deviation.
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Statistical analysis using a two-way ANOVA to assess which groups have significantly different
means in terms of mortality after 24 h showed a significant effect on adult mortality from both
compaction chamber (F(2, 4) = 100.35, p < 0.05) and number of adult mosquitoes per chamber
(F2,8)=96.39, p <0.05) but not their interaction (two-way ANOVA: F(2, 3 = 2.39, p > 0.05) (Table
7.5). Extensive pairwise comparisons using the Bonferroni method have revealed noteworthy
differences among various combinations of compaction chamber types and number of adults
per chamber (density). The key findings included statistically significant differences in
mortality between Bugdorm: 1000 and syringe: 2500 (p = 0.0053), Bugdorm: 1000 and petri
dish: 5000 (p = 0.0159), Bugdorm: 1000 and syringe: 5000 (p = 0.0247), petri dish: 1000 and
syringe: 2500 (p = 0.0091), syringe: 2500 and Bugdorm: 5000 (p = 0.0097), and syringe: 2500
and petri dish: 5000 (p = 0.0293).

Table 7.5: Two-way ANOVA showing the effects of compaction chamber, number of adults
per chamber and their interactions on mortality of adult sterile males 24 h following

compaction in different chambers for 8 h.

Source SS df MS F p
Corrected Model 25,696.3 8 3,212.04 385.44 <.001
Intercept 5,778.7 1 5,778.7 693.44 <.001
Compaction chamber 5,279.63 2 2,639.81 316.78 <.005
Number of adults per 9,468.52 2 4,734.26 568.11 <.005
chamber

Compaction chamber x 10,948.15 4 2,737.04 328.44 >.005

Number of adults per

chamber

Error 150 18 8.33
Total 31,625 27
Corrected total variation 25,846.3 26

*SS represents the sum of squares, df represents degrees of freedom, MS represents mean

squares, F represents F-statistic, and p indicates statistical significance at p < 0.05.
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Subsequent investigation into the longevity/survival rate of adult sterile males following their
compaction in different chambers at different numbers of adults per chamber showed
variation (Figure 7.6). The median survival when the number of adults per chamber was 1000,
2500 and 5000 was 30.0 + 1.03, 33.0 + 0.96 and 30.0 + 0.87 days for Bugdorm-1° cages, 18.0
+1.52,16.0 £ 1.21 and 16.0 + 0.94 for syringe and 29.0 £ 0.74, 30.0 £ 1.180 and 19.0 £ 0.959
for petri dish respectively. Statistically, when compaction chambers were compared,
Bugdorm-1° cages showed the longest longevity, followed by petri dish and syringe,
respectively (Log Rank (Mantel-Cox): x> = 124.009, df = 2, p < 0.05). In terms of the number of
adults per chamber, males stored at 1000 per chamber survived significantly longer than those
stored at 2500 and 5000 (Log Rank (Mantel-Cox): x> = 515.76, df = 2, p < 0.05). Overall,

Bugdorm-1° cages containing 1000 adult males showed the highest longevity.
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7.4. Discussion
The development of SOPs for handling, packaging, and transporting sterile male mosquitoes

is of utmost importance to ensure the effectiveness of SIT programmes (Ernawan et al., 2022).
In line with these principles, the current study aimed to identify the optimal temperature
range for immobilising adult sterile males during laboratory handling and to determine

optimal packaging and compaction settings that can be used during releases.

Results showed that complete immobilisation occurred within 20 minutes of exposure to
temperatures ranging from 0°C to 10°C, with the quickest immobilisation achieved at 0°C
(approximately 0.90 minutes). Additionally, temperatures between 4°C to 8°C resulted in
mosquito knockdown with rapid knockdown and recovery time, without affecting survival or
longevity. These findings align with previous research. For instance, a study on An. arabiensis
by Culbert et al. (2017) found that only 0°C had an impact on male survival, consistent with
similar observations in Ae. aegypti by Culbert et al. (2018). Furthermore, An. arabiensis could
be immobilised at temperatures ranging from 4°C to 10°C for up to 24 h without significant
adverse impacts (Culbert et al., 2017). Other studies have also reported that temperatures
between 7°C to 10°C during transportation can maintain the survival of Ae. aegypti and Ae.
albopictus. Zhang et al. (2020) noted that Ae. albopictus males incubated for up to 3 h at 5°C
showed no adverse effects on survival compared to the control, while survival decreased at
10°C after 60 minutes of incubation. Tussey et al. (2023) observed no significant difference in
survival among Ae. aegypti males chilled at 2°C to 6°C for up to 16 h. However, chilling had a
notable effect on the performance of sterile Ae. aegypti mosquitoes, with more frequent and
longer chilling times resulting in stronger adverse effects, as observed by Sanchez-Aldana-
Séanchez et al. (2023). Furthermore, the findings of the current study are also close to those
resulting from the temperature treatments used to maintain C. capita (Zavala-Lépez et al.,
2017) and G. palpalis gambiensis (Pagabeleguem et al., 2015) for long-distance transportation
(around 10°C).

Rendering mosquitoes immobile, especially by using low temperatures (chilling, or cold
treatment), holds significant potential for improved efficiency in an operational SIT
programme. For example, the temperature ranges of 4°C to 8°C, as well as the rapid

knockdown and recovery time observed in this study not only allow for more efficient handling
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of immobilised mosquitoes without compromising their survival but also provide tangible
practical benefits during actual operations. It is also notable that the rapid recovery offers
significant advantage when considering the post-release behaviour of immobilised male
mosquitoes. Shorter recovery times are advantageous, as they reduce the period during which
males are vulnerable on the ground during release and before they can fly again, decreasing
the risk of predation and other forms of mortality (Somda et al., 2022). Furthermore, being
able to immobilise mosquitoes for 20 minutes or longer offers flexibility in timing the handling
and transportation and release of mosquitoes, as chilled specimens can be irradiated under
chilled conditions (Bimbilé Somda et al., 2022; Yamada et al., 2022) before deployment to the
field. This flexibility can allow researchers in the SIT programme to coordinate release
schedules with optimal environmental conditions or operational logistics, enhancing the
success of programme. Furthermore, chilling helps preserve the quality and viability of
mosquitoes during storage, ensuring that they maintain their reproductive potential, genetic
integrity, and physiological characteristics (Culbert et al., 2017). Immobilisation/chilling also
enables the safe handling and transportation of live mosquitoes over long distances
(reference). By immobilising mosquitoes at low temperatures, their metabolic activity is
reduced, minimising the risk of physical damage, escape, or disease transmission during
transit (Culbert et al.,, 2017). These are essential for maintaining the efficacy of SIT

programmes.

Compaction is also an essential aspect of packaging, especially with regards to space efficiency
(Culbert, 2020; Ernawan et al., 2022). Thus, finding the optimal number of adult sterile males
that can be packaged per chamber/container without affecting their quality is vital. In the
current study, three different chambers and densities were investigated, with results showing
the highest mortality rates when 5000 adult males were confined in a syringe (density: 5317.5
males/cm3), whereas the lowest mortality rates occurred when 1000 adult males were
accommodated in a 30 x 30 x 30 cm?® Bugdorm-1® cage (density: 0.037 males/cm3).
Furthermore, longer longevity was observed when a lower number of adults was used per
chamber, regardless of the compaction chamber. In general, lower numbers of adults in each
chamber resulted in longer longevity, regardless of the compaction chamber used. In
comparison to other studies, Culbert et al. (2018) found that a combination of chilling,

compaction, irradiation did significantly reduce survival of Ae. aegypti. Also, Ernawan et al.
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(2022) found significant decreases in survival in Ae. gegypti adult males compacted to
densities over 40 males/cm? for durations greater than 3 h at 7°C. Similarly, low Ae. aegypti
male survival was observed by Chung et al. (2018) at 40 males/cm3. In contrast, Gomez et al.
(2022) found that a combination of chilling to 7°C and a compaction density of 100 adult
males/cm3 did not reduce male Ae. aegypti ability to mate with females compared to control
groups even with 24 h of compaction. lyaloo et al. (2020) found that 2000 sterile adult males
per Bugdorm cage (27 000 cm?) is the optimal density at which Ae. albopictus could be stored
and transported to a field site, with minimal effects of the latter’s survival. Interestingly in this
study, both the petri dish chamber and the syringe chamber had similar trends in mortality
rates, with no significant difference in their performance in terms of minimising adult
mortality during compaction. This result contrasts with the findings reported by Zhang et al.
(2020), who observed that the shape of the container could indeed influence mortality and
the distribution of adults within it. Certain container shapes may allow for more even
distribution, reducing the risk of overcrowding or uneven compaction. Excessive mosquitoes
in a chamber can result in overcrowding and physical damage, while too few mosquitoes can
lead to excess space, potentially causing physical interactions, friction, and damage during
transportation (Culbert et al. 2017). These considerations are especially critical for large-scale

releases, where logistical challenges related to vehicle space and handling efficiency come into

play.

The findings of the current study played a crucial role in the recent South African mosquito SIT
pilot release trials. Adult mosquitoes were immobilised in a walk-in cold room set at
temperatures between 4°C and 8°C for easy handling. Subsequently, the immobilised adults
were compacted into 50 m@ Falcon tubes, equivalent to syringes, with a range of 1000 to 5000
adult males per tube. The adults were then irradiated using a Rad Source 2400 X-ray irradiator,
delivering a dose of 75 Gy to immobile adult males. Following irradiation, adult males were

marked with fluorescent powder (sales@bastionpaint.co.za) inside the cold room within three

to five minutes. After marking, the mosquitoes were transferred back into BugDorm-1® cages
for recovery, where they were provided with a 10% sugar water solution soaked on a cotton
ball. The cages were then placed in a mobile trailer maintained at ambient temperature and

transported to the release site, which was six to eight hours away. Through this, 30 000 to 50
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000 sterile marked makes were successfully transported and released as part of a pilot SIT

study (Mashatola, unpublished results).

By integrating chilling into the handling, irradiation, marking protocols in SIT programmes,
stakeholders can enhance the efficiency, safety, and effectiveness of mosquito control efforts,
ultimately contributing to the reduction of mosquito-borne disease transmission and the
protection of public health. Although Bugdorm-1°® cage worked for the South African SIT pilot
releases, next time when releasing millions of mosquitoes per week space efficiency will be
vital. Thus further studies on small compaction chambers is suggested. The studies should
include investigations on competitiveness in both laboratory and field, as well as flight ability
as a proxy for fitness (Culbert et al. 2019). Additionally, none of these previous studies
assessed the sexual competitiveness of sterilised adult males after chilling, compaction, and
irradiation treatments. Measuring how well-sterilised males can compete with fertile males

for access to females is necessary for assessing the production quality of sterile males.

7.5. Conclusion
This work has established an optimal knockdown temperature range of 4°C — 8°C for 20

minutes that can be used to chill/immobilise adult sterile males during handling in the
laboratory without any immediate impact on longevity. In general, lower numbers of adults in
each chamber resulted in longer longevity, regardless of the compaction chamber used. These
findings were useful during recent pilot releases conducted by the South African SIT
programme, in which 30 000 — 50 000 sterile adults were packaged at 1000 adult males in a

Bugdorm-1° cage per week and transported to a field site 6 — 8 h away.
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CHAPTER 8: Final Discussion and Conclusions

8.1. Introduction
Malaria has undoubtedly remained a global public health concern, responsible for millions of

cases and thousands of fatalities annually (WHO, 2022). Sub-Saharan Africa accounts for more
than 80% of all illnesses and 90% of deaths, primarily among pregnant women and children
under five years of age. South Africa, one of the impacted countries, had set a mandate to
eliminate malaria this year (i.e., no local transmission by 2023) (Elimination 8, 2019). However,
despite tremendous progress in malaria case reduction over the years due to the consistent
deployment of IRS as a vector control intervention and case management measures,
elimination has not been achieved (Raman et al., 2016). The use of IRS of dwellings with
insecticides is at the forefront of vector control (Brooke et al., 2013, 2015; Brooke, 2022).
However, despite these efforts, it is clear that more resources and actions are required to
achieve the malaria elimination objective. This includes the incorporation of additional vector
control mechanisms to supplement IRS. One such technique is the SIT targeting the primary
malaria vector An. arabiensis (Dyck et al., 2021). In South Africa, investigations into the SIT are
currently at an advanced development level, with various technical aspects of the technology

refined to support the ongoing small-scale pilot field trial (Munhenga et al., 2011, 2014, 2016).

However, the complete operation or application of the SIT for An. arabiensis control is
hindered by the lack of an efficient operational sex separation strategy (Mashatola et al.,
2018) and optimal handling and packaging of An. arabiensis sterile males during laboratory
production and transport to the field (Culbert et al., 2017). Regarding the former, it is very
critical to have an efficient sex separation mechanism to exclude female mosquitoes from the
production line before irradiation and field releases (Mashatola et al., 2018). This is because,
unlike males, females are capable of biting, blood feeding and transmitting the Plasmodium
parasites that cause the malaria disease (Clements, 1992). The current methods for separating
An. arabiensis sexes are proving inefficient in supporting the operational application of the
current small-scale pilot trials carried out by the South African SIT project. For example, the
GSS developed by Dandalo et al. (2018), acronymed “GMK”, exhibits low productivity and
inherited sterility, possibly due to the Y-autosome chromosomal rearrangement of the
dieldrin resistance gene (Willhoeft and Franz, 1996). Thus, this study aimed to develop

additional systems to separate males and females before male sterilisation and release.
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8.2. Work covered in this thesis
Investigations into the potential use of the toxicant ivermectin to eliminate females via

artificial membrane blood-feeding were part of developing additional ways to separate males
and females (Yamada et al., 2013a). As a precursor to blood toxicant trials, adult females were
optimised and acclimatised to an artificial membrane feeding system with the objective of
replacing live guinea pigs during routine mosquito blood feeding. Indirect blood-feeding with
a Hemotek® feeding system using cattle blood through hog casing or collagen membrane is
equally as effective as direct feeding with live guinea pigs. It can be proposed that indirect
blood-feeding procedures be utilised to replace direct blood-feeding with animals without

affecting mosquito colony maintenance.

Optimisation of artificial blood-feeding systems allowed experiments using blood-spiked
ivermectin as a female elimination strategy to be conducted. In these experiments ivermectin
eliminated >90% of fed females within the first two days. The downturn of this approach as a
sexing strategy is that it took 7.5 ppm of ivermectin up to 11 days to eliminate the remaining
females. This was because most females were uninterested in blood feeding, underlining the
behavioural challenges associated with utilising this strategy. It can therefore be concluded
that ivermectin should not be solely depended upon as the exclusive sex separation strategy.
However, it may be useful as a supplementary approach to eliminate any residual females left

after a primary method such as the GSS using the dieldrin-resistance as selection marker.

The inefficiency of spiking blood with ivermectin as a female elimination approach led to the
development of alternative -sex separation procedures. Ideally, a good sexing system should
target the embryonic and early developmental stages so that rearing costs can be minimised
(Franz, 2005). Against this background, traditional genetic techniques have been used to
generate GSSs and thus conditionally produce males only. The most widely used of these is
the GSS for the medfly C. capitata, which was produced using the mutagen EMS. This system
relies on two selectable markers: the wp gene and the ts/ genes (Franz et al., 1994, 2020,
2021). Homozygous females carrying the recessive mutation do not survive when exposed to
elevated temperatures (34 °C for 24 h), while hemizygous males are capable of surviving

(Caceres, 2002; Franz, 2005; Franz et al., 2021). This distinction may arise from the fact that a
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protein product of a ts/ gene operates effectively at permissive temperatures but not under
restrictive temperature conditions. The pupal colour is a random mutation whereby males
emerge from brown pupae while females emerge from white pupae, providing a technique
for confirming female elimination after high-temperature treatment (Caceres, 2002; Franz,

2005; Franz et al., 2021).

In Anopheles species, GSSs have been produced based on the Y-autosome translocation of an
insecticide-resistant mutation and none based on ts/ mutation (Papathanos et al., 2009; Gilles
et al., 2014; Yamada et al., 2012; Dandalo et al., 2018). The work performed in this thesis
attempted to emulate the approach used in developing the C. capitata GSS. The first
attempted to determine the minimum (permissible) and maximum (restrictive) temperatures
at which an An. arabiensis laboratory colony survives (determining the thermal
limits/thermosensitive range) before screening for ts/ in individuals. Results showed that the
temperature that can be used for ts/ screenings at the egg stage is 39 °Cfor 1 h, 41 °C for 76.4
minutes (~1 h and 17 minutes) for first instar larvae and 43 °C for 63.1 minutes (~*1 h and 5
minutes) for pupae. Furthermore, it was found that temperature sensitivity varies based on
exposure duration and developmental stage. These findings were applied in EMS experiments
to induce conditional mutations (ts/ and morphological body variations) in An. arabiensis
towards the development of tsl-based GSSs. These attempts were, unfortunately,
unsuccessful. Furthermore, morphological body abnormalities were observed, no success was
achieved in isolating or recovering the mutations in later generations. However, findings from
this work were shared through an IAEA-initiated CRP in which EMS was successfully utilised to

isolate and characterise an An. arabiensis tsl strain (Ndo et al., 2018).

Subsequently, attempts were made to use this strain (CMR-ts/) to develop a ts/-based GSS
containing a South African genetic background. Unfortunately, the CMR-ts/ was found to be
An. coluzzii instead of An. arabiensis following molecular species identification. Cross-mating
experiments clearly showed the presence of introgressive hybridisation between An. coluzzii
and An. arabiensis. Experiments were continued to prove the principle of developing a GSS by
linking the wild-type ts/ allele to the sex-determining Y chromosome. However, this work

failed to develop an An. arabiensis tsl-based GSS.
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8.3. Recommendation for future research
Based on the results of the work in this thesis, it is recommended that indirect blood-feeding

techniques be considered as a replacement for direct animal blood-feeding practices. Notably,
this transition has already been effectively implemented at the BDMI, where all mosquito
colonies have successfully transitioned from guinea pig blood-feeding to Hemotek® blood-
feeding system. It is also recommended that other sexing strategies, such as GSSs, be
investigated as complete reliance on ivermectin blood spiking as a sex separation strategy is
not recommended. Data on the temperature range for survival in an An. arabiensis laboratory
colony, serves as a foundation for future studies that aim to locate and characterise ts/

mutations in mosquito populations.

Furthermore, it is recommended that the use of EMS to generate conditional mutations
continue, but that methods of application and screening be refined. For example, to produce
sex-linked recessive lethal mutations, utilise vapour inhalation rather than direct ingestion
(Marec, 1990). It also recommended to expand the mutational screening to include other life
stages or body parts, for example eye colour in adults (Koskinioti et al., 2021). Furthermore,
to improve recovery of induced mutations in subsequent progeny, the number of parental
material treated in the beginning could be increased. Moreover, the failure to develop a ts/-
based GSS using the described methods in this study calls for exploration of other alternative
approaches to develop sexing strains, especially methods that would reduce financial costs
and time for research and development, allowing SIT programmes to be more readily

developed and implemented (FAO/IAEA, 2023).

Among these are transgenic approaches that have been successfully used to develop various
An. arabiensis fluorescent marked strains for the South African SIT programme. One is an An.
arabiensis strain that has been introgressed into a South African genetic background (KWAG)
and carries the entire Y chromosome from An. gambiae (AY-2), including a transgenic red
fluorescent marker (Ntoyi et al., 2022). The created fluorescent strain (acronym KWAG-AY2)
was evaluated for its potential to be a reliable sexing system. The results of this evaluation
demonstrated the strain's genetic stability and a high level of efficiency in sexing. Importantly,
over three rounds of introgression crosses, no recombination events involving the fluorescent

marker were observed. In terms of hatching rates and larval development, KWAG-AY2
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exhibited superior performance compared to both AY-2 and KWAG strains. Fecundity amongst
the strains showed no significant difference. In fight ability tests (a proxy for mating
competitiveness), KWAG-AY2 males outperformed the reference strains. These findings
suggest that the newly developed KWAG-AY2 fluorescent strain has the potential for use as a
sexing system. However, it is crucial to note that before its operational use in South Africa's
SIT programme, comprehensive assessments are required. These assessments should include
an evaluation of its large-scale rearing efficiency, determination of the optimal sterility
irradiation dose-response, examination of the effect of irradiation on male mating
competitiveness, assessment of mating compatibility with the wild-type KWAG strain, and
finally, field trials conducted under open field conditions using mark-release-recapture (MRR)
studies (Benedict and Robinson, 2003; Dame et al., 2009; Dyck et al., 2021). Moreover, a risk
assessment analysis is required to address any concerns about the potential release of this
generated strain in ecosystems and to get the appropriate regulatory licenses for open field
releases (Bourtzis et al., 2016). However, while waiting for approval/in parallel, other methods
to create transgenic strains but release non-transgenic strains are being developed. In fact,
KWAG was used again to successfully develop two more An. arabiensis fluorescent-based
transgenic sexing strains (unpublished data). The fluorescence in one strain is tied to the X-
chromosome, whereas the fluorescence in the other is linked to the Y-chromosome. Cross-
mating of these sexing strains will allow for the sorting and release of non-transgenic males
(Lutrat et al., 2022). The next steps on these strains will be similar to those of any newly
developed strain (e.g., KWAG-AY2). Nonetheless, the progress made towards establishment
of these strains has provided the South African SIT with a strong foundation for planning the
operational phase and successful completion of the current small-scale pilot trials, especially
a move from sex separation methods that included manual aspiration of adults and use of the

insecticide dieldrin.

There are other recent breakthroughs that should be examined as alternate techniques to
developing sexing strains and possibly overcome some of the hurdles observed by the other
methods. Next-generation sequencing (NGS) technologies, novel cytogenetics and
chromosome manipulation approaches, new tools for modifying genotypes, and
advancements in RNAi for pest management are examples of these (Meccariello et al., 2019;

Chen et al., 2022). Using these methods, genes that are suitable as selectable markers for the
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development of GSS in An. arabiensis can be identified and characterised; embryonic
microinjections can be performed to induce mutations that will be used in the development
of non-transgenic GSS; and any developed mutant line(s) can be genetically and molecularly
characterised, as well as compared for genetic stability, reproductive and physiological

properties.

Another goal of this research was to improve the South African SIT programme by optimising
the handling and packing conditions for An. arabiensis sterile males (Culbert et al., 2017, 2018,
2019). This is because these parameters can alter the quality of sterile males and, as such,
must be evaluated in order to develop standard protocols for the SIT's efficacy against
mosquitoes (Pagabeleguem et al., 2015; Parker et al., 2021). This study determined an
appropriate temperature range (4 °C — 8 °C for up to 20 minutes) that can be utilised to
chill/immobilise adult sterile males during laboratory handling without affecting
survival/longevity. Furthermore, the study revealed the optimal packaging/compaction
conditions (1000 adult males in a Bugdorm-1° cage) for transporting adult sterile males,
particularly during small scale pilot trials. These two parameters do not fully cover the topic
of handling, transporting, and releasing sterile male mosquitoes, but they were useful during
recent small scale pilot trials by the South African SIT programme, in which 30 000 to 50 000
adult sterile males were packaged and transported to a field site 6 h to 8 h away. These
advancements have laid a solid foundation for planning the SIT operational phase. It is hoped
that the SOP developed from this work will be of great value in other SIT programmes working
with An. arabiensis or any other SIT programme against the main vectors of mosquito-borne
diseases. Future studies should focus on optimised conditions and practical protocols for
pupal vs adult irradiation and releases, walking vs vehicle ground releases vs aerial releases
with drones or unmanned aerial vehicle (UAV) for example (Bouyer et al., 2020a; Guo et al.,
2022). Also, quality and fitness parameters should be measured, including mating
competitiveness of the sterile males against wild males, instead of focusing only on

survivorship and longevity parameters (Calkins and Parker, 2005; Parker et al., 2021).

With increase in the geographical range in insecticide resistant populations (Ranson and
Lissenden, 2016; Suh et al., 2023), several malaria vectors have been reported to have been

selected for resistance to almost all classes recommended for vector control (Wiebe et al.,
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2017). This is further complicated by invasive species such as An. stephensi (Sinka et al., 2020)
and climate change change resulting in favourable conditions that support mosquito disease
vectors (Caldwell et al., 2021; Coldn-Gonzalez et al., 2021). Changes in vector behaviour, i.e.
vector behavioural plasticity is an additional factor complicating malaria vector control
(Gatton et al., 2013; Kreppel et al., 2020). All these factors motivate the need for

complementary vector control tools such as SIT to be investigated for potential application.
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APPENDICES
Appendix 1: Protocol for routine laboratory colony rearing and maintenance as per Hunt et

al. (2005), with some modifications.

Introduction

This protocol describes routine rearing and maintenance of Anopheles mosquito colonies at
the Botha De Meillon Insectary (BDMI), National Institute for Communicable Diseases (NICD),
Vector Control Reference Laboratory (VCRL), Johannesburg, South Africa. The insectary is
under controlled standard conditions of 27 + 1°C room temperature, 70 + 10% relative
humidity, 12:12 h photoperiod of light and dark interrupted by 45 minutes of dusk and dawn

each cycle.

Materials needed

Plastic rearing trays (41 cm length x 30 cm width x 8 cm height) and plastic tubs (38 cm length
x 32 cm width x 14 cm height), mosquito nets to cover the trays, distilled water for aquatic
life stages, larval food (dog biscuits and yeast), mosquito cages to hold adults, 10% sterile
sugar solution to sustain adults, sucking tubes to collect adults, guinea pigs to feed females so

that they produce eggs, filter paper, cotton wool,

Procedure

Larval and pupal rearing

First, second and third instar larvae are transferred to plastic rearing trays filled with about
2.5 @ of distilled water (Figure S1.1). Larvae are fed twice daily with a mixture of brewers’ yeast
((Vital Health Foods, South Africa) and finely ground dog biscuits (West’s Beeno® Traditional
Crunchy Biscuit Treats, Martin and Martin, South Africa) prepared at a ratio of 1:3. The dog
biscuits are grinded using a planetary ball mill PM100 (Retsch® GMBH, Haan, Germany). The
final particle size of the ingredient powder is between 50 and 150 um. The powdered larval
diet mixture is transferred into glass vials and passed through a mesh sieve to feed the larvae.
Food quantity is adjusted according to the larval stage and number of larvae in bowl, roughly
0.2 — 0.8 mg per larvae per day/two shakes per feed two times a day. The pupae are allowed
to emerge to adults for the next 2 — 3 days. Food is given every day to the larvae/pupae by

carefully removing the net to avoid escaping of adults.
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Prior to pupation, fourth instar larvae were transferred into 5 € plastic tubs/containers
containing 2.5 £ of distilled water and covered with meshed nets to prevent adult mosquitoes

from escaping after eclosion.

Figure S1. 1: First to third larval stages reared in 41 x 30 x 8 cm? plastic rearing trays filled with
about 2.5 £ distilled water b) fourth instar larvae and pupae reared in 38 x 32 x 14 cm? plastic
tubs containing 2.5 € of distilled water and covered with meshed nets to prevent adult

mosquitoes from escaping after eclosion.

Preparation of cages for holding adult mosquitoes:

Post adult emergence, a mouth aspirator (made of separate glass tube and rubber tube (each
30 cm length x 1 cm diameter) that are connected and separated by a gauze to prevent
mosquitoes from been swallowed) is used to transfer adults into a BugDorm-1° adult rearing
cages (Figure S1.2). A 10% sugar solution, made by dissolving 100 g of sugar in 1 £ of distilled
water is soaked on cotton balls, placed in urine jars and made available in each cage to sustain
the adult mosquitoes. The mosquitoes are left to mate for 3 — 5 days. Sugar solution changed

twice a week.
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Figure S1. 2: A white polypropylene Bugdorm-1 cage used to house adult mosquitoes.

Blood feeding

Adult female mosquitoes are fed on anaesthetised guinea pigs (Ethics Clearance REF:W-CJ-
100510-1, appendix 2), 3 — 5 days after emergence, thereafter twice weekly or twice in 5 days.
All the blood feeding takes place during the induced night cycle in the insectary between 12:30
and 14:00. The guinea pigs are maintained in an animal husbandry at the National Health
Laboratory Services and were shaven on one side of their abdomen for mosquitoes to easily
access and feed. Blood feeding is done by placing the exposed abdomen of the unconscious
guinea pig on top of the mesh side of the cage. For easy feeding in the Bugdorm-1° cage, the
cover panels were displaced to the sides to allow one mesh panel to be on top. Feeding on

the guinea pigs is done for 10 minutes in each cage.

Oviposition

Two days after the second blood meal, a plastic container (27 cm length x 16 cm width x 6.5
cm height) spray painted dark on the outside (egg plate) is placed inside each cage. The plate
is filled with 100 m€ of distilled water and left overnight in the cages (Figure S1.3). The
following day eggs are removed from the cups and transferred to a small filter paper wrapped

in a conical shape is put in a small, empty beaker. The eggs are washed/rinsed with 10%
216



formalin twice and distilled water once before been transferred into a small plastic larval
rearing bowl containing 100 m#& of distilled water and left to hatch. The cycle was repeated

continuously.

Figure S1. 3: A dark painted egg plate that served as an oviposition site and a plastic bowl

containing 150 m® of distilled water for egg harvesting.
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Appendix 2: Ethics waiver for research on mosquitoes
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Appendix 3: Waiver from the Animal Research Ethics Committee of the University of the

Witwatersrand
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Appendix 4: Use of EMS and y to induce morphological variations in An. arabiensis larvae.

Introduction
The development of GSSs in programmes such as the SIT requires a visible or conditional lethal

mutation as a selectable marker and its linkage (wild-type allele) to the male-determining
locus (Franz, 2005). Males in the resulting strain exhibit the wild-type phenotype, whereas

females have the recessive allele of the selectable marker and exhibit the mutant phenotype.

Several markers, including insecticide resistance, ts/, and morphological variations, have
previously been used to develop GSSs in other insects (Franz, 2005; Zepeda-Cisneros et al.,
2014; Meza et al., 2020). Variations in morphology has received the least attention in
Anophelines, despite being reported to be stable and evident early in development, with full
penetrance and expressivity, and in some cases already sex linked (Koskinioti et al., 2021). If
used, the wild type gene can be linked to the male sex chromosome through chromosomal
translocations, resulting in females that are different from the males. This will allow easy visual

separation of sexes, for example, using sorting machines.

Phenotypic mutants that are expressed during early aquatic stages, such as larval stage can
be useful in development of GSS. Several of such markers have been reported in mosquitoes,
these include red stripe phenotype, which was apparent in An. arabiensis larvae (Mason,
1967), black larvae mutation in An. stephensi (Malcolm and Mali, 1986), green larvae in Ae.
aegypti (Mukiama, 1985), etc. These morphological variations are commonly observed in
nature and often occur spontaneously. However, their yield/expression and genetic diversity

can be increased by using mutagenic agents.

Various mutagenic agents exist, including physical agents, chemical mutagens, biological
agents, transgenic technologies, and so on (Ling and Robinson, 1997). All these mutagenic
agents vary in effect or mode of action. Biological agents and transgenic technologies are still
in their early stages of practical/operational/regular use. In addition, these methods are faced
with obstacles of regulatory restrictions, public acceptance, and sustainability (Papathanos et
al., 2018). Furthermore, in low-income countries, the skills and resources required to operate
such complex technology are not always available or affordable. Hence, in this study the focus

was directed at physical agents and chemicals mutagens that were accessible.
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The use of physical agents and chemicals to induce mutations has been extensively
demonstrated in various organisms, particularly plants (FAO/IAEA, 2021). Physical agents
typically cause chromosomal rearrangements (deletions, translocations, and chromosomal
aberrations) whereas chemical mutagens induce single nucleotide polymorphisms (SNPs)
(FAO/IAEA, 2021). The most common physical and chemical mutagens are ionising-radiation
and EMS respectively (FAO/IAEA, 2021). These mutagens vary in potency/degree of genetic
diversity mutation. Various factors influence this, including the type of tissue or life stage of
the biological material treated, the geographical origin of strains, the dosage and duration of
treatment, and so on (LaChance and Graham, 1984; Bakri et al., 2005; FAO/IAEA, 2021).
Against this background, this study aimed to determine the effectiveness of different y

irradiation and EMS doses in inducing morphological variations in An. arabiensis larvae.

Methods

Mosquito strain and rearing
The An. arabiensis strain, KWAG, described in 2.2.1 was used in this study. Rearing was

performed as described in Hunt et al. (2005) and appendix 1.

Effect of various EMS and irradiation doses on selected reproductive traits
y mutagenesis

(a) Pupal collection and irradiation procedure
Pupae were collected from rearing trays in the morning (8 a.m.) and then repeatedly at every

2 — 3 h intervals until the afternoon (4 — 6 p.m.). The pupae were placed in separate cups as
per age (collection time) and enclosed in corresponding BugDorm-4° cages overnight. All
pupae were separated into males and females under a microscope based on genital
morphology the following day. Female pupae were placed in BugDorm-1° cages to emerge
into adults. Male pupae (aged 20 — 22 h old) were placed in a doughnut-shaped irradiation jig
containing 100 — 200 m#& of distilled water (Figure S4.1) and subjected to seven different
irradiation doses, including the control (0, 20, 25, 30, 35, 40, 45, and 50 Gy). A cobalt-60 (°Co)
y irradiator (Gammacell220, MDS Nordion, Ottawa, Canada) located at the BDMI, NICD,
Johannesburg; South Africa was used to administer a dose rate of 23.15 Gy/min. Dose
mapping was previously performed on the irradiator (Dandalo, 2016; Munhenga et al., 2016).
Post irradiation, pupae were placed in small plastic cups containing 100 m# of distilled water
and placed in BugDorm-4° cages for pupae to emerge into adults and the following parameters

measured as described below.
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Figure S4. 1: Irradiation procedure a) the nylon phantom irradiation canister, b) pupae inside
irradiation jig suspended in 100 — 200 m£ of distilled water, c) closed irradiation canister and
tripod stand, d) irradiation canister on top of tripod stand, e) irradiation canister containing

male pupae placed into the cobalt-60 (°°Co) y irradiator.

(b) Measured parameters

Pupal emergence
Fifty of the irradiated male pupae were placed per dose in small polystyrene cups containing

100 m¢ of distilled water. The cups were placed in corresponding BugDorm-4° cages for pupae
to emerge. The same number of unirradiated pupae were introduced into another cage to
serve as control. Thirty-six to 48 h after irradiation treatment, the number of dead pupae (not
moving when gently poked with a pipette) or semi-emerged adults (not flying) were recorded
as non-emerged while the number of successfully emerged adults (flying) were recorded as

emerged.

Fecundity
The effect of irradiation on fecundity was determined by placing 50 unmated, unirradiated

adult females of the same age in new 15 x 15 x 15 cm? BugDorm-4" cages with an equal

number of unmated, irradiated adult males. A 10% sugar solution was placed in all cages
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throughout. The adults were allowed to mate for three to five days after which a blood meal,
directly through the shaven abdomen of a live anaesthetised guinea pig, was provided to
females of each cage for a period of 10 minutes each. Immediately post blood feeding, unfed
females were removed from each cage. The remaining females were offered a second blood
meal two to four days after the first. Two days after the second blood meal, 20 fed females
from each cage were randomly selected and transferred into individual glass vials (11 mm
radius x 50 mm height) lined on the inside with a damp filter paper and covered on top with
a mesh lid (Choi et al., 2014). Each glass vial was provisioned with a 10% sugar solution soaked
on a cotton wool ball placed on top of the netted lid. Irradiated males were considered Fo
while the resulting progeny from the cross between these irradiated Fo males and untreated
Fo females were defined as Fi. Glass vials were checked once daily (mornings) for eggs (F1
generation) and dead females. This was performed for 10 consecutive days. If eggs were
observed, an optical Glass Binocular Magnifier (Donegam Optical Company, Lenexa, Kansas
66219 USA) was used to count the total number of eggs laid by each female. All females, either
dead before laying eggs or laid eggs or still alive by day 10, were dissected and checked for
mating success/insemination rates by observing for the presence/absence of spermatozoa in
their spermatheca. In addition, the ovaries of all females were dissected, and the

presence/absence of un-laid eggs retained in ovaries was recorded.

Fertility
Eggs laid by individual females were transferred from glass vials into corresponding 350 mé

polystyrene cups filled with 150 m#€ of distilled water and allowed to hatch. Upon hatching,

larvae were counted and removed into new plastic cups daily for 14 consecutive days.

EMS mutagenesis

(a) Preparation of EMS solutions
A colourless EMS liquid from Sigma-Aldrich (catalogue No. M0880) was used in this study. The

EMS liquid was added directly to a 10% sugar-water solution (w/v) to create different test

doses.

(b) Effect of EMS-Induced Mutagenesis in adults:
Pupae were collected and separated by gender (Harbach and Knight, 1980). Male pupae were

transferred into different cups containing 100 m# distilled water. Each cup was placed in a

corresponding cage furnished with a 10% sugar solution spiked with either 0.025%, 0.050%,
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0.075%, 0.100%, 0.250%, or 0.500% EMS. The EMS-spiked sugar solution was soaked on
cotton wool balls and placed in a urine jar. A cage containing the same number of males was
provisioned with plain 10% sugar solution and served as control. The males were allowed
continuous feeding and tarsal contact with EMS-spiked sugar solution for 24 hours before the
solutions were removed and adult male mortality recorded. Dead males were removed from
each cage. Females (n = 100) of the same age as males were added to each cage. A new 10%
sugar solution without EMS was placed in each cage. Adults were allowed two —three days to
feed on the new 10% sugar solution and mate before males were removed from cages and
blood meals provided to females twice over a five-day period. Two days after the second blood
meal, the number of females alive in each cage were counted before a plastic egg bowl filled
with distilled water was placed in each cage overnight. The following day, the egg bowls were
removed from the cages and eggs counted to determine fecundity (i.e., calculated by dividing
the number of eggs laid overnight by the number of females alive when egg bowls were placed
into the cages). After counting, eggs were placed into dose corresponding cups and monitored
for hatching by counting and removing newly hatched L1 into new trays daily for 14
consecutive days. Screening of F1 larvae for mutations was performed as described in the

irradiation mutagenesis section above.

Screening F; larvae resulting from mutagen treated parents for larval morphological
mutations in comparison to the wild-type
Progeny from each F1iso-family were screened visually using a magnifying glass once daily for

any morphological variations to the wild-type. Where variations were observed, an OLYMPUS
SZ61 (12x magnification) stereomicroscope was used to confirm the variations and captured
photos through a SC30 digital camera (OLYMPUS, Tokyo, Japan). The experiments were

repeated at least two times, each time using different parents.

Data management and statistical analysis
The effect of the mutagens on pupal emergence/adult male mortality, fertility and fecundity

was determined using ANOVA followed by the Bonferronni pairwise mean comparison.
Furthermore, as per the formula suggested by Gaul, (1964), the mutagenic frequency of each
mutagen was calculated as the number of larvae with morphological variations over the total

number of larvae that hatched from eggs.

) Number of larvae with morphological variations
Mutagenic frequency = Total number of larvae * 100
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All statistical analyses were performed using SPSS (IBM Corp, 2015) and DATAtab (DATAtab,
2022) statistical softwares, with differences between compared groups considered

statistically significant when p < 0.05.

Results

Effect of various EMS and irradiation doses on selected reproductive traits

Irradiation treatment

Pupal emergence

The mean number (x SD) of adults that emerged from pupae was lowest in 50 Gy (88.67% *

5.77) and highest in 25 Gy (94.67% * 4.16) (Figure S4.2). There was no significant difference

between the irradiation dose and emergence (one-way ANOVA; F =0.8, p = 0.602).
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Figure S4. 2: Emergence (%) of pupae into adults following irradiation with different doses.

Fecundity
The total number (+ SD) of eggs laid per female were the lowest at 50 Gy (55.48% + 21.43) and

highest in 0 Gy (92.78% + 20.38) (Figure S4.3). Statistically this showed a significant difference
when compared across irradiation doses, especially the control (one-way ANOVA, F =5.34, p

= 0.001). This was confirmed by a Bonferroni post-hoc test which revealed that the pairwise
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group comparisons of 0 - 20, 0-25,0-30,0-35,0-40 and 0 - 50 have a p-value less than

0.05.
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Figure S4. 3: Fecundity (number of eggs laid per female) of females mated with males

irradiated at different doses and their corresponding control. *dots show outliers.

Fertility

The percentage of eggs that hatched (+ SD) decreased as the irradiation dose increased, with

the highest observed in 0 Gy (66.74% + 11.5) and the lowest in 50 Gy (12.7% + 10.48) (Figure

S4.4). A statistical test showed a significant difference in the percentage of eggs that hatched

depending on irradiation dose (one-way ANOVA, F =32.97, p = 0.001). A Bonferroni post-hoc

test revealed the differences to be between 0 and all the other doses, 20 and 30, 35, 40, 45,

50; 25 and 35, 40, 45, 50; 30 and 40, 45, 50; and between 35 and 50 Gy.
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Figure S4. 4: Fertility (percentage of eggs that hatched) from females mated with males

irradiated at different dosages and corresponding controls. *dot shows outliers.

EMS treatment

Adult male mortality
Adult male mortality rates of males 24 h (+ SD) post EMS treatment showed an increase in

mortality as the doses increased. The lowest mortality was observed in control (no EMS):
4.67% + 3.06 and highest in 0.500%: 92.0% + 3.33. (Figure S4.5). A one-way ANOVA showed a
significant difference between EMS dose and male mortality after 24 h (F = 162.29, p = 0.001),
with a Bonferroni post-hoc test revealing the groups with significant pairwise differences to
be 0 and all the other doses, 0.025 and 0.075, 0.1, 0.25, and 0.5, 0.05 and 0.1, 0.25, and 0.5,
0.075 and 0.1, 0.25, and 0.5.
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Figure S4. 5: Mortality (mean %) of adult males’ 24 h post feeding overnight on different doses
of EMS.

Fecundity
Fecundity decreased as the doses increased. The highest fecundity (+ SD) was observed in

control (no EMS): 66.74% + 11.5 and lowest in 0.500%: 12.7% + 10.48 (Figure S4.6). There was
a significant difference between EMS dose and fecundity (one-way ANOVA, F = 61.84, p =
0.001). A Bonferroni post-hoc test revealed that the pairwise group comparisons of 0 and all
other doses; 0.025 and 0.075 to 0.5; 0.05 and 0.075 to 0.5; 0.075 and 0.5; 0.1 and 0.5; and

0.25 and 0.5 are each significantly different from each other.
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Figure S4. 6: Fecundity of females mated with males that fed on different doses of EMS and

their corresponding.

Fertility
Fertility decreased as the doses increased. The highest fertility (+ SD) was observed in control

(no EMS): 68.9% + 8.02 and lowest in 0.500% where none of the eggs hatched (Figure S4.7). A
statistical test showed a significant difference between EMS dose and fertility (one-way
ANOVA, F =19.96, p = 0.001). A pairwise group comparisons with a Bonferroni post-hoc test
revealed differences to be between 0 and 0.1, 0.25, and 0.5; 0.025 and 0.25 and 0.5; 0.05 and
0.25 and 0.5; 0.075 and 0.25 and 0.5; and 0.1 and 0.5.
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Figure S4. 7: Fertility of females mated with males that fed on different doses of EMS and their

corresponding.

Screening Fi larvae resulting from mutagen treated parents for larval morphological
mutations in comparison to the wild-type
A number of morphological variation in F1 larval progenies were observed in both y and EMS

treatments (Figure S4.8). The frequency of larval morphological mutants (+ SD) induced by
both y and EMS showed a linear increase with increase in dose. These ranged from 1.39% +
0.48 t0 4.20% + 0.60 in y (Figure S4.9.a) and 0.08% + 0.1 to 10.71% * 3.67 in EMS treatments
(Figure S4.9.b). There was a significant difference in the frequency of larval morphological
variations among both y (one-way ANOVA, F = 72.96, p = 0.001) and EMS doses (one-way
ANOVA, F =16.32, p = 0.001).
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Figure S4. 8: Selected morphological variations observed in F1 third/fourth instar larvae whose parents were exposed to different doses of either

EMS ory. (a) wild-type, (b) - (h) various larval variations to the wild-type.
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Figure S4. 9: Frequency of morphological mutants induced in F1 generation of An. arabiensis

larvae following treatment with various doses of (a) y and (b) EMS.
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Discussion
The aim of this study was to use both y and EMS to induce conditional mutations and

phenotypically screen larval progeny for morphological variations in comparison to the wild-
type. Two approaches were used to achieve this goal. The first involved determination of the
effect of various EMS and y doses on selected reproductive traits. The second was to screen
F1 larvae resulting from mutagen treated parents for larval morphological mutations in

comparison to the wild-type.

Irradiation had no effect on the emergence of adults from pupae treated with different doses.
Other studies have reported similar results. For example, both Helinski et al., (2006) and
Munhenga et al., (2016) reported no adverse effects on pupae in An. arabiensis at doses as
high as 100 Gy. In contrast, Bhuyan and Barik, (2016) reported similar results in Ae. aegypti
exposed to doses up to 40 Gy. In terms of fecundity of the females mated with irradiated
males, this was also similar for all irradiation doses compared to the control. Other studies
have also reported similar outcomes. For example, Ae. aegypti females that mated with sterile
males continued to lay eggs even after males had been exposed to doses in the range 10 Gy
to 300 Gy (Shetty et al., 2016). Similarly, outcomes were reported in An. arabiensis females
that mated with males that had been exposed to 25 Gy to 100 Gy (Helinski et al., 2006).
Fertility on the other hand showed significant difference between the irradiation doses. In
previous studies on An. arabiensis, complete infertility was observed in doses of 70 Gy and 90
Gy (Helinski et al., 2006; Munhenga et al., 2016). Similar findings were reported by Shetty et
al., (2016) in Ae. aegypti whereby egg fertility was reduced following exposure of males to

doses of 20 Gy to 50 Gy.

Concerning EMS treatments, mortality of adults fed EMS increased as EMS dose increased. On
the contrary, fecundity and fertility decreased as EMS doses increased. Similar trends have
been reported in studies such as those by Rodriguez (1985) who reported that treatment with
EMS did not significantly reduce egg production, percentage hatchability, or total productivity
when administered to Ae. aegypti. In a more recent study, Ndo et al. (2018) reported that the
number of eggs laid and their hatch rate were similar between females that mated with males

mutagenised with 0.05% EMS and those that were untreated.

In terms of screening Fi1 larvae resulting from mutagen treated parents for larval
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morphological mutations in comparison to the wild-type, several larval morphological
mutations were recovered from both y and EMS treated mosquitoes. These ranged from
larvae with body colour that is white, black, green, etc, a clear contrast to the wild-type which
has a brown/beige colour. Most of these mutations were observed as the dose of the mutagen
increased. For example, y (% + SD) showed a larval mutagenic frequency that ranged from 1.39
1+ 0.48 at 20 Gy to 4.2 £ 0.06 at 45 Gy. No eggs hatched at 50 Gy. In the EMS treatment, there
was also a trend of increment in mutagenic frequency as the doses increased. The majority of
the mutants were observed at 0.250% EMS dose (10.71 + 3.67%). Most of the treated material
did not survive at 0.50%. In general, EMS induced a higher mutagenic frequency of larval
morphological mutations than y at the doses tested in this study. Based on these results, it is
recommended that EMS in the doses of up to 0.250% be used for mass scale mutagenesis of

An. arabiensis, depending on the mutagenic traits of interest.

Conclusion
The effect of EMS and y on selected reproductive traits varies. It is also possible to screen Fi

larvae resulting from mutagen treated parents for larval morphological mutations. EMS
induced a higher mutagenic frequency of larval morphological mutations than y at the doses
tested in this study. As such, it is recommended that EMS in the doses of up to 0.250% be used
for mass scale mutagenesis of An. arabiensis. In fact, this was tested in this in this thesis by
using EMS to induce conditional mutations and screening for iso-families with the potential to

contain ts/ alleles (see chapter 5).

References
Bakri, A., Heather, N., Hendrichs, J. and Ferris, I., 2005. Fifty years of radiation biology in

entomology: lessons learned from IDIDAS. Annals of the Entomological Society of
America, 98(1), pp.1-12.

Bhuyan, K.B. and Barik, T.K., 2016. Impact of high dose of gamma radiation on field collected
Aedes aegypti. Journal of Mosquito Research, 6.

Choi, K.S., Christian, R., Nardini, L., Wood, O.R., Agubuzo, E., Muleba, M., Munyati, S.,
Makuwaza, A., Koekemoer, L.L., Brooke, B.D. and Hunt, R.H., 2014. Insecticide
resistance and role in malaria transmission of Anopheles funestus populations from

Zambia and Zimbabwe. Parasites and Vectors, 7(1), pp.1-8.

234



Dandalo, L.C., 2016. Characterization of a local genetic sexing strain as well as a wild
population of Anopheles arabiensis from KwaZulu-Natal, South Africa. PhD Thesis.
Johannesburg: University of the Witwatersrand.
https://wiredspace.wits.ac.za/handle/10539/45.

FAO/IAEA, 2021. Mutation induction. Available at: https://www.iaea.org/topics/mutation-
induction.

Franz, G., 2005. Genetic sexing strains in Mediterranean fruit fly, an example for other
species amenable to large-scale rearing for the sterile insect technique. In Sterile
Insect Technique (pp. 427-451). Springer, Dordrecht.

Gaul, H., 1964. Mutations in plant breeding. Radiation Botany, 4(3), pp.155-232.

Harbach, R.E. and Knight, K.L., 1980. Taxonomists' glossary of mosquito anatomy. Plexus
Publishing Inc..

Helinski, M.E., Parker, A.G. and Knols, B.G., 2006. Radiation-induced sterility for pupal and
adult stages of the malaria mosquito Anopheles arabiensis. Malaria Journal, 5, pp.1-
10.

Hunt, R.H., Brooke, B.D., Pillay, C., Koekemoer, L.L. and Coetzee, M., 2005. Laboratory
selection for and characteristics of pyrethroid resistance in the malaria vector
Anopheles funestus. Medical and Veterinary Entomology, 19(3), pp.271-275.

Koskinioti, P., Augustinos, A.A., Carvalho, D.O., Misbah-ul-Haq, M., Pillwax, G., de la Fuente,
L.D., Salvador-Herranz, G., Herrero, R.A. and Bourtzis, K., 2021. Genetic sexing strains
for the population suppression of the mosquito vector Aedes aegypti. Philosophical
Transactions of the Royal Society B, 376(1818), p.20190808.

LaChance, L.E. and Graham, C.K., 1984. Insect radiosensitivity: dose curves and dose-
fractionation studies of dominant lethal mutations in the mature sperm of 4 insect
species. Mutation Research/Fundamental and Molecular Mechanisms of Mutagenesis,
127(1), pp.49-59.

Ling, M.M. and Robinson, B.H., 1997. Approaches to DNA mutagenesis: an overview.
Analytical Biochemistry, 254(2), pp.157-178.

Malcolm, C.A. and Mali, P., 1986. Genetic sexing of Anopheles stephensi with the larval
morphological mutant Bl. Genetica, 70(1), pp.37-42.

Mason, G.F., 1967. Genetic studies on mutations in species A and B of the Anopheles

gambiae complex. Genetics Research, 10(3), pp.205-217.

235



Meza, J.S., Bourtzis, K., Zacharopoulou, A., Gariou-Papalexiou, A. and Caceres, C., 2020.
Development and characterization of a pupal-colour based genetic sexing strain of
Anastrepha fraterculus sp. 1 (Diptera: Tephritidae). BMC Genetics, 21(2), pp.1-9.

Mukiama, T.K., 1985. Y-autosome genetic sexing strain of Anopheles albimanus (Diptera:
Culicidae). International Journal of Tropical Insect Science, 6(6), pp.649-652.

Munhenga, G., Brooke, B.D., Gilles, J.R., Slabbert, K., Kemp, A., Dandalo, L.C., Wood, O.R,,
Lobb, L.N., Govender, D., Renke, M. and Koekemoer, L.L., 2016. Mating
competitiveness of sterile genetic sexing strain males (GAMA) under laboratory and
semi-field conditions: steps towards the use of the Sterile Insect Technique to control
the major malaria vector Anopheles arabiensis in South Africa. Parasites and Vectors,
9(1), pp.1-12.

Ndo, C., Poumachu, Y., Metitsi, D., Awono-Ambene, H.P., Tchuinkam, T., Gilles, J.L.R. and
Bourtzis, K., 2018. Isolation and characterization of a temperature-sensitive lethal
strain of Anopheles arabiensis for SIT-based application. Parasites and Vectors, 11(2),
pp.97-105.

Papathanos, P.A., Bourtzis, K., Tripet, F., Bossin, H., Virginio, J.F., Capurro, M.L., Pedrosa, M.C,,
Guindo, A., Sylla, L., Coulibaly, M.B. and Yao, F.A., 2018. A perspective on the need
and current status of efficient sex separation methods for mosquito genetic control.
Parasites and Vectors, 11(2), pp.165-171.

Rodriguez, P.H., 1985. Ethyl-methanesulfonate-induced changes in filarial susceptibility in
Aedes aegypti (Diptera: Culicidae). Journal of Medical Entomology, 22(4), pp.366-369.

Shetty, V., Shetty, N.J., Harini, B.P., Ananthanarayana, S.R., Jha, S.K. and Chaubey, R.C., 2016.
Effect of gamma radiation on life history traits of Aedes aegypti (L.). Parasite
Epidemiology and Control, 1(2), pp.26-35.

Zepeda-Cisneros, C.S., Hernadndez, J.S.M., Garcia-Martinez, V., Ibafiez-Palacios, .,
Zacharopoulou, A. and Franz, G., 2014. Development, genetic and cytogenetic
analyses of genetic sexing strains of the Mexican fruit fly, Anastrepha ludens Loew

(Diptera: Tephritidae). BMC Genetics, 15(2), pp.1-11.

236



Appendix 5: Plagiarism declaration

UNIVERSITY OF THE é FACULTY OF
WITWATERSRAND, N7 %w HEALTH SCIENCES
JOHANNESBURG s | |

PLAGIARISM DECLARATION TO BE SIGNED BY ALL HIGHER DEGREE STUDENTS
SENATE PLAGIARISM POLICY: APPENDIX ONE

I Thabo Mashatola (Student number:__ 0500939P )am a

student registered for the degree of CMID 9000A - PHD THESIS in the

academic year 2023

| hereby declare the following:

- lam aware that plagiarism (the use of someone else’s work without their
permission and/or without acknowledging the original source) is wrong.

- | confirm that the work submitted for assessment for the above degree is my own
unaided work except where | have explicitly indicated otherwise.

- I have followed the required conventions in referencing the thoughts and ideas of
others.

- |l understand that the University of the Witwatersrand may take disciplinary action
against me if there is a belief that this is not my own unaided work or that | have
failed to acknowledge the source of the ideas or words in my writing.

- | have included as an appendix a report from “Turnitin” (or other approved
plagiarism detection) software indicating the level of plagiarism in my research
document.

2 sl

Signature:_ Date: 12 October 2023

237



Appendix 6: Sex separation techniques publication

Mashatoly et al Pomsies & Vechor 2018, 11 8uppl 208
ity 7ol ong/ 1011 8841 3071-018- 12194

Parasites & Vectors

REVIEW Open Access

A review on the progress of sex-separation W
techniques for sterile insect technique
applications against Anopheles arabiensis

Thabo Mashatola™#, Cyrille Noo**2, Lizette L Koekemoer™, Leonard C Dandalo™ Cliver R Wood 7,
Lerato Malakoane'”, Yacouba Poumachu®* | Leanine M. Lobb'™, Maria Kaiser™, Kostas Bourtzis® and
Givemone Munhenga'®

Abstract

The feasibility of the sterile irsect technique (37T) a5 a malana vector control strategy against Anopheles arabiansis
has been under investigation over the past decade. One of the critical steps required far the application of this
technique to mosquito contral is the availability of an effident and effectie sex-separation system. Sex-separation
systems eliminate female mosquitoes from the production line prior to iradiation and field réease of stedle males.
This is necesany because female mosquitoes can tranamiit pathogens such as malaria and, therefore, their release
miust be prevented Sex separation also inmeases the effidency of an SIT progemme. Various sex-ssparation strategies
hiave been explored induding the exploitation of devaopmental and behavioural difierences between male and
female mosquitoes, and genefic approaches. Most of these are however spedes-specific and are not indicated for the
major African malara vectors such as An. arablensis. As there is currently no reliable sx-ssparation method for An
ambiensE, various strategies were explord in an attempt to develop a mbust system that can be applied on a mass-
rearing sk The progress and challenges faced during the devalopment of a seing rstem for future pilot andfor
large—=cale ST release programmes against An. arabiensis are reviewed here Three methods of sex sepaation were
examined The firstis the use of pupal sze for gender prediction. The second is the dimination of blood-feeding adult
females through the addition of an endectodde to a blood meal source The third is the establishment of a genatic
sexing strain (555) camying an insecticde resistance sledable maker idigdd nn-esistance ral gene andfor other GABA
receptar antagonists that can be used as altemathe insacticides to dieldrin) or a temperature-ssnsitive | ethal marksc

Keywords: Anopheles arabiensis, sherile insect technique. sex-separation, genetic sexing stain

-

Background

Malaria & a major global health problem sesponsible for
approximately 216 million caves and 445,000 deaths wodd-
wide in 2016 alone [1]. An estimated 8% of malaris-related
deaths oocur in sub-Sabaran Africa, particularly in pregrant
women and children below the age of five years By afiect-
ing health at the percomal and community levels, malada
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alo has a direct impact on ratioral economdes, educaton
and social development [1, 2]

Various vector control interventions such as larval
sounce management, digdbution of irsecticide-treated
bednets (ITNs) and indoor residusl spraving (IRS) of
formulsted insecticides have contributed sgniflcantly to-
wanks suppresion of the global malada burden [3-5].
However, the burgeoning incdence of insecticide resist-
ance in target vector populations & threatening control
efforts [6—8], as ks the diversity of malark vector gpecles
assemblages which offen include outdoor-resting and
feeding components that are less ausceptible to control
by indoor applications of insecticide [9, 10]. To addres
these challenges, sup plementary vector control interven-
tions that are effective, environmentally fdendly and
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economical are required MNumerows technologles with
potential such as tramgenics induding gene drive, Wal-
bachiz-based methods and the sterile insect technigue
(SIT) are curently under development or am undergo-
ing open feld-testing and validation [11-20].

The SIT has been successfully applied as an area-wide
integrated wvector management (AW-IVM) method
against several insect pests [21, 23] This technique in-
volves the serial relesse of laboratory muss-produced
sterle insects, wsually males, at a ratio that effectively in-
undates a target wild population. This forces the major-
ity of fermales to mate with sterlle males, substantially
reducing their fecundity, and resulting in population
suppression [21].

Attempts to wie the SITagingt mosquitoes dates back
slx decades [23]. Since then substantta] reseanch, answer-
ing key questions on mosquitoes and the SIT, has been
conducted [11]. For the African malaria vector An ara-
biensis swveral msearch activities are underway in
Reunlon [shand, Sudan and South Africa. Data on the
following aspects has been generated () colonization
and maring conditions [24, 25], and (i) male sterility in-
duection through irradiation and related longevity, mat-
ing competitivenes, mating compatibiity [24, 26-30],
and means of tramsportation to release localities [24, 28]
In addition to these, field study site selection, and asoess-
ments of the monthly species and genetic abundances,
and variability of wild populstions have been undertaken
[31-33]. A study on the technical and soclal perspectives
of wsing the SIT to control malaris has been conducted
[#] including the recent knowledge, attitude and prac-
tices (KAP) survey perfomed in South Afdca inanarea
selected for pllot SIT meleases [35]. Before the SIT can be
applied at an opemtioral level, there is one cotical as-
pect remaining This k& the development of a robust sex
separation system to exclsively obtain males prior to re-
leases [36, 37].

An efficient sex separation system i essential for any
mosguito S[T-based control progeamme for several rea-
sons The most important reason is that eleased females
have the potential to transmit malaria or other disease
pathogens [38], thus putting the human population at
rigk. Also, the co-release of laborstory Emales can
interfere with the frequency at which sterile males mate
with wild females, this decreasing the effectiveness of
the SIT programme. This has been demonstrated in the
Mediterranean fruit iy (medfly) where, by releasing
males only, the effectiveness of the SIT programme was
increased [39, 40].

Several sex sparation methods have been developed
and implemented in SIT programmes, inclading mos-
quite progmmss [41 42]. However, most of these
methods are peces-specific and are not indicated for
An arabiensis or if applicable, have never been tested at
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an operatioml level [42]. Investigations and the develop-
ment of various robust sexing strategies that can be ap-
plied on a mows scale are therefore being conducted in
an attempt to address this shortfall. The progress, chal-
lenges and lessons leamed from these imvestigations, and
future prospects, are eported here.

Use of pupal size for gender prediction

In many insect species, Bmale pupae are usually larger
than their male counterparts [43]. This pheno menon,
known as sexual size dimorphism, & a teait that has been
exploited for mechanical separation means, with numer-
ous mechanical devices developed for mosquitoes. Exam-
ples include standard sleves, the Fay-Morlan glass plate
and the MeCray adjustable opening separation system that
have been wsed to separste male and female pupse in
Aedes aegyptl, Ae. albopictus and Culex guinguefisciatus
[44—47]. Anempts to wse seawml sike dimorphism in An
abirans were without success during the 1972 sterile
male release study in El Salvador [48]. It was observed that
An albivtans male and female pupal dzes overlap sub-
stantially, thus making efficient sexing by sire difficult. To
our knowledge, this asumption has never been tested in
other anophelines.

Recently, pupal size dimorphism was investigated in a
South African An. arabiensis strain. Pupal cephalothora
slzes of larvae reared on a standand larval diet were
measured and recorded by gender Cephalothorax size
in males averaged 3.64 mm while these of females aver-
aged 3.66 mm. These are not significantly different, as
has also been noted in An. albimanns. These data are
conslgent with other reports that pupal sze sexual
dimorphism is not apparent in anophelines [49]. Com-
pounding this, the results also illustrated a greater vari-
aton in pupal sie in males compared to ferales,
making the use of sieve and Fay-Morkn ghss plte
sex-separmton technlcally challenging and even less reli-
able. It was consequently concuded that this method of
sex-separmton 15 not viable for An arablenss.

Addition of toodcants to bleod meal sources to diminate
blood-feeding females

Az only ferale mosquitoes take blood meals, this
auto-segregation & a highly alluring feature that might
be exploited by adding a toxicant to a blood meal
(Blood-spiking) so as to eiminate blood-Eeding males.
This approach was used in an SIT progmmme in El
Salvador against An albiranus by adding malthion to
a citrated bovine blood meal The result was a 95% eim-
imatlon of fernales and 25% male mortality [50]. During
this study; adults had to be kept in cages for several days
to allow fenmles to mate prior to blood -feeding. It & im-
potant to note that although females can take blood
meals prioe to mwatng [51], feeding rates, and therefore
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the efficacy of this selecion method, would more likely
improve should the blood meal be presented post mating
This extended storng of mosquitoes in cages i problem-
atic becasse it creates a bottleneck during mass rearing
and male sperm are potentially depleted durdng holding,
negatively impacting thelr mating potential post release
[52]. Another concern raked durng the H Sahador trial
was a high level of male morality. The reason for high
male mortality was assumed to be tarsal contact of males
with malathion from bloed eccreted by females during
feeding [53]. This led to investigations of other toxicants
such as boric acid, household detergent and dielddn [54].
Unforturately, experiments with these also resulted in
high male mortality [54]. Subsequently, spinosad and vee-
mectin, which do not rely on tarsal contact for their mode
of toxicity, were tested [54]. Both spincssd and vemmectin
eliminated all females from a mixed sex population of An
anibienids within 4 days without castng dgnificant male
maortality. At higher concentrations, both toxins elinmd-
nated all Boales within twelve hours but at 2 significantly
high male mortality cost.

Recently, attempts were made to optimize and adapt
this strategy #& a sex separation method in a South African
An arabiensi strain uging ermectin only. During these
expedments, dificulties arcse relating to blood-feeding
sucoess. The South African Am arabiends grain is mou-
tinely maintained on blood from anaesthet ed guines pigs
and thus did not readily feed on blood spiked with ver-
mectin using artifical membrane feders. An investigation
of artificial membrane Eeding systems and the adaptabil-
ity of this strain to feed on this system was therefore re-
quired. Direct feeding Fom live guinea pig skin was
contpared to Hemotek membrane blood-feeding using
three different membranes (cdlagen, plg intestine casing
and Paraflm-M). The following parameters weme -
sured to aid in slection of the optimal membane: feeding
success, fecundity and featility (egg hatch eates). Feeding
sucoms sveraged 79% in both collagen and pig intestine
caging and only 15% in Parafilm-M (unpoblished data)
Fecundity of males ranged between 23-46 eggs laid per
fernale and there was no difference in fecundity between
the three membranes tested (unpublished data). Eggs ovi-
posited by these females hatched at rates mnging fom
To% to 92%. This difference was however not statistically
significant (unpublished data). Based on these results and
considering other factors such as membrane price, thick-
ness and local avallsbility/ production level, plg intestine
casing was chosen as the optimal membrane and hence-
forth wed to acclimatize the colony to membrane feeding.
This paved the way to do baseline studies to explore the
wse of vermectin as a blood toxicant to eiminate An ara-
Biensis ferales for male-only releates.

Subsequent expedments on the use of bloed spiked with
Ivermectinto el imd ot e females i the South African drain
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showed that this approsch could eliminate fermales, albeit
ata low female elimination mte compared to that reported
in Yamada et al [54]. Abowt 0% of females were elimd-
nated on a single meal after five consecutive days post
feeding while the remainder were elimirated within 10
days. The difference in female elimiration mies observed
between this study and that of Yamsds etal [54] could be
due to several reasons, one of them being the diference in
ivermectin formulation. The South African study used
ivermectin MEK-983 (Sgma, CAS No. T0288-86-7) while
Yamada et al [54] used 1% vermectin (Vicbamec, Vichac
Olesterreich GmbH, Vienna, Awstris), a formulation that i
similar to the one wed in vetedmary medicdne or in mas
disg adidnstration stisdies in vertebeates to kill moogl-
tees [55-57]. Another possibility to corsider & that the
South Afican An anablencs steain has an intdnce meta-
bolic imsecticide mdsmnce mechanism in place [S58]. If
placed under insecticide selective pressure, the drain hos
potential to trigger this resistant genotype. It is thermfore
conceivable that the metsbolic detoxification system in
this strain, although it is phenotypically irsecticide suscep-
tibsle, could insdvertently have reduced its swsceptibility to
ivermectin, making & male elimination by the spiled blood
less effective. Further investigations would be required to
test these hypotheses

Another concem observed during the South Afrcan
ivermectin optimization trial was a high level of male
morality (21%) when spiked blood meals were presented
serlally to enhance Emale elimination. This was however
not supdsing a8 smilar esults have been eported [54]
whereby increased tarsal contact with insecticide from
blosd excreted by Enales is the likely cause of male
monality. A high mte of mwmle ks pelor to meleates
would adwemely afect production effidency durng
lapge-acale SIT opemtions.

An additional disadvantage of vsng blood -spiking to
elimdrate females is the effect on the reproductive cap-
acity of males. The potential loss of male mating cap-
acity a8 a mesult of potential exposure to vemectin was
investigated. This was achleved by mating the males that
survived post 100% female eimimation with untrested
virgin fernales and then disecting their spermathecse to
determine insemiration rates High insmimstion mtes
(> 9%5%) were reconded, with no statistically significant
difference found in comparion to virgin males and fe-
males that had not been previously exposed to vermec-
tin, suggesting that ivermectin treatment did not
negatively impact male fitness (unpublished data).

Although these results show that ivermectin can be
used a5 a blood toxicant for sex sepamton, Botors such
as the inahility to relishly guarantee complete elimin-
aton of Emales within a short period have to be ad-
dressed before this method can be applied on a
mas-reatng scale. Possible improvements could lnvolve
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improving blood-feeding success, paticulady of females
that opt not to feed or ingest suffident quantities of
spiked blood Thi can be achieved by the addition of
phago-gimulants (eg. adencsine triphogphate (ATP)
[59], Ldacte add [60], or matural odor ligands from
human skin [61]) and other attractants into or near the
blosd Ancther posible approach, given that this
method & based on auto-segregation of sexes based
solely on blood-feeding behaviour, may be to use any
nonblood-based stimulus to atiract females away from
males followed by eectification to kil the Emales
Additlonally, the use of artificial diets [62, 63] can be
investigated as they would allow manipulation of ingre-
dienits and posible improvements in the efficacy of toxd-
cants, [nvestigation into artificial diets would contribute
podtvely to both routne colony malntensnce and
bloed-spiling studies

Development of a genetic sexing strain (G55

Genetic sexing straing (G554) are based on the linkage of
a slectable marker to a sex-determining chromosome
[64]. G555 have been developed in many insect species,
partcularly in major agricultural pests such as the
medfly Ceratitis capitata, the Mexican fruit fly Amastre-
Pha ludens, the Odental frult fly Bactrowera dorsals and
the melon fruit fly Zengodacus (Bactrocera) cncurbitae
[65—60]. In all of these insects, the comstroction of a
G55 involved a mutation that can be used asa selectable
marker for sex separation and a Y-autosome transloca-
tion linking the inheritance of the wild type allele to the
Y chromosome This resulis in females carrying the
mutant allele and males hemizvgous for the wild type
Currently, only the C capitata G55 are belng wsed at
an operational level for mass-readng [70-72].

The wefilnes of Y-autosome trandocation based
G55 may be hindered by genetic instability resulting
from pre-melotic ecombination in the parental male
[73] andfor the survival of genetically unbalanced indi-
vidials resulting from simultsnesus segregation of
non-homologows centromenes (adjacent-1 sgregation)
during meiods in the parental males [71]. Recombin-
aton events can occur between the translocation break
point and the electable mader, which may result in the
accumulation of recombimants and the collapse of the
genetic sexing character of the strain [72]. Reduction
and/or elimiration of recombination can be achieved by
the selection of a Y-sutosome trandocation where the
autosomal breakpoint is dose to the selectable mader or
by the induction of a chromosomal inverson that induedes
the reglon of the translocation breakpoint and the select-
able madkers [71]. In addition, a Filter Rearing System
(FRS) can be adopted to remove recombinants that might
possibly accumulate during mass-rearing [71, 74, 73]
Thizs would guarantee that the genetic purity of the
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mass-reamed G55 is kept intact However, a FRS can
better work in conjunction with a visible mutation.

Sevenl genetic fselectable madiers exist in anophelines
[Fe—84]. However, most of them have not been assesced
in respect to thelr potential use in the construction of a
G55, The most promising or stable selectable mades
sucoessfiully used to date for the development of G554 in
imsects include insecticde resistance [B5] a5 well as color-
and temperature -sensitve lethal mutations (&) [T1].
based on insecticide reslgtance markers have already been
developed in An anibenss while a -based is cur-
rently under development [36 83, 85].

Insecticide resistance based G55

Several G555 based on insectickle resistance madkers
have been developed in a number of anophelines, in-
cluding An gambiae (s5) [64], An abimanus (B8], An
stephensd [B7], An guadrimacilatus [BR] and An
anabiensds [89, W. Of these, only An abiranus has
been wed on 3 mass-rearing seale [91]. The dmwhback of
ugng insectiddes a5 selectable markers for sex
separation during mos-earing for ST applications i
the negative impact to the envimnment caused by
accidental release of inscticides dudng treatment to
elimirate fermales, rigk of inscticdde comaminating a
mass-reating colony, genetic instability of the mader
and mainterance dificultes due to inherent sterility
caused by chromosomal trandocations [92].

Owing to a scamcity of other altemative selectable
markers, the organochlodde insecticide, dielddn, was re-
cently used to develop an An arablensis AND
IPCL1 strain that allowed separation of males from fe-
males [B5]. Life history characterigtics auch a5 egg hatch
rates, development, longevity, female elimiration reli-
ability, mdation sensitivity and mating competitienes
wene evaluated as part of eforts to establish a strain that
can be wefil in mass readng [03-05] Apart frsm high
semi-sterility (73%) in males from the ANO IPCL1
strain, no differences in life history traits were found
when compared to a dieldrin susceptible strain [94].
Testzs on the genetic stabiity of the stmin showed
recombination rates to be a low as ~04%, lower than
previously reported [96], making it favorable for mass-
rearing An added advantage that was observed when
ugng dieddn to separate mals from females was the
possible synergistic effect of the dieldrin whereby irmadi-
ated male pupae from diekdrin treated eggs continwed to
produce sperm in the frst week of adult life, while adult
males that had only been iradisted as pupse without
the dieldrin treatment ceased to produce sperm. The ad-
vantage of this is that, from a sterile male release per-
spective, these males are expected to madntain ther
mating vigour post-release [51]. This led to the hypoth-
esit that dieldein trestment might have a protective
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efiect on the germminal cells of An asrabiensis against -
distion [96]. Degpite all these advantages, the wse of the
strain i threstened by environmental concerns. Dieldrin
use for feld research and applications has been prohib-
ited since the 1970% In addition, recent studies showed
that dieldrin adbered to trestment containes and
treated eggs retained residual dieldrin wntil adulthood
following absorption through the chodon [97], and the
overuse of dieldrin could aggravate the ever-present risk
of potential contamination of other non-tageted col-
onies in the laboratory [95]. Lastly, the stabdity of this
strain requires firther vedfication as the low recombin-
aton rates observed in Yamada et al [9%6] were based on
phenotyple  expression of the lmecticde selectable
marker rather than genetic monitodng

Comsiderations peed to be taken relating to the genstic
background of a and its mating compatibility with
mosyuitoes of a different geogmphic locatlon for SIT
purposes. Until recently, the only available An. arabien-
&l G55 was the ANO [PCL1 that comprsed a Sudanese
genetic background and as such may not be directly
wsed for SIT relesses in other countries. The introdise-
tion of an exogenous mosquito strain may face difficul-
ties, such a possible mating incompatibility, that wil
dmmatically affect the eficdency of SIT applications,
regulatory approval ethical concerns of relesting mos-
quitoes from a different geogmphical reglon and public
acceptance. The South Afdcan SIT programme ad-
dressed these concerns by introgressing the dieldrin re-
sigtant gene from ANCH IPCL1 males into a locally
colonized An  ambienss wild-type straln (acronym
EKWAG), therefore maintaining a locally representative
genetle background in the reultant bew atraln
(acronym GMK) [36].

The straln inithly showed a reduction in egg hatch
rates Bllowing repeated treatment with dieldrin at each
generation (about 192%), which then improved to 0%
with successive backcrossing [37]. The dieldrin resist-
ance marker of GME has been stable over 10 successive
generations [37]. Tests for the presence or absence of
the redstance to dieldrin (Bal) mtation showed that
1(Mr% of the males were hemizygous for the resistant al-
lele and 100% of the females were homorygous for the
susceptible allede [37]. A high mating competitvenes
aguingt wild-type males when in competition for wild fe-
males was abso observed in GME males [37]. Additonally,
the effect of irmdiation on GME fenales was investigated
and compared to uniradisted Emales showing a negative
effect of irmdistion on fermale adult emergence [98].
However, GME females were still capable of blood -feed-
ing and demonstrated no difference in longevity post-ir-
radiation This result ilustmtes the importance for sex
sepamtion in mosguite ST programmes because these
fermales could potentally tmasmit pathogens during
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blosd-beding  Additionally, GME iz showing similar
problems s observed in G55 ANO [PCLI, such a low
productivity, dieldrin adherence to containers and sbeorp-
tion throwegh the dhorion. Due to these problems investi-
gations of altemative, more environmentally scceptable,
insecticides are taking place.

Thearetically, insecticides with a similar mode of ac-
tion to dieldrin, Le targeting the y-aminobutyric acld
(GABA) receptor, should be able to be used as subst-
tutes  to dieldein [99. Sevem] insecticides (lindane,
plemtordn, isomxale) which target the GABA receptor
were tested. Treating third and fourth instar GME larvae
with lindane and picrotoxin eliminated 9% of the fe-
males showing that any insecteide that solely targets the
GABA site can act as an altermative to dieldrin. Further
investigations ame currently ongolng to exploit plant
based/organic altematives (unpublished data).

Temperature-sensitive lethal based GS5

Temperature sendtive lethal mutatons have been wsed
succesfully as sexing system selectshle muarkers for C
capitate where females that are homorygous for the re-
cessive mutation die when exposed to high tempers-
tures, while hemirygous males survive under the same
conditlons [71, 10{. This is probably becausse the ef
mutation alters the function of an esmential protein at
different temperatures, the practical upshot of which i
that at regular rearng temperatures protein function i
maintained, but at higher temperature restrictive protein
function is lost [100]. Other than the francal savings in
not using insecticdes and awoiding environmental or
equipment contamimation, f-based also has the
added advantage of the removal of fenales at a very
early developmenital stage (during embryonic stage). This
teamslates to reafig codt reduction [T1].

Initiatives are currently underway to develop a tsl-based
G55 in An arablass [42, B3] Progres mode thus Far in-
clhades the snccessful lsolation and charsctedzation of an
An arabiensis td [83] following similar methods as [101].
During these efforts, wild-type male mosquitoes originat-
ing from Morth Camercon were provided with a sugar
solution spiked with (U0SM of ethyl methanesulfonate
(EMS), for 24 hours [R3]. Mutant male mosquitoes were
crossed with virgin wild-type females and third generation
(B3) progeny were heat-shocked at 41°C for 3 hours to
screen for td. The established fal strain showed similar life
histary traits (fertility, larval development time and adults’
emergence) compared to the wild-type strain, and can be
maintained at the same readng temperature, le. 26 = 17C,
as the wild-type strain. Preliminary genetlc aralsis
suggests that the & phenotype is due to a recessive allele
located on an autosome [B3].

The successful establishment of the An, arablenss
strain & a valumble tool towards the development of a
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G55 for SIT applications against this species. Futume re-
search will fbos on the characterization of the
temperture-sersitivity range, the induction of a
Y-autosome trandocation to link the wild-type allele to
the ¥ chromosome as well as the identification amd
charactedzation of the &5l gene and lis potentlal vse for
novel approsches to develop a for this species

The characterization of the temperatre-sensitive period
is important a5 the tem perature sensitivity stitus of strains
differs depending on the developmental stage, duration of
exposure and their | nsecticlde resistance status [102-110].
Tests on the temperature sensitivity mnge | perm issve and
restrictive]) should be pedormed to aid in establishing op-
tineal rearing conditions, pamticularly under mas rearing
settings. This can be achieved by exposing various devel-
opnental sages (from embrves to adults) to diferent
temperatures and tme ranges with an emphasis on the
embiyonle stage a2 this ks the most peactical stage [71].

The indwction of a Y-sutesome tmmslocaton wil
emble establishment of families where males are wild-
type (temperature redstant) and females are mutant
(temperature sensithve). Ireadiation can be used to trans-
locate alleles to the male determining Y choomoso me
[111, 112]. This can be followed by determimation of the
inheritance patterm to confirm that tf is indeed inher-
ited in a sex-specific manner.

Tsolation of a taceable selectable marker linked to the
tad will allow for tracking of recombimants in mass-rearing
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systems [T1]. In a tol-based GSS, it would almost be im-
possible to detect and remove the recombinants without a
tescesble selectable mader [71]. A slectable mardker that
i close to the ol locus would most likely be a good candi-
date, especially in the case of a vishle selectable marder,
as has been the case with the medily VIENNA & G55
which carries a visible white pupae (wp) maker cosely
linked to the tad on chromosome 5 [T2].

There are several sl lod in a genome: however, trace-
able phenotypic selectable markers suich as Ral may
possibly be wsed in conjunction with ts in a tsi-based
(Eg. 1) This hypothesis was drawn againg reported find-
ings in Drosophils melanoga ster which showed Bl and o
to oocur at the sme koes [113, 114], leading to the hy-
pothesis that this might alko be true in other insects, in-
clsding mosquitces Exploiting the Rdl loos in A
arabienss may be because it has already been
pooven to lnduce conditional lethality [36, 85], both dom-
imant and semi-dominant R4l alldes are known [115],
which allows for easy diserimination of homozygous sus-
ceptible and heterorygous resistant larvae and for adults
uging a diagnostic dose of dieldrin. The mechanicm of pe-
sigance & also known to be due to a single amino acid
substitution in the target site [116], and the lod can easily
be detected using polymerase chain resction (FCR) [117].

Since multiple imsecticide resigtance and cross-redstance
[118-123 together with tde-offs between temperature
and imsecticide msitance hove been reported in various
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stusdies [100, 105, 106, 108, 110], it can be hypothedzed that
these maders possbly behave in a simiar fashion as Rdl
and also could oorur at the same lod a2 tf. Therefore, in-
vestigations into inecticide resiktance markers should be
extended to include other target sites, including the knock-
down mesistance gene (kdr) [13-1236]. the acetyicholin-
egerase gene (ace-1") mutation [127-130] and molecular
gene markers [131-133]. Altematively, EMS can be used to
indisce other mutations a5 has been previously reported for
three new An guadrintacidsius eostanits: (1) rose eve (ro),
(2) short antenna (Sa) and (3) melanatic (Mel) [134—138].
The advanitxge of this approach ks that a new GS5 based on
cdor can also be established.

Additionally, as the effidency of a tal-based GBS relies
on the genetic composition of the sx chromosomes,
knowledge on the cytogenstics of the tamget speces wil
alko be necessary. Fortunately, detailed reports exigt on
the Amspheles Y chromosome, which constitute essential
components necessary for sx separation [137-139]
Cytogenetics can aid in the determination of the origin
and sive of the trandocated segment, and localization of
the translocation break-points [ 140-142], or map the ex-
tent of inverdons introduced to reduce recombination
[143, 144]. To maintain stabiity and avoid high recom-
biration rates, a chromosomal inversion, ldeally coverng
the region of tanslocation break-point, the o, and any
other selectable madkers, could also be integrated in the
G55 Inversions are known suppressos of genetic re-
comblration through a pesltive heterotic system. [n fact,
maintenance and stability of dieldrin resistance in An
gamblae k& assodated with a paracentde inversion, 2La
[145] and this could greatly improve the genetic stabiity
of the GSS [71, 72, 143]. This has been shown in the
medily VIENNA 8 GS5 [71]. Cytogenetic analyses auch as
karyotype exanmdmation of mitotie and melote choomo-
somes [146] and alivary gland polytene chromosomes
[147] can be pedformed to map mutations and identify
Y-autosome breskpoints in the resultant Y-autosome
teansdocations G55, Subsequent investigations into life
history traits together with genetic charactedzation
needed prior to the steain’s we in birgeseale opertional
SIT programmes [71].

(G55a can aleo be developed wtng novel molecubar- based
appooaches incuding, among others, cond itlonal lethal sys-
tems, RMAL approsches or by wsing transgenic straing with
integrated sex-specific fucrescent markers [41, 148, 149.

Conclusions

The development of a sex separation strategy using pupal
sexual dimorphism s not applicable to An arabiensis
The wse of ivermectin to elimirate Emales shows great
potential but currently cannot be relied upon as a
sole sex-separation strategy and would require further
Investigation on fomulstions and eflectiveness if added to
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an artificia]l blood-meal The pescticality of wsing ivermec-
tin in mass-rearing will also need to be tested Alterra-
tively, research can be focused on exploiting female
blood-seeking behaviour without wsing blood at all but
simply a5 a segregation tool. Furthermaore, male behaviour
though not fully explored in this eview has potential It
has been suggested that sex-specific male swarming be-
havigur in anophelines could be exploited to develop effi-
clent sex sepamtion strategy. The suocess achieved in
deweloping a G55 containing a South Afdcan genetic
background and positive attdbutes sisch as accelerated de-
velopment of aquatic stages and high survival rates at all
life stages has provided encouragement for the ap plication
of this G55 in the local SIT pilot gudies, wnless 3 astable
altermative to diekddn-based sex-separation can be bund
Fusther investigations and optimization of treatment peo-
cedures and monitodng of the genetic stability of the
straln are stll required. The promidng eailts shown by
some altermate insecticides may provide additiorsl options
and solutions to the difficultes ficed by the current
digldrn-based GSS. The succesful establishment and
clarscterization of an An arabisnds td sesin offers poss-
bilities into development of a new G55 In its current
form, the il strain cannot be directly applied & a G55
and would mequire the dumderkaton of the
temperaty re-sensitivity range, inhedtance linkage of the
wild-type allele to the sex determining Y ¢ hoomeo some and
isolstion of a visble selectable marker closely linked to sl
[f the linkage of &5l and Rl in Drosophils also exsts in
An arabiensis, this would allow the easier monitorng of
the ¢d marker untll a better, ideally visible, marker linked
to sl is isolated. This can be achieved through the screen-
ing of hiloestony and nateral populstons e spofita eous
mutations or EMS and/or iradistion-induced mustagen-
eds. Fimally, koowledge on the cytogenetics of the target
species will be necessary and subsquent investigations
into  life history tralts  together with  genetic
characterization are warmnted prior to the strain being
used in bige-scale operational SIT proge mmes.
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Appendix 7: Fluorescent strain publication
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Abstract

Background: South Africa has set a mandate to eliminate local malaria transmission by 2023, In pursuit of this chjec-
tive a Sterile Insect Techmique programme targeting the main wector Anopheles arabiensis & currenthy under develop-
ment. Significant progress has been made towards operationalizing the technology. However, one of the main limita-
tions being faced is the absence of an efficient genetic sexing system. This study & an assessment of an A arabisnsis
{A¥-2) straim carrying the full ¥ chromeosome from Anopheles gambiae, including a transgenic red fluorescent marker,
being introgressed into a South African genetic background as a potential tool for a reliable sexing system.

Methods: Adult, virgin males from the An. arebiensis AY-2 strain were outcrossed to virgin females from the South
African, Kwazulu-Natal An. orabisnsiz (KWAG strain) over three generations. Anophales arabiensis AY-2 fluorescent

mizkes were sorted as first instar larvae (L1) using the Complex Object Parmmetric Analyzer and Sorter {COPAS) and
later screemed as pupae to verify the sex. Life history traits of the novel hybrid KWAG-AY2 strain were compared to the
original fluorescent AY-2 strain, the South African wild-type KWAG strain and a standard |abaoratory An. arabiensis [Don-
gol reference strain).

Results: The genetic stability of the sex-linked fluorescent marker and the integrity and high level of sexing efficiency
of the systemn were confirmed. Mo recombination events in respect to the fluorescent marker were detected over
three rounds of introgression crosses. KWAG-AY2 had higher hatch rates and survival of L1 to pupae and L1 to adult
than the founding strains. AY-2 showed faster development time of immature stages and larger adult body size, bt
lower larval sunvival rates. Adult KWAG males had significantly higher survival rates. There was no significant difference
betwesn the strains in fecundity and proportion of males. KWAG-AY2 males performed better tham referenics strains in
flight ability tests.

Condusion: The life history traits of KWAMG-AYZ, its rearing efficiency under laboratory conditions, the preservation

of the sex-linked fluorescence and perfect sexing efficiency after three rounds of introgression crosses, indicate that

it has potential for mass rearing. The potential risks and benefits assodiated to the use of this strain within the Sterile
Insect Technique programme in South Africa are discussed.
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Background
Sputh Africa is one of 21 countries that had sst 3 man-

date to eliminate malaria by 2020 as per the World
Health Organization’s (WHO) recommendations [1].
This was sean as promising as South Africa’s malaria cass
numbers have remained constant at around 10,000 cases
per annum. However, in 2017, the country experienced a
major sethack with a spike of almost 20,000 cases, mostly
reported in the endemic north-eastern provinees [1]. This
called for increased efforts towards vector and parasite
surveillance, epidemic preparedness and response, health
promotion and vector control as recommended by the
WHO. Vector controel remains the backbone of malaria
strategies in South Africa. Current vector control meth-
ods rely on the use of insacticides through indoor resid-
ual spraying (IRS) inside dwellings in endemic areas [Z].
However, due to increasing insecticids resistance, logisti-
cal challenges of implementing IRS under low transmis-
sion settings, changing of houss structures into modsrn
ones that are unsuitable for IRS application coupled with
chanpe in vector behaviour (majority of transmission is
now occurring outdoors) [3], calls have besn raised for
development of new approaches that are more relisble,
environment frisndly and sustainable to compliment IRS.

Several genetic controd methods have been developed
aiming at the control of major insect pest and diseass
vector species, mainly through population suppression
strategies, including human disesse vectors, such as
Aedes and Armopheles mosquitoes [4]. These incluede, the
sterile insect technique (SIT), the release of insects car-
rying dominant lethals (RIDL), the incompatible insect
technique (IIT), among others [5, &]. However, the main
obstacle towards the implementation of sach genetic
conired population suppression programmes has been
the lack of an effective and efficient sex sorting method,
particularly for Amopheles species, that can guarantes
the release of males only [7]. The sterile insect tech-
nique (SIT) is one of the proposed approaches becauss
of its species specificity, environmental friendliness
and proven success in the suppression or eradication of
various major agricultural and animal pests [8, 9]. This
technique tarpets a specific vector population through
repeated releases of sterile males of the same spacies
into selected natural environments in order for them to
mate with wild females [8, 10]. The result is females lay-
ing non-viable eggs. Ower time, the number of progeny
in target populations is reduced, eventually leading to
suppression or even eradication. [t is crucial to exclude
fernales from release material as females may contribute

to disease transmission through their bites. Males on the
contrary cannot contribute to pathopen transmission as
they do not bits. It is, therefore, vital that a relizble sex
separation system is available prior to deployment of a
genetic control method as an additional malaria vector
control strategy in South Africa |7, 11].

Some genetic control projects against insect pests and
disease vectors have a sex separation system in place,
however, none are readily applicable or transferrabls
between organisms and species [12-15]. With specific
reference to mosquite programmes, the main malaria
vertor in South Africa, Amopheles arabisnsis remains
without an efficient sex separation method [7, 16]. Sev-
eral methods have been attempted to eliminate females
but unfortunately none has been fully developed to be
used at an operational level. The available approaches
include spiking blood with toxicants to eliminats females
and development of a genetic sexing strain (G55) using
classical genetic approaches, reviewed in [7]. To date, the
"ANO IPCL]" based on dieldrin resistance deval-
oped by Yamada et al. [17], and introgressed into the
South African genetic background to create "GME" by
Dandalo st al. [18] has been the only potentially usable
genetic sexing strain of An. arabiensis. However, the uss
of dieldrin, a banned insecticide, to achieve sex separa-
tion presents challanges. Mot only is there the problem of
potential harm to the personnel that would need to work
with the insacticide on a daily basis, but it has also bean
found that the dieldrin residues can accumulate in the
environment [19]. In addition to this, the strain shows a
highly reduced natural fertility rate due to the transloca-
tion of the rdl (dieldrin resistant) gene. making the strain
only 27% fertile [20]. This, coupled with possibilities of
recombination, makes it challenging and uneconomic to
use in a mass rearing setting [21].

Efforts are being made to develop alternative G55s
using classical genetic approaches and lethal tempera-
ture sensitivity mutations and colour-based selectable
markers similar to the ones successfully used for the con-
struction of Ceratitiz capitata VIENMA 8 G55 which is
currently used for SIT applications worldwide [8, 22].
Although G555 are available for some mosquito spe-
cies, unfortunately, no advanced, ready-to-use saxing
systems are currently available for any mosquito species
that could be used in an operational programme [23]. A
number of alternative sex separation systems are being
considerad [24-26]. One of the promising methods
under development is the sex-specific expression of fluo-
rescent markers at an early developmental stage, ideally
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embryonic or first instar larval [24, 27, 28]. Such meth-
ods can be used to produce 3 male-only population very
early in development, sither by conditionally killing the
fernales or by removing them using sex-specific differen-
tial expression of fluorescent transgenic markers [24, 29,
30]. Sex separation in early development minimizes rear-
ing costs and facilitates the handling and processing of
male-only based releases. In respect to mosquitoes, one
of the initial sex-specific strains based on a flucrescent
marker was the transgenic sexing line of Anopheles gam-
bige. In this strain, male mosguitoes express enhanced
green fluorescent protein (EGFP), under the control
of B2-tubulin promoter, thus allowing separation from
fernales at the 4th larval instar stage by using a complex
parametric analyser and sorter (COPAS) flow cytometry
machine [24]. This system was subsequently improved
by Magnussen et al. [31], and the EGFP sxpression could
be detected as early as the 1% instar larval stage. This led
to further developments in which the COPAS machine
was optimized such that a high-throughput sorting of as
much as 20,000 first instar larvae could be achisved in a
half hour [32]. Subssquently, Barnardini et al. estzhlishad
a site-specific genetic engineering of the ¥ chromosome
for An. gambiae [33] and through this, they developad
a hybrid An arabiensis strain carrying the complets Y
chromosome of An. gambige, including a red fluores-
cence protein (DsRed), and potentially other small auto-
somal genomic regions [3#4]. This strain, named AY-2,
expresses DsRed. in male larvae in the optic lobe and
extends down the ventral nerve cord [34].

The use of the one genetic sexing system for several
geographic locations is a common practice in popula-
tion control programmes against agricultural pests. For
example, the VIENMNA 8 G55 is being used in SIT appli-
cations against Ceratitis capitata populations worldwide
[8]. Howaver, such a practice is not acceptable for the
control of mosguito vector populations because of poten-
tial inherent differences in vectorial capacity between
mspeclesfrund:ﬁmrtgeugmphm] locations. If the

hybrid transgenic An. grabiensis AY-2 strain, which is of
foreign (Sudanese [Dongola)) genetic background, is to
be considered for the SIT in South Africa, several steps
need to be completed, including its introgression into a
local genstic backpround, and basic parameters nesd
to be evaluated. The introgression is necessary to avoid
unintended negative impacts such as mating incompat-
ibility and poor competitiveness between the flusrescent
strain and the native population. The aim of this study
was to start the introgression of the fluorescent marker,
which resides on an An. gambige Y chromosome, into a
local Ar. arabiensis South African strain and the assess-
ment of the newly developing strain (KWAG-AY2) for its
rearing efficiency, fitness, and genetic stability (ie. sexing
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relisbility}, as wall as the pressrvation of the fluorescence
intensity and the related sorting efficiency during the
Introgression process.

Methods.

Mosquito strains

Four An. arabiensis strains, kept at the Insact Pest Con-
trol Laboratory (IPCL) of the Joint FAC/IAEA Centre
of Muckear Techniques in Food and Agriculture, Seib-
ersdorf, Austria, were used in this study. The first. Don-
gola (MR A-856) was acquired from the Northern state of
Sudan in 2005 and has since been maintained at the IPCL
[20]. The Dongola strain has been used to demonstrate
successful mass rearing [35]. The sacond strain, AY-2
describad above was developed from Dongola to express
an An. gambige Y-linked red fluorescent protein (DsRed)
marker [34]. The third, K'WAG was acquired from Kwa-
Zulu natal in South Africa and has been under colony
since 2005 in the Botha De Maeillon Insectary (BDMI),
Vactor Control Reference Laboratory (VCRL) Johannes-
burg, South Africa [36]. KWAG originates from Mamfens
in Kwa-Fulu Matal, an area earmarked for South Africa’s
mosguito SIT pilot studies and is thus a representative of
the wild-type population. The fourth, KWAG-AYZ, the
test strain, was developed by crossing AY-2 males with
KWAG females over % generations in order to introgress
the An gambige ¥ chromosome with the DsRed fluores-
cent marker into the bocal An. arabiensis and, at the same
time, achieve about 87.5% replacement of the Sudanese
{Dongola) by the South African penomic background.

Rearing methods
All strains were reared in a climate-controlled room
at 2741 °C and 70%£10% RH and 2 12:12 h light and
dark cycle that includes a 1 h dusk-dawn period. Larvas
were reared in 3 40«80« 8 em? tray at a density of =
10400 larvae in 1 L deionized water and were fed a stand-
ard IAEA 1% liquid diet mix of bovine liver powder, Tuna
meal and Vitamin mix [35, 37]. Pupae were collected in
plastic sample cups of 120 ml capacity and placed in
30 30 % 30 cm plastic Bupdorm cages (MegaView Sci-
ence Co. Ltd., Taichung, Taiwan) and the resultant sdults
wara provided with a constant supply of 5% sucrose solu-
tion. Females were provided with defibrinated, defrosted
bovine blood twice weekly. Oviposition cups were pra-
pared using filter paper placed on a damp sponge inside
a 250 mL round plastic bowl with black lining arcund the
inner perimeter of the bowl.

Sorting of AY-2 larval populations and Introgression

of AY-2 Into KWAG genetic background

The fluorescence of AY-2 is detectable as sarly as the first
instar under a fluorescent microscope. Initial sorting of
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AY-2 was done under a fluorescent microscope (Leica
MZ16FA, Leica Microsystems GmbH, Wetrar, Ger
many), based on the fluorescence on the optic lobe
extending down the ventral nerve cord. These were rearad
to pupation and the sex confirmed as male under a ster-
eomicroscope. KWAG pupas were also gender separated
under a sterepmicroscope and only females retained.
Female pupae were allowed to emerge in individual
tubes to confirm sex st adult stage a5 an extra measure
to ensure virginity, AY-2 males were mated with KWAG
fernales for the first round of introgression crosses. The
hybrid strain ("EWAG-AY2 (cross 1)7) was then ampli-
fied for three consecutive penerations before crossing the
KWAG-AY2 (1) fluorescent males with KWAG females
a5 described sbove. The resulting strain was named
KWAG-AY2 (2) and is composed respectively of about
25% AY-2 and 75% K'WAG genetic background. Progeny
resulting from KWAG-AY? (2) were screenad for fluores-
cence under the fluorescent microscope at varying stages.
The hybrid strain ("KWAG-AY2(2)") was then amplifiad
for three consecutive generations before crossing the
EWAG-AY2(2) fluorescent males with KWAG females.
The resulting strain was named KWAG-AY? (3) and is
composed respectively of about 12.5% AY-2 and 875%
EWAG penetic background. As the effects of the intro-
gression progress on the life history traits are not known,
it was decided to check the strain's stability and preserva-
tion of the fluorescence, and potentially acquired biologi-
cal parameters (87.5% introgressed) before comtinuing
with the next 4 rounds of introgression crosses to obtain
an An. grabiensis strain that contains> 99% South Afri-
can genetic background with the exception of males that
will be carrying an An gambige ¥ chromosome since
this sex chromosome is strictly paternally inherited. All
subsaquent life history trait experiments were complatad
using the KWAG-AYZ (3), hanceforth refarred to as sim-
ply KWAG-AYZ. The Leica Application Suite v4.2 was
used to capture imapes of the fluorescent individuals.

L1 larvas need to be unfed in order to be sorted on the
larpe particle flow cytometry machine. Mewly hatched,
unfed AY-2 larvae, 2448 h old, were transferred to the
resarvoir of the larpe-particles flow cytometry COPAS
SELECT™ instrument (Union Biometrica, Inc., Holliston,
MA. USA) equipped with a multiline argon laser (488,
514 nm} and a diode laser (670 nm). Analysis and sorting
were performed with the Biosort528] software equipped
with a 488 nm filter. The following scquisition parame-
ters: Green PMT 500, Red PMT 600, Delay & Width 6,
pure mode salaction with super drops were usad. This
is the most stringent setting, meaning that drops that
contain two particles (ie. larvas), of which one is non-
fluorescent (females) will be diverted to the “femala/
waste” receptacle. Post sorting, fluorescent larvae were
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reared in trays until pupation, pupae sex separated under
a stereomicroscope (Leica MZ16FA, Leica Microsys-
tems GmbH, Watzlar, Germany). Progeny resulting from
KWAG-AY2 (3) were scresnad for fluorescence under the
fluorescent microscope at L1 and pupal stage. In other
instances, fluorescence was also confirmed in male adults
by observing for fluorescence around the eyes.

Life history tralts

Egg hatch rates ffertility)

To assess the epp hatching rates of each strain, newly
laid eggs (n=400-500 from each strain) were collected
from their respective cages and placed in corresponding
clear plastic cups containing 250 mL of deionized water
and a drop of larval diet. The plastic cups were lined on
the inside with a strip of filter paper to which the eggs
adhere. L1 larvae were removed daily. After 72 h, hatched
vs. unhatched eggs were counted under a stersomicro-
scope and comparisons made between the strains. This
was repeated three times for each strain with eggs from
different cohorts and three oviposition cycles each time.

Larval development, pupal emergence, and adult sex ratio
One hundred randomly selected 1.1 hatchlings from each

plastic cup setup during the egg hatch rates experiments:
were transferred to a 600 mL plastic bowl containing
75 mL of deionized water. Larvae were fed the standard
1% IAEA Anopheles diet as follows: 2.5 mL on days 1-3
and 4 mL from day 4 until pupation. Larval trays were
inspected once daily for pupae which were then removed
and recorded. Once pupation occurred, the number of
pupas dead or alive were removed and recorded. The
number of days taken for L1 to reach pupation was also
recorded. Alive pupae were transferred daily to individ-
ual 100 mL sample cups containing distilled water and
the cops placed in 175 % 17.5 % 17.5 em bupdorm cage
{BugDorm-1H; MegaView, Taichung, Taiwan) for adults
to emerge. The number of days taken for L1 and pupae to
reach adulthood was also recorded. Similarly, the num-
ber of pupae that emerged into adults and the sex ratioc
of adults were recorded. This was replicated three times,
each with three technical repetitions with larvae from
different egg batches for each strain.

Adult wing lengths
As a proxy for adult size, wing lengths were measured
for each strain. Dead adults were collected from cages
daily. The right wing was removed from each mosquito,
socured onto 3 shest of paper using clear tape and the
wings were measured by taking images on a microscope
camera using Olympus essential v1.9.4 (Olympus Corpo-
ration, Shinjuku, Japan). Wings were measured from the
distal edge of the alula to the end of the radius vein. The
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mean length of each wing was recorded, and comparison
made batwesn the and strains. Thess experiments
ware also repeated three times.

Fecundity

Twenty-five newly emerged adult females and males (1:1
ratio) were transferred to 17.5 = 17.5 = 17.5 cm Bupdorm
cages and provided with 5% sucrose solution continu-
ously. The adults were allowed to mate for five days after
which defibrinated, defrosted bovine blood was provided
to each cape for 30—40 min over two consecutive days.
All the females were transferred individually into sample
cups lined on the inside with a damp filter paper and cov-
ered on top with a mesh fabric secured by rubber bands.
A 5% sucrose solution was provided through a small strip
of filter paper placed on top of each sample cup. Each cup
was checked for epgs daily and upon oviposition the total
number of egps laid by each female counted under a star-
somicroscope. From this, fecundity was determined from
the total number of egps laid by each female. Three rep-
licates were performed. Females that did not lay any epgs
wara not included in the eggs per femals average.

Longewity

Thirty newly emerped males and fermales (1:1 ratio) from
each strain were introduced into 17.5 = 17.5x 17.5 cm
Bugdorm cages, each provided with a 5% sucrose solution
continuously. Longevity was monitored daily by remov-
ing and counting the dead until no adults remained. A
total of two biological repetitions, each with 3 technical
replicates were performed for all strains,

Flight ability

A flight test device (FTD) developed by the IPCL initially
for Aedes mosquitoes and modified for An arabiensis
was usad a5 described by Culbert et al. [38]. The flight
ability test was performed on 100 adult males of AYZ,
EKWAG and KWAG-AYZ, with thres replicates each. The
males ware aspirated into the bottom of the flight abil-
ity device. A lure was placed on top of the device and a
fan was placed over the lure. The adult mosquitoes were
allowed to escape for two hours. Escaped males in the
chamber and those remaining at the bottom of the FTD
were counted as escaped and not escaped respectively,
giving an escape rate.

Statistical analysks

All statistical analyses were performed in B (version 4.0.3)
[29] using RStudio (RStudio, Inc. Boston, MA, USA,
2016). Generalized Linear Mixed Models (GLMM, Ime$
packaps) from B were used with the appropriste distribu-
tion family. The binomial generalizad linear mixed mod-
als fit by maximum likelihood (Laplace Approximation)
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was usad, with egg hatch, pupation rate and male flight
ability as response variables, strain as fixed effect and the
replicate as a andom effect.

For the fecundity, A Gaussian linear mixed-effects
model was used, with egg number per female as vari-
able, strain as fixed effect and replicate as random effect.
Fecundity was analysed with a zero-inflated negative
binomial distibution with egg number per female as a
response variable, strain (four levels) as fixed factor and
replicate as a random factor. Adult wing lengths were
analyzed with 3 Gaussian distribution with strain (four
levels) and sex (two levels) as fixed factors and mosquito
individuals as 3 random factor. Data on longevity were
expressed as Coxme survival carves. Survival corves
were penerated using RStudio [39]. A Cox mixed-effects
maodel fit by maximum likelihood with mosguito time
to death as response varishle, strain (four lovels: AYZ,
KWAG, KWAG-AY? and DONGOLA) as a fixed fac-
tor and replicate as a random factor was used. The full
maodels were chacked for overdispersion (using Bolker's
function) [40] and for normality and homogeneity of
variances on the residuals [41] for validation. The models
ware simplified using the stepwise removal of terms, fol-
lowed by likslihood ratio tests {LRTs) when appropriate.
Multiple comparisons using the emmeans function (in
packape emmeans) [42] were performed between the lev-
els where significant differences were found. A P-value of
less than 0.05 was used to indicate statistical signiicance

in all cases.

Results

Phenotypic expression of KWAG-AY2

The phenotypic repressntation of AY2 and KWAG-AY2
is shown in Fig. 1. Approximately 400 larves were sorted
both manually and using the COPAS sorter for AY2, 1472
of KWAG-AY2(1) and 779 K'WAG-AY2(2) and over 2500
of KWAG-AY2(3). All sorted larvas were kept to adukt-
hood at which the sex was confirmed. Two females were
found in pupae or adulis sorted as males but these were
not fluorescent. The “pure sort” setting was still able to
recover ~ 97% of all malss. Mo recombinants (i.e. no non-
fluorescent males, or fluorescent females) were found
throughout the entire study in all sorted samples (a com-
bined total of 3679 larvaa).

Developmental parameters

The mean epg hatch mtes were 67% for DONGOLA,
683% for AY-2 while KWAG and KWAG-AYZ were
74.2% and BE.1%, respectively (Fig. 7). Statistical interpra-
tation showed a significant difference between the strains
{p < 0U05). KWAG hatch rate was significantly higher than
AY? (p=0.0179) and KWAG-AY? hatch rate was signifi-
cantly higher than AY2 (p <0.001).

253



Ntoyi et al Malario Journal  (2022) 21254

Pagebof12

a

Fig. 1 Phenatypic representation of the sored populations resulting from reciprocal aosses between AY-2 and KWAG under 2 flucesscent
microscope: 3 DsRed fluoeescence in L1, b Male pupa showing fluorescence on the ooular nerve extending down the nesve cord, left and
non-flucrescent fermale pupa, right, C non flucrescent adult fermale on the left and visible fluarescence in the eyes of adult male, ight
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Fig. 2 M=an egg hatch rates of AY-2, DONGOLA, KWAG and

KWAG-AY2. Each bax shows the upper and lower quartiles, the fne

irside the box (horzontal) represents the median of the smple,

while the line outside the box (vertical) represents variability outside

the upper and lower quarties

Larval development and aduit sex ratio

Out of the 100 L1 setup for development, the mean pro-
portion surviving to pupal stage was 58.0% for DON-
GOLA, 26.7% for AY-2, 44.3% for KWAG and 70.3% for
KWAG-AY2 (Table 1). Statistical analysis showed signifi-
cant differences in proportion of L1 surviving to pupal

stage between the strains (Table 1 p < 0.001). A Gener-
alized linear mixed model showed that KWAG-AY2 had
a significantly higher number of L1s surviving to pupae,
whereas AY-2 showed the lowest. The survival rate of L1
to adulthood was significantly different between strains
and followed the same pattern as the mean survivorship
from L1 to pupae; it was 37.7% for DONGOLA, 19.0%
for AY-2, 41.0% for KWAG and 53.3% for KWAG-AY. The
proportion of males was as follows: DONGOLA =60%,
AY-2=517%, KWAG=49% and KWAG-AY2=57.3%.
Slight difference in the proportion of males was found
only between DONGOLA and KWAG (z=-— 1.965,
P= 0.05).

There was a significant difference in the rate of pupa-
tion between AY?2 and Dongola, KWAG and KWAG-AY2
(p<0.001) (Fig. 3).

Adult wing lengths

Generally wing length sizes differed between males and
fenales regardless of strain (y*=74.1, df=1, p < 0.001)
(Fig. 4). AY-2 females were larger than the males and
females of the other strains (x*=67.3, df=3, p < 0.001).
Pairwise analysis showed that AY2 males were not sig-
nificantly different in body size to females of Dongola,
KWAG and KWAG-AY2 (p>0.05).

Table 1 Mean proportion of L1 suniving to pupae, adulthood and proportion of males of four laboratory reared An. arabiensis strains.

Mean values 1 5D, lower-upper 95% O In brackets

Straln Proportion surviving from L1 to pupae Proportion surviving from L1 to adult Percentage of males
DONGOLA $804235(-14-1174" 377 £150 03-750" 600£40(301-699
AY-2 2674104 0E-104" 190456 (52-328° 51.7£450394-639"
KWAG 443115545818 L10£266 (- 25.1-107.2¢ 45095 (253-7271
KWAG-AY2 703465 (542-B65F 5334£15(495-57.1F S7T3+68(404-742

Diforont superscript iattors within columes show that the values war statistically difiaront (P <0.05)
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Fecundity

The mean proportion of females that survived in ovipo-
sition tubes and laid eggs was 36.0% for Dongola, 41.3%
for AY-2, 34.7% for KWAG and 30.7% for KWAG-AY2.
Fecundity (total number of eggs laid by each female) of
each strain was 76.0 for DONGOLA, 63.3 for AY-2, 58.7
for KWAG and 70.7 for KWAG -AY2 (Table 2). There was
no significant difference in fecundity between the strains
(p>0.5)

Longevity

Statistical analysis between the four strains showed sig-
nificant differences in male survival between the strains
(p<0.0001) as well as in in female survival (p=0.0075)

Page7af 12

Table 2 Mean number of femdles that laid eggs and total
number of eggs laid per female (fecundity) between four
laboratory reared An. arablensis strains. Mean values =50, lower—
upper 95% (I In brackats

Straln Mean number of eggs laid per
female = SD (Lower-upper 95%
a)

DONGOLA 7604285 (52-146E¢

AY-2 6334150 (261-1005)"

KWAG 587 +74(04-T70Y

KWAG-AY2 7074181 256-1158¢

D¥oront vithin that tha values waro

statsticly diforont (P« 0.05)

as shown in the Coxme survival curves in Fig. 5. Coxme
analysis revealed that males have a higher risk of death
than females. KWAG males had a significantly higher
probability of survival than the males of AY2, Dongola
and KWAG-AY2 (p<0.0001).

The median survival time of males in days was as fol-
lows: 12.0 for DONGOLA, 9.0 for AY-2, 21.0 for KWAG
and 9.0 for KWAG-AY2 while for females it was: 15.0
for DONGOLA, 14.0 for AY-2, 19.0 for KWAG and
10.0 for KWAG-AY2. KWAG females had the highest
probability for survival and KWAG-AY2 females had
the lowest.

female male
3400
3
. O e
BREE=l==
- 0N :
2 . ¥ 4 I I
‘§ " . et e T
mulss
-
‘ ]
”x’ T T T T
AY2 DONGOLA KWAC KNAG-AY2 av2 DONGOLA KWAC KWAG-AY2
Stran/Sex
Fig. 4 Bax plot of wing length measursments for females (eft) and males (ight) of the 4 comparative strains. Each box shows the upper and lower
quarties, the line inside the box represents the median of the ample, ines extending from the boxes (whiskers) indicate variability outside the
upper and lower quartiles and cirdes indicate outliers
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Flight ability were, 64.7% in AYZ, 50.1% in K'WAG and 665% in

The difference in the mean escape rate of the KWAG KWAG-AY2. Pairwise analysis found no significant
males compared to KWAG-AY2? and AY2 males was difference in the escape rates of AY2 and KWAG-AY2

significant (p<0.0001) (Fig. 6). The mean escape rates  males (p >0.05).
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Discussion
The aim of this study was to develop a fluorescent sax-
ing strain with 3 South African penatic background with
potential use during the South African sterile insect
technique programme. The first part of this work was to
assess the strain's rearing efficiency, its relisbility in sex
sorting, and to identify any biological factors that may
significantly differ from other An arsbiensiz |sboratory
strains with a historical record of suwecessful colonisa-
tion and the wild type KWAG strain. An An arabizmsis
KWAG-AY2 sexing strain with a South African genatic
background was successfully developed. After three
rounds of introgression crosses, the progeny of this strain
has approximately 87.5% South African (KWAG) penstic
background and with continuous backcrossing a = 99.9%
local penetic background will be achieved. The fluores-
cence and its intensity, and linkage to the male sex were
maintzined and have still been found to be very stable.
Initial activities involved sorting of AY-2 males, which
was mostly done manually under the fluorescent micro-
scope prior to the acquisition of the automated COPAS
sorter. Mo recombination was found from either sorting
method in both the original AY-2 strain and the newly
established KWAG-AY2 strain. The fluorescence was
detactable as early as the first instar larvae both under
a fluorescent microscope and the COPAS sorter. It is
important to note that larvae need to be unfed in order
to be sorted in the large particle flow cytometer, as it
seems that larval diet components produce some sort
of luminescence that interferes with the laser detection
of the fluorescence, producing false positives. Debris
gither from food, eggshells or legs and wings of adult
mosquitoes can canse clogs in the system or cause sort-
ing errors if the particles are of similar size and den-
sity to the L1 larvas. However, this should not affect the
purity of the males sorted for release. For this reason,
larvae were sorted in the first 2448 h post hatch and
before feading. Young larvae can survive for some time
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by feeding on the yolk of the sggs after hatching with-
out the sddition of food. The famale slimination effi-
ciency of the COPAS sortar on KWAG-AY2 was very
high (99.97% of over 5000 L1 sortad) as opposed to the
97% elimination efficiency of females reported in GMK
[18]. The lack of recombinants in KWAG-AYZ2, in con-
trast to the 0.4% recombination rate recorded in ANO
IPCL] and likely related strains, is another advantage
towards the applicability of this strain as a sex separa-
tion option for the South African SIT programme [18].
The fact that no insecticides are used in the sorting of
KWAG-AY2 is another great advantage: the GME G55
ralies on the use of dieldrin for sex separation which
poses a constant threat to the colony, staff health, and
other non-tarpet insects, and the snvironment, in
which dieldrin residues can accumulate when abundant
treated males are released over time [19].

In terms of life history traits, KWAG-AY? compared
favourably against other established An. arabiensis labo-
ratory strains in most instances. The life history traits
that were assessed included egp hatch rates, larval deval-
opment, pupal emergence, sex ratio, wing length, adult
fecundity, longevity, and flight ability. The epg hatch rate
of KWAG-AY? was similar to that of KWAG and sig-
nificantly higher than for both AY-2 and Dongola. This
is expected due to the genetic similarity betwesn the
KWAG-base, and DONGOLA-base strains [34]. In con-
trast, the GME G55, developed from K'WAG females and
males of the original G55 ANG IPCLI, has a high natural
sterility due to the chromosomal translocation and pos-
sibly exacerbated by introgression into the local genomic
background, piving low epp hatch rates of 19.2% [18].
This low productivity makes the GME G55 uneconomic
for mass rearing as 3 male recovery rate of less than 10%
of any egg batch produced during mass rearing renders
the production mefficiant.

KWAG-AY2 had a significantly higher proportion of
L1 surviving to pupae as compared to AY-2, and slighthy
higher, but not statistically different to KWAG and
Dongola. Dongola provides the standard for mass rear-
ing; thus, this characteristic bodes well for the chances
of KWAG-AY2 performing well in a mass rearing sat-
ting. Each strain was fed the same amount of food and
larval density was the same at experimental set up. The
optimal feeding regime for Dongola as described in the
standardized mass rearing guidelines, may not be ideal
for the other tested sirains. The rearing water in the
AY-2 containers was clear, whereas the water became
cloudy in the 2 KWAG-based strains. This supgests that
AY-2 requires more diet than the other strains, while the
KWAG strains might require lass. The early mortality and
overall low survival rate in the AY-2 larvae may be due to
starvation of some of the larvae and necrophagy by those
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remaining (as no dead larvae were seen). This led to a
reduced rearing density, and thus more food for the sur-
vivors, resulting in faster development times and larger
adult body size. Adjusting diet amounts to feod per larva
would improve the experimental design to compare body
size. Also, a feeding regime that yields higher survival of
the transgenic AY? and KWAG-AY?2 strains needs to be
further investigated as overall the survival of larvae for
all the strains used in this comparison were low. How-
ever, the importance lies in the result that the KWAG-
AY? adults did not differ in size to the KWAG wild-type
adults, as compatible body size is important in mating
preferences [43].

Marois et al. [32] sugpested that when mass rearing
transpenic insects, fitness costs may arise by inbreeding,
a5 is seen in most colonized and artificially reared insects
[44, 45]. To counteract this and incresse the gene pool, it
is necessary to apply good colonization and maintenance
principlas, allowing penetic diversity [23, 46].

1t is important to consider the different developmentsl
stape characteristics as they have a bearing on the pro-
ductivity and quality of males to be released. The faster
larval developmental time shown by K'WAG-AY?Z as com-
pared to the other strains is comparable to results from
other studies such as 6.9-7.4 days in GSS ANO IPCL
compared to Dengola (75-78 days) [20]. In this study,
it took Dongola on average of 8 days to pupation and
10 days to reach adult emergence. Pupation of KWAG-
AY? took on average 8 days and 9 days to adult emer-
gence comparad to GME which took an averape of O days
to develop to pupae and 12 days to adult emergence.

The percentage of fomales that laid epps was lower than
what is usually observed in Aedes spp. Aedes mosquitoes
are not averse to being isolated in small containers for
individual oviposition, presumably because such an envi-
ronment is close to that encountered by these speciss in
nature. In contrast, Anopheles are generally more fragils,
and do not survive well when confined in small spaces
and are often observed to prefer withholding eggs rather
than laying them in an “unsuitabls” place (personal obser-
vations). The low fecundity levels recorded is therefore
not unusual and was expected in all the four strains, and
those that survived and did not lay eggs may be the result
of not all females having blood fed or mated, or females
withholding epgs. KWAG-AY2 showed high fecundity,
and high natural fertility (hatch rate). These characteris-
tics imply that there are no major limitations in the mass
rearing of this strain. Taking only those individuals into
account that laid epes, the differences in numbers of apps
laid/female betwesn the four strains were not signifi-
cant. Under mass rearing conditions, Mamai st al [47]
demonstrated that Amopheles famales laid an average of
40 epgs per female when 15 000 pupas were placed in
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mass rearing cages, however, the eggs were quantified en
masse, and were divided by the indtial number of female
pupae placed in the cage. In another study, Oka et al [48]
found female Amopheles laid an average of 52 eggs per
female in a substrate preference experiment. Mosquito
fecundity is variable and ranges between 50 and 200 eggs
per oviposition have been recorded [49, 50]. Egg counts:
in this current study are comparable with other Anoph-
eles epp counts considering the scale of the experiment.

Longevity of adult males is important for SIT mass
rearing and releass, Male median sarvival time was
longer for KWAG males than the other strains. KXWAG-
AY? (9 days) was not significantly different from Dongola
and AY-2 (9 and 12 days respectively). For field releasas,
males need to survive long enough to find suitable mates:
and copulate with as many females as possible. Further
tests need to be conducted to determine how irradiation
and release in semi-field conditions may affact longevity
and mating capacity of K'WAG-AY? as compared to the
KWAG strain.

The use of flight test cylinders as a routine method of
quality control in insect rearing has been shown to effec-
tively demonstrate the quality of flying insects [38, 51).
Releasad laboratory males are required to find and mate
with wild females and this is dependent on their ability
to fly. Flight test devices have been adapted for Amoph-
eles and used to demonstrate the effects of different
treatments on male flight sbility, which was correlated
to mating propensity and survival [38]. In this study,
KWAG-AY2 had an escape rate that was significanthy
higher than EWAG but similar to the AY2 strain. Fur-
ther studiss of flight ability of K'WAG-AY2 after irradia-
tion nead to be assessed as males earmarked for release
need to be sterile. KWAG-AY2 has performed well when
compared to reference strains in terms of egg hatch rates,
larval survival and adult size, fecundity and flight abil-
ity, compared to the other reference strains and thus is
promising for its mass rearing potential. The relative
faster developmental rate for KWAG-AY? observed in
this study is also a favourable characteristic from a mass
rearing perspective as this could reduce operational
costs. Taking all of the rearing parameters into account
{fecundity x egg hatch rate x survival to adulthood), the
rate of increase was found to be 19.2, 82, 17.9 and 33.0
for the An. arabiewsis strains Dongola, AYZ, EKWAG and
KWAG-AY2 respectively. The success of the KWAG-AY2
strain may have been contributed by heterosis, by cross-
ing the KWAG and AY2 strains.

Thia use of strains with sex-linked fluorescence cou-
pled with COPAS sorting may represent a valid option to
larpe-srale mals-only releases for the South African SIT

programme. The sorting speed of COPAS would allow
the accurate sorting of almost 2 million male mosquitoes:
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a week with 8 h shifts per day [32]. The use of COPAS
for sorting fluorescent mosquito larvae has proven to be
a highly efficient and relisble method for Anopheles sex
separation [32].

Conclusion

Realistic conclusions on the potential use of KWAG-
AY? can only be drewn after the full introgression
of the local genomic background, the evaluation of
its rearing efficiency at large scale, irradiation doss—
responsa of the strain, the effect of irradiation on male
mating competitivensss, mating compatibility with
the wild-type KWAG strain, and then ultimately mark
releass recapture (MRR) studies in open fiddd condi-
tions to complete the evaluation phases to consider this
new strain for larger scale suppression programmes
[11, 52, 53]. In addition, a risk assessment analysis is
required to address any concerns related to the poten-
tial releass of this transpenic and hybrid An. arabiensis
strain in ecosystems as well as to obtain the necessary
regulatory approvals for open field releases [26]. Finally,
the release of irradiated fluorescent males would allow
their easy monitoring in the snvironment and check-
ing for the absence of introgression of the wild target
population of Amopheles. However, the development
of non-transgenic strains by linking a marker on the ¥
chromosome using genome editing approaches would
be desirable in the future.
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