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ABSTRACT

ASSESSMENT OF ANOPHELES VECTORIAL CAPACITY METRICS AND MALARIA

TRANSMISSION FACTORS WITHIN THE RIMDAMAL II STUDY

Malaria is a mosquito-borne disease that results when Plasmodium parasites infect a
human through the bite of an infectious female Anopheles mosquito. It is a major cause of
morbidity and mortality in the world, resulting in over 200 million cases and hundreds of
thousands of deaths each year. Currently, more than 90% of the malaria disease burden is found
within the World Health Organization (WHO) African Region. Burkina Faso, a country located
in West Africa along the Sahel geographic belt, has some of the highest malaria transmission
intensities in the world. Although ongoing mosquito vector control and disease prevention efforts
have resulted in notable reductions in malaria mortality and morbidity, the level of recorded
malaria endemicity in Burkina Faso has not yet significantly decreased. This phenomenon may
be facilitated by weak integration of global health programs targeting both mosquito vectors and
Plasmodium parasites. Additionally, the efficacy of current malaria control efforts is severely
threatened by widespread insecticide and antiparasitic drug resistance. As such, we investigated
whether ivermectin, a novel malaria control tool that can target both Plasmodium and Anopheles,
could significantly reduce childhood malaria disease incidence through mass drug
administrations (MDASs) in a cluster randomized, double blind, clinical trial known as the Repeat
Ivermectin Mass Drug Administrations for control of Malaria (RIMDAMAL II). In this thesis, I

use entomological data derived from this study to both elucidate and measure changes in



mosquito host factors that contribute to Anopheles spp. vector competence and vectorial capacity
for malaria.

An anopheline mosquito’s ability to effectively transmit Plasmodium parasites from one
human to another is dependent upon several behavioral, physiological, and ecological
considerations. Vector competence, the ability of a mosquito to support each Plasmodium
developmental stages, transmit sporozoites, and produce new human infections, is one of the key
physiological parameters that govern successful transmission of Plasmodium. Vector
competence is biologically complex, varying considerably between different Anopheles and
Plasmodium species due to factors such as mosquito internal tissue physiology, immune
responses, and mosquito-parasite genotype interactions. Although vector competence is usually
quantitatively measured in laboratory settings, it can be qualitatively observed in field settings by
noting the relationship between specific Anopheles and Plasmodium species over time.
Additional parameters that shape a mosquito’s ability to successfully transmit malaria parasites
between infectious and susceptible humans define its vectorial capacity, which can be quantified
from field settings. These include mosquito density, host biting rate, daily and lifetime survival
probability, and malaria’s extrinsic incubation period (EIP). Subsequent chapters of this thesis
will explore novel and comparative means of assessing the most significant components of
vectorial capacity, mosquito survivorship, as well as enumerate potential, observed indicators of
vector competence for Anopheles mosquitoes and Plasmodium species within the context of
RIMDAMAL II.

Because mosquito age is one of the most significant determinants of mosquito vectorial
capacity, researchers have long sought an age grading technique that can be easily translated into

measurements of epidemiological importance. The Detinova parity technique, which estimates



age from the mosquito ovary and tracheole skein morphology, has been most often used for
mosquito age grading despite significant limitations, including being based solely on the
physiology of ovarian development. In this thesis, we have developed a modernized version of
the original mosquito aging method that estimates mosquito chronological age from wing wear
and wing scale loss. We conducted laboratory experiments using adult An. gambiae held in
insectary cages or mesocosms, the latter of which also featured ivermectin bloodmeal treatments.
Sampled mosquitoes were age graded by parity assessments and both human- and
computational-based wing evaluations. Although the Detinova technique was not able to detect
differences in age population structure between treated compared to control mesocosms,
significant differences were apparent using the wing scale technique. Furthermore, analysis of
wing images using averaged left and right wing pixel intensity scores predicted mosquito age at
high accuracy. Overall, our results suggest that this technique could be an accurate and practical
tool for future mosquito age grading endeavors, which we later tested in the first study year of
RIMDAMAL II.

The difficulties of field work and the biological complexities of wild mosquitoes have
made age grading challenging, and therefore hindered entomologists’ capability to quickly,
accurately, and precisely quantify the survivorship variables needed for monitoring the vectorial
capacity of a given anopheline population. Presently, two age grading methods are frequently
used in mosquito surveillance efforts due to their speed, accessibility, and/or reliability: the
Detinova parity technique and near-infrared spectroscopy (NIRS). Our RIMDAMAL 11 trial
provided an opportunity to compare these methods alongside wing scale counting in a true field
environment hyperendemic for malaria. Analyzing data generated from female Anopheles

gambiae s.1 sampled during the 2019 field season only, we conducted a comparative analysis of



the accuracy, feasibility, and field viability of these two techniques alongside wing wear-based
age grading. Our data show that parity assessment, while inexpensive, is highly subjective and
also technically demanding for the large sample sizes typical in a field trial. Age grading with
wing scales can be relatively fast and thus can be performed on large datasets, done
inexpensively, and analyzed without complex modeling. In comparison, NIRS is also rapid and
capable of processing of large datasets, though the initial costs of the field spectroscopy machine
are high and the need for mathematical and modeling expertise is a downside. Overall, we show
that wing scale and NIRS age grading have similar median age prediction trends across sampled
village and time points, but their distributions of predicted ages were noticeably different.

In addition to mosquito age, other mosquito physiological characteristics and Anopheles-
Plasmodium interaction dynamics impact malaria transmission. These factors fall within the
domain of vector competence. We conducted an observational analysis of the entomological data
derived from both study years of RIMDAMAL II, using field data and follow-up qPCR analyses
to determine changes in Plasmodium and Anopheles species dynamics and sporozoite infection
rates over time. Expectedly, we identified An. gambiae s.s as the primary transmitter of any
Plasmodium spp. in the area. However, we noted a surprising role for An. funestus, which were
more Plasmodium-positive than expected and compared to what is reported in the literature
specific to Burkina Faso. Likewise, although P. falciparum continues to be the dominant malaria
parasite in the region, an atypically high prevalence for P. ovale was detected. Lastly, our
analyses indicated that standard entomological measurements of malaria were insufficient for
representing disease transmission risks, and should be paired with other, age-based metrics to be

more robust. Overall, our findings present the first signs that malaria transmission dynamics may



be shifting within our study region in Burkina Faso, which might have significant implications

for future vector and disease control efforts.
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CHAPTER 1: OVERVIEW OF THE LITERATURE

1.1 Malaria and Plasmodium

Although malaria is an ancient infectious disease that has affected humans for millennia,
it continues to be one of the world’s most devastating diseases, resulting in anywhere between
200-500 million cases each year.?? In 2018 alone, over 400,000 deaths and an estimated 228
million cases of malaria occurred globally, 93% of which occurred in the World Health
Organization (WHO) African Region.** Over 50% of all cases globally were accounted for by
Nigeria (25%), followed by the Democratic Republic of the Congo (12%), Uganda (5%), and
Céte d'Ivoire, Mozambique and Niger (4% each).* Malaria also most severely impacts society’s
most vulnerable, disproportionately affecting those in poverty; 58% of malaria cases occur in the
poorest 20% of the world's population.® With malaria-affiliated global health costs tallying over
$12 billion each year, malaria is also a driver of further global economic inequality.” Similarly,
malaria more severely affects women and children. Due to their high work burden, women can
have greater exposure to malaria-carrying mosquitoes and have limited ability and decision-
making power to seek treatment when either they or their family fall ill.® Pregnant women are
also disproportionately at risk; those infected with malaria experience higher risk of maternal
death and more severe disease outcomes, as well as higher risk of miscarriage, intrauterine
demise, premature delivery, low-birth-weight neonates, and neonatal death.’ In high transmission
areas, their children, too, are at high risk since they have not yet acquired immunity and are thus
more susceptible to severe malaria.'”!! In 2019, 272, 000 (67%) malaria deaths were estimated to

be in children aged under 5 years.*



The WHO’s Global Technical Strategy for Malaria aimed for a reduction of 40% of
malaria from the 2015 baseline by 2020."? To meet that goal, four key strategies were
recommended to reduce disease transmission: (1) rapid malaria diagnosis in humans and
treatment with artemisinin-based combination therapy (ACT) to ensure the rapid and full
elimination of Plasmodium parasites from a patient’s bloodstream; (2) chemopreventive drug
administration for vulnerable populations, like pregnant women and children, at designated time
points during the period of greatest malarial risk; (3) distributing long-lasting insecticide-treated
nets (LLINs) and insecticide-treated bed nets (ITNs) in order to reduce exposure to biting,
disease-carrying mosquitoes; (4) conducting indoor residual spraying (IRS) to kill malaria-
transmitting mosquitoes. Despite these recommendations and consistent malarial control efforts
globally, the milestones set out by the WHO’s Global Technical Strategy for Malaria remain as
yet unachieved* This suggests that the current strategy is insufficient and that complementary,
innovative disease prevention tools are needed to not just target malaria-transmitting mosquitoes,
but also the parasites themselves.'?

1.1.1 Plasmodium biology and transmission in humans

Malaria is a mosquito-borne disease caused by unicellular eukaryotes of the genus
Plasmodium."* Although more than 100 Plasmodium species exist in nature, just five species are
known to infect humans.!> An obligate parasite of humans and insects, Plasmodium species
pursue a complex, two-host life cycle in which mosquitoes act as both hosts and carriers.'

A new round of the Plasmodium life cycle begins after an infectious female mosquito
vector salivates during human blood feeding, depositing anywhere from one to several hundred
sporozoite forms of the parasite into the dermis.'®?! Most of these sporozoites find a capillary,

which they then use to travel the peripheral blood circulation until they reach the liver blood



vessels (sinusoids).'72? After crossing the sinusoidal wall, sporozoites use a form of locomotion
called gliding motility to migrate through multiple hepatocytes before arresting and infecting a
final hepatocyte.?>>* When infecting cells, the sporozoite forms a parasitophorous vacuole, inside
which they then grow and multiply exponentially (exoerythrocytic schizogony).?> Between 2-16
days later, the resulting new invasive and motile form (merozoites, which are now thousands of
times more abundant than the original invading sporozoites) induce the death and detachment of
their host hepatocytes and enter the sinusoid lumen in the form of a parasite-filled vesicle known
as a merosome.?>*?’ Merozoites are released into the bloodstream and eventually find and invade
an erythrocyte (also known as a red blood cell, RBC).?**® Once inside the RBC, merozoites
develop inside a parasitophorous vacuole formed during RBC invasion, multiply asexually by
schizogony, and undergo two stages: a trophic period where the parasite enlarges and forms a
“ring form,” and a period where the trophozoite enlarges further upon ingesting the host
cytoplasm and hemoglobin.”” The end of this trophic period is accompanied by multiple rounds
of nuclear division to produce a schizont, which ultimately ruptures to release thousands of new
merozoites into the bloodstream (it should be noted that this stage produces most of the
symptoms associated with human malaria disease, discussed further in section 1.1.2).2°*° This
intraerythrocytic propagation cycle is repeated multiple times.>! Some of the RBC-released
merozoites undergo sexual differentiation (gametocytogenesis) to form male and female
gametocytes. 33

The second major stage of malaria parasite development occurs after gametocytes are
ingested by female mosquito vectors during blood feeding.** Within approximately 15 minutes,
gametocytes exit the ingested red blood cells and, after being exposed to the internal biochemical

and physical conditions in the mosquito midgut, mature into gametes.*-¢ Haploid male gametes



undergo a process known as exflagellation, where they undergo three rounds of DNA replication
in a matter of minutes, ultimately forming eight male, haploid microgametes.’’* These male
microgametes detach from the exflagellation center and fertilize female gametes, subsequently
forming a diploid zygote.**#°After one round of DNA replication to become tetraploid, zygotes
develop into motile ookinetes, which migrate through the blood bolus to ultimately penetrate and
traverse the midgut epithelial wall from the apical side, egresses from the basal end, and reach
the basal lamina.?”*! This invasion step is accompanied by a severe reduction in ookinete
numbers due to attack by the mosquito immune system and other host protective
mechanisms.?”*? Approximately 18-24 hours after the original ingestion of the infected blood
feed, the surviving ookinetes attached to the mosquito midgut basal lamina become immobile
and begin to transform into oocysts. Oocysts grow and undergo multiple rounds of DNA
synthesis and mitosis for approximately 7-10 days, eventually rupturing to release haploid
sporozoites into the haemocoel located within the mosquito body cavity.>* Plasmodium
parasites then undergo their second bottleneck stage, as sporozoite populations suffer heavy
losses.¥’#4344 Sporozoites that do not successfully reach and invade the salivary gland within eight
hours are efficiently degraded by rapid immune processes in regions of high hemolymph flow; it
is estimated that only 19% of sporozoites invade the salivary glands.* These remain alive
throughout the life of the mosquito vector and are the only form of Plasmodium capable of
naturally infecting other humans 323445
1.1.2 The human health outcomes of Plasmodium development and replication

Although Plasmodium parasites go through a complex life cycle with multiple
development stages, only a small number of these forms lead to clinical disease. In fact, most

malaria-infected individuals exhibit few symptoms or are asymptomatic.**® Symptoms can only



begin when the first liver schizont ruptures and releases merozoites into peripheral circulation, an
event which is silent for most patients who will later become clinically ill.>47 As the parasites
continue to cycle through their asexual development stages (merozoite reinvasion, trophozoite
development, schizont rupture) over repeating intervals of 24-48 hours, the level of parasitemia
increases.***” The human immune response also increases to match these levels, causing cyclical
bouts of fever, inflammation, myalgia, rigor, headache, and fatigue.*3-°

More complicated and severe forms of malaria encompass a broad spectrum of
syndromes, the development of which may be influenced by an individual’s age, exposure and
immune status, or the specific parasite species behind the infection.*”3! It includes complications
that affect specific organs such as the brain in cerebral malaria (CM) or the placenta in malaria in
pregnancy (MiP), as well as severe anemia, hypoglycemia, metabolic acidosis, acute respiratory
distress, renal abnormalities, neurological changes, and coma.*’>>* Global trends indicate that
overall malaria-induced mortality rates are declining and the relative global frequency of severe
malaria remains low.* However, the reported case fatality rate for severe malaria patients,
especially children with CM, has not substantially changed over the past several decades.>
1.1.3 Overview of the five Plasmodium parasite species that cause human disease

Only five Plasmodium species are known to infect and cause disease in humans:
Plasmodium falciparum, P. vivax, P. ovale, P. malariae, and P. knowlesi.'> Anopheline
mosquitoes serve as the exclusive host and carrier for all five parasite species.'®

Unlike the other four malaria species, P. falciparum’s life cycle differs in several notable
ways. Liver-stage merozoites rupture the hepatocyte at approximately the same time with none

remaining in the liver.?>*® Once in the peripheral blood stream, P. falciparum invades RBCs with

no preference to erythrocyte age.'”#’ During the latter half of the intra-erythrocytic cycle, mature



falciparum-infected RBCs are not seen in the peripheral blood.>® Instead, late-stage parasitized
erythrocytes use parasite-encoded proteins (predominantly PFEMP1) on the RBC surface to
sequester and bind to the luminal surface of vascular endothelial cells, which can compromise
blood flow.*31-%6 P. falciparum-infected RBCs can also bind to the placental wall and seize
essential placental molecules, resulting in MiP, serious pregnancy complications, and health
problems for both the mother and fetus.*’->’ Additionally, they can bind to the brain endothelium
and cause complications leading to CM, the most severe complication of any P. falciparum
infection.*’-*8 In highly endemic settings, children under five years old are at the highest risk for
CM (mortality of 10-20%), while in low endemic settings all ages are at risk and mortality can be
higher in adults.*® For this reason, P. falciparum is the malaria parasite species most commonly
associated with severe and complicated disease.!’ In fact, most malaria-associated morbidity and
mortality in sub-Saharan Africa is caused by P. falciparum.>

P.vivax is the second most prevalent cause of malaria worldwide, the leading cause of
malaria outside of Africa, and the most widely distributed of all human malaria-causing
Plasmodium species.**6%° However, most (72%) of P. vivax infections occur in the Americas
and Southeast Asia, placing approximately 2.5 billion people at risk.! Like P. falciparum, it can
also cause pregnancy complications and congenital malaria.*’ P. vivax poses challenges to
malaria eradication campaigns due to its unique biology. First, this species of Plasmodium
continuously produces gametocytes even in its early intraerythrocytic propagation cycles,
resulting in high transmission potential.'®*’ Additionally, a portion of the liver stage parasites are
able to develop into a dormant form called hypnozoites, which can remain latent up to two years
before reactivating to initiate blood-stage infection.®? The exact mechanism behind hypnozoite

triggering is not yet fully understood, though they are the most common origin of blood-stage



infections.*7:61:62

Hypnozoite reactivation combined with P. vivax’s relatively short schizont
maturation to rupturing period (48 hours) not only causes recurrent malaria, but also increases
the risk of severe anemia.>>° Additionally, even though it typically exhibits relatively low
parasitemia, P. vivax is known to trigger greater inflammatory responses and more severe
clinical symptoms due to its preference to infect reticulocytes instead of mature RBCs.%? This is
because P. vivax merozoite invasion is dependent upon the parasite’s Duffy binding protein
(PvDBP) interacting with reticulocyte receptors.®?

P. ovale was first identified by Stevens in 1922, but it wasn’t until 2010 that the parasite
was further distinguished into two sympatric sibling species, P. ovale curtisi and P. ovale
wallikeri.%*-% Though genetically distinct, P. ovale curtisi and P. ovale walliker are
morphologically identical.®” Both are considered endemic in sub-Saharan Africa, but can on rare
occasion be found in parts of Oceana and Asia.’® It is regarded as a slow-growing species that
requires 48 hours to complete a given intraerythrocytic propagation cycle.'®%* Like its close
relative P. vivax, a proportion of the liver-stage P. ovale parasites can form dormant hypnozoites
that can reactivate anywhere from several weeks to years after initial infection.®® Also similar to
P. vivax, P. ovale prefers to invade young RBCs. Parasitemia, therefore, is typically very low in
infected humans.*” However, it seldom produces severe malaria cases.’®

P.malariae was first described as an infectious human disease in 1886 after observing
that malaria parasites in some patients followed a 72 hour-long intraerythrocytic propagation
cycle.®® Although P. malariae presence has been reported on all continents, it is most prolific in
Africa and the southwest Pacific.’*” A common cause of morbidity, it is known to produce the
highest incidence of malaria fever among children less than 10 years old.”" A unique feature of

this parasite species is that, like P. falciparum, liver tissue merozoites synchronously rupture the



hepatocyte, completely exit into the blood stream, and then preferentially invade older RBCs.>
Without treatment, blood-stage parasites endure for extremely long periods of time, sometimes
for the lifetime of the human host.”"”? P. malariae parasites remain at very low numbers in
reticulocytes and kidneys, but can recrudesce years after the period of initial exposure and cause
malaria disease.” In its most severe form, the most distinguishing symptom of P. malariae
infection is an irreversible, immune-mediated, nephrotic syndrome that can also present years
after the last exposure.”® Deaths associated with P. malariae are usually from end-stage renal
disease.>

P. knowlesi has the most limited distribution of the five human-infecting malaria species,
located predominantly in Southeast Asia.”* It is most notable for being a zoonotic parasite
transmitted between non-human primate hosts (especially long-tailed macaques, pig-tailed
macaques, and banded leaf monkeys) by anopheline mosquitoes, causing spill-over infections in
humans where the parasite, vector, host and human converge.” It is also unique in the fact that it
repeats its intraerythrocytic propagation every 24 hours.!® Rapid spread of P. knowlesi is limited
by the fact that the parasites strongly prefer young RBCs but can, over long periods of time,
adapt to infect older ones.’”® P. knowlesi-induced malaria usually presents as uncomplicated,
though mortality occurs at a higher frequency than that seen with P. vivax and P. falciparum
proportionally.”
1.1.4 Plasmodium species and malaria transmission dynamics in Burkina Faso

Burkina Faso is characterized by regions that are holoendemic (most of the infected
population is pediatric) or hyperendemic (high incidence and/or prevalence rates across all age
groups equally) for malaria.” The disease is responsible for 61% of the country’s

hospitalizations and 30% of deaths annually, and malaria-induced mortality, especially among



children, has been steadily increasing by more than 4% every year.”® Starting in 2010, intense
and wide-scale distribution of ITNs ensured that by 2014, 89.9% of the population owned at least
one ITN and largely complied with bed net use.”®*° Nevertheless, the lack of significant decrease
in the annual number of malaria cases suggests that existing vector control tools, malaria
diagnosis methods, and reporting structures are insufficient for malaria elimination.*

Three human disease-causing Plasmodium species are currently found in Burkina Faso:
P. falciparum, P. ovale, and P. malariae. P. falciparum is by far the most prevalent, with studies
attributing as much as 98.5% of malaria infections due to this parasite species.’ When focusing
specifically on P. falciparum, infection prevalence in children younger than 10 years has been
recorded at 57.5%.%? In general, children bear a high malaria burden in Burkina Faso, with
malaria being nearly five times more prevalent in urban pediatric populations (8 months to 5
years old) than adults.®! However, shifting spatiotemporal distribution of Anopheles vectors,
environmental factors, and human settlement and migration mean that Plasmodium species
distribution can also vary significantly over space and time, and also may differ among different
demographic populations.® P. malariae has been on the rise in Burkina Faso, with one study
showing increased prevalence from 0.9% to 13.2% over a three year period.®* Additionally, while
P. falciparum are typically surveilled across the year, P. ovale and P. malariae have been
documented as more prevalent after the rainy period.”’#* Coinfections have also been noted in
Burkina Faso, with P. falciparum interspecies infections with either P. ovale or P. malariae
yielding higher gametocyte prevalence than P. falciparum mono-infections.®

Notably, P. vivax infection is absent or rarely prevalent in Burkina Faso, or even in most
parts of Africa, due to the lack of Duffy glycoprotein receptor expression on the surface of red

blood cells in the majority (>95%) of the human population.®* This antigen serves as a receptor



for P. vivax parasites, meaning that Duffy-negative individuals are resistant to P. vivax
invasion.®> However, recent reports have suggested that P. vivax is more widely distributed
across Africa than previously believed.5>86 This could suggest that the parasite is evolving to use
alternative receptors for RBC invasion, or a greater percentage of humans in Africa express
Duffy receptors than believed.?”:88
1.1.5 Epidemiology of Plasmodium coinfections and interspecies transmission

At least seven species of Anopheles have been shown to carry more than one species of
human Plasmodium in the wild, and technically all five human malaria species can be
transmitted by the An. gambiae complex (An. gambiae sensu latu or s.1).8°! However, the exact
mechanisms behind mixed infection rates in mosquitoes in Africa have yet to be fully
determined.® Because female anopheline mosquitoes sample human blood repeatedly over their
lifetime, it is possible for a single mosquito to carry multiple Plasmodium species and cause a
case of malaria coinfection though simultaneous sporozoite inoculation.”! However, the
consensus on the likelihood of this event is not consistent. Some metanalysis review studies
indicate that it is more probable that mixed species infections occur through separate mono-
species inoculations.?’ Others have specified that the frequency of mixed malaria parasite species
in mosquitoes actually occurs equal to or greater than that predicted from the frequency of
single-species infections.”® Given the variability in spatiotemporal and geographic distribution of
both Plasmodium and Anopheles species, as well as the difficulty in detecting Plasmodium in
mosquitoes (discussed further in section 1.1.6 below), determining the definitive possibility of
multi-species Plasmodium transmission from a single mosquito to humans will likely prove

exceptionally challenging,’0:83-91-9
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The epidemiology of mixed Plasmodium infections is further complicated by the parasite
species’ ability to cross-interact and potentially engage in mutual suppression. In vitro
experiments conducted as early as the 1930s have shown that different malaria parasite species
interact and/or antagonize each other in the infected host after simultaneous inoculation.”’
However, the number of such studies is limited and their generalizability to natural infection in
human populations and malaria endemic areas is questionable. There have been some
observations in the field, though, showing reciprocal seasonality between different Plasmodium
species that cannot be easily attributed to mosquito feeding behavior, vector abundance, or
chemotherapeutic drug use.'?-192 A leading contemporary hypothesis is that Plasmodium species
undergo density-dependent regulation of parasitemia in mixed infection scenarios. Studies in
asymptomatic children have indicated that total Plasmodium density oscillates around an
equilibrium threshold.?"-'931% Growth of one parasite species population above this threshold
inhibits minority coinfections and regulatory mechanisms (e.g., the competition for host
resources, fever, merozoite clonal phenotypic variation, antigenic variation of red blood cell
surface proteins, innate inflammatory responses).'%3195-197 Once the majority population is
cleared by chemotherapeutic drugs or species-/genotype-specific host responses, parasitemia
levels drop back below threshold, density-dependent regulation ceases, and a minority
Plasmodium species population has the chance to rise.!*

The frequency of mixed malaria infections is difficult to determine and highly dependent
on the means of detecting them. Conventional, microscopy-based blood smear examination often
misses these infections for several reasons: (1) the young ring-form stages of all four malaria
parasites are nearly indistinguishable; (2) parasitemia may be too low to detect by microscopy;

(3) dormant hypnozoites do not appear in blood smears; (4) observational error can miss cryptic
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and rare secondary species after detecting the dominant Plasmodium present.’*°11%8 To this latter
point, because P. falciparum typically produces more severe symptoms than the other three
human malaria species, mixed species infections can be easily misdiagnosed as P. falciparum
mono-species infections.'?’

Failing to identify mixed infections with high sensitivity and specificity has serious
consequences for global health. Because secondary malaria parasite species often have milder
symptoms and lower parasite prevalence than P. falciparum, these infections can remain
undetected for long periods of time, enabling patients to serve as reservoirs for ongoing
transmission.'?>!10 In fact, some studies have shown that in such mixed infection situations, these
secondary Plasmodium species may transmit gametocytes more efficiency at low parasite
density, thereby further thwarting the effort to curb malaria transmission.'!"!2 On the
therapeutic side, studies have shown failure of parasite clearance after artemisinin-based
combination therapy in non—P. falciparum infections, leading to the possibility of increased drug
resistance formation among Plasmodium species present in mixed infections.'!%113.114
1.1.6 Scoring Plasmodium transmission by mosquitoes: methods, strengths, and weaknesses

Measuring Plasmodium transmission in mosquitoes is critical for evaluating the success
of vector control and malaria prevention initiatives.!'> Two metrics are typically used: the
sporozoite infection rate (SIR; an indicator of vector infectiousness calculated as [number of
sporozoite-positive mosquitoes]/[total number of sampled mosquitoes] x100%) and the
entomological inoculation rate (EIR; the number of infectious bites per person per time
period).!'®!7 To calculate EIRs and SIRs, it is crucial that researchers accurately detect

infectious sporozoites in field-caught mosquitoes.
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The oldest and most traditional method to measure Plasmodium presence in mosquitoes
1s through dissection paired with microscopy. In this approach, adult female mosquitoes are
either sectioned or pertinent organs (e.g., salivary glands, midgut) are carefully removed,
mounted on slides, examined via light microscopy, and often imaged.!'® In its simplest form,
researchers look only for the presence or absence of oocysts on the dissected midgut in order to
identify an infected mosquito.’®!'!° To date, variations of this protocol remain the standard for
tracing and assessing Plasmodium dissemination and pathology in the mosquito.!'” However,
Plasmodium transmission can only be scored by identifying infectious mosquitoes, distinguished
by the presence of sporozoites in mosquito salivary glands. Both techniques are challenging
(particularly sporozoite detection) since: (1) it is infeasible for high numbers of mosquitoes; (2) it
is technically difficult as mosquito body contents are often very delicate and opaque; (3) blood
pigment can obscure parasites, thereby biasing observation; (4) objective classification of
oocysts and positive identification of sporozoites can be challenging.''*1?* Additionally, imaging
and visualization are often hindered by light scattering due to the mosquito cuticle or lipids in
cell membranes, thereby necessitating the use of additional tissue clearance and preparation
techniques.'?"'?? Given these practical challenges, Plasmodium scoring is more frequently done
using molecular methods.

First developed in the 1980s, the leading molecular method for detecting Plasmodium
sporozoites in mosquitoes has been an enzyme-linked immunosorbent assay (ELISA) that uses
monoclonal antibodies to target circumsporozoite protein (CSP).!?>-12° CSP is a
glycosylphosphatidylinositol-anchored membrane protein that is profusely expressed along the
surface of all human malaria species sporozoites and oocysts, is shed abundantly into the

environment, and contains two conserved regions flanking a central repeat region of various
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lengths.3* CSP-ELISA provides several advantages over dissection; it allows for samples to be
stored until processed and higher sample throughput, is Plasmodium stage-specific, and can
provide Plasmodium species identification if species-specific monoclonal antibodies are used.!2¢
However, there are several notable disadvantages to this technique. First, CSP-ELISAs are less
sensitive than dissection when sporozoite prevalence in the salivary glands is low.'?” Second,
because CSP-ELISAs detect CSP in other tissues besides the salivary glands, the technique tends
to overestimate sporozoite rates even if only the mosquito head-+thorax is analyzed.'?%!?7 As an
example, one study using CSP-ELISA to detect P. falciparum in An. funestus salivary glands
found that only ~1% of ELISA-positive mosquitoes also tested positive for malaria when
reexamined with polymerase chain reaction (PCR) assays.!?® The reason for the high degree of
false positives is not fully understood, with some hypotheses pointing to cross reactivity to other
vector borne parasites, other Plasmodium antigens, and/or other plasma factors in animal blood
meals.'?6:12% Regardless of the mechanism, the high degree of type 1 error means that
exclusively using CSP-ELISA will likely result in an overestimated SIR and EIR, which can
seriously affect estimation metrics for malaria transmission, vector control evaluations, and
vector identification.26-130.131

As an alternative or complimentary method to CSP-ELISAs, quantitative PCR (qPCR)
assays are increasingly used to detect and quantify Plasmodium in mosquito samples. qPCRs are
more sensitive than ELISAs, which typically require at least 100 sporozoites to read positive
detection.!*? qPCRs, on the other hand, should be able to detect as few as one sporozoite in
theory, but usually need at least 10 in practice.'*3 Advantages to qPCR include that it is a highly

sensitive, Plasmodium species-specific, high-throughput, relatively fast, and affordable

technique. It also facilitates storage of samples prior to analysis, making it a preferred method for
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detecting Plasmodium in mosquitoes.'?® However, because it will detect the presence of

all Plasmodium DNA and not just sporozoites, qQPCR cannot be used to specity Plasmodium life
stage.'** Therefore, it is critical that mosquitoes first be bisected between the second and third
leg immediately after capture in order to prevent false positive qPCR readings from non-
sporozoite Plasmodium life stages that migrate into the head-+thorax.'*> However, care must be
taken when bisecting recently blood fed female anophelines. Blood leakage during dissection can
contaminate a head-+thorax sample, or even cause carryover contamination to other potentially
Plasmodium-negative samples.!?’ It is also possible that residual blood in the mosquito pharynx

could lead to a false positive in a more sensitive PCR assay.'3°

1.2 Anopheles mosquitoes

Human malaria is transmitted exclusively by mosquitoes in the genus Anopheles, which
have a wide global distribution and can be found on every continent except Antarctica.!’’ 8 As
early as 1896, the Italian researcher Amico Bignami first suggested that mosquitoes might
transmit malaria by inoculation.!* However, it wasn’t until two years later that he and his
collaborator, Giovanni Battista Grassi, proved the theory after feeding local An. claviger
mosquitoes on malaria-infected human patients and then subsequently allowing those same
mosquitoes to feed on uninfected individuals.'* Ensuing research showed that only anopheline
mosquitoes transmitted the disease, and the mosquito-stage life cycle of P. vivax, P. falciparum,
and P. malariae were documented in totality.'*! Today, Anopheles is known to include 465
formally recognized species, approximately 70 of which have the capacity to transmit
Plasmodium spp. to humans and 41 are considered as dominant vector species/species complexes

capable of transmitting malaria at a level of major epidemiological concern.'*
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1.2.1 Anopheles malaria vectors in Africa

Within Africa, malaria is predominantly transmitted by mosquitoes in one of two species
complexes/groups: Anopheles gambiae and Anopheles funestus.”>'*3 In both complexes,
individual sibling species are impossible to distinguish based on morphology alone across all life
stages of the mosquito.!** In regards to the An. gambiae complex, there is ample research
illustrating how the individual species differ based on chromosomal polymorphism, population
genetic structure, molecular characterization, ecology, phenotype, behavior, and insecticide
resistance mechanisms.'#~15% Although the An. funestus group is larger than the An. gambiae
complex (nine sibling species vs. only seven), it is significantly less researched and only two An.
funestus group characteristics are used as primary species differentiation markers: insecticide
susceptibility status and frequencies of shared polymorphic chromosomal inversions.'33138
However, An. funestus s.s 1s the dominant malaria transmitting species within the group due to its
human feeding preference, wide geographic distribution, and population abundance.'>>

Due to their role in transmitting malaria in Burkina Faso, subsequent sections of this
review will focus exclusively on the primary vectors An. gambiae s.s, An. coluzzii, An.
arabiensis (all members of the An. gambiae s.1 species complex) and the secondary vector An.
funestus s.8.°>1%° Seasonal mosquito population abundance and geographic distributions can vary
significantly over time; An. coluzzii and An. gambiae s.s are normally the prevailing species
during the rainy season, An. funestus acts as the main vector during the dry cold season, and 4n.
coluzzii dominates during the dry hot season.'**!3° Despite these shifts, mosquito abundances
typically peak and malaria entomological infection rates (EIRs) are usually highest during the
rainy season, which can occur anytime between June-September.”>!%° Studies have shown that

small, stagnant water puddles exposed to the sun during the rainy season and at the beginning of
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the dry cold season are favorable to Anopheles larvae development and survival in urban
settings.'¢1-163 Additional evidence suggests that heavy rainfall, which usually destroys mosquito
breeding habitats, does not deter malaria mosquitoes in this region.'®> Mosquito populations do
generally decrease significantly during the hot dry season, potentially even disappearing
completely for some species.!%+!6> However, permanent water structures like dams and
agriculture sites maintain low residual mosquito populations, allowing Plasmodium-infected
mosquitoes to persist throughout the dry season.®>1%2
1.2.2 Anopheles life cycle and pertinent physiology

The entire holometabolous life cycle of an Anopheles mosquito, which includes egg
hatching, larval and pupal development, and adult emergence, typically takes between nine and
20 days, depending on environmental and temperature conditions.!*1% Mating is initiated when
males form swarms 1-3 meters above the ground, which females fly into and depart paired with a
single male.'¢”1®8 Females will likely mate only once in their life as they are able to store
spermatozoa to fertilize oocysts in following gonotrophic cycles.!** Afterwards, female
Anopheles mosquitoes undergo behavioral changes including induction of egg laying and
refractoriness to further insemination.!8.1°

To successfully ovulate, female anophelines must blood feed to gain the energy and
protein amino acids needed for ovarian and egg development.!”® Mosquitoes have two ovaries,
which consist of a number of ovarioles attached to a central oviduct through which developing
eggs are discharged. Ovarioles consist of a series of follicles and culminate in the germarium, a
mass of undifferentiated cells that form oocysts, nurse cells, and follicular cells.!*!”! Following
a blood meal, these ovarian structures go through four developmental phases: (1) previtellogenic

phase — ovarian follicles separate from the germarium, oocytes become capable of incorporating
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vitellogenin (an egg yolk precursor), and a minor amount of growth occurs; (2) initiation phase —
a few hours immediately after a blood meal, follicle growth reinitiates and vitellogenin synthesis
starts; (3) trophic phase — vitellogenin synthesis is completed and oocytes rapidly grow, causing
massive ovary expansion; (4) post-trophic phase — oocytes mature and are surrounded by
unhardened chorion (the outermost fetal membrane around the embryo).'#+!7.172 Specific ovarian
morphology observed during these stages can be used to determine the relative age of an adult
female mosquito (discussed in greater depth in section 1.3.5).!7* Once ovarian development is
complete, female anophelines will oviposit anywhere between 50-150 eggs at one time, and as
many as 800-1,000 in their lifetime.'4+170

Embryos begin to develop and, provided that the eggs stay submerged in water, will
hatch into first instar larvae within 2-3 days. Larvae will then go through three additional instar
stages, all of which are fully aquatic.'** Anopheline larvae predominantly feed through
collecting-filtering, removing suspended particles within a water column or, more frequently, at
the top micrometer of the water surface.!”* This behavior is attributable to the fact that Anopheles
larvae do not have a siphon and therefore must lie parallel to the water surface to obtain oxygen
through spiracular lobes present on the dorsal side of the abdomen.!** After the fourth instar
stage, larvae will undergo a final round of ecdysis and metamorphosize into pupae, a state that
they will remain in for 2-5 days. During this time, pupae abstain from all feeding behavior, using
their energy instead to develop adult internal and external physiological structures.'#*

During eclosion, the pupal cuticle splits along the mid-dorsal line of the thorax and the
adult emerges, thus terminating its aquatic life stages. Approximately 10 minutes after full
emergence, the new adult mosquito is able to make short flights, but usually remains on the

144

surface of the water.'** This is due to the fact that the adult cuticle and wings have not fully
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sclerotized, leaving the exoskeleton weakened and diminishing flight capability. Once
emergence and sclerotization are complete, adult females can live up to a month or more in a
laboratory setting, but typically only live two weeks or less in nature. Females can be ready for
mating as soon as one day post-eclosion, but normally need 3-5 days under insectary
conditions.!'®
1.2.3 Anopheles blood feeding behavior and its relationship to malaria transmission

All anopheline females are able to navigate towards potential vertebrate hosts using a
series of cues, which can consist of: (1) carbon dioxide, water vapor, and volatile organic
compounds present in exhaled breath; (2) carbon dioxide, sweat, bacterial decomposition
products, and other organic compounds excreted from the eccrine, apocrine, and sebaceous
glands found within the inner layers of the host’s skin; (3) corporal heat transfer via radiation,
conduction, and convection; (4) visual cues such as host movement and size, color contrast, and
spectral wavelengths, 168175180

Upon finding a host, Anopheles explore and probe the dermal surface, eventually
thrusting the proboscis fascicle into the skin and continuing to probe in search of a blood vessel.
During this time, the mosquito discharges saliva from the fascicle tip; once she finds a capillary,

further saliva is expelled in alternating sequences of postulated suction.'6®

In total, mosquitoes
typically expectorate ~5 nL of saliva per blood feed.!#* The saliva of hematophagous arthropods
contains assorted proteins with anticoagulant, vasodilation, antihemostatic, platelet inhibition,
anti-inflammatory, and immune-modulating/immunosuppressive properties.'®! Homologues of

anopheline (anticoagulant), salivary peroxidases (vasodilator), apyrase enzymes (platelet

aggregation inhibitor), and D7 family proteins (vasodilators, platelet aggregation inhibitors, and
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pain inhibitors) are some of the primary proteins identified in An. gambiae salivary
transcriptomic studies. !44182.183

Plasmodium sporozoites that have successfully infiltrated the mosquito salivary gland are
ejected into the human blood stream during Anopheles salivation and blood feeding.*® Some
studies have indicated that salivary components may actually facilitate malaria transmission and
contribute to subsequent disease. Laboratory experiments with mice and chickens have indicated
that Plasmodium sporozoites were more infectious when inoculation occurs via infected
mosquitoes rather than intravenous injection.!8%184-186 However, studies have also reported
opposite findings, once again indicating that malaria transmission dynamics are difficult to
accurately and consistently model in laboratory settings alone.'87:18% Regardless, the broad
hypothesis remains that Anopheles saliva components enhance malaria transmission by: (1)
inducing rapid skin mast cell activation, which in turn down-regulates antigen-specific immune
responses; (2) facilitating Plasmodium entry/exit from blood vessels by prompting increased
levels of basophil- and mast cell-derived histamine in plasma and tissue, which can enhance
vascular permeability and mediate the initial recruitment of inflammatory cells; (3) stimulating
immunopathology and allergic inflammatory responses that lead to the dissemination, adherence,
and sequestration of parasites in tissues.!8%-19

After obtaining a blood meal, the female mosquito will rest 2-3 days while blood is
digested and eggs develop, preferring to stay on dark, cool surfaces such as a house wall, under
furniture, or on plant surfaces.!*® Additional feeding behavior and host preferences are unique to

individual Anopheles species and have direct impacts on malaria disease transmission.

1.2.4 Host seeking and feeding behavior for the primary malaria vectors in Burkina Faso
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The primary malaria vectors of Burkina Faso (4n. gambiae s.s, An. coluzzii, An.
arabiensis, and An. funestus), all exhibit anthropophilic tendencies in host selection, though to
different degrees depending on geographic location, host availability, or insecticide pressure.'®®
An. gambiae s.s and An. coluzzii have been shown to exhibit extreme anthropophagy, even in the
presence of chemical insecticides.!¢®!°7 A West African field study quantified this host
preference in the field, demonstrating a high and similar anthropophagic index (0.97) for these

two closely related Anopheles species.'®

The remaining Anopheles malaria vectors exhibit
anthropophilic tendencies as well, but with varying degrees of preference for zoophagy. This has
been demonstrated in host seeking studies, as with the case of a Burkina Faso field study
involving 3,300 female An. gambiae and An. arabiensis; 95% were caught in a human-baited
trap (roughly even distribution with 52% An. arabiensis and 48% An. gambiae) while 5% were
caught in a calf-baited trap (92% An. arabiensis and 8% An. gambiae)."*® This result
demonstrates that An. arabiensis is considered a primarily zoophagic mosquito, a conclusion
reinforced by blood meal analyses. A survey of malaria vectors in Kenya showed that most An.
arabiensis (98.9%) had fed on cattle, with a small number also having fed on sheep, goats, and
birds. In the same study, field-collected An. funestus were mostly sampled from indoors. Blood
meal analyses showed that these mosquitoes had mainly fed on people (93.0%), but taken at least
some of their blood meal (20.2%) from cattle.*® Additional field studies report An. arabiensis
and An. funestus feeding on pigs, fowl, or having mixed blood meals (animal-human or mixed
animal).201202

A second distinguishing behavior of these four Anopheles species is their preference for

either endophagy (biting indoors) or exophagy (biting outdoors). Being the most rigidly

anthropogenic, it is unsurprising that An. gambiae s.s and An. coluzzii exhibit the strongest
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endophilic tendencies, though exophily has been reported.'?’>%-207 However, significantly higher
blood feeding rates have been observed in An. gambiae s.s as compared to An. coluzzii indoors,
potentially indicating that An. gambiae s.s has more success in biting and feeding on humans
inside houses.'*® Anopheles funestus is also usually classified as a more endophilic species but
again, exophilic behavior has been observed.??62!% Being the most zoophagic, An. arabiensis
tends to feed on outdoor dwelling animal hosts.204208:209211.212 However, field observations
indicate that this vector is nevertheless about twice as likely to bite humans indoors as opposed
to outdoors.!?’

In perfect conditions, a female Anopheles only needs one blood meal to complete one
gonotrophic cycle. However, it is more common for females to leave a host having only imbibed
a partial blood meal. This interrupted feeding is usually due to movement or defensive behavior
of the host. Anophelines will then continue to host seek and feed until a full meal is obtained
(~2-3uL).'%® This is evidenced by several human-based studies, which show a nearly equal
proportion of Anopheles that feed on one or two hosts and, to a lesser extent, more than
three.!'%213215 There are additional reports that some anophelines continue to host seek during
the gonotrophic cycle.?!® These feeding behaviors, in combination, have important implications
for malaria transmission. Recent evidence indicates that additional blood meals not only increase
the potential transmission of malaria among multiple humans, but also accelerate Plasmodium
development in the mosquito.?!7-!18

The last important blood feeding characteristic to consider is the preferred time of
feeding. Anopheles mosquitoes are known in general for their nocturnality, preferring to bite
hosts during the late evening as they sleep.!** However, biting cycle patterns have been shown to

change over the course of the rainy season due to environmental factors, so clear trends in biting

22



time remain difficult to fully distinguish.'6821922! An. gambiae s.s and An. coluzzii are generally
characterized as biting more actively outdoors in the early hours of the evening, increasing
indoor biting activity as the night progresses.??? Similar trends in peak biting activity have been
documented with An. funestus, with biting peaks occurring between 10:00-11:00pm.20%-223-225 [n
contrast, An. arabiensis is characterized as more likely to bite humans during predawn
periods. 97223226 Within the context of Burkina Faso, An. gambiae s.l mosquitoes have been well
documented as having lower biting activity in the early evening until 9:00pm, with two biting
peaks observed between 8:00-11:00pm and a second, higher and more expended peak between
12:00-2:00am.??” However, a more recent study indicates shifts in biting patterns. An.
gambiae biting activity was documented as moderate within the first two hours after dusk,
increasing quickly towards a six hour period of high, plateaued activity.?!® This new observation
in sustained biting or, in some cases, in daytime biting is hypothesized to be a result of
behavioral adaptation to high ITN use among human populations (see section 1.4.1 for further
details).219-228-230
1.2.5 Vector competence

In the context of mosquitoes, vector competence is defined as the ability for a female
adult to support pathogen survival, development, and transmission.?*' The term was first defined
in the early 1900s by Ronald Ross in his effort to conduct malaria modelling.*? In the context of
malaria, vector competence signifies the vector’s ability to support the completion of each
Plasmodium developmental stage, starting from the initial gamete fusion in the midgut blood
meal to sporozoite transmission out of the salivary glands. As such, it is a combined estimate of

parasite infectivity, development, and transmission alongside vector resistance and tolerance.?3
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The degree of vector competence can vary considerably between different mosquito
species, and can even differ considerably between individuals from the same species.?3!:233:234
The variability in vector competence is due to many factors. This can include a number of
genetic, molecular, cellular, and physiological dynamics such as: (1) internal physiology and
tissue resistance/susceptibility to Plasmodium invasion; (2) mosquito immune responses
(especially the Toll, IMD, Jak-Stat, and complement-like pathways); (3) specific and complex
interactions between vector and parasite genotypes.>*>-2% Additionally, there are a number of
environmentally-mediated factors that affect vector competence, including: (1) ambient
temperature; (2) mosquito diet, number of blood feeds, and nutritional status; (3) microbial gut
flora; (4) infection history; (5) interactions with other co-infected pathogens; (6) exposures
during larval development.3234.241-246

Due to the complexity and number of variables driving vector competence, the variable is
usually measured only in laboratory settings via experimental feeding assays.?3!>3* These

approaches measure vector competence through the success or failure rate of Plasmodium

infection (e.g., sporozoite prevalence, oocyst prevalence, parasite intensity).>

1.3 Vectorial capacity

Although the biological components driving vector competence at times remain elusive,
additional parameters that shape an insect’s ability to transmit human pathogens from a currently
infectious case can be quantified. This metric, which estimates a vector’s ability to spread
disease based on vector density (m), mosquito biting rate (a), vector competence (c), the daily

survival probability (p), pathogen extrinsic incubation period (EIP; n), and lifetime survival

ma?cp™

(;), is known as vectorial capacity (C, with C = im0

~In (p) ).231247 To successfully reduce
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pathogen transmission rates, vector control campaigns usually target aspects of mosquito
population biology and physiology that drive vectorial capacity.?*! However, it should be noted
that, despite their utility, vectorial capacity calculations are intrinsically biased by the
methodological difficulties associated with estimating the formula’s parameters.?*® As the actual
numerical values of vectorial capacity estimates will rarely be informative alone, it is
recommended that studies instead compare pre-control and post-control vectorial capacity
estimates when gauging the efficacy of their programs.?*
1.3.1 The impact of mosquito age on vectorial capacity

When analyzing the equation for vectorial capacity, it is clear that some metrics drive

disease transmission more than others, notably variables related to mosquito survival and aging.

1
—In (p)

As evidenced by the variable for lifetime survival ( ), vectorial capacity increases

drastically when the probability of surviving through one day (p) is high. Additionally, since the
daily survival probability is raised to an exponential power in the numerator (p™), the calculated
value for vectorial capacity is all the more sensitive to mosquito longevity. As such, mosquito
populations with a long average life expectancy overall will contribute to greater disease
transmission.>!

Given the importance of age in determining mosquito vectorial capacity, any vector
control initiatives that successfully reduce average life expectancy can also significantly reduce
disease transmission. In the context of malaria, it is important to remember that the average
Plasmodium spp. EIP (typically 10-15 days) is long relative to the average lifespan of a wild
mosquito (14 days to one month).3*23!252 Therefore, it is not just crucial to reduce mosquito
population sizes overall; rather, timing is a factor. Eliminating female anopheline mosquitoes

from the population before they age to the EIP threshold could eliminate the possibility of
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humans being exposed to infectious sporozoites.?*>32233 Therefore, the need to precisely
distinguish older anophelines from younger classes of mosquitoes, and the inherent difficulties
therein, is tied to the ability to accurately evaluate malaria control programs.
1.3.2 Overview of mosquito age grading

In an effort to study vectorial capacity, researchers have long sought entomological age
measures that can be easily translated into measurements of epidemiological importance (e.g.,
mosquito fitness, evaluation of vector control interventions). The importance of such age
measures is further supported by the fact that it is often unrealistic or unwise from a resistance
management perspective for mosquito control programs to attempt to eliminate all malaria
vectors in a control area. As such, it is both more relevant and efficient to evaluate mosquito
population reduction efforts by determining if older classes of mosquitoes, who are the most
efficient disease transmitters, have been eliminated.??'?3! However, the difficulties inherent in
measuring the age of wild mosquitoes has been an ongoing challenge long acknowledged by
entomologists and, consequently, is infrequently attempted under operational conditions.?33-25¢
Despite decades of effort and research, most age grading tools still have questionable reliability,
are inordinately expensive or labor-intensive, require advanced technical expertise, and/or are
not generalizable across mosquito species. Likewise, age measurements can be biased
significantly due to small sample sizes, sequential sampling techniques, local environmental or
geographic factors, or human measurement error or subjective judgement.>’

The first broad class of age grading techniques rely on assessing morphological
characteristics of mosquito physiology. Within this category, one of the most limited techniques
is looking for the presence/absence of meconium in the adult midgut (remnants of the larval gut

lining) or larval muscle between the gut and abdominal wall.>>® These opaque structures briefly
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persist past eclosion before they are degraded by hydrolytic enzymes, and therefore can be used
to identify newly emerged (teneral) mosquitoes from non-teneral ones. Only basic equipment
and minimal dissection expertise is required for these techniques, making them viable options for
limited-resource field studies.!” However, since these structures typically disappear after 49
hours, these techniques can only be used to identify the youngest classes of mosquitoes, which is
not typically relevant for malaria surveillance purposes.?°?% As a slight improvement, a different
dissection-based technique counts the daily layers of cuticular growth in apodemes (inward
protrusions of the exoskeleton).?¢!:22 Apodeme-based age grading studies in both Aedes and
Culex spp. mosquitoes have shown that it is possible to distinguish daily growth layers for
periods of up to 10-13 days provided that proper staining procedures are used.?®' This technique
allows researchers to calculate mosquito age as a continuous variable, which is the ideal for
epidemiological relevance. Nevertheless, it requires more advanced equipment and expert-level
dissection and staining skills, and is relatively unreliable since results vary by staining success
and environmental conditions.?>3

An additional morphological technique unique to the field of malaria study involves
dissecting mosquitoes for sporozoites. Knowing the typical Plasmodium EIP for a mosquito
species, researchers can use the presence/absence of sporozoites as an indicator that a female is
older (>EIP) or younger (<EIP).2%> With the advancement of molecular techniques, sporozoite
detection can be accomplished via PCR-based analysis of mosquito head and thorax DNA
extracts rather than through dissection.?®*2¢ However, the efficiency of Plasmodium
transmission and ability to maintain malaria epidemics despite low to undetectable sporozoite
rates in the field limits the usefulness of this technique. In areas of low transmission settings,

entomological research teams may rigorously surveil anopheline mosquitoes from the field and
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still find <1% that are sporozoite-positive. As such, age grading via sporozoite detection yields
data for only a very limited number of collected mosquitoes despite high labor costs.*26?
Alternative, morphology-based age grading techniques allow researchers to gather data on all
captured mosquitoes, in theory, whether they are infected with Plasmodium or not. These
techniques will be discussed further in section 1.3.4 below.

Currently, one of the most standard and comprehensive tools entomologists use to
measure changes in mosquito population age structure are mark-release-recapture (MRR)
studies. By releasing a known number of marked mosquitoes and monitoring the number
recaptured over time, estimates can be made on mosquito survivorship and age structures.?67-268
MRR studies are often exceptionally difficult to execute in the field for both logistical and
financial reasons. A significant limitation is the marking techniques themselves. For mosquito
dispersal studies, topical fluorescent powders and paints, ingestible dyes, or larval habitat
marking with rubidium or stable isotopes are typically used, all of which are difficult to use
when marking large numbers of mosquitoes, may have limited durability in the field, and can
introduce biases by negatively affecting mosquito behavior and survivorship.?® All current MRR
designs are considered time-consuming and are expensive due to the large numbers of marked
mosquitoes required to achieve a reasonable level of recapture and age estimation accuracy. As
such, they often are too cost- and labor-intensive to justify their key attribute — measuring
mosquito age as a continuous variable.?>?

A second class of age grading techniques involves chemical analysis of cuticular
biomolecules. In one technique, cuticular hydrocarbons are extracted from mosquito legs and
time-associated, quantitative changes in molecular composition are measured with gas

chromatography and flame-ionization detection.?’%2"! Alternatively, pteridine, a fluorescent

28



pigment, can be extracted from mosquitoes and quantified with high-performance liquid
chromatography (HPLC) or spectofluorometry.?’227> Regression models based on the relative
abundance of specific biochemicals can then be used as an age grading tool. Though these
techniques can robustly measure mosquito biological age up to ~15 days and have been validated
against field-caught mosquitoes, they have not been widely adopted as they require sensitive
analyses, advanced technical expertise, and have high equipment and processing costs.?>3-271:274

Another age grading category involves protein and genetic profiling. ELISAs and mass
spectrometry have been used to detect age-dependent changes in mosquito protein expression
under laboratory conditions.?’>?’¢ Additionally, experiments analyzing global gene transcription
profiles across mosquito adult lifespans indicate that transcriptional profiling combined with
multivariate modeling could be a future age grading tool.>”-? However, this latter method
requires extensive target identification and optimization, requires advanced laboratory skills and
equipment access, is expensive for each sample tested, may be subject to environmental
variation, and also likely species-specific.?”*% Therefore, even though these advanced molecular
techniques have the potential to calculate mosquito age as a continuous variable, they are still in
their nascent stage and, until significant scientific advancements are made, are likely restricted to
laboratory conditions.>?

The final category of age grading, spectroscopic analysis, as well as additional methods
in morphology-based age grading, are the primary subject of this thesis and thus will be
expounded upon in greater detail in the subsequent sections.

1.3.3 Wing wear as an age grading technique
Because flight is both a complex and physically taxing process for mosquitoes, it

translates into chronic wear on the wing structure. The wing itself is primarily composed of
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cuticle, a multilayered, protein matrix of chitin microfibers arranged in tubular supporting veins
and thin deformable membranes.!*® Despite their lightweight nature, mosquito wings are strong,
durable, and flexible largely due to the wing veins — thickened, strut-like structures embedded in
the wing surface — that lace across their surface.”! These veins have several functions, including:
(1) stiffening the wing; (2) resisting crack propagation; (3) transporting hemolymph; (4) forming
vertices for wing folds and furrows; (5) sensory structure support; (6) structural bolstering
against aerodynamic forces.?®'-28 Also importantly, they divide the wing into regions that
entomologists can use for taxonomy and wing feature identification.?®” Three layers of stacked
wing scales lie within these regions and extend along and off of the distal wing edge. These
scales come in various lengths and hinge onto the wing by a single joint. Mosquito wings flap
and rotate at remarkably high frequencies (>800 Hz), using leading-edge vortices, trailing-edge
vortices, and rotational drag to achieve the aerodynamic force needed for takeoff and flight.?34-288
These movements, as well as friction experienced during other life events (e.g., mating,
navigating through narrow spaces) are sufficient for dislodging wing scales and causing other
notable sources of wear on wings, which accumulate as mosquitoes age.

Using external wing wear as a method to age grade mosquitoes owes its origins to
malaria epidemiology and Anopheles vector control. The earliest known record of this technique
was documented in 1912, where Major E. L. Perry documented the wing conditions of Myzomyia
(Anopheles) culifacies captured daily for a month from a cowshed in a village around Jeypore,
India.?® His assessment was qualitative and categorized wing appearances on a 1-4 rating scale
(grade 1: “well marked and with the wing fringe practically complete;” grade 2: “fairly well
marked but with the wing fringe somewhat worn;” grade 3: “decidedly shabby and the wing

fringe very much worn;” grade 4: “actually threadbare”). However, Perry himself noted that this
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method relied heavily on human judgment, and that wing grades needed to be correlated to a
secondary age grade technique (e.g., egg development stage and ovary assessments).?’

With this logic, Perry conducted a second round of mosquito sampling in a different
Indian village. In total he captured 514 specimens of three different species of Anopheles, age
graded them with his wing condition categories, and used sporozoite absence/presence from
dissected salivary glands as a secondary age grading method.?® Even though Perry’s wing
condition grade classes are subjective, results from this study closely fit the expected age
distribution of wild female Anopheles as determined by sporozoite absence/presence.?632892% Ag
anticipated, mosquitoes with the most worn wings (presumably the oldest age class) not only
represented the smallest fraction of the total vector population, but also were the only mosquitoes
sampled that were capable of transmitting malaria parasites.”®® Nearly 20 years later, similar
findings in correlation between wing wear and sporozoite presence in anophelines was recorded
by Gordon et al, who used Perry’s technique to age grade wild anophelines in Sierra Leone.?!
1.3 .4 Determining mosquito age from ovary morphology: the Detinova and Polovodova methods

The most widely used methods for age grading mosquitoes involve assessing changes in
female reproductive structures. As described in section 1.2.1 above, mosquito ovaries undergo
profound physiological changes following the ingestion of a blood meal and subsequent
development of eggs. Many of these morphological changes are permanent, and therefore can be
used as age indicators for female mosquitoes.!”!

Nevertheless, ovary morphology-based age grading methods have inherent drawbacks.
First and foremost, they are intrinsically subjective, requiring researchers to make qualitative
judgements on ovary appearances.?? This can prove challenging, for reasons that will be detailed

in greater depth in subsequent paragraphs. As an additional difficulty, some mosquito species
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(but not anopheline malaria vectors) can be facultatively autogenous, or rather, they produce a
first batch of eggs without needing to blood feed.'**?°? Alternatively, others (including A4n.
gambiae s.]) may undergo gonotrophic discordance, needing more than one blood meal to
complete a gonotrophic cycle.*>1442 In both scenarios, ovary assessments will be confounded,;
reproductive morphological changes induced by blood feeding will make the ovaries appear as if
eggs have been laid (a parous state), though none actually have. Additionally, using these
methods forces researchers to assume no age-dependent or gonotrophic cycle-dependent
variations in mortality and that the sample mosquito population is at equilibrium, neither of
which is truly realistic for wild mosquito populations.?3%23

Despite these limitations, ovary assessments are frequently used in field studies due to
their numerous advantages; they require relatively little equipment, need only modest levels of
expertise, are cost-effective, and, though labor intensive, can be used to age grade large numbers
of mosquitoes provided that the manpower and dissection expertise is available.?>® Within this
category of age grading techniques, two methods have been used by entomologists for decades:
the Detinova method and the Polovodova method.

Formally published in 1962, the Detinova method is considered the simplest of the two
ovary-based techniques.? It is based on the morphological characterization of the “skeins”
(coiled ends of tracheoles, the main airways of invertebrates), that surround the ovaries. For
virgin females (those in a nulliparous state), these skeins are tightly wound and tangled around
the ovary. However, when the ovaries expand (sometimes occupying >50% of the mosquito
body cavity) during egg development, these skeins stretch and remain permanently loose and
uncoiled.!”32% The state of these skeins can therefore be used to qualitatively classify mosquitoes

in terms of gonotrophic cycles, or rather, categorizing mosquitoes in one of two groups:
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nulliparous (never laid eggs and therefore younger) vs. parous (having laid eggs and therefore
older).!”3253 Translating these age outcomes to measurements relevant for disease epidemiology
is difficult, and sometimes even impossible due to biological factors. However, limited
frameworks have been established for applying nulliparous/parous classifications to survivorship
estimations.?>**¢ Further distinguishing older age classes of mosquitoes with the Detinova
method remains challenging, meaning that the method has limited application for mosquito
species where, due to feeding behavior or trapping method, the vast majority of field-collected
individuals are often parous.?>3?7 These limitations, as well as those listed at the beginning of
this section, prompted researchers to develop a more precise ovary-based method for age grading
mosquitoes.

First published in 1949, the Polovodova method uses ovary morphology to calculate the
number of completed, successive egg-laying events.>’ During egg formation, oocytes are formed
and descend into the ovarioles, tubes within the ovary that are surrounded by the swelling
follicle. After each egg deposition, a bead-like dilatation is observed at the ovariole in the egg’s
absence.!”! By examining the fine ovariole structures on a dissected ovary, a researcher can count
the number of ovariole dilations and determine the number of egg-laying cycles completed. If the
average length of the species-specific gonotrophic cycle is known, the researcher can then
calculate the mosquito’s physiological age, which can then be related to the EIP, mosquito
survivorship, and the potential for transmission.!”?2%728 While the Polovodova method offers
more quantitative assessment capability than its Detinova counterpart, it has its limitations. The
technique is known to be labor intensive, lacks reproducibility, can be highly subjective with
results varying across technicians and equipment, and produces inconsistent results across

species due to different dilatation morphology.>*
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To overcome these challenges, an annotation to the Polovodova method was made;
paraffin oil is injected via micropipette into the ovaries through the oviduct to induce ovary
swelling and make dilations easier to observe. Anagonou et al showed that this modified
technique was successful in age grading ~91% parous An. gambiae s.s mosquitoes.>® Despite
these improvements, challenges remain. Finding ovarioles with intact dilations can be difficult,
meaning that gonotrophic cycle interpretations may only be possible on a subset of ovariole
structures.'”® Dilations may also be “false” (agonotrophic dilations), resulting from the
degeneration or reabsorption of follicles rather than the production of eggs.'”! Similarly, evidence
of previous dilations can be erased in due to tissue damage resulting from eggs being passed into
the oviduct.*® All of these biological phenomena can confound subsequent age calculations.
Lastly, Anagonou et al admitted that the improved, modified Polovodova technique “was not
easy and appeared impossible at the beginning of this study,” meaning it is likely an unsuitable
technique for investigations involving large-scale mosquito surveillance or field collections.>®
1.3.5 Near infrared spectroscopy (NIRS) and mid-infrared spectroscopy (MIRS)

NIRS measures the absorption of light by organic molecules within a mosquito
exoskeleton cuticle using an electromagnetic spectrum in the near-infrared region (350-2,500
nm). The electromagnetic radiation is absorbed by the covalent bonds present in cuticular
biomolecules (typically those composed of lighter weight atoms like carbon, nitrogen, oxygen,
and hydrogen), causing them to vibrate, excite, and change energy states. The quantity of
biomolecules present influences the amount of near-infrared light absorbed. Likewise, different
classes of biomolecules will vibrate in different fashions (either by stretching, bending, rocking,
or wagging). Both phenomena combined produce a unique absorption signal that can be read by

the NIRS spectrometer.?32301392 Because the molecular composition of a mosquito’s exoskeleton
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changes and degrades over time, a NIRS reading can be used to determine the chronological age
of a mosquito.?32303304 Along the same lines, cuticular hydrocarbon composition can be species-
specific, meaning that NIRS scanning may also be simultaneously used for mosquito species
identification as well.?13%

Although physically scanning mosquitoes with near-infrared light and generating NIRS
data is easy in practice, it does require significant planning. To accurately calculate
chronological age from NIRS adult scans, calibration curves must be made from mosquitoes of
known age. Larva must be reared, allowed to develop into adult life stages, and then scanned at
periods of known age to generate these curves. At least 40 spectra readings are needed for each
age and/or species in order to develop a robust calibration curve for downstream age
predictions.?? This can be technically challenging to obtain, especially for An. gambiae s.1
species that are impossible to distinguish without genetic confirmation.'** Because calibration
curves generated from one population of mosquitoes at one point in time cannot be used to
accurately predict age from other NIRS studies, new calibration curves must be generated for
every investigation.>? Also a mosquito’s diet during larval stages can influence NIRS absorption
readings. Therefore, it is important that all calibration curves be made from larva reared in
aquatic conditions native to a field site or representative of later caught adults.>** Similarly, adult
diet, notably the presence or absence of a blood meal, can alter NIRS age predictions
significantly .206-308

Perhaps the greatest limitation of NIRS is the manner in which it calculates chronological
age. Early experiments with field-collected An. gambiae s.s were able to classify females into
binary age categories of >7 days old and <7 days old with ~80%; with laboratory-reared An.

gambiae s.s, similar binary age classification achieved almost 100% accuracy. However, further
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age distinction was impossible beyond seven days, which limits the ability to tie age to malaria
transmission risk as the EIP of Plasmodium parasites is >10 days.’? These limitations in NIRS
age prediction have been repeated across NIRS studies, meaning: (1) NIRS-based age grading
can only effectively differentiate young mosquitoes as opposed to older ones; (2) NIRS produces
high levels of variance in age prediction even for mosquitoes of known age 252253.301.308.310311 Ty
addition, although generating NIRS data and mosquito scanning requires little expertise,
analyzing and interpreting NIRS spectral data can be complex since multivariate analytical
techniques are required for their interpretation.*'?> Because NIRS readings are formed from
combinations of dozens of spectral bands, interpretation of results can be difficult as few features
stand out against a background of continuous absorption. Lastly, because most NIRS analyses
use a dispersive method to collect absorption spectra, the reflectivity of the sample is not
controlled. Consequently, the intensity of the spectrum band is highly dependent on the position
of the mosquito prior to scanning.’!?

Despite these challenges, NIRS has numerous advantages. Scanning mosquitoes is fairly
simple, fast, and high-throughput, meaning it is an easy tool to use in the field despite large
upfront costs.?>® Additionally, NIRS-based age grading is robust (>75% accuracy) for mosquitoes
that are exposed to chemical insecticides, have various levels of genetic insecticide resistance, or
have intracellular Wolbachia infections.*!°3!* NIRS can even be used to detect Plasmodium
infection in mosquitoes.*'> Furthermore, little sample preparation is required prior to scanning,
scanning isn’t destructive to samples, and scanning can also be done on mosquitoes stored long-
term in preservative solutions like RNAlater® 237301311

To improve upon NIRS-based age grading, technological advancements have been made

in a new but related spectroscopic method, MIRS. MIRS maintains the same advantages as
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NIRS. It is a rapid, high-throughput technique with low continual cost (though high upfront cost)
suitable for field studies, and capable of extra benefits like Plasmodium detection.?>33'* MIRS
differs from NIRS, though, as it involves spectral analysis via an a attenuated total reflectance in
the 2,500-25,000 nm wavelength region.*® Initial investigations, of which there are few, indicate
that this wavelength range penetrates less deeply into the mosquito exoskeleton than NIRS. This
makes scanned results easier to interpret, less sensitive to biological confounders (e.g., the
amount of moisture in the mosquito), and more reproducible.?>*3% MIRS-derived spectral bands
are affected significantly by the development of a mosquito, detecting age-related changes in
cuticular chitin, proteins, and waxes. However, it is not possible to predict traits by simply
monitoring changes in band intensities; instead supervised machine learning analysis techniques
are required in order to recognize the complex relationships in changing biochemical
composition inherent across mosquito species and ages.3%3-3!7

Unfortunately, MIRS has its downsides. Because machine learning is required, a high
level of computational expertise is needed to conduct MIRS-based age grading. Additionally,
MIRS is a “destructive technique;” the mosquito sample must be crushed prior to being scanned,

rendering any additional downstream analyses difficult.’!® Furthermore, the accuracy of MIRS-

based age grading is yet to be determined due to the current lack of investigative studies.?5-31?

1.4 Reducing malaria transmission through adult mosquito control
1.4.1 Current practices, strengths, and limitations in Anopheles population reduction

Chemical insecticide-based strategies such as ITNs, LLINs, IRS, aerial sprays, and
insecticide-treated traps have long been the mainstay of any mosquito vector control effort.2%-3!

ITNs, a subset of LLINs, have long been the go-to strategy to combat Anopheles mosquitoes,
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since the physical barrier protects sleeping individuals from nocturnal biting and the pyrethroid
insecticide treatments are not only toxic to mosquitoes, but also repel them.*?? IRS is often a
complementary tool used as well, since the insecticide treatments on household walls target
mosquitoes that rest within the household after blood feeding.?3! Together these two insecticide-
based methods have significantly reduced malaria cases over the past several decades, though
their efficacy is much reduced against mosquitoes that are exophilic, bite earlier in the day,
and/or have resistance mechanisms against insecticide modes of action.*!2:323.324
Chemical-based insecticides typically use neurological toxins that agonistically or
antagonistically disrupt normal invertebrate nerve signaling.3?>32¢ Though a number of chemical
classes are used in mosquito vector control, until recently only pyrethroids were approved for use
in ITNs and LLINs given their low toxicity to mammals.*?! The resulting low diversity of
insecticide classes and accompanying molecular modes of action, plus the widespread use of
agricultural insecticides of similar modes of action, have helped select for insecticide resistance
mechanisms in Anopheles mosquitoes.*?’*?® These resistance mechanisms can be genetic and/or
phenotypic, and include: (1) single nucleotide point mutations (SNPs) on the sodium-gated
chloride channel gene (i.e., a leucine-phenylalanine [L1014F], a leucine-serine [L1014S]
substitution, or an asparagine to tyrosine mutation [N1575Y]) or the acetylcholinesterase-1 gene
(a guanine to serine substitution [G119S Ace-1]); (2) effects of different repetitions of these
SNPs (e.g., homogenous duplications, which can provide a quantitative advantage, or
heterogeneous duplications, which may carry two functions simultaneously); (3) metabolic
resistance via the upregulated expression of several detoxification enzymes; (4) thickening the
exoskeleton cuticle to prevent insecticide penetration; (5) expressing proteins that can bind and

sequester insecticide molecules that permeate the cuticle; (6) altering behavior to include new
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blood meal hosts, biting time, or biting environmental preferences.'47-197,334-341,222,324,325,329-

333 Consequently, many insecticides can no longer adequately control malaria outbreaks by

themselves.*?!

New mosquito control methods aim to either reduce vector survival by exploiting
mosquito biology or to interfere with mosquito-parasite interactions to disrupt malaria
transmission. Thus far, these control efforts fall several broad categories: (1) genetically boosting
the mosquito immune system by overexpressing immune effectors or repressing negative
regulators of immunity in key transmission tissues (e.g. midgut, fat body, salivary glands); (2)
impairing key Plasmodium transitions in the mosquito with antibodies or small molecules (e.g.,
sporozoite invasion of the salivary glands, ookinete penetration into the midgut epithelium); (3)
altering Anopheles microbiomes by introducing naturally occurring or modified, paratrangenic
microbiota that block malaria infection; (4) creating designer mosquito strains by genetically
reducing their vector competence (population replacement) or spreading sterility (population
suppression); (5) engineering new, non-neurotoxic, chemical insecticide classes that instead
disrupt other invertebrate cellular functions.34>343:352-333,344=351 A novel mosquito control tool,
ivermectin, falls within this latter category.

1.4.2 Ivermectin history and use

Ivermectin owes its origin to a random act of discovery. In 1970, microbiologist Satoshi
Omura isolated and cultured an unknown, Gram-positive bacterium from a soil sample collected
near a Japanese golf course. The sample, named NRRL 8165, was identified as an unidentified
Streptomyces species and sent to William Campbell, a scientist at Merck, to see if the bacteria
had any antiparasitic properties.*>® Preliminary investigations showed activity against

Nematospiroides dubius infection in mice, and the purified active components were identified as
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a family of macrocyclic lactones. These naturally occurring compounds were named
“avermectins” to reflect their ability to rid parasitic infections (in Latin, “a” — without, “vermis”
— worms).3*7-338 Of the various avermectin compounds available, the “B” series (having a
hydroxy group at position C5) proved the most efficacious in clearing gastrointestinal worms in
sheep. Further characterization of the B-class avermectins was made based on the presence of a
double bond between C22 and C23 or a hydrogen at C22 and hydroxy group at C23 (designated
with superscripts 1 and 2, respectively). Another categorization was made with B-class variants,
with “A” variants noted as having secbutyl at C25, while the “B” variants have isopropyl. Today,
ivermectin is a chemically modified derivative of naturally produced avermectin B, comprised
of ~80% 22,23-dihydro-avermectin B, and ~20% 22,23-dihydro-avermectin Byp.3%%3%°

Ivermectin’s high activity against parasites meant that it soon became a widely marketed
medication by Merck & Co., which created the term “endectocide” and labeled the drug the first
of its kind. Ivermectin formulations became the largest selling animal health product in the world
starting in the 1980s, particularly for companion animals and livestock.*® Its efficacy against
filarial nematodes spurred its approval for human use in 1988 and motivated the CEO of Merck
& Co. to donate ivermectin, licensed as Mectizan®, in order to combat two neglected, parasitic
diseases in humans: onchocerciasis and lymphatic filariasis.**® As a result of these efforts,
ivermectin was named a World Health Organization’s List of Essential Medicines and Campbell
and Omura received half of the 2015 Nobel Prize in Physiology or Medicine.33%3¢!

For human patients, ivermectin is prescribed most often as an antihelminth medication

362363 However, serious adverse effects

for Onchocerca volvulus and Wuchereria bancrofti.
following ivermectin treatment are common for individuals who are highly infested with Loa loa

(>30,000 microfilaria per mL of blood), which can include severe inflammation and capillary
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blockage following mass microfilaria death. As such, ivermectin cannot be administered in areas
where L. loa has been detected unless rapid screening programs are implemented.*** Additional
adverse effects are rare since ivermectin’s binding targets are restricted to the brain and spinal
cord in mammals. Ivermectin exhibits poor penetration of the blood-brain barrier of vertebrate
animals due to the presence of a drug-transporting p-glycoprotein.’®> However, individuals who
have a variant of the MDR1 gene, which codes for p-glycoprotein production, or ingest drugs
that inhibit the cytochrome P450 3A4 (CYP3A4) enzyme, which in turn inhibits p-glycoprotein
transport, risk ivermectin absorption past the blood-brain barrier and severe adverse effects.366-367
1.4.3 Ivermectin for malaria control: effect on mosquitoes and Plasmodium

Ivermectin has a unique mode of action against invertebrates in comparison to typical,
chemical-based insecticides with neurotoxicological properties. The drug has three molecular
targets: glutamate-gated chloride (GluCl) channels (nerve signal controllers for locomotion,
feeding, and mediating sensory inputs into behavior), glycine and y- aminobutyric acid (GABA)
channels (major determinants of nerve signaling), and Cys-loop ion channels (membrane-
spanning neurotransmitter-gated ion channels responsible for fast excitatory and inhibitory nerve
signal transmission).360-3%-370 [yermectin preferentially binds to the channels, forcing them to
open slowly but irreversibly. This leads to very long-lasting hyperpolarization or depolarization
of the neuron or muscle cell, blocks further neuronal function or muscular contractility, causes
flaccid paralysis, and, if the ivermectin concentration is high enough, death.>7-374

Ivermectin’s effect on arthropods is being explored within the context of mosquito-borne
disease control, notably with malaria and West Nile virus.!**® In-field and pharmacokinetic
studies have shown that when mosquitoes feed on humans who have taken the minimum, single

oral dose of ivermectin (150 pg/kg) within 24 hours of being bitten, the LCs is surpassed and
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significant mosquito mortality is observed.?’><7®¢ However, due to ivermectin’s short
pharmacokinetic persistence, many vectors will ingest a sublethal dose if they bite people more
than two days post treatment.3”” Nevertheless, ivermectin still affects mosquito physiology in a
way that reduces its survivability and likelihood of transmitting malaria in the field, notably by
delaying refeeding, reducing locomotor activity, inhibiting fertility, and shortening mosquito
lifespans.”® Each of these characteristics will be discussed in subsequent paragraphs.

Since Anopheles mosquitoes in particular are known to take multiple blood meals per
gonotrophic cycle, disrupting mosquito feeding is a key strategy in preventing malaria
transmission.?!7*7® Lab experiments have indicated that sublethal concentrations of ivermectin
administered through blood-filled membrane feeders have the ability to postpone refeeding.
Relatively young (two days old) An. gambiae s.s demonstrated delayed refeeding when ingesting
a26.21 ng/mL or a 11.73 ng/mL ivermectin blood meal, while older mosquitoes (eight days old)
demonstrated similar behavior only when given a 26.21 ng/mL ivermectin blood meal.?”” These
findings were corroborated with experiments with 4n. darlingi, a dominant Amazonian malaria
mosquito. In this experiment, various concentrations of ivermectin predicted to occur after a
single oral dose of 200 ug/kg were given to An. darlingi in laboratory settings and re-feeding was
observed with individual mosquitoes every day for 12 days thereafter. [vermectin significantly
delayed time to refeed at the four hour (48.7 ng/mL) and 12 hour (26.9 ng/mL) concentrations,
but not at the 36 hour (10.6 ng/mL) or 60 hour (6.3 ng/mL) ones.3°

Reducing mosquito locomotion is predicted to impact mosquito host seeking, mating, and
dispersal. Because expression of GluCl receptors has been shown on An. gambiae thoracic
ganglia, ivermectin-GluCl binding is hypothesized to disrupt flight and leg muscle control 38!

This was demonstrated quantitatively in laboratory settings. An. aquasalis was given ivermectin
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at sublethal concentrations at different time points via membrane-based blood feeding, with
decreased locomotor activity correlating with increasing ivermectin concentration.?®! This
reduced activity and agility could expose mosquitoes to greater risk of predation, thereby
reducing mosquito population size and impacting malaria disease transmission.**? Uncoordinated
movements and temporary paralysis has been observed in mosquitoes in less than one hour after
sublethal ivermectin exposure through a blood meal.*** However, maximum reductions in
locomotor activity have been observed in the first 30 minutes of simulated dusk and into the

following dark hours.3*!

Since Anopheles spp. tend to lay eggs at night, sub-lethal ivermectin
exposure could not only reduce locomotor activity, but also impact reproductive fitness.'#*

A reduction in mosquito fecundity, egg hatching rate, and/or progeny larvae survival
would reduce mosquito density in relation to humans, all of which would decrease vector
populations and potentially malaria transmission as well. Ivermectin’s effect on ovarian
development and oviposition has been well documented both in lab and field settings. Female
Aedes aegypti, another disease-transmitting mosquito, that survived past eight days after a
sublethal dose of ivermectin displayed significant changes in ovarian development, including:
blood digestion without development of ovarian follicles, degeneration of primary follicles and
formation of ovarian dilatations within 24 hours after ivermectin ingestion, significant reduction
in the rate of vitellogenesis and follicle development, decreased egg production, reduced egg
hatching, abnormal egg size and shape, and increased percentages of unhatched embryonated and
sterile eggs.*® These results have been corroborated by other studies, which also documented
that Aedes mosquitoes given ivermectin at a concentration within the range found in human

and/or domestic animal blood demonstrated reduced egg production, increased sterility in eggs

(by as much as 50%), and decreased larval survival from eggs that successfully hatched.43%5
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Likewise, these results have been replicated with Anopheles mosquitoes in both laboratory and
field settings, with parity rates significantly reduced in ivermectin-exposed anophelines for more
than two weeks after each ivermectin mass drug administration (MDA).386-3%

Lastly, it is well documented that ivermectin reduces the lifespan of An. gambiae s.1 and
that this reduction in survivorship is likely sufficient to reduce malaria transmission. In
laboratory settings, An. gambiae have significantly reduced survivorship in comparison to
controls when given a series of sublethal ivermectin exposures in human blood.>”” Similar trends
have been observed in field studies. An. gambiae s.s and An. arabiensis demonstrated
significantly reduced survival when collected from southeastern Senegalese villages that
received ivermectin MDAs as opposed to control villages. It was estimated that the daily
probability of mosquito survival dropped by >10% for the six days following ivermectin
MDA 376 Field studies in Burkina Faso, Liberia, and Senegal demonstrated a 33.9% reduction in
An. gambiae s.1 survivorship for one week following an ivermectin MDA .*%° Importantly,
ivermectin induces greater mortality in older female mosquitoes than younger ones. Preliminary
lab experiments showed decreased survival in eight-day-old An. gambiae s.s as compared to two-
day-old ones when exposed to 26.21 ng/mL ivermectin in blood meals.>’” These findings have
been confirmed in additional lab studies, which found that An. gambiae s.s mortality was lowest
in younger (two days old) mosquitoes exposed to ivermectin in their first blood meal and highest
in older (six days old) mosquitoes exposed on their second blood meal.>*° This age-based
susceptibility to ivermectin was hypothesized to be facilitated, in part, by the complex
biochemical interactions that occur post-blood feeding. Transcription patterns showed high
upregulation in peritrophic matrix-associated genes, and immune-response genes; patterns also

differed between mosquito age groups, which may explain the observed susceptibility
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differences. It was suggested that ivermectin ingestion likely disrupted blood meal digestion
physiological responses, midgut microflora, and innate immune responses, causing reduced
survivorship.3*

Ivermectin has been shown to negatively affect Plasmodium development in mosquitoes
as well. In a laboratory study, An. gambiae s.s were fed two concentrations of ivermectin
(LCss and LCso) along with P. falciparum in human blood meals at different time points, and then
dissected for oocyst or sporozoite prevalence. Results indicated that, even at LC»s concentrations,
ivermectin significantly reduced the proportion of An. gambiae that developed oocysts and
sporozoites when it was co-ingested with Plasmodium.**' These results have been further
supported by observational epidemiological studies. There was a 79% reduction in the mean
proportion of P. falciparum sporozoite-infectious An. gambiae s.s collected two weeks following
ivermectin MDA in Senegalese villages. In contrast, there was a 24% increase in the mean
proportion of sporozoite-infectious An. gambiae s.s collected in pair-matched control villages at
the same time.>*? Likewise, a >77% reduction for up to two weeks in sporozoite rates has been
observed post-ivermectin MDAs even in the midst of intense malaria transmission seasons.>”3
Unfortunately, the exact mechanism behind sporozoite reduction in mosquitoes remains largely
unknown.

As an additional benefit, ivermectin has been shown to potentially inhibit liver infection

by impairing Plasmodium development inside human hepatocytes. An ~80% inhibition of P.

berghei liver infection in vivo was observed upon treatment with 10 mg/kg ivermectin in mice;
paired in vitro studies with P. berghei-infected human hepatoma cells showed compromised
parasite development inside cells once exposed to 2.1 pg/mL ivermectin.’** Furthermore, 4n.

aquasalis and An. darlingi that fed on whole blood spiked with ivermectin and P. vivax showed

45



reduced infection rates when compared to those that fed on non-ivermectin-treated blood. These
same mosquitoes were infected with P. vivax and fed on plasma from healthy volunteers given a
single 200 pg/kg oral dose of ivermectin; the result was significantly reduced oocyst
development.**® In conclusion, ivermectin may therefore impact malaria parasite developmental
cycles in both human and mosquito hosts.

1.4.4 Repeated Ivermectin Mass Drug Administrations for control of Malaria (RIMDAMAL)
studies

Given both its history as an FDA- and WHO-approved drug and its ability to target both
Plasmodium and Anopheles, it was hypothesized that frequently repeated ivermectin MDA to
humans would reduce clinical malaria episodes with few adverse reactions. Numerous studies,
both past and ongoing, have tested this hypothesis as well as investigated ivermectin MDAS’
impact on other neglected tropical diseases and wild mosquito and Plasmodium
populations,373-376:403.404,395-402 However, the 2015-launched RIMDAMAL 1 study in Burkina
Faso was the first cluster-randomized trial to investigate the effects of ivermectin MDAs on
clinical malaria.

RIMDAMAL I was founded with the aim to decrease the number of infectious
mosquitoes and, consequentially, reduce childhood malaria incidence in children living in MDA-
receiving villages.*® The trial was conducted over a single, 18-week-long rainy season in 2015
and was classified as a single-blind, parallel-assignment, two-arm, cluster-randomized study. At
the beginning of the trial, eligible and consenting villages in both study arms (ivermectin and
control) received single oral doses of ivermectin (150-200 xg/kg) and albendazole (400 mg).
However, those in the intervention group received additional ivermectin doses at three-week

intervals thereafter. Although the primary study outcome was the cumulative incidence of
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uncomplicated malaria episodes over the 18-week study period, additional entomological indices
were measured as secondary objectives. These included: human biting rate, SIR, EIR,
proportion of parous mosquitoes, and serological reactivity to an Anopheles salivary gland
protein. Measurements were made from mosquitoes sampled in up to six houses per village
every three weeks >

Over the course of the RIMDAMAL I trial, repeated ivermectin MDA reduced malaria
incidence in children by 20% .3*® Furthermore, these ivermectin MDAs caused no obvious drug-
related harms to the village populace. However, results for the secondary entomological
outcomes were not as forthcoming. No significant difference in human biting rate, SIR, weekly
EIR, or proportion of parous mosquitoes was detected between the two study arms. These
negative results were not necessarily reflective of ivermectin’s inability to affect the mosquito
population, but rather likely due to inadequate mosquito sampling procedures. This hypothesis
was supported by a notable, positive entomological outcome; participants that received
ivermectin had significantly reduced reactivity to an Anopheles salivary gland protein, indicating
that these participants received fewer mosquito bites, and therefore experienced reduced malaria
risk, over the trial than individuals in the control group. The success in reducing pediatric
malaria overall, as well as the need for further clinical and entomological outcome reporting,
justified additional clinical studies for examining the supposed direct, antimalarial effects of

ivermectin MDAs in humans.38

RIMDAMAL II was launched during two rainy seasons between 2019 and 2020 as a
follow-up to RIMDAMAL I. This second study was a double-blind, cluster-randomized trial that
integrated repeated, high-dose ivermectin MDAs into the existing malaria prevention efforts

routinely deployed in the Diebougou health district of Burkina Faso. This investigation’s
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hypothesis was that regular treatment with ivermectin would result in significantly decreased
wild Anopheles mosquito survivorship, which in turn would reduce parasite transmission.
Ultimately, this would result in decreased malaria incidence in children under 10 years of age.
Similar to RIMDAMAL I, RIMDAMAL II measured secondary entomological indicators of
malaria disease reduction and mosquito field data. These included: taxonomic identification of
female Anopheles, age grading through parity rates, NIRS scans, wing scale counting, blood-fed
mosquito survivorship assays, and follow-up molecular assays to determine SIR.**> Subsequent
chapters of this thesis will analyze and explore entomological and, to a more limited degree,

parasitological data derived from this study.
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CHAPTER 2: INVESTIGATING WING WEAR AND WING SCALE COUNTING AS AN

AGE GRADING TECHNIQUE FOR ANOPHELES GAMBIAE MOSQUITOES

2.1 Introduction

An insect’s ability to act as a vector for human pathogens is quantitatively understood via
vectorial capacity, a mathematical measurement of a vector’s ability to spread disease.”>* Among
mosquitoes, females are the sole transmitters of pathogens to vertebrates as blood feeding is
often required for egg development.'*!”! Most mosquito-borne pathogens ingested in bloodmeals
develop and/or replicate in the midgut, and then migrate to the salivary glands or other specific
tissues to be transmitted to the next host.*°¢-4% The time required for this process is known as the
extrinsic incubation period (EIP), and it is often long relative to the average mosquito’s adult
lifespan. Daily and lifetime survival probability are, therefore, the most influential determinants
of vectorial capacity.??4% As such, to successfully prevent the transmission of mosquito-borne
pathogens, control strategies are often designed to shorten mosquito lifespan below the EIP of a
given pathogen. Therefore, it is useful for researchers and control programs to accurately
measure epidemiologically meaningful changes in the age structure of mosquito populations.

Currently, the most widely accepted and utilized method for mosquito age classification
is examining changes in ovary appearance. Although several techniques exist for assessing age
based on mosquito reproductive morphology, the Detinova method remains the archetype due to
its simplicity. Age assessment is conducted by characterizing the tracheole skeins that supply
oxygen to individual ovarioles within each ovary, which remain tightly coiled for virgin females
but permanently stretched and uncoiled after a gonotrophic cycle. As such, females can be age

characterized as nulliparous or parous.'”*#%” Even though the Detinova technique is one of the
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most often use methods for age grading wildtype mosquitoes, it presents numerous challenges.
First, it only provides an inexact binomial categorical classification of mosquito age based on
parity status. Parous females, therefore, could be as young as 3-5 days or several weeks old.!#!7!
Consequently, age classification by parity is limited in its ability to yield epidemiologically
relevant information relative to a pathogen’s EIP. Second, the veracity of the method is
questionable in mosquito species capable of gonotrophic discordance and autogeny.*-'73419 [n
addition, parity assessment can be subjective. In some species, ovarioles may develop unevenly
during gonotrophic cycles. As such, a single ovary may contain tracheole skeins of mixed
morphologies, making it difficult to classify parity status in an unbiased fashion.!7>23641! Lastly,
although the dissection techniques and tools needed for the Detinova method are relatively
simple, dissecting ovaries from numerous mosquito samples on a regular basis in the field can be
labor intensive. Alternative procedures originally developed by Polovodova and modified by
others build upon the Detinova method to calculate age from more advanced screenings of ovary
morphology. These techniques quantify the number of ovariole dilations and egg sac
stages.?56-29729%8412 However, these procedures still measure age in terms of previous gonotrophic
cycles. Furthermore, this technique is even more labor intensive than parity dissections, and can
also be biased by inconsistent ovariole development in each ovary.

More modern tools for determining mosquito age include chemometrics, transcriptional
and protein profiling, biochemical analyses, and alternative physiology-based morphological
assessments,261:270:275.276.301.304.305.309.413 414 These methods present their own technical and cost-
benefit challenges and all have biases in being able to accurately measure chronological age,
especially from wild-type adults.>*® An ideal mosquito age grading tool should be viable with

both laboratory colonies and in field settings using wild-type adults, be neither technically
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difficult nor too labor intensive, and allow for rapid processing of many specimens per sampling
time point. Similarly, it should be inexpensive, reliable, and accurate across mosquito species,
and quantify mosquito age in a manner that is epidemiologically relevant.

The earliest assessments of mosquito age that we are aware of simply documented the
external wear of mosquitoes and associated it with sporozoite rates. In 1912, Perry detailed his
qualitative categorization of wild Myzomyia (Anopheles) spp. mosquitoes based on their wing
condition. Calculating sporozoite rates from a subset of these wild-caught mosquitoes showed
that all sporozoite-positive mosquitoes were classified as having grade 3 wing wear, which was
described as being “decidedly shabby and the wing fringe very much worn.”?° This finding was
supported nearly 20 years later by Gordon et al., who used the technique to age grade wild
anophelines in Sierra Leone and observed that sporozoite rates increased as wing condition
deteriorated.?! Despite the obvious correlation of wing condition and sporozoite rates,
qualitative wing condition grading has been critiqued as being a subjective age-assessment tool
and also biased by environmental conditions.?*?** Recognizing these possible faults but also the
potential ease of this assessment, we developed and evaluated quantitative metrics of Perry’s
original technique. We hypothesized that wing scale loss correlates with time post-eclosion due
to normal flying activity, and thus could be used as a quantitative means of estimating mosquito
chronological age. To test this hypothesis, we conducted laboratory experiments using Anopheles
gambiae held as adults in either simple cages or more complex mesocosms that also featured
ivermectin treatments. Mosquito age was then assessed by photographing the wings of
mosquitoes under a microscope and either manually counting a subset of wing scales in each
photograph or analyzing total wing wear through machine learning and pixel intensity algorithms

that assessed the entire wing image.
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2.2 Results
2.2.1 Age grading using wing scale counting from mosquitoes held in simple cages.

Parity assessments were made for a subset of mosquitoes before their first blood feed
(nulliparous), while others were sampled post-blood feed and/or after a designated number of
gonotrophic cycles. In all cases, the number of ovipositions and the age was known for all
females. The mean age for nulliparous females was 5.6 days (n = 66; 95% CI: 5.4,5.9) and for
parous females was 12.7 days (n = 73; 95%CI: 12.0, 13.4), which were significantly different (t-
test: t = 12.1, p-value < 0.0001).

Results indicated that there was a significant linear relationship between the total number
of wing scales on the left (n = 133) and right (n = 135) wings (Pearson r: r = 0.65, p-value: <
0.0001), demonstrating that scale loss rate was roughly equal for both wings. For the Poisson
modeling analysis, a separate dataset from newly emerged, nulliparous females (n = 20) were
added to the cage dataset to analyze chronological mosquito age ranging from one to 18 days
post-emergence from pupae. The results showed that counted long wing scales from each wing
region decreased on average as mosquitoes aged (Fig. 2.1), however, relatively more wing scales
were lost from region Cul and relatively few were lost from wing region M2 as the mosquitoes
aged. The trend of wing scale loss from aging was clearer when data were summed across all

four wing regions (Fig. 2.2).
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Figure 2.1. Wing scale loss in each counted wing region relative to mosquito age in simple cage
experiments. An. gambiae mosquitoes were sampled between five and 18 days post-emergence.
These time points corresponded with nulliparous and varying stages of parous ovary
morphologies. Long wing scales were counted along the posterior, distal wing fringe within four
individual wing regions: Cu2, Cul, M4, and M2. Data from newly emerged females that were
sampled from a separate cage at one day post-eclosion are marked in red. Data from all known-
aged females sampled from the cage are marked in black. Blue line denotes a Poisson regression
model line discerned from the data (gray areas = 95% confidence interval region of the model).
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Figure 2.2. Wing scale loss correlates with mosquito age in simple cage experiments. An.
gambiae mosquitoes were sampled between five and 18 days post-emergence. Long wing scales
were counted and summed across all four individual wing regions, Cu2, Cul, M4, and M2. Data
from newly emerged females that were sampled from a separate cage at one day post-eclosion
are marked in red. Data from all known-aged females sampled from the cage are marked in
black. Blue line denotes the Poisson regression model line discerned from the data (gray areas =
95% confidence interval region of the model).
2.2.2 Age grading using wing scale counting from mosquitoes held in mesocosms.

Poisson regression showed a similar relationship between wing scale loss and average
mosquito age in the mesocosm experiments. Results indicated a significant decrease in total long
wing scale counts over time in the control mesocosm (Pearson r: r = -0.47. p-value: < 0.0001),

but the initial rate of scale loss over time was significantly more pronounced in this experiment

relative to the simple cage experiments (F = 32.2, p-value <0.0001; Fig. 2.3).
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Figure 2.3. Wing scale loss correlates with mosquito age in mesocosm experiments. An. gambiae
mosquitoes were sampled twice per week from a mesocosm that was continuously replenished
with marked mosquitoes over 10 weeks. The total number of wing scales was summed across the
Cu2, Cul, M4, and M2 regions and analyzed against the average age of marked mosquitoes
measured in days. Data from newly emerged females that were sampled from a separate cage at
one day post-eclosion are marked in red. Data from all known-aged females sampled from the
control mesocosm are marked in black. Blue line denotes the Poisson regression model line
discerned from the data (gray areas = 95% confidence interval region of the model).

2.2.3 Assessing ivermectin-induced effect on mesocosm age structure.

Parity analyses of females of known age showed significantly different mean ages
between nulliparous and parous mosquitoes tested from the control mesocosm (nulliparous = 8.9
days [95% CI: 6.9, 11.0],n =42; parous = 13.2 [95% CI: 12.2, 14.2],n = 115; t-test: t =4.2, p-
value <0.0001) and the intervention (ivermectin-treated) mesocosm (nulliparous = 7.4 days [95%
CI: 5.7,9.2],n =32; parous = 11.5 [95% CI: 10.4,12.6],n = 97; t-test: t = 3.7, p-value =

0.0003). Furthermore, the mean ages of nulliparous and parous mosquitoes were lower in the

55



intervention mesocosm relative to the control mesocosm. Although parity status proved to be an
accurate predictor of chronological age for individual mosquitoes, accuracy decreased when
populations of mosquitoes of mixed and unknown ages were analyzed. When analyzing all
mosquitoes sampled over the course of the entire 10-week experiment, no significant difference
in the proportion of parous mosquitoes could be detected when comparing the control and
ivermectin-fed mesocosms (n = 519; chi-square value: 0.26, df = 1, p-value 0.61).

Pearson correlation coefficients indicated a statistically significant negative correlation
between the two wings (r: r = -0.67; p-value < 0.001). This indicated that both wings could be
treated equally. We next assessed whether wing scale counting could be used to detect the shifts
in age structure induced through the ivermectin-containing blood feeds. We conducted two-way
t-tests for wing scale counts in each individual wing region, as well as the total sum of wing
scales for mosquitoes of both known and unknown ages grouped based on mesocosm. Whether
summed across all wing regions or within an individual wing region, the average number of wing
scales was always significantly higher for mosquitoes in the ivermectin-treated mesocosm than

those in the control mesocosm (Table 2.1).

Table 2.1. Two-way t-test for difference in wing scale counts from mosquitoes of known and
unknown ages between both mesocosms

Wing region Mesocosm Mean n wing scales 95% CL.  T-test value P-value

Control 14.1 (13.3, 14.8)
Cu2 . 1.99 0.0477
Ivermectin 15.1 (14.4,15.8)
Control 13.3 (12.5,14.1)
Cul . 2.61 0.0094
Ivermectin 14.8 (14.0, 15.6)
Control 7.7 (7.0, 8.3)
M4 . 3.87 0.0001
Ivermectin 95 (8.8,10.1)
Control 53 4.7,5.8)
M2 . 2.98 0.0031
Ivermectin 6.5 (5.9,7.0)
i Control 40.3 37.8,42.8
Total wing ontro ' ( ) 317 0.0016
scale Ivermectin 45.7 (43.4,48.0)
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2.2.4 Age grading by assessing total wing wear using computer vision algorithms.

Lastly, we investigated if computer vision algorithms could correctly classify or quantify
mosquito age using wing photos derived from the mesocosm experiments. Machine learning
(ML) outputs were first analyzed as a binary outcome of mosquitoes < 10 days old (n = 235)
and > 10 days old (n = 253). Early exploration utilizing mosquito wing photos from the simple
cage experiment (non-mesocosm) using the ResNet18 convolutional neural network (CNN)
showed high 93.7% accuracy on the test set. However, when using images generated from the
more complex mesocosm experiment, the accuracy of the ML analysis using resnet18 CNN
decreased to 84.2%. It was suspected that this was due to a greater diversification of wing scale
states with the addition of environmental stressors in the mesocosm as compared to the cages.
We then combined the images from the cage experiment and the mesocosm trial to increase the
number of training set data points used in the model. Surprisingly, we saw a substantial decrease
in accuracy to 75.7%. This indicates that the increased wing wear from the more complex
mesocosm cohort expressed enough differences from the simpler cage experiments to support the
need for environments that replicate wildtype ecosystems. To further explore where a natural
maximum wing wear threshold occurred, we incrementally adjusted the classification cutoff to a
lower time point with just the mesocosm dataset. We achieved the highest score of 88.0%
accuracy when using the binary classification < 6 days old and > 6 days old. This suggested that
greater differences in the numbers of scales are seen at younger ages and that older aged
mosquitoes are harder to differentiate with this method. This is further demonstrated by the non-
linear relationship between number of scales and the true age observed in the regression analyses

(Fig. 2.3).
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To increase the model’s accuracy in distinguishing mosquitoes older or younger than the
malaria EIP (10 days), we used the combined data from the mesocosm and cage experiments but
removed the image data that was taken from days 8-12. In contrast, our test set still contained the
images from days 8-12. The pre-trained CNN and support vector machine (SVM) models
achieved similar results (75.4% accuracy) as what was seen previously.

Image analysis using pixel intensity began by processing individual wing photos through
algorithms to achieve histogram equalization. A linear binary decision threshold analysis was
explored to categorize control mesocosm mosquitoes predicted to be above or below the EIP (10
days old). This model achieved an 88.0% accuracy between distinguishing individual mosquitoes
of known age above and below this cut-off. In contrast, a human classifier counting only long
wing scales in our predetermined wing fringe regions from the same mosquito wing photos
correctly classified the age only 56.0% of the time.

In comparing the two mesocosms, the mean pixel intensity scores of all mosquitoes
sampled were significantly different from each other (control = 119,162,337; ivermectin =
119,102,006; t-test: t = 2.8, df = 517, p-value = 0.0061), reflecting a significantly younger age in
the ivermectin mesocosm due to a lower pixel intensity score caused by darker pixels on wings
with more scales. Subsequently, linear binary decision threshold analysis was applied to
mosquitoes sampled from both mesocosm datasets to group them into young and old age classes.
By averaging pixel intensity scores of ivermectin and control mesocosm mosquitoes of known
age, a single, common threshold value of 119,141,236.5 was applied to the data. This threshold

was then used to group mosquitoes of unknown ages into each age class (Fig. 2.4).
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Figure 2.4. Mosquitoes from the control and ivermectin-treated mesocosms classified as young
and old based on age and their mean wing image pixel intensity score. Orange dots represent
mosquitoes of known age (marked) < 8 days old, while orange squares represent unmarked
mosquitoes predicted to be < 8 days old. Blue dots represent mosquitoes of known age (marked)
> 8 days old, while blue squares represent unmarked mosquitoes predicted to be = 12 days old.
Mosquitoes graded as ages 9-11 were removed from the analysis for greater separation of the age
groupings. The threshold was calculated by determining the mean pixel intensity of marked
mosquitoes analyzed from both mesocosms.
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Based upon the results from the linear binary threshold, linear regression analysis was
then performed. Using only images of mosquitoes with known ages from both the control and
ivermectin mesocosm cohorts, images were processed by calculating the left and right wing pixel
intensity scores averaged per mosquito followed by cross-validation. The average overall test
accuracy was 83.4% and the average training accuracy was 89.7%. The results of the six
independent cross-validation trials are presented in Supplemental Figure S1.2.

Given the accuracy of the cross-validation tests using image pixel intensity, a summary
analysis was made for all control and ivermectin-treated mesocosm mosquitoes of known age, as
well as newly emerged mosquitoes (Fig. 2.5). Overall, a higher proportion of mosquitoes from
the ivermectin-treated mesocosm (108/257; 0.42 [95% CI: 0.36, 0.48]) were grouped into the
younger age class relative to those in the control mesocosm (96/262; 0.37 [95% CI: 0.31,0.43]),
while a higher proportion of control mesocosm mosquitoes were grouped into the older age class
(137/262; 0.52 [95% CI: 0.46,0.58]) relative to the ivermectin-treated mesocosm (113/257; 0.44

[95% CI: 0.38, 0.50]). However, neither comparison was statistically significant.
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Figure 2.5. Linear regression of mean wing image pixel intensity per individual plotted by age.
Each blue and orange dot represents a single marked mosquito. All color-marked mosquitoes
from the control and the ivermectin mesocosm were included in the analysis. Image pixel
intensity scores were derived from the mean score from averaged left and right wings from an
individual mosquito. Added green dots represent the newly-eclosed (day 1) mosquitoes.
2.3 Discussion

Our data represent the critical first steps to developing a robust technique for age grading
mosquitoes using wing wear. Assaying mosquitoes in laboratory-based cage experiments
indicated that the number of long wing scales across the four predefined wing regions (Cul, Cu2,
M2, and M4) were reduced over time. This relationship was also observed in the mesocosm
experiment, but the scale loss over time was more pronounced. While the wing scale counting
technique was generally effective, the variance of scale loss per mosquito of known age was high
and the process of manually counting scales was tedious and potentially biased. In contrast,
computer vision techniques, particularly wing image pixel intensity analysis, showed great
promise for grading mosquito chronological age due to its relatively high accuracy, the potential

for automation of the process, and lower variance per mosquito of known age. Overall, sub-lethal

exposure to ivermectin in one mesocosm led to significant shifts in the age structure towards
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younger classes of mosquitoes when compared to the control mesocosm that could be detected
with both the wing scale counting technique and wing image pixel intensity analysis.

Mosquito age has long been recognized as a potentially good indicator of vector control
efficiency and, more recently, is seen as a viable metric to predict mosquito-borne disease
outbreaks.”>** However, because mosquito survivorship typically follows complex, age-
dependent patterns,*'>#!® new techniques are needed that can finely classify mosquitoes by
chronological age. Currently, researchers and control personnel are limited in their predictive
abilities as only a few age grading methods are able to calculate continuous age, notably gene
and protein profiling, mark release recapture (MRR) studies, and chemometric methods (near-
infrared spectroscopy [NIRS] and mid-infrared spectroscopy [MIRS]).?>* Of these, NIRS has
been the most widely used as NIRS scanning is rapid and field-viable, performs non-destructive
analysis, and can also potentially detect Plasmodium infections and identify species and sub-
species.’>#17 However, measurements of mosquito age from NIRS have comparatively high
individual mosquito error.?? Difficulties are further augmented in the field, as NIRS data
variation can be high likely due to the confounding effects of genetic, dietary, and environmental
effects on wild mosquitoes.’** In addition, instrument costs with NIRS-based analyses are also
high, the statistical methods of analysis can be difficult for non-specialists, and NIRS scan
datasets cannot easily be combined across sites, often necessitating new calibration datasets for
each mosquito population tested in time and space.> MIRS may allay some of these problems
with NIRS. However, the technique is relatively new (and thus less tested) and also requires
destructive measurements of the samples.>?

Our results indicate that wing scale-based age estimation could prove to be a viable,

alternative age grading technique. Even as early as 1912, Perry was able to successfully classify
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wild mosquitoes into four tiered age groups based on qualitative assessment of their wing.?’ Our
cage and mesocosm experiment results expand Perry’s original conclusions, showing that wing
scale counting can use count-based data, and wing image pixel intensity can use continuous
variable data, to calculate chronological age in days. This technique is also non-destructive, only
requiring that wings be plucked from the sample during initial identifications under a
microscope. Therefore, it allows for downstream processing of all other mosquito tissues. Both
wing scale counting and wing image pixel intensity analyses were able to detect the changes in
overall age structure between our two mesocosm populations due to natural flying activities of
the mosquitoes that led to scale loss over time. The former technique showed relatively more
scales in the select regions we counted from mosquitoes of younger age classes; the latter
technique showed relatively lower (more black) mean pixel intensity scores of the entire wing
images in younger age classes due to the presence of more dark scales on these mosquitoes.
Overall, the control mesocosm’s population skewed towards older females, while the ivermectin-
treated mesocosm skewed towards younger females.

Mosquito populations can be highly variable and change rapidly due to mass larval
emergences or quickly changing environmental conditions at field sites. As such, many
individuals should ideally be processed per time interval to achieve accurate measurement of
population age in that period. This also is often done by field teams who may have limited
resources, familiarity with entomology field work, or experience handling mosquito samples.’
Considering these realities, an ideal age grading technique should be quick, low-cost and be
accessible even for novice personnel. Assessing wing wear via scale counting is inexpensive
aside from the upfront purchase of a stereoscope with a camera. It is also intuitive and requires

little training to master. To save time in the field, wing image analysis could be also done later
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from stored, slide-mounted wings, or the images could be immediately scanned and virtually
analyzed elsewhere. We have also demonstrated that workloads could be reduced further by
reducing the number of wing regions used for counting; based on our goodness-of-fit statistics
for Poisson modeling, counting scales in just the M2 and Cu?2 regions predicted mosquito age
just as accurately as counting long wing scales across all four regions (data not shown).
However, focusing on only long wing scales on the distal posterior wing fringe may be biased by
limiting analysis to such a small part of the wing. To this point, we observed high variance in
scale counts per age in days 4-18. The variance may also be due partially to human error, as the
counting process is tedious for the person who had to study many images. While mosquito age
grading necessarily should be focused on the population rather than individuals, the two are
related and it is significant that individual mosquitoes of known age were only accurately
predicted to be above or below the EIP 56% of the time by the wing scale counting technique >
We also observed a faster loss of scales in the mesocosm experiments that facilitated more
mosquito flying relative to the simple cage experiments. This observation may be even more
amplified between laboratory and wild environments, and the link between environmental
conditions (e.g., excessive wind) and scale loss could confound comparisons of mosquito age
across populations collected in time and space with this technique. As such, it will be crucial for
wing scale-based age grading to be performed and validated in field settings. Regardless, some
of these limitations in wing scale counting may be resolved by the image analysis approaches we
tested.

ML has become the gold standard in image analysis and has broadened the capabilities of
scientific research, including in mosquito identification studies.*'®+#!° Here, we apply ML with

image analysis to classify mosquito age. Using a variety of different algorithms, application of
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ML to individual mosquitoes’ wing images was easily able to outperform mosquito age
classification by a human performing wing scale counting on the same images. While the
advanced ML algorithms we tested (pre-trained CNNs and SVM) were superior to human-based
classification, the algorithm that showed the most promise, wing image pixel intensity
quantification followed by simple linear regression, does not use computationally expensive ML
algorithms but instead classifies mosquito age based on the intensities of the pixels located
within the wing images. The advantage of this approach is that it is intuitive (scales lost equate to
higher/more white pixel intensity from the wing image), requires far less computational
resources, and can be used on standard computers without investing in costly graphics cards or
processors. In contrast, the predictive variables that ML uses are generally unknown or hard to
discern and it requires a large amount of data to be used in training, sometimes requiring
thousands or more images to generate an accurate model.*?° Failure to collect the appropriate
amount and quality of data may result in overfitting the model, increase its susceptibility to noise
within the data, or otherwise decrease model performance. Because of the limited number of
images available for training our ML classification models, all the concerns mentioned were
issues we had to account for. Overall, we conclude that wing image pixel intensity analysis is the
most advantageous method to classify the age of mosquitoes we have tested so far, but the more
advanced ML models may prove better in time with the accumulation of more images from both
the lab and field. In addition, collecting images in this manner allows for potential secondary
analyses such as quantifying wing patterning to help in mosquito identification efforts. The pixel
intensity data generally fit a linear regression but skewed most from this simple model at the
later ages, at approximately 12 days old. Presumably the wing images of the mosquitoes start to

reach saturation of whiter pixel intensities as dark scale loss becomes very high in old age.
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Analyses of field mosquitoes with similar techniques in the future may be best analyzed with
different regression models depending on scale color intensities of wild type populations and the
rate of wing scale loss in natural environments. Data could be analyzed on a continuous scale,
binned into groups (e.g., 1-5, 6-10,>10) or split into binary groups with a threshold on the most
relevant epidemiological age of the mosquitoes, such as the EIP for Plasmodium development in
Anopheles gambiae.

Ovary assessments by the Detinova and Polovodova techniques have been the gold
standard tool for entomologists in their effort to age grade mosquitoes. Our results demonstrated
that parity was reliable for determining an individual mosquito’s age in both our cage and
mesocosm experiments. In samples where the true age of the mosquito could be externally
verified, the average age for nulliparous and parous females aligned with what has been reported
in the literature.'**!”! Yet, from an epidemiological standpoint, it is more productive to judge
parity-based age grading in its ability to detect differences in the age structure of a mosquito
population rather than of individuals. As evidenced in our mesocosm experiments, the Detinova
method failed to detect the significant shifts in age structure induced by ivermectin in mixed
populations of known and unknown ages. In the RIMDAMAL clinical trial testing ivermectin for
malaria control, no significant reduction in parity rates was observed between mosquitoes
collected from control vs. intervention sites. This result was perplexing, as indicators for reduced
malaria transmission in ivermectin sites were observed, including participants’ exposure to biting
anophelines.*”® However, sub-lethal ivermectin exposure is known to interrupt the mosquito
reproductive cycle. As shown in a study with Aedes aegypti, ivermectin exposure in bloodmeals
caused notable dysregulation in ovarian development, including slow blood digestion without

development of ovarian follicles, degeneration of primary follicles and formation of ovarian
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dilatations within 24 hours post-blood feed, significant reduction in the rate of vitellogenesis and
follicle development, and decreased egg production.’®® Additionally, field studies involving
Anopheles feeding on ivermectin-treated cattle demonstrated that ivermectin exposure reduced
mosquito egg production for up to 15 days.*¥¢4?! It is reasonable to conclude that sub-lethal
ivermectin exposures result in some parity misclassifications due to the dysregulated ovarian
development. This could explain why parity rates in the RIMDAMAL trial did not match other
entomological indicators for malaria control in the field, and why parity assessment alone was
unable to detect age structure differences between our two mesocosms in this study. As such,
having an accurate mosquito age grading technique that does not rely on ovarian development,
such as NIRS, MIRS and wing wear analysis, may be more appropriate for analyzing ivermectin-
based control approaches. Similarly, other new and developing vector control tools should assess
the interventions’ sub-lethal effects on mosquito ovarian development to avoid such potential
confounders in the future.

In conclusion, assessing wing wear for mosquito age grading has promise to be both an
accurate and practical tool to use in evaluating the risk of mosquito borne pathogen transmission
and the efficacy of mosquito-control interventions in research and operational settings. Further
investigation is needed in other species, and whether wing wear in field settings, either done via
human assessments or computational wing image analyses, is a germane alternative to other age
grading techniques such as parity assessments and NIRS. Furthermore, it would be both
insightful and important to determine in field settings if ovarian-based grading techniques remain
a viable tool for vector control efficacy assessments when insecticides/endectocides that impair

or delay female mosquito reproduction are utilized.
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2.4 Materials and Methods

2.4.1 Mosquito rearing and experimentation design

Mosquitoes. An. gambiae (G3 strain) were reared in an insectary at 27-30°C, 60%-80% relative
humidity, with a standard photoperiod (16 hours of light: eight hours of dark). Larvae were
reared in open-faced plastic bins and fed a diet of ground TetraMin fish food.!'® Pupae were
transferred from larval rearing pans to closed, plastic emergence cages. Twenty-four hours post-
eclosion, adults were gently aspirated with a ProkoPack and moved to an adult-only colony
bin.*> Adults were binned according to age, with large cohorts of adults of the same age being
placed together. In cases of smaller cohorts, adults of mixed ages were grouped together.
However, these adults never differed by more than two days in age. Adults were fed 10% sucrose

in water ad libitum.

Simple cage experiment. For this experiment, parity status was classified per definitions set out
by Benedict et al. Nulliparous status was defined not by whether a female mosquito had blood
fed or not, but rather by her virgin status. Parous females were those who had oviposited at least

once.'!8

Approximately 300, 5- to 6-day-old female An. gambiae were transferred into a 30.5 cm x 35.5
cm x 40.5 cm plastic cage via ProkoPack aspiration. Mosquitoes were then fed defibrinated calf
blood in a glass membrane feeder for one hour. After 30 minutes of rest, mosquitoes were
knocked down with cold. Unfed females were removed and analyzed as unfed nulliparous.
Blood-fed females and males were reintroduced into the cage. Three days later, 10 females were

removed from the cage with a mouth aspirator and classified as blood-fed nulliparous.
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Mosquitoes were then given a second bloodmeal to allow for full ovary development. Afterwards
they were provided damp paper towels for egg laying. Twenty-four hours later the egg papers
were removed, and 10 females were removed from the cage with a mouth aspirator and classified
as uniparous (i.e., completion of one gonotrophic cycle). Remaining mosquitoes were given a
third and final bloodmeal. Females that did not feed or fully engorge were removed via cold
knock down. Engorged females and males were reintroduced and provided egg papers. Twenty-
four hours later, egg papers were removed along with 10 biparous (i.e., completion of two
gonotrophic cycles) females via mouth aspiration. The experiment was repeated three more times
to have four replicates and 139 females sampled in total. In one replicate, enough mosquitoes
remained after biparous sampling to go through a third blood feed and egg laying (triparous -
completion of three gonotrophic cycles). Additionally, 20 teneral females were sampled < 24
hours after emergence to determine the base number of scales present along wing edges

(described below).

Mesocosm experiments. Two mesocosms (122 cm long x 61 cm wide x 96.5 cm height) were
constructed using plastic containers (Fig. 2.6). At the front of the mesocosm, mosquitoes had to
pass through 2.5 cm holes cut into a Tupperware container (15 cm long x 15 cm wide x 15 cm
height) to feed on sugar cubes. They had to enter a separate but identical container to lay eggs on
damp paper. To obtain water and bloodmeals, mosquitoes had to traverse the length of the
mesocosm, navigate through a tall, artificial plant, and enter a separate chamber in the back
upper section of the cage. Initially, approximately 400 3- to 5-day-old male and non-blood fed
female An. gambiae were placed into each mesocosm. The age distribution between both

mesocosms was approximately equal. Mosquitoes in both mesocosms were offered two
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defibrinated calf bloodmeals every week for 10 weeks. However, the intervention mesocosm
received a bloodmeal containing 5 ng/uL ivermectin every other week. This concentration,
which is less than the lethal concentration to kill 50% (LCs) of this species, was previously
shown to significantly reduce mosquito fecundity and affect survivorship but not induce

mortality across the entire mosquito population.3”7-386:423

Figure 2.6. Cage design and procedural overview for mesocosm-based experiments. An. gambiae
G3 mosquitoes were reared in two separate mesocosms for 10 weeks. Navigational flight was
encouraged by placing egg papers (a), sugar (b), and blood/water (d) in different locations and
chambers covered with small entry/exit holes. The control mesocosm received untreated blood,
while the intervention mesocosm received a sub-lethal 5 ng/uL. dose of ivermectin in its blood
feed every other week. Every two weeks 200 fluorescent powder-marked mosquitoes were added
to each mesocosm; twice each week, 30 unmarked mosquitoes were added to each mesocosm
(e). Twice each week, 15 females were removed from each mesocosm for parity and wing wear
analyses (f).
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The day before a blood feed, 30 unmarked mosquitoes (a mix of newly emerged male and
female) were added to each mesocosm. To simulate a mass emergence event, every other week a
normal input of 30 unmarked mosquitoes were replaced by a batch of 200 newly emerged, mixed
male and female mosquitoes (Supplemental Figure S1.1). However, due to uncontrollable and
unpredictable irregularities in mosquito emergence rates, there were some instances where an
emergence group had < 200 adults. As such, some emergence groups had to be combined to have
the required sample numbers. In these instances, mosquitoes added to each mesocosm were not
all the same age but differed by no more than 1-2 days. When analyzing data from these
mosquitoes, the average of the age groups was taken to have a single, numerical variable to use
for analysis (i.e., if the group was 10-11 days old when sampled from a mesocosm, the average
age was logged as 10.5). These mosquitoes were first collected from emergence bins with a
ProkoPack aspirator, placed in a large Ziplock bag, knocked down with carbon dioxide, coated in
a light dusting of fluorescent pigment powder (Shannon Luminous Materials, Inc.), and then
transferred to a mesocosm. In total, five different colors were used, with each color used only
once. As such, the exact age of a mosquito could be determined based on its color mark alone.
The day after a blood feed, 15 females were removed from each mesocosm via mouth aspiration
(total sampled: n = 537). Each group of removed females constituted a replicate. Females were
selected in a random fashion, resulting in a mixed selection of unmarked mosquitoes of unknown
ages and color-marked mosquitoes of known ages. Due to the long duration of the experiment
(10 weeks) and complexity of the continuously sampled and restocked mesocosms, only a single

replicate was undertaken (one control and one treatment mesocosm).
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2.4.2 Age assessment techniques conducted for mesocosm and cage experiment mosquitoes
Parity and wing assessments for both experiments. Selected females were knocked down
with cold and held on ice. For the simple cage experiments, these included newly emerged, unfed
nulliparous, blood-fed nulliparous, uniparous, biparous, and triparous females. For the mesocosm
experiments, 30 mosquitoes (15 from each mesocosm) were analyzed, and the color mark of
each mosquito was also noted. Wings were carefully removed by first pinching the lateral sides
of the scutum. This contracted the thoracic muscles, forcing the wings to flare away from the
thorax at 90° or more. Wings were then removed by gently pulling the exposed wing at the basal
junction to the thorax with a fine pair of forceps. Dissected wings were placed on a ~5 uL. drop
of 10% sugar water on a glass slide, which was allowed to dry. The sugar water acted as an
adherent, preventing the wings from shifting or losing scales when the slide was photographed at
30X with a Leica EZ4 W stereo microscope. Wing photos were later analyzed by counting long
wing scales present along the distal-posterior edge of the wing, as this is likely subject to the
greatest rate of scale loss due to aerodynamic forces experienced during wing beats.?®® We only
counted the tallest, long wing scales because they are the easiest to differentiate with the human
eye. To further focus our effort, we only counted long wing scales within four wing cell regions
defined by branches of the cubital (Cu) and medial (M) longitudinal veins that reached the wing
margin: Cul, Cu2, M2, and M4 (Fig. 2.7).#* Ovaries were dissected from the same mosquitoes

in water. Parity assessments were made according to the Detinova method with a Leica DM500

microscope.8
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Figure 2.7. Wing wear patterns and scale counting methods for age grading. Photos of female,
lab-reared, G3 strain Anopheles gambiae wings at one day (A), eight days (B), and 14 days post-
emergence (C) show that wing scales are lost as mosquitoes age. Wing scales vary in length
along the wing edge (D), but only long wing scales were counted in four specific wing regions,
Cu2, Cul, M4 and M2 in our manual counting experiments (D & E).

Computational wing photo analyses. In addition to manually counting wing scales in the pre-
described regions, wing photos were also analyzed by computer algorithms to classify or
measure total wing wear. First, ML techniques were used to classify adult female An. gambiae s.1
mosquitoes based on the malaria EIP. Although the EIP for malaria can depend on climatic
conditions, it commonly ranges from 10 to 15 days for malaria.?#* In order to have the largest

sample size possible for older class females, mosquitoes were categorized based on the lowest

estimate for EIP (10-days-old or older vs. younger ages). All ML models were trained using
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PyTorch version 1.3.1 ML library in Python 3.6.10 version on an NVIDIA GeForce GTX 1060
GPU. There were 997 original images used but image augmentation using the computer

programming library OpenCV (www.opencv.org; version 3.4.1) was implemented to increase the

dataset size. This included image rotation, horizontal and vertical flipping, Gaussian blurring
(5x5), and mean denoising. The initial ML classifier schema and test dataset did include all
images, however, removing days 9-11 to distinguish mosquitoes more easily from young vs. old
groupings showed increased accuracy of the final algorithm when compared to training with all
images. After image augmentation there were 1,917 images for the > 10 days classification and
1,950 images for the < 10 days classification. During the initial training we explored combining
both the cage and mesocosm data, but the final algorithm only included the mesocosm original
and augmented images. The first ML algorithm techniques explored a variety of pre-trained
neural networks, which included ResNet-18, ResNet-50, ResNet-152, Densenet-121 and VGG-
16.4264428 The second approach explored was support vector machine algorithms using the same

PyTorch library.

Our last approach used traditional computer vision methodology, using OpenCV and NumPy to
create a simpler and more robust classification model by computing overall pixel intensities of
wing images. With each wing photo (left and right for each mosquito), pre-processing in the
form of histogram equalization was performed. Afterwards, pixel intensity scores for each image
were obtained by summing pixel intensities across the entire image. Initially, a binary decision
threshold model was created from the means of these pixel intensities to classify mosquitoes =
12 days old and < 8 days old, with 9- to 11-day-old mosquito samples being discarded.*** This

test showed that there was a marked difference between the old and young groups, and that using
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the pixel intensity method may even work for creating a linear regression model. Subsequently,
the 9- to 11-day-old mosquito samples were re-inserted into the dataset, and a linear regression
model was generated for the entire dataset (control and ivermectin-treated mesocosms), with left-
and right-wing pixel intensities averaged. Newly eclosed (day 1) mosquitoes were additionally
included. To test the reliability of our promising results, cross-validations were performed six
times to evaluate the linear regression age grading model, with a training-test distribution of 80%
- 20%. Results of this cross-validation are available in Supplemental Figure S1.2. Given the high
accuracy of the cross-validation tests, a final linear regression model was used for age grading

with the control and ivermectin-treated mesocosms.

2.4 .3 Statistical analyses

Any observation for which one wing region was not able to be counted (i.e., the wing folded on
itself, scales were pulled away from the wing, photograph was slightly blurry, etc.) was removed
from the dataset. For each remaining mosquito processed via wing scale counting, the values of
the four wing regions (Cu2, Cul, M4, M2) were averaged over the left and right wing. Left and
right wing counts were averaged when both values were available or taken as the value solely for
the left or right wing otherwise. For wing scale counts from cage data, 139 mosquitoes sampled
were included in the final analyses. Additionally, 519 mosquitoes were sampled from the

mesocosm and included in the final analyses.

To determine if mosquitoes displayed unequal rates of wing scale loss between left and right

wings on any given individual, we conducted a basic correlation analysis comparing the total

number of counted wing scales between the left and right wing for all mosquitoes. This was done
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for mosquitoes sampled from the cage experiments as well as the mesocosm. A univariate
Poisson regression model was used to quantify the relationship between wing scale counts and
age, by regressing age on the sum of all long wing scales across the Cu2, Cul, M4, and M2
regions. For total wing wear quantification using wing photo pixel intensity, linear regression
models were used to quantify the relationship between pixel intensity scores and age by
interpolation. The proportions of young vs. old mosquitoes of known and predicted ages in each
mesocosm were analyzed using Fisher’s exact tests. To compare the initial rate of scale loss
between the cage and mesocosm (control mesocosm only) experiment data, we used an F-test to
compare the linear regression slopes between common early age points of the two experiments
(day = 1 and day = 4.5). All analyses were performed using SAS statistical software (v9.4),

GraphPad Prism (v8.1.1),and R (v6.3.1).
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CHAPTER 3: COMPARING WING SCALE COUNTING, PARITY, AND NEAR INFRARED
SPECTROSCOPY AGE GRADING TECHNIQUES USED WITHIN THE FIRST SEASON OF

RIMDAMAL II

3.1 Introduction

Malaria is a devastating, arthropod-borne disease that affects nearly 200 million people
and produces hundreds of thousands of deaths each year.*#° The disease is caused by unicellular
protists of the genus Plasmodium, of which there are five species known to infect humans
(Plasmodium falciparum, P. vivax, P. ovale, P. malariae, and P. knowlesi)."> In West Africa,
malaria transmission is facilitated by female mosquitoes in the genus Anopheles, which become
infected with Plasmodium gametocytes when feeding on an infected human.'** Given the vital
role mosquitoes play in transmitting malaria, adult mosquito population reduction is a core
component of malaria control efforts.

A significant amount of time relative to the adult mosquito lifespan is needed for
Plasmodium to successfully infect the mosquito, complete sporogony, and reach the saliva
glands to be transmitted to humans in a subsequent bite. It is estimated that at its most rapid, the
entire process (called the extrinsic incubation period; EIP) lasts 10 days in the Anopheles
gambiae mosquito complex (An. gambiae sensu latu, or s.1).*0%! Therefore, older female
mosquitoes have the greatest likelihood of transmitting malaria to humans, as these mosquitoes
have likely lived long enough for incubating malaria parasites to complete and surpass the
required EIP %1253 Additionally, the probability of a mosquito being infected with malaria
gametocytes is relatively low, meaning that it is far more common for most blood feeding

mosquitoes to only become successfully infected in their later blood feeds. Age, therefore,
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becomes a significant factor in mosquito population dynamics before infection even occurs and
the malaria EIP begins. Consequently, from the perspective of mosquito-borne disease
surveillance and prevention, this means that it is crucial for field entomologists to routinely
monitor the relative ages of local mosquito vector populations to determine if females are aging
to the point where transmission to humans is likely.?>?

Tools and techniques for determining ages of wild mosquitoes should accommodate the
realities entomologists face in field work, while also providing age measurements that are
epidemiologically relevant. In regards to the former point, techniques are favored if they can be
conducted with minimal technical resources, require little technical expertise, provide results
quickly and accurately, and have minimal associated costs.> Additionally, methods should
calculate mosquito age in a unit that can easily be correlated to the surveilled pathogen’s
EIP.2%2253 Given these needs, two grading techniques are frequently used by field entomologists:
the Detinova parity technique and near-infrared spectroscopy (NIRS).

The Detinova parity technique examines the morphology of tracheole skeins surrounding
the mosquito ovary. These tracheoles remain tightly coiled for virgin females but permanently
stretched and uncoiled after egg production. As such, age can be measured in gonotrophic cycles
and females can be classified as nulliparous (typically less than three days old) or parous
(typically older than 3 days).**

NIRS uses the near-infrared region of the electromagnetic spectrum to quantitatively
measure organic compound functional groups within the mosquito exoskeleton.***4!” The
spectrum collected is proportional to the amount of these functional groups present in samples,
which change as mosquitoes age.’** This technique allows for mosquito age to be measured as

continuous days.*”
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A third, long under-utilized technique that broadly predicts mosquito age classes from
wing wear also meets the aforementioned requirements.?® We have recently demonstrated that
wing wear as mosquitoes age can be quantified by counting scale loss on wings or performing
machine vision learning techniques on computer images of the whole wing. Age predictions for
mosquitoes of unknown ages can then be made by comparing these counts or images to similar
data taken from mosquitoes of known age. This technique has been shown to be relatively
accurate in laboratory- and mesocosm-based settings and, like NIRS, measures age as continuous
days (unpublished data, see Chapter 2 for results).

To date, no direct comparison has been made between these three age grading methods
using wild-caught mosquitoes. This is in part because it is difficult to accurately age wild
mosquitoes in comparison to their lab-reared counterparts. Field entomologists have no way of
knowing wild mosquitoes’ true ages with certainty, meaning age must be predicted by either a)
comparing the physiological status (e.g., ovary morphology) of wild mosquitoes to those of
known ages, or b) generating age regression models from counts and/or measurements of
biological factors (e.g., number of wing scales) from mosquitoes of known age that can be
applied to mosquitoes of unknown ages. In both cases, additional, labor-intensive steps must be
taken to generate calibration curves and other comparative tools using mosquitoes captured from
the wild as larvae and reared in insectaries. The difficulties of age grading wild mosquitoes are
compounded by the fact that environmental factors such as larval diet and aquatic environments,
physiological condition of the mosquito, and weather can result in a high degree of variability in
age readings.!73256.304.306-308 Simjilarly, An. gambiae s.l is a species complex of seven sibling
species, all of which are morphologically identical.!43:146432433 Although NIRS can potentially be

used to identify these sibling species, genetic and other biological differences between
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mosquitoes in the An. gambiae s.I complex can still impact age readings and results.** Despite
these obstacles, the need to reliably age wild mosquitoes is still highly needed in order to
monitor malaria prevention and vector control efforts.

Our Repeated Ivermectin Mass Drug Administrations for control of Malaria II
(RIMDAMAL 1) trial provided an opportunity to compare the Detinova parity method, NIRS,
and wing scale counting in both a true field environment and an area hyperendemic for
malaria.””*> RIMDAMAL 1I is a NIH-funded, double-blind, cluster-randomized trial that
integrates repeated high-dose ivermectin mass drug administrations (MDASs) into the existing
monthly seasonal malaria chemoprevention (SMC) delivery platform and distribution of long
lasting insecticidal nets (LLINs). The hypothesis of the study is that regular treatment of most of
the cluster participants in the intervention arm with ivermectin MDAs will result in significantly
decreased survivorship of the malaria vectors that blood feed on these people, which will
decrease parasite transmission in the community and thus malaria in the community’s children.
This trial was conducted over two rainy seasons between 2019 and 2020 in Burkina Faso’s
Diebougou health district to provide definitive evidence on ivermectin efficacy in malaria
prevention in children under 10 years of age. One of the expected entomological outcomes from
this trial is that the predicted median age of the mosquito populations from intervention clusters
will be significantly lower compared to the predicted median age of the mosquito population
from control clusters. Due to the timing of RIMDAMAL II relative to my thesis completion, this
age grading study analyzes data generated from female Anopheles gambiae s.1 sampled during
the 2019 field season only, offering a comparative analysis of these age grading methods’
accuracy and feasibility. Furthermore, because the machine vision learning techniques to age

grade mosquito populations from wing images were not fully developed and validated until early

80



2021, we only used the wing scale counting method developed and described in Chapter 2 on the

2019 field samples from RIMDAMAL II.

3.2 Results
3.2.1 Mosquito demographics

Taxonomic identification indicated that An. gambiae s.l represented 83.8% of all malaria
mosquito vectors captured across the six sampled villages, while 12.4% were An. funestus, and
minor vector species (An. coustani, An. pharoensis, An. rufipes) made up 1.3%. The number of
An. gambiae s.] captured within each RIMDAMAL II cross-sectional village cluster at each
sampling time point under different trapping methods can be viewed in Table 3.1, while the
corresponding total number of mosquitoes caught per village and time point is seen in Figure 3.1.
Table 3.2 shows the number of An. gambiae s.1 tested with each different age grading method

within each village cluster at each sampling time point among the six RIMDAMAL II villages.
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Table 3.1. Number of An. gambiae s.1 captured across six sampled villages in RIMDAMAL
IT according to sampling time point and trapping method

, MDA1+1 MDA1+3 MDA2+1 MDA2+3
Village LTC ASP LTC ASP LTC ASP LTC  ASP
DB 1 52 47 13 134 20 165
DL 24 64 3 133 16 227 23 211
KP 2 127 7 22 27 166 25 72
KS 28 33 18 51 0 48 19 29
SG 9 18 6 55 20 125 14 136
TG 7 23 8 28 3 129 7 87
3;‘;:;‘1 pertrap o1 317 50 336 79 829 108 700
ggfﬁ: per time 408 386 908 808

, MDA3+1 MDA3+3 MDA4+1 MDA4+3
Village LTC ASP LTC ASP LTC ASP LTC  ASP
DB 20 98 12 103 12 178 9 49
DL 18 109 18 148 26 201 6 71
KP 10 39 4 71 23 70 6 26
KS 10 41 6 27 4 28 4 21
SG 12 65 26 136 25 82 2 74
TG 12 98 2 49 7 83 4 38
g‘gjl pertrap ¢ 450 68 534 97 635 31 279
Total per time 532 602 732 310

point

Mosquito sampling methods: LTC = CDC-mini light trap catches with UV light left
overnight (1 placed outdoors under the rain tarp of an occupied tent and 1 placed indoors
next to an occupied bednet); ASP = indoor, morning aspiration of resting mosquitoes with a
ProkoPack. Villages: DB = Dangbara; DL = Dialanpozu; KP = Kolepar, KS = Konsabla;
SG = Segri; TG = Tampé-Gougougré.

82



300
MDA1 +1

MDA1 +3
MDA2 +1
MDA2 +3
MDA3 +1

MDA3 +3
i ==
MDA4 +3

N

(=

o
|

# An. gambiae s.l. sampled

(=]
=

| \. i
KP KS

Village

1
DB DL SG TG

Figure 3.1. Number of mosquitoes captured across all methods (light trap and aspirator) by time
point in the six sampled RIMDAMAL II villages.
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Table 3.2. Number of An. gambiae s.1 captured across six sampled villages in RIMDAMAL
II by age grading method

Village MDA1+1 MDA1+3 MDA2+1 MDA2+3
WS NIRS Par WS NIRS Par WS NIRS Par WS NIRS Par
DB 25 26 0 25 25 0 33 34 0 29 30 11
DL 23 17 12 31 38 0 33 34 14 28 34 14
KP 35 35 14 18 19 0 26 31 16 24 25 19
KS 13 14 19 10 23 0 26 27 0 10 17 15
SG 00 11 4 12 26 0 18 24 15 25 29 10
TG 18 19 3 16 19 0 32 35 3 20 33 4
E;folzfr 124 122 52 112 150 O 168 185 48 145 168 73
Total per
time 298 262 401 386
point
Village MDA3+1 MDA3+3 MDA4+1 MDA4+3
WS NIRS Par WS NIRS Par WS NIRS Par WS NIRS Par
DB 12 25 14 31 33 9 35 3 10 20 23 7
DL 18 30 12 29 34 14 35 35 22 20 29 2
KP 17 20 7 27 29 2 25 27 15 15 20 5
KS 232 25 8 20 21 4 17 2 1 16 21 3
SG 9 22 9 30 35 19 23 29 18 21 32 2
TG 27 34 11 29 31 2 29 3 6 10 21 I
Eﬁ(}%"'r 106 156 61 166 183 50 164 179 72 102 146 20
Total per
time 323 399 415 268
point

Mosquito testing methods: WS = wing scale; NIRS = near infrared spectroscopy; Par = parity
determination by the Detinova method. Villages: DB = Dangbara; DL = Dialanpozu; KP =
Kolepar, KS = Konsabla; SG = Segri; TG = Tampé-Gougougré.
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3.2.2 Parity analyses for wild-caught mosquitoes from RIMDAMAL II villages

As seen in Table 3.3, the percentage of parous mosquitoes is highest at the beginning of
the trial (MDA 1+1), steadily decreases through the middle of season 1 of the trial (MDA2+1
through MDA3+1), and then begins to increase again at the season’s end (MDA3+3 though
MDAA4+1). Unfortunately, the data are too few to make strong analyses and, therefore, we cannot
examine parity rate in the individual RIMDAMAL II villages. Additionally, Table 3.3 shows that
many of the parity rates calculated for each MDA sampling time have overlapping confidence
intervals and therefore are not significantly different. The exceptions are MDA 1+1 vs. the
middle time points (MDA2+3 through MDA4 + 1; all Fisher’s exact test p-values <0.001) and
MDA4+3 vs. MDA3+1 (Fisher’s exact test p-value <0.01). Due to the low sample numbers and
mostly statistically insignificant results, parity rates were excluded from subsequent comparative
modeling efforts between age grading techniques.
3.2.3 Wing scale-based age grading from wild An. gambiae s.l

Pearson correlation analyses indicated that there was a weak, positive but statistically
significant correlation between all left and right wing scale count comparisons (Table 3.4).
Therefore, we could assume no differential loss of wing scales on one wing versus the other and

treat left and right wings from the same mosquito as approximately equal to one another.
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Table 3.3. Parity data from wild An. gambiae s.1 mosquitoes sampled in RIMDAMAL II villages per
MDA time point

MDA1+1 MDA1+3 MDA2+1 MDA2+3 MDA3+1 MDA3+3 MDA4+1 MDA4+3
%

. 86 - 61 52 41 52 55 100
Parity*
[95%CI] [93,74] - [74,46] [64.41] [57,28] [68,35] [67,43]  [100,63]
(n) (44/51) - (28/46) (36/69) (17/41) (17/33) (34/62) (8/8)

*Because so few were scored for parity by village per timepoint, data across all six villages was summed.

Table 3.4. Pearson correlation analyses between wing scale counts on left and right wings

a‘iart:gvcs(;rlr‘:lg)::lt'ison ljvjﬁg Nv;lfg t lza)i(r‘s{ Pearson r 95% CI P-value
Cu2 wing scale 1,319 1,341 1,256 0.3541 0.3048,0.4016 <0.0001
count

M2 wing scale 1,279 1,336 1,218 0.3689 0.3193,04164 <0.0001
count

Total wing scale 1,357 1,364 1,315 0.3944 0.3477,04391 <0.0001
(Cu2 + M2)
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Age was predicted from wing scale count data using a Poisson model generated from
mosquitoes of known age in the control mesocosm described in Chapter 2. When analyzing
mosquitoes of known age from the control mesocosm only, this same model predicted sample
median age of 7.89 compared to the observed sample median age of 10, indicating moderate
model accuracy but perhaps a slight tendency to underestimate age. This same Poisson model
was then used to predict the age of field mosquito (of unknown true age) based on their wing
scale count data. Results are shown as a median age of the population of mosquitoes sampled as
the distribution of true ages is likely to be non-normally distributed (Fig. 3.2). The median wing
scale values vary over sampling period, with a range between 17 and 37. Note that wing scales
are lost over time post-eclosion, and thus a higher median scale number indicates a younger
population of mosquitoes and a lower median scale number indicates an older population. A
general trend of lower median wing scale number is observed across villages at the earliest
timepoint, while a gradual but uneven trend towards mosquitoes with a higher median total
captured in the middle-to-late season sampling periods. This trend mirrors those observed in the
overall parity data (Table 3.3). Additionally, the median total wing scales more often increased
from week +1 to week +3 following each MDA (in 14/24 samplings during MDAs conducted
over the 6 villages), suggesting the mosquito populations more often became younger over the

spans of weeks after each MDA, especially in Dialanpozou (DL) and Tampé-Gougougré (TG).
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Figure 3.2. Median total wing scales and interquartile range for field mosquitoes captured in the
six RIMDAMAL II villages at the different sampling time points post-MDAs.
3.2.4 Comparison of NIRS- and wing scale-based age grading methods against wild caught An.
gambiae s.l of unknown age

The wing scale model was developed with marked lab mosquitoes of known ages held
together in mesocosms and sampled at set times over 10 weeks, while the NIRS model was
developed with wild mosquitoes caught as larvae and held in cages to known ages post-eclosion

until scanned with a spectrometer (Table 3.5).

Table 3.5. Number of wild adult female An. gambiae s.l used for the NIRS calibration curve

Age (days) of wild mosquitoes held post-
eclosion prior to NIRS scanning

Number of wild mosquitoes scanned 99 100 98 72 35

3 6 9 12 15
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Predicted age structure varied substantially by village and timepoint, with no obvious
visible trends. As seen in Figure 3.3, wing scale predicted age structure exhibited a Poisson-type
distribution, with most mosquitoes predicted to be young and a longer tail trailing off to the right
of fewer mosquitoes predicted to be old. This distribution generally fits similar age distributions
assessed from field mosquitoes and matches the age distributions of marked mosquitoes held in
our laboratory mesocosms (Chapter 2, Figure 2.2). On the other hand, NIRS-predicted age
structure more often exhibited a Gaussian-type distribution with long tails trailing off to both the
left (young to negative ages) and to the right (old). Both predictions of mosquito age should be
interpreted as relative age in days because the relationship between true age and the different

measures (number of wing scale or NIRS linear predictor) is non-linear.
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Figure 3.3. Distributions of the An. gambiae s.1 age structure in sampled RIMDAMAL II villages by village and timepoint as predicted
with the wing scale (A) and NIRS (B) models.
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The population structure data were then converted to median age predictions with 95%
CIs plotted by village and time point (Fig. 3.4), as well as in a side-by-side comparison (Fig.
3.5). Overall, the predicted age of the wild mosquitoes differed between the models. Median age
of all mosquitoes was predicted to be younger 4.04 (3.85-4.25 95% CI) when using the NIRS
model and older 6.26 (6.1-6.47 95% CI) when using the wing scale model. The two predicted
datasets reflect each other in some village-time estimates (e.g., Dangbara), in others they
noticeably diverge (e.g., in MDAs 2 and 3 in Dialanpozou). Although overall, they tend to match
each other in age predictions trending up or down across village time points and more often
median predicted age of the mosquito population is predicted to be higher in the sampling week
immediately after the MDA (MDAx+1) but lower in the sampling week that occurred three

weeks after each MDA (MDAx+3).
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Figure 3.4. Wing scale (A) and NIRS (B) models predictions of An. gambiae s.I median age and
95% Cls sampled by RIMDAMAL II village and timepoint in 2019.
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Figure 3.5. Side-by-side comparison of wing scale and NIRS model predictions of An. gambiae
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3.3 Discussion

Ovary assessments by the Detinova and Polovodova techniques have been the gold

standard tools for entomologists in their effort to age grade mosquitoes. Numerous studies in

both the laboratory and field have indicated that these methods are not only accurate, but also

can be used as a low cost and efficient means of age grading wild type mosquitoes.!73253:294.298.299

Our prior results demonstrated that parity was reliable for determining an individual mosquito’s

age in standard insectary-based and mesocosm experiments as mosquitoes of known age had

parity statuses aligned with what has been reported in the literature (see section 2.3 in Chapter

2).144,17]
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Results presented in this study continue to confirm that the Detinova method has its
merits in field settings as well. During the 2015 RIMDAMAL I trial, we observed that parity
rates for mosquitoes collected across all villages were initially high during the start of the
malaria transmission season, but then dropped significantly mid-season once mosquito
populations peaked.*® Parity rates then increased again at the trial’s end as older mosquitoes
persisted but fewer new mosquitoes were born due to a reduction in seasonal rains. Our present
results roughly match those observed in 2015, demonstrating not only corroboration of findings,
but also reveal important trends in mosquito population dynamics in this hyperendemic Sahelian
region. At the beginning of the rainy season, wild anopheline populations are older. As the
season progresses, the rains and mosquito productivity in the environment reaches its peak.
During this time, the age demographic shifts to younger classes of mosquitoes. Mosquito
populations then become older again in the late season when populations are significantly
reduced.

Because ivermectin has been shown in lab studies to have a stronger mortality effect
against older mosquitoes who have taken >1 blood meal, we would expect decreased parity rates
in villages that received ivermectin MDAs and increased nulliparity in villages that only received
standard SMC and vector control .*”73%* However, no significant reduction in parity rates was
observed between mosquitoes collected from control vs. intervention sites in our RIMDAMAL I
trial. This result was perplexing, as reduced malaria transmission (indicating ivermectin’s lethal
effect on mosquitoes) and decreased exposure to biting anophelines (demonstrating mosquito
mortality and/or reduced feeding due to ivermectin) were observed in ivermectin sites.**
Entomological indicators of malaria transmission are known to vary widely over time and space,

even over short geographic distances.***7 As such, the lack of parity distinctions between our
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villages could be due to our small sample sizes or to sampling methods used in the field.
Additionally, sub-lethal ivermectin exposure is known to disrupt normal ovarian development in
mosquitoes, producing undeveloped ovarian follicles and nulliparous morphology even post-
blood digestion.*? Therefore, ivermectin exposure may have confounded parity analyses in the
RIMDAMAL I study and, subsequently, the 2019 RIMDAMAL II study as well.

Unfortunately, we are limited in our ability to further discern ivermectin’s impact on
anopheline ovarian development and the Detinova method’s efficacy in age grading mosquitoes
exposed to the drug. Comparisons may become clearer when the study is unblinded and we are
able to group data across villages by whether they received placebo or ivermectin. Even then, we
will still be restricted by the small sample size of mosquitoes analyzed for parity. The rigor of
field sampling, high number of anophelines that were collected and required immediate
processing on a daily basis, and the limited number of field staff forced us to reduce our
sampling. The Detinova method proved to be too taxing and time consuming to handle with large
sample sizes, and therefore had to be reduced considerably, a critique of the method that has
been referenced before by entomologists.!”> Our work highlights the practical limitations of the
Detinova technique, and the arguably even more labor-intensive Polovodova method by
extension. Although still considered a gold-standard method in age grading, this study’s
outcomes indicate that researchers must be cognizant of the time needed to perform ovary
dissections and assessments on a regular basis in large-scale field studies.

Determining age via wing scale counting alleviated some of the limitations of parity-
based assessments, with our RIMDAMAL II trial indicating that it is a relatively fast and
intuitive method that requires little training to master. Furthermore, it performed well in field

sampling conditions since images could be taken quickly of wings from field-collected
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anophelines. Wing scales could be counted from these images at a later date, thereby reducing
workloads considerably. Previous explorations of this technique in laboratory-based settings
indicated that wing scale-based age grading could detect shifts in mosquito population age
structures, with greater wing scale loss observed when mosquitoes were reared in mesocosms
that mimicked natural environments (see sections 2.2. and 2.3 in Chapter 2). In RIMDAMAL 11,
similar evaluations in age structure cannot be fully assessed due to the fact that the trial remains
blinded. However, wing scale-based predicted age structures generated from field data indicated
that most mosquitoes were predicted to be young and fewer mosquitoes were predicted to be
older, a Poisson-based distribution that generally fits similar age distributions assessed from field
mosquitoes of previous field studies.?>?20331043% Ag such, we have preliminary evidence that the
wing scale method originally proposed by Perry could be revitalized and potentially used in
contemporary mosquito field surveillance efforts.

The primary challenge we encountered while using the wing scale method was
accounting for the high degree of variance in scale counts for each individual mosquito. This
may be a result of human error resulting from fatigue generated after analyzing multiple
mosquito wing images over time, or could be a product of bias by limiting analysis to such a
small part of the wing. Given the wide range of wing scale counts for any given true age,
predictions of the age of individual mosquitoes will be relatively poor. There is, however, a clear
statistical trend with the number of wing scales diminishing as the mosquito ages indicating that
population age predictions are likely to be more robust, a metric which has far more
epidemiological relevance than accurate age prediction for individual mosquitoes.?}!2%3

NIRS had many of the same advantages overall as wing scale counting, proving to be a

relatively easy technique to use in the field. However, subsequent data analyses were challenging
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and produced results that were difficult to interpret. The Gaussian-type age population
distribution across our sample villages predicted by NIRS indicates a significant presence of both
younger and older mosquitoes, results which contradict previous field data for mosquitoes
collected across control and ivermectin MDA villages.**® Furthermore, the NIRS and wing scale
datasets noticeably diverged across space and time in some villages, with NIRS predicting an
overall younger median age for all mosquitoes. This discrepancy may be due to some of the
inherent limitations in the NIRS technique, as it can only reliably classify mosquitoes that are
very young (<7 days old) or old (>7 days old).>> Prior inconsistencies with NIRS-based age
grading were experienced previously with wild-caught mosquitoes from Burkina Faso
(independent test sets of unknown ages), which could only be grouped into broadly young and
old age classes by using a non-standard regression algorithm and robust, labor-intensive
calibration curves.*** Despite this study’s dissimilarities between NIRS- and wing scale-based
age grading, both techniques indicated that the median predicted age of the mosquito population
was higher in the sampling week immediately after an ivermectin MDA and lower three weeks
after each MDA.. This matches expectations in the literature, showing decreased mosquito
mortality and sublethal effects as blood concentration of ivermectin decreases due to human
pharmacokinetics.?”’

Presently, it is still difficult to conclude that one age grading method is better than the
other in the current analysis given several limiting factors. The relatively sparse and homogenous
training datasets used for wing scale- and NIRS-predictive modeling (wing scale: 274 adult
females of known ages; NIRS: 404 adult females of known ages) likely limited the precision of
the predicted ages. Larger numbers of samples collected from a more diverse set of mosquitoes

will be needed to improve predictions in field mosquitoes, though, this may be accomplished
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moving forward once data from RIMDAMAL II over the 2020 season is added to the existing
dataset. Secondly, it should be noted that the average age of a mosquito population is highly
sensitive to sampling variability 5231319 At the number of mosquitoes sampled here, this
sampling variability is likely to be larger than the variability induced by the measurement error
of the technique used to predict mosquito age.>>

In summary, our preliminary analysis of the entomological data derived from
RIMDAMAL II is one of the few studies that directly compares age grading techniques for field-
caught mosquitoes. Admittedly, our ability to accurately evaluate the Detinova technique and
parity assessments within this study is limited due to the fact that the difficulty of this technique
in a large-scale field trial necessitated a greatly reduced sample size; additionally, results were
potentially biased due to sub-lethal effects of ivermectin exposure. However, the data show that
age grading with wing scales can be relatively fast and thus can be performed on large datasets,
done inexpensively, and analyzed without complex modeling. By contrast, although NIRS is also
rapid and capable of processing of large datasets, the cost of the spectrometer is a downside as
well as the complicated processing and modeling required for age grading. Overall, the present
data indicate that wing scale and NIRS age grading show relatively similar prediction trends
across village and time points using median age, but the distributions of predicted ages were
noticeably different between the two methods, a trend we cannot completely explain until

RIMDAMAL 11 is fully unblinded.
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3.4 Materials and Methods

3.4.1 Field study design

Village cluster and household selection: Villages or spatially-delineated village sectors in the
Diebougou district were considered for study enrollment based on: being within a 30 minute
drive from our Diebougou field station, possessing sufficient road infrastructures so that villages
were accessible by car and motorcycle during the rainy season, having at least one kilometer of
distance from any neighboring villages in order to minimize contamination effects from human
and Anopheles migration, being located sufficiently far away from any gold mining activity and
therefore reducing security risks, and containing between 21-49 households. The latter
qualification was chosen as the range of households facilitated a potential cohort of children
between 0-10 years old that not only was necessary to adequately power our study, but also was
a manageable sample group for a single nurse to perform regular clinical sampling. Based on
these qualifications, 14 villages (or clusters) were selected as study locations: Bamako-Gourée,
Dangbara (DB), Dialanpozu (DL), Djinkargo, Dolo Toundja Djegergo, Goumbori, Kolepar (KP),
Konsabla (KS), Moutori, Niaba, Nouvielgane, Segri (SG), Tampé-Gougougré (TG), and Tiedja

(Supplemental Fig. S2.1).

MDA distribution, standard of care, and routine vector control: SMC with sulfadoxine-
pyrimethamine (SP) plus amodiaquine (AQ) (SP+AQ (SPAQ-CO™ , Guilin Pharmaceutical;
500/25 mg SP and 153 mg AQ for children 12-59 months; 250/12.5 mg SP and 76.5 mg AQ for
children 3-11 months) was provided for children aged 3-59 months. Ivermectin or placebo (Iver
P®, Elea Labs; 6 mg tablet) was administered to most other individuals not receiving SMC. Both

drugs were administered as 3-day course of 300 pg/kg/day. Per package insert, dosing of
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ivermectin or placebo was determined by participant height (90-119 cm = 1 tablet/day for 3 days;
120-140 cm = 2 tablets/day for 3 days; 141-158 cm = 3 tablets/day for 3 days; >158 cm =4
tablet/day for 3 days). This dose and schedule were selected based on previous findings that
showed it to be safe in adult trials and its ability to produce mosquitocidal ivermectin serum
levels up to a month after each treatment round.’**2*°7 Ivermectin and placebo were given monthly

over four months of the rainy season (July-October) to the eligible village population.

For routine mosquito vector control, standard pyrethroid-based LLINs were distributed to the
villages to achieve coverage of one per sleeping space. Interceptor® G2 nets to were distributed
in all RIMDAMAL II villages in early October 2019 just prior to MDA4. These LLINs are
treated with a combination of alpha-cypermethrin, which repels mosquitoes, and chlorfenapyr, a
new, non-neurotoxic, slow-acting insecticide that disrupts metabolic respiratory pathways in
mitochondria. This new mode of action means that the nets are able to kill both insecticide

resistant and susceptible mosquitoes.*°440

3.4.2 Mosquito field sampling

Mosquito capture and field schedule: Six of the villages were chosen for entomological
surveillance throughout the rainy season: DB, DL, KP, KS, SG, and TG. Three of these villages
were randomized to receive ivermectin, while three others received placebo. The randomization
of each was unknown to the villager and the study team, with the exception of the study
pharmacist who was unblinded and allocated the respective drugs to the proper villages each
MDA. In each village, eight household were selected for weekly mosquito sampling. These

households were chosen by making one east-west and one north-south transect across the village.
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The four innermost and the four outermost households lying on or closest to these transects were
selected for entomological sampling (Supplemental Fig. S2.2). Sampling occurred approximately
one and three weeks following each MDA and include the following date ranges: July 29-August
3 (first MDA, one week after; MDA1+1), August 12-August 18 (first MDA, three weeks after;
MDA1+3), August 26-September 1 (MDA2+1), September 9-September 15 (MDA?2 3),
September 23-September 29 (MDA3+1), October 7-October 13 (MDA3+3), October 21-October
27 (MDA4+1), and November 4-November 10 (MDA4+3). All entomological surveillance
villages were sampled one time each MDA sampling week in a randomized order for the week.
For each sampling day, entomology team members visited each cluster the evening prior and
positioned two CDC-mini light trap catches with UV light (LTC) to catch host-seeking
mosquitoes. One LTC was placed outdoors at the feet of a volunteer sleeping in a zipped
camping tent while the second was located indoors at the feet of an individual sleeping under a
bednet. Both LTCs were placed at household sites at the center of each village transect. At dawn,
the team returned to collect the LTCs and proceed to aspirate primarily blood fed mosquitoes
resting in sleeping houses of each of the eight households using a ProkoPack aspirator (ASP).
Using a mouth aspirator, mosquitoes were transferred from LTC and ProkoPack catches into
labeled transportation cups, placed in a container, covered with a moist towel, and transported

back to the Diebougou field station.

Mosquito processing for age grading: Once at the field station, unfed and blood fed female
mosquitoes were knocked down with chloroform and separated by species based on taxonomic
identification methods. An. gambiae s.1 we placed in our age grading comparison pipeline. If the

mosquito was collected via aspiration, the wings were first removed and photographed at 30X
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using a stereoscope (Leica EZ4 W, which also has a built-in digital camera) as described in
Chapter 2 section 2.4. LTC-caught mosquito wings were not processed due to damage from the
trap’s fan motor. Next, all female An. gambiae s.1 mosquito were placed on their side on a white,
spectralon disk and scanned at their thorax using a LabSpec 4 Standard NIRS machine (ASD
Inc., Boulder, CO).3% Spectra were recorded with RS3 spectral acquisition software (ASD Inc.,
Boulder, CO). The head and thorax scanning with the NIRS machine in order to omit any
introduced biases due to blood in the abdomen.*®® The NIRS machine was optimized and
baseline scans (white reference) performed against the disk background before each days’ use,
and continuous spectra were first examined on all samples to ensure proper placement under the
NIRS probe. The final data on each sample consisted of the average of 20 spectra taken. Finally,
if the mosquito was unfed, the ovaries were dissected and the slide read for parity status using
the Detinova method and a Leica DM500 standing microscope.'’>4% Parity was only scored on
up to 10 unfed An. gambiae s.1 mosquitoes collected either from ASP or LTC collections because
the blood meals in mosquitoes (which dominated ASP collections) influences parity scoring.
Nearly all are scored parous because the of the time difference between the blood meal in the
night and the dissection in the late morning results in already swollen ovarioles. Because of this,
mosquitoes scored for parity were most often not the same samples that were processed for wing
scale or by NIRS. Furthermore, fewer mosquitoes were processed in parity dissections per

village and timepoint than planned because of the time-consuming nature of the procedure.

NIRS calibration curve generation: The NIRS model for predicting the age of the wild

mosquitoes was developed using NIRS scans of wild adult mosquitoes that were captured as

larvae in the field in the Diebougou region. These larvae were reared to eclosion with
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supplemental ground TetraMin fish food and maintained as adults in cages under standard field
insectary conditions with access to water and 10% sucrose.''® These 404 adult female mosquitoes
were held for three, six, nine, 12 or 15 days prior to NIRS scanning. The scans produced spectra

functions across a range of 2151 wavelengths (350-2500nm) to calibrate the model.

Manual wing scale counting and data cleaning: Wing photos were uploaded onto a cloud
drive for later analysis. In total, 2,421 photos of An. gambiae s.l left and right wings were taken
over the course of the field season. Analysis consisted of visual counting of only long fringe
scales on the distal-posterior wing fringe and within the boundaries of the Cu2 and M2 wing vein
cells (bounded by the anal [A] vein and the posterior branch of the cubital vein [Cu,], and the
posterior branch of the medial vein [M;,,] vein and the anterior branch of the medial vein [M,,,],
respectively; see Fig. 2.7 in Chapter 2 for reference). For each mosquito, the average between
wing scale counts on the left and right wing was taken and then summed (Cu2 + M2) to give the
total wing scale value. If only one set of measures (i.e., left Cu2 and left M2) was reported then
these values were taken as the total value without any averaging. If a mosquito had either one
measurement missing from one side, then only the side with both reported metrics was included
in the calculation to ensure the consistency of this variable. Finally, 29 mosquitoes which only
had one of the four possible measurements were excluded from any wing scale calculation. The

final field dataset consisted of count data from 1,213 mosquito wing images.

3.4.3 Statistical analyses

NIRS age prediction: Spectra readings were trimmed to values corresponding to 500-2,350 nm

to remove the excess noise arising from the sensitivity of the spectrometer at the ends of the
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near-infrared range.?>” Multiple candidate models were fit using partial least squares linear
regression over a parameter grid with 160 combinations.>'? The optimal model was chosen by
considering the top 10 most accurate models and selecting the smoothest coefficient function
within this sample. The final model deployed spectral smoothing through the use of B-spline
functions in order to make the model more generalizable to independent samples. The final
model was fit with 50 different sampling replicates, and thus the age predicted for each mosquito
was taken as the median of these replicates. Scans that noticeably diverged from the norm (those
that are conspicuously flat across wavelengths or have non-normal spikes at certain wavelengths)
were not pulled from the training or the prediction datasets, even though these can be common
when scanning many samples in the field due to simply poor alignment of the mosquito under
the probe.’** Analyses and figure generation were completed with R script in R studio (RStudio
Team, version 3.6.3, http://www.rstudio.com/) using the mlevem

(https://github.com/pmesperanca/mlevcm) package.

Wing scale-based age prediction: Pearson correlation analyses were done before any
preliminary data cleaning to ensure left and right wings could be treated equally. Analyses
included comparing left and right Cu2 wing scale counts, left and right M2 wing scale counts,
and left and right total wing scale counts (Cu2 + M2 on a given wing). For the latter analysis, if
only the Cu2 or M2 count on a wing was given, then that value was used as the total wing scale
count. Analyses were performed in GraphPad Prism (GraphPad Software, La Jolla California

USA) and SAS statistical software (Version 9.4).

103



Predictions of field An. gambiae s.1 age came from wing scale counts of adult mosquitoes that
were aged in a laboratory mesocosm constructed at Colorado State University (see section 2.4 in
Chapter 2 for reference). A Poisson regression model of mosquito age was fit to the count of
long wing per independent sample with known age. To test the age prediction accuracy of this
model, it was used to estimate the sample median age of all mosquitoes of known age within the
control mesocosm. This was then compared against the sample median age calculated by hand.
This same model was then used to predict the age of field-collected An. gambiae s.1 female
mosquitoes of unknown age based on their wing scale count data. Modeling and figure
generation were performed in R script in R Studio (RStudio Team, version 3.6.3,
http://www.rstudio.com/); dplyr (‘1.0.2”), ggplot2 (‘3.3.2”), and reshape (‘1.4.4’) packages were

used.
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CHAPTER 4: SPATIOTEMPORAL DYNAMICS AND ENTOMOLOGICAL INDICATORS

OF MALARIA TRANSMISSION DURING RIMDAMAL 11

4.1 Introduction

In sub-Saharan Africa, malaria remains a major cause of morbidity and mortality. In
2019, when the current study was initiated, approximately 405 million malaria cases were
recorded worldwide, with most (94%) occurring in Africa.* When tallying the top 21 countries
that accounted for nearly 85% of malaria deaths globally, all but one were African nations;
within the list, Burkina Faso, a country of only ~20 million people, accounted for 3% of the 85%
tota] 444!

Plasmodium transmission in Burkina Faso is complex with several Anopheles spp.
mosquito species serving as primary and secondary vectors throughout the region. Members of
the An. gambiae complex, including An. coluzzii, An. gambiae s.s and An. arabiensis, serve as
the dominant malaria vectors in Burkina Faso with An. funestus acting as a secondary but still
prevalent vector.”14315% Population abundance and geographic distributions can vary
significantly over time depending on environmental conditions, availability of natural and
artificial water structures, and human migration and settlement.’895:143:139.162 The resulting shifts in
spatiotemporal distribution of Anopheles vectors mean that Plasmodium species distribution can
also vary significantly over space and time.>® Presently, three human disease-causing
Plasmodium species are found in Burkina Faso: P. falciparum, P. ovale, and P. malariae. P.
falciparum is by far the most prevalent and is estimated to cause as much as 98.5% of malaria

infections in the country.®! However, increased prevalence of P. ovale, and P. malariae has been
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documented within Burkina Faso, and P. vivax has recently been detected across the African
continent.5%708386

Malaria control programs that target mosquito vectors and/or Plasmodium parasites have
been a disease prevention staple in Africa for decades. These efforts have included indoor
residual spraying of insecticides (IRS), insecticide-treated bed nets (ITNs), long-lasting
insecticidal nets (LLINSs), rapid diagnostic tests (RDTs), and effective anti-malaria
medicines.?*#? Although these interventions have been largely successful, the increasing
problem of multi-drug resistance, insecticide resistance, and mosquito behavioral adaptation
highlights the need for new tools, especially in areas of moderate-to-high malaria transmission
intensity like Burkina Faso.!10:113.114.229.321.327.328 Ngvel vector control tools that simultaneously
target Plasmodium and Anopheles species, bypass resistance mechanisms via new modes of
action, and also work against outdoor malaria transmission are urgently needed to support
malaria disease elimination efforts.

To date, ivermectin has proven effective in inducing mortality among a dozen Anopheles
species.** Laboratory studies, field studies, and clinical trials have all successfully demonstrated
that ivermectin is lethal to Anopheles gambiae s.1.376377387.389399.444445 Additionally, it is one of the
few vector control measures capable of efficiently targeting outdoor malaria transmission.!?
Ivermectin mass drug administrations (MDAs) in West African field conditions have also
resulted in reduced P. falciparum transmission by An. gambiae s.1.°%°? The drug has also been
shown to suppress P. falciparum developmental cycles in anopheline mosquitoes.?!44¢

Our Repeated Ivermectin Mass Drug Administrations for control of Malaria II
(RIMDAMAL II) trial launched in Burkina Faso provides the opportunity to quantify the drug’s

impact on true malaria transmission dynamics in the field. RIMDAMAL II is a NIH-funded,
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double-blind, cluster-randomized trial that integrates repeated high-dose ivermectin MDA into
the existing monthly seasonal malaria chemoprevention (SMC) delivery platform and
distribution of LLINs. This trial was conducted over two rainy seasons in 2019 and 2020 in
Burkina Faso’s Diebougou health district to provide definitive evidence on ivermectin’s efficacy
in malaria prevention in children under 10 years of age. Although we are still blinded and
therefore cannot yet quantify ivermectin’s effect on disease transmission, this chapter still uses
data collected from RIMDAMAL II to assess changes in Plasmodium spp. and Anopheles spp.
population dynamics over space and time, yielding important insights into Anopheles vector

competence.

4.2 Results
4.2.1 Mosquito and Plasmodium demographics

Across the two years of RIMDAMAL 11, 2,928 malaria vectors (An. gambiae s.1 and An.
funestus) were collected over the two field seasons from six different villages. Of those, we
tested a total of 2,722 mosquitoes (93.0% of the total collected) belonging to the An. gambiae s.1
(n = 2,450, representing 90.0% of tested samples) and An. funestus species complexes (n = 272,
representing 10.0% of tested samples). Using qPCR only on the head+thorax-derived DNA
extracts, 100 An. gambiae s.1 (4.1% of all An. gambiae s.1 collected from the field and 3.7% of
all anophelines tested) and 38 An. funestus (14.0% of all An. funestus collected from the field and
1.4% of all anophelines tested) were positive for Plasmodium sporozoites.

Most An. gambiae s.1 head+thoraces that tested positive for Plasmodium were determined
to be P. falciparum (n of total tested = 69/2,450), with P. ovale (n of total tested = 21/2,450) and

P. malariae (n of total tested = 10/2,450) being less prevalent. Speciation of the sporozoite-
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positive mosquitoes into members of the An. gambiae complex revealed that the majority of P.
falciparum-positives were An. gambiae s.s (n of total positive = 54/85; 63.5%) (Fig. 4.2). Tested
An. coluzzii and An. arabiensis samples were only positive for P. falciparum sporozoites.
Interestingly, most sporozoite-positive An. funestus were positive for P. ovale (n of total positive
=21/38; 55.3%).

An. funestus head+thorax tissues were positive for P. falciparum, P. ovale, and P.
malariae sporozoites. In comparison to An. gambiae s.1, a significantly higher percentage of An.
funestus were infected with sporozoites (4.1% vs. 14.0%; X*> = 49.8; df = 1; p-value <0.0001),
and P. ovale infections were nearly ten times more prevalent (7.7%) in this species (Fig. 4.1).
Overall, while P. falciparum was the predominate species among the sporozoite positive samples
from An. gambiae s.1, P. ovale was even more predominant relative to the other plasmodia

among the sporozoite-positive samples from An. funestus.
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B P, falciparum (2.8%) B P. falciparum (3.3%)

[ P. ovale (0.9%) [ P. ovale (7.7%)

[0 P. malariae (0.4%) [0 P. malariae (2.9%)
[ Negative (95.9%) [ Negative (86.0%)
Total = 2,450 Total = 272

Figure 4.1. Prevalence of sporozoite Plasmodium species detected in (A) An. gambiae s.1 and (B) An. funestus mosquito species tested
from RIMDAMAL II across all time points and villages.

23.7%
100% 100%

Total = 85 Total = Total = Total =

M P falciparum
[ P ovale
[ P. malariae

Figure 4.2. Percentages of Plasmodium spp. detected in (A) An. gambiae s.1, (B) An. coluzzii, (C) An. arabiensis, and (D) An. funestus
head+thorax DNA extracts across all RIMDAMAL II time points and villages.
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During qPCR analyses, mosquitoes were also analyzed for Plasmodium sporozoite co-
infections. Only three coinfected samples were identified (Table 4.1). Two were positive for P.
falciparum and P. ovale; both of these samples originated from the same village. The third co-
infected sample was positive for P. ovale and P. malariae. Two out of three detected co-
infections were from An. funestus samples. All co-infected samples were collected during the

late stages of RIMDAMAL II sampling in 2019.

Table 4.1. Plasmodium coinfections detected in Anopheles spp. mosquitoes collected across
RIMDAMAL II

Study MDA Mosquito

year time Village species P. falciparum  P.ovale P. malariae
2019 MDA4+1 DB An. gambiae s.s X X

2019 MDA4+3 DB An. funestus X X

2019 MDA4+3 DL An. funestus X X

Villages: DB = Dangbara; DL = Dialanpozu.

4.2.2 Spatiotemporal changes in mosquito and Plasmodium population dynamics

Across RIMDAMAL II sampling clusters, 1,471 An. gambiae s.1 were tested in total
during 2019, but the number collected dropped in 2020 to only 979. Despite reduced sample
sizes, mosquito population trends across villages in 2019 and 2020 remained broadly the same.
Sample numbers were typically at their lowest during the beginning of each season (2019:
MDAI1+1 and MDA1+3,2020: MDA5+1 and MDAS5+3) and at the end of each season of the
study (2019: MDA4+1 and MDA4+3, 2020: MDAS8+1 and MDAS8+3) (Fig. 4.3). Conversely,
sample numbers usually reached their peak in the middle of each season of the study (2019:

MDAZ2+3 and MDA3+1, 2020:MDA6+3 and MDA7+1).
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Figure 4.3. Number of An. gambiae s.1 female mosquitoes sampled across RIMDAMAL II by
MDA time points and villages. Stars (*) indicate that Plasmodium sporozoites were detected via
gPCR analyses of head+thorax DNA extracts derived from a portion of the mosquitoes sampled
within a given village and MDA timepoint. Black stars representing the presence of P.
falciparum, red stars representing P. ovale, and blue stars representing P. malariae.

In comparison to An. gambiae s.1, An. funestus population dynamics were more variable
over time due to lower sample numbers across both study seasons and a near absence of An.

Sfunestus sampled in 2020 (total sampled in 2019: n = 242, total sampled in 2020: n = 30). Like
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An. gambiae s.1, sample numbers were typically at their lowest during the beginning of the
season (2019: MDA1+1 and MDA1+3, 2020: MDAS5+1 and MDAS+3; Fig. 4.4). However,
rather than peaking mid-trial, the number of An. funestus sampled generally increased across
every subsequent MDA timepoint, reaching their apex at the final sampling times (2019:

MDAA4+1 and MDA4+3,2020: MDAS8+1 and MDAS8+3).
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Figure 4.4. Number of An. funestus female mosquitoes sampled across RIMDAMAL Il by MDA
time points and villages. Stars (*) indicate that Plasmodium sporozoites were detected via qPCR
analyses of head+thorax DNA extracts derived from a portion of the mosquitoes sampled within
a given village and MDA timepoint. Black stars representing the presence of P. falciparum, red
stars representing P. ovale, and blue stars representing P. malariae.
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Table 4.2 illustrates that across RIMDAMAL II, the total number of sporozoite-positive
mosquitoes is similar among most villages; DL, KS, SG, and TG all had 21 or 22 positive
mosquitoes total, with most being positive for P. falciparum. The number of P. ovale and P.
malariae infected mosquitoes is also roughly equivalent across all villages. An apparent
exception is the village DB, which not only had a large number of sporozoite-positive
mosquitoes overall (grant total: n = 40), but also accounted for a considerable number of P.
falciparum sporozoite positives (n = 28). Further comparisons may become clearer when the
study is unblinded and we are able to group data across villages by whether they received

placebo or ivermectin. No sample tested positive for P. vivax.
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Table 4.2. Number of Plasmodium spp. detected from An. funestus and An. gambiae s.1 head+thoraces sampled across six

villages during RIMDAMAL 11

Time

Year

MDA time

DB

DL

KP

Village

KS

SG

TG

Ppf Po P.m Pf Po Pm Pf Po Pm Pf Po Pm PSf Po Pm PSf P.o P.m

2019 MDAT1+1
MDA1+3
MDA2+1
MDA2+3
MDA3+1
MDA3+3
MDA4+1
MDA4+3

2020 MDAS5+1
MDAS5+3
MDAG6+1
MDAG6+3
MDA7+1
MDA7+3
MDAS8+1
MDAS8+3

RIMDAMAL I1
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Plasmodium spp. sporozoite detected: P.f = P. falciparum; P.o = P. ovale; P.m = P. malariae. Villages: DB = Dangbara; DL =

Dialanpozu; KP = Kolepar, KS = Konsabla; SG = Segri; TG = Tampé-Gougougré.
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4.2.3 Analysis of sporozoite quantifications across RIMDAMAL II

Comparing the number of genomes per sample in P. falciparum-, P. ovale-, and P.
malariae-positive samples indicated a notably wide range of sporozoite quantity for each
Plasmodium species. This is best illustrated in the results for P. falciparum, with a range of
genomes per sample that exceeded 200,000 (Table 4.3 as well as Supplemental Tables S3.3,
S3.4,and S3.5). One-way ANOV A analyses with multiple comparisons on log-transformed
genomes per sample indicated no significant difference in sporozoite quantity between the three

malaria species, even when stratified by mosquito species.

Table 4.3. Descriptive statistics for gPCR-determined genomes per sample for all mosquito
species across RIMDAMAL II

SPpIz:ﬁsodmm n Min. Median Max. Range (91;/102 agl)
P.falciparum 78 15304 3,829.07 233,145.61 232,992.57 16,252.96
(8,814.35,23,691.57)
P.ovale 43 2582 130632 23386.15 23,360.34 1,861.46
(796.59,2,926.34)
P.malariae 18 748.82 149448 66,246.63 65497.81 10,043.45

(463,38, 19,623.53)

4.2 4 Entomological indicators for malaria infection and transmission for RIMDAMAL Il

Overall sporozoite infection (SIR) rates for RIMDAMAL II showed that SIR was highest
for P. falciparum (2.8% [95%CI: 3.5, 2.3]; [n of total = 77/2,722]), followed by P. ovale (1.5%
[95%CI: 2.1, 1.1]; [n of total = 42/2,722]) and P. malariae (0.6% [95%CI: 1.0, 0.4]; [n of total =
17/2,722]). The SIR for P. falciparum significantly increased from 2019 (1.8% [95%CI: 2.5,
1.2]; [30/1,703]) to 2020 (4.7% [95%CI: 6.1, 3.5]; [47/1,009]) (X*> = 18.4; df = 1; p-value

<0.0001). The SIR for P. ovale in 2019 (2.3% [95%CI: 3.2, 1.7]; [40/1,703]) was higher than
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expected according to the literature, but decreased in 2020 (0.2% [95%CI: 0.7, 0.04];[ 2/1,009]).
P. malariae SIR also decreased from 2019 (0.8% [95%CI: 1.4, 0.5; 14/1,703]) to 2020 (0.3%
[95%CI: 0.9, 0.08]; [3/1,009]). However, the sample sizes for both P. ovale and P. malariae

were too small to calculate statistical significance.
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Figure 4.5. Sporozoite infection rate (SIR) calculated throughout RIMDAMAL II according to
Plasmodium species and study year.

Somewhat contrary to the SIR data, the proportion of the An. gambiae s.1 population
within each village that reached an epidemiologically dangerous age for malaria transmission
(P,) remained notably low (see Supplemental Table S3.6). A full interpretation of these results is
limited due to overall low sample sizes and a lack of data from certain villages and MDA

timepoints, particularly in 2020. However, the parity rate and P, were both at their highest at the
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first and last MDA time points for both 2019 and 2020, a trend also observed in the

RIMDAMAL trial in 2015.3%

4.3 Discussion

The sibling species An. gambiae s.s and An. coluzzii have been regularly identified as
sub-Saharan Africa’s major malaria vectors.*#® Within Burkina Faso’s Diebougou region, the site
of our RIMDAMAL II trial, a past study shows that these two subspecies are dominant during
the rainy season, with An. coluzzii being up to three times more prevalent than An. gambiae s.s;
An. arabiensis population densities are much lower than either.'”® Our findings across
RIMDAMAL II corroborate some of these past trends. The vast majority of our tested samples
were from the An. gambiae s.1 clade. However, most were An. gambiae s.s, not An. coluzzii.
Additionally, An. gambiae s.1 mosquitoes were the dominant Plasmodium sporozoite transmitters
in our study, though we admittedly only speciated samples that were sporozoite-positive.

An earlier investigation conducted in the Burkina Faso savannah indicated that although
An. funestus could supplement An. gambiae s.l in malaria transmission, its role as a human
disease vector was minimal.**” More recent evidence suggests that An. funestus may be a major
malaria vector in this region, capable of higher human biting and sporozoite rates than vectors
within the An. gambiae s.1 complex. However, these studies are limited and usually confined to
only analyzing the mosquito’s vectorial capacity for P. falciparum alone.'**'>° Efforts to
investigate An. funestus’ role in malaria transmission have been thwarted by the difficulties of
colonizing this mosquito species under laboratory conditions. To date, only two strains from
southern Africa have been successfully colonized from wild populations due to the mosquitoes’

poor larval and short adult survival rates, low mating success and fecundity, and overall low
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fitness (as determined by wing length and body size).**%45! However, although An. funestus has
been regarded as physically weaker than other members of An. gambiae s.1 when colonized,
survivorship and fitness levels between the two clades may be comparable in the wild.?*44

Our study shows that the comparatively small number of An. funestus collected in
RIMDAMAL II were not only more infectious than anticipated, but also were highly infectious
for P. ovale. Cumulative surveillance studies have shown that it is typical for 3-5% of a
competent mosquito vector population to be infected with Plasmodium.>%° While our results fell
within that range for P. falciparum and P. malariae, 7.7% of sampled An. funestus were positive
for P. ovale. An. funestus has been shown to be a major malaria vector in other areas of Africa,
notably Kenya, Tanzania, and Cameroon, due in part to high levels of insecticide resistance

present in the population. #2434

Similar results are somewhat rare in Burkina Faso, though they
have been noted in the past. One early 1990s study noted parasite rates in An. funestus between
2.8-14.6% outside the capital city Ouagadougou, with one sampled village recording up to 50%
An. funestus (n = 56) positive for P. falciparum circumsporozoite protein via ELISA testing.*3
Because previous studies have indicated that An. funestus is the dominant mosquito in Burkina
Faso during the dry cold season (December to February), these historical findings as well as our
detection of highly infectious An. funestus may hint at the mosquito’s role in sustaining malaria
transmission outside of the rainy season when An. gambiae populations decrease.'>’

These previous findings in addition to own results may reflect An. funestus’ ecological
preferences or shifting vector competence factors within the region. Unlike An. gambiae s.1,
which is often widely distributed due its ability to thrive in diverse, shallow, small, and

temporary aquatic environments, An. funestus prefers permanent and semi-permanent larval

habitats characterized by slow-moving, clear, deep waters.****7 Further investigation in our
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study’s fine-scale geographic data may reveal a correlation between Plasmodium-infected An.
funestus, high densities of houses and/or people outdoors, and proximity to standing water
bodies.*7#* Additionally, our findings could indicate an increased An. funestus vector
competence for malaria parasites, P. ovale in particular. These parasite species may have
developed the ability to circumvent the Plasmodium population bottleneck that occurs in the
mosquito haemocoel (e.g., enhanced or new immune system evasion capabilities, the ability to
move more quickly through hemolymph and reach the salivary glands) or gained salivary gland
invasion capabilities (e.g., enhanced receptor-ligand interactions between sporozoites and
salivary gland receptor proteins).*+#%° Further vector competence and molecular assays are
required to explore these hypotheses.

On a similar note, results from our RIMDAMAL Il Plasmodium and entomological
surveillance indicated a higher prevalence for P. ovale and P. malariae than expected. Previous
surveillance efforts within Africa indicated that P. malariae and P. ovale infections are more
prevalent in the sub-Saharan and southwest Pacific region, though both are still regarded as
relatively uncommon.”® However, recent clinical studies in Uganda and Kenya have reported
increases in non-P. falciparum malaria cases, particularly P. ovale and P. malariae, in
symptomatic patients even in the face of regular chemopreventive therapy MDAs and
treatment.'%%!13 Similarly, persistent transmission of P. ovale and, to a lesser extent, P. malariae
has been reported in Tanzania despite a continued decline in P. falciparum transmission.*¢!
Within Burkina Faso, high gametocyte prevalence in non-P. falciparum malaria species has been
documented with increasing prevalence of P. malariae and P. ovale being reported over time,
particularly after the rainy season.®3 From an epidemiological standpoint, these trends and our

own findings are worrisome as both Plasmodium species can result in chronic disease. P. ovale
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parasites can form dormant hypnozoites capable of reactivation anywhere from several weeks to
years after initial infection, causing multiple secondary infections if not properly treated.®®
Similarly, P. malariae can recrudesce years after the period of initial exposure to cause malaria
disease.” Without treatment, blood-stage parasites can endure for extremely long periods of time
(sometimes for the lifetime of the human host), concluding in an irreversible, immune-mediated,
nephrotic syndrome.”'~7* Given the severity of these disease outcomes, our detection of elevated
P. ovale and P. malariae prevalence in both An. gambiae s.1 and An. funestus mosquitoes
warrants further follow-up investigations.

Although a relatively high prevalence of P. ovale and P. malariae was detected in
RIMDAMAL 11, P. falciparum had the highest SIR overall. Our results indicated that a
cumulative SIR of 2.8% was recorded over the two-year study, which falls within the expected
range for this region of Burkina Faso given the dominance of P. falciparum during the rainy
season in particular.!>® However, it is unusual that the SIR for P. falciparum increased between
2019 and 2020. Furthermore, our qPCR analyses indicated that of the three parasite species, P.
falciparum had the highest median number of genomes per anopheline mosquito sample.
Interpreting these results may prove difficult and ineffectual, though, given the epidemiology of
malaria transmission.

The probability of malaria transmission from mosquito to human is dose dependent to an
extent; the greater the number of parasites within the salivary gland of the mosquito following
blood-feeding, the more likely it is to transmit the disease.*6>6* Nevertheless, minimum
thresholds also exist; mosquito salivary gland infections resulting from a natural median of one
or two oocysts have been shown to successfully result in human infection, though in theory

human infection is possible if just one sporozoite is transmitted from a mosquito.*62464465 For
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this reason, all of the mosquitoes represented in Table 4.3 could potentially contribute to malaria
disease, even though their degree of Plasmodium infectiousness varies widely. Given this
complex relationship between sporozoite dose and malaria disease response, it is increasingly
acknowledged that SIR and entomological inoculation rates, though still widely considered the
gold standard metrics of malaria transmission, have limited precision and accuracy.*%® As such,
different, and more standardized, methods of measuring malaria transmission, vector
competence, and vectorial capacity are required.

Recent modeling studies argue that estimations of transmission rates are more accurate
when they not only include sporozoite and oocyst rates, but mosquito age and parity rates as
well. The likelihood of Plasmodium infection in mosquitoes shows a strong association with the
average age or parity of mosquitoes, both of which differ in growing, stable, and declining
populations.?®3467 As such, the proportion of mosquitoes that are infectious reflects the age
structure of a mosquito population; it peaks where old mosquitoes are found and when mosquito
population density is declining, and decreases when younger adult mosquitoes, who are not yet
infected nor past the malaria extrinsic incubation period, dominate the population and thereby
reduce the overall sporozoite rates.*®4% Our previous parity rates calculated in the 2015
RIMDAMAL trial, as well as the RIMDAMAL II parity rate results and subsequent estimation
of the proportion of the vector population that reached an epidemiologically dangerous age, all
mirror this trend. Parity rates for mosquitoes collected across all villages were initially high
during the start of the malaria transmission season, but then dropped significantly mid-season
once mosquito populations peaked.**® This is likely due to new, younger mosquitoes being added
to the population structure through mass emergence, as well as elimination of older mosquitoes

from the population due to ivermectin.**® Parity rates peaked again at the trial’s end as older
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mosquitoes persisted but fewer new mosquitoes were born due to the start of the dry season.
Given this overall trend and its alignment with mathematical theories concerning malaria
transmission dynamics, our data may further indicate that measuring the age structure of a
mosquito population, not just the SIR and Plasmodium quantity, could prove a more accurate
metric of malaria disease transmission potential.

In summary, our preliminary analysis of the entomological data derived from
RIMDAMAL II showcases entomological malaria transmission dynamics that have noteworthy
and surprising implications for future malaria control efforts. The data show that An. funestus, a
relatively overlooked mosquito complex in Burkina Faso, may play a significant role in
Plasmodium transmission during and, potentially, outside of the rainy season. Furthermore, our
demographic data indicate that An. funestus may be more responsible than anticipated for
transmitting all malaria species (especially P. ovale, which was detected at relatively high
prevalence). This could suggest the need for altered vector and malaria control strategies that do
not just focus on An. gambiae s.l1 population reduction and P. falciparum prevention. Lastly, our
data indicate the need for entomologists to move beyond standard entomological measurements
of malaria disease transmission, arguing that other metrics, such as parity rate, be utilized as

well.

4.4 Materials and Methods

4.4.1 RIMDAMAL I field design

RIMDAMAL II study conditions and Anopheles spp. mosquito sampling:

The 2020 RIMDAMAL II field trial followed the same MDA administration protocol, field site
visitation strategy, vector control interventions, and mosquito collection techniques as described

in the previous chapter (see sections 3.4.1 and 3.4.2 for further details). Additionally, the same
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villages remained enrolled in this second year of study, and received the same MDA intervention
(ivermectin or placebo) as they received in 2019. The first four MDAs and accompanying
mosquito field sampling occurred in 2019. Additional entomology sampling occurred in 2020
approximately one and three weeks following each MDA and include the following date ranges:
July 29-August 3 (fifth MDA, one week after; MDAS+1), August 12-August 17 (fifth MDA,
three weeks after; MDAS+3), August 28-August 30 (MDAG6+1), September 7-September 13
(MDAG6+3), September 21-September 23 (MDA7+1), October 7-October 12 (MDA7+3),
October 20-October 22 (MDAS8+1), and November 6 (MDAS8+3). In total, 1,897 anophelines
were collected in 2019 and 1,031 were collected in 2020 (see Supplemental Tables S3.1 and

S3.2).

Mosquito processing and storage for Plasmodium detection

As described in the previous chapter, mosquitoes underwent a series of processing steps once
they were collected from villages and returned to the field station (see section 3.4.2 for further
details). Female mosquitoes belonging to the An. gambiae s.1 and An. funestus species clades
were taxonomically identified based on morphological features. For these Anopheles females, the
head and thorax were scanned, avoiding the abdomen in order to omit any introduced biases due
to blood feeds.>®® The head+thoraces were then separated from the abdomen, individually placed
in 1.5mL Eppendorf tubes filled with RNALater®, and stored in a -20°F freezer for the duration
of the field trial. Abdomens were stored separately and not analyzed for this thesis. In total,
2,722 mosquitoes were processed in this fashion. However, due to the high number of
mosquitoes collected from the field, a portion of mosquitoes were left intact, taxonomically

identified, and vialed in RNALater® by mosquito clade in pools of up to 25 mosquitoes (n = 206
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or 7.0% of total anophelines collected). These samples were not analyzed in this thesis, though
their numbers are reported in the total number of mosquitoes sampled from the field (n = 2,928).
All samples were shipped to Colorado State University and, upon arrival, stored at -80°F until
processed. All head+thorax samples that were vialed individually underwent further molecular

analyses (described below).

4.4.2 DNA extractions from Anopheles head+thorax samples

Female An. gambiae s.1 and An. funestus head+thoraces were removed from tubes and blotted on
absorbent paper to remove excess RNALater®. Samples were then individually placed in new
tubes containing 300 pL. mosquito diluent containing 20% of FBS, 100 xg/ml of streptomycin,
100 units/ml of penicillin, 50 pg/ml gentamicin, and 2.5 pg/ml fungizone in PBS. Samples were
homogenized by a single zinc-plated, steel 4.5 mm bead for 1.5 minutes at 24 Hz before being
centrifuged for 5 minutes at 14000 x g and 4°C. DNA was extracted from all samples using the
Mag-Bind Viral DNA/RNA 96 kit (Omega Bio-Tek) on the KingFisher Flex Magnetic Particle
Processor (Thermo Fisher Scientific). DNA was eluted in 30 L nuclease-free water and stored

at -20°F until processed.

4 4.3 Plasmodium sporozoite detection from wildtype Anopheles mosquitoes collected in 2019
DNA extracts from anopheline head+thorax samples collected in 2019 were preliminarily
analyzed via a multiplex qPCR protocol designed by Bass et al (see Supplemental Figure S3.1
for a complete overview of qPCR experimental pipelines).!!'82% Probes bound to the 18S small
subunit ribosomal RNA (ssrRNA) gene sequences of the four Plasmodium species. For P.

falciparum, this region contains two single nucleotide polymorphisms (SNPs) four base pairs
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apart flanked by an area of conserved sequence. The P. falciparum probe (5'-
TCTGAATACGAATGTC-3') was labelled with 6-FAM at the 5' end and the probe for P.
malariae, P. ovale or P. vivax (5-CTGAATACAAATGCC-3") was labelled with VIC. Each
probe also carried a 3' nonfluorescent quencher and a minor groove binder at the 3' end. Forward
(5'-GCTTAGTTACGATTAATAGGAGTAGCTTG-3') and reverse (5'-
GAAAATCTAAGAATTTCACCTCTGACA-3") primers flanked the probe binding site.
Samples that showed a logarithmic amplification curve before 40 cycles were labeled as
tentatively positive. These samples, as well as any sample with an undeterminable result, were
run through the same qPCR protocol again to confirm or clarify results (see Supplemental Figure

S3.4).

Nuclease-free water served as a negative control. Positive controls included plasmid clones
(MRA number 177-180) carrying a PCR insert of the 18S ssrRNA gene amplified from either P.
falciparum, P. vivax, P. malariae or P. ovale were obtained from BEI Resources. These inserts
were linearized through single and double enzyme digests and purified using the QIAquick PCR

purification kit. These same controls were also diluted and used for standard curve generation.

4.4 .4 Plasmodium sporozoite detection from wildtype Anopheles mosquitoes collected in 2020
and verification of 2019 positives

P. ovale, P. vivax, and P. malariae detection via qPCR

DNA extracts from anopheline head+thorax samples collected in 2020 were analyzed via an
adapted version of the Bass et al gPCR protocol used to analyze 2019 samples. The P.

falciparum probe was removed and replaced with an equivalent volume of nuclease-free water,
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converting the multiplex qPCR into a singleplex qPCR. The same positive and negative controls,
as well as qPCR cutoff values, were used. However, no standard curves were generated as the
goal was to identify and remove true P. ovale-, P. vivax-, and P. malariae-negative samples from

the dataset.

Samples identified as possible P. ovale-, P. vivax-, and P. malariae-positive samples from 2020
using the revised, singleplex Bass et al protocol, or from 2019 using two rounds of the original,
multiplex Bass et al protocol, were rerun and quantified using a revised, multiplex qPCR
protocol described by Phuong et al 2447 The probe for P. falciparum was removed and replaced
with an equivalent volume of nuclease-free water. P. ovale, P. vivax, and P. malariae species
identification were determined with species-specific forward primers probes (P. ovale: 5'-
CCGACTAGGTTTTGGATGAAAGATTTTT-3'; P. vivax: 5'-
CCGACTAGGCTTTGGATGAAAGATTTTA-3'; P. malariae: 5'-
CCGACTAGGTGTTGGATGATAGAGTAAA-3'") targeting the 18S ssrRNA region. P. ovale
was identified using a probe (5'- CGAAAGGAATTTTCTTATT-3') labeled with VIC at the 5'
end and a minor groove binding quencher at the 3' end. P. vivax was identified using a probe (5'-
AGCAATCTAAGAATAAACTCCGAAGAGAAAATT CT-3') labeled with TAMRA at the 5'
end and a BHQ-2 quencher at the 3' end. P. malariae was identified using a probe (5'-
CTATCTAAAAGAAACACTCAT-3'") labeled with FAM at the 5' end and a minor groove
binding quencher at the 3' end. The same reverse primer was used for all species identification
(5'-AACCCAAAGACTTTGATTTCTCATAA-3"). Nuclease-free water served as the negative
control, while linearized, clean DNA from the plasmid clones (MRA number 177-180)

mentioned previously acted as both positive controls and material used for generating standard
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curves. Samples that amplified before 35 cycles and showed a logarithmic amplification curve

were considered positive (see Supplemental Figures S3.5 and S3.6).

P. falciparum detection via qPCR

DNA extracts from anopheline head+thorax samples collected in 2020 were analyzed via a
singleplex JPCR protocol designed by Hofmann et al.?*> This qPCR used primers and probes
targeting the var gene acidic terminal sequence (varATS, 59 copies/genome) and was shown to
be ten times more sensitive than a standard 18S ssrRNA qPCR approach. P. falciparum detection
was accomplished with a single forward (5'-CCCATACACAACCAAYTGGA-3') and reverse
(5'-TTCGCACATATCTCTATGTCTATCT-3") primer and a probe (5'-TRTTCCATAAATGGT-
3') labeled with FAM at the 5' end and a minor groove binding quencher at the 3' end. Samples
that amplified before 36 cycles and showed a logarithmic amplification curve were labeled as
potential positives (see Supplemental Figure S3.5). All potential positives from 2020 and any
2019 P. falciparum sample identified by the Bass et al protocol was run through the Hofmann et

al gPCR protocol a second time to confirm and quantify results.

Positive controls consisted of DNA extracts from Plasmodium-infected dried blood spots of

various ranges of parasitemia on Whatman paper. A biopsy punch was used to 3mm holes, which
were then placed in PCR tubes with 70 p. RNA Rapid Extraction Solution (Thermo Fisher
Scientific) and rocked overnight at 4°C before going through the DNA extraction protocols listed
above (see section 4.4.2). Negative controls were DNA extracts from malaria-negative dried

blood samples.
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4.4.5 Anopheles cryptic species identification for Plasmodium-positive samples

DNA extracts for An. gambiae s.1 head+thorax samples that were definitively positive for P.
falciparum, P. ovale, P. vivax, and/or P. malariae underwent additional analyses to determine
cryptic species identities. A modified PCR protocol originally designed by Wilkins et al was
used that only included the universal forward primer (5'-GCTGCGAGTTGTAGAGATGCG-3")
and reverse primers for An. arabiensis (5'-GTGTTAAGTGTCCTTCTCCGTC-3"), An. gambiae
s.1 (5'-GCTTACTGGTTTGGTCGGCATGT-3"), An. gambiae s.s (5'-
CCAGACCAAGATGGTTCGCTG-3"), and An. coluzzii (5'-
TAGCCAGCTCTTGTCCACTAGTTTT-3").!"847! Eliminated primers were either specific to

species not observed in Burkina Faso and/or were not relevant to this study.”

PCR-amplified samples were run on a 1.5% agarose gel at 60V for 1 hour and 40 minutes. The
protocol created fragments of 387 base pairs (bp) for An. arabiensis and 463 bp for An. gambiae
s.l with a second, additional band at 333 bp for An. coluzzii or 221 bp for An. gambiae s.s. As a
negative control, the Wilkins et al PCR protocol was followed using nuclease-free water in place
of a DNA extract. For a positive control, we amplified DNA extracts from previously identified
An. arabiensis, An. coluzzii, and An. gambiae s.s collected from Burkina Faso in 2015. An.
funestus subspecies were not identified since prior, recent studies out of Burkina Faso indicate

that nearly all An. funestus in this area are An. funestus s.s.'>

4.4.6 Statistical analyses

To measure vector infectiousness, the SIR was calculated for both the 2019 and 2020

RIMDAMAL II datasets according to the standard formula ([number of sporozoite-positive
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mosquitoes]/[total number of sampled mosquitoes] x100%).°* Genomes per sample results were
assessed for normal and lognormal distributions via the Anderson-Darling, D’ Agostino-Pearson,
Shapiro-Wilk, and Kolmogorov-Smirnov tests. All normalcy tests were failed, but the four tests
showed the data followed a lognormal distribution. Parous rates (PR; the proportion of parous
females over the total dissected) were calculated for An. gambiae s.1 sampled in both 2019 and
2020. Further analysis into subspecies was omitted due to the dominance of An. gambiae s.s and
few sample numbers for An. coluzzii and An. arabiensis. Because only a very small number of
An. funestus were dissected, no PRs were calculated for this clade. MDA sampling periods (e.g.,
MDAT1+3) and villages (e.g., DB in MDA1+1) that had no parity data recorded were omitted

from Supplemental Table S3.6. Daily survival rates (p) were deduced from An. gambiae s.1 PRs

according to Davidson’s method (p = W) 2% Because the gonotrophic cycle (g) lasts 2-5 days
for An. gambiae s.1, an average of 3.5 days was used for calculating p.#7>4”3 The proportion of the
vector population that reached an epidemiologically dangerous age (P,) was determined from p
according to MacDonald’s formula (P,= p").>>> The EIP (n in the preceding formula) for An.
gambiae s.1 was assumed to be 10 days according to the literature.?% Statistical significance was
primarily determined through contingency table analyses and chi-square tests, unpaired t-tests, or
one-way ANOVA with ad hoc Tukey’s multiple-comparison tests in GraphPad Prism (GraphPad

Software, La Jolla California USA).
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CHAPTER 5: SUMMARY AND FUTURE CONSIDERATIONS

Methods of assessing mosquito survivorship, the most significant driver of vectorial
capacity, were tested for An. gambiae s.1 mosquitoes. The first goal was to determine the
viability of a long-underutilized technique for age grading mosquitoes originally based on
qualitatively assessing wing wear. It was found that counting long wing scales along the distal
edge of the wing, specifically between the Cu2, Cul, M2, and M4 vein-divided wing sections,
could potentially be an accurate and field-viable means of determining malaria mosquito age. We
showed that wing scales are lost in a non-linear fashion over time, which we hypothesize is a
result of the force exerted on wings during flight as well as friction experienced when mosquito
wings come into contact with surfaces.?®*%% Because of this correlation, we could calculate age in
numerical days, a valuable metric when correlating mosquito age to malaria extrinsic incubation
periods. However, our manual assessment of wing wear was dependent on just one
morphological feature — wing scales. Longstanding taxonomy practices show that several wing
structures and characteristics are significant for differentiating mosquito species.'**!17* These
features may also be affected over time, and therefore could be investigated further as additional
wing wear-based age indicators. However, given the need for high-throughput age grading
techniques, such features would be best analyzed through machine learning and other
computational, image-based analysis techniques.

The accuracy of the wing-based technique was increased when we used computational
analysis algorithms to process images of mosquito wings. Therefore, wing-based age grading
could not only be a viable tool for researchers moving forward, but could also be a new,

collaborative area of research merging medical entomology with computer science. Using
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machine and deep learning techniques to classify mosquito sex and species based on wing
images is both a promising and budding area of present research.*'¥474476 However, these efforts
have yet to be paired with age grading. Our results indicate that these two endeavors could
perhaps be merged, leading to innovative technology developments for malaria vector
surveillance. Additional technology applications could include: (1) measuring wing length,
which is used as a proxy for mosquito body size and therefore indicate levels of fitness and
fecundity; (2) direct malaria detection, as sporozoites are carried by the circulation of
hemolymph to all tissues of the mosquito, even to the legs and wing veins.’**!477478 However,
further work is first needed to validate the pixel intensity-based methods we utilized and assess
other machine learning strategies as alternative, viable options. Additionally, although wing scale
counting has been used to age grade wild mosquito populations, no such effort has yet been
undertaken for pixel intensity- or machine learning-based methods.

Measuring mosquito age is even more complicated when investigating wild mosquitoes
in comparison to their lab-reared counterparts. Wild-caught mosquitoes have unknown life
histories, and their pre-exposure to environmental and weather factors combined with their
genetic and physiological conditions can all impact age readings and results.!73256.304.306-308.434
Given these challenges, we compared three age grading techniques — Detinova parity
assessments, NIRS, and wing scale counting — and considered their accuracy, technicality, and
cost and labor efficiency with samples derived from the first year of RIMDAMAL II. Ultimately,
we determined that the latter two methods were the best for processing the large sample sizes
needed for age grading, though no firm conclusions could be made given our study limitations.
Larger numbers of samples collected from a more diverse set of mosquitoes will be needed to

improve and accurately compare our NIRS- and wing scale-based age prediction models, which
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may be accomplished moving forward once data from the 2020 RIMDAMAL II season is added
to the existing analyses. However, parity data is still limited in our 2020 dataset. If possible,
future field efforts could be made to augment our parity data and achieve the sample numbers
required for a robust three-way comparison between the techniques.

Additionally, future research is perhaps warranted to investigate the Detinova method’s
efficacy in age grading ivermectin-exposed mosquitoes as well as the drug’s impact on normal
ovarian development. Because ivermectin has been shown to have a stronger mortality effect
against older mosquitoes that have taken more than one blood meal, we would expect mosquito
populations that ingest the drug to exhibit increased nulliparity as older mosquitoes are
eliminated from the population.’”’?% We have corroborated these findings to an extent. As
evidenced in our mesocosm experiments, the Detinova method failed to detect the ivermectin-
induced shifts in age structure in mixed mosquito populations of known and unknown ages.
Similarly, parity rates between control and treatment villages during RIMDAMAL I were not
significantly different.**® We hypothesize that ivermectin exposure may confound parity
analyses. This idea could either be tested in subsequent laboratory experiments or determined by
reassessing our RIMDAMAL II data after we are unblinded, group villages by study arm, and
correlate parity results to our survivorship data.

Our original hypothesis was that mosquito age populations would be shifted to younger
classes in ivermectin-treated villages which, if proven correct after unblinding the study, would
usher in several new avenues of potential exploration. Several studies have already shown that
blood feeding on ivermectin-treated humans and animals significantly reduces mosquito
survival; others have demonstrated that ivermectin MDAs can reduce sporozoite transmission

within communities.!3-376:378:393.479.480 A g quch, an initial area of research would be to merge these
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two efforts, comparing entomological and clinical data from our study arms and assessing
whether reduced malaria incidence was experienced in treated villages that had younger
mosquito populations as compared to untreated villages with older mosquito populations. This
investigation will be critical, particularly if ivermectin is used regularly as a malaria control tool
in the future. A recent modeling investigation indicated that (1) control strategies that manipulate
mosquito reproduction with the aim of suppressing Anopheles populations may inadvertently
favor malaria transmission, and (2) that younger anopheline females potentially contribute
significantly to malaria transmission.?!” With these findings in mind, our future surveillance
efforts and RIMDAMAL II data analyses should investigate whether potential, ivermectin-
induced shifts in mosquito population age structure facilitate new malaria transmission dynamics
in Burkina Faso. To do so, the SIR of young mosquitoes should be monitored and compared to
malaria clinical disease incidence.

Within the context of RIMDAMAL II, our examinations of mosquito age structure
changes should also be paired with parallel explorations into shifts in insecticide resistance
profiles. One study showed that permethrin-resistant strains of Ae. aegypti were significantly less
susceptible to ivermectin bloodmeals than standard reference strains. Furthermore, a correlation
analysis of log-transformed LCso among strains suggested that permethrin and ivermectin cross-
resistance may occur.*®! This might be due to enhanced metabolic resistance mechanisms; the
upregulated expression of several detoxification enzymes could be used to break down
ivermectin as well as standard malaria control insecticides. Because insecticide resistance can
potentiate the vector competence of An. gambiae s.s, a future endeavor could include analyzing
our Anopheles samples for genetic and metabolic resistance via protein expression assays, RNA

sequencing, and PCR-based analyses.**?4%3 Furthermore, field studies have shown that

133



insecticide susceptibility is restored when mosquitoes age, and insecticide-resistant mosquitoes
are more likely to be nulliparous (in other words, younger).*83*7 Determining if and how
ivermectin MDA affect insecticide resistance profiles and levels among malaria mosquitoes,
and how that impacts malaria disease incidence, will therefore be crucial.

In addition to measuring mosquito age and its correlation to vector competence, we
analyzed entomological and limited parasitological data from RIMDAMAL II to explore
changing vector competence dynamics in Burkina Faso. Our results first indicated that An.
funestus may play a significant role in Plasmodium transmission during and, potentially, outside
of the rainy season. Similarly, our findings suggest that An. funestus may be more responsible
than anticipated for transmitting P. ovale. Ideally, these discoveries would be verified with
follow-up, laboratory vector competence studies. However, only two An. funestus strains have
been successfully colonized from wild populations, meaning that these studies would be
extremely difficult to execute *¥#! Furthermore, lab strain-derived results would likely not be
generalizable to the wild An. funestus populations and malaria transmission dynamics of our
Burkina Faso study region. Working with wildtype, locally captured An. funestus would prove a
more viable, though still difficult, means of conducting a vector competence assay. Limited
protocols exist detailing how wild-caught An. funestus larvae can be reared to adulthood and
propagated through a limited number of generations in insectary conditions.''® These adult
mosquitoes could then be fed blood drawn from gametocytaemic human volunteers and,
afterwards, processed via molecular and salivation assays to determine malaria infection,
dissemination, and transmission.

In an effort to explore An. funestus vector competence further, future RIMDAMAL 11

analysis efforts could determine: (1) molecular measurements of transmission efficiency by
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calculating dissemination rates (proportion of mosquitoes with virus in their legs, irrespective to
their infection status) and transmission rates (proportion of mosquitoes with a disseminated
infection that transmit the virus during refeeding); (2) changes in endophilic and exophilic
feeding behavior by comparing proportions of mosquitoes collected in indoor vs. outdoor light
traps; (3) alterations in host species preference by using PCR-based analyses to identify the
origin of mosquito blood meals.*384° To this latter point, future research in our lab will explore
host preference for specific human individuals. Prior studies have shown that a small number of
individuals within households receive potentially more infectious bites than others.??! This
indicates that some individuals may be “super-transmitters,” having a higher malaria
transmission potential due to heterogeneous mosquito exposure (among other factors like high
gametocytemia and high gametocyte infectiousness).??!4°° Molecular blood fingerprinting could
be used to identify human DNA in mosquito blood meals, which could then be correlated with
human clinical samples and matched to paired demographic (e.g., sex, pregnancy status, weight)
and housing (e.g., the room each individual slept in, whether they use a bednet or not, housing
structure type, etc.) data. This analysis would not only elucidate essential factors of vector
competence, namely host seeking behavior and host preference, but could also yield information
critical for designing tailored malaria control strategies in the future.

As a final analysis, we used our 2019 and 2020 RIMDAMAL II data to calculate
entomological indicators pertinent to vectorial capacity and malaria transmission risk. Notably,
we deduced daily survival rates using Davidson’s method and estimated the proportion of the
vector population that reached the epidemiologically dangerous age according to MacDonald’s
formula.?>>?%° Recent modeling studies argue that estimations of this nature, notably those that

include variables related to mosquito age in addition to sporozoite and oocyst rates, potentially
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provide more accurate estimates for malaria transmission risks.?63467-46% [t should be noted,
though, that MacDonald and Davidson’s formulae use parity rates as an indicator for mosquito
age. As highlighted in this thesis, parity determination is often a subjective technique and is
logistically challenging when used for large-scale mosquito surveillance efforts.!”> However, our
comparisons of other age grading techniques show that NIRS and wing wear evaluation are
viable alternatives and produce relatively accurate age predictions for mosquito populations.
What remains to be explored, however, is whether MacDonald and Davidson’s formulae could
be adapted to include age determinations derived from these two methods instead of from parity
assessments. To our knowledge, no such study has yet been undertaken. However, the benefits of
doing so could be significant. We hypothesize that NIRS- and wing wear-based age derivations
could be substituted in place of parity rates, though not necessarily in a 1:1 fashion. If proven
true, researchers would have a means of incorporating age metrics that are high-throughput and
accurate into MacDonald and Davidson’s formulae, thereby generating important disease

transmission risk estimates from larger and more robust datasets.
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APPENDIX A: SUPPLEMENTAL MATERIAL

S1. Chapter 2 Supplemental Material

Weeks 1,3,5,7,9
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(for IVM mesocosm
only)
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tagged females to
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Figure S1.1. Visual representation of mesocosm experimental schedule. Male and female G3
Anopheles gambiae s.1 mosquitoes were added to each mesocosm 24 hours before any blood
feed. During a two-week period, 30 newly emerged, unmarked mosquitoes were added. To
simulate a mass emergence event, every other week one of these normal inputs was replaced by a
batch of ~200 newly emerged, mixed male and female mosquitoes. These mosquitoes were
marked with a fluorescent powder prior to entry. Fifteen female mosquitoes were sampled from
each mesocosm twice a week. Blood feeding occurred twice a week. For the ivermectin-exposed
mesocosm, every fourth bloodmeal contained 5 ng/uL ivermectin.
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Figure S1.2. Linear regression analyses plotting mosquito age vs. pixel intensity score for wing
images using training and testing datasets. Each regression used average pixel intensity score
data from left and right wings of individual mosquitoes of known and unknown age from the
control mesocosm only. The Y-axis refers to the pixel intensity score obtained from the wing
photos of each mosquito (lower values are more black and higher values are whiter; as a
mosquito ages in the mesocosm, it loses scales from flying and thus the mean pixel intensity of
the wings becomes whiter). Blue dots are the training dataset (80% of the marked mosquitoes,
randomly selected), that were used to predict the age of the remaining 20% of marked
mosquitoes (orange dots — test dataset) for model validation. Data from mosquitoes of unknown
age are included as green dots aligned to linear regression line based on their predicted age using
the model. Pixel intensity from newly emerged mosquitoes (day= 1) is represented by red dots on
each graph.
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Figure S2.1. Map of the 14 villages within the Diebougou health district enrolled in
RIMDAMAL II: Bamako-Gourée, Dangbara, Dialanpozu, Djinkargo, Dolo Toundja Djegergo,
Goumbori, Kolepar, Konsabla, Moutori, Niaba, Nouvielgane, Segri, Tampé-Gougougré, and
Tiedja. Fuchsia and teal lines represent village borders while yellow lines represent major
roadways. All villages participated in clinical surveillance, while only those outlined in teal were
regularly sampled for mosquitoes. Yellow dollar signs indicate known locations of gold mining,

which were sites of potential security risk.
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Figure S2.2. Example of a RIMDAMAL II village transect. Eight household were selected in
each village for weekly mosquito sampling. These households were chosen by making one east-
west and one north-south transect across the village. The four innermost (SG07, SG06, SG25,
and SG24) and the four outermost households (SG02, SG27, SG09, SG13) lying on or closest to
these transects were selected for entomological sampling.
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Table S3.1. Summary of all anophelines collected from the field during the 2019 RIMDAMAL II field season, by sampling village
and trap method

Village
Village Trap type MDA1 MDA1 MDA2 MDA2 MDA3 MDA3 MDA4 MDA4 total lg)y
+1 +3 +1 +3 +1 +3 +1 +3 trap
ASP 25 25 34 30 25 33 35 22 229
DB LTC Indoors 1 44 32 40 8 10 7 4 146
LTC Outdoors 0 0 0 1 3 1 0 0 5
ASP 25 38 34 34 30 34 34 30 259
DL LTC indoors 15 3 8 0 12 14 2 3 57
LTC Outdoors 5 0 10 27 5 5 2 24 78
ASP 35 19 31 24 19 28 27 20 203
KP LTC Indoors 0 2 0 19 0 1 3 2 27
LTC Outdoors 1 0 0 1 0 0 2 0 4
ASP 14 21 27 16 25 21 21 20 165
KS LTC Indoors 0 3 27 11 10 4 9 3 67
LTC Outdoors 20 2 13 14 9 2 11 2 73
ASP 11 26 24 28 21 35 29 32 206
SG LTC Indoors 7 6 5 0 2 21 14 0 55
LTC Outdoors 1 4 13 14 11 7 11 0 61
ASP 18 18 35 28 34 30 31 20 214
TG LTC Indoors 4 6 0 2 2 0 6 1 21
LTC Outdoors 2 1 3 5 11 2 0 3 27
2019 RIMDAMAL II
total: 184 218 296 294 227 248 244 186 1897
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Table S3.2. Summary of all anophelines collected from the field during the 2020 RIMDAMAL 1I field season, by sampling village
and trap method

MDAS+ MDAS MDA6 MDA6 MDA7 MDA7 MDA8 MDAS8 Village total

Village Trap type 1 +3 +1 +3 +1 +3 +1 +3 by trap
ASP 19 23 25 30 30 23 20 6 176
DB LTC Indoors 7 0 0 0 4 16 1 0 28
LTC Outdoors 5 0 0 0 4 12 3 0 24
ASP 21 9 26 35 33 31 27 9 191
DL LTC indoors 0 0 0 0 2 0 2 0 4
LTC Outdoors 0 0 0 0 0 1 0 1
ASP 11 15 6 24 15 16 10 24 121
KP LTC Indoors 0 0 0 0 11 2 0 0 13
LTC Outdoors 0 0 0 0 6 6 0 0 12
ASP 15 16 18 30 23 21 13 2 138
KS LTC Indoors 1 0 0 0 21 0 4 0 26
LTC Outdoors 1 0 0 0 0 0 0 0 1
ASP 16 8 12 25 24 25 15 3 128
SG LTC Indoors 0 0 0 0 5 2 2 0 9
LTC Outdoors 0 0 0 0 6 0 4 0 10
ASP 13 14 19 25 22 24 14 14 145
TG LTC Indoors 0 0 0 0 1 0 1 0 2
LTC Outdoors 0 0 0 0 0 0 2 0 2
2020 RIMDAMAL II
total: 109 85 106 169 207 178 119 58 1031

177



Table S3.3. Quantification results and demographic information for mosquito head+thorax samples that tested
positive for P. falciparum over the course of RIMDAMAL II

Sample
number

363
519
943
979
1196
1553
1876
1975
1977
3193
3297
3590
3606
3702
3840
3857
3904
4321
4331
4355
4373
4751
4789
4929

Study 4 age
year

2019 DL
2019 KP
2019 SG
2019 KP
2019 DL
2019 TG
2019 TG
2019 KS
2019 KS
2019 TG
2019 KP
2019 TG
2019 TG
2019 DB
2019 DL
2019 DL
2019 SG
2019 DB
2019 DB
2019 DB
2019 DB
2019 TG
2019 KP
2019 KS

Trap
type
ASP
ASP
ASP
ASP
LT
ASP
ASP
ASP
ASP
ASP
ASP
ASP
ASP
ASP
ASP
LT
ASP
ASP
ASP
ASP
ASP
ASP
ASP
ASP

Trap
location

Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors

MDA
time
MDAI1+1
MDAI1+1
MDA1+3
MDA1+3
MDA2+1
MDA2+1
MDA2+3
MDA2+3
MDA2+3
MDA3+1
MDA3+1
MDA3+3
MDA3+3
MDA3+3
MDA3+3
MDA3+3
MDA3+3
MDA4+1
MDA4+1
MDA4+1
MDA4+1
MDA4+1
MDA4+1
MDA4+3

Mosquito
clade

An. gambiae s.1
An. gambiae s.1
An. gambiae s.1
An. gambiae s.1
An. gambiae s.1
An. funestus
An. gambiae s.1
An. gambiae s.1
An. funestus
An. funestus
An. funestus
An. gambiae s.1
An. gambiae s.1
An. funestus
An. gambiae s.1
An. gambiae s.1
An. gambiae s.1
An. gambiae s.1
An. gambiae s.1
An. gambiae s.1
An. gambiae s.1
An. gambiae s.1
An. funestus
An. gambiae s.1
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An. gambiae
species
An. coluzzii
An. gambiae s.s
An. coluzzii
An. coluzzii
An. gambiae s.s
na
An. gambiae s.s
An. coluzzii
na
na
na
An. gambiae s.s
An. gambiae s.s
na
An. gambiae s.s
An. gambiae s.s
An. coluzzii
An. gambiae s.s
An. coluzzii
An. gambiae s.s
An. coluzzii
An. gambiae s.s
na
An. gambiae s.s

Genomes
per
sample
23,930.30

33,851.17
23,314.65
153.04
51743
2,935.70
842.12
4,006.39
26,487.05
3,651.75
7,290.88
802.17
1,527.67
11,592.94
532.36
817.37
1,621.16
4,523.72
80,968.23
244 .89
4,827.04
2,567.62
1,452.95
2,223.65



4933
4989
5007
5073
5089
5095
5595
5606
5669
5712
5776
5842
5852
5868
5870
5917
5943
5945
5947
6076
6162
6164
6166
6188
6200
6212
6214
6224
6246

2019
2019
2019
2019
2019
2019
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020

KS
TG
KP
DB
DB
DB
TG
KS
DB
DB
SG
DB
DB
DB
DB
SG
KS
KS
KS
SG
DB
DB
DB
DB
DB
DB
DB
TG
TG

ASP
ASP
ASP
ASP
ASP
ASP
ASP
ASP
ASP
LT
ASP
ASP
ASP
ASP
ASP
ASP
ASP
ASP
ASP
ASP
ASP
ASP
ASP
ASP
ASP
ASP
ASP
ASP
ASP

Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors

MDA4+3
MDA4+3
MDA4+3
MDA4+3
MDA4+3
MDA4+3
MDAS5+1
MDAS5+1
MDAS5+1
MDAS5+1
MDAS5+1
MDAS5+3
MDAS5+3
MDAS5+3
MDAS5+3
MDAS5+3
MDAS5+3
MDAS5+3
MDAS5+3
MDAG6+1
MDAG6+1
MDAG6+1
MDAG6+1
MDAG6+1
MDAG6+1
MDAG6+1
MDAG6+1
MDAG6+1
MDAG6+1

An. gambiae s.1
An. gambiae s.1
An. gambiae s.1
An. funestus
An. funestus
An. gambiae s.1
An. gambiae s.1
An. funestus
An. gambiae s.1
An. gambiae s.1
An. gambiae s.1
An. gambiae s.1
An. gambiae s.1
An. gambiae s.1
An. gambiae s.1
An. gambiae s.1
An. gambiae s.1
An. gambiae s.1
An. gambiae s.1
An. gambiae s.1
An. gambiae s.1
An. gambiae s.1
An. gambiae s.1
An. gambiae s.1
An. gambiae s.1
An. gambiae s.1
An. gambiae s.1
An. gambiae s.1
An. gambiae s.1
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An. gambiae s.s
An. arabiensis
An. gambiae s.s
na
na
An. gambiae s.s
An. gambiae s.s
na
An. gambiae s.s
An. gambiae s.s
An. coluzzii
An. gambiae s.s
An. coluzzii
An. gambiae s.s
An. gambiae s.s
An. gambiae s.s
An. gambiae s.s
An. arabiensis
An. gambiae s.s
An. gambiae s.s
An. gambiae s.s
An. gambiae s.s
An. gambiae s.s
An. gambiae s.s
An. gambiae s.s
An. gambiae s.s
An. gambiae s.s
An. gambiae s.s
An. gambiae s.s

601.59
354.73
251.26
7,719 .46
8,064.18
5,949.56
767.30
11,402.40
590.46
1,692.70
3,512.16
47,187.90
1,097.26
62,272.69
61,286.76
1,025.16
458.08
40,619.15
90,774 .23
703.85
22,016.35
19,051.51
539.32
25,233.84
425.65
7073.74
1,232.85
2915.03
4,088.49



6286
6290
6315
6371
6397
6399
6405
6427
6487
6537
6571
7237
7501
7509
7565
7878
8040
8119
8216
8388
8408
8452
8453
8619
8691

2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020

KS
KS
DL
DL
DL
DL
DL
DL
KS
TG
DB
TG
DB
DB
DB
SG
DL
DB
KS
SG
DB
SG
SG
KP
DB

ASP
ASP
ASP
ASP
ASP
ASP
ASP
ASP
ASP
ASP
ASP
ASP
ASP
ASP
ASP
ASP
ASP
LT
ASP
ASP
ASP
LT
LT
ASP
ASP

Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Outdoors
Indoors
Indoors
Indoors
Indoors
Outdoors
Indoors
Indoors

MDAG6+1
MDAG6+1
MDAG6+1
MDAG6+3
MDAG6+3
MDAG6+3
MDAG6+3
MDAG6+3
MDAG6+3
MDAG6+3
MDAG6+3
MDA7+1
MDA7+1
MDA7+1
MDA7+1
MDA7+3
MDA7+3
MDA7+3
MDA7+3
MDAS8+1
MDAS8+1
MDAS8+1
MDAS8+1
MDAS8+3
MDAS8+3

An.
An.
An.
An.
An.
An.
An.
An.
An.
An.
An.
An.
An.
An.
An.
An.
An.
An.
An.
An.
An.
An.
An.
An.
An.

gambiae s.1
gambiae s.1
gambiae s.1
gambiae s.1
gambiae s.1
gambiae s.1
gambiae s.1
gambiae s.1
gambiae s.1
gambiae s.1
gambiae s.1
gambiae s.1
gambiae s.1
gambiae s.1
gambiae s.1
gambiae s.1
gambiae s.1
gambiae s.1
gambiae s.1
gambiae s.1
gambiae s.1
gambiae s.1
gambiae s.1
gambiae s.1
gambiae s.1

An. gambiae s.s
An. gambiae s.s
An. gambiae s.s
An. gambiae s.s
An. gambiae s.s
An. gambiae s.s
An. gambiae s.s
An. coluzzii
An. gambiae s.s
An. gambiae s.s
An. coluzzii
An. gambiae s.s
An. gambiae s.s
An. gambiae s.s
An. gambiae s.s
An. gambiae s.s
An. gambiae s.s
An. gambiae s.s
An. gambiae s.s
An. gambiae s.s
An. coluzzii
An. gambiae s.s
An. coluzzii
An. gambiae s.s
An. gambiae s.s

8,528.35
7.871.56
289.21
585.95
47,520.16
32,037.06
1,375.73
15,588.66
19,579.28
14,104.80
36,717.33
912.97
1,617.90
8,169.21
6,252.58
4,533.60
907.72
1,751.51
14,255.29
3,138.36
9,537.47
53,740.01
9,000.70
1,997.09
590.10
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Table S3.4. Quantification results and demographic information for mosquito head+thorax samples that
tested positive for P. ovale over the course of RIMDAMAL II

Sample
number

717
719
739
799
955
963
1182
1235
1295
1406
1971
3034
3047
3313
3337
3359
3546
3676
3686
3834
3934
4355
4391
4582

Study v age
year

2019 KS
2019 KS
2019 TG
2019 DL
2019 SG
2019 SG
2019 DL
2019 SG
2019 DB
2019 KP
2019 KS
2019 DL
2019 DB
2019 SG
2019 SG
2019 SG
2019 KS
2019 KP
2019 KP
2019 DL
2019 SG
2019 DB
2019 DB
2019 SG

Trap
type
ASP
ASP
ASP
ASP
ASP
ASP
ASP
LT
ASP
ASP
ASP
ASP
LT
ASP
ASP
LT
ASP
ASP
ASP
ASP
ASP
ASP
LT
LT

Trap
location

Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Outdoors
Indoors
Indoors
Indoors
Indoors
Outdoors
Indoors
Indoors
Outdoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors

MDA
time
MDA1+3
MDA1+3
MDA1+3
MDA1+3
MDA1+3
MDA1+3
MDA2+1
MDA2+1
MDA2+1
MDA2+1
MDA2+3
MDA3+1
MDA3+1
MDA3+1
MDA3+1
MDA3+1
MDA3+3
MDA3+3
MDA3+3
MDA3+3
MDA3+3
MDA4+1
MDA4+1
MDA4+1

Mosquito clade

An. funestus
An. funestus
An. gambiae s.1
An. funestus
An. funestus
An. gambiae s.
An. gambiae s.
An. gambiae s.
An. gambiae s.
An. gambiae s.
An. funestus
An. gambiae s.1
An. funestus
An. gambiae s.
An. funestus
An.
An.
An. gambiae s.
An.
An.
An.
An. gambiae s.
An. gambiae s.1
An.

gambiae s.1
gambiae s.1

gambiae s.1
gambiae s.1
gambiae s.1

gambiae s.1
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An. gambiae

An.

An.
An.
An.
An.
An.

An.

An.

An.
An.
An.
An.
An.
An.
An.
An.
An.

species

na
na
gambiae s.S
na
na
gambiae s.S
gambiae s.S
gambiae s.S
gambiae s.S
gambiae s.S
na
gambiae s.S
na
gambiae s.S
na
gambiae s.S
gambiae s.s
gambiae s.S
gambiae s.S
gambiae s.S
gambiae s.s
gambiae s.s
gambiae s.s
gambiae s.S

Genomes
per
sample
12523

859.70
696.78
98.59
1,697.88
1,258.20
1,588.32
1,317.78
1,172.95
1,502.61
705.28
920.55
737.94
178.20
1,895.30
93491
1,429.63
1,117.51
2,061.21
1,306.32
2,233.99
3,020.10
1,936.82
1,640.17



4731
4923
4955
4956
4969
4993
5006
5027
5047
5077
5089
5099
5124
5130
5154
5204
8186
8218

2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2020

TG
KS
KS
KS
TG
TG
TG
KP
KP
DB
DB
DB
DL
DL
DL
SG
KS
KS

ASP
ASP
LT
LT
ASP
ASP
LT
ASP
LT
ASP
ASP
LT
ASP
ASP
ASP
ASP
ASP
ASP

Indoors
Indoors
Outdoors
Indoors
Indoors
Indoors
Outdoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors
Indoors

MDA4+1
MDA4+3
MDA4+3
MDA4+3
MDA4+3
MDA4+3
MDA4+3
MDA4+3
MDA4+3
MDA4+3
MDA4+3
MDA4+3
MDA4+3
MDA4+3
MDA4+3
MDA4+3
MDA7+3
MDA7+3

An. gambiae s.

An. funestus
An. funestus
An. funestus
An. funestus
An. funestus
An. funestus
An. funestus
An. funestus

An. gambiae s.

An. funestus
An. funestus
An. funestus
An. funestus
An. funestus
An. funestus

An. gambiae s.
An. gambiae s.

An. gambiae s.s
na
na
na
na
na
na
na
na
An. gambiae s.s
na
na
na
na
na
na
An. gambiae s.s
An. gambiae s.s

2,105.70
992.78
702.21

1,342.93

2,189.93
920.36

2,655.05

1,642.65

3,739.43
877.99
775.67

25.82
38.12

3,102.14

1,097.93

1,618.88

23,386.15

1,619.05

182



Table S3.5. Quantification results and demographic information for mosquito head+thorax samples that tested

positive for P. malariae over the course of RIMDAMAL II

Sample Study Village Trap Tra.p

number year type location
555 2019 SG LT  Indoors
1166 2019 DL ASP  Indoors
1364 2019 SG ASP  Indoors
1380 2019 KP ASP  Indoors
1844 2019 TG ASP  Indoors
3059 2019 DL LT  Indoors
3366 2019 KP LT  Outdoors
3985 2019 SG LT  Outdoors
4337 2019 DB ASP  Indoors
4800 2019 KP ASP  Indoors
4967 2019 TG ASP  Indoors
4971 2019 TG ASP  Indoors
4983 2019 TG ASP  Indoors
5081 2019 DB ASP  Indoors
5124 2019 DL ASP  Indoors
5206 2019 SG ASP  Indoors
8058 2020 DB ASP  Indoors
8066 2020 DB ASP  Indoors
8116 2020 DB LT  Outdoors

MDA
time
MDAI1+1
MDA2+1
MDA2+1
MDA2+1
MDA2+3
MDA3+1
MDA3+1
MDA3+3
MDA4+1
MDA4+1
MDA4+3
MDA4+3
MDA4+3
MDA4+3
MDA4+3
MDA4+3
MDA7+3
MDA7+3
MDA7+3

Mosquito
clade
An. funestus
An. gambiae s.1
An. funestus
An. gambiae s.1
An. funestus
An. funestus
An. gambiae s.1
An. gambiae s.1
An. gambiae s.1
An. gambiae s.1
An. funestus
An. funestus
An. funestus
An. gambiae s.1
An. funestus
An. funestus
An. gambiae s.1
An. gambiae s.1
An. gambiae s.1

An. gambiae

An

An.

An.
An.
An.
An.

An.

An.
An.
An.

species
na
. gambiae s.s
na
gambiae s.s
na
na
gambiae s.s
gambiae s.s
gambiae s.s
gambiae s.s
na
na
na
gambiae s.s
na
na
gambiae s.s
gambiae s.s
gambiae s.s

Genomes
per sample

5,216.57
1,267.25
748.82
1,180.93
983.49
834.24
1,378.16
1,532.74
1,335.71
917.80
246397
2,316.84
1,456.22
3,532.56
49,192.24
3,887.07
66,246.63
41,727.35
43,755.80
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Table S3.6. Parity rates calculated from An. funestus and An. gambiae s.1 sampled across six villages

during RIMDAMAL II
Parity rate Parity rate
Year MDA time Village Species (ﬁ};);’;l(l;g;N bg&“;gﬁ;;;;f Su:;;l:al Pq
dissected) dissected)
2019 MDAI+1 DL An. gambiae sl 83.3% (10/12) 77.6% (45/58) 041 1.39E-4
KP An. gambiae s 78.6% (11/14)
KS An. gambiae s1 72.7% (16/22)
SG An. gambiae s1  100% (4/4)
TG An. gambiae s.1 50% (3/6)
MDA2+1 DL An. gambiae sl 692% (9/13) 52.8% (28/53) 0.11 2.00E-10
KP An. gambiae s1  45.0% (9/20)
SG An. gambiae s.1  58.8%(10/17)
TG An. gambiae sl 0.0% (0/3)
MDA2+3 DB An. gambiae s1 43.0% (6/14) 49.3% (36/73) 0.08 1.80E-11
DL An. gambiae s1  37.5% (6/16)
KP An. gambiae sl 64.3% (9/14)
KS An. gambiae s1  66.7%(10/15)
SG An. gambiae s1  40.0% (4/10)
TG An. gambiae s.1 25% (1/4)
MDA3+1 DB An. gambiae sl 583% (7/12) 43.5% (16/46) 0.02 8.86E-17
DL An. gambiae sl  11.1% (1/9)
KP An. gambiae s1  62.5% (5/8)
SG An. gambiae s1  20.0% (2/10)
TG An. gambiae sl 14.3% (1/7)
MDA3+3 DB An. gambiae sl  66.7% (4/6)  47.1% (16/34) 0.07 349E-12
DL An. gambiae s1  33.3% (3/9)
KP An. gambiae s1  50.0% (1/2)
SG An. gambiae s1  47.1% (8/17)
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MDA4+1

MDA4+3

2020 MDAS5S+1

MDA7+1

MDA7+3
MDAS8+1

DB
DL
KP
KS
SG
TG
DB
DL
KP
TG
DB
KS
SG
DB
KP
KS
SG
TG
DB
DB
DL
KP
KS
SG

An.
An.
An.
An.

An
An

An

An

An

An

An

gambiae s.1
gambiae s.1
gambiae s.1
gambiae s.1

. gambiae s.1
. gambiae s.1
An.
An.
An.
An.

gambiae s.1
gambiae s.1
gambiae s.1
gambiae s.1

. gambiae s.1
An.

gambiae s.1

. gambiae s.1
An.

gambiae s.1

. gambiae s.1
An.
An.
An.
An.
An.
An.

gambiae s.1
gambiae s.1
gambiae s.1
gambiae s.1
gambiae s.1
gambiae s.1

. gambiae s.1
An.

gambiae s.1

. gambiae s.1

37.5% (3/8)

40.0% (8/20)
62.5% (10/16)

0.0% (0/1)

52.9% (9/17)

80.0% (4/5)
83.3% (5/6)
100% (1/1)
100% (2/2)
0.0% (0/1)

100% (12/12)

0.0% (0/3)
100% (2/2)
50% (2/4)
100% (5/5)

68.8% (11/16)
69.0% (20/29

0.0% (0/1)

61.1% (11/18)

0.0% (0/2)
100% (3/3)
100% (1/1)
100% (3/3)
100% (6/6)

50.7% (34/67)

80.0% (8/10)

82.4% (14/17)

69.1% (38/55)

61.1% (11/18)
86.7% (13/15)

0.09

0.46

0.51

0.27

0.18
0.61

4.89E-11

4.06E-4

1.11E-3

240E-6

3.27E-8
6.68E-3

Villages: DB = Dangbara; DL = Dialanpozu; KP = Kolepar, KS = Konsabla; SG = Segri; TG = Tampé-
Gougougré. P, = proportion of the mosquito population that reaches an epidemiologically dangerous age

for malaria transmission.
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Figure S3.1. qPCR pipeline for Plasmodium detection in female An. gambiae s.I and An. funestus
collected from RIMDAMAL II. Head+thoraces were separated from abdomens and stored in
RNALater® before being shipped to Colorado State University (a). Samples were then removed
and DNA extracted and cleaned (b). An aliquot of mosquito head+thorax DNA was then tested
for P. falciparum absence/presence via the Hofmann et al protocol (c). If the result was negative,
no further analysis was conducted. However, positive samples were run through the Hofmann et
al protocol a second time to reconfirm positivity and quantify Plasmodium genomes per sample
(d). A second aliquot of mosquito head+thorax DNA was then tested for P. ovale, P. malariae,
and P. vivax absence/presence via the Bass et al protocol (e). If the result was negative, no
further analysis was conducted. Positive samples were run through the Phuong et al protocol
confirm positivity, distinguish the Plasmodium species, and quantify Plasmodium genomes per
sample (). All true positives detected in steps (d) and (f) also underwent mosquito species
identification via the Wilkins et al protocol.
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Figure S3.2. Examples of positive qPCR results for the Bass et al protocol. In this protocol,
samples either tested positive for non-specific P. ovale, P. vivax, and P. malariae (blue, top
image) or P. falciparum (red, bottom image). Depicted results were derived from DNA extracts
of Anopheles head+thorax collected during the 2019 field season of RIMDAMAL II.
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Figure S3.3. Examples of positive qPCR results for the Phuong et al protocol. In this assay,
positive results were specific for P. ovale (blue, top image), P. vivax, and P. malariae (red,
bottom image). Depicted results were derived from DNA extracts of Anopheles head+thorax
collected during RIMDAMAL II 2020 field season. Because no mosquito tested positive for P.
vivax, no sample-derived amplification curve is shown.
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Figure S3.4. An example of a positive P. vivax qPCR result for the Phuong et al protocol. The
example depicted was derived from a standard curve since no sample tested positive for P. vivax.
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Figure S3.5. An example of a positive qPCR result for the Hoffman et al protocol. In this assay,
samples only tested positive for P. falciparum (red). Depicted results were derived from DNA
extracts of Anopheles head+thorax collected during the RIMDAMAL II 2020 field season.
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