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ABSTRACT

In this dissertation, | explore three major areas of inquiry underlying vertebrate
host choice in the Anopheles (An.) gambiae complex. An. coluzzii is a major vector due
to its high anthropophily. Therefore, studying the genetic and anatomical basis of
anthropophily is critical prior to designing transgenic control methods for this species.

First, I discuss differential expression of chemosensory genes, which could be
involved in host choice, in the labella of An. coluzzii and its zoophilic sister species, An.
quadriannulatus, where | identify 20 differentially expressed genes. Most intriguing are
Obp26, which shows both female and An. coluzzii bias, and Obp57, which shows both
female and An. quadriannulatus bias, along with very high overall expression.

Next, | present data from a series of behavioral experiments conducted on adult
female An. coluzzii to determine which chemosensory organs are necessary and/or
sufficient for mosquitoes to activate host-seeking, respond to host odors, and blood feed
from an artificial membrane feeder. The antennae are by far the most important organs
for host-seeking activation: their ablation abolishes host odor responses in a dual-port
olfactometer, substantially reduces host-seeking activation, and substantially reduces
blood feeding. The maxillary palps and CO2 are not necessary to activate host-seeking,
and labella ablation does not significantly reduce host odor response despite generating
physiological stress.

Finally, 1 analyze the molecular evolutionary patterns of the gustatory receptor

genes (Grs) in six species of the An. gambiae complex to identify Grs that are



potentially involved in vertebrate host choice. There are sixteen Grs with McDonald-
Kreitman (MK) test results suggestive of positive selection, twelve with MK test results
suggestive of purifying selection, eight with joint Tajima’s D/Fay and Wu’s H test
results suggestive of a recent selective sweep, and four with E test results suggestive of
either recovery from a selective sweep or background selection.

In summary, these results identify new directions for the study of the genetic
basis of anthropophily in the An. gambiae complex, identify the antennae as the primary
organ of interest in anthropophily, and provide limited evidence of a major role in either

the labella or the Grs in vertebrate host choice.
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1. INTRODUCTION AND LITERATURE REVIEW

The Anopheles (An.) gambiae species complex has arguably the largest impact
on human health of any animal, as it contains three of the most significant malaria vector
species in sub-Saharan Africa: An. arabiensis, An. coluzzii, and An. gambiae sensu
stricto (s.s.). These vectors predominantly transmit Plasmodium falciparum, or
malignant malaria. Despite major advances in recent years, malaria remains one of the
leading causes of global childhood mortality®, with the vast majority of cases (93% in
2018) occurring in sub-Saharan Africa?. Of these cases, 99.7% were caused by P.
falciparum?.

However, this species complex also presents a unique research opportunity,
because in addition to containing these three significant vectors, it also contains two
closely related species which are not considered malaria vectors: An. amharicus and An.
quadriannulatus. The complex also contains four other constituent species, about which
much less is known: An. bwambae, An. fontenillei, An. melas, and An. merus.

The major difference in biology between the malaria vectors in the complex and
their non-vector congeners is their host preference: the vectors exhibit a high degree of
anthropophily (preference for a human host), whereas the non-vectors are more
zoophilic (preferring to feed on non-human mammals). The existence of a genetic basis
for vertebrate host preference has been suspected for decades, since a seminal study
showing that it was possible to selectively breed mosquitoes from the An. gambiae
complex to prefer one mammalian host over another®. A similar study demonstrated the

same possibility in the anthropophilic Aedes aegypti and zoophilic Aedes simpsoni®.



More recently, studies on An. coluzzii and An. quadriannulatus showed that
anthropophily in An. coluzzii is a dominant trait®.

While host preference is likely governed by a wide swath of different genes and
physiological systems, the most intuitive areas of inquiry are mosquito sensory systems.
While vision, thermosensation, and hygroreception all play a role in host-seeking, it is
largely a chemosensory process, incorporating both volatile and contact cues®°. As
such, the focus of this dissertation is chemosensory-directed behavior, chemosensory
anatomy, and chemosensory genes.

Below, I present essential background information for understanding the
biological context of the subsequent chapters, beginning first with the An. gambiae
species complex and its role in malaria transmission, then describing insect sensory and
specifically chemosensory systems and the genes that underlie them, behavioral studies
on the host-seeking behaviors of mosquitoes, the expression and evolution of
chemosensory genes in mosquitoes, and finally the current technological context which
provides the potential to use our knowledge of mosquito biology to reduce malaria
transmission in new ways. As detailed overviews are also provided in each chapter, the
information presented here is of a broader nature. Following this overview, | outline the
chapters detailing my doctoral research.

1.1. The Anopheles gambiae Species Complex and Malaria Transmission

The An. gambiae species complex consists of at least nine closely related and

morphologically indistinguishable mosquito species from sub-Saharan Africa, all of

which are capable of hybridizing!*14. An. gambiae s.s. is a strongly anthropophilic



mosquito found throughout both mainland sub-Saharan Africa and Madagascar'**®.

While An. gambiae s.s. was formerly thought to have two distinct molecular forms (M
and S), these two forms have subsequently been redescribed as distinct species, with An.
gambiae s.s. representing the S form, and the M form being described as An. coluzzii'.
An. coluzzii shares similar host-seeking behaviors as An. gambiae s.s., but has different
larval ecology and occupies a more restricted range primarily in West Africa*1°,

An. arabiensis has more plastic, generalist host-seeking behavior'®, and is also
widely distributed, though it prefers more arid habitats than do An. gambiae s.s. and An.
coluzzii*®. Though it exhibits increased plasticity, it is also a major malaria vector and is
also predominantly anthropophilict®. The complex also includes two malaria vectors of
local importance with much more limited ranges: An. melas, which is restricted to
brackish water on the west coast of Africa, and An. merus, which mirrors An. melas on
the east coast of Africa®®.

An. quadriannulatus is unlike the species listed above in that it is zoophilic and
hence is not a malaria vector!’. Indeed, while An. quadriannulatus feeds on human hosts,
it generally prefers bovids'®°. Because An. quadriannulatus is closely related to the
other members of the complex but exhibits such divergent behavior, it is a highly
valuable point of contrast for understanding the basis of anthropophilic behavior.

In addition to the species listed above, which are all included in the molecular
evolution study, the An. gambiae complex also includes the following other species, for
which genetic data is largely lacking. An. amharicus was formerly considered a separate

form of An. quadriannulatus, but has since been described as a separate species, and is



primarily distributed in northeastern Africa'®. Very little is known about An. bwambae,
although it is presumed to be a locally important malaria vector?®. An. fontenillei was
described in 2019, and little is yet known about its biology, although it clusters with An.
coluzzii and An. gambiae s.s.1%. Furthermore, there are two additional cryptic taxa within
the An. gambiae complex, which have not been formally described, but are designated as
GOUNDRY and TENGRELAZ,

While the constituent species of the An. gambiae complex are not the only
malaria vectors in sub-Saharan Africa, they nonetheless account for substantial
Plasmodium falciparum transmission. The other major African malaria vectors outside
of the An. gambiae complex are also highly anthropophilic, and include An. funestus, An.
moucheti, and An. nili*3. Furthermore, other major malaria vectors from other parts of
the world, including An. stephensi, An. maculatus, An. culicifacies, An. dirus, An.
farauti, An. atroparvus, An. sinensis, and An. darlingi, are also known to be
anthropophilic, although the degree of this anthropophily varies by species and
sometimes more closely resembles the generalist anthropophilic tendencies of An.
arabiensis rather than the extreme anthropophily of the An. coluzzii-An. gambiae s.s.
clade13'22’23.

As such, anthropophily can be understood as the major determinant, along with
high vector competence, of the public health importance of a given anopheline mosquito
species. Therefore, understanding the genetic, anatomic, and evolutionary basis of

anthropophily is crucial for the development of novel control tools not only where the



need is greatest in sub-Saharan Africa, but also in other transmission hotspots, such as
the Indian subcontinent and the tropical Americas.

Given widespread insecticide resistance in Anopheles?*, drug resistance in
Plasmodium?®, and behavioral modifications in response to indoor residual spraying and
long-lasting insecticide-treated nets?®2’, novel control tools are desperately needed.
However, in order to develop such tools, we need a strong understanding of basic
mosquito biology, particularly the genetic basis of behaviors that influence vectorial
capacity, such as mating, sugar-seeking and nectar-feeding, and anthropophagy. These
behaviors rely on a variety of sensory cues, which rely on complex genetics, anatomy,
neurobiology, and physiology. Our understanding of the bases of these sensory-driven
behaviors has advanced dramatically since the early days of insect physiology, and is
rapidly developing.

1.2. Insect Sensory Systems and Genetics

Like vertebrates, insects have various means of detecting a wide variety of
stimuli. Well-described insect sensory abilities include vision?® (including the ability to
detect light polarity, as well as ultraviolet and infrared spectra?®2°), chemosensation
(including olfaction, i.e. the detection of volatile cues, and gustation, i.e. the detection of
contact chemicals)®®, mechanoreception (touch, which includes both external contact and
internal “stretch” reception, as well as audition/hearing, the detection of vibrations)33,
thermoreception (the detection of heat)***°, hygroreception (the detection of

humidity)®**®, and nociception (the detection of pain).



Most insect sensory systems rely on sensory hairs known as sensilla, which are
found throughout the body, and exhibit substantial structural variation depending upon
their function®’. Sensilla perceive external stimuli, and then convey these stimuli via
action potentials, which can be tonic (ongoing), phasic (at the beginning or end of a
stimulus, or both), or phasic-tonic®’.

The evolution of these sensory systems can be adaptive and thereby enable
insects to fill particular niches, which can in turn lead to speciation. In vision, this
adaptive evolution can range from the macro-level (e.g. facilitating the predatory
lifestyle of Odonata®) to the discrimination of exclusively conspecific mating signals in
Lampyridae®. Hearing facilitates conspecific recognition in Auchenorrhyncha® as well
as in mosquitoes*. Chemosensory genes are known to play a role in host-associated
differentiation in butterflies*?, Drosophila®®, the yellow fever mosquito Aedes aegypti*4,
and also show clear signs of species-biased expression in Anopheles*48,

1.2.1. Insect Chemosensory Systems and Genetics

Chemosensation plays a critical role in the biology of numerous insects. With
respect to food alone, chemosensation facilitates the long-range detection of plant and
animal hosts or other food sources*®, contact assessment of food quality or toxicity®?,
and internal nutrition monitoring®. In addition to this intuitive role in nutrition, the
chemosensory systems also factor in mating biology®® and oviposition®*.

Chemosensation occurs throughout the insect body, including internally,
although it is best understood from the external olfactory and gustatory organs. These

organs include the antennae, palps, proboscis, tarsi, and wings®>*°. Olfactory sensilla



have widespread pores, which allow the penetration of volatile cues, whereas gustatory
sensilla have a single terminal pore on the distal tip, which is better suited to contact
cues (Figure 1.1)%. Olfactory sensilla are classified into three major classes: basiconic,
trichoid, and coeloconic. Basiconic sensilla typically house olfactory receptors (ORS),
although some gustatory receptors (GRs) are also found there. Trichoid sensilla
exclusively house ORs, while coeloconic sensilla typically house ionotropic receptors
(IRs)®®. Olfactory information, which is perceived in peripheral organs is processed in

the antennal lobe, subesophageal zone and lateral horn of the brain®" 58,
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Figure 1.1 — Schematics of A) Olfactory and B) Gustatory Sensilla. Reproduced with permission
from Joseph & Carlson, 2015%.



There are four primary gene families involved in insect chemosensation, with
some others playing a lesser role. Of the four primary gene families, three encode
receptors: the olfactory receptors (Ors)®®, ionotropic receptors (Irs)®°, and gustatory
receptors (Grs)®. The fourth primary gene family, the odorant binding proteins (Obps),
encode carrier proteins. In addition to these four, other gene families that play a role in
insect chemosensation include the chemosensory proteins (Csps)®?, sensory neuron
membrane proteins (Snmps)®3, odorant degrading enzymes (ODES)®, Pickpockets
(PPKs)®8, TRP channels®®, and CheA/CheBs®®°, There is also evidence that opsins,
which are canonically associated with vision, are required for gustatory responses to
certain bitter compounds®®¢’.

ORs form heterodimers with the obligate olfactory co-receptor, ORCO, and one
specific OR (Figure 1.2)%. While some Ors respond exclusively to one ligand, the
majority are activated by multiple ligands. Furthermore, ligands are not restricted to any
particular receptor, and often activate more than one. Therefore, a combinatorial system
relying on input from multiple different receptors is likely the dominant mode of odorant
perception in insects®®. Ors are not homologous with the vertebrate olfactory receptors,
which are G-protein coupled receptors (GPCRs). Rather, insect Ors are also seven-
transmembrane domain proteins, but have an inverted topology and lack sequence

homology with GPCRs®°.
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In contrast to Ors, the Irs have three different co-receptors: Ir8a, Ir25a, and
Ir76b™*. A given co-receptor can be expressed with up to two other Irs or occasionally
Grs't72, IRs are typically tuned to different chemicals than ORs, such as amines and
carboxylic acids’®’4. While Ors are restricted to insects, Irs are found throughout the
protostomes’®. Many are also highly conserved across insect orders, in contrast to the
rapidly evolving Grs and Ors’®"’

Like the Ors, the Grs are not homologous to vertebrate gustatory receptors. As
with the Ors, they have an inverted topology®. In fact, insect Ors form a nested clade
within insect Grs, meaning that they evolved from Grs’®®. Grs are even more ancient
than the Irs, predating the evolution of Placozoa’®!. Within Arthropoda, they show
widespread lineage-specific expansions’>8283, Unlike the Ors and Irs, Grs do not
consistently rely on co-receptors, and co-express with between one and four other
Grs®®72, While they canonically respond to contact chemical cues such as sugars,
pheromones, and bitter compounds®*#+0, they also form a highly conserved CO;
receptor®:%2,

Finally, Obps are often, but not exclusively, involved in the transport of
hydrophobic chemical cues across the sensillar membrane. Their specific function has
been debated®, and appears to be more variable and complex than originally thought
(reviewed by Sun et al.®¥). Nonetheless, they are expressed at very high levels in
chemosensory tissues*8%%% and some of them show clear evidence of a chemosensory

role%°, Like Ors, they are restricted to insects.
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1.3. Studies of Mosquito Host-Seeking Behavior

Behavioral studies of mosquitoes have a century-long history, and span a wide
range of research questions from functional anatomy to the establishment of vertebrate
and plant host preference, as well as attractiveness of constituent host cues. These
studies have been run in small cages and Y -tube olfactometers, larger dual-port
olfactometers, and in large field experimental apparatus. | present a summary of major
findings from these studies, organized around the following larger themes: the anatomy
of host-seeking; the role of heat in host attraction; the role of various volatiles in odor-
mediated host attraction; the integration of multiple sensory modalities including vision,
olfaction, and thermosensation in host seeking; and finally, studies on the inherent host
preferences of members of the An. gambiae complex.
1.3.1. Anatomy of Mosquito Host-Seeking

In 1951, the organs necessary for attraction to a human hand as well as to a warm
object in both Aedes aegypti and the North American malaria vector An.
quadrimaculatus were established. The major chemosensory organs in An. gambiae are
illustrated in Figure 1.3. In this landmark study, the antennae were shown to be critical
for host attraction in both species, although their ablation did not prevent probing
activity. Both species could also be attracted and induced to probe with the maxillary
palps and proboscis removed, both independently and in combination. Furthermore,
mosquito host attraction was reduced in the absence of either antennae or palps,
implicating these organs as the major sites of olfactory-based host-seeking activity in

both species. However, bilaterally antennectomized and palpectomized An.
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quadrimaculatus could still be induced to probe, as could Ae. aegypti on occasion.
Finally, the hind legs were proposed as close-range sense organs to detect either air
currents or convection currents'®. In 1976, both anthropophily and overall host response

in Aedes aegypti were shown to be reduced after the ablation of antennag*.

»antennae

Figure 1.3 — Green Fluorescent Protein Labeled Chemosensory Neurons in An. gambiae
Chemosensory Organs. Reproduced with permission from Benton, 2017,

The antennae were further implicated in host-seeking and thermotaxis in Aedes
aegypti in 1958 and An. atroparvus in 1962, while the maxillary palps were shown to be
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unnecessary for long-distance attraction but sufficient to induce biting in
antennectomized mosquitoes, indicating chemosensory and/or thermosensory
abilities!®21%, The antennae and tarsi were implicated in hygroreception in 19604,
Hygroreceptors were identified in the antennae and carbon dioxide receptors were
identified in the maxillary palps of Aedes aegypti in 1970%, while the loss of CO;
response was demonstrated in palpectomized Culex quinquefasciatus in 1971%%. The
CO; receptors in the maxillary palps were confirmed via electrophysiology in 19957,

Contact chemoreceptors on the tarsi and labella were identified in 1963, along
with taste receptors in the cibarium of the winter mosquito Culiseta inornata. While the
cibarial receptors were sensitive to blood, the receptors on the labella were not,
indicating that their role in taste is separate from blood-feeding behavior'®1%, In Ae.
aegypti, sense organs on the labrum were found to be sensitive to blood in 1966, while
the labella was instead found to be sensitive to sugars and water, and the role of the
cibarium was confirmed to be regulation of blood-feeding as well as the ingestion of
other liquids®*°.

In 2011, Maekawa et al. identified the proboscis of An. stephensi as a “thermo-
antenna”, due to its necessity for successfully navigating to an artificial thermal target.
They also found that An. stephensi with ablated antennae, maxillary palps, and proboscis
landed on anesthetized mice in a small box less frequently, while there was no such
decline for mosquitoes with ablated hind legs'®. In addition, Choo et al. (2015)

demonstrated that the labrum of the proboscis in Culex quinquefasciatus plays a major
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role in detecting 4-ethylphenol, which is both an oviposition attractant and a blood
feeding enhancer®,
1.3.2. Heat and Thermosensation in Mosquito Host-Seeking

Attraction to warm objects was first established in Culex quinquefasciatus, Aedes
scuttelarius, and the North American malaria vector An. punctipennis in the 1910s'2113,
A 1949 study showed that host-seeking female Aedes aegypti were differentially
attracted to objects in the 100-110° F (37.8 — 43.3° C) range, rather than to objects
outside of that range; this study also showed that thermotaxis was specifically directed
by convection, which is now widely understood to play a role in inducing biting*4.
Despite this thermotaxis, heat alone was demonstrated to be insufficient to induce biting
in Aedes aegypti in 1968*'°. Furthermore, the necessity of heat to induce mosquito
attraction to host odor was questioned by data in An. quadrimaculatus and Aedes
aegypti®®.

However, biting rates on different parts of the body were correlated with a
combination of skin temperature and eccrine gland density in An. atroparvus and An.
gambiae s.s. in 19957, The attractiveness of hand-derived convection currents to Ae.
aegypti, particularly when combined with water vapor, was established in 1994,
although the convection currents were less attractive than sweat''®. However, further
evidence for the role of convection currents was demonstrated in a study in which An.
coluzzii, An. gambiae s.s., An. arabiensis, and An. quadriannulatus were all found to
prefer to bite the feet and legs of a seated volunteer, but bit more randomly along the

body in a prostrate volunteer'*®. These laboratory results were confirmed in the field in
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2015 with human landing catches, showing that An. arabiensis, An. funestus, and An.
gambiae s.s. prefer to feed low to the ground, which typically manifests as a preference
for the legs and feet!?°. Furthermore, while deodorant compounds inhibit host-seeking
An. coluzzii landing, there is no inherent preference for one body part over another in the
absence of such compounds, further indicating the importance of convection currents in
determining bite location?,
1.3.3. Volatile Odorants in Mosquito Host-Seeking

In 1922, Aedes sollicitans and Aedes cantator were found to be strongly activated
by carbon dioxide and ammonia, as well as a combination of the two'?2, The first
anopheline shown to be attracted to carbon dioxide was the European vector An.
atroparvus in 1947, after zoophily had previously been demonstrated in this species
(although other studies have found it to be more anthropophilic)!?. The complexity of
CO: as a host-seeking attractant became apparent in 1952, in a study where Aedes
aegypti were attracted to a 10% CO- stream in a large olfactometer, but repelled in a
small olfactometer at a wide range of CO, concentrations?*. Attraction to high
concentrations of CO> but repellency by lower concentrations was demonstrated in
Aedes aegypti in 1968, in addition to attraction to blood, urine, and arm sweat, while
incubated torso sweat was found to be repellent. Most importantly, this study
demonstrated the attractiveness of constituent organic acids in sweat, including lactic
(specifically the L(+)-isomer'?®), formic, acetic, and propionic acids. Furthermore, sweat
was shown to produce a strong biting response, and some constituent organic acids

(acetic, propionic, butyric, and pyruvic) were also found to induce biting. Finally,
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glucose promoted a sucking response when mosquitoes were exposed to concentrations
found in human blood®.

In 1990, increased host-seeking activity in the presence of 5-10% CO; and high
activity around the odor source in the presence of both skin emanations and 5% CO>
were demonstrated in An. coluzzii, suggesting that CO- serves as a host-seeking activator
while other host kairomones act to draw the mosquitoes to the host location?®. Human
breath was shown to induce biting in the neotropical malaria vector An. albimanus in
19942 Furthermore, an activation threshold for CO, was demonstrated at 0.01% above
background concentrations in 1995, which was replicated with the CO contained in
human breath!?®,

However, the roles of CO», as well as acetone and 1-octen-3-ol, additional
generic vertebrate host cues, were shown to vary between different species of Anopheles
in 1997. While An. stephensi, which is more zoophilic than An. coluzzii, was highly
attracted to CO2 alone, a combination of highly concentrated acetone and CO2, and a
combination 1-octen-3-ol and CO., An. coluzzii was repelled by these cues. Conversely,
An. coluzzii was attracted by a combination of lowly concentrated acetone and COa,
which did not attract An. stephensi*?®. This study pointed to the greater importance of
generic host cues for zoophilic than anthropophilic Anopheles, which was also more
explicitly demonstrated in members of the An. gambiae complex (described below).
Another study demonstrated that An. quadriannulatus was more likely to bite the head of
a human host than the other members of the An. gambiae complex, likely due to the

higher concentration of generic volatiles, such as CO2 and acetone*,
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An. coluzzii was shown to be attracted to constituent acids in human sweat in
1997, an attraction which was maintained even if sweat was artificially alkalinized,
indicating that other constituent sweat chemicals also play a role in host attraction'®. In
addition, both An. coluzzii and An. gambiae s.s. were shown to be highly attracted to foot
odor, as well as to Limburger cheese, notorious for its foot-like smell, in 1995, This
attraction was later tied to the similar bacterial compounds produced in the cheese and
on human feet!32, The role of bacteria in generating human kairomones attractive to
mosquitoes was further elucidated in 1999, when it was demonstrated that mosquitoes
were much more attracted to incubated sweat (where bacteria had grown) than to fresh
sweat'®3, Further work has confirmed that bacteria produce most of the skin volatiles that
attract mosquitoes®*,

Dekker et al. (2005) showed that Aedes aegypti became rapidly sensitized to
human host odor in the presence of CO,'*®, although other data suggests the same is not
true in An. gambiae'®. Aedes aegypti is also unable to navigate to a host odor unless
there is sustained exposure to it*. Once a specific host odor has been identified, host-
seeking Aedes aegypti do not navigate based on COzand instead rely on the specific host
odor®’, Elevated background levels of CO, impede the start of host-seeking in Aedes
aegypti**, while a slight increase in CO; relative to background levels enhances the
landing response of An. gambiae in the presence of human skin volatiles'®.
Furthermore, COz is of variable importance at different ranges corresponding to
preferred hosts in An. coluzzii, Aedes aegypti, and Culex quinquefasciatus'*®. In addition,

acetone and CO> have different impacts on host-seeking by An. coluzzii and Aedes
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aegypti. Specifically, acetone is more attractive to Aedes than to Anopheles, and a higher
concentration of acetone reduces An. coluzzii attraction to CO2'.
1.3.4. Integration of Sensory Modalities in Mosquito Host-Seeking

Color, humidity, and light intensity were all found to influence biting in various
species of mosquitoes in the 1910s'?2. More recently, van Breugel et al. (2015)
demonstrated that host-seeking Aedes aegypti associate odor plumes, including COa,
with visual cues to land on targets with suitable heat and humidity signatures®. However,
Liu and Vosshall (2019) found that CO> does not affect visual responses, but that it is
required to unlock heat attraction’. Flight studies of host-seeking Culex quinquefasciatus
have demonstrated attraction to warmed glass beads treated with human foot odor, which
was not enhanced in the presence of CO>. In addition, foot odor was found to modify
flight patterns, such that Culex quinquefasciatus flew more slowly in the presence of
foot odor than in clean air or CO; alone?#?,

Finally, recent studies on both An. coluzzii and Aedes aegypti have demonstrated
that mosquitoes can learn and modify their behaviors based on exposure to hosts and
host odors, and that their past experiences can influence future host choice'#344, The
rapid learning of host odor compounds in Aedes aegypti was found to depend on the
dopamine-1 receptor'#4, Furthermore, olfaction-based behavior in Aedes aegypti is time-
dependent, and individual odorants have specific effects on olfactory sensitivity*°.
1.3.5. Host Preferences of An. gambiae Complex Members

Schreck et al. (1990) demonstrated a biochemical basis to the differential

attractiveness of individual humans to mosquitoes, and also suggested that heat was not
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116 \V/arious studies have demonstrated variable

a necessary cue to induce host-seeking
attractiveness of different people to malaria mosquitoes, and have further demonstrated
that adults are more attractive than children?’.

In 2004, it was established that both male and female An. gambiae prefer honey
volatiles to human volatiles one night post-emergence, but that by six nights post-
emergence, females prefer human volatiles. This study confirmed field data showing
sugar-feeding as a major element of female An. gambiae biology*4°.

An. coluzzii was shown to consistently choose human odor over clean air or cow
odor in a dual-port olfactometer, while An. quadriannulatus chose clean air over human
odor, thus indicating an innate olfactory basis to their respective host preferences*’.
Furthermore, An. coluzzii strongly prefers human odor to both cow odor and CO>
(pointing to the relative unimportance of this host cue in An. coluzzii), and can
distinguish human odor even when combined with cow odor**¢. However, An.
quadriannulatus fed equally on a human or a cow when placed next to one another in an
outdoor tent experiment, indicating that this species is less able to finely distinguish
vertebrate odor cues than An. coluzzii**®. In a series of dual-choice olfactometer
experiments with An. quadriannulatus, the mosquitoes were unresponsive to abundant
chemicals found in cow odor profiles, specifically CO2, acetone, and 1-octen-3-ol. The
mosquitoes responded to COz in combination with cow odor, but surprisingly preferred

human odor, which was attributed to a genetic basis in combination with behavioral

plasticity that is less likely to be observed in a natural setting®®.
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In a field experiment incorporating bovine-baited and human-baited traps, An.
gambiae s.l. and An. funestus showed a strong preference for human odor. When the An.
gambiae s.l. in both traps were identified to species, An. gambiae s.s. and An. arabiensis
were relatively equally represented, whereas the cow trap overwhelmingly contained An.
arabiensis'®. In another study with An. arabiensis and An. quadriannulatus where
mosquitoes could choose between human odor, bovine odor, and various concentrations
of CO., An. quadriannulatus overwhelmingly chose CO2 over human odor, while An.
arabiensis overwhelmingly chose the human odor. An. quadriannulatus was further
preferentially attracted to higher concentrations of CO; than lower, whereas the
concentration did not affect host-seeking in An. arabiensis, thus indicating that CO>
plays an increasing role with increasing zoophily*é.

A field study of An. arabiensis in southern Ethiopia demonstrated an inherent
anthropophagic tendency even in the presence of large numbers of cattle, although this
tendency was often counterbalanced by exophagy and opportunistic feeding on abundant
hosts®. Furthermore, a field study of An. arabiensis and An. quadriannulatus in
Zimbabwe demonstrated increasing An. quadriannulatus catch in relation to the size of
the bait, with a human and ox together drawing the most mosquitoes. In An. arabiensis,
three humans attracted more mosquitoes than a single human, and human odor was more
attractive than the combination of human and ox odor that attracted An. quadriannulatus.
However, there was also considerable plasticity in An. arabiensis host preference, and
CO2was ruled out as the main chemical cue inciting An. arabiensis to enter human

habitations®®?.
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1.4. Studies of Chemosensory Gene Expression in Mosquitoes

Several studies have been performed to characterize the transcriptome of the
major chemosensory organs in mosquitoes, which include the antennae, maxillary palps,
labella (the distal-most portion of the proboscis), and tarsi*>#795%:.152153 QOther studies
have characterized the expression of chemosensory genes in either the head or the whole
body. These studies have predominantly been conducted on the yellow fever mosquito,
Aedes aegypti, and the An. gambiae complex, although expression studies have also
incorporated the southern house mosquito, Culex quinquefasciatus, and the Asian tiger
mosquito, Aedes albopictus.

In addition to characterizing the transcriptomes of host-seeking mosquitoes,
researchers have also analyzed differential expression between species and sexes,
assessed the influence of age and blood-feeding, and demonstrated rhythmic expression
of certain chemosensory genes*>-47-95154-157 | fijrst summarize these studies in culicine
mosquitoes, then describe the existing literature from the An. gambiae complex.

1.4.1. Chemosensory Gene Expression in Aedes and Culex

The chemosensory transcriptome in Aedes aegypti was first assessed with RT-
PCR of Ors, which identified several female-specific Ors in the antennae, as well as
several larval-specific Ors, one Ors expressed solely in the maxillary palps, and one Or
expressed only in the maxillary palps and proboscis®®. Following that study, there have
been comprehensive RNA-Seq studies of the antennae, maxillary palps, labella, tarsi,
and internal organs, which have demonstrated expression of multiple chemosensory gene

families, along with sex-biased and organ-biased expression patterns®13159160  Ag sych,
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there is strong evidence that these genes influence sex-specific behaviors, which rely
more on some organs than others, such as blood-feeding, mating, and oviposition.

Arguably the most consequential study of chemosensory gene expression in
Aedes aegypti linked the expression of AeaegOr4 to human host preference®*. In
addition, chemosensory expression in the antennae has been compared in both sexes of
Aedes aegypti one, three, and five days post-emergence. This study showed a clear
influence of both sex and age on gene expression, particularly in the one-to-three day
post-emergence period where attraction to human hosts peaks (unlike Anopheles, which
mate in swarms further away from hosts, Aedes aegypti mates in close proximity to a
host, so males are also attracted to human host odors)*®’.

Aedes albopictus has been studied much less extensively, largely due to the low
quality of the published genome. Nonetheless, a study on male and female antennae,
maxillary palps, heads, and full bodies demonstrated differentially expressed
chemosensory genes by sex and organ®6?.

Significant enrichment of olfactory genes has also been demonstrated in the
antennae of Culex quinquefasciatus, as has sex-biased expression*®283, Furthermore, a
small number of Ors, Irs, and Csps, along with a larger number of Obps show significant
differential expression between host-seeking and blood-fed Culex quinquefasciatus®.
1.4.2. Chemosensory Gene Expression in Anopheles

Chemosensory gene expression studies in the An. gambiae complex have focused
on An. coluzzii and An. gambiae s.s., although comparative studies have also

incorporated An. quadriannulatus. An initial study using RT-PCR showed that four
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newly identified Ors (AgOrs1-4) showed enhanced expression in the antennae and
maxillary palps of both sexes. In addition, this study demonstrated female-specific
expression of Orl in the antennae, as well as the down-regulation of Or1 after blood-
feeding®®®.

A qRT-PCR study demonstrated sex-biased expression of Obps in the antennae,

as well as Obp down-regulation after blood-feeding*®®

, While a combined microarray and
gRT-PCR study further demonstrated sex-biased expression in the maxillary palps, as
well as up-regulation of some male-biased Obps in bloodfed females'®’. This study was
followed by another RT-PCR and gRT-PCR study that identified sex-biased expression
of 80 Ors in the antennae and maxillary palps:e.

The first RNA-Seq survey of chemosensory gene expression in An. coluzzii
analyzed transcriptomes from male and female antennae, maxillary palps, and whole
bodies. This study illustrated the strong enhancement of Ors, Irs, Obps, and to a lesser
extent, Grs in the antennae and palps compared to whole bodies. Furthermore, it showed
sex-biased expression in these organs among all four gene families®2. This study was
followed by the first comparative RNA-Seq study with An. quadriannulatus, which
demonstrated strong species-biased expression of chemosensory genes in the antennae®.
Another RNA-Seq study more thoroughly analyzed the role of blood-feeding in
regulating chemosensory gene expression, demonstrating both decreased and enhanced
expression among all four gene families in antennae after a blood meal®.

Our lab has also demonstrated both sex- and species-biased expression of

chemosensory genes in both the antennae and the maxillary palps of An. coluzzii and An.
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quadriannulatus®®-48, while another study characterized the chemosensory gene
expression profile of the labella in male and female An. coluzzii®®. Finally, two studies
have demonstrated the daily rhythmic expression of Obp RNA as well as proteins in
whole bodies, heads, and antennae of An. gambiae s.s.2%41%,
1.5. Evolution of Chemosensory Genes

The size of chemosensory gene repertoires varies enormously throughout
Animalia. Many expansions and contractions of these gene families are likely adaptive
and serve to facilitate the exploitation of novel ecological niches. However, much of this
evolution is also attributable to drift*®®. A common pattern in both vertebrate and
invertebrate chemosensory gene evolution involves the rapid lineage-specific duplication
and subsequent pseudogenization of chemoreceptors, known as the “birth-and-death”
model®1%°, However, these patterns vary by gene family and by lineage, with some gene
families remaining highly conserved across taxa while others share minimal DNA
sequence homology even within genera.
1.5.1. Invertebrates

As mentioned above, there are four major chemosensory gene families in insects,
two of which are also shared more broadly among invertebrates: the Grs and Irs. While
Grs are absent from sponges, ctenophores, and choanoflagellates, they are found in
placozoans, cnidarians, mollusks, nematodes, onychophorans, chelicerates, myriapods,
and crustaceans’®. While they were originally described as G-protein coupled receptors
and are also seven-transmembrane proteins, they have an inverted topology and are not

related to any vertebrate chemoreceptors®®170. Irs are less ancient than Grs, but are
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nonetheless found in protostomes including mollusks, nematodes, onychophorans, and
arthropods’®.

The chemosensory repertoire varies substantially between different groups of
invertebrates as well as between invertebrates and vertebrates. Arthropods generally
have fewer chemosensory genes than both other invertebrates and vertebrates. Gr
sequences have strikingly low homology between lineages, indicative of their rapid
evolution via duplication. Irs are more conserved, and the co-receptor Ir25a originated
prior to the differentiation of protostomes, while the co-receptor Ir76b occurs throughout
arthropods, and the co-receptor Ir8a is found in crustaceans and myriapods, but not
chelicerates™.

1.5.2. Arthropods

As discussed above, the Grs and Irs are found throughout arthropod lineages,
predating the shift to terrestrial life. Csps are also found throughout Arthropoda,
although their chemosensory-specific role has been questioned”>*"%172, There are
numerous lineage-specific Gr expansions and contractions throughout Arthropoda,
which mostly occurred after taxonomic diversification had already taken place.
However, this is not uniformly the case, as amphipods and copepods have relatively
small suites of Grs’.

Several Irs, including the co-receptors and some others, are highly conserved
across Arthropoda, whereas others are much more divergent and appear to have
undergone lineage-specific expansions. A particularly large divergent Ir expansion is

found in Diptera. Ir evolution is thought to occur via gene duplication and retroposition,

25



as detected by substantial intron loss’®. Both Grs and Irs show large lineage-specific
expansions and duplications throughout the chelicerates, which likely evolved via
sustained birth-and-death’3. Irs are thought to be the major olfactory genes in
chelicerates, and there is also evidence of Obp-like genes in chelicerate sensory
appendages'’.
1.5.3. Insects

Insect Ors, which are not related to vertebrate ORs, form a clade within the Grs,
from which they arose’®. They are thought to have been adaptive to the terrestrial
lifestyle of insects, as they facilitate the perception of airborne chemical cues®. Ors, like
Grs, have undergone numerous lineage-specific expansions and contractions throughout
insects. Most famously, they were lost during the shift to a specialist feeding strategy in
Drosophila erecta and D. sechellial™'8, D. sechellia also has numerous deleterious
fixed mutations due to a bottleneck, although the bottleneck alone does not account for
the observed molecular evolutionary patterns'’’. Purifying selection has been implicated
as a major force in the evolution of Ors in several lineages, although positive selection
has also accompanied host shifts®217®, The evolution of the Grs in insects has been
similar, though not identical to that of the Ors, and is discussed in detail in Chapter 4.

The Obps are also specific to insects’™. Like the other chemosensory genes, the
Obps have undergone numerous birth and death events and lineage-specific
expansions'’®. There are two groups of Obps, the classic and plus-C® Obps, with the
classic Obps appearing to be the basal lineage!’®. There is some homology between the

Obps and Csps, suggesting both that they comprise part of a larger family of binding
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proteins, as well as that they may mirror the evolution of the Grs and Ors within
Arthropoda. Specifically, Grs and Csps are both widespread throughout arthropods and
represent ancient chemosensory genes, whereas Ors and Obps are unique to hexapods
and may have facilitated the shift to terrestriality’’. Like Ors and Grs, Obps show
signatures of positive selection in parallel to host-associated diversification events®*18-
182.
1.6. Implications for Novel Mosquito Control Techniques

A fuller understanding of the anatomy and genetics underlying vertebrate host
preference not only improves our knowledge of the basic biology of an important vector,
but also may be instructive for efforts to develop transgenic non-anthropophilic
mosquitoes. It is clear from numerous previous studies (outlined above) that the
chemosensory system plays a major role in determining anthropophily, and is therefore a
promising site for transgenic modification of vertebrate host preference. While the
genetic determinants of anthropophily in An. gambiae s.l. are complex, there are several
Obps, Ors, Irs, and even some Grs, which multiple forms of evidence have identified as
potentially playing a role in this behavior. Furthermore, previous work has already
demonstrated the viability of modifying the vertebrate host preferences of An. gambiae
s.l. via artificial selection®>182,

CRISPR-Cas9 is an increasingly tractable technique in mosquitoes, and has been
successfully used to modify multiple major vectors including Aedes aegypti*®®, Culex
quinquefasciatus'®, and most importantly the malaria vectors An. stephensi‘® and An.

gambiae'®. As summarized by Adolfi et al. (2018), CRISPR, along with other
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transgenic techniques, are currently under evaluation to control several species of
malaria mosquito. These transgenic approaches are used mostly to either substantially
reduce vector population sizes or to enhance vector immunity to Plasmodium®®’. These
techniques have been enhanced by the recent development of gene drive systems to
ensure the rapid spread of desired alleles, which greatly reduce operating costs and are
much more sustainable when compared to more frequent transgenic releases!®-18°,

Our lab has previously generated a cycle-knockout line in Aedes aegypti, and
current work aims to generate an AgGr33-knockout in An. coluzzii. Future knockouts of
genes identified in both this study and previous ones that show evidence of a role in
anthropophily, such as AgObp26, have the potential to both further our understanding of
the genetic basis of anthropophily, as well as to potentially abolish the inherently
anthropophilic nature of An. coluzzii.

1.7. Dissertation Overview

| begin in Chapter 2 by discussing the transcriptome of the labella, which is
known to be involved in chemosensory activity but has been much less thoroughly
studied than the better-known chemosensory organs, the antennae and the maxillary
palps. In my study, | analyze pairwise differential gene expression patterns between both
males and females of the anthropophilic An. coluzzii and zoophilic An. quadriannulatus,
to identify genes showing evidence of species-biased roles, as well as intraspecific
comparisons between sexes, to identify genes underlying sex-specific behaviors such as
blood-feeding and mating. While | focus primarily on four known families of

chemosensory genes, | also discuss a broader gene ontology analysis.
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In Chapter 3, | describe a series of behavioral experiments on the roles of the
three major chemosensory organs described above for the activation of host-seeking as
well as the ability to successfully discriminate between human and bovine odors. In
these experiments, | mechanically ablated each of these organs in different experimental
groups and exposed the mosquitoes to a dual-choice olfactometer in order to determine
which organs are most important for both vertebrate host-seeking and host preference. In
the chapter describing this work, | also describe another set of experiments, wherein |
tested the impact of chemosensory organ ablation on blood-feeding success, with the aim
of determining the importance of each organ for closer-range host-seeking and probing
behaviors.

Finally, in Chapter 4, | present a study of the molecular evolution of one family
of chemosensory genes, the gustatory receptors. For this study, | incorporate data from
the 16 Anopheles genomes project*® for six constituent species of the An. gambiae
complex: An. arabiensis, An. coluzzii, An. gambiae s.s., An. melas, An. merus, and An.
quadriannulatus. | detail evidence of genes potentially undergoing positive selection,
selective sweeps, and purifying selection, which provides us with a sense of the

evolutionary forces at work on this gene family in the complex.
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2. SPECIES AND SEX-BIASED EXPRESSION OF CHEMOSENSORY GENES IN
THE SISTER SPECIES ANOPHELES COLUZZII AND ANOPHELES

QUADRIANNULATUS

2.1. Introduction

Host preferences vary widely within the Anopheles (An.) gambiae sensu lato
(s.I.) species complex, and play a predominant role in determining vectorial capacity.
The An. gambiae complex consists of nine morphologically indistinguishable species,
including three major malaria vectors: An. gambiae sensu stricto (s.s.), An. coluzzii, and
An. arabiensis. An. gambiae s.s. and An. coluzzii were formerly considered to be one
species!*, and exhibit identical host-seeking behavior and host preference. Both species
are highly anthropophilic and predominantly feed on human hosts'*¢. While An.
arabiensis is also anthropophagic, it exhibits more generalist feeding habits*®. Another
species in the complex, An. quadriannulatus, is zoophilic and predominantly feeds on
bovine hosts®®. Given the close relationship between An. coluzzii and An.
quadriannulatus, and their strongly divergent host preferences, they are of significant
interest in determining the genetic basis of anthropophily, a trait that underlies high
vectorial capacity for malaria.

The adaptation to human hosts likely involved genes controlling chemosensory
behaviors. Though visual and thermal cues play a role®’, host preference is largely
mediated by chemosensory systems. The chemosensory sensilla of mosquitoes lie

principally on the antennae, maxillary palps, proboscis, and to a lesser degree on the
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tarsi®’. Though chemosensory gene expression has been thoroughly studied in the
antennae®®46:1521%1 gnd the maxillary palps*6-91:1521%9 the proboscis has received less
attention, particularly in Anopheles®.

Antennae are the primary olfactory organs throughout Insecta and contain many
olfactory sensilla. In mosquitoes, the maxillary palps respond to carbon dioxide, as well
as several other odorants that may be host cues®-9210%:152.159 The proboscis primarily
plays a gustatory role in mosquitoes®”1%2, although in both Anopheles and Aedes this
organ also expresses olfactory receptors (Ors)!**1%, In An. stephensi, the proboscis also
plays a role in heat detection'®. The labella, at the distal tip of the proboscis, contain a
chordotonal organ in each lobe, which is surrounded by chemosensory neuron axons,
and thought to act as a proprioceptor guiding feeding behavior®”1%2, Three types of hairs
are present on the labella, designated T1, T2, and T3. T1 and T2 are externally located
on the labella, while T3 are on the oral (i.e. facing the food canal*®) surface of the
labella. Of the five T1 dendrites, four are chemosensory (two are sensitive to salts, one
to water, and one to sucrose'%) and one is mechanosensory. T2 hairs are salt-sensitive
and mechanosensory, and T3 hairs perceive sugars®’108-110.192.197

Because the proboscis is the feeding organ, its chemosensory role was originally
considered exclusively gustatory and mechanosensory prior to the detection of Orco and
other olfactory gene expression within labellar tissues®":108192.193 ‘Mosquitoes fail to
probe when the distal tip of the proboscis is removed, and the proboscis plays a smaller
role than other chemosensory organs in the detection of repellents'®. The proboscis has

also been shown to play a role in oviposition in the Southern house mosquito, Culex
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quinquefasciatus®.

Chemosensory sensilla contain olfactory sensory neurons (OSNSs) or gustatory
receptor neurons (GRNs). OSNs are found within olfactory sensilla and contain
olfactory receptors (ORs) or ionotropic receptors (IRs). Olfactory sensilla are perforated
by several small pores, which facilitate contact with diffuse volatiles’®. ORs are
heterodimers composed of the obligatory olfactory co-receptor (ORCO) and one of 75
specific ORs®. Ors are unique to insects and are not homologous to vertebrate olfactory
receptors, which are G-protein coupled receptors. Although insect ORs are also 7-
transmembrane proteins, they have an inverted topology®®1’. IRs are also multimeric,
containing up to three different IRs, including one or two co-receptors (IR25a, IR76b,
IR8a)"%. Irs are found throughout the protostomes, with Ir25a conserved in all
protostome species thus far studied’. Although Irs are widespread, they were only
recently shown to play an olfactory role®,

Gustatory sensilla have a different morphology than olfactory sensilla, with a
single pore at the distal end, which facilitates the perception of contact chemical cues
(Figure 1.1)%. Within each GRN, multiple gustatory receptors (GRs) are co-expressed:
sugar receptors are known to be multimeric, and bitter receptors are also thought to be
multimeric®>728, While most GRs are thought to respond to non-volatile chemicals,
three GRs (Gr22-24) function as the CO; receptor within the maxillary palps®. In
addition, Gr33 is among the most highly expressed chemosensory genes in the antennae
of male An. coluzzii and An. quadriannulatus®’. While GRs predominantly respond to

tastants such as sugars and bitter compounds, they also play a role in thermosensation
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and light transduction in Drosophila!®®2%, Insect Ors arose from Grs and they form a
single clade nested with the Grs’®.

Carrier proteins also play an important role in olfaction and gustation,
transporting hydrophobic chemicals across the sensillar lymph to the receptors, resulting
in the start of the signal transduction cascade. Odorant Binding Proteins (OBPs) are
thought to be the main carrier proteins that fill this role in insects?* and Obps are among
the most highly expressed genes in insect olfactory organs’®, although there is strong
evidence that they fill other roles as well®2292203 | jke Ors, insect Obps are not related to
those of vertebrates, but are instead unique to the hexapods®?.

Mosquito host-seeking is primarily a chemosensory-driven process, though other
senses (e.g. vision, thermoreception) also play a role. While the host kairomones that An.
gambiae and An. coluzzii use to distinguish between host species have yet to be
identified, several volatiles produced by the various hosts are known to attract
mosquitoes. For example, host-seeking is activated by carbon dioxide?®*, and mosquitoes
respond to lactic acid*?®, indole?®, and 1-octen-3-0l*?°. Bacterial emanations from the
skin are largely responsible for producing the volatile mosquito attractants?®®. While
there is some evidence that An. gambiae is particularly attracted to the feet, there is also
evidence that the host’s position (e.g. sitting, standing, or lying down) plays a substantial
role in where the mosquito chooses to feed, pointing to the importance of convection
currents and widespread volatiles from the skin microbiome!®%,

Differences in chemosensory gene expression have accompanied variation in

host preference among sibling species in other insects. For instance, there are significant
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differences in Or and Obp gene expression between the generalist Drosophila species D.

207 D, sechellia feeds

melanogaster and D. simulans, and the specialist D. sechellia
exclusively on Morinda citrifolia, which is toxic to other species, and Or22a (a gene
which detects a constituent odorant of M. citrifolia?®) is significantly-upregulated in the
generalist D. sechellia with respect to its generalist sibling species?®’. Expression of
Obp57e is also involved in inducing female D. sechellia attraction to Morinda fruit as an
oviposition site?®. Furthermore, D. sechellia is losing Ors and Grs at a rate beyond ten
times faster than that of the generalist D. simulans (and is generally losing genes due to a
bottleneck!’”), and D. sechellia shows evidence of positive selection on those receptor
loci that it retains™. A similar pattern is observed in another Drosophila specialist, D.
erecta®®,

In mosquitoes, the expression of Or4 in two different subspecies of Aedes
aegypti is associated with a shift to anthropophily. The domestic mosquito Aedes aegypti
aegypti has a significantly higher expression level of Or4 than the sylvatic mosquito
Aedes aegypti formosus, which corresponds to their relative preference for human hosts;
the two forms also demonstrate clear separation in the form of nucleotide substitutions*.

As part of our efforts to identify candidate genes for host-seeking, we previously
identified several significantly differentially-expressed chemosensory genes between the
antennae and maxillary palps of female An. coluzzii and An. quadriannulatus®®. We have
also identified differentially-expressed chemosensory genes between the males of each

species (which do not blood-feed), as well as between males and females of both

species*’. By compiling the significantly differentiated genes from the antennae and
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maxillary palps with those from the labella, we generate a relatively complete profile of
the chemosensory genes most likely to be involved in host preference, which paves the
way for a more detailed analysis of the genes that hold particular interest.

The role of the labella as a site of chemosensory gene expression in mosquitoes
was originally established in Aedes aegypti, where several chemosensory gene families
are detected in both male and female mosquitoes: Grs, Irs, Ors (including Orco), Obps,
as well as other gene families that have been implicated in chemosensation in other
insects but not Anopheles, such as sensory neuron membrane proteins (Snmps), TRP and
Ppk channels, and CheA/Bs%:1%3,

The gene expression profile of male and female An. coluzzii labella was also
recently characterized®. There is relatively little differential expression between the
sexes, though some significant genes were identified. As expected, the most highly
expressed chemosensory genes are Obps, but members of all three receptor families are
expressed. Thirty-two Grs are detected at levels that may be biologically relevant,
highlighting their probable role as contact chemoreceptors in this appendage. The
labellar role as olfactory organ is confirmed not only by the expression of Orco and
thirteen other Ors, but also by electrophysiological responses to an odorant blend. In
addition, seven Irs (including the co-receptors Ir25a and Ir76b) are expressed at
biologically-relevant levels®.

Here | conduct a comparative RNA-Seq analysis of chemosensory genes in the
labella of male and female An. coluzzii and An. quadriannulatus to identify potential

candidate genes for host choice in these species. With the inclusion of male data, | am
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also able to discriminate between genes that appear to influence behavior unrelated to
sex (e.g. sugar-feeding) and those that play female-specific roles and are therefore the
strongest candidates for the influence of host-seeking.
2.2. Methods
2.2.1. Mosquito Rearing

The mosquitoes in this study were drawn from laboratory colonies of An. coluzzii
and An. quadriannulatus. The An. coluzzii strain (formerly known as An. gambiae M
form, GASUA) was originally collected in Suakoko, Liberia; the An. quadriannulatus
strain (SANQUA) was originally collected in Sangwe, Zimbabwe. Both colonies were
reared in an insectary at Texas A&M University, College Station, TX, USA. Colonies
were maintained at 28° C, 70-80% relative humidity, and a 12 hours light: 12 hours dark
photoperiod. Adult mosquitoes were maintained on a 10% sucrose solution and blood-
fed with defibrinated bovine blood using a membrane feeding system twice a week.
Larvae were maintained at densities of approximately 150 per 2-liter container and fed
finely-ground fish food (TetraMin, Blacksburg, VA, USA). Pupae were collected and
placed into cages at densities of two cups of 150 pupae per cage.

Cages were checked daily for newly emerged mosquitoes. To maintain consistent
age, non-eclosed pupae were transferred to new cages. Mosquitoes were allowed to mate
while being maintained for five days on the sucrose solution. The species identity of

mosquito colonies was confirmed using the RFLP-PCR method of Fanello et al.?°,
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2.2.2. Dissections and Sequencing

As anophelines naturally host-seek after dark, and Orco expression in An.
coluzzii peaks after the start of the dark cycle, dissections were performed after the dark
cycle had begun. Male and female mosquitoes were immobilized for 10 minutes at 4° C
two hours after the beginning of the dark cycle, and were then sorted by sex into separate
petri dishes to minimize the possibility of cross-contamination of samples. Dissections
were performed under a 10x dissecting microscope on a TissueTek® cold plate
(Sakura® FineTek USA, Torrance, CA) chilled to -20° C.

Labella (approximately the lower ¥ of the proboscis) were dissected from both
male and female mosquitoes of both species. The labella were immediately placed in
RNAIlater™-|CE (Ambion) and subsequently maintained at -20° C prior to extraction.
Total RNA was extracted using the Qiagen (Hilden, Germany) RNeasy® mini Kit
incorporating an on-column DNA digestion. RNA from 100 labella were extracted as a
single sample, yielding between 10 to 30 ng of RNA. cDNA libraries were prepared
using the Lexogen (Vienna, Austria) QuantSeq 3> mRNA-Seq Library Prep Kit FWD for
[llumina, with 8X FS2 buffer and Unique Molecular Identifiers (UMIs) added to allow
the use of a larger amount (12 pL) of input RNA.

Six replicate libraries were produced for each sex and species, yielding a total of
24 libraries generated from approximately 2,400 mosquitoes. The libraries were
quantified on a Qubit 4 Fluorometer (ThermoFisher Scientific, Waltham, MA, USA) and
a quality control analysis was performed using RNA Pico LabChip analysis on an

Agilent BioAnalyzer 2100 (Agilent Technologies). Two libraries (one female An.
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quadriannulatus sample and one male An. quadriannulatus sample) failed quality
control checks and were not included in the final pool. Libraries were then multiplexed
and sequenced over two lanes of an Illumina NovaSeq 6000 platform, generating 100bp
single-end reads. Library preparation and quantitation were performed in the Slotman
lab at Texas A&M, while quality control analysis, and sequencing were performed at the
Texas A&M AgriLife Genomics Core in College Station, TX, USA.
2.2.3. RNA Sequencing Analyses

For each replicate library, between 80 and 120M total reads were generated. The
analysis pipeline was adapted from the Genome Analysis Toolkit (GATK) Best Practices
for RNA-Seg?!!, incorporating some steps specific to library prep with Lexogen UMISs.
Following an initial quality check in FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), the UMIs were extracted
from the reads into a read index using the Lexogen tool umi2index. New FastQC reports
were generated, then libraries were trimmed of adapter sequence, reads with a phred
score below 20, and reads shorter than 20 bp using TrimGalore
(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/).

The trimmed and filtered files were then mapped to the An. gambiae genome
(PEST v4.12) using STAR?2, To achieve better mapping quality, a two-pass alignment
in STAR was used. Following STAR, reads containing UMIs were collapsed to a single
read using the Lexogen tool collapse_UMI_bam. Picard Tools?*® was used to add read
groups, sort by read group, and index reads. The two technical replicates of each library

were then merged using samtools?*. The featureCounts tool in the Subread package?'®
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was used to generate read counts mapping to each annotated gene, which were then used
for differential expression analysis as well as to calculate counts per million (CPM) to
estimate expression levels.

2.2.4. Analysis of Differential Gene Expression

Differential expression analysis was performed using the R package edgeR?'6,
which implements exact tests on count data. Size factors were calculated for each dataset
to normalize library size across replicates, while overall means and variances were
calculated from a negative binomial distribution model. Genes were significantly
differentially expressed if q was < 0.05 (after correcting for multiple testing). Fisher’s
exact test was used to test significance for each pairwise comparison, and expression
was considered significantly different if the false discovery rate (FDR) adjusted p-value
(g) was < 0.05. 1 only consider genes detected at >1 CPM to be expressed in the
description and discussion of my results.

CPM values were used to create plots of the relative expression of genes
between sexes and species, with significance values from edgeR used to mark genes that
exhibit significant differential expression between categories.

2.2.5. Gene Ontology Analysis

All genes that were detected as being significantly differentially expressed
between sexes and species according to the adjusted p-value generated by edgeR were
used for gene ontology analysis. Gene ontology annotation was performed using Panther
(www.pantherdb.org), an online database of gene functions and orthologs. The

annotation was performed to identify the molecular function of significantly
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differentially expressed genes. Gene IDs of differentially expressed genes were uploaded
for each pairwise comparison. Molecular functions of these genes were determined, as
were the protein classes, and a Fisher’s exact test with an FDR adjustment was
performed to check for overrepresentation of chemosensory genes.

2.3. Results

Table 2.1 — Reads obtained from each biological replicate library. CFL = An. coluzzii female, QFL =
An. quadriannulatus female, CML = An. coluzzii male, QML = An. quadriannulatus male

Library Reads
CFL1 1,267,090
CFL2 3,082,918
CFL3 2,759,840
CFL4 5,123,204
CFL5 3,548,461
CFL6 4,118,728
QFL1 1,130,395
QFL3 3,457,763
QFL4 4,077,045
QFL5 3,149,548
QFL6 3,321,904
CML1 1,839,759
CML2 2,594,233
CML3 3,572,372
CML4 1,822,594
CML5 3,199,814
CML6 3,060,041
QML1 1,502,331
QML2 2,379,249
QML3 2,778,897
QML5 2,447,419
QML6 2,879,503

Following the processing steps outlined above, between 1,130,395 and 5,123,204
total reads were obtained from each library (Table 2.1). The average overall library size

was 2,868,778 reads. The average female An. coluzzii library size was 3,316,707 reads,
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while the average female An. quadriannulatus library size was 3,027,331 reads, the
average male An. coluzzii library size was 2,681,469 reads, and the average male An.
quadriannulatus library size was 2,397,480 reads.

2.3.1. Differential Gene Expression between Female An. coluzzii and An.

quadriannulatus
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Figure 2.1 — Overall Differential Gene Expression Profiles of A) Female An. coluzzii and Female An.
quadriannulatus, B) Male An. coluzzii and Male An. quadriannulatus, C) Male and Female An.
coluzzii, and D) Male and Female An. quadriannulatus. Genes shown in black are non-significant,
whereas genes shown in red are significant at an FDR-adjusted p-value < 0.05. CPM = counts per
million and FC = fold change.
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While the overall gene expression profile is highly correlated (R? = 0.881), a total
of 2,138 genes (21.4%) are significantly differentially expressed (DE) between the two
species (Figure 2.1A). Of these DE genes, 1,131 are An. coluzzii-biased and 1,007 are
An. quadriannulatus-biased. Seven chemoreceptor genes and seven Obps are

significantly DE between the females of these two species (Table 2.2).

Table 2.2 — Differentially expressed chemosensory genes in the labella of female An. coluzzii and An.
qguadriannulatus. Genes are only included if detected > 1 CPM (receptors) or > 100 CPM (Obps).
Fold changes were calculated by edgeR and are slightly different than those calculated by hand.
They are indicated as positive if An. coluzzii-biased and negative if An. quadriannulatus-biased.

An. coluzzii An. guadriannulatus
GeneID | Gene | (CPMwith (CPM with EC |log2FC | g
Standard
—_ Standard Error)
Error)
AGAP001169 | Gr49 2.22 +0.45 0.41+0.34 8.42 3.07 0.005
AGAP006876 | Gr31 1.92+0.78 0.16 + 0.50 8.38 3.07 0.031
AGAP013416 | Ir7w 4,66 +0.79 0.41 +0.28 9.06 1.82 <0.001
AGAP002904 | Ir4la 23.12+1.80 11.28 £+1.91 2.02 1.02 0.006
AGAP013520 | Ir7x 1.41+0.36 7.48 +0.88 -5.62 -2.49 | <0.001
AGAP029499 | Or21 481 +0.64 1.24+0.21 3.87 1.95 0.003
AGAP009111 | Or29 3.20+0.75 755+1.71 -2.19 -1.13 0.058
AGAP012321 | Obp26 1,472.92 + 129.10 +11.10 11.20 3.48 <0.001
484.58
AGAP006080 | Obp54 1,380.59 + 266.44 + 25.75 4.98 2.32 <0.001
178.42
AGAP006077 | Obp51 39457 + 186.58 +19.42 2.06 1.04 <0.001
30.45
AGAP012320 | Obp25 57157 + 382.91 + 32.62 1.45 0.53 0.042
36.36
AGAP006076 | Obp50 338.53 + 646.60 £ 57.78 -1.99 -0.99 | <0.001
36.66
AGAP002905 | Obp48 1,603.75 + 3,445.31 +£ 230.34 -2.22 -1.15 | <0.001
144.93
AGAP011368 | Obp57 4,436.63 + 11,705.75 + 656.31 -2.79 -1.48 | <0.001
419.61
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2.3.1.1. Gene Ontology Analysis

The most common molecular functions of DE genes in either species were
catalytic activity, binding, and transporter activity (Figure 2.2). The most common
protein classes of DE genes were metabolite interconversion enzyme (PC00264), protein
modifying enzyme (PC00260), and transporter (PC00227). Olfactory receptor activity

was overrepresented (Fisher’s exact test: FDR = 0.037).
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= 3 transporter activity
(G0:0005215)
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regulator (GO:0098772)

= 5 transcription regulator
activity (G0:0140110)

= 6 structural molecule activity
(G0:0005198)

= 7 molecular transducer
activity (GO:0060089)

= 8 translation regulator activity
(G0O:0045182)

Figure 2.2 — Molecular Function of DE Genes between Female An. coluzzii and An. quadriannulatus.
749 genes with known functions were identified by PantherDB; percentages refer to these genes.
Molecular functions are presented clockwise from right in descending order.
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2.3.1.2. Gustatory Receptors (Grs)

Of the 61 known Grs in An. gambiae, eleven are detected >1 CPM in An. coluzzii
and thirteen are detected >1 CPM in An. quadriannulatus. The average overall
expression of detected Grs in female An. coluzzii is 56.74 CPM, while in female An.
quadriannulatus it is 50.09 CPM. The highest expressed Gr in both species is the sugar
receptor Grl7, which is expressed at 16.55 CPM in An. coluzzii and 10.90 CPM in An.
quadriannulatus. Gr33 is also relatively highly expressed in both species of female, at
6.68 CPM in An. coluzzii and 5.24 CPM in An. quadriannulatus (Figure 2.3A). Twelve
other Grs are expressed > 1 CPM in either species: Gr8, Grl4, Gr21, Gr29, Gr30, Gr31,
Gr43, Grd4, Gr49, Grs1, Gr55, and Gr62. Among these genes are two other sugar
receptors, Grl4 and Gr21, while the ligands for the other ten Grs are unknown.

Overall Gr expression between the two species of female is correlated (R? =
0.720). However, two genes expressed >1 CPM are significantly enhanced in An.
coluzzii: Gr49 and Gr31 (Table 2.2). Gr49 is expressed at 2.22 CPM in An. coluzzii and
0.41 CPM in An. quadriannulatus, an 8.42-fold enhancement (fold changes were
generated by edgeR and are slightly different than those calculated by hand). Similarly,
Gr31 is 8.38-fold enhanced from 0.16 CPM in An. quadriannulatus to 1.92 CPM in An.

coluzzii.
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2.3.1.3. lonotropic Receptors (Irs)

Of the 65 known Irs in An. gambiae, eleven are detected >1 CPM in An. coluzzii
and twelve are detected >1 CPM in An. quadriannulatus. The average overall expression
of Irs in both females is substantially higher than Grs, 300.78 CPM in An. coluzzii and
276.54 CPM in An. quadriannulatus. However, most of that expression is due to the co-
receptors Ir25a (65.55 CPM in An. coluzzii and 59.53 CPM in An. quadriannulatus and
Ir76b (164.84 CPM in An. coluzzii and 170.15 CPM in An. quadriannulatus).
Interestingly, the third co-receptor, Ir8a is not detected. With the co-receptors removed,
total average Ir expression is similar to total average Gr expression: 69.92 CPM in An.
coluzzii and 46.62 CPM in An. quadriannulatus. Excluding the co-receptors, the most
highly expressed Ir in both species is Ir41a (Figure 2.3B), with a 2.02-fold DE in An.
coluzzii (23.12 CPM in An. coluzzii versus 11.28 CPM in An. quadriannulatus,
g=0.006). In addition to Ir4la, several other Irs were detected > 5 CPM; Ir199, Ir7s and
Ir7x. Seven others are expressed <5 CPM: Ir7n, Ir7w, Ir64a, Ir93a, Ir100a, Ir168, and
Ir179.

Ir expression in the labella is highly correlated between female An. coluzzii and
An. quadriannulatus (R?=0.987). In addition to Ir41a, only two other DE genes in this
family were observed: Ir7w and Ir7x. Ir7w is nearly An. coluzzii-specific, with a 9.06-
fold up-regulation from 0.41 CPM in An. quadriannulatus to 4.66 CPM in An. coluzzii.
By contrast, Ir7x is strongly An. quadriannulatus-biased, showing 5.62-fold
enhancement from 1.41 CPM in An. coluzzii to 7.48 CPM in An. quadriannulatus (Table

2.2).
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2.3.1.4. Olfactory Receptors (Ors)

Of the 76 known Ors in An. gambiae, nine are detected >1 CPM in An. coluzzii
and nine are detected >1 CPM in An. quadriannulatus. As with the Irs, average overall
Or expression exceeds that of Grs: 125.87 CPM in An. coluzzii and 112.35 CPM in An.
quadriannulatus. However, similarly to Ir25a and Ir76b, Orco is primarily responsible
for this high representation, as it is expressed at 90.65 CPM in An. coluzzii and 80.61
CPM in An. quadriannulatus. When Orco is excluded, the total expression of Ors is less
than that of either the Grs or Irs, at 35.22 CPM in An. coluzzii and 31.73 CPM in An.
quadriannulatus. The two highest expressed Ors are Or5 and Or29 (Figure 2.3C). Or29
appears to be An. quadriannulatus-biased (2.19-fold enhanced from 3.20 CPM in An.
coluzzii to 7.55 CPM) but is only borderline significant (g = 0.058).

Seven other Ors were detected at lower levels: Or3, Or4, Or15, Or20, Or21,
0r40, and Or53. As in the Irs, expression between species is highly correlated (R? =
0.993), with two genes showing DE; Or29 (see above) and Or21, which is 3.87-fold
enhanced from 1.24 CPM in An. quadriannulatus to 4.81 CPM in An. coluzzii (Table
2.2).
2.3.1.5. Odorant Binding Proteins (Obps)

As expected, the Obps are expressed at very high levels: an average of 14,891.77
CPM in An. coluzzii and 21,461.99 CPM in An. quadriannulatus. Eleven Obps are
expressed > 100 CPM. While Obp expression is correlated between the two species (R?
=0.798), this correlation is lower than in the other gene families, and a greater

proportion of Obps are DE. Obp57 is expressed at a level far surpassing that of the other
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Obps: 4,346.63 CPM in An. coluzzii and 11,705.75 CPM in An. quadriannulatus (the
19" and 9™ most expressed gene overall, respectively), which represents a 2.79-fold
enrichment in An. quadriannulatus (Figure 2.3D, Table 2.2).

In addition to Obp57, five other Obps are highly expressed (> 1,000 CPM):
Obp10, Obp13, Obp26, Obp48, and Obp54. Of these genes, two are expressed at similar
levels in the two species (Obp10 and Obp13). Obp26 shows the most striking DE pattern
of any chemosensory gene in the labella, exhibiting a 11.20-fold up-regulation from
129.10 CPM in An. quadriannulatus to 1,472.92 CPM in An. coluzzii. Obp54 is 4.98-
fold enhanced in An. coluzzii, to 1,380.59 CPM from 266.44 CPM in An.
quadriannulatus. Obp48, by contrast, is 2.2-fold enhanced in An. quadriannulatus to
3,445.31 CPM from 1,603.75 CPM in An. coluzzii.

In addition, five other Obps (Obp1, Obp7, Obp25, Obp50, and Obp51) are
expressed at lower levels (> 100 CPM). Obp25 shows a 1.45-fold enhancement in An.
coluzzii. While Obp50 is 1.99-fold up-regulated in An. quadriannulatus, Obp51 is 2.06-
fold up-regulated in An. coluzzii.

In addition to these highly expressed Obps, five lowly-expressed Obps (<100
CPM) show An. coluzzii bias and one shows An. quadriannulatus bias. Of these lowly-
expressed genes, Obp23 is the most striking, as it is expressed at 55.52 CPM in An.
coluzzii but nearly absent from An. quadriannulatus at 1.99 CPM. The other lowly-
expressed Obps with An. coluzzii bias are Obp49, Obp56, Obp69, and Obp71. Obp6 is

An. quadriannulatus-biased.
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2.3.2. Differential Gene Expression between Male An. coluzzii and An.
quadriannulatus

The overall gene expression profile is largely correlated, somewhat more so than
in females (R? = 0.921), although there are 2,085 genes showing significant differential
expression between the two species. Of these DE genes, 1,092 are An. coluzzii-biased
and 993 are An. quadriannulatus-biased (Figure 2.1B). In males, nine chemosensory
receptor genes and six Obps are significantly DE.
2.3.2.1. Gene Ontology Analysis

The most common molecular functions of DE genes in either species were
catalytic activity, binding, and transporter activity (Figure 2.4). The most common
protein classes of DE genes were metabolite interconversion enzyme (PC00264), protein
modifying enzyme (PC00260), and transporter (PC00227). Olfactory receptor activity

was not overrepresented.
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Figure 2.4 — Molecular Function of DE Genes between Male An. coluzzii and An. quadriannulatus.
770 genes with known functions were identified by PantherDB; percentages refer to these genes.
Molecular functions are presented clockwise from right in descending order.
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Table 2.3 — Differentially expressed chemosensory genes in the labella of male An. coluzzii and An.
quadriannulatus. Genes are only included if detected > 1 CPM (receptors) or > 100 CPM (Obps).
Fold changes were calculated by edgeR and are slightly different than those calculated by hand.
Fold changes are indicated as positive if An. coluzzii-biased and negative if An. quadriannulatus-

biased.
An. coluzzii COIUZ.Z“ An. guadriannulatus
Gene ID Gene (CPM with (CPM with Standard | EC | log2FC a
Standard Error
Error) Erron)
AGAP001169 | Gr49 2.48 +0.29 0.28 +0.28 6.61 2.73 0.003
AGAP003260 | Gr21 1.15+0.37 6.31+1.81 525 | -2.39 | <0.001
AGAP006877 | Gr32 0.29+0.19 1.79+0.61 -6.16 | -2.62 0.045
AGAP001170 | Gr48 0.40+0.21 4,70 + 3.84 -11.8 | -3.56 0.031
AGAP009857 | Gr4 0.60 + 0.37 9.99 + 9.46 -17.4 | -4.11 0.012
AGAP013416 | Ir7w 4,03 +1.07 1.28 £0.23 3.15 1.65 0.031
AGAP013520 | Ir7x 0.43+0.16 4.29+0.90 -8.52 | -3.09 | <0.001
AGAP029232 | Irl79 0.19+0.19 15.01 +9.35 -66.3 | -6.05 0.011
AGAP029499 | Or21 4,52 +0.84 1.73+0.80 2.93 1.55 0.038
AGAP006080 | Obp54 1,057.87 + 276.81 £43.11 3.79 1.92 | <0.001
53.67
AGAP006077 | Obp51 | 274.38 +8.52 172.63 + 23.29 1.55 0.63 0.013
AGAP001189 | Obp10 1,698.48 + 1,176.92 + 88.20 1.41 0.49 0.048
124.86
AGAP006076 | Obp50 | 338.89 + 28.56 497.53 + 80.08 -151 | -0.60 0.046
AGAP011368 | Obp57 3,134.65 + 5,679.23 + 341.67 -1.85 | -0.88 | <0.001
104.67
AGAP007286 | Obp48 1,693.07 + 4,281.55 + 397.82 -255 | -1.35 | <0.001
137.31
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Figure 2.5 — Expression (CPM) of Major Chemosensory Gene Families in Male An. coluzzii and An.
quadriannulatus: A) Gustatory Receptors, B) lonotropic Receptors, C) Olfactory Receptors, and D)
Odorant Binding Proteins. The diagonal line represents equal expression in both species. Genes
indicated in red have an FDR-adjusted p-value < 0.05.
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2.3.2.2. Gustatory Receptors (Grs)

Average overall expression of Grs is comparable to that of females: in An.
coluzzii males, total average Gr expression is 49.56 CPM, while it is 59.87 CPM in An,
quadriannulatus males. Unlike in females, however, Gr expression is lowly correlated
(R?=0.472). In males, sixteen Grs are expressed >1 CPM (Figure 2.5A). As in females,
the most highly expressed Gr in both species is the sugar receptor, Gr17. Following
Grl7, Gr4 is the most highly expressed gene in An. quadriannulatus (9.99 CPM), while
it is nearly absent from male An. coluzzii (Table 2.3). Following Gr17 and Gr4, the most
highly expressed gene is Gr33, which expressed at similar levels in males of both
species. The sugar receptor Gr21 is also among the more highly expressed Grs, with a
5.25-fold DE in An. quadriannulatus males, where it is expressed at 6.31 CPM.

Twelve Grs were detected at lower levels: Gr8, Gr10, Grl4, Gr29, Gr31, Gr32,
Gr43, Grd4, Gr48, Grd9, Gr51, and Gr62. Three of these genes are DE; as in females,
Gr49 is highly An. coluzzii-biased. In addition to Gr4 and Gr21 (see above), Gr32 and
Gr48 are also strongly An. quadriannulatus-biased. Gr48 is expressed at 4.70 CPM in
An. quadriannulatus and <1 CPM in An. coluzzii, while Gr32 is expressed at 1.79 CPM
in An. quadriannulatus and <1 CPM in An. coluzzii. Neither Gr48 nor Gr32 have known
functions or clear Drosophila orthologs.
2.3.2.3. lonotropic Receptors (1rs)

As with the Grs, the average total expression level of the Irs is similar to that of
females, 262.60 CPM in An. coluzzii and 309.72 CPM in An. quadriannulatus. Unlike

the Grs, expression of Irs is highly correlated, as in females (R? = 0.979). With the co-
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receptors removed, total Ir expression is 65.88 CPM and 58.06 CPM, respectively.
Interestingly, 1r25a is marginally significantly (g = 0.050) An. quadriannulatus-biased
(1.47-fold, Figure 2.5B). Twelve specific Irs were detected in one or both species. As in
females, Ir41a is the most highly expressed specific Ir, although in males its expression
is similar in the two species. Ir179 is the second-most highly expressed specific Ir in An.
quadriannulatus males (15.01 CPM) but is not detected in An. coluzzii (Table 2.3). 1r199
is also expressed at relatively high but similar level in the two species.

In addition to 1r179, two other Irs are significantly DE between the males. As in
females, Ir7w is An. coluzzii-biased (3.15-fold), and Ir7x is nearly exclusive to An.
quadriannulatus (4.29 CPM in male An. quadriannulatus but <0.5 CPM in An. coluzzii).
The remaining six Irs detected are Ir7n, Ir64a, Ir100a, Ir155, Ir168, and Irl76.
2.3.2.4. Olfactory Receptors (Ors)

Or expression is highly correlated in males (R? = 0.975). As expected, Orco is
the most highly expressed Or in both species. With Orco included, average total Or
expression is 157.47 CPM in male An. coluzzii and 154.44 CPM in male An.
quadriannulatus. When Orco is excluded, total Or expression drops to 53.80 CPM in
An. coluzzii and 40.46 CPM in An. quadriannulatus. The most highly expressed specific
Or in An. coluzzii is Or40, at 16.43 CPM, followed by Or5, which is expressed at 9.23
CPM in An. coluzzii and 11.06 CPM in An. quadriannulatus (Figure 2.5C). The third-
most highly expressed Or, Or21, is the only DE Or between the two males (Table 2.3).
As in females, Or21 is 2.93-fold enhanced in male An. coluzzii. Ten additional Ors are

detected: Or3, Or4, Or6, Orl5, Or16, Or20, Or27, Or29, Or50, and Or53.
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2.3.2.5. Odorant Binding Proteins (Obps)

Obp expression in males is more correlated than in females (R? = 0.862). As in
females, Obp57 is by far the most highly expressed Obp in both males: in An. coluzzii, it
is expressed at 3,134.65 CPM, while it is expressed at 5,679.23 CPM in An.
quadriannulatus, a 1.85-fold enhancement (Figure 2.5D). Four other Obps are also
expressed >1,000 CPM, all of which are also very highly expressed in females: Obp10,
Obp13, Obp48, and Obp54. While Obp13 is again not DE, Obp10 is 1.41-fold enhanced
in male An. coluzzii from 1,176.92 CPM to 1,698.48 CPM (Table 2.3). As in females,
Obp48 is 2.55-fold enhanced in An. quadriannulatus and Obp54 is 3.79-fold enhanced in
An. coluzzii.

Six other Ops are relatively highly expressed (>100 CPM): Obp1, Obp3, Obp7,
Obp25, Obp50, and Obp51. As in females, Obp50 is 1.51-fold upregulated in An.
quadriannulatus and Obp51 is 1.55-fold upregulated in An. coluzzii. The other highly
expressed Obps are not DE. In addition to the six Obps listed above, six more lowly
expressed Obps (<100 CPM) are DE. As in females, Obp26 is An. coluzzii-biased in
males, although it is expressed at a low level of 81.47 CPM in male An. coluzzii and
24.49 CPM in male An. quadriannulatus. Again mirroring female differential
expression, Obp23 is nearly exclusive to An. coluzzii (80.48 CPM versus 3.46 CPM).
Obp6, Obp19, Obp38, and Obp46 all show An. quadriannulatus bias, but are expressed
at very low (< 20 CPM) levels, excluding Obp6, which is 2.17-fold enhanced from 26.85

CPM in An. coluzzii to 56.75 CPM.
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2.3.3. Sex-Biased Gene Expression in An. coluzzii

Overall gene expression between the two sexes of An. coluzzii is very highly
correlated (R? = 0.941), with only 295 significantly differentially expressed genes
(Figure 2.1C). 206 genes are female-biased, compared to 89 male-biased genes.
2.3.3.1. Gene Ontology Analysis

The most common molecular functions of DE genes in either sex were catalytic
activity, binding, and transcription regulator activity (Figure 2.6). The most common
protein classes of DE genes were metabolite interconversion enzyme (PC00264), protein
modifying enzyme (PC00260), and nucleic acid binding protein (PC00171). Olfactory

receptor activity was not overrepresented.
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Figure 2.6 — Molecular Function of DE Genes between Female and Male An. coluzzii. 62 genes with
known functions were identified by PantherDB; percentages refer to these genes. Molecular
functions are presented clockwise from right in descending order.
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2.3.3.2. Chemosensory Gene Expression

Total average expression of chemosensory genes in females is 15,375.16 CPM,
while in males it is 12,697.77 (Table 2.4). A chi-square test of independence indicated

that this overall female bias was significant (X? (4,2) = 10.36, p (3 df) = 0.016).

Table 2.4 — Total average expression in CPM of chemosensory genes by family in both sexes of An.

coluzzii.

Gene Family Female (CPM with Male (CPM with
Standard Error) Standard Error)
Grs 56.74 + 6.81 49.56 + 6.68
Irs 300.78 £ 16.40 262.60 + 15.69
Ors 125.87 £ 9.52 157.47 £ 14.69
Obps 14,891.77 £1,112.17 12,698.14 £ 211.48
Total 15,375.16 £ 1,134.88 13,167.77 £ 212.03

While one Or and two Obps are sex-biased (Table 2.5), the vast majority of
chemosensory genes are not DE. Gr expression between the sexes is correlated (R? =
0.753, Figure 2.7A), as is Ir expression (R? = 0.997) (Figure 2.7B). All Ors are
expressed at similar levels between the sexes (R? = 0.974), apart from Or40, which is
male-specific (Figure 2.7C). Both DE Obps are female-biased, most notably Obp26,
which is 18.57-fold enhanced in females (Figure 2.7D). The most highly-expressed Obp
in both sexes, Obp57, is 1.41-fold enhanced in females. Despite these female-biased

Obps, overall Obp expression is highly correlated between sexes (R? = 0.895).
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Table 2.5 — Differentially expressed chemosensory genes in the labella of An. coluzzii females and
males. Genes are only included if detected > 1 CPM (receptors) or > 100 CPM (Obps). Fold changes

were calculated by edgeR and are slightly different than those calculated by hand. Fold changes are
indicated as positive if female-biased and negative if male-biased.
EC log2FC a

Gene ID Gene Female (CPM with Male (CPM with
Standard Error) Standard Error)
AGAP002558 | Or40 0.05 + 0.05 16.43 + 13.66 -186.16 -7.54 0.037
AGAP012321 | Obp26 1,472.92 + 484.58 81.47 £ 3.43 18.57 4.22 <0.001
AGAP011368 | Obp57 4,346.63 + 419.61 3,134.65 + 104.67 141 0.50 0.048
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Figure 2.7 — Expression (CPM) of Major Chemosensory Gene Families in Female and Male An.
coluzzii: A) Gustatory Receptors, B) lonotropic Receptors, C) Olfactory Receptors, and D) Odorant

Binding Proteins. The diagonal line represents equal expression in both sexes. Genes indicated in
red have an FDR-adjusted p-value < 0.05.
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2.3.4. Sex-Biased Gene Expression in An. quadriannulatus

Similarly to An. coluzzii, overall gene expression between the two sexes of An.
quadriannulatus is very highly correlated (R? = 0.949), with only 273 significantly
differentially expressed genes (Figure 2.1D). 186 genes are female-biased, compared to
87 male-biased genes.

2.3.4.1. Gene Ontology Analysis
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Figure 2.8 — Molecular Function of DE Genes between Female and Male An. quadriannulatus. 75
genes with known functions were identified by PantherDB; percentages refer to these genes.
Molecular functions are presented clockwise from right in descending order.
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The most common molecular functions of DE genes in either sex were catalytic
activity, binding, and transporter activity. The most common protein classes of DE genes
were metabolite interconversion enzyme (PC00264), protein modifying enzyme
(PC00260), and extracellular matrix protein (PC00102). Olfactory receptor activity was
not overrepresented.
2.3.4.2. Chemosensory Gene Expression

Average total expression of chemosensory genes in females is 21,900.97 CPM,
while in males it is 17,358.74 (Table 2.6). A chi-square test of independence indicated

that this overall female bias was significant (X? (4,2) = 43.55, p (3 df) < 0.001).

Table 2.6 — Total average expression in CPM of chemosensory genes by family in both sexes of An.
guadriannulatus.

Gene Family | Female (CPM with Standard Error) | Male (CPM with Standard Error)
Grs 50.09 + 3.39 59.87 £ 14.50
Irs 276.54 £17.83 309.72 £30.42
Ors 112.35+6.91 154.44 + 36.55
Obps 21,461.99 + 1,158.83 16,834.71 + 1,060.55
Total 21,900.97 +1,145.62 17,358.74 £ 1,022.72
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Table 2.7 — Differentially expressed chemosensory genes in the labella of An. quadriannulatus
females and males. Genes are only included if detected > 1 CPM (receptors) or > 100 CPM (Obps).
Fold changes were calculated by edgeR and are slightly different than those calculated by hand.
Fold changes are indicated as positive if female-biased and negative if male-biased.

Gene ID Gene Female (CPM with Male (CPM with EC | log2FC a
Standard Error) Standard Error)
AGAP012321 | Obp26 129.10 + 11.10 24.49 + 3,55 540 | 2.43 | <0.001
AGAP011368 | Obp57 11,705.75 + 656.31 5,679.23 + 341.67 2.13 1.09 | <0.001

Among the chemosensory genes, only two Obps are DE: Obp57 and Obp26.
Both are female-biased (Figure 2.9D, Table 2.7). Obp57, which is the most highly
expressed Obp across both species and sexes, is 2.13-fold enhanced in female An.
quadriannulatus. While Obp26 is expressed at much lower levels than in female An.
coluzzii, there is a 5.40-fold up-regulation in female An. quadriannulatus. Despite these
Obps, Obp gene expression is generally correlated between the sexes (R? = 0.838). Gr
expression between the sexes is lowly correlated (R? = 0.565), but no Grs are
significantly (q < 0.05) DE (Figure 2.9A). Ir expression is very highly correlated (R? =

0.988, Figure 2.9B), as is Or expression (R? = 0.997, Figure 2.9C).
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Figure 2.9 — Expression (CPM) of Major Chemosensory Gene Families in Female and Male An.
quadriannulatus: A) Gustatory Receptors, B) lonotropic Receptors, C) Olfactory Receptors, and D)
Odorant Binding Proteins. The diagonal line represents equal expression in both sexes. Genes
indicated in red have an FDR-adjusted p-value < 0.05.

62



2.4. Discussion

| have identified several genes that are differentially expressed in four pairwise
comparisons of male and female An. coluzzii and An. quadriannulatus, including some
genes that are strong candidates for controlling behaviors that are not only species-
specific, but also female-specific, which could include vertebrate host choice. | have also
identified genes whose expression patterns suggest they are of greater importance in
males, suggesting a potential role for the labella in male-specific behaviors, which could
include swarming or mating. In addition, there are several genes which show evidence of
species bias, but not sex bias, indicating a probable role in sex-neutral behaviors, such as
sugar-feeding.

Beyond the differential expression results, | also contribute the first
characterization of the chemosensory gene expression profile of the labella in An.
quadriannulatus, and offer a comparison to a previous profile in An. coluzzii, which was
also recently characterized by Saveer et al.% (discussed below). In assessing highly
expressed genes which are not DE, I identify genes which show evidence of an
important role in this organ, and discuss comparisons with the far better understood
system at work in Drosophila where possible, as well as previous work characterizing
the gene expression profile of the labella in Aedes aegypti. Finally, I consider the sum

total of the expression data to evaluate the potential role of the labella in host choice.
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2.4.1. Agreement with Previous Characterization of An. coluzzii Labella
Transcriptome

There are four major differences in my study methodology and that of Saveer et
al.®. Most importantly, their mosquitoes were dissected during the light cycle, which
could explain many discrepancies between our data. In addition, while I produced six
replicate libraries of six-day-post-emergence labella, they produced only two replicate
libraries of mosquitoes ranging in age from four to six days post-emergence. Finally,
there are several differences in RNA extraction and library preparation methods.

Nevertheless, the overall trends of our data are largely concordant, suggesting
that most chemosensory gene expression in the labella does not vary significantly by
time of day. Even so, there are some discrepancies between the two datasets, which
could stem from daily gene expression patterns, differences in age structure, or from
differences in RNA and cDNA preparation. In the Grs, the most interesting area of
disagreement is in the candidate sugar receptors. While | only detected very high
expression in Gr17 and relatively high expression in Grs 14 and 21, they also detected
very high expression in Gr15, and relatively high expression in Grs 18 and 25.

In the Irs, they detect Ir41a above even the co-receptor Ir25a, whereas this is not
the case in my data. While the only members of the Ir7 clade expressed at relatively high
levels in my data are Ir7s, Ir7x, and Ir7w, Saveer et al. also identified relatively high
expression of Ir7t. Or6, Orl3, and Or55 were all relatively abundant in both sexes in

their analysis, but none are detected at high levels in mine.
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Obp expression is largely similar between the two studies, with the major
exception of Obp13, which while one of the most highly expressed Obps in my data, is
completely absent from theirs. This Obp’s daily expression pattern has not been
characterized, but the major discrepancy could reflect a similar daily rhythm as those
found in other Obps, differences in age structure, or the different library preparation
methods®™. Interestingly, other Obps which have previously been characterized as
having these daily rhythms in the antennae do not appear to differ between the two
studies, most notably Obps 10, 25, and 26. However, another of these Obps, Obp?7, is
highly expressed in my data but not that of Saveer et al.%°,

2.4.2. Female and Species-Biased Genes

Obp26 is a clear candidate for further study, particularly of its ligand(s) and its
impacts on host-seeking behavior. It is by far most highly expressed in female An.
coluzzii labella, where it shows significant enhancement compared against male An.
coluzzii as well as female An. quadriannulatus. This pattern suggests a female-specific
biological role, which is further supported by its significant enhancement in female An.
quadriannulatus versus males of the same species. In addition, there is evidence for a
species-specific role, given that it is significantly enhanced in both female and male An.
coluzzii when compared to An. quadriannulatus. As such, Obp26 has strong potential to
be involved in behaviors that distinguish female An. coluzzii from their conspecific
males and the females of their more zoophilic sister species. Interestingly, Obp26 is
located within a QTL for human host preference in An. coluzzii, where it also shows

evidence of a selective sweep*?. While the specific function is not known, an RNAI-
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mediated knockdown had no impact on blood-feeding?'’. Host preference of the RNAI-
mediated knockdown mosquitoes was not tested. However, Obp26 shows evidence of

154 “and is also An. coluzzii-biased in the female

increased expression during scotophase
antennae and maxillary palps*>#6. However, Obp26 is male-biased in An. coluzzii
antennae*’, and is not significantly DE between the two species of males in the maxillary
palps*, which could reflect differing functions between the three organs.

The opposite pattern is observed in Obp57, which is expressed at higher levels in
female An. quadriannulatus than both An. coluzzii females and males of both species. As
with Obp26, it shows evidence of both female bias and species bias. However, unlike
Obp26, it is expressed at very high levels (>1,000 CPM) in all mosquitoes analyzed. The
biological function of Obp57 is also unknown. However, it shows evidence of increased
expression in mosquitoes which are exposed to agricultural pesticides?'®. While it may
be involved in some aspect of biology specific to female An. quadriannulatus, it also
appears to be important for both conspecific males and both sexes of its anthropophilic
sister species. However, like Obp26, its expression patterns are different in other organs:
it is An. coluzzii-biased in female maxillary palps, and not significantly DE in male
maxillary palps or the antennae of either species*® 8,

Previous work in An. gambiae has shown that Obps have complex co-expression
patterns, and act not simply as transporters, but play more complicated roles in odorant

220 35 are the

detection®®®. Their ligand-binding abilities are broad and overlapping
antennal sensilla where many of them are highly expressed*®, and as such it has been

proposed that any individual Obp may play a role in the recognition of multiple
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chemicals, as well as that multiple Obps may interact in order to recognize any particular
chemical?'®. Given this complexity, as well as the conflicting patterns in different
organs, it is possible that Obp26 and Obp57 play multiple roles, bind to multiple
chemicals, and/or interact with each other and/or other Obps to facilitate either odorant
or tastant recognition in the anopheline labella, and that these roles may be different in
different organs. Obps have been studied extensively in vitro, particularly in Drosophila,
but their roles in vivo are still largely unknown and may not necessarily correlate with in
vitro manipulations®. As such, further study on these Obps is warranted.

While Obp26 and Obp57 are the only genes in this study which show conclusive
patterns of both female-biased and species-biased expression, four other genes are
significantly DE between females, but not males: Gr31, Ir41a, Obp25 (all An. coluzzii-
biased), and Or29 (An. quadriannulatus-biased). Gr31 has no known ligand or orthologs
beyond Anopheles. By contrast, Ir41a is known to elicit amine and imine compound
responses, is responsive to a wide range of odorants, and is particularly responsive to
pyrrolidine and 2-methyl-2-thiazoline’. In addition, the co-receptors Ir25a and Ir76b,
which are both highly expressed in the labella of all groups, are obligatory for Ir4la
responsiveness’®. Furthermore, its homolog in Drosophila melanogaster is necessary to
elicit cadaverine and putrescine attraction. Since these chemicals are unlikely to be
involved in vertebrate host preference, Ir4la could be involved in assessing plant host
quality.

Obp25 has no known ligand, but is up-regulated following mating in female An.

gambiae s.s., although not in An. coluzzii, and may play a role in promoting assortative
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mating in mixed-species swarms??*, Like Obp26, Obp25 is up-regulated during
scotophase®®*. Finally, Or29 is activated by linalool, which may be an odor cue for

nectar-seeking mosquitoes???

. These genes may either be DE in other comparisons (i.e.
female-biased intraspecifically as well or species-biased in males as well) but not
detected due to low power, or they may indeed only be DE in females.
2.4.3. Male and Species-Biased Genes

No genes in the four major chemosensory gene families show evidence of both
male and species bias. However, several genes show evidence of species bias in males,
but not females. Those genes include: Gr4, Gr21, Gr32, Gr48, Ir179, and Obp10. While
Obp10 is An. coluzzii-biased in males, the other five genes are all An. quadriannulatus-
biased. In addition, Or40 shows male bias in An. coluzzii and is lowly expressed in both
sexes of An. quadriannulatus. No ligand is known for Obp10, although its expression
has been characterized as irregular with respect to rhythms between RNA and protein
abundance when compared with other An. gambiae Obps'®. Or40 is expressed in larval

223 and is known to be activated by DEET??* (which was not known to be

An. gambiae
present in the lab during dissection). However, its Drosophila ortholog, DmOr83a, with
which it shares 26% DNA sequence similarity, is thought to be nonfunctional??. Despite
its 26-fold higher expression in male An. coluzzii than male An. quadriannulatus, this
difference is not significant (g = 0.116). Or40 expression is highly variable between

male An. coluzzii replicates, ranging from 0 CPM in two replicates to 84.3 CPM in

another, which likely explains these results. It is difficult to explain why it would be
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absent in some replicates, but extremely abundant in others, and as such biological
significance to this pattern is elusive.

Gr21 is a sugar receptor®®, while Grs 4, 32, and 48 have no known ligands.
Furthermore, none of these three Grs have known orthologs in either Drosophila or
Aedes aegypti. In addition, Gr32 is alternatively spliced, with two transcripts.
Unfortunately, our chosen sequencing method is unable to determine from which
transcript the enhancement in male An. quadriannulatus stems, although the Gr32-RA
transcript was expressed at slightly higher levels in male An. coluzzii in a previous
study®. In addition to being DE between males, Gr48 also shows evidence of positive
selection in An. quadriannulatus (Chapter 4). As with the genes discussed above, these
genes could either be male-biased but not detected as such, species-biased but not
detected as such, or simply DE in males but not other comparisons. There is precedent
for male-biased Grs in Drosophila, where Grs expressed in the tarsi perceive female
pheromones and stimulate or suppress courtship behavior®3#*. Ongoing work in our lab
on chemosensory gene expression in the tarsi may determine if Grs are male-biased in
Anopheles tarsi as well.

Finally, Ir179, like Or40, is highly variable between replicates: its expression
ranges from 0 CPM to 44.5 CPM. There is also some variation in female An.
guadriannulatus expression, but of a lesser degree, with the highest expression at 5.2
CPM. Ir179 expression is also highly variable in An. coluzzii. This gene was only

recently identified and has no known ligand or non-anopheline orthologs.
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2.4.4. Species-Biased Genes without Sex Bias

Eight chemosensory genes are significantly DE between species in both sexes.
Gr49, Ir7w, Or21, Obp51, and Obp54 show consistent An. coluzzii-biased expression;
while Ir7x, Obp48, and Obp50 show consistent An. quadriannulatus-biased expression.
Furthermore, while Obp26 and Obp57 show their most pronounced expression in
females, they are both also significantly DE in males of An. coluzzii and An.
quadriannulatus, respectively. None of these genes have known ligands, although their
equal expression between sexes suggests that they mediate species-specific but not sex-
specific behaviors. The perception of plant-derived chemicals is a likely role, as both
sexes feed on plant sugars.

Ir7w is the best understood of the An. coluzzii-biased genes, although its specific
ligand is unknown. The Ir7 clade (which includes both Ir7w and Ir7x) is also expressed
in the Drosophila and Aedes aegypti labella’™ 7%, as well as more broadly across
Insecta, where it also shows evidence of substantial gene duplication in parallel with
gustatory adaptation to new environments??%227, However, the Anopheles (Ag)Ir7 genes
only share between 10-15% DNA sequence homology with the DmIr7 genes. Gr49 has
no clear Drosophila ortholog but its Aedes aegypti ortholog, AaegGr43, shows male bias
in the labella and tarsi*>. In addition, Gr49 shows marginally significant (p = 0.075)
evidence of a selective sweep in An. gambiae s.s. (Chapter 4). Like several other Grs, it
is alternatively spliced with two transcripts, and while it is unclear which transcript is

behind the differential expression pattern, only Gr49-RA shows evidence of selection.
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The RA transcript was also more highly expressed than the RB transcript in a previous
study®.

Or21 has no known orthologs. Despite its An. coluzzii bias in the labella, it is An.
quadriannulatus-biased in female antennae®®, which suggests it may play different roles
in the two organs. Indeed, there is evidence in Drosophila that a single OR may bind
with multiple different ligands®®, which raises the possibility that Or21 responds to a
different chemical in An. quadriannulatus antennae than in An. coluzzii labella. Neither
Obp51 nor Obp54 have clear orthologs, but both genes show enhanced transcription
following exposure to agricultural pesticides, similarly to Obp572%,

Ir7x is part of the same Ir7 clade as Ir7w, so may play a parallel role in An.
quadriannulatus. Neither Obp48 nor Obp50 have known orthologs beyond Anopheles,
despite several studies on Obp4821°228.22° Opp48 is highly expressed in the antennae and
is down-regulated following a blood meal??®, so likely plays a role in host-seeking there,
although the expression pattern is not consistent with such a role in the labella. Obp50,
like Obps 51, 54, and 57, is enhanced in the presence of agricultural pesticides?®.

2.4.5. Sex-Biased Genes without Species Bias

Unlike in other organs like the antennae, there are no chemosensory genes that
show a sex-biased but not species-biased expression pattern in the labella. While both
Obp26 and Obp57 show clear evidence of female bias, and multiple genes show less
conclusive evidence of male bias, all of these genes also show species bias. However,

there is a clear pattern in both species that overall chemosensory gene expression is
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higher in female labella than in male. This likely stems from the female labellar role as a
blood-feeding organ or from volatile-driven host-seeking behavior.
2.4.6. Non-DE Highly Expressed Genes

In addition to those genes listed above which show evidence of differential
expression, | have also identified several genes which are highly expressed but not DE in
the labella. Among the Grs, the clear standout is the sugar receptor Gr17, which is the
most highly expressed in all four mosquito groups. Interestingly, despite its similarly
high expression in both sexes of both species, Gr17 shows evidence of a selective sweep
in An. coluzzii (Chapter 4), pointing to its biological importance. Its specific ligand is
unknown, but the perception of sugars in Drosophila is quite complex®’, and it is entirely
possible that Gr17 may play a combinatorial role in the perception of a variety of
different sugars. The other sugar receptors (Grs 14-21 and Gr25) are mostly expressed at
much lower levels, with only Grl14 and Gr21 detected >1 CPM. However, as mentioned
above, expression in multiple sugar receptors was much higher in Saveer et al. (2018)%°.
These Grs are classified as sugar receptors due to sequence homology with Aedes
aegypti candidate sugar receptors rather than from deorphanization studies in Anopheles,
so it is possible both that other Grs perceive sugars or that some of these Grs are not in
fact functional sugar receptors in Anopheles. It is also possible, although unlikely, that
sugar perception works differently in Anopheles than Drosophila. Gr33 is also relatively
highly expressed in males and females of both species, in contrast to its male-specific

expression in the antennae*’. Ongoing work generating a CRISPR-Cas9 Gr33 knockout
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strain of An. coluzzii may clarify the role of this gene in both male antennae and the
labella of both sexes.

The two most highly expressed Irs in both species and sexes are the co-receptors
Ir76b and Ir25a, which is expected. While Ir25a is more highly expressed in the Aedes
aegypti labellum®®, our results confirm that 1r76b is the more highly expressed co-
receptor in An. coluzzii labella®. The fact that the third co-receptor, Ir8a, was not
detected in any samples suggests that it plays no role in the labella. It was similarly
undetected by Saveer et al. in their study of the An. coluzzii labella®®, but was abundantly
detected in the antennae*®*’. Its Aedes aegypti ortholog is required for acid-sensing®, but
given that labellar neurons have robust responses to acids®, another co-receptor likely
mediates acid perception in Anopheles labella. In addition to the DE Ir7w and Ir7x, Ir7s
is also relatively highly expressed in both sexes of both species.

In both sexes of both species, Orco is by far the most highly-expressed Or, which
was also true of previous studies in both An. coluzzii and Aedes aegypti®>®. Thus, my
results concur with several previous studies that showed olfactory activity in the labella.
Apart from Or21, Or29, and Or40, all of which are DE, there are two other notable Ors
which are not DE: Or4 and Or5. Neither of these Ors has a known ligand or any clear
orthologs outside of Anopheles.

Lastly, there are three Obps which are abundantly expressed (>100 CPM) but not
significantly DE: Obp1, Obp7, and Obp13. Obpl has been characterized as an indole
mediator??®, and is the most highly expressed Obp in female An. coluzzii antennae,

where it shows an An. coluzzii bias*®. Indole is an oviposition attractant, and work in
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Culex quinquefasciatus has demonstrated the role of the proboscis in oviposition:
specifically, the labrum is required for the long-distance perception of the oviposition
attractant 4-ethylphenol, although neither the labrum nor the labella have a role in
detecting the close-range oviposition attractant skatole®*. Indole stimulates the antennae

of female An. gambiag?®

, and is detected by a conserved Or2/0r10 clade across

mosquitoes®*°. However, neither Or is detected >1 CPM in the labella, so it is unlikely

that the role of Obp1 in the labella is to mediate indole perception. Indeed, other work

has shown that Obp1 is co-expressed with other Obps, such as Obp4 in the antennae of

An. gambiae??*?3!, suggesting that it could play other important roles in the labella.
Obp7 shows An. coluzzii bias in the antennae*®, is not required for indole

228 and its protein abundance peaks during the dark cycle®®. Its relative

response
abundance in our data set stands in contrast to its apparent absence in the previous
characterization of labellar expression in An. coluzzii®. Its Drosophila ortholog,
DmObp69a, plays a role in cis-vaccenyl acetate (cVA) mediated mating behavior.
Specifically, its abundance is reduced by cVA in males and increased by cVA in
females. cVA makes males more aggressive and females more sexually receptive, so
DmObp69a mediates these behavioral changes by binding with cVAZ2. No cVA
equivalent is known in Anopheles, so the direct relevance of this orthologous
relationship is unclear, but the equivalent expression in males and females could support
a similar role in mating. However, it should be noted that all mosquitoes included in this

study were presumed to have already mated. RNA-Seq from unmated mosquito labella

might better elucidate the potential role of this Obp in anopheline mating. Obp13 shows
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a strong An. coluzzii bias in the female antennae®®, and like several other highly-
expressed Obps shows increased abundance after pesticide exposure?®. Despite its
extreme abundance in all of our samples, it was not detected by Saveer et al.*®®. Its Aedes
aegypti ortholog, AaegObp57, is also one of the most abundant Obps in the labella®®.
However, no ligands or non-mosquito orthologs are known.
2.4.7. Biological Role of the Labella

Two genes, Obp26 and Obp57, present the best evidence for a possible role of
the labella in female-specific and species-specific behaviors in the An. gambiae
complex. Given both the high expression levels and the differential expression patterns
of these two genes, they clearly play an important role in differentiating the behavior of
these two females. However, it cannot conclusively be determined whether they play a
role in host choice or in another female-specific behavior, such as oviposition or mate
recognition. If indeed they play a role in host choice, it is unclear which other genes they
would interact with to do so, given that no receptors show the same pattern in the labella.
As such, it is difficult to conclude that the labella are of great importance to vertebrate
host choice, though they may indeed play a lesser role. It is also possible that genes
responsive to vertebrate host odor are equally expressed in both sexes, but used to
different ends in males than in females.

Nonetheless, it is clear that the labella detect both long-range and contact
chemical cues. The high expression levels of known sugar receptors suggest that the
labella are important for the detection and/or evaluation of nectar sources, and the high

expression levels of other chemosensory receptors concord with anatomical and

75



electrophysiological observations to conclude that the labella respond to a variety of
other chemical cues as well. Indeed, previous work has shown that labellar neurons
respond to a variety of chemical cues that are present both in human sweat and
oviposition sites, bolstering the evidence that the labella play roles in both host-seeking
and oviposition®®.

At this point, the chemosensory gene expression patterns of An. coluzzii and An.
quadriannulatus have been extensively analyzed. However, with the advent of CRISPR-
Cas9 technologies in Anopheles'®18618 ‘it js now feasible to attempt a knock-out of the
genes identified in this study, which when combined with a bioassay such as a dual-port
olfactometer, could help to more conclusively elucidate their role in female host-choice,

if any, as well as other behaviors, such as oviposition, sugar-feeding, and mating.
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3. THE ROLE OF THE MAJOR CHEMOSENSORY ORGANS IN ACTIVATION OF

HOST-SEEKING AND HOST-DIFFERENTIATION IN ANOPHELES COLUZZII

3.1. Introduction

Many of the major mosquito vectors of human diseases like malaria and dengue
fever, have high vectorial capacities due to their anthropophilic tendencies. That is, these
mosquitoes strongly prefer to feed on a human host as opposed to other non-human
vertebrates. Although visual and thermal cues contribute to host-seeking and host
preference® 1012113122233 the mosquito’s chemosensory systems are critical to these
behaviors!/122129.130,132.134,223.234.235 ' Degpite significant study of the expression and
evolution of chemosensory genes in anthropophilic mosquitoes, relatively few studies
exist to determine conclusively which chemosensory organs facilitate vertebrate host
preference®1%,

Olfaction predominantly occurs in the mosquito antennae, along with the
maxillary palps and to a smaller extent in the proboscis, where Orco expression was
previously demonstrated and a recent study identified olfactory sensilla that are
responsive to several odorant blends®>191%4236 The maxillary palps are host to the
carbon dioxide receptors, which play an important role in host-seeking®-1%1%7_ The
proboscis is the main site of gustation, with the tarsi also playing a gustatory role®%3, In
addition to their roles in the detection of both volatile and contact chemical cues, the
chemosensory organs also play important non-chemosensory roles. The antennae are

involved in hygroreception!®1% and thermoreception®®’, while the maxillary palps are
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also involved in both thermosensation and mechanosensation®®. In addition, the
proboscis also plays a crucial role in thermosensation®®.

The focus of this study is the Anopheles (An.) gambiae complex, which contains
three of the dominant vectors of Plasmodium falciparum malaria in sub-Saharan Africa,
including An. coluzzii. An. coluzzii and its sister species An. gambiae s.s. are highly
anthropophilict’130.147:148.150,233.238 "\whjch contributes greatly to their vectorial capacity.
An. coluzzii and An. gambiae s.s. were originally considered two different forms (M and
S, respectively) of the same species, but were recently split into separate species®.
Another member of the An. gambiae complex, An. quadriannulatus, is zoophilic,
preferring to feed on cattle®1%147:14° While previous work has established that there are
significant differences in chemosensory gene expression in these sibling species*>4"23,
no one has yet assessed the role of chemosensory organs in the host-feeding decisions
made by the two species.

Previous work has demonstrated that the antennae are critical for activation of
host-seeking in both Aedes aegypti and the North American and European malaria
vectors An. quadrimaculatus and An. atroparvus*1%192103 ‘Fyrthermore, Mukwaya
(1976) showed that Aedes aegypti went from preferring a human arm over a live rat 72%
of the time when intact to only 58% of the time when antennectomized, indicating that
the antennae play a clear role in host preference in this species'®. While
antennectomized Aedes aegypti and An. quadrimaculatus show a clear reduction in
close-range host-seeking activity when presented with a human arm, An.

guadrimaculatus still exhibit probing behavior (i.e. they push their head towards the
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skin) when their maxillary palps and/or proboscis are removed, and even when their
antennae are removed!®. Roth proposed that the hind legs might play a thermosensory
role in the detection of host convection currents, which might have been sufficient to
initiate probing.

Work in Culex pipiens fatigans has also shown that palpectomized mosquitoes
are much less likely to leave a release chamber when exposed to either human hand odor
or CO2'%, although the maxillary palps can be removed without abolishing probing
behavior in both Aedes aegypti and An. quadrimaculatus®®%2, Finally, Maekawa et al.
(2011) demonstrated that the South Asian malaria vector An. stephensi is less responsive
to a murine host at close-range when the antennae, maxillary palps, or proboscis are
removed, with the proboscis causing the greatest reduction in host landings, which they
attributed to its thermosensory role'®. They also showed that while mosquitoes with
ablated antennae or maxillary palps could still respond to a hot plate serving as an
artificial host, those with ablated proboscis could not, which led them to consider the
proboscis as a “thermo-antenna” necessary to host-seeking behavior.

The antennae clearly play a critical role in host preference and host-seeking
activation, but other organs are sufficient to initiate probing. The maxillary palps are
well known as the site of CO- perception, but their importance for odor detection at
either close or long-range is less clear. Furthermore, the role of CO: is dependent on
mosquito host preference, and work comparing the generalist feeder Culex
quinquefasciatus with the anthropophilic Aedes aegypti and An. coluzzii has shown that

these mosquitoes are responsive to different concentrations of CO2°. Similarly, CO;
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increases in importance in the An. gambiae complex with increasing zoophily*8, so the
maxillary palps could potentially vary in importance with host preference if their major
role in host-seeking is CO2 perception. However, if they play a significant olfactory role
aside from CO, as expression and electrophysiology analyses suggest#¢:48:152159.240 they
could still be important in anthropophilic mosquitoes. As mosquitoes still probe with
these chemosensory organs removed, it is possible that they rely on contact chemicals
detected by the tarsi or on heat or other cues to initiate probing. While the role of the
proboscis in distance thermosensation and close-range host response has been
demonstrated?, as has its olfactory capabilities®, its behavioral role in olfaction has not
been clearly identified.

In this study, I sought to determine which of the major chemosensory organs of
An. coluzzii are necessary for initiating host-seeking and for responding to a vertebrate
host odor. My aim was also to determine which olfactory organs are necessary and/or
sufficient for human host preference. | removed the olfactory organs of female An.
coluzzii, which were provided with a choice between human and bovine odor in a dual-
port olfactometer. In addition, to assess the roles of these organs in closer-range host-
seeking and blood-feeding, | replicated older ablation probing experiments by removing
the same organs and giving the mosquitoes access to an artificial membrane blood

feeder.
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3.2. Methods
3.2.1. Host Choice Experiments
3.2.1.1. Mosquito Rearing

Mosquitoes for this study were drawn from a lab colony of An. coluzzii
(SUAZ2LA strain, originally collected from Suakoko, Liberia). Mosquitoes were reared in
an insectary at Texas A&M University (College Station, TX, USA). Colonies were
maintained at 28° C and 80% relative humidity (RH), with a light:dark photoperiod of 12
hours incorporating 30 minutes of low light at the beginning and end of the light cycle to
simulate dawn and dusk, respectively. Adult mosquitoes were maintained on a 10%
sucrose solution and blood-fed with defibrinated bovine blood using a membrane-
feeding system twice a week. Larvae were maintained at densities of approximately 60
per 2-liter container and fed finely-ground fish food (TetraMin, Blacksburg, VA, USA).
Pupae were collected and placed into cages at a density of approximately 150-400 pupae
per cage.

Cages were checked daily for newly emerged mosquitoes. To keep the age of
mosquitoes used in the behavioral studies consistent, non-eclosed pupae were transferred
to new cages. Mosquitoes were maintained in mixed-sex cages for five days prior to the
experiments, but were not blood-feed.
3.2.1.2. Pre-Experiment Mosquito Processing

Mosquitoes were knocked down one day before experiments at 4° C for ten
minutes, and kept cool while they were separated by sex. The females were then

separated into either the control group (manipulated, but not exposed to ablation), or one
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of the following experimental groups: antennae ablated, maxillary palps ablated, labella
ablated, hind leg ablated. In addition, one experimental group consisted of intact
mosquitoes that were not exposed to carbon dioxide during the host-choice experiment.
Antenna, maxillary palp, and leg ablation were conducted by pinching a sharp,
very fine-tipped pair of forceps as close to the base of the organ as possible. While it was
possible to remove nearly the entire antennae distal to the Johnston’s organ, the
maxillary palps were more challenging to remove in this fashion, so approximately 10%
of the most proximal portion remained attached (Figure 3.1). The labella were ablated
using a scalpel, with care taken to minimize removal of non-labellar proboscis tissue.
Mosquitoes were then transferred to an experimental release cage and provided a 10%

sucrose solution under insectary conditions.

Figure 3.1 — Typical examples of ablated mosquitoes: A) a mosquito with ablated antennae, with
Johnston’s organs visible and a small piece of most proximal antennal segment attached; B) a
mosquito with ablated maxillary palps with approximately 10% still attached; C) a mosquito with
ablated labella.

Eight hours prior to the experiment, the sucrose solution was replaced by distilled

water, and mosquitoes were transferred to the behavior room, also maintained at 28° C
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and 80% RH. Two hours prior to the experiment and concurrent with the light:dark
schedule in the insectary, the room was transitioned to low, diffuse light of
approximately 2.5 lux.

3.2.1.3. Odor Sources

Human odor was obtained from a male volunteer, who wore a pair of cotton
socks for a period of 48 hours. Bovine odor was obtained by tying a pair of nylon
pantyhose around a cow’s hind leg for a period of 24 hours. Cows were located at the
Texas A&M Veterinary Medical Research Park in College Station, Texas, USA.

Both human and bovine odor samples were stored in plastic sandwich bags at -
20° C immediately following collection. 30 minutes prior to the start of experiments, the
odor samples were placed in a 37° incubator in an attempt to replicate vertebrate body
temperature and stimulate odor development.
3.2.1.4. Olfactometer Design

Experiments took place in a Plexiglass olfactometer with dimensions 185 cm
long X 78 cm wide X 75 cm tall (Figure 3.2), modeled after Braks and Takken (1999)
and Knols et al. (1994)*3241 While five of the six sides of the olfactometer were solid
Plexiglass, the sixth was mostly comprised of mesh, in order to allow odors to dissipate
and create a natural gradient. A release cage was attached to an 8 cm diameter entrance
port located in the center of the mesh wall of the olfactometer.

On the opposite wall, two odor ports of diameter 3 cm were attached at a distance
of 18 cm from the side and 34 cm from each other. Each odor port contained either a

human or bovine odor sample, which were alternated every night experiments occurred.
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Warmed (approximately 37° C), humidified air was pumped through each odor port at a
rate of approximately 0.4 m/s and 5% carbon dioxide was pumped through a separate

tube roughly equidistant from both odor ports at the same approximate rate.

Figure 3.2 — Dual-Port Olfactometer. Release cage is on left, while odor ports are on right.

3.2.1.5. Experimental Protocol

While a set of control mosquitoes was run through the olfactometer every night,
the order of each night’s trials was randomized. A maximum of six trials were conducted
each night. Once the odor samples were installed and the carbon dioxide was running,

the release cage door was opened and the experimenter left the room for a period of 20
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minutes. At the conclusion of the 20 minute trial, the release cage door was closed and
sealed with tape. Odor ports were checked for responding mosquitoes and sealed with
tape. Visibly dead mosquitoes in the release cage were counted at this stage to facilitate
accurate counts at a later stage. A vacuum was used to clear the olfactometer of
mosquitoes between trials. Mosquitoes in the release and odor port collection cages were
knocked down between -4 and -20° C, then counted. Mosquitoes were examined during
the counting phase to verify their experimental group (i.e. which organs, if any, had been
ablated).
3.2.1.6. Data Processing

The following information was recorded for each trial: the total number of
starting mosquitoes, the total number of dead mosquitoes at time of experiment run, the
total number of mosquitoes in each odor port, and the total number of mosquitoes
remaining in the release cage post-run. Dead mosquitoes in the release cage were
subtracted from the total. The remaining total was scored as follows: active, responsive,
or inactive. Inactive mosquitoes were those which were still in the release cage at the
end of the experiment: they were considered non-activated and non-responsive. Active
mosquitoes were those which left the release cage (including both those in the main
olfactometer chamber and those in an odor port), while responsive mosquitoes included
only those which ended the experiment in one of the odor ports. The proportions of
active, responsive, and non-activated/non-responsive mosquitoes were calculated for
each trial and averaged for each condition. Mortality was also calculated, and the

location of the human odor sample port was recorded for each experiment.
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3.2.1.7. Statistical Analysis

The data distribution was analyzed with the R?*? packages car®*® and MASS?*,
The data were found to best fit a negative binomial distribution, and therefore further
analysis was performed with the R package gImmTMB?*, The effect of experimental
condition on activation rate and response rate was analyzed by a generalized linear
mixed model with date as a random variable to account for variability in atmospheric
pressure, heat, humidity, and other abiotic factors. A model was also tested incorporating
port identity as a random variable, but the Akaike Information Criterion was lower for
the model incorporating only date as a random variable, thus indicating a better fit. A
Tukey post-hoc test was performed using the emmeans package?*. In addition, a chi-
square test of independence was performed to determine if there were differences in the
proportion of activated mosquitoes responding to host odor. This chi-square test was
followed by a Bonferroni-corrected posthoc test in rcompanion?* to determine which
pairs differed significantly. The same procedure was performed to compare mortality
among experimental groups. All experimental mosquitoes exclusively responded to
human host odor, therefore no statistical test for vertebrate host preference were
necessary.
3.2.2. Bloodfeeding Experiments
3.2.2.1. Experimental Protocol

Mosquito rearing and ablations were performed as above. No mosquitoes in the
bloodfeeding trials were exposed to carbon dioxide, and no labellar ablations were

performed, as this would prevent mosquitoes from blood-feeding. As with the
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olfactometer experiments, sucrose solution was replaced with distilled water eight hours
prior to the start of the experiment. Mosquitoes were maintained in the rearing insectary
under normal conditions. Approximately two hours into the dark cycle, mosquitoes were
given access to an artificial membrane feeder filled with approximately 2 mL of
defibrinated bovine blood for a duration of thirty minutes. At the end of the feeding
period, the number of dead mosquitoes in the cage was recorded and mosquitoes were
knocked down at -20° C scored into one of three categories (Figure 3.3): non-bloodfed
(i.e. non-engorged with no blood visible in the abdomen), bloodfed but not engorged
(i.e. blood was visible in the abdomen, but no abdominal distention was observed), or

engorged (i.e. blood was visible in the abdomen and the abdomen was clearly

distended).

Figure 3.3 — Examples of the three categories of mosquitoes recovered following bloodfeeding trials:
A) a non-bloodfed mosquito with translucent abdomen; B) a bloodfed but non-engorged mosquito
with a small amount of blood visible in the abdomen; C) an engorged mosquito.
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3.2.2.2. Statistical Analysis

A chi-square test of independence was performed to determine if mechanical
ablation of each organ had a significant impact on degree of bloodfeeding and
engorgement. This chi-square test was followed by a Bonferroni-corrected post-hoc test
in rcompanion?*’ to determine which pairwise comparisons differed significantly.
3.3. Results
3.3.1. Mortality Across Groups

Mortality for the long-range host-seeking experiments is recorded for each
experimental group (Table 3.1). The labella-ablated group had the highest mortality
(46%), while the no CO2 group had the lowest (3.31%). While the antennae-ablated
group had a significantly (p < 0.05) higher mortality rate than the intact, palp-ablated,
leg-ablated and no CO> groups prior to Bonferroni adjustment, none of these differences
were significant after adjustment (p > 0.05). The labella-ablated group had a

significantly (p < 0.01) higher mortality rate than all other experimental groups.

Table 3.1 — Mortality by Experimental Group in Olfactometer Experiments. Experimental groups in
the same statistical group do not differ significantly.

Experimental Total Starting Mortality Statistical Replicate
Group Alive Number Rate Group Runs

Intact 1,584 1,760 10% A 30
Antennae Ablated 360 475 24.21% A 8
Palps Ablated 418 454 7.93% A 8
Labella Ablated 351 650 46% B 10
Hind Leg Ablated 412 442 6.79% A 8
No CO, 467 483 3.31% A 8
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3.3.2. Odor Response
3.3.2.1. Activation of Host-Seeking

Intact mosquitoes were consistently activated at the highest rate (83.33%),
although there was considerable variance by experimental trial (50% - 96.67%), as is
typical of studies in a dual-port olfactometer (Table 3.2, Figure 3.4). Ablation of a hind
leg or the maxillary palps did not significantly reduce the activation rate (70.87%,
p=0.528 and 76.89%, p=0.957, respectively). In contrast, mosquitoes with antennae
ablated had a drastically reduced activation rate, with only 36.67% activated (p
<0.0001). Similarly, mosquitoes with labella ablated were also much less active, with
51.57% activated (p<0.0001). The absence of CO- also reduced activation rate, to

61.89% (p=0.019).

Table 3.2 — Activation Rate of Mosquitoes by Experimental Group. Experimental groups in the
same statistical group do not differ significantly.

Experimental Active Total Live Activation Statistical Replicate
Group Mosquitoes Mosquitoes Rate Group Runs

Intact 1,320 1,584 83.33% A 30

Antennae 132 360 36.67% B 8
Ablated

Palps Ablated 321 418 76.79% A C 8

Labella Ablated 181 351 51.57% B 10

Hind Leg 292 412 70.87% A C 8
Ablated

No CO, 289 467 61.89% C 8
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Mosquitoes with antennae ablated had activation rates significantly lower than all
but those with labella ablated, which had a similarly low activation rate and also had a
significantly lower activation rate than all other treatment groups. The activation rate of
mosquitoes with leg ablated, maxillary palps ablated, or with no exposure to CO> did not

differ significantly.

Activation of Host-Seeking
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Figure 3.4 — Proportion of mosquitoes activated to host-seek by condition. Error
bars represent standard error. Bars sharing the same letter do not differ
significantly (p > 0.05).
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3.3.2.2. Vertebrate Odor Response

Strong anthropophily was retained across responders of all experimental groups.
Whereas responsive control group mosquitoes chose human odor 97.27% of the time (a
chi-squared test determined that this differed significantly from a random choice — p <
0.001), all responsive mosquitoes in all experimental groups only chose human odor.
Therefore, responsiveness is analyzed solely as a binary condition.

Among all live intact mosquitoes the overall response rate was 23.1% (Table 3.3,
Figure 3.5). In most experimental groups, the response rate was significantly lower, with
ablation of the antennae reducing the response rate to 0%. Ablation of the maxillary
palps and labella significantly reduced the response rate (6.7%, p=0.0001 and 9.12%,
p=0.002, respectively), as did the removal of CO> (3.21%, p=0.0001). Leg ablation did
not did significantly reduce the response rate (11.17%, p=0.162). However, when
comparing only non-intact mosquitoes, excluding those with antennae ablated, no

significant differences were found.

Table 3.3 — Response Rate of Mosquitoes by Experimental Group. Experimental groups in the same
statistical group do not differ significantly.

Experimental Responsive Total Live Response Statistical Replicate
Group Mosquitoes Mosquitoes Rate Group Runs
Intact 366 1,584 23.11% A 30
Antennae 0 0% - 8
Ablated 360
Palps Ablated 28 418 6.7% B 8
Labella Ablated 32 351 9.12% B 10
Hind Leg 46 412 11.17% A B 8
Ablated
No CO, 15 467 3.21% B 8
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Figure 3.5 — Proportion of mosquitoes responding to any host odor.
Error bars represent standard error. Bars sharing the same letter do

not differ significantly (p > 0.05).

Table 3.4 — Response Rate of Activated Mosquitoes by Experimental Group. Experimental groups

in the same statistical group do not differ significantly.

Experimental Responsive Non- Total Response | Statistical | Replicate
Group Mosquitoes Responsive Active Rate Group Runs
Mosquitoes | Mosquitoes
Intact 366 954 1,320 271.73% A 30
Antennae 0 132 132 0% - 8
Ablated
Palps Ablated 28 293 321 8.72% C,D 8
Labella 32 149 181 17.68% AB 10
Ablated
Hind Leg 46 246 292 15.75% B, C 8
Ablated
No CO, 15 274 289 5.19% D 8
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Figure 3.6 — Proportion of activated mosquitoes responding to any host
odor. Error bars represent standard deviations. Bars sharing the same
letter do not differ significantly (p > 0.05).

The proportion of responsive mosquitoes among activated mosquitoes was
analyzed next. A chi-square test of independence determined that the proportion varied
significantly by group (X2 (5,2) = 117.02, p (4 df) < 0.001). The response rate of
activated intact mosquitoes was 27.73% (Table 3.4, Figure 3.6). In most experimental
groups, this proportion was significantly reduced. As ablation of the antennae eliminated
host response, the response rate of these activated mosquitoes was 0. Ablation of the

maxillary palps and hind leg significantly reduced the response rate of activated
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mosquitoes (8.72%, p < 0.001 and 15.75%, p < 0.001, respectively), as did the removal
of CO2(5.19%, p < 0.001). Labella ablation reduced the response rate to 17.68%, which
was a significant difference (p=0.005) prior to Bonferroni correction, but no longer
significant (p=0.054) after the correction. When comparing only non-intact mosquitoes,
no significant differences were found between mosquitoes with a hind leg ablated and
either labella or maxillary palps ablated. However, there was a significant difference (p <
0.001) between the group with CO. removed and all other mosquitoes except those with
maxillary palps ablated, as well as between mosquitoes with maxillary palps ablated and
labella ablated (p = 0.047).
3.3.3. Bloodfeeding Assay

A total of 209 intact mosquitoes, 221 leg-ablated mosquitoes, 197 antenna-
ablated mosquitoes, and 197 maxillary palp-ablated mosquitoes were included in
experiments conducted across three nights. Counts of mosquitoes in the non-bloodfed,
bloodfed non-engorged, and bloodfed engorged are given in Table 3.5. A chi-square test
of independence determined that engorgement varied significantly (p < 0.001) between
groups. Intact mosquitoes were the most likely to be engorged (44.98%) and the least
likely not to feed (47.37%). By contrast, mosquitoes with antennae ablated were the least
likely to be engorged (8.12%) and the most likely not to feed (84.77%). Feeding patterns
vary highly significantly (X2 (4,3) = 73.3, p (6 df) < 0.001) between all groups, except
mosquitoes with a hind leg or maxillary palps ablated, which do not vary significantly (p

=1).
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Table 3.5 — Degree of Engorgement by Experimental Group. Experimental groups in the same
statistical group do not differ significantly.
Bloodfed,

Condition Non-Bloodfed Non- Bloodfed —TOt"?‘I Statistical
— Engorged Mosquitoes Group
Engorged
94 A
0, 0,
Intact 99 (47.37%) 16 (7.66%) (44.98%) 209
Antenna 167 (84.77%) 14 (7.11%) 16 (8.12%) 197 B
60 C
0, 0,
Leg 147 (74.62%) 14 (7.11%) (30.46%) 221
Maxillary 0 0 51
Palp 131 (66.5%) 15 (7.61%) (25.89%) 197 C

3.4. Discussion

This study clarifies the specific roles of the different olfactory organs in An.
coluzzii as they pertain to multiple facets of vertebrate host-seeking, both from a distance
in a dual-port olfactometer, and close-range attraction to and probing of an artificial
membrane feeder. The study does not explicitly determine which chemicals or senses are
most important for these behaviors, but in combination with previous studies, allows us
to assess the roles of particular sensory organs in their perception. Finally, the study
reinforces the high anthropophilic tendencies of An. coluzzii.
3.4.1. Vertebrate Host Preference

In this study, experimentally manipulated mosquitoes responded exclusively to
human host odor, and intact mosquitoes overwhelmingly did the same. These results
concur with those of previous studiest®%148150.182 tq reaffirm the highly anthropophilic
nature of An. coluzzii. In fact, the anthropophilic tendency was even higher in this study
than in previous ones. While the human and bovine odors appeared equally pungent to
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me, it is possible that the human odor was in fact stronger from the mosquitoes’
perspective. Another possibility for this especially strong anthropophily could be their
long history in laboratory culture, where for many generations they have been exposed
to human kairomones, but not bovine, which could have selected for a higher degree of
anthropophily in the cultured strain, particularly as human kairomones (from sweaty
socks or breath) are often used to promote bloodfeeding. As such, those mosquitoes that
are more likely to bloodfeed in the presence of human kairomones could be
overrepresented in subsequent generations.
3.4.2. Activation of Host-Seeking

The studies in the dual-port olfactometer allow us to determine the necessity of
the given chemosensory organs (or chemical cues) to activate host-seeking in the
presence of human and bovine volatiles, heat, and humidity during the early stages of the
dark cycle when anopheline host-seeking is most common. Organs and cues are
discussed individually, followed by a summation of the overall pattern.
3.4.2.1. Antennae

When compared to intact mosquitoes, fewer than half of the mosquitoes without
antennae entered the olfactometer, suggesting that while activation of host-seeking can
occur without this organ, it plays a critical role. Further evidence for this conclusion
comes from the fact that the mosquitoes without antennae were also significantly less
active than all other experimental groups, excluding those without labella, which were
similarly lowly activated but had by far the highest mortality. Like mosquitoes with

ablated labella, mosquitoes with ablated antennae had higher mortality than the other
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ablation and intact groups, but these differences were not significant after correcting for
multiple tests. As such, poor physiological condition (which is presumably correlated
with mortality rate) is not a sufficient explanation for the significant reduction in
activation rate observed in these mosquitoes, particularly as mosquitoes with maxillary
palps ablated, an injury of similar degree, were highly activated. Rather, the antennae
play a critical role in vertebrate host odor detection, as has been previously
demonstrated!0-102,

The critical role of the antennae in responding to host stimuli from a distance is
expected, given the density of chemosensory sensilla, expression of chemosensory
receptor genes and odorant binding proteins, and evidence of a role in detecting host heat
signatures and humidity as well as odor7:45-47:58,104.105,152,191,198.248 pravjgus studies on
antennectomized Aedes aegypti and the North American malaria vector An.
quadrimaculatus showed an inability to locate hosts at closer range'®®1%?, which is
consistent with my results. A study on the European malaria vector An. atroparvus also
showed a reduction in response to host odors with antennal ablation, as well as reduced
temperature sensitivity'%®, which could also account for the reduced activation of the An.
coluzzii mosquitoes in this study. While the proboscis plays a major role as a “thermo-
antenna” in An. stephensi, where mosquitoes with antennae ablated can still respond to a
hot plate'®, the heat in my olfactometer is much more diffuse, so it is conceivable that
the loss of the thermosensory abilities of the antennae in combination with the loss of
their olfactory abilities made it particularly difficult for these mosquitoes to localize the

“host”.
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Furthermore, in Orco mutant Aedes aegypti and Aedes albopictus, strong
attraction to vertebrate hosts is retained in the presence of CO2, although anthropophily
is lost?4%2%0, This result indicates that the elimination of olfactory receptors on the
antennae should not completely eliminate host responses, due to the presence of
ionotropic receptors not dependent on Orco, whose ligands are amines and carboxylic
acids and include various host kairomones?®. However, the loss of all chemoreceptors
on the antennae, including both olfactory and ionotropic, as well as the subset of
gustatory receptors expressed there, would likely have a much more profound impact.
3.4.2.2. Maxillary Palps

In contrast to mosquitoes with ablated antennae, mosquitoes with ablated
maxillary palps did not significantly differ in activation rate from intact mosquitoes. The
maxillary palps are best understood as the site of CO> perception, but they also express
other chemosensory receptors and odorant binding proteins, and are responsive to a
variety of vertebrate and plant volatiles*6:48:58:91.92,105.107,152,159,236,240.252 ' Tg |ack of
impact of maxillary palp ablation on host-seeking activation suggests two main
possibilities. The first possibility is that the functions of the maxillary palps are
sufficiently redundant with those of the antennae and proboscis that these organs are
sufficient to respond to host kairomones in their absence. The second possibility is that
the small amount of maxillary palp tissue left attached to the head (Figure 3.1) was
sufficient to perceive CO2 and/or other host kairomones and thereby activate host-
seeking. However, given that the vast majority of the maxillary palps were ablated, it is

highly unlikely that the function of this small piece would be as strong as in intact
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mosquitoes. While no trials were run on mosquitoes with palps ablated in the absence of
CO2 to establish the total abolition of CO2 perception, the trials run on intact mosquitoes
in its absence provide the best available comparison to determine whether CO-
perception is strictly necessary to activate host-seeking in An. coluzzii. If the dominant
role of the maxillary palps is indeed CO> detection, my results suggest that CO- is not in
fact a necessary activator in this species.
3.4.2.3. Carbon Dioxide

As expected, host-seeking activation was significantly reduced in the mosquitoes
which were not exposed to CO.. However, it is interesting to note that while mosquitoes
without access to CO2 were less activated than the intact mosquitoes with CO; present,
they were still more activated than those without antennae. CO> has been determined to
be a host-seeking activator in anophelines as well as the anthropophilic Aedes
aegyptit?13%; however, our data suggests that while its presence undoubtedly enhances
the activation of host-seeking at this range, it is not strictly necessary, and other host
odorants are sufficient to attract host-seeking An. coluzzii. A synergistic effect between
CO- and other host volatiles has been reported in Aedes aegypti, where mutants without
CO; receptors exhibited reduced but not abolished host-seeking behavior?®3, However, it
should be noted that while no additional CO> was added during these experiments and
had not been added to the room for at least 24 hours prior to the experiment, there may
have been residual CO> left over from the experimenter. In addition, the air flow in the

experimental room is intentionally poor to maintain consistent conditions and prevent
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mosquitoes from escaping, which may also have resulted in higher levels of ambient
CO- than those present outside the room.

Activation of host-seeking did not differ significantly between mosquitoes with
ablated maxillary palps and those who were not exposed to CO>, suggesting that at least
at this range, the other chemosensory organs are sufficient. These results also suggest
that CO- is not strictly necessary to activate host-seeking in An. coluzzii, which aligns
with previous studies showing that it is more important in the host seeking of zoophilic
species'®. While a functional role of the remaining attached segments of the maxillary
palps cannot be ruled out, the lack of a significant difference between mosquitoes with
ablated maxillary palps and those not exposed to CO> suggests that the reduction in
activation among the maxillary palp group most likely corresponds to a loss in CO>
perception. Even if the remaining maxillary palp pieces were functional, it is highly
likely that these mosquitoes perceived much less CO; than intact ones.
3.4.2.4. Labella

Like mosquitoes with ablated antennae, mosquitoes with ablated labella were
much less likely than intact mosquitoes or the other experimental groups to activate host-
seeking behavior. The poor condition of mosquitoes with ablated labella is unsurprising,
given their impeded sugar-feeding and hydration. Indeed, the mosquitoes with ablated
labella had nearly double the mortality rate of mosquitoes with ablated antennae, and
quadruple that of the other treatment groups. Consequently, it is quite likely that their
lowered activation rate stemmed largely from a poor physiological state rather than an

inability to detect the necessary host cues. Further evidence for this hypothesis comes
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from the relatively high response rates of the mosquitoes with ablated labella which were
activated.
3.4.2.5. Hind Leg

The activation rate of mosquitoes with a hind leg removed was not significantly
reduced from that of intact mosquitoes, indicating that injury effect alone was not
sufficient to inhibit host-seeking. There was also no significant difference between these
mosquitoes and those with ablated maxillary palps, which in combination with the
similarity to mosquitoes with no CO2 exposure, suggests that at least at this range, the
maxillary palps and CO- are both dispensable. Furthermore, the dramatic reduction in
activation rate when ablating the antennae combined with the consistent activation rates
among the other experimental groups (excluding those with ablated labella) points to the
primacy of the antennae. Specifically, the antennae are the most indispensable
chemosensory organ for the activation of host-seeking at the two-meter range, and are
sufficient to initiate host-seeking except where mosquitoes are severely
dehydrated/starved (i.e. those with ablated labella).
3.4.3. Vertebrate Host Odor Response

In addition to recognizing the presence of any host cues, the mosquitoes also
need to be able to distinguish between odors sufficiently to make a choice between the
human or bovine odor port. While recognizing generic mammalian volatiles and
distinguishing between human and bovine odors are undoubtedly related abilities, the
impact of each modification was not necessarily identical on both abilities. That is, host-

seeking mosquitoes may have been able to detect mammalian cues, but not determine if
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they were an acceptable concentration; alternatively, they may have been able to detect
some human or bovine kairomones but not the full suite.
3.4.3.1. Antennae

As zero mosquitoes with ablated antennae responded to any odor, despite 37% of
them entering the olfactometer, it is clear that the antennae play an indispensable role in
the response behavior as well as their critical role in activation. There are four possible
explanations for why some mosquitoes with ablated antennae were activated but not
responsive: either they were able to detect some host odors but not enough of the other
host odors to locate the odor ports, they lacked sufficient olfactory signals to make a
decision between the two odors, other organs may be sufficient to activate host-seeking
but not to respond to a host odor without input from the receptors on the antennae
(which would make sense in the context of thermal attraction driven by the proboscis but
lacking sufficient olfactory cues to actually respond), or activation could be somewhat
random and not entirely driven by chemosensation. Experiments run in the absence of
any host cues could determine the extent to which chemotaxis drives olfactometer entry.

Injury effect alone is not sufficient to explain this discrepancy, as all the other
modified mosquitoes, including those with ablated labella, were still able to enter the
human odor port. Video tracking of the mosquitoes in the olfactometer might clarify the
process of odor evaluation and point to the specific role of the antennae.
3.4.3.2. Maxillary Palps

Although mosquitoes with ablated maxillary palps did not differ significantly

from intact mosquitoes in activation rates, they were much less likely to respond to a

102



host odor, both when looking at total numbers and when looking exclusively at active
mosquitoes. However, given that their response rates did not significantly differ from
that of leg-ablated mosquitoes in either case, it is impossible to rule out injury effect as
an explanation for this reduction. Similarly, their response rate did not significantly
differ from that of the mosquitoes that were not exposed to CO>, so | was unable to
determine a role of the maxillary palps in host-seeking behavior. However, several
studies have demonstrated that the maxillary palps express a variety of chemosensory
genes and respond to a variety of different plant and vertebrate volatiles, as well as that
they play mechanosensory and thermosensory roles?6:58.91.152.159240 Thjg djscrepancy
could indicate that the maxillary palps play a complementary role to the antennae rather
than an independent one. Alternatively, they may matter more for assessment of host
quality once contact has been made rather than at a distance, though their known
sensitivity to volatile odors would seem to suggest the latter. It is also possible that their
loss would have a more significant effect if the ablated mosquitoes were exposed to real
hosts rather than merely heated and humidified host odors.
3.4.3.3. Carbon Dioxide

As mentioned, mosquitoes without CO2 exposure were significantly less likely
than intact mosquitoes to respond to human host odor. While this reduction in odor
response was not significantly different from any of the other experimental groups when
comparing all live mosquitoes, it was significant when comparing only the response
rates of activated mosquitoes, indicating a potential role for CO> between activation of

host-seeking and landing on a host. As mentioned above, the response rate of mosquitoes
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without CO» exposure did not differ significantly from that of mosquitoes with ablated
palps when comparing both all live mosquitoes and only activated mosquitoes. In
addition, activated mosquitoes without CO> exposure were significantly less likely than
those with ablated labella or an ablated hind leg to respond to host odor. This difference
is likely due to the synergism between CO- and other host kairomones?®,
3.4.3.4. Labella

In sharp contrast to their significantly lowered activation rate, the response rate
of mosquitoes with ablated labella did not significantly differ from any experimental
group other than the completely non-responsive mosquitoes with ablated antennae. This
result suggests that the removal of the labella did not have any more significant effect
than a generic injury effect. Further evidence for this hypothesis comes from the
response rates of only activated mosquitoes, wherein the mosquitoes with ablated labella
did not differ significantly from the intact mosquitoes, or those with an ablated hind leg.

While my data suggest that many of them may have been in too poor a
physiological state to enter the olfactometer, those that did were generally as capable of
responding to human host odor as other mosquitoes. Therefore, while there is clearly a
variety of chemosensory activity localized in the labella (Chapter 2), this organ does not
appear necessary for odor-mediated host localization. The study that established the
proboscis as a “thermo-antenna” focused on the entire proboscis?, so it is possible that

the rest of the organ was sufficient to maintain thermotaxis while the antennae were

sufficient to maintain chemotaxis. Similarly, the role of the proboscis in oviposition and
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bloodfeeding appears to reside in the labrum rather than in the labella®. As such, the
behavioral importance of labellar olfactory abilities remains elusive.
3.4.3.5. Hind Leg

When comparing the total number of responsive mosquitoes, there was no
significant reduction in response rates from intact mosquitoes for mosquitoes with a hind
leg removed. However, when comparing the proportion of activated mosquitoes that
responded to host odor, there was a significant reduction. Nonetheless, this reduction
was relatively small compared to the mosquitoes with ablated palps and antennae (who
did not respond at all). As such, there is likely an injury effect which interferes with
host-seeking in activated mosquitoes. However, it is difficult to explain why this effect
was not observed in mosquitoes with ablated labella, although the sample size in that
case was much smaller (292 vs. 181 activated mosquitoes, respectively). One possibility
could be the potential thermosensory role of the hind legs proposed by Roth (1951),
However, there was no significant difference in the ability of An. stephensi with ablated
hind legs to bloodfeed on an anesthetized mouse host'?, so if such a role exists it is likely
minimal. Regardless, while it appears likely that a reduction in odor and heat perception
occurred in the mosquitoes with maxillary palps ablated, it is impossible to completely
rule out injury effect as an explanation for their reduced odor response, just as it was
impossible to completely rule out for their reduced activation rates.
3.4.4. Bloodfeeding

While the olfactometer studies approximate host-seeking from a distance, the

blood-feeding studies examine the ability of modified mosquitoes to detect some host
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cues from close range, as well as their proclivity to feed when injured. The artificial
membrane feeder lacks host kairomones, but instead relies primarily on heat, although
the mosquitoes may also be able to detect some chemical cues from the blood itself or
increased humidity associated with liquid food.

In this study, all modified mosquitoes were significantly less likely than intact
mosquitoes to blood-feed, and mosquitoes with their antennae ablated were the least
likely to blood-feed. The antennae have been established as a major site of both
thermoreception and hygroreception?®102-104124 ' Ag sych, the dramatic reduction in
blood-feeding in mosquitoes with ablated antennae likely stems in large part from a
severely reduced ability to detect the heat and the humidity that would normally drive
them to feed. However, mosquitoes with a hind leg removed also fed significantly less
than intact mosquitoes, as did those with maxillary palps ablated. Therefore, an injury
effect likely also played a role in reducing feeding behavior. An. stephensi with hind legs
ablated did not feed less on an anesthetized mouse than intact An. stephensi'?, so it is
possible that this injury effect would have been less apparent on a host rather than the
artificial membrane feeder.

Nonetheless, a previous study on Aedes aegypti and An. quadrimaculatus
established that mosquitoes with ablated antennae, maxillary palps, and even proboscis,
still probed a host, even if they were physically unable to feed*%°. While
antennectomized Aedes aegypti in that study only fed if they were physically placed
upon a human hand and generally failed to respond to a heated thermos,

antennectomized An. quadrimaculatus readily probed a hand, heated thermos, or even a

106



warm current of air'®. However, a major difference between Roth’s study and my own
is the presence of the experimenter, meaning that human odor cues were present at all
times, which likely acted synergistically with thermal cues to induce probing. Lacking
those cues, the An. coluzzii in this study were much less likely to blood-feed without
antennae. Nonetheless, it is possible that probing still occurred even though feeding did
not, as the trials were not captured on video.

As the mosquitoes with ablated maxillary palps did not significantly differ from
those with a hind leg removed, | conclude that the maxillary palps are not necessary to
induce this behavior. That is, the reduction in blood-feeding among mosquitoes with
ablated maxillary palps most likely stemmed from injury rather than an inability to
locate the membrane feeder. This result is consistent with a previous study on Aedes
aegypti, which showed that the amputation of the maxillary palps did not significantly
reduce attraction to either a hand or a warm flask'%2. However, in An. stephensi,
mosquitoes with ablated palps were also significantly less likely than intact mosquitoes
to feed on an anesthetized mouse'?, so it is possible that the reduction in feeding among
the An. coluzzii with maxillary palps ablated could have a basis beyond injury effects.
3.5. Conclusion

Other studies have addressed the question of which organs lead mosquito host-
seeking!:100.102106 ' and their role in host preference has also been addressed®*, but these
studies have largely occurred at close range, with a limited number of host cues
presented to the mosquitoes, and/or with live hosts where it is difficult to dissociate the

roles of chemical, thermal, and visual cues. In addition, studies have focused either on
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Aedes aegypti or less anthropophilic anophelines. Aedes aegypti and An. coluzzii are not
closely related, have very different life histories and daily habits, and the maxillary palps
of culicines and anophelines are different shapes and sizes from one another. As such, it
does not necessarily follow that the anatomy underlying host-seeking and host
preference in Aedes aegypti will match that in Anopheles.

While An. atroparvus, An. quadrimaculatus and An. stephensi are all competent
malaria vectors which readily feed on humans, all are much more zoophilic than An.
coluzziit*?223, Given that CO; is known to play a larger role in the host-seeking of
zoophilic members of the An. gambiae complex than the anthropophilic species®®, and
that anthropophilic mosquitoes may be more sensitive to specific human kairomones
rather than generic mammalian cues, the organs which host the receptors for these
chemicals may matter more in one species than the other. As such, this is the first study
to assess the anatomy underlying host-seeking in a highly anthropophilic anopheline.

Unfortunately, the anatomy controlling vertebrate host preference is still
unidentified, and the exact host-seeking functions of the maxillary palps and labella are
unclear. Nonetheless, | have determined the impact of ablating the major chemosensory
organs most likely involved with host-seeking in some way on the host-seeking process.
Specifically, I looked at the impact of these ablations on activation of host-seeking and
response to a host odor after initiation of host-seeking. Furthermore, | analyzed the
importance of the antennae and maxillary palps in bloodfeeding.

The antennae are critical for activation of host-seeking, response to a vertebrate

host odor, as well as feeding on an artificial membrane feeder in the African malaria
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vector An. coluzzii. They are likely indispensable for these behaviors due to their
dominant roles in olfaction, thermosensation, and hygroreception. While the other
mosquito sensory organs, the maxillary palps and labella, also are known to play roles in
all three senses’®>**® they do not seem to be able to compensate for the loss of the
antennae, indicating that they likely play complementary, synergistic, and/or redundant
roles with the antennae to locate host odor. However, it is also possible that their sensory
roles are more important in other behavioral arenas, such as mating or oviposition, where
the labrum of the proboscis has been shown to be critically important®*,

While this study allows us to draw some conclusions about the relative
importance of the different An. coluzzii olfactory organs to host-seeking and blood-
feeding behavior, additional studies would further clarify their role. Most obviously, in
this study, only intact mosquitoes were deprived of CO. Similarly depriving the other
experimental groups of CO. would help clarify the precise roles of these organs by
decoupling them from this best-known host volatile, as well as the inherent necessity of
this chemical cue in combination with other host kairomones.

In addition, while these results indicate the importance of these organs in terms
of general activation and responsiveness, | was not able to answer the question of which
organs contribute to host preference, since the mosquitoes have the third choice of not
responding at all, instead of choosing one or the other host odor, as occurred with all of
the activated mosquitoes with ablated antennae.

While our dual-port olfactometer provides a closer proxy for the actual host-

seeking environment, a simpler Y-tube assay could better elucidate the mechanisms of
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host-preference by forcing the mosquitoes to make a choice. Lastly, while many cues are
provided to mimic a host, a similar study with the actual vertebrate hosts would provide

the full set of cues, and thereby better indicate the importance of each organ.
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4. MOLECULAR EVOLUTION OF GUSTATORY RECEPTOR GENES IN THE
ANOPHELES GAMBIAE COMPLEX

4.1. Introduction

Mosquitoes in the Anopheles (An.) gambiae complex are the major vectors of
malaria in sub-Saharan Africa, and consequently are responsible for the deaths of
hundreds of thousands of children every year. One reason for this high mortality is that
two species in this complex (An. coluzzii and An. gambiae s.s.) are highly anthropophilic
and feed almost exclusively on human hosts. As such, understanding the genetic basis of
human host preference is critically important to the possible development of transgenic
mosquitoes. The chemosensory genes are a promising candidate for elucidating this
basis, as there is clear evidence that the organs where they are highly expressed control
host preference. Furthermore, there is significant species and sex-biased gene expression
in these gene families, with some of these genes known to detect human kairomones.
4.1.1. Insect Chemosensory Genes

Insects have four major chemosensory gene families: the gustatory receptors
(Grs), ionotropic receptors (Irs), odorant binding proteins (Obps), and olfactory
receptors (Ors). Several other gene families also play minor roles in insect
chemosensation, including chemosensory proteins (Csps), sensory neuron membrane
proteins (SNMPs), Pickpockets, TRP channels, opsins, and CheA/CheBs. Grs and Ors
have an inverted topology from that of G-protein coupled receptors, which form the
basis of vertebrate chemosensory systems®®8, ORs are heterodimers comprised of the

obligate olfactory co-receptor (ORCO) and one specific OR®8, while both GRs and IRs
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can be multimeric. There are three IR co-receptors which may be expressed with up to
two other IRs, and sometimes GRs’""2, By contrast, GRs do not typically rely on co-
receptors but are co-expressed with multiple other GRs*®. Gustatory sensilla usually
contain three or four taste neurons, although some contain only two®>%°, A single
gustatory receptor neuron may contain between two and five co-expressed GRs’?.
Finally, OBPs are thought to act as binding proteins carrying hydrophobic odorant
molecules across the sensillar lymph?#, although recent work has challenged their
widespread necessity in mediating olfactory responses®.

While Ors and Obps are restricted to hexapods, Irs are present throughout
Protostomia, and Grs are even more ancient, present in such basal animals as
placozoans, though they are absent from ctenophores, sponges, and
choanoflagellates”>®!. The Grs are the basal member of a larger insect chemosensory
receptor superfamily that also includes the Ors, which are derived from within the
Grs"®, While Irs are largely conserved across insect orders’®’’, Grs and Ors are
characterized by large numbers of lineage-specific expansions throughout
Arthropoda’®28, The Gr repertoire tends to be smallest in specialists and largest in
generalists?>®, with extremes exemplified by the human body louse, Pediculus humanus,
with only six Grs?8, and the German cockroach, Blattella germanica, with 4317,

Gr repertoires can also vary substantially within orders and even genera. Within
the Brachycera suborder of flies, Gr repertoires vary widely, from 14 in the obligate
bloodfeeder, Glossina morsitans?*®?>° to 76 in the generalist, Musca domestica?®°.

Examples of pseudogenizations and expansions abound in Drosophila (reviewed in
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Robertson (2019)?%° and discussed in greater detail below), while the Gr repertoires of
two hematophagous fly genera, Glossina and Anopheles are much more stable!2%8,
4.1.2. Function and Evolution of Gustatory Receptors

Grs encode receptors which mediate perception of a wide variety of chemical
cues. These receptors are found on sensilla with a single distal pore, which facilitates the
perception of concentrated tastants rather than airborne volatile chemicals?!. However,
three Grs(AgGrs22-24) together encode the carbon dioxide receptor in mosquitoes®?,
allowing them to perceive a volatile cue that plays a critical function to varying degrees
in different mosquito genera and species'*®!, The Gr COz receptors are highly
conserved in Drosophila, Aedes, Anopheles, Culex, Bombyx, and Tribolium, but appear
absent from Hymenoptera, Phthiraptera, Hemiptera, Daphnia, and Ixodes, despite the
role of CO; in Ixodes questing behavior??,

Other Grs respond to sugars, salts, pheromones, and bitter compounds in
complex ways, with different combinations of Grs eliciting specific responses to
particular concentrations of chemicals, and sometimes inhibiting one another®38+-°°,

Grs are mostly expressed in the well-known taste organs of the labellum and
tarsi, as well as the wings of Drosophila?®®. However, there is also evidence of Grs
playing important roles in the brain, such as DmGr43a, which acts as an internal fructose
receptor dictating feeding behavior®2#’. Grs, including both CO, and sugar receptors, are
also expressed in olfactory neurons®”-92264265 and other Grs are expressed in the
digestive tract®>2%® and non-chemosensory neurons?®’, in which they can fulfill non-

gustatory roles, such as avoidance of heat and light'°%2%,

113



Although many Grs have been deorphanized in Drosophila, the vast majority of
anopheline Grs have unknown ligands. The functional characterization of Grs has been
more difficult than for other receptors, due to the inability to heterologously express

them?68

. As such, while the carbon dioxide receptors and some sugar receptors have been
identified in Anopheles, the biological function of most anopheline Grs remains unclear.
The evolution of the insect chemosensory gene superfamily has been extensively
studied both broadly within the arthropods/insects as well as in great detail in some taxa.
The evolution of these genes both in insects and in chelicerates tends to follow a birth-
and-death model with numerous lineage-specific duplications, followed by
pseudogenization and eventual gene loss®>13, While Ors are derived from Grs, the
evolutionary dynamics of these two gene families are not identical: Grs have increased
replacement divergence (i.e. fixed amino acid changes between species) relative to Ors,
as well as lower neutrality indices (suggestive of positive selection, as discussed below),
which could stem from either stronger positive selection (the accumulation of fixed
amino acid changes) in Grs than Ors or from weaker purifying selection (the purging of
mutations causing amino acid changes) in Grs than Ors**?%°_ Grs likely underwent gene
duplications followed by subsequent differentiation during the process of speciation, and
exhibit minimal sequence similarities to one another both within and between
species™"°.
Positive selection potentially associated with host shifts leading to speciation has

been detected in the Grs in several other insect taxa. There is evidence of positive

selection (although relaxed purifying selection cannot be ruled out) in Grs of the
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specialist Drosophila sechellia, which may have facilitated its ecological shift'’. In
addition, McBride & Arguello (2007)* identified evidence of positive selection in the
Grs of five Drosophila species, two specialists and three generalists. In this study, they
also showed that the specialists D. sechellia and D. erecta are losing bitter receptor-
encoding Grs significantly faster than their generalist congeners*. There is also
evidence of positive selection acting in concert with differential gene expression in one
Gr and three Ors to facilitate both the multiple rapid specializations of D. mojavensis
and adaptation to multiple different hosts of D. arizonae, its sister species®’®. A similar
pattern is observed in the butterfly Heliconius melpomene, where female oviposition
behavior appears to drive both the expression and evolution of Grs, particularly those
which are differentially expressed on female forelegs?’.

In the pea aphid, Acyrthosiphon pisum, most Grs and Ors are the products of
rapid and recent duplications, and are not found in other lineages. Furthermore, many of
these recently duplicated genes have evolved under positive selection, perhaps
facilitating ecological adaptations?’2. In the nymphalid butterfly Vanessa cardui,
frequent Gr duplications occurred in the transition from a specialist to a generalist
lifestyle?”,

The plasticity of Grs in responding to environmental change is embodied by an
adaptive change, thought to be caused by one or more mutations, in a population of
German cockroaches, Blattella germanica, which has caused them to be glucose-averse
and thus avoid bait stations. Specifically, a bitter gustatory neuron has become modified

such that it will accept glucose rather than its original ligand?".
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Further evidence for the role of Grs in modulating species-specific behaviors
comes from a study on DmGr64e, which showed that flies from eight different
Drosophila species with functional copies of the gene are highly responsive to glycerol,
while D. pseudoobscura and D. persimilis, which have pseudogenized copies, are much
less responsive to glycerol®”®. Another example is found in the butterfly Papilio xuthus,
which relies on PxutGrl to detect synephrine, an oviposition stimulant found in its
limited range of host plants?’®. While these examples are atypical in the sense that Grs
generally co-express with multiple other Grs to perceive and respond to tastants, they
nonetheless show that divergent behaviors can be determined by changes in Gr
sequence.

However, positive selection on the whole is thought to play a relatively minor
role in the evolution of Grs, with strong purifying selection acting as the dominant
evolutionary force in Drosophila®*®2. When Gardiner et al. (2009)?%° applied a more
stringent model to the chemosensory genes of 12 Drosophila species, they identified
only six significantly diversifying genes (four Ors and two Grs). Furthermore, most
diversification, particularly in the Grs, appears to be due to relaxed purifying selection,
rather than positive selection?®. Purifying selection also played a major role in the
evolution of Grs and Ors in Lepidoptera, although there are also some genes under
positive selection, which in combination with gene family expansion, especially in bitter
receptors?’’, could have facilitated adaptive radiation in response to that of

angiosperms*?,
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In addition, selection on chemosensory gene expression may be responsible for
altering the sensitivity to certain odors, rather than changes in the protein structure
resulting in changes in ligand binding affinity?’®, Numerous chemosensory genes are
differentially expressed between the anthropophilic An. coluzzii and zoophilic An.
quadriannulatus®#', which could reflect either differential sensitivity to odors or
changes in ligand binding affinity due to protein structure changes.

There is also some evidence that changes in chemosensory genes influence
mosquito host preference. Previous work in Aedes aegypti has demonstrated that
differential expression as well as nucleotide substitutions in a single Or can influence
host preference between two closely related subspecies, the zoophilic Aedes aegypti
formosus and the highly anthropophilic Aedes aegypti aegypti*. Our lab also previously
performed QTL mapping and analyzed the molecular evolution of several Ors, Irs, and
Obps in the An. gambiae complex (discussed below)82,

4.1.3. Anopheles gambiae Complex

The An. gambiae complex consists of nine cryptic species with varying host
preferences and distributions: An. amharicus, An. arabiensis, An. bwambae, An. coluzzii,
An. fontenillei, An. gambiae sensu stricto, An. melas, An. merus, and An.
quadriannulatus!''4, Due to unavailable genomic data, An. amharicus, An. bwambae,
and An. fontenillei are excluded from this study.

An. coluzzii and An. gambiae s.s. are major malaria vectors due to their levels of
anthropophily!30147.148.150.278-281 5 strong preference to feed on a human host. An.

coluzzii is predominantly found in West Africa, while the distribution of An. gambiae
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s.s. is more widespread®®. They were formerly referred to as the M and S molecular
forms, respectively, of An. gambiae s.s., but have subsequently been split into two
separate species,

An. arabiensis is also a major malaria vector with anthropophilic tendencies but
exhibits more plasticity in host choice between humans and other large mammals than
either An. coluzzii or An. gambiae s.5.1618281.282 |ts range overlaps with that of An.
coluzzii and An. gambiae s.s., but it tends to prefer dryer habitats'®. An. arabiensis’s
wider host feeding behaviors have led to its use in multiple studies on the genetic basis
of human host preference. In particular, genes within inversions on chromosomes 2R
and 3R are associated with differences in vertebrate host preference?®®-2%, There is also
substantial introgression between An. arabiensis, An. coluzzii, and An. gambiae s.s

280287  as well as between An. merus and An. quadriannulatus®®

. This introgression is
primarily found in the autosomes, such that autosomal sequences from An. arabiensis
cluster with the An. coluzzii and An. gambiae s.s. clade, while X chromosome sequences
instead cluster with An. quadriannulatus?®. These autosomal regions are home to the
entire suite of Grs, as well as all of the QTL chemosensory genes that were previously
identified by our lab'®2, Selection maintains the 2La inversion in An. arabiensis?°2%,
and it is likely that the other genes which have introgressed into An. arabiensis are
adaptive for its shift to anthropophily?®.

An. melas and An. merus are both locally important malaria vectors breeding in

brackish coastal waters on the western and eastern coasts of Africa, respectively,

reflective of a greater salt tolerance than other species, as well as potentially different
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varieties of host plants reflective of this habitat. While both species are less
anthropophilic than An. coluzzii and An. gambiae s.s., they can occur in sufficient
abundance to cause significant malaria transmission**2°1-2%’_ Finally, An.
quadriannulatus is not considered a malaria vector, due to its propensity to feed
primarily on non-human animals, particularly cattle!®147298-300

Part of the biology underlying differential vertebrate host preference among the
species of the An. gambiae complex is a different level of responsiveness to mammalian
host cues, such as carbon dioxide, acetone, lactic acid, and 1-octen-3-ol. 1-octen-3-ol,
which is detected by AgOr8, works synergistically with carbon dioxide to attract both
An. gambiae s.s. and Aedes aegypti to human hosts, so much so that An. gambiae can be
made to respond to chicken odor if it is supplemented with a human-like concentration
of 1-octen-3-012%82%1, High concentrations of carbon dioxide and acetone fail to elicit
host-seeking in An. gambiae s.s.1%°, and CO; is also relatively unimportant in the host-
seeking behaviors of An. arabiensis!®*!, An. coluzzii and Aedes aegypti, which is also
highly anthropophilic, show relatively little activation of CO> receptors at relatively high
concentrations, indicating its secondary role to other vertebrate host volatiles in the host-
seeking process!*. CO;, plays a much larger role in the host-seeking behavior of An.
quadriannulatus, which shows a high degree of attraction to CO2 even in the absence of
other bovine volatiles'®.

Previous work has focused on differential expression of chemosensory genes in
the major mosquito sensory organs between the anthropophilic An. coluzzii and

zoophilic An. quadriannulatus*®#7, as well as the physical ablation of said organs'®®-
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103,106 I addition, our lab previously analyzed the evolution of some An. gambiae s.1.
Irs, Obps, and Ors. In this study, six host preference QTL were identified that explain
nearly half of the phenotypic variation between anthropophilic and non-zoophilic
mosquitoes. This study identified 19 Ors, 2 Irs, and 11 Obps within the QTL, five of
which also show evidence of positive selection. In addition, the CO; receptor Gr24 was
also identified in the QTL®.

In this study, I survey the molecular evolutionary patterns of the Grs in the An.
gambiae complex in the context of species-specific host-seeking behaviors. Most Grs in
the An. gambiae complex have unknown ligands, with the exception of the CO>
receptors listed above, the putative sugar receptors Grs 14-213%?, and the sugar receptor
Gr25°%, | am particularly interested in identifying Grs that diverged between the
anthropophilic An. coluzzii and An. gambiae s.s. clade and the zoophilic An.
quadriannulatus. Furthermore, | describe evidence of positive selection between other
lineages, as well as evidence of purifying selection and recovery from selective sweeps.
We focus especially on genes which are relatively highly expressed in the chemosensory
organs of An. coluzzii and An. quadriannulatus, for which the biological relevance of
these evolutionary patterns is most readily apparent.

4.2. Methods
4.2.1. Data

Whole genome sequences for six members of the An. gambiae complex (An.

arabiensis, An. coluzzii, An. gambiae s.s., An. melas, An. merus, and An.

quadriannulatus) from the 16 Genomes Project'**3% were downloaded from NCBI. No
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comparable data exist for the remaining constituent species of the complex, none of
which has been extensively studied. Genome data for a total of 96 An. arabiensis, 12 An.
coluzzii, 26 An. gambiae, 65 An. melas, 72 An. merus, and 72 An. quadriannulatus
individuals were used for analysis.

4.2.2. Variant Discovery Pipeline

Whole genome sequences were processed according to the GATK 4 Best
Practices Workflow for DNA Variant Discovery?!!. Reads were aligned to their
respective genomes in BWA3® except in the case of An. coluzzii, which was aligned to
the An. gambiae genome due to the low quality of the An. coluzzii genome and the very
close evolutionary relationship between the two species. All genomes were downloaded
from VectorBase3®,

Following mapping in BWA, Picard Tools (http://broadinstitute.github.io/picard)
was used to add read group information and mark duplicate reads. A bed file was created
to mark intervals corresponding to the genomic coordinates of the genes of interest,
which were determined by running a local BLAST search®®’ using the An. gambiae gene
sequences. In cases where more than one nonconsecutive match was recovered, regions
were prioritized by length, e-value, and bit score.

This interval file was used to restrict the use of HaplotypeCaller to only the genes
of interest, thereby increasing processing speed. Haplotype Caller was run using gVCF
mode in order to improve the accuracy of physical phasing where possible, and all
samples from a given species were processed together through the remaining steps.

Indels were excluded from further analysis, as were any reads not meeting the following
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quality standards: QD < 2.0 || FS >55.0 || MQ < 40.0 || MQRankSum < -12.5 ||
ReadPosRankSum < -8.0.

308 \was used to screen for low

A custom bash script incorporating bcftools
coverage sequences by counting the number of variants genotyped in the entire species
dataset, and then comparing individual sequences for the presence of those genotypes
(whether variant or non-variant). All individuals with an average of at least 50% of
variants successfully genotyped across all genes were used for McDonald-Kreitman
analysis, while sequences with missing genotypes were excluded from DH test analyses.
Bcftools was also used to extract two phased fasta sequences for each individual.
BEDTools*® was used to extract individual genes from each genome sequence. Two
data sets were generated using the masked gene data sets: one with full gene sequences
including introns and another including only coding sequence (CDS). In the case of
genes with multiple splice variants, multiple CDS data sets were generated.

4.2.3. Data Analysis

CDS data sets including all individuals were imported into DnaSP version
6.12.03%1°, which was then used to perform a McDonald-Kreitman test!! between each
pair of species to detect signs of positive selection. All sequences were used for this test,
as it relies solely on comparisons between polymorphic sites in coding sequences.
Different splice variants were treated as unique genes for this test, but not for any others
which do not rely on coding sequences only. Grs were considered to be undergoing

positive selection if a significant p-value was calculated in addition to a neutrality index

(N1I) < 1, whereas they were considered to be undergoing purifying selection if a
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significant p-value was combined with NI > 1. The NI is calculated by comparing the

ratios of amino acid changes to synonymous substitutions between two species and

pN
within each species. Specifically, it is calculated as NI = ps/i,\,, where dN refers to the
as

number of fixed replacement substitutions between species, dS refers to the number of
fixed synonymous substitutions between species, pN refers to the number of
polymorphic replacement substitutions within a species, and pS refers to the number of
polymorphic synonymous substitutions within a species. DnaSP was also used to
generate basic population parameters for each species by the use of a Fu and Li D test3'?,
from which only the population parameters and not the significance values were
considered.

Data sets including the full gene sequence were produced only if at least ten
sequences with known genotypes for each variant site existed in a given species. In cases
of alternatively spliced genes, the longest possible sequence was used for the DH suite of
tests. As a result of these more stringent criteria, these data sets were primarily produced
for An. coluzzii and An. gambiae s.s., which were sequenced at a higher depth of
coverage than the other species in this study. These data sets were exported in fasta
format with one outgroup sequence. Where possible, data sets were produced with An.
coluzzii and An. gambiae s.s. analyzed both as individual species and as a single clade.
These fasta files were loaded in the Readms module of DH (available from

), where the following tests were
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implemented with 10,000 coalescent simulations: D3!3, normalized H3'43% DH3', and
E315.

While all of these tests can detect directional selection, DH is unique in its
insensitivity to other population genetic forces, and is designed to detect evidence of
selective sweeps (illustrated in Figure 4.1). Tajima’s D can detect balancing or purifying
selection, but is also sensitive to changes in population size. Fay and Wu’s H is used
primarily to detect genetic hitchhiking, but is also sensitive to reductions in population
size and the presence of population structure. The E test identifies the recovery of
genetic diversity following its loss (e.g. following a selective sweep) and is robust to
population structure, but sensitive to both background selection (illustrated in Figure 4.1)
and increases in population size3'.

Finally, TCS haplotype networks were generated in POPART?3ZS,
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Figure 4.1 — Visual Representation of Selective Sweep/Genetic Hitchhiking and Background
Selection. A) a classic or hard sweep wherein a single advantageous mutation goes quickly to
fixation and brings linked neutral loci with it. B) a soft sweep wherein the advantageous allele is
linked to multiple neutral haplotypes. C) a soft sweep wherein the advantageous allele arises via two
separate mutations with different associated neutral haplotypes. D) an incomplete or partial sweep
where variation in linked neutral loci has reduced but fixation has not yet occurred. E) background
selection wherein both deleterious alleles and their linked neutral alleles are purged. Reproduced
from Booker et al., 20173'7 under the terms of a Creative Commons Attribution 4.0 International
License.

4.3. Results

Sequences were obtained for all species for AgGrs1-60 with the following
exceptions: a complete Gré sequence was not found in the An. arabiensis genome;
complete Gr2, Gr10, Gr44, Gr56, and Gr57 sequences were not found in the An. melas

genome; complete Gr44, Gr49, Gr53 and Gr57 sequences were not found in the An.
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merus genome. Gr5, Gr9, and Gr10 were not analyzed due to a low number of available
sequences and excessive premature stop codons.
4.3.1. Fixed Differences Between Species

No fixed differences were identified between An. coluzzii and An. gambiae in
any Gr (Table 4.1). Similarly, no fixed differences were found in most Grs between
either of these species and An. arabiensis (53 out of 75 for An. coluzzii, and 60 out of 75
for An. gambiae). Most Grs (between 64 and 71) have fixed differences between these
three species and An. quadriannulatus. Fixed differences are found at almost every locus

between every species pair that includes either An. melas or An. merus.

Table 4.1 — Total fixed differences (both synonymous and non-synonymous) identified between
species pairs across all Grs tested with the McDonald-Kreitman test

Species Grs with Fixed Grs without Fixed Percent Grs with Fixed
Pair Differences Differences Differences
arabiensis-coluzzii 22 53 29.3%
arabiensis-gambiae 15 60 20.0%
arabiensis-melas 62 0 100%
arabiensis-merus 66 1 98.5%
arabiensis- 71 4 94.7%
quadriannulatus
coluzzii-gambiae 0 76 0%
coluzzii-melas 63 0 100%
coluzzii-merus 67 1 98.5%
coluzzii- 64 12 84.2%
quadriannulatus
gambiae-melas 63 0 100%
gambiae-merus 67 1 98.5%
gambiae- 65 11 85.5%
quadriannulatus
melas-merus 60 0 100%
melas- 63 0 100%
quadriannulatus
Mmerus- 67 0 100%

quadriannulatus
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4.3.2. McDonald-Kreitman Test

With the exclusion of the missing Grs listed above, all Grs were analyzed using
the McDonald-Kreitman (MK) test between every species pair. It should be noted that
the multiple testing problem associated with the large number of MK tests performed in
my study precludes the conclusive identification of positive selection. While an adjusted
p-value produced by the Benjamini-Hochberg procedure is frequently used to reduce the
type | error rate, this procedure also substantially decreases power, to the point where no
genes were significant after this procedure in a previous study from the Slotman lab*®?,
As such, the Grs I identify with significant MK tests should be considered to be
potentially, but not conclusively, under the influence of selection.

When comparing the anthropophilic An. arabiensis and An. gambiae s.s. with the
zoophilic An. quadriannulatus, the majority of Grs have a NI < 1, suggesting the action
of positive selection. By contrast, when comparing the other highly anthropophilic
species, An. coluzzii, to An. quadriannulatus, the majority of Grs have a NI > 1,

suggesting the action of purifying selection (Figure 4.2A, Table 4.2).
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Table 4.2 — Prevalence of positive and purifying selection based on Neutrality Index between species

pairs.

Species Pair Grswith NI <1 | Grs with NI >1
arabiensis-coluzzii 10 3
arabiensis-gambiae 8 2

arabiensis-melas 22 36
arabiensis-merus 31 32
arabiensis-quadriannulatus 34 23
coluzzii-melas 33 29
coluzzii-merus 25 39
coluzzii-quadriannulatus 24 27
gambiae-melas 36 26
gambiae-merus 25 38
gambiae-quadriannulatus 28 23
melas-merus 12 45
melas-quadriannulatus 28 33
merus-quadriannulatus 30 35

As indicated in Table 4.1, there are few fixed differences between An. arabiensis
and either An. coluzzii or An. gambiae s.s. In both comparisons, the Grs with fixed
differences overwhelmingly show negative NIs consistent with positive selection (Table
4.2, Figure 4.2B).

When comparing An. melas and An. merus to each other, the vast majority of NI
values are consistent with purifying selection, whereas NIs are more evenly distributed
when comparing these species to the others (Figure 4.3), although in most cases the
majority of Grs have a NI > 1, suggestive of purifying selection. However, when
comparing both An. coluzzii and An. gambiae s.s. to An. melas, most Grs have a NI < 1,

suggestive of positive selection (Table 4.2).
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Figure 4.2 — Heat Map showing neutrality indices (NI) generated by McDonald-Kreitman
tests between A) the three major vector species and An. quadriannulatus and B) An.
arabiensis and An. coluzzii and An. gambiae s.s.. Grs with a NI < 1 are suggestive of

positive selection and are represented in yellow to red shades with increasing selection
strength. Grs with a NI > 1 are suggestive of purifying selection and are represented in
green to blue shades with increasing selection strength. Grs where NI could not be
computed are represented in grey.
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4.3.2.1. Positive Selection

| am primarily interested in genes showing evidence of positive selection
between the anthropophilic An. coluzzii and An. gambiae s.s. and the zoophilic An.
quadriannulatus. In one of the 76 Gr coding sequences included in the MK test, a
significant excess of fixed replacement substitutions was observed between these species
pairs: the sugar receptor Gr18 in the An. coluzzii — An. quadriannulatus comparison
(Figure 4.4). This excess is defined by a significant p-value (< 0.05) as well as a
neutrality index (NI) < 1. Four additional Grs showed marginally significant (0.05 < p <
0.07) excesses of fixed replacement substitutions: Gr21, Gr48, Gr50, and Gr60 (Table
4.3).

An. arabiensis is also of interest as a relatively anthropophilic close relative of
An. quadriannulatus with extensive signatures of introgression with An. coluzzii and An.
gambiae s.s. Two Grs showed a significant excess of fixed replacement substitutions
between An. arabiensis and An. quadriannulatus: Gr4 and Gri18 (Table 4.3). In addition,
Gr48 showed a marginally significant excess of fixed replacement substitutions.

In addition to the significant excess of fixed replacement substitutions identified
in Gr18 when comparing An. quadriannulatus to An. arabiensis and An. coluzzii, the NI
is also low (0.237) between An. gambiae s.s. and An. quadriannulatus, although the MK
test was not significant for this comparison. However, Gr18 shows evidence of recovery
from a selective sweep in An. gambiae s.s. (discussed below). In addition, haplotype
diversity (HD) for Gr18 is lower in An. coluzzii than in An. quadriannulatus, although

nucleotide diversity () is similar. The TCS networks for Gr18 in both species show
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numerous low-frequency haplotypes with no obvious central high-frequency node,
although the TCS network in An. coluzzii appears slightly more constrained around a
central set of haplotypes. Both networks are slightly star-shaped, but without a central
high-frequency haplotype (Figure 4.4). Despite its known ligand, Gr18 is lowly
expressed in both An. coluzzii and An. quadriannulatus chemosensory tissues, though it

is less than 100 bp from the highly expressed Grl7.

Figure 4.4 — TCS Haplotype Networks of Gr18 in An. coluzzii and An. quadriannulatus. Each hashed
line represents one nucleotide substitution and haplotype nodes are weighted by frequency. In An.
coluzzii, there are 18 unique haplotypes spread among 20 sequences (7 = 0.005 and HD = 0.984). In

An. quadriannulatus, there are 27 unique haplotypes among 30 sequences (t = 0.006 and HD =
0.993).
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Table 4.3 — Grs with significantly (or near-significantly) low neutrality indices (N1), suggestive of positive selection.

Gene Species Pair dN | dS | dN/dS pN pS pN/pS p-value NI
Gr2 coluzzii-merus 8 7 1.14 18 60 0.3 0.027 0.263
Gr4 arabiensis-quadriannulatus 5 0 NA 57 67 0.851 0.024 0.000
Gril arabiensis-melas 16 11 1.45 17 33 0.515 0.053 0.354
Grill melas-quadriannulatus 15 12 1.25 9 33 0.273 0.005 0.218
Grl2 melas-quadriannulatus 18 7 2.57 22 35 0.629 0.008 0.244
Grl8 arabiensis-quadriannulatus 6 2 3.00 20 51 0.392 0.014 0.131
Grl8 coluzzii-quadriannulatus 5 1 5.00 15 52 0.288 0.005 0.058
Gr21 gambiae-quadriannulatus 2 0 NA 32 98 0.327 0.065 0.000
Gr21 merus-quadriannulatus 7 8 0.875 12 49 0.245 0.045 0.280
Gr26 coluzzii-merus 10 6 1.67 31 84 0.369 0.008 0.221
Gr26 gambiae-merus 9 6 1.50 28 88 0.318 0.011 0.212
Gr27 coluzzii-merus 15 5 3.00 56 58 0.966 0.050 0.322
Gr35 gambiae-melas 9 15 0.6 21 98 0.214 0.051 0.357
Gr35 gambiae-merus 5 8 0.625 17 106 0.160 0.037 0.257
Gr47 coluzzii-melas 5 3 1.67 17 62 0.274 0.023 0.165

Gr47 gambiae-melas 5 3 1.67 32 35 0.914 0.049 0.226

Gr47 melas-quadriannulatus 7 7 1.00 12 42 0.286 0.051 0.286

Gr48 arabiensis-quadriannulatus 12 6 2.00 26 40 0.650 0.060 0.325

Gr48 gambiae-quadriannulatus 3 0 NA 56 95 0.589 0.054 0.000

Gr50 arabiensis-gambiae 7 3 2.33 41 73 0.562 0.045 0.241

Gr50 gambiae-quadriannulatus 7 4 1.75 42 88 0.477 0.049 0.273

Gr51 arabiensis-merus 19 7 2.71 33 36 0.917 0.037 0.338

Gr51 coluzzii-merus 16 3 5.33 54 66 0.818 0.002 0.153

Gr51 merus-quadriannulatus 11 4 2.75 30 49 0.612 0.021 0.223

Gr56-RD arabiensis-merus 10 5 2.00 17 38 0.447 0.017 0.224
Gr56-RD coluzzii-merus 10 4 2.50 23 57 0.404 0.005 0.161
Gr56-RD gambiae-merus 11 3 3.67 30 83 0.361 0.000 0.099

Gr59 gambiae-merus 13 11 1.18 22 49 0.449 0.052 0.380

Gr60 coluzzii-melas 13 7 1.86 16 34 0.471 0.016 0.253

Greé0 coluzzii-quadriannulatus 8 4 2.00 22 42 0.524 0.053 0.262
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Gr50 has a significant excess of fixed replacement substitutions between An.
gambiae and An. quadriannulatus, and a non-significant (p = 0.092) excess between An.
coluzzii and An. quadriannulatus. By contrast, there is also a significant excess of fixed
replacement substitutions between An. gambiae and An. arabiensis, and a non-
significant (p = 0.182) excess between An. arabiensis and An. coluzzii. Furthermore,
there is a non-significant (p = 1) lack of fixed replacement substitutions between An.
arabiensis and An. quadriannulatus. Gr50 has no known ligand and is not detected in
chemosensory tissues.

Gr48 has a marginally significant (p = 0.054) excess of fixed replacement
substitutions between An. gambiae and An. quadriannulatus, a nonsignificant excess
between An. coluzzii and An. quadriannulatus, and a marginally significant excess (p =
0.06) between An. arabiensis and An. quadriannulatus. Gr48 has no known ligand, but
is relatively highly expressed in male An. quadriannulatus labella. Furthermore, & and
HD are both lower in An. quadriannulatus than in An. gambiae s.s. The TCS network of
Gr48 in An. gambiae s.s. shows almost entirely low-frequency haplotypes, which have
no apparent central node. By contrast, while there are also numerous low-frequency
haplotypes in An. quadriannulatus, there is also a central cluster of haplotypes separated
by low numbers of nucleotide substitutions. However, the network is only somewhat
star-shaped and has no central high-frequency haplotype (Figure 4.5).

Gr60 has a marginally significant (p = 0.053) excess of fixed replacement
substitutions between An. coluzzii and An. quadriannulatus and a nonsignificant excess

between An. gambiae and An. quadriannulatus, but a nonsignificant lack of fixed
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replacement substitutions between An. arabiensis and An. quadriannulatus. Gr60 has no
known ligand, but is relatively highly expressed in male An. quadriannulatus maxillary
palps. Like Gr48, both = and HD are lower than in An. coluzzii. The TCS network of
Gr60 in An. coluzzii is devoid of clustering, while that in An. quadriannulatus is
clustered around a central set of relatively high-frequency haplotypes, but not any one
high-frequency haplotype (Figure 4.6).

Finally, Gr4 has a significant excess of fixed replacement substitutions between
An. arabiensis and An. quadriannulatus, but no fixed replacement substitutions between
the latter and either An. coluzzii or An. gambiae. This gene is lowly expressed in both
male and female An. coluzzii labella, as well as female An. quadriannulatus labella, but
is highly expressed in male An. quadriannulatus labella. In addition, Gr4, along with
Grs 3 and 5-8, is located relatively close to ABCG7, an ATP-binding cassette

transporter.
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Figure 4.5 — TCS Haplotype Networks of Gr48 in An. gambiae and An. quadriannulatus. Each
hashed line represents one nucleotide substitution and haplotype nodes are weighted by frequency.
In An. gambiae, there are 47 unique haplotypes spread among 48 sequences (7 = 0.02 and HD =
0.999). In An. quadriannulatus, there are 31 unique haplotypes among 36 sequences (7 = 0.007 and
HD =0.994).
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Figure 4.6 — TCS Haplotype Networks of Gr60 in An. coluzzii and An. quadriannulatus. Each hashed
line represents one nucleotide substitution and haplotype nodes are weighted by frequency. In An.
coluzzii, there are 20 unique haplotypes spread among 24 sequences (7 = 0.009 and HD = 0.986). In

An. quadriannulatus, there are 43 unique haplotypes among 74 sequences (7 = 0.003 and HD =
0.973).
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Multiple Grs have MK test results and NIs suggestive of positive selection when
comparing other species pairs (Table 4.3). Two Grs show a significant excess of fixed
replacement substitutions between An. coluzzii and An. melas: Gr47 and Gr60, both of
which are lowly expressed in An. coluzzii labella. Gr47 shows the same pattern between
An. gambiae s.s. and An. melas, as well as a marginally significant (p = 0.051) excess
between An. melas and An. quadriannulatus.

Gr35, an undetected gene in any examined tissues of either An. coluzzii or An.
quadriannulatus, has a marginally significant (p = 0.051) excess of fixed replacement
substitutions and an NI suggestive of positive selection when comparing An. gambiae
and An. melas and a significant excess when comparing An. gambiae and An. merus.
Grll and Gr12 both show MK test results and NIs suggestive of positive selection
between An. melas and An. quadriannulatus. Grll is also marginally significant (p =
0.053) between An. arabiensis and An. melas (Table 4.3). Both Grs are expressed at low
levels in An. quadriannulatus chemosensory organs.

Five Grs have significant excesses of fixed replacement substitutions between
An. coluzzii and An. merus: Gr2, which is relatively highly expressed in female An.
coluzzii labella; Gr26, which is lowly expressed in An. coluzzii chemosensory organs but
highly expressed in An. quadriannulatus antennae; Gr27, Gr51, and Gr56, all of which
are expressed at very low levels (Table 4.3). Gr56 has six splice isoforms in An.
gambiae s.s., and signs of positive selection as detected by the MK test and NI are only
observed in sequences aligned to the Gr56-RD transcript. Gr56-RD also shows potential

evidence of positive selection between both An. arabiensis and An. gambiae s.s.
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compared to An. merus, while Gr26 shows the same pattern between An. gambiae and
An. merus. Gr51 also shows this pattern between An. arabiensis and An. merus, as well
as between An. merus and An. quadriannulatus.

In addition, Gr59 shows a marginally significant (p = 0.052) excess between An.
gambiae and An. merus. This Gr is expressed at low levels in the chemosensory tissues
of both An. coluzzii and An. quadriannulatus. Finally, the sugar receptor Gr21 has an
excess of fixed replacement substitutions between An. merus and An. quadriannulatus
(Table 4.3). As expected, given the overwhelming influence of purifying selection
between these species, no Grs show a significant excess of nonsynonymous fixed
differences between An. melas and An. merus.
4.3.2.2. Purifying Selection

Ten Grs in the An. gambiae complex show evidence of purifying selection, as
determined by the MK test identifying a significant lack of fixed replacement
substitutions (Table 4.4). In addition, two other Grs show marginally significant
evidence of purifying selection as determined by the MK test.

Between An. coluzzii and An. quadriannulatus, three Grs show a significant lack
of fixed replacement substitutions: Gr39, Gr44-RE, and Gr45. While Gr39 and Gr45 are
lowly expressed in both An. coluzzii and An. quadriannulatus, Gr44 is relatively highly
expressed in female An. quadriannulatus. These three Grs show the same pattern
between An. gambiae s.s. and An. quadriannulatus, and all but Gr45 show purifying

selection based on the MK test between An. arabiensis and An. quadriannulatus. Gr19
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and Gr37-RE also show purifying selection between An. arabiensis and An.
quadriannulatus.

Gr13-RA shows a marginally significant lack of fixed replacement substitutions
between An. coluzzii and An. melas. Gr38 shows a significant lack between An. merus
and all three major vectors. In addition, Gr54 shows significant evidence of purifying
selection based on the MK test between An. arabiensis and An. merus. Three Grs show
significant evidence of purifying selection between An. melas and An. merus: Gr8, the
CO- receptor Gr22, and Gr3. Finally, Gr60 shows marginally significant evidence of

purifying selection based on the MK test between An. melas and An. merus.
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Table 4.4 — Grs with significantly (or near-significantly) high neutrality indices, suggestive of purifying selection.

Gene Species Pair dN | dS dN/dS pN | pS pN/pS p-value Neutrality Index
Gr8 melas-merus 8 29 0.276 14 10 1.40 0.006 5.075
Gri13-RA coluzzii-melas 1 7 0.143 32 27 1.19 0.054 8.296
Grl9 arabiensis-quadriannulatus 0 7 0.000 28 46 0.609 0.050 NA*
Gr22 melas-merus 1 17 0.059 7 11 0.636 0.041 10.818
Gr33 melas-merus 0 19 0.000 3 9 0.333 0.049 NA*
Gr37-RE arabiensis-quadriannulatus 1 9 0.111 21 21 1.00 0.032 9.000
Gr38 arabiensis-merus 4 21 0.190 17 17 1.00 0.012 5.250
Gr38 coluzzii-merus 2 17 0.118 25 28 0.893 0.005 7.589
Gr38 gambiae-merus 2 16 0.125 29 38 0.763 0.013 6.105
Gr39 arabiensis-quadriannulatus 0 14 0.000 16 25 0.640 0.005 NA*
Gr39 coluzzii-quadriannulatus 0 10 0.000 25 39 0.641 0.013 NA*
Gr39 gambiae-quadriannulatus 0 8 0.000 35 47 0.745 0.021 NA*
Gr44-RE arabiensis-quadriannulatus 2 12 0.167 56 52 1.08 0.010 6.462
Gr44-RE coluzzii-quadriannulatus 2 14 0.143 36 45 0.800 0.023 5.600
Gr44-RE gambiae-quadriannulatus 2 12 0.167 56 66 0.848 0.025 5.091
Gra5 coluzzii-quadriannulatus 0 4 0.000 34 28 1.21 0.050 NA*
Gr54 arabiensis-merus 11 22 0.500 23 13 1.77 0.016 3.538
Gr60 melas-merus 16 22 0.727 15 6 2.50 0.055 3.438

*No NI was calculated for these Grs due to 0 fixed replacement substitutions.




4.3.3. DH Suite of Tests

Selective sweeps can be detected by significantly negative Tajima’s D values, as
well as significantly negative Fay and Wu’s H values, although both tests are subject to
biases from demographic forces. As such, it cannot be conclusively determined that
genes are undergoing a selective sweep from the result of a single test. | therefore only
consider genes with significantly negative values on the joint DH test, which is a
combination of the two tests and was designed to be robust to the influence of
demographic factors®'®, to show strong evidence of sweep. Since sweep may be detected
in linked loci, 1 also discuss genes with known functions located near the Grs of interest,
as these other genes could be responsible for the detected patterns. Furthermore, the
sheer number of statistical tests performed in this analysis greatly reduces power, such
that no significant result may be taken as definitive evidence of a selective sweep.

Since the DH suite of tests was only run on fully genotyped sequences, far fewer
sequences were available for analysis than for the MK test. An. coluzzii and An. gambiae
s.s. were available for most Grs: 50 and 53 respectively. An. quadriannulatus was
available for 36 Grs, while the remaining three species were rarely available. The DH
suite of tests was only able to be run on three Grs in An. arabiensis, seven in An. melas,
and six in An. merus.

Grs which showed significant deviations from neutrality based on this suite of
tests are presented in the following order: Grs with significant joint DH test results,
suggestive of selective sweep; followed by Grs with significant E test results, suggestive

of recovery from sweep or background selection; followed by those Grs that showed



significance on either the Tajima’s D or Fay and Wu’s H test but not the joint DH test,
where demographic factors cannot be ruled out as an explanation.

4.3.3.1. Joint DH Test (Potential Selective Sweeps)

Table 4.5 — Grs with significant (or near significant) DH values, suggestive of a selective sweep.

Gene Species DH 14 Haplotype Diversity (HD)
Gr3 An. melas 0.044 | 0.001 0.632
Gril An. melas 0.046 | 0.001 0.556
Gri2 An. melas 0.052 | 0.002 0.667
Grl7 An. coluzzii 0.047 | 0.008 0.938
Gr19 | An. quadriannulatus | 0.007 | 0.002 0.943
Gr36 An. gambiae 0.056 | 0.008 0.998
Gr41 | An. quadriannulatus | 0.019 | 0.002 0.94
Gr59 An. gambiae 0.054 | 0.008 0.988

A total of five Grs show significant evidence of a potential selective sweep based
on the joint DH test, while an additional three Grs show near-significant (0.05 >p >
0.06) evidence thereof (Table 4.5). In An. coluzzii, the highly expressed sugar receptor,
Grl7, is the only Gr showing significant evidence of sweep. The TCS network of Gr17
in An. coluzzii is somewhat star-shaped, but there is no central high-frequency haplotype,
which could be a consequence of the length of time following the sweep (Figure 4.7). In
An. gambiae, Gr36 and Gr59 both show marginally significant evidence of sweep. Both
genes are undetected in An. coluzzii and An. quadriannulatus chemosensory tissues,
although Gr59 is located within 200 bp of ATPsynB, F-type H+-transporting ATPase

subunit B, which plays a critical role in cellular respiration. Gr36 is approximately 3,000
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bp away from Gr60, and is on the opposite strand of Gr41 and AGAP001124, an
aminomethyltransferase. Gr60 shows evidence of positive selection based on the MK
test between An. coluzzii and An. quadriannulatus and Gr41 shows evidence of a

selective sweep based on the joint DH test in An. quadriannulatus.
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Figure 4.7 — TCS Haplotype Network of the sugar receptor Gr17 in An. coluzzii. Each hashed line
represents one nucleotide substitution and haplotype nodes are weighted by frequency. There are 17
haplotypes among 24 sequences (7 = 0.008 and HD = 0.938).
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In An. quadriannulatus, the lowly expressed sugar receptor Gr19 shows
significant evidence of a potential selective sweep. The TCS network features a clear
star shape with central high-frequency haplotype surrounded by lower-frequency
haplotypes, which is a hallmark of sweep (Figure 4.8). Gr41 also shows significant
evidence of potential sweep (Table 4.5). Gr41 is very lowly expressed or not detected in
all chemosensory organs, as well as the full body of An. coluzzii %2, However, as
mentioned above, it is also located near other Grs which could be undergoing selection,
as well as multiple non-chemosensory genes that fulfill basic biological roles.

Finally, three of the seven An. melas Grs analyzed show evidence of potential
selective sweep based on the joint DH test (Table 4.5). Gr3 and Grl1 are both
significant, while Gr12 is near-significant (p = 0.052). Gr3 also shows evidence of
recovery from a selective sweep in An. gambiae s.s. (Table 4.6), but is lowly expressed
in female An. coluzzii labella and not detected elsewhere. However, Gr3, along with Grs
4-8, is located relatively close to ABCG7, an ATP-binding cassette transporter.

Gr11 also shows evidence of selection based on the MK test between An. melas
and An. arabiensis, as well as between An. melas and An. quadriannulatus (Figure
4.3, Table 4.3). Grl1 is lowly expressed in chemosensory tissues of An. coluzzii and An.
quadriannulatus, but is within 300 bp of Grl12. Gr12 is also lowly expressed in An.

coluzzii and An. quadriannulatus chemosensory tissues.
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Figure 4.8— TCS Haplotype Network of the sugar receptor Gr19 in An. quadriannulatus. Each
hashed line represents one nucleotide substitution and haplotype nodes are weighted by frequency.
There are 16 haplotypes among 44 sequences (7 = 0.002 and HD = 0.943).
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4.3.3.2. E Test (Recovery from Selective Sweep or Background Selection)

Table 4.6 — Grs with significant (or near significant) E-test values, indicative of recovery from a
selective sweep.

Gene Species E | p-value n Haplotype Diversity
Gr3 | An.gambiae | -1.51 | 0.047 | 0.011 0.974
Gri8 | An. gambiae | -1.82 | 0.01 | 0.008 0.995
Gr24 | An. gambiae | -1.68 | 0.025 | 0.011 0.998
Gr57 | An.coluzzii | -1.59 | 0.052 | 0.004 0.979

Three Grs in An. gambiae s.s. show significant E test values, which detect an
excess of low-frequency polymorphisms suggestive of recovery from a selective sweep
or background selection: Gr3, Gr18, and Gr24 (Table 4.6). In An. coluzzii, Gr57 is near
significant (p = 0.052). This Gr is very lowly expressed in chemosensory tissues, but is
located approximately 4,000 bp from AGAP004715, which encodes a pyruvate
dehydrogenase phosphatase regulatory subunit. As discussed above, Gr3 is lowly
expressed but is near an ATP-binding cassette transporter gene. Gr18 encodes a lowly-
expressed sugar receptor, but is adjacent to Gr17, which is a very highly expressed sugar
receptor. In addition to its excess of low-frequency variants in An. gambiae (Figure 4.9),
it has an excess of fixed replacement substitutions between An. quadriannulatus and
both of the other major vectors, An. arabiensis and An. coluzzii. Finally, the CO>
receptor Gr24 also has a significant excess of low-frequent variants (Figure 4.10), which
is surprising due to the high sequence conservation of the CO; receptors and the

importance of CO: as a host cue. However, Gr24’s closest neighbor on the 2R
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chromosome is AGAP001914, which is approximately 1,000 bp away and encodes a cell

division cycle protein.

vvvv

Figure 4.9 — TCS Haplotype Network of the sugar receptor Gr18 in An. gambiae s.s. Each hashed
line represents one nucleotide substitution and haplotype nodes are weighted by frequency. The E
test detects recovery from a selective sweep or background selection based on an excess of low-
frequency variants. Tajima’s D can also detect this phenomenon. E =-1.82 (p =0.01) and D = -1.45
(p =0.048).
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Figure 4.10 — TCS Haplotype Network of the CO: receptor Gr24 in An. gambiae s.s. Each hashed
line represents one nucleotide substitution and haplotype nodes are weighted by frequency. The E
test detects recovery from a selective sweep or background selection based on an excess of low-
frequency variants. Tajima’s D can also detect this phenomenon. E =-1.68 (p = 0.025) and D =-1.39
(p = 0.058).

4.3.3.3. Tajima’s D or Fay and Wu’s H (Selective Force Unclear)
In addition to the Grs described above with significant MK test, joint DH test, or
E test results, there are also ten Grs that have significantly negative Tajima’s D or

normalized Fay and Wu’s H value (Table 4.7). Both test results could indicate recovery
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from selective sweeps, but both tests are also susceptible to demographic factors.
Specifically, a significantly negative Tajima’s D could reflect an increase in population
size, and a significantly negative Fay and Wu’s H could reflect a reduction in population
size or the presence of population structure. A significantly negative Fay and Wu’s H
result could also indicate strong purifying selection. Since multiple possibilities arise
with these significant results, it is not possible to determine the actual selective force at

work.

Table 4.7 — Grs with significant (or near significant) Tajima’s D or normalized
Fay and Wu’s H values, indicative of non-neutrality, but selective force unclear.

Gene Species D |pval| H |pval| = HD
Grl | An. quadriannulatus | -0.034 | 0.565 | -1.77 | 0.048 | 0.008 | 0.996
Gr7 An. gambiae -1.49 | 0.041 | -0.034 | 0.316 | 0.013 1.0
Gr8 An. gambiae -1.59 | 0.03 | -0.53 | 0.185 | 0.01 | 0.995
Grl5 An. gambiae -1.53 | 0.039 | -0.129 | 0.282 | 0.01 | 0.998
Grl5 | An. quadriannulatus | -0.203 | 0.489 | -2.85 | 0.014 | 0.005 | 0.985
Gr22 An. melas -0.658 | 0.277 | -3.07 | 0.01 | 0.002 | 0.803
Gr33 An. gambiae -1.48 | 0.043 | -0.017 | 0.321 | 0.006 | 0.988
Gr33 An. merus 0.096 | 0.56 | -2.46 | 0.04 | 0.0003 | 0.4
Gr43 | An. quadriannulatus | -0.703 | 0.26 | -1.61 | 0.058 | 0.002 | 0.94
Gra6 An. gambiae -1.42 | 0.06 | -0.815 | 0.141 | 0.006 1
Gr51 | An. quadriannulatus | -0.788 | 0.234 | -3.02 | 0.009 | 0.008 | 0.978
Gr59 An. gambiae -1.21 | 0.059 | -0.881 | 0.127 | 0.008 | 0.988
Gr59 | An. quadriannulatus | -0.124 | 0.529 | -1.79 | 0.047 | 0.004 | 0.99

Four Grs have significantly negative Tajima’s D values in An. gambiae s.s.: Gr7,
Gr8, Grl5, and Gr33 (Table 4.7). In addition, Gr46 and Gr59 have marginally
significantly negative Tajima’s D values. As mentioned above, Grs 7 and 8 are located

near ABCG7, which is an ATP-binding cassette transporter. Gr15 is a lowly-expressed
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sugar receptor, but is adjacent to (about 1,500 bp from) CLIPB36, a CLIP-domain serine
protease, which is involved in innate immune response and embryonic development 318,
Gr33, in addition to its significant Tajima’s D value and excess of rare alleles
(Figure 4.11), is male-biased in the antennae of both An. coluzzii and An.
quadriannulatus 4" and relatively highly expressed in the labella of both sexes (Chapter
2). It also is highly conserved between An. arabiensis, An. coluzzii, An. gambiae s.s., and
An. quadriannulatus, with no fixed replacement substitutions between any combination
of these species. Furthermore, there is only one fixed synonymous substitution between
An. arabiensis and both An. coluzzii and An. gambiae s.s., two between An.
quadriannulatus and both An. coluzzii and An. gambiae s.s., and five between An.
arabiensis and An. quadriannulatus. It also shows signs of purifying selection based on

the MK test between An. melas and An. merus (Table 4.4).
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Figure 4.11 — TCS Haplotype Network of Gr33 in An. gambiae s.s. Each hashed line represents one
nucleotide substitution and haplotype nodes are weighted by frequency. There are 40 haplotypes
among 50 sequences (w = 0.006 and HD = 0.988).

Gr46 is lowly expressed in chemosensory tissues, but is on the opposite strand of
LRIM16A, leucine-rich immune protein 16A, which is involved in innate immunity and
downregulated following infection with Plasmodium berghei®'®. As mentioned above,
Gr59 is located near ATPsynB, which plays a role in cellular respiration.

Four Grs have significantly negative normalized Fay and Wu’s H values
(indicative of an excess of high-frequency variants) in An. quadriannulatus: Grl, Grl5,
Gr51, and Gr59 (Table 4.7). In addition, Gr43 is marginally significant on this test. Grl
is An. quadriannulatus-biased in antennae of both sexes*, but is also adjacent to two
different cystinosin genes, which are responsible for exporting cystine molecules from
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the lysosome. As mentioned above, Gr15 is adjacent to CLIPB36. Gr43 is relatively
highly expressed in the labella, but is also located on the opposite strand of RpL22, a 60S
ribosomal protein which may be involved in regulating deltamethrin resistance®?°. Gr51
is expressed in the labella and is adjacent to Gr50, which showed evidence of positive
selection based on the MK test, as well as Gr52, which is An. coluzzii-specific in the
female maxillary palps®.

Finally, An. melas and An. merus have one Gr each that shows an excess of high-
frequency variants based on Fay and Wu’s H. In An. melas, the CO> receptor Gr22
shows this pattern, in addition to the evidence of purifying selection between An. melas
and An. merus in this Gr. However, Gr22 is located across from RpS11, which is a 40S
ribosomal protein. In An. merus, Gr33, which also shows an excess of fixed replacement
substitutions between An. melas and An. merus has an excess of high-frequency variants.
4.4. Discussion

In this study, | examined the selective forces acting on Grs in the An. gambiae
complex. Specifically, I have identified potential evidence of positive selection in
sixteen Grs and purifying selection in twelve Grs based on the McDonald-Kreitman test.
| have also identified eight Grs potentially under the influence of sweep via the joint DH
test and four Grs recovering from either sweep or background selection via the E test.
Finally, I have identified ten Grs that show deviations from neutrality from less clear
forces via Tajima’s D and Fay and Wu’s H tests. This is the first evolutionary study on

the Grs in the An. gambiae complex, as well as in Anopheles more broadly, whereas the
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evolution of Drosophila Grs and its relationship to ecological adaptations has been
extensively studied*382:175.269.270

In addition, there have also been several studies on the evolution of Grs in
Lepidopterat?2/1:273277.321 By contrast, the mosquito literature on the evolution of
chemosensory genes is limited to one seminal paper linking the evolution of an Or to
human host preference in Aedes aegypti** and a paper from our lab on the Ors, Irs, and
Obps in the An. gambiae complex®. As such, | can compare what we know of Gr
evolution in other lineages while incorporating the evolutionary and ecological contexts
of the six An. gambiae s.l. species and comparing the observed patterns in the Grs to
those in the other chemoreceptors. There is evidence that Grs are under both positive and
purifying selection in the An. gambiae complex, which may have contributed to the
development of species-specific behavioral ecology, as is seen in other taxa. However,
the support for a Gr role in the evolution of anthropophily is much sparser than that for
other chemosensory genes.
4.4.1. McDonald-Kreitman Test
4.4.1.1. Positive Selection

In addition to detecting the specific Grs undergoing selection in the An. gambiae
complex, the MK test provides a general picture of the dominant selective force at work
by generating Neutrality Index (NI) values. Previous studies on Drosophila and
Lepidoptera have emphasized the role of purifying selection on Grs over that of positive

selection®82269277 However, positive selection on Grs has also played a role in specific
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lineages, potentially facilitating adaptative differentiation in both lineages, as well as in
the pea aphid42,43,175,2707272,277.

| have demonstrated variability in the relative importance of these selective
forces by lineage and ecology. The strongest trend towards positive selection is between
An. arabiensis and both An. coluzzii and An. gambiae s.s. (Table 4.2, Figure 4.2B).
There were a maximum of thirteen Gr transcripts where the NI could be computed
between these species, which reflects their sequence homology and history of

288 Most of the transcripts with NIs consistent with positive selection

introgression
between both species pairs have unknown ligands, with the exception of two sugar
receptors (Grs 18 and 21) between An. arabiensis and An. coluzzii. As such, biological
significance is unclear. Nonetheless, most Gr transcripts that diverge between these
species appear to be advantageous, which is reflected by their NI values. In addition,
while An. arabiensis is more of a generalist feeder than An. gambiae s.s. and An.
coluzzii, it is nevertheless more anthropophilic than the remaining complex members®8,
which would suggest that those genes which confer a selective advantage to An. coluzzii
and An. gambiae would have the same effect in An. arabiensis.

By contrast, the strongest trend towards purifying selection is between An. melas
and An. merus (Figure 4.3A, Table 4.2). The three CO; receptor Grs have high NI
values, which is expected, given the importance of this cue in host-seeking, particularly
for more zoophilic species such as An. melas and An. merus®®. These two species also

share similar ecologies, wherein both are found in brackish coastal wetlands*®. As such,

the other Grs showing evidence of purifying selection are most likely important for their
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survival in these habitats. It is conceivable that some of them perceive salts, as some
gustatory receptor neurons are responsive to salt®3?? although as their ligands are
mostly unknown, more study is needed. It is also possible that these Grs facilitate
feeding on nectar sources that are more common in coastal habitats than elsewhere.

In the other species pairs, Grs are more evenly distributed between NIs consistent
with purifying or positive selection. However, the average NIs consistently favor
purifying selection, although to a lesser degree than between An. melas and An. merus
(Table 4.2). This finding suggests that like in Drosophila and Lepidoptera, Gr evolution
is primarily characterized by purifying selection. Similarly, a QTL for human host
preference identified by our lab contains mostly Ors and Obps. While six Grs were
located inside the QTL, only one was expressed at sufficient levels in female antennae
and maxillary palps to merit further investigation, compared to 18 Ors, 12 Obps, and
three Irs'®2, In sum, these results indicate a low likelihood that most Grs play a major
role in vertebrate host preference; instead, they likely contribute to conserved behaviors
across the complex.

Nonetheless, sixteen Grs have significant MK test results consistent with positive
selection. While most of them have unknown ligands, two sugar receptors show
evidence of positive selection when comparing An. quadriannulatus to the major vector
species: Grl8 and Gr21. Gr21 is expressed at relatively high levels in the labella,
although Gr18 is not. However, the sugar receptors are in close proximity on the 2R
chromosome arm. Drosophila sugar receptors are co-expressed, so Anopheles sugar

receptors may be as well. As such, Gr18 per se may not play a critical role in the
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detection of an important sugar resource, but may either have hitchhiked with an
important gene (such as Grl17, described below) or may be co-expressed with other
sugar receptors. Regardless, its expression is not sex-biased, so any ecologically
important role is almost certainly related to evaluating nectar sources.

Two of the Grs showing evidence of positive selection between An.
quadriannulatus and An. coluzzii (Gr60) and An. gambiae s.s. (Gr48) are male-biased
and An. quadriannulatus-biased in the maxillary palps and labella, respectively. Neither
of these Grs has a known ligand. While females engage in several sex-specific behaviors
such as blood-feeding, host-seeking, and oviposition, the only male-specific behaviors

are swarming®?

and mating. The antennal fibrillae are known to play an important role
in male detection of auditory cues in both swarming and close-range mating behaviors in
the An. gambiae complex, and the male claspers recognize if females have mated, but
other organs have not been implicated in male mating®23324,

While neither the maxillary palps nor labella have been established as playing a
role in mating biology in Anopheles, there is evidence that the maxillary palp detects
female inhibitory cues in Drosophila®?®, which raises the possibility that a similar
phenomenon might occur in Anopheles, particularly as Drosophila Grs expressed in the
labellum and tarsi are known to play a role in inhibiting male-male courtship3?. The
labellum is well-established in a male mating role in Drosophila®®.

Ongoing work in the Slotman Lab explores the mating behavior of male and

female mosquitoes when encountering both conspecific and heterospecific mates, which

may define a role (or lack thereof) for the tarsi, male maxillary palps and labella in
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mating behavior. There is evidence that females in mixed-species swarms mate

327 “although males are not believed to do so?*, despite the ability to detect

assortatively
females who have already mated.

Aside from Grs 18, 21, 48, and 60, most other Grs with MK test results
consistent with positive selection are lowly expressed in chemosensory organs or show
evidence of selection in species with uncharacterized transcriptomes. As such, it is more
difficult to explain their significance. In the case of lowly expressed Grs, it is impossible
to know which organs they might be expressed in, if any, so their biological roles are
unknown. Most anopheline Gr ligands (other than the CO2 and sugar receptors) are
unknown, in contrast to Drosophila, where they are known to also perceive bitter
compounds and cuticular hydrocarbons, as well as mediate light and heat avoidance®8+
90,1920 Fyrthermore, Grs are difficult to heterologously express and thereby

deorphanize®®

, and Grs also evolve rapidly via gene duplication along lineages,
meaning that most anopheline Grs do not have known homologs in Drosophila. In the
case of Grs showing significance in species other than the An. coluzzii-An. gambiae s.s.
clade or An. quadriannulatus, there is a complete absence of transcriptomic data to
suggest where these Grs might be expressed or whether they show species-biased
expression patterns.

It is possible that the lowly expressed Grs are expressed at higher levels in either
the tarsi or internal organs (such as the brain or the gut), or even differentially in larvae.

Ongoing work in the Slotman Lab explores the chemosensory gene expression profile of

each of the three tarsi in male and female An. coluzzii and An. arabiensis, which may
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grant more clarity on the Grs undergoing selection. Furthermore, since the tarsi have an
established role in An. gambiae mating behaviors®?, these gene expression patterns may
help to explain the evolutionary patterns | detect in Gr48 and Gr60, although An.
quadriannulatus is not included in this study.

The McDonald-Kreitman test is susceptible to demographic forces such as an

811 and it tends to

expanding population combined with slightly deleterious mutations
underestimate adaptive evolution in the presence of slightly deleterious mutations32832°,
The joint DH test is much more robust to forces other than directional selection, but the
two tests are not interchangeable, and it is anticipated that Grs showing significant
evidence of positive selection based on one test will not necessarily show significant
evidence based on the other. As such, we can tentatively accept the Grs that were
identified by the MK test as potentially adaptive, pending further investigation, although
as mentioned above, the multiple testing problem precludes the conclusive identification
of positive selection.
4.4.1.2. Purifying Selection

Twelve Grs show evidence of purifying selection based on the MK test. As with
those Grs showing evidence of positive selection, the most interesting are those which
are conserved between An. quadriannulatus and highly anthropophilic species. There are
three such Grs when including only An. coluzzii and An. gambiae s.s.: Gr39, Gr44-RE,
and Gr45 (Table 4.4). If including An. arabiensis, the sugar receptor Gr19 and Gr37-RE

are also of interest. Of these Grs, only Gr44 is expressed at relatively high levels in

chemosensory tissues, and our study design precludes identifying the specific transcript
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expressed therein. As such, and given the lack of homologs as mentioned previously, it
is difficult to determine why these Grs would be conserved.

4.4.2. Selective Sweeps

4.4.2.1. Joint DH Test

Eight Grs have joint DH test results consistent with recent selective sweeps
(Table 4.5). As discussed above, it is easiest to interpret these significant results in Grs
which are highly expressed in either An. coluzzii or An. quadriannulatus chemosensory
organs. Of the eight identified, only the highly-expressed sugar receptor Gr17 fits these
criteria. In addition, Gr17 ends approximately 350 bp before Gr18, which shows
evidence of positive selection. Like Gr18, the expression of Grl7 is not sex-biased, so it
presumably does not underly any sex-biased behaviors. One possible role of Gr18 is
nectar-feeding, which grants both males and females access to critical nutritional
resources, the only resource fed on by adult males and a resource which has been shown
to prolong the lives and reduce blood-feeding frequency of adult females®*.

While the other Grs with significant joint DH test results consistent with
selective sweeps are lowly expressed, many of them are located near genes encoding
critical cellular functions or other Grs which are more highly expressed and also show
evidence of positive selection. Gr59, which shows evidence of sweep in An. gambiae is
located within 200 bp of ATPsynB. The Drosophila melanogaster ortholog of this gene
is required for the development of male reproductive organs®. If there was an

advantageous mutation at this locus in An. gambiae, it could explain the evidence of
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sweep in Gr59, as the joint DH test is not sensitive to background selection against
deleterious mutations®®®,

Gr41l is lowly expressed in An. quadriannulatus, but is on the opposite strand of
Gr60, and next to AGAP001124, an aminomethyltransferase. Gr60 shows significant
evidence of positive selection on the MK test as well as male An. quadriannulatus bias
in the maxillary palps. While it is possible that Gr41 plays a role elsewhere in the body,
an advantageous mutation in one of these other genes could also have caused this
significant result. Gr36, which is also lowly expressed and shows evidence of sweep in
An. gambiae, is also in this region of chromosome 2R.

Grs 11 and 12, both of which show evidence of sweep in An. melas, are adjacent
to one another and also near Grs 9 and 10 on the 3R chromosome. However, all of these
Grs are lowly expressed in An. coluzzii or An. quadriannulatus, and there are no genes
other than Grs nearby with known functions. An. melas transcriptomic data might show
evidence of their expression to clarify this result. Gr3, the other Gr showing evidence of
sweep in An. melas is located near Grs 4-8 on the 3R chromosome, and is located
relatively close to ABCG7, an ATP-binding cassette transporter. While these genes are
broadly known as transporters, the specific function of its Drosophila ortholog, which

332 Therefore, the source of

shares approximately 75% sequence homology, is unknown
the selective sweep in Gr3 is elusive.
4.4.2.2. E Test

Four Grs show E test results consistent with recovery from a selective sweep,

although the E test is also sensitive to background selection (
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Table 4.6). All three Grs with significant E test results occur in An. gambiae s.s.,
while the nearly significant Gr57 occurs in An. coluzzii. This Gr is very lowly expressed
in chemosensory tissues, but is located approximately 4,000 bp from AGAP004715 on
the 2L chromosome. This gene encodes a pyruvate dehydrogenase phosphatase
regulatory subunit, although a more specific function is unknown. Nonetheless,
background selection against deleterious mutations in this gene could potentially account
for the E test result observed in Gr57.

In An. gambiae, two of the three Grs with significant E test results (Gr3 and the
sugar receptor Gr18) are discussed above. The other Gr with a significant E test value is
the CO- receptor Gr24. Gr24 was also included in the QTL for human host preference,
although it was thought to be unlikely to actually contribute to host preference®. The
CO; receptors are highly conserved across insects®®, and there are no fixed differences
in Gr24 between An. arabiensis, An. coluzzii, An. gambiae s.s., and An. quadriannulatus,
although there are six to eight nonsynonymous and one to two synonymous fixed
differences when comparing these species to An. melas or An. merus. CO is thought to
matter less as a host-seeking cue in the anthropophilic members of the complex than in
more zoophilic or generalist species in the complex'®. However, the lack of fixed
differences between An. gambiae and An. quadriannulatus suggests background
selection against deleterious mutations, potentially with impaired CO2 perception and

therefore difficulty finding hosts, as a reason for this significant E test result.
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Nonetheless, this result paired with its presence in the QTL suggests further
consideration of the evolution of Gr24.
4.4.2.3. Tajima’s D and Fay and Wu’s H

Fourteen Grs were significant on one of these tests but not the DH test or E test
(Table 4.7). Most of them have unknown functions and low expression, with the
exceptions of the sugar receptor Gr15, CO. receptor Gr22, and Gr33, which is highly
expressed and male-biased in the antennae*’. Both Tajima’s D and Fay and Wu’s H can
detect positive selection and purifying selection, although H is somewhat better at the
latter. Tajima’s D can also detect background selection and population growth, while
Fay and Wu’s H is better at detecting population shrinkage and subdivision®'®, Given
their wide capabilities and the lack of significant results on other tests in these Grs, it is
impossible with the currently available data to identify the selective or demographic
forces at work.
4.4.3. Comparison to Other Chemosensory Genes

Athrey et al. (in review)'® identified a total of five Obps, four Ors, and three Irs
which showed evidence of positive selection in combination with presence in a human
host preference QTL or differential expression in An. coluzzii. By contrast, no Grs show
similarly clear patterns. The Grs which show evidence of positive selection in
comparisons including either An. coluzzii or An. gambiae and An. quadriannulatus are
lowly-expressed in An. coluzzii. However, two Grs which are An. quadriannulatus

biased in males (Gr48 and Gr60) show evidence of positive selection in these species
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pairs, indicating that they could potentially be involved in species-specific male
behaviors.
4.4.4. Future Directions

While we have high-quality variant data from An. coluzzii and An. gambiae s.s.
for these 57 Grs, data for the other four species are of a much lower quality, as
evidenced by the overall sequencing coverage, the number of variants detected, and the
number of complete sequences. While we have sufficient data to draw conclusions about
evolutionary patterns, particularly with respect to the zoophilic non-vector An.
quadriannulatus, a more conclusive and thorough analysis would require either deeper
coverage of the whole genome sequences of the remaining species, or a more targeted
sequencing approach, such as Linked Target Capture®**, which would allow precise
sequencing of only the Grs at a much greater depth.

In addition to the relatively low quality of Gr sequences in the other species in
the complex, there is also no expression data from An. arabiensis, An. melas, and An.
merus. As such, it is very difficult to assess which of the genes that show significant
deviations from neutrality in these species are most important, and what their biological
roles might be. However, given the high degree of introgression between An. arabiensis
and the other anthropophilic species, there are likely to be fewer overlooked Grs in this
species than in the coastal species.

While there are no obvious candidate genes for anthropophily identified in this
study, there are several avenues meriting significant further study. The sugar receptors

Grs 14-21 are closely clustered on the 2R chromosome, and three of them show
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evidence of directional selection in either an anthropophilic species or An.
quadriannulatus. The means by which they detect different sugars are not understood to
nearly the same degree as in Drosophila, but the potential presence of positive selection
in them merits a better understanding, as it could relate to the ability to successfully
exploit preferred nectar resources, or to evaluate sugar sources which are found in
greater abundance near preferred vertebrate hosts. Duplications and pseudogenizations
are known to have occurred in other sugar receptor lineages®3®, so the functionality of the
entire suite of sugar receptors in the An. gambiae complex also bears further
investigation.

In addition, the potential positive selection in Grs 48 and 60 in An.
quadriannulatus, both of which are male-biased in chemosensory organs other than the
antennae, suggest the need for further study of male mating behavior to determine what
roles these organs might play in the process, whether gustatory or olfactory. Finally, in
addition to the lack of transcriptomic data for An. arabiensis, An. melas, and An. merus,
there is a lack of Gr expression data outside of the adult chemosensory organs. In
particular, it is unknown to what extent Anopheles Grs are expressed in other organs,
such as the brain and gut. Furthermore, study of Gr expression in larvae might clarify
some of the Grs showing evidence of selection in this study. Research on Aedes aegypti
larvae has shown that they rely on chemokinesis to navigate chemical gradients, and has
further suggested that they likely rely on Grs and Irs rather than Ors to do s0>*. As such,
characterization of Gr expression profiles in larval Anopheles could potentially

illuminate biological meaning for some lowly expressed Grs in adults.
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5. CONCLUSIONS

Anthropophily is a major contributor to malaria vectorial capacity in the
Anopheles (An.) gambiae complex. The An. gambiae complex is a uniquely valuable
model to understand the genetic basis of anthropophily, as it contains two strongly
anthropophilic members, An. coluzzii and An. gambiae s.s. as well as the zoophilic An.
quadriannulatus. Other complex members have more variable and opportunistic host
preferences®3. By characterizing the genes and anatomy associated with anthropophily in
this context, we may be able to determine its basis.

The mosquito chemosensory system plays a major role in determining host
preferencel”?!, By identifying differential gene expression (DGE) between An. coluzzii
and An. quadriannulatus in the chemosensory organs, we can determine which genes
show evidence of species bias, sex bias, and most importantly, sex and species bias.
Genes which are both An. coluzzii- and female-biased have the greatest likelihood of
influencing anthropophily. By contrast, genes which are both An. quadriannulatus and
female-biased could influence zoophily, although evidence supports a greater reliance on
general vertebrate host cues in this mosquito than on bovine-specific volatiles!®1915,

Furthermore, by identifying DGE in all chemosensory organs, we may be able to
determine which organs are most likely to play a role in determining host preference,
and thereby, determine which genes are candidates meriting evaluation for transgenic
mosquito control aimed at reducing contact between vector and host. Previous work has

identified DGE in the antennae and maxillary palps of An. coluzzii and An.



quadriannulatus®-8, While the labella transcriptome of An. coluzzii was characterized
by another group during the course of my PhD%, | am the first to analyze it during
scotophase, the first to analyze it in An. quadriannulatus, and the first to identify DGE
between species in this organ. While I identify numerous differentially expressed (DE)
genes in this organ, the vast majority are not both female- and species-biased. As such,
the transcriptomic evidence for the labella having a role in host choice is less compelling
than that for the antennae and maxillary palps. However, there are nevertheless two
highly expressed Obps which bear further examination. Obp26 is strongly biased
towards female An. coluzzii in the labella, and also appears in a human host preference
QTL®, By contrast, Obp57 is strongly biased towards female An. quadriannulatus in
the labella. Figure 5.1 and Table 5.1 represent the intersections of chemosensory genes
which are DE in the labella, those which show evidence of positive selection, and those
which in addition to being in one of the previous categories, are also included in the

human host preference QTL.
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DE in Labella Evidence of Positive Selection

o

QTL

Figure 5.1 — Venn Diagram of Chemosensory Genes of Interest. Genes are included if identified as
DE in any comparison in Chapter 2, showing evidence of positive selection based on MK, DH, or E
tests in Chapter 4, or identified in the QTL'®? and also either of the above categories.

Table 5.1 — Chemosensory Genes of Particular Interest. Genes are included if two or more criteria
met: DE in labella, showing evidence of positive selection, present in human host preference QTL2,

Gene | Occurrences Present in:

Obp26 3 DE in Labella, Evidence of Positive Selection, QTL
0r29 3 DE in Labella, Evidence of Positive Selection, QTL
Gr4d 2 DE in Labella, Evidence of Positive Selection
Gr21 2 DE in Labella, Evidence of Positive Selection
Gr24 2 Evidence of Positive Selection, QTL

Gr48 2 DE in Labella, Evidence of Positive Selection

Obp25 2 DE in Labella, QTL

Obp57 2 DE in Labella, QTL

Understanding the anatomy underlying host choice allows us to prioritize those
genes which are DE in the organs that control it. As such, | ablated the antennae,

maxillary palps, and labella of female An. coluzzii of host-seeking age and compared
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their activation and response rates to those of intact mosquitoes. Human host preference
was never completely abolished, but mosquitoes with ablated antennae had a greatly
reduced activation rate, and failed to respond to any host odor. Therefore, the antennae
are clearly the major organ dictating host choice, as has also been determined in other
mosquito species®®1%, While labella ablation significantly reduced activation, it did not
reduce responsiveness, further suggesting that the labella do not play a major role in host
choice, at least before landing on a potential host. The maxillary palps also do not appear
to play a major role in their own right, given the relatively small impact of their ablation
on activation and responsiveness. However, the presence of female and An. coluzzii-
biased chemosensory gene expression in the palps suggests they are important, although
it is possible their role is complementary to that of the antennae, rather than independent.
Finally, understanding the molecular evolutionary patterns of chemosensory
genes, in combination with expression data, complements DGE studies by identifying
those genes which show signs of selection in anthropophilic species, as well as those
which appear conserved between species based on evidence of purifying selection.
Previous study has identified multiple Ors, Obps, and Irs which are present in a QTL for
human host preference, show evidence of positive selection or selective sweep, and/or
show signs of female and An. coluzzii-biased expression in one or more organs*®?, By
contrast, while I have identified multiple Grs which could be under positive selection,
none of these Grs are both female and An. coluzzii-biased. As such, while Grs may have
facilitated adaptation to nectar resources, they do not appear to have played a major role

in the adaptation to human hosts in the An. gambiae complex.
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We can conceptualize our understanding of anthropophily in the context of
Nikolaas Tinbergen’s four questions: 1) adaptive function, 2) evolutionary basis, 3)
mechanistic basis, and 4) developmental basis®*’. In this study, the adaptive function is
the anthropophilic behavior and the chemosensory genes are one proposed evolutionary
basis for this behavior. While the behavioral experiments and comparisons between
expression profiles in the different chemosensory organs provide some clues of the
mechanisms and developmental pathways involved in anthropophily, these areas of

inquiry still await substantial additional study.
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APPENDIX A

Table A1 — Average Expression Values of Chemosensory Genes in Labella

Gene ID Gene Fem_e_lle An. _Female An. Ma_l_e An. _ Male An.
—_— Name coluzzii (CPM) | guadriannulatus (CPM) | coluzzii (CPM) | guadriannulatus (CPM)
AGAP004114 Grl 0.101 0.000 0.200 0.368
AGAP002275 Gr2 6.643 0.177 0.000 0.000
AGAP009858 Gr3 0.923 0.000 0.183 0.235
AGAP009857 Gr4 0.323 0.375 0.599 9.995
AGAP009853 Gr5 0.824 1.778 0.000 0.327
AGAP009854 Gr6 0.173 0.000 0.237 0.069
AGAP009855 Gr7 0.698 0.236 0.973 0.250
AGAP009856 Gr8 1.681 3.123 1.251 1.167
AGAP009805 Gr9 0.314 0.985 0.291 0.955
AGAP009804 Gr10 0.787 0.588 0.618 1.075
AGAP009803 Gri1 0.260 0.116 0.279 0.302
AGAP009802 Gri2 0.341 0.339 0.184 0.168
AGAP002635 Gri3 0.546 0.060 0.987 0.082
AGAP006399 Gri4 2.449 2.636 2.533 1.632
AGAP003253 Gri5 0.411 0.060 0.302 0.144
AGAP003254 Grl6 0.000 0.000 0.128 0.000
AGAP003255 Gr17 16.547 10.903 11.325 12.035
AGAP003256 Grl8 0.040 0.236 0.093 0.446
AGAP003258 Gr19 0.503 0.049 0.361 0.000
AGAP003259 Gr20 0.000 0.116 0.195 0.000
AGAP003260 Gr21 1.556 3.936 1.150 6.306
AGAP009999 Gr22 0.000 0.060 0.000 0.000
AGAP003098 Gr23 0.235 0.545 0.000 0.434
AGAP001915 Gr24 0.162 1.005 0.054 0.245
AGAP004727 Gr25 0.395 0.120 0.587 0.000
AGAP006717 Gr26 0.000 0.000 0.064 0.082




Table Al Continued

Gene ID Gene Fem_e_lle An. _Female An. Ma_l_e An. _ Male An.
—_— Name coluzzii (CPM) | quadriannulatus (CPM) | coluzzii (CPM) | guadriannulatus (CPM)
AGAP006716 Gr27 0.108 0.000 0.000 0.082
AGAP006713 Gr28 0.081 0.346 0.000 0.000
AGAP006874 Gr29 2.018 2.200 2.679 2.747
AGAP006875 Gr30 0.209 1.080 0.000 0.441
AGAP006876 Gr31 1.921 0.165 1.672 0.307
AGAP006877 Gr32 0.270 0.851 0.285 1.788
AGAP010195 Gr33 6.675 5.244 8.211 5.629
AGAP006450 Gr34 0.065 0.116 0.000 0.000
AGAP011915 Gr35 0.000 0.000 0.000 0.000
AGAP001123 Gr36 0.000 0.000 0.000 0.000
AGAP001117 Gr37 0.215 0.178 0.145 0.716
AGAP001114 Gr38 0.000 0.236 0.109 0.139
AGAP001119 Gr39 0.161 0.452 0.183 0.372
AGAP001120 Gr40 0.000 0.000 0.000 0.000
AGAP001122 Gr4l 0.040 0.000 0.000 0.000
AGAP001115 Gr42 0.125 0.885 0.000 0.072
AGAP005047 Gr43 2.027 1.836 3.404 1.251
AGAP009256 Gr44 0.119 2.935 3.080 0.245
AGAPO007757 Gr45 0.000 0.000 0.000 0.000
AGAPO007756 Gr46 0.108 0.127 0.400 0.301
AGAP005514 Gr47 0.000 0.219 0.054 0.163
AGAP001170 Gr48 0.578 0.885 0.398 4.697
AGAP001169 Gr49 2.223 0.412 2.481 0.278
AGAP001171 Gr50 0.000 0.000 0.366 0.399
AGAP001172 Gr51 0.779 1.130 0.474 1.043
AGAP001173 Gr52 0.422 0.219 0.213 0.163
AGAP002633 Gr53 0.065 0.000 0.000 0.000
AGAP004313 Gr54 0.000 0.127 0.000 0.168
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Table Al Continued

Gene ID Gene Fem_e_lle An. _Female An. Ma_l_e An. _ Male An.
—_— Name coluzzii (CPM) | quadriannulatus (CPM) | coluzzii (CPM) | guadriannulatus (CPM)
AGAP006917 Gr55 1.093 0.841 0.934 0.845
AGAP006143 Gr56 0.000 0.699 0.000 0.151
AGAP004716 Gr57 0.393 0.000 0.107 0.000
AGAP001125 Gr58 0.000 0.233 0.000 0.163
AGAP001137 Gr59 0.276 0.000 0.000 0.561
AGAP001121 Gr60 0.000 0.000 0.000 0.000
AGAP029199 Gr62 0.856 1.229 1.774 0.830
AGAP013154 IR7h.1 0.132 0.000 0.064 0.072
AGAP013363 IR7i 0.242 0.000 0.000 0.000
AGAP000714 IR7n 0.430 1.306 0.429 1.018
AGAP013409 IR7s 7.711 5.404 2.742 1.899
AGAP002763 IR7t 0.503 0.000 0.000 0.000
AGAP013285 IR7u 0.323 0.000 0.128 0.245
AGAP013416 IR7w 4.657 0.408 4.035 1.284
AGAP013520 IR7x 1414 7.485 0.425 4.294
AGAP013172 IR7y 0.000 0.049 0.000 0.245
AGAP010411 IR8a 0.471 0.243 0.456 0.450
AGAP008511 IR21a 0.192 0.405 0.500 0.322
AGAP010272 IR25a 65.547 59.535 52.720 76.420
AGAP009014 IR31a 0.132 0.000 0.000 0.000
AGAP004021 IR40a 0.054 0.064 0.000 0.215
AGAP002904 IR41a 23.118 11.283 20.857 13.240
AGAP008759 IR41b 0.054 0.000 0.156 0.245
AGAP012951 IR41c 0.054 0.292 0.182 0.332
AGAP003531 IR41n 0.094 0.000 0.099 0.247
AGAP004432 IR41t.1 0.094 0.000 0.000 0.478
AGAP012969 IR41t.2 0.000 0.000 0.000 0.082
AGAP011943 IR60a 0.000 0.000 0.000 0.000
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Table Al Continued

Gene ID Gene Fem_e_lle An. _Female An. Ma_l_e An. _ Male An.
—_— Name coluzzii (CPM) | quadriannulatus (CPM) | coluzzii (CPM) | guadriannulatus (CPM)
AGAP004923 IR64a 1.317 1.563 1.019 1.397
AGAP007951 IR68a 0.000 0.000 0.104 0.000
AGAP004969 IR75d 0.047 0.000 0.339 0.168
AGAP013085 IR75g 0.310 0.622 0.909 0.998
AGAP001811 IR75h.1 0.000 0.000 0.000 0.000
AGAP001812 IR75h.2 0.054 0.060 0.586 0.082
AGAP007498 IR75k 0.421 0.296 0.052 0.000
AGAP005466 IR75I 0.943 0.601 0.809 0.678
AGAP011968 IR76b 164.836 170.147 143.545 174.797
AGAP000256 IR93a 0.248 2.141 0.674 0.133
AGAP000140 IR100a 1.621 1.189 4.309 1.534
AGAP000293 IR100h 0.709 0.116 0.159 0.000
AGAP004475 IR100i 0.476 0.098 0.433 0.409
AGAP013425 IR101 0.000 0.000 0.000 0.000
AGAP005677 IR133 0.000 0.000 0.000 0.000
AGAP005678 IR134 0.000 0.060 0.000 0.327
AGAP005679 IR135 0.108 0.000 0.091 0.000
AGAP006440 IR136 0.000 0.000 0.000 0.000
AGAP006691 IR139 0.040 0.000 0.000 0.082
AGAP013242 IR140.1 0.000 0.116 0.000 0.082
AGAP013436 Ir140.2 0.000 0.000 0.143 0.000
AGAP029188 Iri41 0.000 0.000 0.000 0.082
AGAP006407 IR142 0.188 0.064 0.000 0.082
AGAP029212 Ir144 0.293 0.191 0.193 0.924
AGAP029208 Ir146 0.000 0.116 0.175 0.329
AGAP029217 Ir149 0.000 0.049 0.183 0.000
AGAP029215 Ir150 0.000 0.480 0.266 0.405
AGAP029230 Ir152 0.108 0.000 1.702 0.764
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Table Al Continued

Gene ID Gene Fem_e_lle An. _Female An. Ma_l_e An. _ Male An.
—_— Name coluzzii (CPM) | quadriannulatus (CPM) | coluzzii (CPM) | guadriannulatus (CPM)
AGAP029222 Ir153 0.000 0.000 0.000 0.000
AGAP029225 Ir154 0.219 0.000 0.600 0.278
AGAP029216 Ir155 0.569 0.889 1.149 0.422
AGAP029220 Ir156 0.601 0.339 0.348 0.168
AGAP029209 Iri62 0.094 0.000 0.000 0.000
AGAP029210 Iri68 1.687 4.170 6.133 1.392
AGAP029223 Irl70 0.215 0.000 0.091 0.408
AGAP029233 Irl75 0.040 0.242 0.611 0.000
AGAP029227 Irl76 0.226 0.497 0.385 1.469
AGAP029232 Iri79 4.020 1.450 0.193 15.015
AGAP029229 Ir180 0.108 0.802 0.390 0.816
AGAP029226 Ir195 0.000 0.000 0.000 0.000
AGAP029228 Ir196 0.000 0.000 0.000 0.000
AGAP029201 Ir199 16.059 3.771 13.669 5.317
AGAP029202 Ir203 0.000 0.000 0.362 0.082
AGAP029200 Ir206 0.000 0.000 0.181 0.000
AGAP002560 Orco 90.649 80.615 103.667 113.985
AGAP009640 or1 0.132 0.000 0.000 0.245
AGAP009519 Or2 0.212 0.107 0.189 0.084
AGAP011469 OR3 2.825 0.794 1.532 0.969
AGAP011468 Or4 4.355 3.055 2.680 4.282
AGAP011467 Or5 7.274 6.108 9.226 11.056
AGAP006167 Or6 0.879 0.064 1.537 0.466
AGAP001912 or8 0.000 0.181 0.000 0.000
AGAP008333 0or9 0.107 0.000 0.000 0.082
AGAP009520 0r10 0.577 0.412 0.636 0.215
AGAP011631 Or11 0.047 0.000 0.000 0.082
AGAP009396 Or13 0.047 0.000 0.091 0.072
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Table Al Continued

Gene ID Gene Fem_e_lle An. _Female An. Ma_l_e An. _ Male An.
—_— Name coluzzii (CPM) | quadriannulatus (CPM) | coluzzii (CPM) | guadriannulatus (CPM)
AGAP009408 Or14 0.000 0.455 0.000 0.000
AGAP009398 Or15 1.305 1.121 1.367 1.122
AGAP009394 Orl6 0.347 0.622 0.341 1.501
AGAP009395 Oor17 0.065 0.064 0.392 0.072
AGAP009410 Or18 0.612 0.234 0.757 0.000
AGAP009411 0r20 1.016 0.631 1.124 1.895
AGAP029499 Oor21 4.806 1.242 4.519 1.734
AGAP008114 0Or22 0.000 0.000 0.000 0.000
AGAP007797 Or23 0.000 0.060 0.052 0.000
AGAP010507 Or24 0.435 0.064 0.211 0.371
AGAP003054 0Or25 0.000 0.000 0.000 0.000
AGAP004354 0Or26 0.000 0.000 0.181 0.632
AGAP004355 Oor27 0.415 0.864 0.903 1.088
AGAP002722 Or28 0.000 0.174 0.000 0.000
AGAP009111 0Or29 3.205 7.554 3.388 5.779
AGAP009391 0r30 0.000 0.000 0.000 0.000
AGAP004974 Or31 0.000 0.000 0.000 0.082
AGAP004951 0r32 0.033 0.000 0.195 0.327
AGAP005760 Or33 0.087 0.121 0.245 0.302
AGAP002125 Or34 0.000 0.000 0.000 0.000
AGAP004971 0r35 0.000 0.000 0.000 0.000
AGAP001012 Or36 0.317 0.000 0.000 0.000
AGAP002126 Or37 0.000 0.000 0.000 0.000
AGAP002640 Or38 0.054 0.263 0.209 0.069
AGAP002639 0r39 0.033 0.000 0.000 0.000
AGAP002558 0r40 0.054 1.521 16.431 0.572
AGAP000226 Or41 0.000 0.000 0.000 0.215
AGAP004278 0Or42 0.000 0.000 0.000 0.000
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Table Al Continued

Gene ID Gene Fem_e_lle An. _Female An. Ma_l_e An. _ Male An.
—_— Name coluzzii (CPM) | quadriannulatus (CPM) | coluzzii (CPM) | guadriannulatus (CPM)
AGAP010504 Or43 0.121 0.000 0.183 0.000
AGAP010505 Or44 0.108 0.000 0.000 0.226
AGAP003053 Or45 0.000 0.000 0.000 0.000
AGAP009392 Or46 0.000 0.216 0.091 0.000
AGAP009393 Or47 0.040 0.000 0.000 0.163
AGAP006666 Or48 0.047 0.000 0.000 0.000
AGAP006667 Or49 0.040 0.000 0.000 0.163
AGAP029705 Or50 0.397 0.098 1.231 0.213
AGAP009409 Or51 0.424 0.060 0.692 0.163
AGAP000230 0Or52 0.293 0.265 0.000 0.215
AGAP009390 Or53 1.416 1.752 0.956 1.842
AGAP011813 Or54 0.214 0.826 0.306 0.886
AGAP009397 Or55 0.146 0.000 0.000 0.000
AGAP004356 Or56 0.222 0.176 0.140 0.000
AGAP004357 Or57 0.000 0.064 0.000 0.000
AGAP004067 Or58 0.000 0.000 0.000 0.000
AGAP002995 0Or59 0.000 0.000 0.000 0.000
AGAP011979 0or60 0.033 0.000 0.000 0.082
AGAP011991 0or61 0.000 0.000 0.000 0.000
AGAP011978 0r62 0.000 0.000 0.000 0.000
AGAP011989 Or63 0.000 0.000 0.000 0.000
AGAP011990 Or64 0.000 0.000 0.000 0.000
AGAP008894 Or65 0.000 0.000 0.000 0.000
AGAP003310 Or66 0.087 0.000 0.000 0.000
AGAP009704 Or68 0.300 0.275 0.970 0.000
AGAP009705 0Or69 0.378 0.174 0.207 0.305
AGAP009706 Or70 0.356 0.177 0.464 0.678
AGAP009707 Oor71 0.422 0.127 0.457 0.409
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Table Al Continued

Gene ID Gene Fem_e_lle An. _Female An. Ma_l_e An. _ Male An.

—_— Name coluzzii (CPM) | quadriannulatus (CPM) | coluzzii (CPM) | guadriannulatus (CPM)
AGAP009718 Or72 0.304 0.000 0.184 0.327
AGAP009719 Or73 0.344 0.000 0.155 0.240
AGAP009720 Or74 0.000 0.000 0.091 0.302
AGAP002045 Or75 0.000 0.289 0.143 0.205
AGAP002046 Or76 0.000 1.405 1.141 0.000
AGAP002044 or77 0.112 0.124 0.091 0.726
AGAP005495 0r80 0.132 0.000 0.000 0.000
AGAP013512 0or81 0.047 0.000 0.091 0.000
AGAP029062 OBP1 273.688 188.973 368.997 235.485
AGAP003306 OBP2 3.279 1.996 3.768 2.665
AGAP001409 OBP3 78.720 58.307 117.773 66.464
AGAP010489 OBP4 0.000 0.000 0.000 0.000
AGAP009629 OBP5 37.979 25.311 41.159 30.061
AGAP003530 OBP6 25.232 55.863 26.853 56.746
AGAP001556 OBP7 120.859 98.412 147.953 117.139
AGAP000279 Obp8 0.141 0.000 0.689 0.000
AGAP000278 OBP9 2.081 2.486 1.161 2.607
AGAP001189 Obp10 1,353.581 1,319.310 1,698.480 1,176.919
AGAP002025 OBP11 0.000 0.000 0.401 0.069
AGAP002188 OBP12 0.000 0.049 0.000 0.000
AGAP002905 OBP13 2,490.079 2,695.098 2,619.672 3,334.414
AGAP002189 OBP14 0.000 0.000 0.000 0.163
AGAP003307 OBP15 0.000 0.000 0.000 0.000
AGAP004433 Obp19 2.721 5.002 2.015 7.400
AGAP005208 OBP20 85.880 69.650 99.328 79.231
AGAP008398 OBP21 0.000 0.064 0.000 0.000
AGAP010409 OBP22 61.809 49.496 88.265 65.022
AGAP012318 OBP23 55.525 1.891 80.484 3.458
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Table Al Continued

Gene ID Gene Fem_e_lle An. _Female An. Ma_l_e An. _ Male An.

—_— Name coluzzii (CPM) | quadriannulatus (CPM) | coluzzii (CPM) | guadriannulatus (CPM)
AGAP012319 OBP24 0.214 0.124 1.153 0.144
AGAP012320 OBP25 571.571 382.905 618.469 554.428
AGAP012321 OBP26 1,472.918 129.103 81.465 24.486
AGAP012323 OBP27 0.000 0.000 0.000 0.000
AGAP012325 OBP28 2.030 1.036 2.033 2.159
AGAP012331 OBP29 0.444 0.301 0.290 0.252
AGAP010649 Obp31 0.000 0.000 0.000 0.000
AGAP000638 OBP32 0.000 0.060 0.000 0.000
AGAP000640 OBP33 0.000 0.000 0.000 0.000
AGAP000641 OBP34 0.000 0.000 0.000 0.000
AGAP000642 OBP35 0.000 0.000 0.000 0.000
AGAP000643 OBP36 0.000 0.000 0.000 0.000
AGAP000644 OBP37 0.000 0.000 0.000 0.000
AGAP029660 Obp38 0.192 0.191 0.272 13.144
AGAP002190 OBP39 0.000 0.000 0.000 0.000
AGAP002191 OBP40 0.000 0.000 0.000 0.000
AGAP005182 OBP41 0.000 0.000 0.000 0.133
AGAP009065 OBP42 0.000 0.000 0.000 0.000
AGAP009402 OBP43 0.000 0.000 0.000 0.000
AGAP010648 OBP44 0.000 0.000 0.000 0.084
AGAP010650 OBP45 0.000 0.000 0.000 0.000
AGAP007289 OBP46 0.310 1.376 0.301 2.578
AGAP007287 OBP47 49.424 39.226 57.438 47.949
AGAP007286 Obp48 1,603.747 3,445.310 1,693.067 4,280.548
AGAP006075 OBP49 3.316 0.366 1.541 0.228
AGAP006076 OBP50 338.533 646.601 338.889 497.528
AGAP006077 Obp51 394.574 186.576 274.379 172.626
AGAP006078 Obp52 1.349 1.150 1.228 1.209
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Gene ID Gene Fem_e_1|e An. _Female An. Ma_l_e An. _ Male An.

—_— Name coluzzii (CPM) | quadriannulatus (CPM) | coluzzii (CPM) | guadriannulatus (CPM)
AGAP006079 Obp53 0.725 0.000 0.000 0.307
AGAP006080 OBP54 1,380.586 266.436 1,057.866 276.815
AGAP006081 OBP55 1.380 1.457 1.002 1.966
AGAP011367 OBP56 14.870 4.164 12.505 6.597
AGAP011368 OBP57 4,346.634 11,705.754 3,134.650 5,679.227
AGAP006760 Obp62 0.197 0.598 0.235 0.139
AGAP007281 Obp63 0.000 0.000 0.104 0.082
AGAP007282 Obp64 0.000 0.000 0.000 0.000
AGAP002556 Obp66 71.921 56.047 96.064 65.687
AGAP012322 Obp67 0.168 0.000 0.000 0.163
AGAP012659 Obp67 0.000 0.000 0.000 0.000
AGAP012324 Obp68 0.000 0.000 0.000 0.000
AGAP012658 Obp68 0.000 0.000 0.091 0.000
AGAP013182 Obp69 0.000 0.000 0.000 0.139
AGAP006368 Obp69 1.871 0.277 0.195 0.072
AGAP007283 Obp70 0.033 0.000 0.000 0.000
AGAPQ006074 Obp71 42.176 19.611 26.688 24.966
AGAP012714 Obp72 1.009 1.412 1.217 3.208
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APPENDIX B

Table A2 — Raw Results of Dual-Port Olfactometer Experiments

Date Condition | Left Port | Right Port | Cow Port | Human Port | Release Cage | Wind Tunnel | All Non-Responders | Starting# | Alive | Active
2/5/2019 intact cow sock 0 15 4 29 33 52 48 44
2/9/2019 intact sock cow 3 32 4 24 28 64 63 59
2/10/2019 intact sock cow 0 10 5 14 19 44 29 24
2/17/2019 leg sock cow 0 3 13 23 36 45 39 26
2/17/2019 intact sock cow 0 8 16 15 31 45 39 23
2/17/2019 labella sock cow 0 0 20 12 32 44 32 12
2/18/2019 intact cow sock 0 5 11 30 41 60 46 35

3/24/2019 intact sock cow 0 14 7 21 28 49 42 35
3/24/2019 antenna sock cow 0 0 30 13 43 49 43 13
3/25/2019 antenna cow sock 0 0 21 25 46 63 46 25
3/25/2019 intact cow sock 1 16 4 42 46 64 63 59
3/26/2019 antenna sock cow 0 0 25 7 32 47 32 7
3/26/2019 intact sock cow 0 14 22 30 47 44 36
4/1/2019 intact sock cow 0 20 29 32 53 52 49
4/1/2019 MP sock cow 0 18 11 23 34 53 52 41
4/3/2019 labella cow sock 0 4 15 17 32 52 36 21
4/3/2019 intact cow sock 0 20 7 24 31 52 51 44
4/4/2019 labella sock cow 0 4 10 17 27 55 31 21
4/4/2019 intact sock cow 0 6 6 41 47 55 53 47
4/4/2019 MP sock cow 0 1 12 37 49 55 50 38
4/5/2019 intact cow sock 0 12 8 49 57 73 69 61
4/5/2019 MP cow sock 0 0 20 38 58 73 58 38
4/8/2019 MP cow sock 0 1 4 23 27 30 28 24
4/8/2019 intact cow sock 0 2 27 28 30 30 29
4/10/2019 leg cow sock 0 8 3 45 48 56 56 53
7/30/2019 antenna sock cow 0 0 24 14 38 68 38 14
7/30/2019 intact sock cow 1 5 2 52 54 68 60 58




Table A2 Continued

Date Condition | Left Port | Right Port | Cow Port | Human Port | Release Cage | Wind Tunnel | All Non-Responders | Starting# | Alive | Active
9/21/2019 no CO2 sock cow 0 0 25 40 65 5 70 65
9/21/2019 intact sock cow 0 6 13 40 53 11 70 59
1/23/2020 no CO2 sock cow 0 1 12 53 65 2 68 66
1/23/2020 intact sock cow 0 15 51 54 0 69 69
1/27/2020 | no CO2 sock cow 0 0 41 49 1 50 49
1/27/2020 labella sock cow 0 0 10 28 38 15 53 38
1/27/2020 intact sock cow 0 5 5 36 41 4 50 46
1/28/2020 intact sock cow 1 3 19 22 41 1 46 45
1/28/2020 leg sock cow 0 2 11 27 38 7 47 40
2/4/2020 intact cow sock 0 11 6 26 32 12 55 43
2/8/2020 no CO2 cow sock 0 6 4 40 44 1 51 50
2/8/2020 leg cow sock 0 2 37 46 3 51 48
2/8/2020 intact cow sock 0 10 3 37 40 1 51 50
2/10/2020 antenna cow sock 0 0 35 18 53 0 53 53
2/10/2020 intact cow sock 2 26 5 20 25 0 53 53
2/11/2020 no CO2 cow sock 0 0 25 19 44 0 44 44
2/11/2020 intact cow sock 0 23 4 17 21 0 44 44
2/11/2020 MP cow sock 0 1 31 38 5 44 39
2/11/2020 leg cow sock 0 1 30 8 38 4 43 39
2/14/2020 no CO2 sock cow 0 0 34 16 50 0 50 50
2/14/2020 labella sock cow 0 5 32 7 39 6 50 44
2/14/2020 leg sock cow 0 4 13 33 46 0 50 50
2/14/2020 antenna sock cow 0 0 24 23 47 3 50 47
2/14/2020 MP sock cow 0 2 10 36 46 1 49 48
2/14/2020 intact sock cow 0 21 7 22 29 0 50 50
2/16/2020 | no CO2 cow sock 0 0 43 5 48 2 50 48
2/16/2020 intact cow sock 1 7 25 17 42 0 50 50
2/16/2020 leg cow sock 0 12 19 16 35 3 50 47
2/16/2020 MP cow sock 0 0 16 30 46 4 50 46
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Table A2 Continued

Date Condition | Left Port | Right Port | Cow Port | Human Port | Release Cage | Wind Tunnel | All Non-Responders | Starting# | Alive | Active
2/17/2020 antenna sock cow 0 0 21 2 23 22 45 23
2/17/2020 labella sock cow 0 4 15 15 30 12 46 34
2/17/2020 intact sock cow 1 3 14 26 40 1 45 44
2/24/2020 no CO2 cow sock 0 8 27 60 87 5 100 95
2/24/2020 MP cow sock 0 5 17 75 92 3 100 97
2/24/2020 antenna cow sock 0 0 48 30 78 22 100 78
2/24/2020 leg cow sock 0 14 22 57 79 7 100 93
2/24/2020 intact cow sock 0 14 14 63 77 100 91
3/2/2020 labella sock cow 0 9 29 19 48 91 148 57
3/2/2020 intact sock cow 0 4 40 46 86 54 144 90
3/6/2020 labella cow sock 0 0 8 14 50 64 14
3/6/2020 intact cow sock 0 12 16 24 4 40 36
3/7/2020 labella cow sock 0 1 4 6 31 38 7
3/7/2020 intact cow sock 0 7 9 17 26 4 37 33
3/14/2020 labella sock cow 0 5 31 22 53 42 100 58
3/14/2020 intact sock cow 0 10 3 79 82 8 100 92
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Table A3 — McDonald-Kreitman Test Results for An. arabiensis — An. coluzzii

APPENDIX C

Chromosome | Starting Position Gene dS | dN | pS | pN | p-value NI
2R 50,165,767 Grl 10|56 21 1 NA
2R 18,508,124 Gr2 0] 0 |8]29 NA NA
3R 44,359,442 Gr3 0] 0 ]39]35 NA NA
3R 44,357,873 Gr4 0| 0 [57] 56 NA NA
3R 44,353,861 Gr7 2 | 1 [41] 53 |0.582657 | 2.585
3R 44,356,455 Gr8 1| 2 |41 36 |0.601777 | 0.439
3R 43,668,907 Gri1 0] 0 |50] 30 NA NA
3R 43,667,301 Gri2 0] 0 |46 55 NA NA
2R 24,811,173 Gri3-RA 2 | 0 [52] 59 |0.226138 | NA
2R 24,811,174 Gr13-RB 2 | 0 |52] 53 ]0.495327 | NA
2L 31,086,199 Gri4 0] 0 ]|72]25 NA NA
2R 34,483,756 Gri5 0] 0 |61]15 NA NA
2R 34,486,991 Grl6 0] 0 [55] 32 NA NA
2R 34,490,489 Grl7 0] 0 |42]22 NA NA
2R 34,492,401 Gris 0| 1 |41 17 |0.305085 0
2R 34,498,848 Gri19 0| 0 |46 32 NA NA
2R 34,500,539 Gr20-RA 0] 0|37 NA NA
2R 34,500,539 Gr20-RB 0] 0 |37] 8 NA NA
2R 34,504,196 Gr2l 3 1 |64] 16 1 0.75
3R 47,434,756 Gr22 2 |0 [37] 8 1 NA
2R 32,427,076 Gr23 0] 0 |65] 18 NA NA
2R 12,028,579 Gr24 0] 0[50 19 NA NA
2L 2,812,195 Gr25 2 |1 (|15] 7 1 0.933
2L 37,150,360 Gr26 0] 0 ]91]38 NA NA
2L 37,148,677 Gr27 0| 0 [66] 65 NA NA
2L 37,132,998 Gr28-RA/RB| 0 | O | 60| 28 NA NA
2L 39,308,977 Gr29 0] 0 [91]55 NA NA
2L 39,310,745 Gr30 0] 0 |55] 67 NA NA
2L 39,312,570 Gr3l 0| 0 |67 44 NA NA
2L 39,314,564 Gr32-RA 0| 0 [58]| 37 NA NA
2L 39,314,564 Gr32-RB 0] 0 |59] 28 NA NA




Table A3 Continued

Chromosome | Starting Position Gene dS |dN | pS | pN | p-value NI
3R 50,417,385 Gr33 1|10 |23 ] 4 1 NA
2L 32,255,763 Gr34 0| 0| 71]17 NA NA
3L 34,950,515 Gr35 0| 0| 75|20 NA NA
2R 449,457 Gr36 0] 0| 36 |29 NA NA
2R 374,651 Gr37-RA 0| 0 | 34|27 NA NA
2R 374,651 Gr37-RB 0] 0| 3|23 NA NA
2R 374,651 Gr37-RC 0| 0 | 41| 16 NA NA
2R 374,651 Gr37-RD 0| 0| 40 |20 NA NA
2R 374,651 Gr37-RE 0| 0| 33| 27 NA NA
2R 374,651 Gr37-RF 0| 0| 20| 23 NA NA
2R 374,651 Gr37-RG/RH | 0 | 0 | 32 | 23 NA NA
2R 346,604 Gr38 0| 0| 29 | 28 NA NA
2R 439,782 Gr39 0| 0| 38|23 NA NA
2R 443,778 Gr40 0] 0| 34 ]33 NA NA
2R 446,998 Gr41 0| 0 | 13 | 43 NA NA
2R 355,689 Gr42 0| 0| 38| 22 NA NA
2L 8,794,945 Gr43 1 (0|82 1 NA
3R 29,972,930 Gr44-RA 2 | 7 |100| 80 | 0.082906 | 0.229
3R 29,972,930 Gr44-RB 1 (0| 9 | 62 1 NA
3R 29,972,930 Gr44-RC 0| 0 | 42|19 NA NA
3R 29,972,930 Gr44-RD 3 ] 5 | 76 | 61 | 0.469029 | 0.482
3R 29,972,930 Gr44-RE 0| O | 48 | 52 NA NA
3R 315,137 Gr45 1| 0 | 36 | 38 | 0493333 | NA
3R 307,779 Gr46 2 | 2 ]3] 26 1 0.839
2L 16,537,983 Gr47 0| 0 | 88 | 24 NA NA
2R 688,812 Gr48 0| 0 | 61 | 53 NA NA
2R 685,937 Gr49-RA 0| 0 | 49 |29 NA NA
2R 685,937 Gr49-RB 4 | 0 | 55 | 55 | 0.119316 | NA
2R 690,556 Gr50 3 | 7 | 51 | 40 | 0.181513 | 0.336
2R 691,958 Gr51 0| 0 | 62 | 56 NA N
2R 693,555 Gr52 0| 0 | 63 | 54 NA NA
2R 24,694,665 Gr53 0| 0|57 4 NA NA
2R 54,384,164 Gr54 0| 0| 32|33 NA NA
2L 39,994,248 Gr55 0| O | 68| 66 NA NA
2L 27,137,739 Gr56-RA 1|1 |62 66 1 1.065
2L 27,137,739 Gr56-RB 0| 2 | 53 | 61| 0.499% 0
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Table A3 Continued

Chromosome | Starting Position Gene | dS |dN | pS |pN |p-value | NI
2L 27,137,739 Gr56-RC | 0 | 0 | 50 | 43 NA NA
2L 27,137,739 Gr56-RD | 0 | O |66 | 24 NA NA
2L 27,137,739 Gr56-RE | 1 | 1 | 46 | 57 1 1.239
2L 27,137,739 Gr56-RF | 0 | O | 64| 38 NA NA
2L 2,624,121 Gr57 0| 1|16 25 1 0
2R 453,144 Gr58 0| 0 |33]26 NA NA
2R 567,440 Gr59 0| 0 |52] 26 NA NA
2R 445,479 Gr60 0| 0 |37] 18 NA NA

Table A4 — McDonald-Kreitman Test Results for An. arabiensis — An. gambiae s.s.

Chromosome | Starting Position Gene dS | dN | pS | pN | p-value NI
2R 50,165,767 Grl 0] 0| 66|29 NA NA
2R 18,508,124 Gr2 0 0 | 118 | 47 NA NA
3R 44,359,442 Gr3 0 0 51]62 NA NA
3R 44,357,873 Gr4 0] 0| 7465 NA NA
3R 44,353,861 Gr7 2 | 0 | 53 |69 ]0.194729 | NA
3R 44,356,455 Gr8 1| 2 | 60 | 51 |0.596655 | 0.425
3R 43,668,907 Gri1 0O 0| 55] 38 NA NA
3R 43,667,301 Gri2 0] O [ 45|53 NA NA
2R 24,811,173 Gri3-RA[ 0 | 0 | 62 | 64 NA NA
2R 24,811,174 Gri3-RB | O 0 60 | 57 NA NA
2L 31,086,199 Gri4 0 0 | 107 | 42 NA NA
2R 34,483,756 Gri5 00|98 ]21 NA NA
2R 34,486,991 Gril6 0] 0 [ 77|43 NA NA
2R 34,490,489 Gr17 0] 0 [72]35 NA NA
2R 34,492,401 Gris8 0| 0| 63 ] 48 NA NA
2R 34,498,848 Gri19 0] O |66 |44 NA NA
2R 34,500,539 Gr20-RA[ 0 | 0 | 37 NA NA
2R 34,500,539 Gr20-RB | 0 | 0 | 37 NA NA
2R 34,504,196 Gr2l 10 ]93]30 1 NA
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Table A4 Continued

Chromosome | Starting Position Gene dS | dN | pS | pN | p-value NI
3R 47,434,756 Gr22 2 1 0|47 ] 9 1 NA
2R 32,427,076 Gr23 0| 0 ]9 | 23 NA NA
2R 12,028,579 Gr24 0| O | 84| 33 NA NA
2L 2,812,195 Gr25 2 1|15 8 1 1.067
2L 37,150,360 Gr26 0| 0 | 93| 34 NA NA
2L 37,148,677 Gr27 0| 0 | 77| 74 NA NA
2L 37,132,998 Gr28-RA/RB | 0 | O | 70 | 43 NA NA
2L 39,308,977 Gr29 0| O [110| 76 NA NA
2L 39,310,745 Gr30 0| 0 | 77 | 100 NA NA
2L 39,312,570 Gr3l 0| O | 74 | 57 NA NA
2L 39,314,564 Gr32-RA 0| 0 | 8 | 49 NA NA
2L 39,314,564 Gr32-RB 0| O | 75 | 48 NA NA
3R 50,417,385 Gr33 1|0 |60] 10 1 NA
2L 32,255,763 Gr34 0| 0 |103] 19 NA NA
3L 34,950,515 Gr35 0| O [109| 23 NA NA
2R 449,457 Gr36 0| 0 | 45| 37 NA NA
2R 374,651 Gr37-RA 0| O | 38 | 25 NA NA
2R 374,651 Gr37-RB 0| 0| 34| 17 NA NA
2R 374,651 Gr37-RC 0| 0 | 45| 20 NA NA
2R 374,651 Gr37-RD 0| 0 | 41| 19 NA NA
2R 374,651 Gr37-RE 0| 0 | 37| 27 NA NA
2R 374,651 Gr37-RF 0| O | 30| 25 NA NA
2R 374,651 Gr37-RG/RH | 0 | 0 | 36 | 22 NA NA
2R 346,604 Gr38 0| 0| 39| 34 NA NA
2R 439,782 Gr39 0| 0| 45| 33 NA NA
2R 443,778 Gr40 0| 0| 41| 38 NA NA
2R 446,998 Gr4l 0| O | 10 | 60 NA NA
2R 355,689 Gr42 0| 0 | 40 | 36 NA NA
2L 8,794,945 Gr43 0| O [108| 29 NA NA
3R 29,972,930 Gr44-RA 1| 3 [100| 95 | 0.363724 | 0.317
3R 29,972,930 Gr44-RB 1] 0 |105| 69 1 NA
3R 29,972,930 Gr44-RC 0| 0 | 62| 23 NA NA
3R 29,972,930 Gr44-RD 2 | 4 |91 | 73 |0.411823 | 0.401
3R 29,972,930 Gr44-RE 0| O | 65| 74 NA NA
3R 315,137 Gr45 0| 0|43 | 4 NA NA
3R 307,779 Gr46 0| 0 | 33 | 37 NA NA
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Table A4 Continued

Chromosome | Starting Position Gene |[dS|dN | pS | pN | p-value NI
2L 16,537,983 Gr47 0| 0 |103] 40 NA NA
2R 688,812 Gr48 0| 0 | 88| 52 NA NA
2R 685,937 Grd9-RA | 0 | O | 58 | 47 NA NA
2R 685,937 Gr4d9-RB | 4 | 1 | 63 | 65 | 0.365494 | 4.127
2R 690,556 Gr50 3 | 7 | 73 | 41 | 0.044982 | 0.241
2R 691,958 Gr51 0| 0| 8 | 80 NA NA
2R 693,555 Gr52 0| 0| 69|70 NA NA
2R 24,694,665 Gr53 0| 01|69 3 NA NA
2R 54,384,164 Gr54 0| 0 | 42 | 46 NA NA
2L 39,994,248 Gr55 0| 0 | 80| 68 NA NA
2L 27,137,739 Gr56-RA | 0 | 1 | 82 | 81 1
2L 27,137,739 Gr56-RB | 0 | 2 | 74 | 67 | 0.231065
2L 27,137,739 Gr56-RC | O 0 74 | 60 NA NA
2L 27,137,739 Gr56-RD | 0 | O | 87 | 30 NA NA
2L 27,137,739 Gr56-RE | 1 1 64 | 59 1 0.922
2L 27,137,739 Gr56-RF | 0 | 0 | 78 | 48 NA NA
2L 2,624,121 Gr57 011 9 |27 1 0
2R 453,144 Gr58 0| 0| 39| 34 NA NA
2R 567,440 Gr59 0| 0|5 |25 NA NA
2R 445,479 Gr60 0| 0 | 38| 26 NA NA
Table A5 — McDonald-Kreitman Test Results for An. arabiensis — An. melas

Chromosome | Starting Position | Gene | dS | dN | pS | pN | p-value NI
2R 50,165,767 Grl [ 13| 6 | 30| 21 | 0.584289 | 1.517
3R 44,359,442 Gr3 4 |16 | 21 | 0.196326 | 2.953
3R 44,357,873 Gr4 10 | 34 | 27 | 0.410839 | 0.556
3R 44,353,861 Gr7 5 24 ] 20 ]0555114 | 15
3R 44,356,455 Gr8 [ 20| 13 | 16 | 18 | 0.330183 | 1.731
3R 43,668,907 Grll | 11| 16 | 33 | 17 | 0.052678 | 0.354
3R 43,667,301 Gri2 | 9 | 13 | 20 | 35 | 0.796511 | 1.212
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Table A5 Continued

Chromosome | Starting Position Gene dS | dN | pS | pN | p-value NI
2R 24,811,173 Gri3-RA 7| 2 |42 37| 0.2883 | 3.083
2R 24,811,174 Grl13-RB 6 | 2 | 41| 32 | 0457443 | 2.341
2L 31,086,199 Grl4 10 | 7 | 41| 16 | 0.373928 | 0.557
2R 34,483,756 Grl5 12| 4 | 37| 11 1 0.892
2R 34,486,991 Grl6 111 6 |44 | 21 1 0.875
2R 34,490,489 Grl7 8 | 6 | 23| 17 1 0.986
2R 34,492,401 Grl8 20 | 11 | 32| 18 1 1.023
2R 34,498,848 Gri9 9 | 11 | 35 | 25 | 0.314261 | 0.584
2R 34,500,539 Gr20-RA 10 | 1 | 47| 12 | 0.675705 | 2.553
2R 34,500,539 Gr20-RB 10 | 1 | 47| 11 | 0.674436 | 2.34
2R 34,504,196 Gr21 21| 7 | 33| 9 |0.776479 | 0.818
3R 47,434,756 Gr22 12| 1 |16 | 8 | 0.119346 6
2R 32,427,076 Gr23 15| 2 | 32| 12 | 0.311173 | 2.813
2R 12,028,579 Gr24 71 0 | 43| 14 | 0.196566 | NA
2L 2,812,195 Gr25 11| 3 (13| 7 | 0.467408 | 1.974
2L 37,150,360 Gr26 19 | 5 | 26 | 18 | 0.11408 | 2.631
2L 37,148,677 Gr27 13| 13 | 29| 27 1 0.931
2L 37,132,998 Gr28-RA/RB | 10 | 7 | 27 | 19 1 1.005
2L 39,308,977 Gr29 15| 11 | 44| 31 1 0.961
2L 39,310,745 Gr30 11 | 15 | 33 | 45 1 1
2L 39,312,570 Gr3l 22 | 13 | 24| 17 | 0.81816 | 1.113
2L 39,314,564 Gr32-RA 17 | 10 | 28 | 19 | 0.809544 | 1.154
2L 39,314,564 Gr32-RB 19 | 7 | 23| 15 | 0.422419 | 1.77
3R 50,417,385 Gr33 12| 0 | 16| 6 | 0.069121 | NA
2L 32,255,763 Gr34 9 |2 |51|11 1 0.971
3L 34,950,515 Gr35 21| 7 | 54| 18 1 1
2R 449,457 Gr36 20| 13 | 19 | 14 1 1.134
2R 374,651 Gr37-RA 11 | 13 | 27 | 14 | 0.127552 | 0.439
2R 374,651 Gr37-RB 10 | 1 | 20| 12 | 0.129055 6
2R 374,651 Gr37-RC 12| 2 | 24| 8 |0.476917 2
2R 374,651 Gr37-RD 11 | 3 | 22| 10 | 0.724105 | 1.667
2R 374,651 Gr37-RE 14 | 8 |17 | 16 | 0.417456 | 1.647
2R 374,651 Gr37-RF 10 | 3 | 18| 15 | 0.196833 | 2.778
2R 374,651 Gr37-RG/RH | 11 | 13 | 25 | 13 | 0.186193 | 0.44
2R 346,604 Gr38 16 | 19 | 14 | 21 | 0.809403 | 1.263
2R 439,782 Gr39 12 | 12 | 18 | 14 | 0.787537 | 0.778
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Table A5 Continued

Chromosome | Starting Position | Gene | dS | dN | pS | pN | p-value NI
2R 443,778 Gr40 13| 10 | 23 | 22 | 0.798622 | 1.243
2R 446,998 Gr4l 7 119| 8 |22 1 1.013
2R 355,689 Gr42 14 | 17 | 17 | 18 | 0.809541 | 0.872
2L 8,794,945 Gr43 16| 7 | 36| 18 1 1.143
3R 315,137 Gr45 10 | 10 | 26 | 18 | 0.590206 | 0.692
3R 307,779 Gr46 11 | 10 | 13 | 18 | 0.573456 | 1.523
2L 16,537,983 Gra7 4 | 5 |56| 19 | 0.110756 | 0.271
2R 688,812 Gr48 21| 14 | 25| 18 1 1.08
2R 685,937 Gr49-RA | 19 | 17 | 26 | 16 | 0.493085 | 0.688
2R 685,937 Gr49-RB | 18 | 15 | 28 | 17 | 0.641667 | 0.729
2R 690,556 Gr50 16 | 13 | 29 | 23 1 0.976
2R 691,958 Gr51 17 | 12 | 23 | 30 | 0.248882 | 1.848
2R 693,555 Gr52 12 | 15 | 22 | 51 | 0.235001 | 1.855
2R 24,694,665 Gr53 8 | 1|40 3 1 0.6
2R 54,384,164 Gr54 12 | 12 | 15 | 19 | 0.790441 | 1.267
2L 39,994,248 Gr55 11111 | 32| 36 1 1.125
2R 453,144 Gr58 18 | 20 | 25 | 21 | 0.661345 | 0.756
2R 567,440 Gr59 9 | 6 | 23] 17 1 1.109
2R 445,479 Gré0 15 | 14 | 11 | 17 | 0.428656 | 1.656

Table A6 — McDonald-Kreitman Test Results for An. arabiensis — An. merus

Chromosome | Starting Position | Gene | dS | dN | pS | pN | p-value NI
2R 50,165,767 Grl | 16 | 7 | 36 | 17 1 1.079
2R 18,508,124 Gr2 6 | 64 | 28 | 0.369637 | 0.583
3R 44,359,442 Gr3 6 | 23 | 23 | 0.562468 | 1.5
3R 44,357,873 Grd | 20 | 20 | 36 | 27 | 0.544872 | 0.75
3R 44,350,967 Gr6 | NA | NA | NA | NA NA NA
3R 44,353,861 Gr7 | 10 | 13 | 21 | 26 0.952
3R 44,356,455 Gr8 | 18 | 13 | 20 | 16 1 1.108
3R 43,670,895 Grl0 | NA | NA | NA | NA NA NA
3R 43,668,907 Grll | 12 | 7 | 49 | 19 | 0.782203 | 0.814
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Table A6 Continued

Chromosome | Starting Position Gene dS | dN | pS | pN | p-value NI
3R 43,667,301 Grl12 9 | 10 | 28 | 37 | 0.796439 | 1.189
2R 24,811,173 Grl13-RA 15| 8 | 46 | 49 | 0.169156 | 1.997
2R 24,811,174 Gr13-RB 13| 8 | 46| 41 | 0.477235 | 1.448
2L 31,086,199 Grl4 13| 9 | 47| 17 | 0.281771 | 0.522
2R 34,483,756 Gri5 14 | 2 | 48| 14 | 0.500885 | 2.042
2R 34,486,991 Grl6 10 | 6 | 48| 21 | 0.766382 | 0.729
2R 34,490,489 Grl7 14 | 4 | 24| 18 | 0.154534 | 2.625
2R 34,492,401 Gris 17 | 10 | 31 | 21 | 0.812564 | 1.152
2R 34,498,848 Gr19 12| 8 |39 29 1 1.115
2R 34,500,539 Gr20-RA 10 | 4 | 47| 17 1 0.904
2R 34,500,539 Gr20-RB 10 | 4 | 47| 17 1 0.904
2R 34,504,196 Gr21 17 | 5 | 46| 11 | 0.760101 | 0.813
3R 47,434,756 Gr22 171 0 (17 | 7 | 0.029471 | NA
2R 32,427,076 Gr23 15| 2 | 39| 13 | 0.326145 | 25
2R 12,028,579 Gr24 7 | 1 | 57| 21 |0.673597 | 2.579
2L 2,812,195 Gr25 18| 5 | 10| 5 | 0.472559 | 1.8
2L 37,150,360 Gr26 12 | 12 | 30 | 20 | 0.45975 | 0.667
2L 37,148,677 Gr27 14 | 21 | 31 | 35 | 0.534702 | 0.753
2L 37,132,998 Gr28-RA/RB | 11 | 9 | 43| 32 1 0.91
2L 39,308,977 Gr29 12| 7 |61 34 1 0.956
2L 39,310,745 Gr30 12 | 17 | 33 | 42 | 0.829403 | 0.898
2L 39,312,570 Gr3l 20 | 14 | 27 | 24 | 0.659457 | 1.27
2L 39,314,564 Gr32-RA 17 | 10 | 21| 21 | 0.329765 | 1.7
2L 39,314,564 Gr32-RB 16 | 16 | 26 | 21 | 0.654289 | 0.808
3R 50,417,385 Gr33 18 | 0 | 13| 3 |0.093583 | NA
2L 32,255,763 Gr34 7| 3 |57 14 | 0.679535 | 0.573
3L 34,950,515 Gr35 10 | 5 | 62| 14 | 0.293753 | 0.452
2R 449,457 Gr36 24 1 20 | 25| 20 1 0.96
2R 374,651 Gr37-RA 11| 8 | 23| 14 | 0.779778 | 0.837
2R 374,651 Gr37-RB 0 |20 | 13 | 0.275645 | NA
2R 374,651 Gr37-RC 1 | 26| 10 | 0.410253 | 3.462
2R 374,651 Gr37-RD 1 ]120| 11 | 0.233181 | 4.4
2R 374,651 Gr37-RE 13| 5 | 16 | 19 | 0.085399 | 3.088
2R 374,651 Gr37-RF 7 3 |20 | 19 | 0477811 | 2.217
2R 374,651 Gr37-RG/RH | 11 | 8 | 22 | 13 | 0.775344 | 0.813
2R 346,604 Gr38 21| 4 |17 | 17 | 0.012366 | 5.25
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Table A6 Continued

Chromosome | Starting Position Gene |dS |dN | pS | pN | p-value NI
2R 439,782 Gr39 15| 5 | 15| 14 | 0.139272 | 2.8
2R 443,778 Gr40 918 |24 2 1 0.984
2R 446,998 Gr41 7 120 | 8 | 28 | 0.771825 | 1.225
2R 355,689 Gr42 12| 8 | 20| 16 | 0.785263 | 1.2
2L 8,794,945 Gr43 14| 6 | 37| 17 1 1.072
3R 315,137 Gr45 18 | 8 | 23| 17 | 0.438209 | 1.663
3R 307,779 Gr46 12 | 6 | 13 | 17 | 0.144671 | 2.615
2L 16,537,983 Gr47 10| 4 | 62| 23 1 0.927
2R 688,812 Gr48 14 | 13 | 30 | 20 | 0.629948 | 0.718
2R 690,556 Gr50 17 | 20 | 31 | 24 | 0.396357 | 0.658
2R 691,958 Gr51 7 | 19 | 36 | 33 | 0.037337 | 0.338
2R 693,555 Gr52 13 | 14 | 28 | 39 | 0.648401 | 1.293
2R 54,384,164 Gr54 22 | 11 | 13 | 23 | 0.016033 | 3.538
2L 39,994,248 Gr55 8 | 10 | 29 | 30 | 0.791962 | 0.828
2L 27,137,739 Gr56-RA | 13 | 14 | 34 | 46 | 0.657832 | 1.256
2L 27,137,739 Gr56-RB | 11 | 6 | 40 | 39 | 0.422456 | 1.788
2L 27,137,739 Gr56-RC | 10 | 17 | 35| 39 | 0.377377 | 0.655
2L 27,137,739 Gr56-RD | 5 | 10 | 38 | 17 | 0.016953 | 0.224
2L 27,137,739 Gr56-RE | 11 | 10 | 23 | 46 | 0.130247 | 2.2
2L 27,137,739 Gr56-RF | 7 | 6 | 40| 29 1 0.846
2R 453,144 Gr58 16 | 16 | 26 | 19 | 0.642774 | 0.731
2R 567,440 Gr59 13 | 12 | 24 | 15 | 0.60447 | 0.677
2R 445,479 Gr60 23| 12 | 13 | 16 | 0.129917 | 2.359

Table A7 — McDonald-Kreitman Test Results for An. arabiensis — An. quadriannulatus

Chromosome | Starting Position Gene dS | dN | pS | pN | p-value NI
2R 50,165,767 Grl 2 | 0 | 57| 27 | 0564159 | NA
2R 18,508,124 Gr2 0 | 1 | 76| 40 |0.350427 0
3R 44,359,442 Gr3 112931 1 1.069
3R 44,357,873 Gr4 0 | 5 | 67| 57 |0.023511 0
3R 44,353,861 Gr7 312 139 39 1 15
3R 44,356,455 Gr8 51 3 |40 26 1 1.083
3R 43,668,907 Gri1 0 | 1 |57 | 21 |0.278481 0
3R 43,667,301 Gri2 1| 1 |44 46 1 NA
2R 24,811,173 Gri3-RA | 5 4 | 58 | 46 1 0.991
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Table A7 Continued

Chromosome | Starting Position Gene dS | dN | pS | pN | p-value NI
2L 31,086,199 Grl14 2 | 2 | 87| 22 |0.197489 | 0.253
2R 34,483,756 Grl5 3| 2 |54 13 | 0.27726 | 0.361
2R 34,486,991 Grl6 5 | 4 | 60| 30 | 0.714464 | 0.625
2R 34,490,489 Grl7 4 | 1 |41 21 | 0.660591 | 2.049
2R 34,492,401 Gris 2 | 6 |51 20 |0.013557 | 0.131
2R 34,498,848 Gr19 7 | 0 | 46| 28 | 0.050412 | NA
2R 34,500,539 Gr20-RA 5 | 2 | 57| 15 | 0.639477 | 0.658
2R 34,500,539 Gr20-RB 5 | 2 | 57| 15 | 0.639477 | 0.658
2R 34,504,196 Gr21 6 | 4 | 64| 13 |0.198994 | 0.305
3R 47,434,756 Gr22 9 | 0 | 29| 10 | 0.172248 | NA
2R 32,427,076 Gr23 2| 0 |48 19 1 NA
2R 12,028,579 Gr24 0| 0 |62 20 NA NA
2L 2,812,195 Gr25 6 | 2 |13] 6 1 1.385
2L 37,150,360 Gr26 7 | 0 | 69| 31 |0.104657 | NA
2L 37,148,677 Gr27 15| 8 | 44 | 58 | 0.066505 | 2.472
2L 37,132,998 Gr28-RA/RB | 5 | 3 |49 | 24 1 0.816
2L 39,308,977 Gr29 10| 8 | 75| 43 | 0.603318 | 0.717
2L 39,310,745 Gr30 4 | 7 | 60| 48 | 0.342001 | 0.457
2L 39,312,570 Gr3l 13 | 10 | 45| 36 1 1.04
2L 39,314,564 Gr32-RA 5 | 5 | 58| 30 | 0487435 | 0.517
2L 39,314,564 Gr32-RB 11| 8 | 54| 28 | 0.597514 | 0.713
3R 50,417,385 Gr33 5| 0 |27| 6 | 057015 | NA
2L 32,255,763 Gr34 0| 0 |65] 11 NA NA
3L 34,950,515 Gr35 0| 0 |78]|23 NA NA
2R 449,457 Gr36 11| 7 |21 13 1 0.973
2R 374,651 Gr37-RA 7| 7 |27 16 | 0.532435
2R 374,651 Gr37-RB 6 1 |20 | 16 | 0.214871 | 4.8
2R 374,651 Gr37-RC 5 0 | 31| 15 |0.304711 | NA
2R 374,651 Gr37-RD 4 | 0 | 26| 14 | 0.289692 | NA
2R 374,651 Gr37-RE 9 | 1 |21 21 |0.031572 9
2R 374,651 Gr37-RF 4 | 2 | 23| 20 | 0677878 | 1.739
2R 374,651 Gr37-RG/RH | 7 | 7 | 26 | 15 | 0.52876 | 0.577
2R 346,604 Gr38 14 | 4 | 15| 12 | 0.204147 | 2.8
2R 439,782 Gr39 14| 0 | 25| 16 | 0.005139 | NA
2R 443,778 Gr40 8 | 3 |26| 20 | 0.49655 | 2.051
2R 446,998 Gr41 1317 |31 1 0.681
2R 355,689 Gr42 10 | 4 | 22| 19 | 0.349779 | 2.159
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Table A7 Continued

Chromosome | Starting Position Gene |dS |dN | pS | pN | p-value NI
2L 8,794,945 Gr43 8 | 2 | 46| 18 | 0.718969 | 1.565
3R 29,972,930 Grd4-RA | 4 | 4 | 93| 86 1 0.925
3R 29,972,930 Gr44-RB | 5 | 4 | 89| 71 1 0.997
3R 29,972,930 Grd4-RC | 2 | 1 |58 21 1 0.724
3R 29,972,930 Grd44-RD | 6 | 6 | 69 | 55 | 0.767184 | 0.797
3R 29,972,930 Grd44-RE | 12 | 2 | 52 | 56 | 0.009646 | 6.462
3R 315,137 Gr45 3| 0 | 24| 24 |0.237647 | NA
3R 307,779 Gr46 5 | 3 | 17| 23 | 0.441736 | 2.255
2L 16,537,983 Gra7 2 |1 | 77|23 1 0.597
2R 688,812 Gr48 6 | 12 | 40 | 26 | 0.06037 | 0.325
2R 685,937 Grd49-RA | 6 | 6 | 33| 29 1 0.879
2R 685,937 Gr49-RB | 9 | 6 | 38| 32 | 0.779336 | 1.263
2R 690,556 Gr50 4 1 2 |43] 30 1 1.395
2R 691,958 Gr51 4 | 6 | 51| 40 | 0.505573 | 0.523
2R 693,555 Gr52 3 | 6 |44 | 48 | 0497591 | 0.545
2R 24,694,665 Gr53 0| 0 |52 4 NA NA
2R 54,384,164 Gr54 11| 9 | 26 | 40 | 0.302887 | 1.88
2L 39,994,248 Gr55 1| 3 | 47 | 42 | 0.350955 | 0.298
2L 27,137,739 Gr56-RA | 5 | 3 | 68| 70 | 0.718776 | 1.716
2L 27,137,739 Gr56-RB | 5 | 6 | 63 | 51 | 0.752848 | 0.675
2L 27,137,739 Gr56-RC | 2 | 3 | 56 | 49 | 0.665704 | 0.583
2L 27,137,739 Gr56-RD | 1 0 |61 30 1 NA
2L 27,137,739 Gr56-RE | 7 | 6 | 30 | 46 | 0.372668 | 1.789
2L 27,137,739 Gr56-RF | 3 | 0 | 63| 45 | 0.27027 | NA
2L 2,624,121 Gr57 0| 6 | 5| 23| 05585 0
2R 453,144 Gr58 10 | 14 | 23 | 26 | 0.803376 | 0.807
2R 567,440 Gr59 3 | 1 |29 23 |0.627281 | 2.379
2R 445,479 Gré0 12| 9 | 19| 22 | 0.592092 | 1.544

Table A8 — McDonald-Kreitman Test Results for An. coluzzii — An. gambiae s.s.

Chromosome | Starting Position | Gene | dS | dN | pS | pN | p-value | NI
2R 50,165,767 Grl | O | O |60 27 NA NA
2R 18,508,124 Gr2 | 0| 0 |99] 32 NA NA
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Table A8 Continued

Chromosome | Starting Position | Gene dS | dN | pS | pN | p-value | NI
3R 44,359,442 Gr3 0 0 | 50 | 60 NA NA
3R 44,357,873 Gr4 0 0 | 64 | 65 NA NA
3R 44,350,967 Gré 0 0 | 72 | 54 NA NA
3R 44,353,861 Gr7 0 0 | 49 | 81 NA NA
3R 44,356,455 Gr8 0 0 | 56 | 48 NA NA
3R 43,668,907 Grll 0 0 | 44 | 30 NA NA
3R 43,667,301 Grl12 0 0 | 53 | 50 NA NA
2R 24,811,173 Gri3-RA | 0 0 | 43 | 53 NA NA
2R 24,811,174 Gr13-RB | 0 0 | 41 | 49 NA NA
2L 31,086,199 Grl4 0 0 | 113 | 40 NA NA
2R 34,483,756 Gr15 0 0 | 8 | 22 NA NA
2R 50,165,767 Grl 0 0 | 60 | 27 NA NA
2R 18,508,124 Gr2 0 0 | 99 | 32 NA NA
3R 44,359,442 Gr3 0 0 | 50 | 60 NA NA
3R 44,357,873 Gr4 0 0 | 64 | 65 NA NA
3R 44,350,967 Gré 0 0 | 72 | 54 NA NA
3R 44,353,861 Gr7 0 0 | 49 | 81 NA NA
3R 44,356,455 Gr8 0 0 | 56 | 48 NA NA
3R 43,670,895 Grl0 | NA | NA | NA | NA NA NA
3R 43,668,907 Grll 0 0 | 44| 30 NA NA
3R 43,667,301 Gr12 0 0 | 53 | 50 NA NA
2R 24,811,173 Gri3-RA | O 0 43 | 53 NA NA
2R 24,811,174 Gr13-RB | 0 0 | 41 | 49 NA NA
2L 31,086,199 Grl4 0 0 | 113 | 40 NA NA
2R 34,483,756 Gri5 0 0 | 8 | 22 NA NA
2R 34,486,991 Grl6 0 0 | 58 | 36 NA NA
2R 34,490,489 Gril7 0 0 | 70 | 33 NA NA
2R 34,492,401 Grl8 0 0 | 56 | 42 NA NA
2R 34,498,848 Gr19 0 0 | 50 | 36 NA NA
2R 34,500,539 Gr20-RA | 0 0 NA NA
2R 34,500,539 Gr20-RB | 0 0 NA NA
2R 34,504,196 Gr21 0 0 | 90 | 34 NA NA
3R 47,434,756 Gr22 0 0 | 50 | 7 NA NA
2R 32,427,076 Gr23 0 0 | 97 | 18 NA NA
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Table A8 Continued

Chromosome | Starting Position Gene dS | dN | pS | pN | p-value | NI
2R 12,028,579 Gr24 0| 0| 74| 26 NA NA
2L 2,812,195 Gr25 0|0 ]| 11| 8 NA NA
2L 37,150,360 Gr26 0| 0 |106| 34 NA NA
2L 37,148,677 Gr27 0| 0|8 |71 NA NA
2L 37,132,998 Gr28-RA/RB | O | 0 | 76 | 41 NA NA
2L 39,308,977 Gr29 0| 0 |105]| 74 NA NA
2L 39,310,745 Gr30 0| 0| 79 | 103 NA NA
2L 39,312,570 Gr31 0| 0| 78 | 57 NA NA
2L 39,314,564 Gr32-RA 0| 0| 9 | 49 NA NA
2L 39,314,564 Gr32-RB 0 0 81 | 47 NA NA
3R 50,417,385 Gr33 0| 0|59 | 7 NA NA
2L 32,255,763 Gr34 0| 0| 98| 19 NA NA
3L 34,950,515 Gr35 0| 0 |112| 22 NA NA
2R 449,457 Gr36 0| 0| 44 | 38 NA NA
2R 374,651 Gr37-RA 0 0 31 | 31 NA NA
2R 374,651 Gr37-RB 0| 0|3 |2 NA NA
2R 374,651 Gr37-RC 0 0 42 | 21 NA NA
2R 374,651 Gr37-RD 0| 0|39 |20 NA NA
2R 374,651 Gr37-RE 0| 0|32 |25 NA NA
2R 374,651 Gr37-RF 0 0 24 | 24 NA NA
2R 374,651 Gr37-RG/RH | 0 | 0 | 30 | 26 NA NA
2R 346,604 Gr38 0| 0|34 |35 NA NA
2R 439,782 Gr39 0| 0| 44| 33 NA NA
2R 443,778 Gr40 0 0 41 | 36 NA NA
2R 446,998 Gr41 0| 0] 12| 60 NA NA
2R 355,689 Gr42 0| 0|37 3 NA NA
2L 8,794,945 Gr43 0| 0 |109 ]| 34 NA NA
3R 29,972,930 Gr44-RA 0| 0| 8 | 83 NA NA
3R 29,972,930 Gr44-RB 0 0 97 | 50 NA NA
3R 29,972,930 Gr44-RC 0| 0| 48 | 23 NA NA
3R 29,972,930 Gr44-RD 0| 0| 8| 61 NA NA
3R 29,972,930 Gr44-RE 0 0 50 | 46 NA NA
3R 315,137 Gr45 0| 0| 34| 38 NA NA
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Table A8 Continued

Chromosome | Starting Position Gene |dS |dN | pS | pN | p-value | NI
3R 307,779 Gr46 0| 0 |34]35 NA NA
2L 16,537,983 Gra7 0| 0 |93]33 NA NA
2R 688,812 Gr48 0| 0 |91]57 NA NA
2R 685,937 Gr49-RA | O | O | 61| 48 NA NA
2R 685,937 Grd9-RB | 0 | 0 | 72| 77 NA NA
2R 690,556 Gr50 0| 0 |86 43 NA NA
2R 691,958 Gr51 0| 0 |90 88 NA NA
2R 693,555 Gr52 0| 0 |83]70 NA NA
2R 24,694,665 Gr53 0| 0 |58] 4 NA NA
2R 54,384,164 Gr54 0| 0 |38]38 NA NA
2L 39,994,248 Gr55 0| 0 |88 77 NA NA
2L 27,137,739 Gr56-RA | O 0 | 83|81 NA NA
2L 27,137,739 Gr56-RB | 0 | O | 68| 80 NA NA
2L 27,137,739 Gr56-RC | 0 | 0 | 70 | 64 NA NA
2L 27,137,739 Gr56-RD | 0 0 | 94| 33 NA NA
2L 27,137,739 Gr56-RE | 0 | O | 78 | 59 NA NA
2L 27,137,739 Gr56-RF | O 0 | 83| 40 NA NA
2L 2,624,121 Gr57 0| 0 |15] 23 NA NA
2R 453,144 Gr58 0| 0 |25] 27 NA NA
2R 567,440 Gr59 0| 0 |60] 27 NA NA
2R 445,479 Gré0 0| 0 |42] 22 NA NA

Table A9 — McDonald-Kreitman Test Results for An. coluzzii — An. melas

Chromosome | Starting Position | Gene | dS | dN | pS | pN | p-value NI
2R 50,165,767 Grl 10| 7 | 42| 20 | 0567821 | 0.68
3R 44,359,442 Gr3 5 | 35| 32 | 0.761855 | 1.28
3R 44,357,873 Grd 6 | 5 |47 46 1 1.174
3R 44,350,967 Gré 14 | 6 | 44 | 32 | 0.442357 | 1.697
3R 44,353,861 Gr7 8 | 5 |39 47 | 0.37421 | 1.928
3R 44,356,455 Gr8 12| 7 | 34| 34 | 043636 | 1.714
3R 43,668,907 Grll 10 | 13 | 36 | 20 | 0.131403 | 0.427
3R 43,667,301 Gr12 8 | 14 | 40 | 36 | 0.228389 | 0.514
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Table A9 Continued

Chromosome | Starting Position Gene dS | dN | pS | pN | p-value NI
2R 24,811,173 Gri3-RA 7|1 |27| 32| 0.0544 | 8.296
2R 24,811,174 Grl13-RB 6 | 1 | 26| 30 | 0.104196 | 6.923
2L 31,086,199 Grl4 5| 3 |59 19 | 0.416027 | 0.537
2R 34,483,756 Grl5 11| 6 | 31| 11 | 0.534566 | 0.651
2R 34,486,991 Grl6 11| 5 | 28| 18 | 0.765216 | 1.414
2R 34,490,489 Grl7 4 | 6 | 35| 18 | 0.160817 | 0.343
2R 34,492,401 Grl8 19 | 10 | 33 | 13 | 0.613474 | 0.748
2R 34,498,848 Gr19 10 | 13 | 25| 19 | 0.317543 | 0.585
2R 34,500,539 Gr20-RA 22| 3 | 10| 3 |0.642588 | 2.2
2R 34,500,539 Gr20-RB 22| 3 | 10| 3 |0.642588 | 2.2
2R 34,504,196 Gr21 15| 6 | 45| 15 | 0.776743 | 0.833
3R 47,434,756 Gr22 7 1 134 8 1 1.647
2R 32,427,076 Gr23 14 | 1 | 53| 11 | 0.444721 | 2.906
2R 12,028,579 Gr24 6 | 1 | 28| 10 | 0.662754 | 2.143
2L 2,812,195 Gr25 12| 3 | 12| 8 | 0.281424 | 2.667
2L 37,150,360 Gr26 9 | 5|8l 27 |0518116 | 0.6
2L 37,148,677 Gr27 6 | 10 | 60 | 48 | 0.192309 | 0.48
2L 37,132,998 Gr28-RA/RB | 6 | 6 | 48 | 18 | 0.172207 | 0.375
2L 39,308,977 Gr29 6 | 5 | 77| 49 | 0.751975 | 0.764
2L 39,310,745 Gr30 8 | 10 | 52 | 69 1 1.062
2L 39,312,570 Gr3l 6 | 7 | 64| 38| 0.36576 | 0.509
2L 39,314,564 Gr32-RA 6 | 4 | 59| 30 |0.732593 | 0.763
2L 39,314,564 Gr32-RB 10| 5 | 56| 24 1 0.857
3R 50,417,385 Gr33 9 | 0 | 20| 4 |0.312024 | NA
2L 32,255,763 Gr34 1 | 57| 16 | 0.676911 | 2.246
3L 34,950,515 Gr35 19| 9 | 52| 18 | 0.617862 | 0.731
2R 449,457 Gr36 17 | 8 | 32| 25 | 0.340356 | 1.66
2R 374,651 Gr37-RA 9 | 12 | 27 | 26 | 0.610517 | 0.722
2R 374,651 Gr37-RB 1 | 25| 18 | 0.075637 | 6.48
2R 374,651 Gr37-RC 1 |30 | 11 | 0417394 | 3.3
2R 374,651 Gr37-RD 8 | 3 |34 15 1 1.176
2R 374,651 Gr37-RE 11| 8 | 25| 18 1 0.99
2R 374,651 Gr37-RF 3 | 21| 17 | 0.712959 | 1.619
2R 374,651 Gr37-RG/RH | 9 | 12 | 25 | 22 | 0.600245 | 0.66
2R 346,604 Gr38 10 | 18 | 25 | 29 | 0.480655 | 0.644
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Table A9 Continued

Chromosome | Starting Position Gene dS | dN | pS | pN | p-value NI
2R 439,782 Gr39 10 | 10 | 34 | 24 | 0.603483 | 0.706
2R 443,778 Gr40 10 | 32 | 28 | 0.793227 | 0.793227
2R 446,998 Gr41 16 | 12 | 35 1 1.094
2R 355,689 Gr42 10 | 14 | 30 | 20 | 0.212499 | 0.476
2L 8,794,945 Gr43 11 | 6 | 74 | 25 | 0.553883 | 0.619
3R 315,137 Gr45 10 | 9 | 30 | 28 1 1.037
3R 307,779 Gr46 8 | 22 | 17 | 0.556651 | 0.676
2L 16,537,983 Gra7 5 | 62 | 17 | 0.022536 | 0.165
2R 688,812 Gr48 13 | 7 | 62 | 52 | 0.467297 | 1.558
2R 685,937 Gr49-RA | 15 | 14 | 41 | 22 | 0.255351 | 0.575
2R 685,937 Gr49-RB | 11 | 7 | 55 | 56 | 0.449271 1.6
2R 690,556 Gr50 15 | 15 | 49 | 39 0.59 0.796
2R 691,958 Gr51 11 | 6 | 55 | 52 | 0.433592 | 1.733
2R 693,555 Gr52 7 58 | 61 | 0.793434 | 0.818
2R 24,694,665 Gr53 10 27 3 1 1111
2R 54,384,164 Gr54 11 | 25 | 20 | 0.591259 | 0.655
2L 39,994,248 Gr55 5 | 58 | 57 | 0562798 | 1.572
2L 27,137,739 Gr56-RA | NA | NA | NA | NA NA NA
2L 27,137,739 Gr56-RB | NA | NA | NA | NA NA NA
2L 27,137,739 Gr56-RC | NA | NA | NA | NA NA NA
2L 27,137,739 Gr56-RD | NA | NA | NA | NA NA NA
2L 27,137,739 Gr56-RE | NA | NA | NA | NA NA NA
2L 27,137,739 Gr56-RF | NA | NA | NA | NA NA NA
2L 2,624,121 Gr57 NA | NA | NA | NA NA NA
2R 453,144 Gr58 23 | 21 | 20 | 19 1 1.04
2R 567,440 Gr59 5 | 45 | 24 | 0.515493 0.64
2R 445,479 Gr60 13 | 34 | 16 | 0.015958 | 0.253
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Table A10 — McDonald-Kreitman Test Results for An. coluzzii — An. merus

Chromosome | Starting Position Gene dS | dN | pS | pN | p-value NI
2R 50,165,767 Grl 10 | 7 | 48| 17 | 0.243333 | 0.506
2R 18,508,124 Gr2 7 | 8 | 60| 18 | 0.02655 | 0.263
3R 44,359,442 Gr3 6 | 5 |41| 34 1 0.995
3R 44,357,873 Gr4 19 | 14 | 49 | 46 | 0.685978 | 1.274
3R 44,350,967 Gré 16 | 4 | 49| 36 | 0.076662 | 2.939
3R 44,353,861 Gr7 8 | 10 | 38 | 53 1 1.116
3R 44,356,455 Gr8 14 | 8 | 37 | 31 | 0.471505 | 1.466
3R 43,668,907 Gri1 12| 5 | 43 | 22 | 0.781423 | 1.228
3R 43,667,301 Gr12 10 | 10 | 46 | 38 | 0.804488 | 0.826
2R 24,811,173 Gri3-RA | 13| 6 | 32 | 42 | 0.071309 | 2.844
2R 24,811,174 Grl13-RB 11| 6 | 32| 37 | 0.278675 | 2.12
2L 31,086,199 Grl4 10| 5 | 64| 19 | 0.513824 | 0.594
2R 34,483,756 Grl5 14| 4 | 42| 15 | 0.770163 | 1.25
2R 34,486,991 Grl6 11| 5 | 32| 18 | 0.773738 | 1.238
2R 34,490,489 Grl7 9 | 4 |36 19 1 1.188
2R 34,492,401 Grl8 151 9 | 30| 16 1 0.889
2R 34,498,848 Gri9 12 | 11 | 28 | 22 | 0.804088 | 0.857
2R 34,500,539 Gr20-RA | 22| 6 | 13 0.221874 | 2.256
2R 34,500,539 Gr20-RB |22 | 6 | 13 0.221874 | 2.256
2R 34,504,196 Gr21 11| 4 |57 | 16 | 0.738379 | 0.772
3R 47,434,756 Gr22 10| 0 | 35| 7 |0.321761 | NA
2R 32,427,076 Gr23 15| 1 |59 | 12 | 0.447028 | 3.051
2R 12,028,579 Gr24 8 | 2 | 42| 18 | 0.712965 | 1.714
2L 2,812,195 Gr25 191 4 | 9| 6 |0.149902 | 3.167
2L 37,150,360 Gr26 6 | 10 | 84 | 31 | 0.007758 | 0.221
2L 37,148,677 Gr27 5 | 15 | 58 | 56 | 0.050239 | 0.322
2L 37,132,998 Gr28-RA/RB | 9 | 7 | 60 | 31 | 0.572367 | 0.664
2L 39,308,977 Gr29 7 | 3 |91 51 |0.751704 | 1.308
2L 39,310,745 Gr30 8 | 11 | 55 | 66 | 0.810101 | 0.873
2L 39,312,570 Gr3l 5| 6 | 69| 44 | 0.348154 | 0.531
2R 32,427,076 Gr23 15| 1 | 59| 12 | 0.447028 | 3.051
2L 39,314,564 Gr32-RA |10 | 6 | 53| 33 1 1.038
2L 39,314,564 Gr32-RB 10 | 13 | 56 | 31 | 0.093812 | 0.426
3R 50,417,385 Gr33 15| 0 |18 | 1 1 NA
2L 32,255,763 Gr34 8 | 3 |64 19 1 0.792
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Table A10 Continued

Chromosome | Starting Position Gene dS | dN | pS | pN | p-value NI
3L 34,950,515 Gr35 9 | 6 | 60| 14 | 0.093544 | 0.35
2R 449,457 Gr36 23| 14 | 39 | 31 | 0.544369 | 1.306
2R 374,651 Gr37-RA 11| 5 | 22 | 25 | 0.156277 | 25
2R 374,651 Gr37-RB 1 |24 | 18 | 0.634799 3
2R 374,651 Gr37-RC 1 31|12 |0.661832 | 2.71
2R 374,651 Gr37-RD 0 | 32| 15 | 0.167239 | NA
2R 374,651 Gr37-RE 11| 5 | 23| 20 | 0.379531 | 1.913
2R 374,651 Gr37-RF 5| 3 | 22| 20 | 0.710539 | 1.515
2R 374,651 Gr37-RG/RH | 11 | 5 | 21| 21 | 0.24647 | 2.2
2R 346,604 Gr38 17 | 2 | 28| 25 | 0.005321 | 7.589
2R 439,782 Gr39 12| 5 | 31| 22 | 0.408823 | 1.703
2R 443,778 Gr40 7 |32 27 1 0.844
2R 446,998 Gr4l 17 | 12 | 42 | 0.77195 | 1.235
2R 355,689 Gr42 10| 5 | 32| 18 1 1.125
2L 8,794,945 Gr43 9 | 5 | 75| 23 | 0.333671 | 0.552
3R 315,137 Gr45 17 | 7 | 27 | 27 | 0.136992 | 2.429
3R 307,779 Gr46 7| 4 |22 16 1 1.273
2L 16,537,983 Gr47 2 | 67|21 1 1.41
2R 688,812 Gr48 6 | 66| 54 1 0.955
2R 690,556 Gr50 10| 7 | 52| 38 1 1.044
2R 691,958 Gr51 3 | 16 | 66 | 54 | 0.002289 | 0.153
2R 693,555 Gr52 8 | 10 | 64 | 50 | 0.446989 | 0.625
2R 54,384,164 Gr54 18| 9 | 25| 23 | 0.236817 | 1.84
2L 39,994,248 Gr55 8 | 5 |56 |51 |0571194 | 1.457
2L 27,137,739 Gr56-RA 11| 6 | 62| 71 | 0.200918 | 2.099
2L 27,137,739 Gr56-RB 9 41 | 57 | 0.264754 | 2.085
2L 27,137,739 Gr56-RC 7 | 16 | 43| 48 | 0.16564 | 0.488
2L 27,137,739 Gr56-RD 4 | 10 | 57 | 23 | 0.004502 | 0.161
2L 27,137,739 Gr56-RE 6 41 | 51 | 0.765387 | 1.244
2L 27,137,739 Gr56-RF 6 61 | 33 1 1.082
2R 54,384,164 Gr54 18 | 9 | 25| 23 | 0.236817 | 1.84
2R 453,144 Gr58 20 | 16 | 21 | 18 1 1.071
2R 567,440 Gr59 11 | 13 | 44 | 23 | 0.143425 | 0.442
2R 445,479 Gr60 16 | 12 | 36 | 15 | 0.321392 | 0.556
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Table A1l — McDonald-Kreitman Test Results for An. coluzzii — An. quadriannulatus

Chromosome | Starting Position Gene dS | dN | pS | pN | p-value NI
2R 50,165,767 Grl 2| 0| 64|26 1 NA
2R 18,508,124 Gr2 0| 0| 71|32 NA NA
3R 44,359,442 Gr3 0 | 2 | 45| 36 | 0.206582 0
3R 44,357,873 Gr4 1| 0 | 66 | 68 | 0.496296 | NA
3R 44,350,967 Gr6 5| 2 | 68 | 46 | 0.701847 | 1.691
3R 44,353,861 Gr7 2 | 0 | 55 | 63 |0.223529 | NA
3R 44,356,455 Gr8 3] 2| 53| 38 1 1.075
3R 43,668,907 Grll 0| O | 58|23 NA NA
3R 43,667,301 Gri2 0 | 1 | 61 | 45 | 0.429907 0
2R 24,811,173 Gri13-RA 5 | 2 | 46 | 42 | 0.444648 | 2.283
2R 24,811,174 Grl13-RB 5 2 45 | 38 | 0.455708 | 2.111
2L 31,086,199 Gri4 0| 0| 98 |24 NA NA
2R 34,483,756 Gri5 4 | 3 | 48 | 13 | 0.342292 | 0.361
2R 34,486,991 Gri6 8 | 4 | 40 | 27 | 0.755703 | 1.35
2R 34,490,489 Grl7 2|1 |50 |21 1 0.84
2R 34,492,401 Gris 1| 5 | 52 | 15 | 0.005055 | 0.058
2R 34,498,848 Gri9 8 | 1 | 39 | 21 | 0.253873 | 4.308
2R 34,500,539 Gr20-RA 16| 3 | 22 0.720447 | 1.455
2R 34,500,539 Gr20-RB 16| 3 | 22 0.720447 | 1.455
2R 34,504,196 Gr21 2 | 2 | 71 | 19 | 0.214775 | 0.268
3R 47,434,756 Gr22 310 |44 |10 1 NA
2R 32,427,076 Gr23 1] 0 | 67|16 1 NA
2R 12,028,579 Gr24 0| O | 48 | 16 NA NA
2L 2,812,195 Gr25 71 1 | 12 | 7 |0.364497 | 4.083
2L 37,150,360 Gr26 0 | 0 [ 104 | 40 NA NA
2L 37,148,677 Gr27 0| 0| 66 | 73 NA NA
2L 37,132,998 Gr28-RA/RB| 0 | 0 | 59 | 21 NA NA
2L 39,308,977 Gr29 2 | 0 |100| 59 | 0.532764 | NA
2L 39,310,745 Gr30 112 |71]73 1 0.514
2L 39,312,570 Gr31 0 | 1 | 76 | 53 | 0.415385 0
2L 39,314,564 Gr32-RA 0 | 1 | 80 | 42 | 0.349594 0
2L 39,314,564 Gr32-RB 5| 5 | 80 | 37 | 0.29682 | 0.463
3R 50,417,385 Gr33 2101|323 1 NA
2L 32,255,763 Gr34 1 0 70 | 15 1 NA
3L 34,950,515 Gr35 0| 0|69 |22 NA NA
2R 449,457 Gr36 9 | 3 | 34 | 23 |0.354383 | 2.029
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Table A1l Continued

Chromosome | Starting Position Gene dS | dN | pS | pN | p-value NI
2R 374,651 Gr37-RA 5] 6 |26 26 1 0.833
2R 374,651 Gr37-RB 4 | 1 |25]| 20 |0.382979 | 3.2
2R 374,651 Gr37-RC 3 | 0 | 36| 16 | 0.548085 | NA
2R 374,651 Gr37-RD 1|0 (3717 1 NA
2R 374,651 Gr37-RE 7 | 1 | 28| 21 |0.134445 | 5.25
2R 374,651 Gr37-RF 2 | 2 |25 20 1 0.8
2R 374,651 Gr37-RG/RH | 5 | 6 | 25| 22 | 0.743706 | 0.733
2R 346,604 Gr38 9 | 2 | 26| 20 | 0.174019 | 3.462
2R 439,782 Gr39 10| 0 | 39| 25 | 0.013353 | NA
2R 443,778 Gr40 4 3 | 3| 27 1 1.029
2R 446,998 Gr41 2 | 9 |12 43 1 0.796
2R 355,689 Gr42 7 | 1 | 35| 21 |0.245267 | 4.2
2L 8,794,945 Gr43 4 | 1 | 84| 26 1 1.238
3R 29,972,930 Gr44-RA 4 | 1 |89 | 88 |0.368653 | 3.955
3R 29,972,930 Gr44-RB 6 | 3 |88 | 61 |0.739889 | 1.386
3R 29,972,930 Gr44-RC 3 | 0 | 51| 24 |0.548557 | NA
3R 29,972,930 Gr44-RD 4 | 2 | 76| 59 | 0.698231 | 1.553
3R 29,972,930 Gr44-RE 14 | 2 | 45| 36 | 0.023232 | 5.6
3R 315,137 Gr45 4 | 0 | 28| 34 |0.049895 | NA
3R 307,779 Gr46 0 | 1 |26 | 24 |0.490196 0
2L 16,537,983 Gr47 2 | 1 |83]| 19 | 0.473114 | 0.458
2R 688,812 Gr48 1| 3 |70 | 56 | 0.328809 | 0.267
2R 685,937 Gr49-RA 5 3 | 47| 33 1 1.17
2R 685,937 Gr49-RB 1|1 |61] 67 1 1.098
2R 690,556 Gr50 3 | 7 | 63| 41 |0.092326 | 0.279
2R 691,958 Gr51 1| 4 |77 59 |0.172572 | 0.192
2R 693,555 Gr52 0 | 2 | 73| 58 |0.201641 0
2R 24,694,665 Gr53 0| 0 |37] 4 NA NA
2R 54,384,164 Gr54 8 | 7 | 35| 40 | 0.778732 | 1.306
2L 39,994,248 Gr55 0| 0 |71] 60 NA NA
2L 27,137,739 Gr56-RA 2 | 1 | 86| 88 | 0.620726 | 2.047
2L 27,137,739 Gr56-RB 3| 3 |61| 64 1 1.049
2L 27,137,739 Gr56-RC 0 | 1 |62 60 |0.495935 0
2L 27,137,739 Gr56-RD 0 0 |79 35 NA NA
2L 27,137,739 Gr56-RE 3 3 | 45| 50 1 1.111
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Table A1l Continued

Chromosome | Starting Position Gene | dS|dN | pS|pN | p-value NI
2L 27,137,739 Gr56-RF | 0 | 0 | 78 | 46 NA NA
2L 2,624,121 Gr57 0 | 5 | 13| 21 | 0.148773 0
2R 453,144 Gr58 11| 13 | 18 | 24 1 1.128
2L 27,137,739 Gr56-RF | 0 | O | 78 | 46 NA NA
2R 567,440 Gr59 1| 1 (4730 1 0.638
2R 445,479 Gr60 4 42 | 22 | 0.053031 | 0.262

Table A12 — McDonald-Kreitman Test Results for An. gambiae s.s. — An. melas

Chromosome | Starting Position | Gene | dS |dN | pS | pN | p-value NI
2R 50,165,767 Grl 10| 7 | 55 | 27 | 0.578857 | 0.701
3R 44,359,442 Gr3 6 | 5 | 47 | 60 | 0.539214 | 1.532
3R 44,357,873 Gr4 6 | 6 | 63 | 54 1 0.857
3R 44,350,967 Gré 12| 6 | 79 | 52 | 0.797375 | 1.316
3R 44,353,861 Gr7 7 | 3 | 51 | 63 |0.186774 | 2.882
3R 44,356,455 Gr8 12| 7 | 52 | 47 | 0.457567 | 1.549
3R 43,668,907 Grll 11 | 12 | 40 | 28 | 0.466893 | 0.642
3R 43,667,301 Gr12 8 | 15 | 40 | 37 | 0.162759 | 0.493
2R 24,811,173 Gri3-RA | 5 | 1 | 39 | 36 | 0.211825 | 4.615
2R 24,811,174 Grl3-RB | 4 | 1 | 36 | 33 | 0.366171 | 3.667
2L 31,086,199 Grl4 4 | 2 |100| 38 1 0.76
2R 34,483,756 Gr15 8 | 5| 79 | 18 | 0.140419 | 0.365
2R 34,486,991 Grl6 10| 5 | 57 | 29 1 1.018
2R 34,490,489 Grl7 4 | 6 | 65 | 33 |0.163631 | 0.338
2R 34,492,401 Grl8 19 | 10 | 56 | 43 | 0.520706 | 1.459
2R 34,498,848 Gr19 8 | 13 | 49 | 34 | 0.139737 | 0.427
2R 34,500,539 Gr20-RA | 22 | 3 | 10 0.642588 | 2.2
2R 34,500,539 Gr20-RB | 22 | 3 | 10 0.642588 | 2.2
2R 34,504,196 Gr21 13| 6 | 73 | 28 | 0.783545 | 0.831
3R 47,434,756 Gr22 6 | 1|43 ] 9 1 1.256
2R 32,427,076 Gr23 12| 1 | 84 | 17 | 0.688637 | 2.429
2R 12,028,579 Gr24 6 | 1 | 71 | 25 | 0.675914 | 2.113
2L 2,812,195 Gr25 12 3 | 12 | 9 |0.177512 3
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Table A12 Continued

Chromosome | Starting Position Gene dS | dN | pS | pN | p-value NI
2L 37,150,360 Gr26 10| 6 | 84 | 24 | 0.213585 | 0.476
2L 37,148,677 Gr27 6 | 10 | 75 | 61 | 0.197264 | 0.488
2L 37,132,998 Gr28-RA/RB | 5 | 5 | 65 | 39 | 0.505196 | 0.6
2L 39,308,977 Gr29 6 | 4 | 101 73 1 1.084
2L 39,310,745 Gr30 4 | 10 | 72 | 103 | 0.410095 | 0.572
2L 39,312,570 Gr3l 715169 | 41 1 1.035
2L 39,314,564 Gr32-RA 51 4 | 8 | 43 | 0.717964 | 0.625
2L 39,314,564 Gr32-RB 8 | 51| 71| 43 1 0.969
3R 50,417,385 Gr33 8 | 0 | 57 | 9 |0584267 | NA
2L 32,255,763 Gr34 5| 1 | 9 | 18 1 0.947
3L 34,950,515 Gr35 15| 9 | 98 | 21 | 0.050561 | 0.357
2R 449,457 Gr36 17| 8 | 40 | 33 | 0.347856 | 1.753
2R 374,651 Gr37-RA 9 | 12| 27 | 24 | 0.604715 | 0.667
2R 374,651 Gr37-RB 9 | 1 | 23| 12 | 0.237979 | 4.696
2R 374,651 Gr37-RC 9 | 1 | 32 | 15 | 0.253431 | 4.219
2R 374,651 Gr37-RD 8 | 3|30 | 14 1 1.244
2R 374,651 Gr37-RE 8 | 7 | 29 | 18 | 0.763232 | 0.709
2R 374,651 Gr37-RF 7 3 20 | 18 | 0477979 | 2.1
2R 374,651 Gr37-RG/RH | 9 | 12 | 25 | 21 | 0.437224 | 0.63
2R 346,604 Gr38 8 | 18 | 35 | 33 | 0.104694 | 0.419
2R 439,782 Gr39 9 | 10 | 42 | 34 | 0.611453 | 0.729
2R 443,778 Gr40 10| 10 | 39 | 32 | 0.801176 | 0.821
2R 446,998 Gr4l 6 | 16 | 9 | 51 |0.333091 | 2.125
2R 355,689 Gr42 10 | 14 | 32 | 35 | 0.641105 | 0.781
2L 8,794,945 Gr43 9 | 6 |101| 25 | 0.097598 | 0.371
3R 315,137 Gr45 9 | 37 | 33 | 0.788573 | 0.793
3R 307,779 Gr46 8 | 26 | 31 1 0.894
2L 16,537,983 Gr47 5 | 85 | 32 | 0.049038 | 0.226
2R 688,812 Gr48 10| 7 | 88 | 52 | 0.793911 | 0.844
2R 685,937 Gr49-RA 13| 13 | 55 | 43 | 0.659559 | 0.782
2R 685,937 Gr49-RB 9 | 7 | 67 | 66 | 0.792928 | 1.267
2R 690,556 Gr50 15| 14 | 73 | 40 | 0.283476 | 0.587
2R 691,958 Gr51 11| 7 | 76 | 79 | 0.456093 | 1.633
2R 693,555 Gr52 10 | 68 | 79 | 0.799581 | 0.813
2R 24,694,665 Gr53 1|45 3 1 0.533
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Table A12 Continued

Chromosome | Starting Position | Gene | dS | dN | pS | pN | p-value NI
2R 54,384,164 Gr54 | 9 | 12 | 35| 32 | 0.61766 | 0.686
2L 39,994,248 Gr55 | 9 | 5 | 75| 60 | 0.58408 | 1.44
2R 453,144 Grb8 | 24 | 20 | 27 | 27 | 0.688498 | 1.2
2R 567,440 Gr59 5 | 48| 24 | 0503887 | 0.6
2R 445,479 Gr60 13 | 32 | 23 | 0.132012 | 0.442

Table A13 — McDonald-Kreitman Test Results for An. gambiae s.s. — An. merus

Chromosome | Starting Position | Gene | dS |dN | pS | pN | p-value NI
2R 50,165,767 Grl 8 | 8 | 61 | 24 | 0.140286 | 0.393
2R 18,508,124 Gr2 7 | 8 | 97 | 38 | 0.072623 | 0.343
3R 44,359,442 Gr3 6 | 5 | 53 | 61 | 0.754691 | 1.381
3R 44,357,873 Gr4 19 | 15 | 63 | 54 | 0.847907 | 1.086
3R 44,350,967 Gré 13| 4 | 84 | 56 | 0.290232 | 2.167
3R 44,353,861 Gr7 8 | 11 | 50 | 68 1 0.989
3R 44,356,455 Gr8 13| 8 | 55 | 46 | 0.632233 | 1.359
3R 43,668,907 Grll 13| 5 | 47 | 30 | 0.428581 | 1.66
3R 43,667,301 Gr12 10 | 10 | 46 | 39 | 0.806117 | 0.848
2R 24,811,173 Gri3-RA |11 | 6 44 | 48 | 0.291363 2
2R 24,811,174 Grl13-RB 6 | 42 | 42 | 0579396 | 1.5
2L 31,086,199 Grl4 5 | 104 | 38 | 0.533349 | 0.658
2R 34,483,756 Grl5 3 | 88 | 22 | 0.709333 | 0.75
2R 34,486,991 Grl6 11| 5 | 63 | 30 1 1.048
2R 34,490,489 Grl7 8 4 67 | 34 1 1.015
2R 34,492,401 Grl8 17 | 8 | 54 | 45 | 0.263324 | 1.771
2R 34,498,848 Gr19 10 | 10 | 51 | 38 | 0.622107 | 0.745
2R 34,500,539 Gr20-RA | 22 | 6 | 13 | 8 | 0.221874 | 2.256
2R 34,500,539 Gr20-RB | 22 | 6 | 13 | 8 | 0.221874 | 2.256
2R 34,504,196 Gr21 8 | 4 | 8 | 30 | 0.732318 | 0.706
3R 47,434,756 Gr22 10| 0 | 44 | 8 |0.333359 | NA
2R 32,427,076 Gr23 13| 1 | 90 | 18 | 0.468205 | 2.6
2R 12,028,579 Gr24 8 | 2 | 8 | 33| 07243 | 161
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Table A13 Continued

Chromosome | Starting Position Gene dS | dN | pS | pN | p-value NI
2L 2,812,195 Gr25 19| 4 9 7 | 0.146115 | 3.694
2L 37,150,360 Gr26 6 | 9 | 88 | 28 | 0.011325 | 0.212
2L 37,148,677 Gr27 6 | 14 | 75 | 69 | 0.093493 | 0.394
2L 37,132,998 Gr28-RA/RB | 9 | 7 | 79 | 53 | 0.793178 | 0.863
2L 39,308,977 Gr29 7 | 2 |116 | 76 | 0.486823 | 2.293
2L 39,310,745 Gr30 51 9 | 76 | 101 | 0.78039 | 0.738
2L 39,312,570 Gr31 716 | 73| 57 1 0.911
2L 39,314,564 Gr32-RA 11| 6 | 79 | 45 1 1.044
2L 39,314,564 Gr32-RB 10| 12 | 71 | 50 | 0.349782 | 0.587
3R 50,417,385 Gr33 13| 0 | 55 | 7 |0.343064 | NA
2L 32,255,763 Gr34 3 [ 100 | 21 | 0.38973 | 0.49
3L 34,950,515 Gr35 5 | 106 | 17 | 0.037348 | 0.257
2R 449,457 Gr36 21| 13 | 46 | 39 | 0.540749 | 1.37
2R 374,651 Gr37-RA 11| 5 | 22 | 24 | 0.244389 | 2.4
2R 374,651 Gr37-RB 1 | 22 | 13 | 0.64043 | 2.364
2R 374,651 Gr37-RC 1 | 33 | 17 | 0.413497 | 3.606
2R 374,651 Gr37-RD 0 | 28 | 15 | 0.158596 | NA
2R 374,651 Gr37-RE 10| 4 27 | 21 | 0.367376 | 1.944
2R 374,651 Gr37-RF 51 3 | 21 | 22 |0.703002 | 1.746
2R 374,651 Gr37-RG/RH | 11 | 5 21 | 21 | 0.24647 2.2
2R 346,604 Gr38 16| 2 | 38 | 29 | 0.01306 | 6.105
2R 439,782 Gr39 10| 5 | 39 | 33 | 0.408716 | 1.692
2R 443,778 Gr40 7 | 39 | 31 |0.773027 | 0.795
2R 446,998 Gr4l 17 | 9 | 58 | 0.197224 | 2.275
2R 355,689 Gr42 10| 4 | 34 | 33 | 0.238676 | 2.426
2L 8,794,945 Gr43 8 | 5 |101| 23 | 0.139846 | 0.364
3R 315,137 Gr45 15| 7 34 | 31 | 0.222598 | 1.954
3R 307,779 Gr46 4 | 26 | 30 | 0.340487 | 2.019
2L 16,537,983 Gr47 2 | 88 | 36 | 0.724249 | 1.636
2R 688,812 Gr48 6 | 93 | 54 | 0.556539 | 0.677
2R 690,556 Gr50 10| 7 | 78 | 40 | 0.592066 | 0.733
2R 691,958 Gr51 11 | 87 | 81 | 0.103378 | 0.339
2R 693,555 Gr52 8 | 10 | 74 | 67 | 0.619379 | 0.724
2R 54,384,164 Grs4 18 | 10 | 34 | 35 | 0.261188 | 1.853
2L 39,994,248 Gr55 8 | 6 | 72 | 54 1 1
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Table A13 Continued

Chromosome | Starting Position Gene dS | dN | pS | pN | p-value NI
2L 27,137,739 Gr56-RA | 10 | 6 | 86 | 84 | 0.437926 | 1.628
2L 27,137,739 Gr56-RB | 10 | 7 | 63 | 66 | 0.606977 | 1.497
2L 27,137,739 Gr56-RC | 6 | 12 | 74 | 73 | 0.215218 | 0.493
2L 27,137,739 Gr56-RD | 3 | 11 | 83 | 30 | 0.000228 | 0.099
2L 27,137,739 Gr56-RE | 7 | 5 | 69 | 54 1 1.096
2L 27,137,739 Gro6-RF | 5 | 2 | 78 | 44 1 1.41
2R 453,144 Gr58 21| 15| 28 | 26 | 0.666363 | 1.3
2R 567,440 Gr59 11| 13 | 49 | 22 | 0.05222 | 0.38
2R 445,479 Gr60 18 | 11 | 35| 24 | 0.82177 | 1.122

Table A14 — McDonald-Kreitman Test Results for An. gambiae s.s. — An. quadriannulatus

Chromosome | Starting Position Gene dS | dN | pS | pN | p-value NI
2R 50,165,767 Grl 2101|7931 1 NA
2R 18,508,124 Gr2 0 0 | 107 | 51 NA NA
3R 44,359,442 Gr3 0 | 2 | 57 | 61 | 0.497059 0
3R 44,357,873 Gr4 1] 0| 81L]|76 1 NA
3R 44,350,967 Gr6 5| 2 |100| 66 | 0.70561 | 1.65
3R 44,353,861 Gr7 2 | 0 | 67 | 79 | 0.215665 | NA
3R 44,356,455 Gr8 3] 2 | 68|53 1 1.169
3R 43,668,907 Gri1 0| 0| 60|31 NA NA
3R 43,667,301 Gril2 1 1 61 | 46 1 0.754
2R 24,811,173 Gri3-RA | 5 | 2 | 57 | 44 | 0.696302 | 1.93
2R 24,811,174 Gri3-RB | 5 | 2 | 54 | 39 | 0.696916 | 1.806
2L 31,086,199 Gri4 1| 0 |136 | 43 NA NA
2R 34,483,756 Gri5 1| 1 | 93 | 20 | 0.333181 | 0.215
2R 34,486,991 Gril6 713 | 71|39 1 1.282
2R 34,490,489 Gri17 1|1 |80 36 1 0.45
2R 34,492,401 Gri8 2 | 5 | 76 | 45| 0.109429 | 0.237
2R 34,498,848 Gri19 5 1 | 60 | 37 | 0.409414 | 3.083
2R 34,500,539 Gr20-RA | 16 | 3 | 22 | 6 | 0.720447 | 1.455
2R 34,500,539 Gr20-RB | 16 | 3 | 22 | 6 | 0.720447 | 1.455
2R 34,504,196 Gr21 0 | 2 | 98 | 32 | 0.064886 0
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Table Al4 Continued

Chromosome | Starting Position Gene dS | dN | pS | pN | p-value NI
3R 47,434,756 Gr22 3|0 |53 |11 1 NA
2R 32,427,076 Gr23 0| 0 ]93] 22 NA NA
2R 12,028,579 Gr24 0| 0 | 8 | 31 NA NA
2L 2,812,195 Gr25 711 ] 11| 8 |0.201119 | 5.091
2L 37,150,360 Gr26 1|0 [112] 38 1 NA
2L 37,148,677 Gr27 0| O | 86 | 87 NA NA
2L 37,132,998 Gr28-RA/RB | 0 | 0 | 77 | 42 NA NA
2L 39,308,977 Gr29 2 | 0 |123| 83 | 0.51807 | NA
2L 39,310,745 Gr30 0| 1 | 88 | 107 1 0
2L 39,312,570 Gr31 1|1 |80 65 1 0.813
2L 39,314,564 Gr32-RA 0 | 1 |104 | 54 | 0.345912 0
2L 39,314,564 Gr32-RB 4 | 3|92 | 55 1 0.797
3R 50,417,385 Gr33 210 |68] 9 1 NA
2L 32,255,763 Gr34 0| 0 |105]| 18 NA NA
3L 34,950,515 Gr35 0| O [113| 24 NA NA
2R 449,457 Gr36 8 | 2 | 42 | 31 |0.301874 | 2.952
2R 374,651 Gr37-RA 51 6 | 25| 26 1 0.867
2R 374,651 Gr37-RB 4 | 1 | 23 | 16 | 0.633704 | 2.783
2R 374,651 Gr37-RC 310 | 38 | 12 | 030722 | NA
2R 374,651 Gr37-RD 1 0 33 17 1 NA
2R 374,651 Gr37-RE 4 | 1 | 32 | 23 | 0.639177 | 2.875
2R 374,651 Gr37-RF 2 | 2 | 24| 23 1 0.958
2R 374,651 Gr37-RG/RH | 5 | 6 | 24 | 23 1 0.799
2R 346,604 Gr38 7 1 2 | 36 | 24 | 0.466375 | 2.333
2R 439,782 Gr39 8 | 0 | 47 | 35 | 0.020782 | NA
2R 443,778 Gr40 51 3|42 31 1 1.23
2R 446,998 Gr4l 219 9 | 59 | 0.646091 | 1.457
2R 355,689 Gr42 71 1 | 38| 36 |0.067239 | 6.632
2L 8,794,945 Gr43 3] 1 ]109]| 25 1 0.688
3R 29,972,930 Gr44-RA 4 | 1 | 98 | 105 | 0.205461 | 4.286
3R 29,972,930 Gr44-RB 51 3 [114| 70 1 1.023
3R 29,972,930 Gr44-RC 310 | 72| 25 | 0570965 | NA
3R 29,972,930 Gr44-RD 4 |1 2| 94 | 69 1 1.468
3R 29,972,930 Gr44-RE 12| 2 | 66 | 56 | 0.024906 | 5.091
3R 315,137 Gr45 110|339 0.48 NA
3R 307,779 Gr46 0| 1] 29| 37 1 0
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Table Al4 Continued

Chromosome | Starting Position Gene dS | dN | pS | pN | p-value NI
2L 16,537,983 Gr47 1 | 1 |106| 34 | 0.433523 | 0.321
2R 688,812 Gr48 0| 3 | 95 | 56 | 0.054463 0
2R 685,937 Grd9-RA | 4 | 4 | 61 | 55 1 0.902
2R 685,937 Grd9-RB | 1 | 1 | 71 | 79 1 1.113
2R 690,556 Gr50 4 | 7 | 88 | 42 | 0.048929 | 0.273
2R 691,958 Gr51 0 | 2 | 100 | 83 | 0.209753 0
2R 693,555 Gr52 0| 2 | 82 | 74 | 0.229783 0
2R 24,694,665 Gr53 0| 0O |51 ]| 4 NA NA
2R 54,384,164 Gr54 7| 6 | 44 | 52 | 0.768409 | 1.379
2L 39,994,248 Gr55 110 | 87|62 1 NA
2L 27,137,739 Gr56-RA | 1 1 | 111 99 1 0.892
2L 27,137,739 Gr56-RB | 3 | 3 | 85 | 78 1 0.918
2L 27,137,739 Gr56-RC | 0 | 1 | 89 | 79 | 0.473373 0
2L 27,137,739 Gr56-RD | O | 0 | 103 | 42 NA NA
2L 27,137,739 Gro6-RE | 1 | 4 | 73 | 54 | 0.168392 | 0.185
2L 27,137,739 Gr56-RF | 0 | 0 | 95 | 56 NA NA
2L 2,624,121 Gr57 01| 5 6 | 24 | 0.561023 0
2R 453,144 Gr58 11 | 13 | 25 | 32 1 1.083
2R 567,440 Gr59 111 |52]|29 1 0.558
2R 445,479 Gr60 5| 8 | 41 | 30 | 0.235751 | 0.457

Table A15 — McDonald-Kreitman Test Results for An. melas — An. merus

Chromosome | Starting Position Gene dS | dN | pS | pN | p-value NI
2R 50,165,767 Grl 24 | 11 | 12 | 15 | 0.072229 | 2.727
3R 44,359,442 Gr3 13|10 | 17 | 19 | 0.59591 | 1.453
3R 44,357,873 Gr4 23120 |12 10 1 0.958
3R 44,350,967 Gr6 19| 7 | 28| 20 | 0.311798 | 1.939
3R 44,353,861 Gr7 17116 | 21 | 20 1 1.012
3R 44,356,455 Gr8 29 | 8 | 10 | 14 | 0.005941 | 5.075
3R 43,668,907 Gril 24 | 15 | 13| 6 | 0.772612 | 0.738
3R 43,667,301 Gri2 15| 25 | 16 | 12 | 0.140461 | 0.45
2R 24,811,173 Gri13-RA | 15 17 | 18 | 0.283031 | 1.985
2R 24,811,174 Gri3-RB | 14 16 | 15 | 0.414777 | 1.641
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Table A15 Continued

Chromosome | Starting Position Gene dS | dN | pS | pN | p-value NI
2L 31,086,199 Grl4 21| 10 | 19| 11 | 0.791071 | 1.216
2R 34,483,756 Gri5 21 15| 10 | 0.231663 | 2.333
2R 34,486,991 Grl6 22 18| 6 1 0.917
2R 34,490,489 Grl7 14 12 | 13 | 0.224439 | 2.528
2R 34,492,401 Gris 25| 14 | 19 | 15 | 0.631989 | 1.41
2R 34,498,848 Gri19 19 | 20 | 12 | 15 | 0.804757 | 1.188
2R 34,500,539 Gr20-RA 13 23 | 11 | 0.765105 | 1.243
2R 34,500,539 Gr20-RB 13 23 | 11 | 0.765105 | 1.243
2R 34,504,196 Gr21 25|10 |20 | 8 1 1
3R 47,434,756 Gr22 17| 1 | 11| 7 | 0.040752 | 10.818
2R 32,427,076 Gr23 34| 2 | 19| 5 |0.104392 | 4.474
2R 12,028,579 Gr24 13| 1 | 28| 12 | 0.145806 | 5.571
2L 2,812,195 Gr25 22| 7 | 7 | 6 | 027844 | 2.694
2L 37,150,360 Gr26 23|16 |11 | 9 | 0.787772 | 1.176
2L 37,148,677 Gr27 16 | 16 | 21 | 16 | 0.633234 | 0.762
2L 37,132,998 Gr28-RA/RB | 18 | 11 | 19 | 19 | 0.457374 | 1.636
2L 39,308,977 Gr29 17|12 | 33| 21 1 0.902
2L 39,310,745 Gr30 13 | 15 | 26 | 32 1 1.067
2L 39,312,570 Gr31 13| 11 | 18 | 14 1 0.081
2L 39,314,564 Gr32-RA 19 | 11 | 12 | 13 | 0.286399 | 1.871
2L 39,314,564 Gr32-RB 22 | 16 | 17 | 14 | 0.812308 | 1.132
3R 50,417,385 Gr33 19| 0 | 9 | 3 |0.048943 | NA
2L 32,255,763 Gr34 17 | 3 |30 | 11 | 0.352949 | 2.078
3L 34,950,515 Gr35 38|16 |17 | 8 1 1.118
2R 449,457 Gr36 30 | 21 | 15| 16 | 0.371573 | 1.524
2R 374,651 Gr37-RA 141149 | 9 1 1
2R 374,651 Gr37-RB 12| 2 | 7 | 6 |0.103188 | 5.143
2R 374,651 Gr37-RC 15| 3 | 7 | 3 |0.634496 | 2.143
2R 374,651 Gr37-RD 14| 4 | 8 | 4 | 0677946 | 1.75
2R 374,651 Gr37-RE 13| 7 | 6 | 8 | 0.296004 | 2.476
2R 374,651 Gr37-RF 10| 6 | 7 | 9 |0.479488 | 2.143
2R 374,651 Gr37-RG/RH | 14 | 14 | 8 9 1 1.125
2R 346,604 Gr3s8 21|21 | 9 | 16 | 0.315838 | 1.778
2R 439,782 Gr39 17 | 18 | 8 | 13 | 0.580418 | 1.535
2R 443,778 Gr40 16 | 12 | 12 | 11 | 0.782328 | 1.222
2R 446,998 Gr4l 10| 19 | 6 | 16 | 0.761935 | 1.404
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Table A15 Continued

Chromosome | Starting Position | Gene | dS | dN | pS | pN | p-value NI
2R 355,689 Gr42 | 19 | 19 | 11 | 14 | 0.797142 | 1.273
2L 8,794,945 Gr43 | 17 | 9 | 10 | 11 | 0.250282 | 2.078
3R 315,137 Gr45 | 22 | 13 | 13 0.554787 | 0.651
3R 307,779 Grd6 | 8 | 10 | 2 0.2474 3.2
2L 16,537,983 Gr47 | 13| 9 | 21 | 12 | 0.782256 | 0.825
2R 688,812 Gr48 | 25 | 14 | 17 | 16 | 0.34073 | 1.681
2R 690,556 Gr50 | 29 | 32 | 12 | 13 1 0.982
2R 691,958 Gr51 | 19 | 25 | 19 | 19 | 0.657632 | 0.76
2R 693,555 Gr52 | 17 | 24 | 11 | 36 | 0.10755 | 2.318
2R 54,384,164 Grb54 | 24| 17 | 6 9 |0.243177 | 2.118
2L 39,994,248 Grb5 | 22 | 13 | 11 | 12 | 0.289747 | 1.846
2R 453,144 Gr58 |27 1229 | 7 1 0.955
2R 567,440 Gr59 | 18 | 14 | 10 | 12 | 0.580397 | 1.543
2R 445,479 Greé0 | 22 | 16 | 6 | 15 | 0.055471 | 3.438

Table A16 — McDonald-Kreitman Test Results for An.

melas — An. quadriannulatus

Chromosome | Starting Position | Gene | dS | dN | pS | pN | p-value NI
2R 50,165,767 Grl 13| 6 | 35| 24 | 0.591696 | 1.486
3R 44,359,442 Gr3 6 | 23| 28 | 0.548893 | 1.623
3R 44,357,873 Gr4 6 | 49 | 46 1 0.939
3R 44,350,967 Gré 13| 8 | 54| 32 1 0.963
3R 44,353,861 Gr7 9 | 5|39 33| 056571 | 1.523
3R 44,356,455 Gr8 12 | 10 | 32 | 23 | 0.803191 | 0.863
3R 43,668,907 Grll 12 | 15 | 33 | 9 | 0.004906 | 0.218
3R 43,667,301 Grl12 18 | 35 | 22 | 0.007919 | 0.244
2R 24,811,173 Grl13-RA 4 | 31| 17 1 1.234
2R 24,811,174 Grl13-RB 4 129 |15 1 1.164
2L 31,086,199 Grl4 11| 4 | 61| 16 | 0.732675 | 0.721
2R 34,483,756 Grlb 11| 4 | 22 1 1
2R 34,486,991 Grl6 22| 8 |18 1 0.917
2R 34,490,489 Grl7 6 | 5|28 17 | 0.73572 | 0.729
2R 34,492,401 Gris 19 | 11 | 42 | 14 | 0.320792 | 0.576
2R 34,498,848 Gr19 19 | 20 | 12 | 15 | 0.804757 | 1.188
2R 34,500,539 Gr20-RA | 8 | 4 | 32| 9 | 0.459032 | 0.563
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Table A16 Continued

Chromosome | Starting Position Gene dS | dN | pS | pN | p-value NI
2R 34,500,539 Gr20-RB 8 | 4 |32| 9 |0.459032 | 0.563
2R 34,504,196 Gr21 15| 5 | 36| 10 1 0.833
3R 47,434,756 Gr22 9 | 1 |25| 10 | 0.408741 | 3.6
2R 32,427,076 Gr23 16 | 1 | 31| 11 | 0.092354 | 5.677
2R 12,028,579 Gr24 711 137] 9 1 1.703
2L 2,812,195 Gr25 16| 3 | 10| 7 |0.139368 | 3.733
2L 37,150,360 Gr26 9 | 6 | 54| 21 | 0.368281 | 0.583
2L 37,148,677 Gr27 16 | 15 | 35 | 40 | 0.674166 | 1.219
2L 37,132,998 Gr28-RA/RB | 10 | 8 | 26 | 11 | 0.367685 | 0.529
2L 39,308,977 Gr29 10 7 |49 31 1 0.904
2L 39,310,745 Gr30 9 | 49 | 37 | 0.159051 | 0.42
2L 39,312,570 Gr31 8 | 35| 25 | 0.374961 | 0.536
2L 39,314,564 Gr32-RA 6 | 51| 23 | 0.535995 | 0.601
2L 39,314,564 Gr32-RB 13 | 11 | 47 | 22 | 0.321856 | 0.553
3R 50,417,385 Gr33 12| 0 | 23| 6 | 0.155654 | NA
2L 32,255,763 Gr34 11 2 |41 8 1 1.073
3L 34,950,515 Gr35 20 | 11 | 40 | 18 | 0.812748 | 0.818
2R 449,457 Gr36 16 | 8 | 11| 9 | 0.538514 | 1.636
2R 374,651 Gr37-RA 8 | 11 | 12 | 11 | 0.551202 | 0.667
2R 374,651 Gr37-RB 13| 3 |7 0.065893 | 5.571
2R 374,651 Gr37-RC 11| 3 | 13 0.460645 | 2.256
2R 374,651 Gr37-RD 9 4 |12 1 1.313
2R 374,651 Gr37-RE 141 9 | 10| 10 | 0.547169 | 1.556
2R 374,651 Gr37-RF 10| 6 | 9 | 10 | 0.500103 | 1.852
2R 374,651 Gr37-RG/RH | 8 | 11 | 11 | 11 | 0.755844 | 0.727
2R 346,604 Gr38 17 1 21| 7 | 11 | 0.77654 | 1.272
2R 439,782 Gr39 16 | 13 | 18 | 15 1 1.026
2R 443,778 Gr40 14 1 10 | 14 | 11 1 1.1
2R 446,998 Gr4l 7 (18| 6 | 18 1 1.167
2R 355,689 Gr42 17 | 15 | 13 | 16 | 0.611129 | 1.395
2L 8,794,945 Gr43 14 | 7 | 21| 13 | 0.779057 | 1.238
3R 315,137 Gr45 13|11 |14 | 12 1 1.013
3R 307,779 Gr46 9 | 6 | 16 | 0.322658 | 2.074
2L 16,537,983 Gr47 42 | 12 | 0.050779 | 0.286
2R 688,812 Gr48 16 | 14 | 30 | 23 | 0.82086 | 0.876
2R 685,937 Gr49-RA 17 | 18 | 22 | 15 | 0.478195 | 0.644
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Table A16 Continued

Chromosome | Starting Position Gene | dS|dN | pS|pN | p-value NI
2R 685,937 Gr49-RB | 18 | 15 | 30 | 21 | 0.821933 | 0.84
2R 690,556 Gr50 19|16 | 27| 21 1 0.924
2R 691,958 Gr51 12 | 13 | 37 | 28 | 0.485598 | 0.699
2R 693,555 Gr52 16 | 26 | 49 1 1.06
2R 24,694,665 Gr53 1120 3 1 1.35
2R 54,384,164 Gr54 16 | 20 | 17 | 26 | 0.819087 | 1.224
2L 39,994,248 Gr55 15| 10 | 32 | 26 | 0.810321 | 1.219
2R 453,144 Gr58 31|30 | 6 | 13 | 0.189965 | 2.239
2R 567,440 Gr59 15| 21 | 0.378305 | 1.8
2R 445,479 Gr60 12 | 21 | 0.384988 | 1.75

Table A17 — McDonald-Kreitman Test Results for An. merus — An. quadriannulatus

Chromosome | Starting Position Gene dS | dN | pS | pN | p-value NI
2R 50,165,767 Grl 13| 8 | 42| 21 | 0.792326 | 0.813
2R 18,508,124 Gr2 7 | 48 | 30 | 0.365519 | 0.536
3R 44,359,442 Gr3 7 129 29 1 0.857
3R 44,357,873 Gr4 17 | 14 | 51 | 46 | 0.839654 | 1.095
3R 44,350,967 Gr6 13| 6 | 60| 37 | 0.617736 | 1.336
3R 44,353,861 Gr7 9 | 11 | 38| 39 | 0.804686 | 0.84
3R 44,356,455 Gr8 11| 10 | 36 | 21 | 0.440222 | 0.642
3R 43,668,907 Gri1 12| 6 | 40 | 11 | 0.350782 | 0.55
3R 43,667,301 Gri2 9 | 12 | 43 | 24 | 0.126014 | 0.419
2R 24,811,173 Gri3-RA | 16 | 8 | 36 | 29 | 0.467872 | 1.611
2R 24,811,174 Gri3-RB | 15| 8 | 35 | 24 | 0.801602 | 1.286
2L 31,086,199 Gri4 5 | 66 | 16 | 0.153072 | 0.388
2R 34,483,756 Gri5 4 133 12 1 0.818
2R 34,486,991 Gri6 16| 6 | 34| 15 1 1.176
2R 34,490,489 Gri17 11| 3 | 30| 18 | 0.34579 | 22
2R 34,492,401 Gri8 14| 6 |39 17 1 1.017
2R 34,498,848 Gri19 14 | 11 | 27 | 17 | 0.799421 | 0.801
2R 34,500,539 Gr20-RA 4 | 34| 14 1 0.926
2R 34,500,539 Gr20-RB 4 134 14 1 0.926
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Table A17 Continued

Chromosome | Starting Position Gene dS | dN | pS | pN | p-value NI
2R 34,504,196 Gr21 8 | 7 |49 | 12 | 0.045437 | 0.28
3R 47,434,756 Gr22 10| 0 | 26| 9 |0.006201 | NA
2R 32,427,076 Gr23 17 | 1 | 39| 11 | 0.160295 | 4.795
2R 12,028,579 Gr24 8 | 2 |51 18 1 1.412
2L 2,812,195 Gr25 21| 5 | 7 | 5 |0.234686 3
2L 37,150,360 Gr26 8 | 7 | 56| 24 |0.237381 | 0.49
2L 37,148,677 Gr27 10 | 17 | 36 | 48 | 0.657847 | 0.784
2L 37,132,998 Gr28-RA/RB | 10 | 8 | 41 | 24 | 0.592926 | 0.732
2L 39,308,977 Gr29 11| 7 | 65| 35 | 0.792432 | 0.846
2L 39,310,745 Gr30 5 | 11 | 48 | 37 | 0.100035 | 0.35
2L 39,312,570 Gr31 6 | 6 | 39| 32 | 0.764815 | 0.821
2L 39,314,564 Gr32-RA 12 | 10 | 44 | 25 | 0.460311 | 0.682
2L 39,314,564 Gr32-RB 6 | 9 | 47| 26 | 0.090847 | 0.369
3R 50,417,385 Gr33 19| 0 | 20| 3 |0.238676 | NA
2L 32,255,763 Gr34 9 | 3 |47 | 10 | 0.684932 | 0.638
3L 34,950,515 Gr35 4 | 48 | 14 | 0.721665 | 0.656
2R 449,457 Gr36 22 | 14 | 17 | 15 | 0.624502 | 1.387
2R 374,651 Gr37-RA 9 8 | 10 1 1.111
2R 374,651 Gr37-RB 3 0.247517 3
2R 374,651 Gr37-RC 2 |15] 9 |0435397 | 2.7
2R 374,651 Gr37-RD 1 |11 | 7 |0.362297 | 3.818
2R 374,651 Gr37-RE 14 | 7 | 9 | 12 | 0.214603 | 2.667
2R 374,651 Gr37-RF 5 | 11| 12 | 0.724672 | 1.527
2R 374,651 Gr37-RG/RH 9 | 8 |10 1 1.111
2R 346,604 Gr38 21| 4 | 10| 7 |0.086378 | 3.675
2R 439,782 Gr39 12| 5 | 14| 14 | 0.222393 | 24
2R 443,778 Gr40 14 | 5 | 15| 10 | 0.521867 | 1.867
2R 446,998 Gr4l 7 |17 | 6 | 25 | 0.525055 | 1.716
2R 355,689 Gr42 13| 6 | 16 | 15 | 0.376369 | 2.031
2L 8,794,945 Gr43 14| 6 |22 | 12 | 0.771184 | 1.273
3R 315,137 Gr45 21| 10 | 10 | 11 | 0.164239 | 2.31
3R 307,779 Gr46 7|5 | 6| 150142135 | 35
2L 16,537,983 Gr47 11| 1 | 49| 16 | 0.281737 | 3.592
2R 688,812 Gr48 9 | 9 | 33| 25 |0.786766 | 0.758
2R 690,556 Gr50 17 | 19 | 29 | 20 | 0.378464 | 0.617
2R 691,958 Gr51 4 | 11 | 49 | 30 | 0.020777 | 0.223
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Table A17 Continued

Chromosome | Starting Position Gene dS | dN | pS | pN | p-value NI
2R 693,555 Gr52 6 | 4 | 32| 35 |0517019 | 1.641
2R 54,384,164 Gr54 21| 16 | 17 | 29 | 0.081197 | 0.081197
2L 39,994,248 Gr55 10| 9 | 29| 20 | 0.785363 | 0.766
2L 27,137,739 Gr56-RA 1 |58 | 61 |0.114837 6.31
2L 27,137,739 Gr56-RB 4 | 38| 41 | 0521626 | 1.888
2L 27,137,739 Gr56-RC 4 | 43 | 47 1 1.093
2L 27,137,739 Gr56-RD 9 | 40 | 28 | 0.401805 | 0.544
2L 27,137,739 Grb56-RE | 11 | 12 | 23 | 25 1 0.996
2L 27,137,739 Gr56-RF | 7 | 4 | 48| 36 | 0.755705 | 1.313
2R 453,144 Gr58 28 | 24 | 7 | 12 | 0.284773 2
2R 567,440 Gr59 13| 14 | 15| 19 | 0.800165 | 1.176
2R 445,479 Gr60 16 | 12 | 14 | 20 | 0.307293 | 1.905

249




APPENDIX D

The following tables present results from the DH suite of tests for each species. Grs are only included if there were ten
or more sequences available to analyze from a given species. D refers to Tajima’s D, H refers to normalized Fay and Wu’s H,

DH refers to the joint DH test and is only presented as a p-value, and E refers to the E test.

Table A18 — DH Suite of Tests for An. arabiensis

Chromosome | Starting Position | Gene D p(D) H p(H) | DH E p(E)
3R 50,417,385 Gr33 | 0.100 | 0.598 | -0.656 | 0.157 | 0.339 | 0.656 | 0.806
2R 54,384,164 Gr54 | -0.032 | 0.537 | 0.663 | 0.715 | 0.494 | -0.649 | 0.347
2R 445,479 Gré0 | -1.089 | 0.144 | 0.397 | 0.527 | 0.289 | -1.206 | 0.135

Table A19 — DH Suite of Tests for An. coluzzii

Chromosome | Starting Position | Gene D p(D) H pH) | DH E p(E)
2R 50,165,767 Grl | 0.428 | 0.726 | -0.337 | 0.222 | 0.526 | 0.743 | 0.844
2R 18,508,124 Gr2 | -0.608 | 0.294 | -0.301 | 0.235 | 0.165 | -0.229 | 0.520
3R 44,359,442 Gr3 | -0.897 | 0.189 | 0.479 | 0.573 | 0.365 | -1.320 | 0.104
3R 44,357,873 Gr4 | -0.252 | 0.449 | -0.042 | 0.311 | 0.278 | -0.192 | 0.536
3R 44,350,967 Gr6 | -0.509 | 0.335 | -0.232 | 0.256 | 0.183 | -0.227 | 0.528
3R 44,353,861 Gr7 | -0.983 | 0.161 | 0.238 | 0.425 | 0.252 | -1.184 | 0.151
3R 44,356,455 Gr8 | -0.803 | 0.222 | -0.051 | 0.307 | 0.157 | -0.683 | 0.331
3R 43,668,907 Grll | 0.466 | 0.744 | 0.126 | 0.377 | 0.548 | 0.297 | 0.715
3R 43,667,301 Grl2 | -1.001 | 0.155 | -1.163 | 0.097 | 0.074 | 0.275 | 0.711
2R 24,811,173 Grl3 | -1.125 | 0.124 | -0.821 | 0.135 | 0.068 | -0.186 | 0.536




Table A19 Continued

Chromosome | Starting Position | Gene D p(D) H p(H) | DH E p(E)
2R 34,483,756 Grl5 | -0.935 | 0.179 | -0.746 | 0.148 | 0.084 | -0.050 | 0.593
2R 34,490,489 Grl7 | -1.236 | 0.095 | -1.573 | 0.058 | 0.047 | 0.481 | 0.775
2R 34,492,401 Grl8 | -0.815 | 0.218 | 0.483 | 0.573 | 0.354 | -1.223 | 0.135
2R 34,498,848 Grl9 | -0.521 | 0.337 | -0.904 | 0.122 | 0.185 | 0.457 | 0.764
2R 34,500,539 Gr20* | NA NA NA NA NA NA NA
2R 34,504,196 Gr21 | 0520 | 0.761 | -0.577 | 0.175 | 0.579 | 1.096 | 0.906
3R 47,434,756 Gr22 | -0.646 | 0.279 | -0.261 | 0.246 | 0.150 | -0.321 | 0.487
2R 32,427,076 Gr23 | -0.826 | 0.213 | 0.018 | 0.333 | 0.179 | -0.772 | 0.292
2R 12,028,579 Gr24 | 0.438 | 0.715 | -0.491 | 0.191 | 0.503 | 0.861 | 0.858
2L 2,812,195 Gr25 | -0.704 | 0.262 | 0.575 | 0.653 | 0.430 | -1.214 | 0.142
2L 37,148,677 Gr27 | 0.524 | 0.759 | 0.170 | 0.395 | 0.562 | 0.312 | 0.717
2L 39,308,977 Gr29 | -0.014 | 0.536 | 0.493 | 0.573 | 0.368 | -0.574 | 0.392
2L 39,310,745 Gr30 | -0.233 | 0.459 | 0.149 | 0.385 | 0.275 | -0.375 | 0.462
2L 39,312,570 Gr3l | 0.635 | 0.791 | -0.453 | 0.202 | 0.608 | 1.069 | 0.899
2L 39,314,564 Gr32 | 0.303 | 0.617 | 0.136 | 0.393 | 0.380 | 0.114 | 0.631
3R 50,417,385 Gr33 | -0.473 | 0.361 | -0.354 | 0.221 | 0.184 | -0.050 | 0.582
2L 32,255,763 Gr34 | -0.564 | 0.314 | -1.115 | 0.099 | 0.175 | 0.642 | 0.812
3L 34,950,515 Gr35 | 0.077 | 0.590 | -0.202 | 0.263 | 0.383 | 0.283 | 0.700
2R 449,457 Gr36 | -0.903 | 0.189 | -0.528 | 0.182 | 0.085 | -0.280 | 0.503
2R 374,651 Gr37 | -0.558 | 0.312 | 0.169 | 0.394 | 0.235 | -0.733 | 0.322
2R 346,604 Gr38 | -0.217 | 0.466 | -0.311 | 0.235 | 0.276 | 0.127 | 0.650
2R 439,782 Gr39 | -0.266 | 0.448 | 0.565 | 0.640 | 0.419 | -0.825 | 0.276
2R 443,778 Gr40 | -0.516 | 0.332 | -0.074 | 0.297 | 0.184 | -0.399 | 0.458
2R 446,998 Gr4l | -0.157 | 0.489 | 0.110 | 0.364 | 0.298 | -0.256 | 0.513
2R 355,689 Gr42 | -0.538 | 0.324 | -0.184 | 0.270 | 0.177 | -0.308 | 0.489
2L 8,794,945 Gr43 | -0.446 | 0.358 | 0.212 | 0.413 | 0.245 | -0.661 | 0.344
3R 315,137 Gr45 | -0.595 | 0.302 | -0.207 | 0.261 | 0.155 | -0.329 | 0.477
2L 16,537,983 Gr47 | -0.290 | 0.425 | -0.478 | 0.196 | 0.250 | 0.248 | 0.698

*No polymorphisms were identified in this Gr
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Table A19 Continued

Chromosome | Starting Position | Gene D p(D) H p(H) | DH E p(E)
2R 688,812 Gr48 | -0.140 | 0.498 | -0.212 | 0.262 | 0.309 | 0.092 | 0.642
2R 685,937 Gr49 | -0.390 | 0.387 | -0.063 | 0.306 | 0.227 | -0.307 | 0.503
2R 690,556 Gr50 | -0.273 | 0.442 | -0.176 | 0.271 | 0.262 | -0.069 | 0.591
2R 691,958 Gr51 | -0.280 | 0.426 | -0.149 | 0.282 | 0.257 | -0.101 | 0.579
2R 693,555 Gr52 | -0.128 | 0.506 | -0.223 | 0.261 | 0.314 | 0.115 | 0.660
2R 24,694,665 Gr53 | -0.588 | 0.302 | -0.400 | 0.218 | 0.176 | -0.119 | 0.569
2R 54,384,164 Gr54 | 0.383 | 0.714 | 0.328 | 0.476 | 0.504 | 0.013 | 0.617
2L 39,994,248 Gr55 | -0.047 | 0.534 | 0.245 | 0.434 | 0.337 | -0.310 | 0.489
2L 27,137,739 Gr56 | -0.219 | 0.451 | -0.274 | 0.249 | 0.277 | 0.101 | 0.642
2L 2,624,121 Gr57 | -0.810 | 0.220 | 0.795 | 0.827 | 0.669 | -1.589 | 0.052
2R 453,144 Gr58 | 0.458 | 0.738 | 0.081 | 0.354 | 0.536 | 0.327 | 0.723
2R 567440 Gr59 | -0.680 | 0.265 | -0.012 | 0.319 | 0.175 | -0.612 | 0.361
2R 445479 Gr60 | -0.608 | 0.298 | 0.400 | 0.519 | 0.319 | -0.958 | 0.225

Table A20 — DH Suite of Tests for An. gambiae s.s.

Chromosome | Starting Position | Gene D p(D) H pH) | DH E p(E)
2R 50,165,767 Grl | -0.761 | 0.242 | -0.279 | 0.242 | 0.111 | -0.424 | 0.438
2R 18,508,124 Gr2 | -1.357 | 0.063 | -0.039 | 0.312 | 0.161 | -1.222 | 0.122
3R 44,359,442 Gr3 | -1.522 | 0.038 | 0.116 | 0.373 | 0.197 | -1.506 | 0.047
3R 44,357,873 Gr4 | -0.808 | 0.225 | -0.166 | 0.271 | 0.136 | -0.585 | 0.361
3R 44,350,967 Gr6 | -1.114 | 0.120 | -0.586 | 0.176 | 0.083 | -0.461 | 0.420
3R 44,353,861 Gr7 | -1.495 | 0.041 | -0.034 | 0.316 | 0.169 | -1.359 | 0.079
3R 44,356,455 Gr8 | -1.588 | 0.030 | -0.530 | 0.185 | 0.083 | -0.943 | 0.212
3R 43,668,907 Grll | -0.609 | 0.306 | -0.753 | 0.147 | 0.157 | 0.163 | 0.678
3R 43,667,301 Grl2 | -0.586 | 0.316 | -0.687 | 0.154 | 0.164 | 0.121 | 0.663
2R 24,811,173 Grl3 | -1.047 | 0.141 | -0.576 | 0.177 | 0.083 | -0.404 | 0.456
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Table A20 Continued

Chromosome | Starting Position | Gene D p(D) H p(H) | DH E p(E)
2R 34,483,756 Grl5 | -1.533 | 0.039 | -0.129 | 0.282 | 0.148 | -1.282 | 0.101
2R 34,486,991 Grl6 | -0.424 | 0.374 | 0.237 | 0.425 | 0.250 | -0.652 | 0.348
2R 34,490,489 Grl7 | -0.862 | 0.207 | -0.705 | 0.154 | 0.092 | -0.114 | 0.574
2R 34,492,401 Grl8 | -1.448 | 0.048 | 0.511 | 0.609 | 0.390 | -1.816 | 0.010
2R 34,498,848 Grl9 | -0.658 | 0.285 | 0.103 | 0.368 | 0.202 | -0.706 | 0.314
2R 34,500,539 Gr20 * * * * * * *
2R 34,504,196 Gr21 | -0.632 | 0.296 | -0.332 | 0.230 | 0.155 | -0.259 | 0.510
3R 47,434,756 Gr22 | -1.301 | 0.078 | -0.528 | 0.184 | 0.089 | -0.673 | 0.327
2R 32,427,076 Gr23 | -1.152 | 0.112 | 0.286 | 0.454 | 0.259 | -1.335 | 0.092
2R 12,028,579 Gr24 | -1.390 | 0.058 | 0.414 | 0.531 | 0.327 | -1.675 | 0.025
2L 2,812,195 Gr25 | -0.364 | 0.412 | -0.622 | 0.167 | 0.229 | 0.262 | 0.703
2L 37,150,360 Gr26 | -0.496 | 0.330 | -0.798 | 0.145 | 0.197 | 0.429 | 0.745
2L 37,148,677 Gr27 | 0.015 | 0.585 | 0.404 | 0.528 | 0.371 | -0.377 | 0.456
2L 39,308,977 Gr29 | -0.301 | 0.439 | 0.540 | 0.628 | 0.628 | -0.830 | 0.265
2L 39,310,745 Gr30 | -0.491 | 0.358 | 0.321 | 0.475 | 0.284 | -0.770 | 0.293
2L 39,312,570 Gr31 | -0.059 | 0.546 | -0.655 | 0.164 | 0.335 | 0.613 | 0.803
2L 39,314,564 Gr32 | -0.332 | 0.417 | -0.230 | 0.254 | 0.253 | -0.078 | 0.594
3R 50,417,385 Gr33 | -1.483 | 0.043 | -0.017 | 0.321 | 0.160 | -1.315 | 0.095
2L 32,255,763 Gr34 | -1.016 | 0.149 | -0.286 | 0.242 | 0.125 | -0.660 | 0.341
3L 34,950,515 Gr35 | -1.187 | 0.102 | -0.589 | 0.172 | 0.081 | -0.519 | 0.399
2R 449,457 Gr36 | -1.275 | 0.081 | -0.776 | 0.141 | 0.056 | -0.415 | 0.439
2R 374,651 Gr37 | -0.811 | 0.221 | -0.453 | 0.202 | 0.109 | -0.314 | 0.487
2R 346,604 Gr38 | -0.944 | 0.171 | -0.538 | 0.183 | 0.090 | -0.348 | 0.467
2R 439,782 Gr39 | -1.096 | 0.127 | -0.162 | 0.270 | 0.134 | -0.839 | 0.255
2R 443,778 Gr40 | -0.705 | 0.265 | -0.231 | 0.252 | 0.132 | -0.419 | 0.429
2R 446,998 Gr4l | -0.451 | 0.374 | -0.017 | 0.322 | 0.209 | -0.391 | 0.458
2R 355,689 Gr42 | -1.350 | 0.066 | -0.415 | 0.209 | 0.101 | -0.839 | 0.255
2L 8,794,945 Gr43 | -0.916 | 0.183 | 0.167 | 0.395 | 0.219 | -1.023 | 0.196

*No polymorphisms were identified in this Gr
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Table A19 Continued

Chromosome | Starting Position | Gene D p(D) H p(H) DH E p(E)
3R 315,137 Gr45 -0.133 0.519 -0.171 0.267 | 0.305 0.043 0.630
3R 307,779 Gr46 -1.417 0.060 -0.815 0.141 | 0.071 -0.487 0.413
2L 16,537,983 Gr47 -0.589 0.317 -0.151 0.278 | 0.170 -0.400 0.450
2R 688,812 Gr48 -0.973 0.165 -0.446 0.202 | 0.098 -0.468 0.426
2R 685,937 Gr49 -1.084 0.129 -0.672 0.161 | 0.075 -0.353 0.467
2R 690,556 Gr50 -0.649 0.285 -0.095 0.292 | 0.151 -0.504 0.401
2R 691,958 Gr51 -0.922 0.179 -0.452 0.202 | 0.107 -0.402 0.450
2R 693,555 Gr52 -0.543 0.331 -0.016 0.318 | 0.184 -0.489 0.407
2R 24,694,665 Gr53 -0.840 0.210 0.269 0.444 | 0.261 -1.066 0.178
2R 54,384,164 Gr54 -0.484 0.358 0.284 0.452 | 0.268 -0.731 0.313
2L 39,994,248 Gr55 -1.013 0.151 -0.107 0.291 | 0.149 -0.832 0.259
2L 27,137,739 Gr56 -0.204 0.454 -0.347 0.230 | 0.287 0.209 0.670
2L 2,624,121 Gr57 -1.201 0.100 -0.047 0.310 | 0.147 -1.026 0.189
2R 453,144 Gr58 -0.760 0.246 -0.087 0.298 | 0.151 -0.597 0.356
2R 567,440 Gr59 -1.383 0.059 -0.881 0.127 | 0.054 -0.413 0.441
2R 445,479 Gr60 -1.207 0.098 -0.217 0.256 | 0.128 -0.872 0.245
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Table A21 — DH Suite of Tests for An. melas

Chromosome | Starting Position | Gene D p(D) H p(H) DH E p(E)
3R 44,359,442 Gr3 -1.072 0.151 -2.099 0.036 | 0.044 1.085 0.894
3R 43,668,907 Grll -1.095 0.157 -0.989 0.126 | 0.046 0.125 0.651
3R 43,667,301 Gr12 -1.273 0.103 -0.800 0.139 | 0.052 -0.163 0.551
2R 34,504,196 Gr21 0.177 0.614 0.437 0.550 | 0.360 -0.300 0.493
3R 47,434,756 Gr22 -0.658 0.277 -3.071 0.010 | 0.131 2.566 0.995
2R 449,457 Gr36 -1.095 0.143 0.525 0.614 | 0.349 -1.245 0.121
2L 39,994,248 Gr55 0.896 0.844 0.191 0.404 | 0.707 0.482 0.765

Table A22 — DH Suite of Tests for An. merus

Chromosome | Starting Position | Gene D p(D) H p(H) DH E p(E)
2L 2,812,195 Gr25 0.818 0.804 -1.377 0.091 | 0.656 1.656 0.952
3R 50,417,385 Gr33 0.096 0.560 -2.459 0.040 | 0.353 1.928 0.971
3R 315,137 Gr45 -1.245 0.136 0.738 0.751 | 0.564 -1.461 0.089
2L 39994248 Gr55 0.878 0.839 0.200 0.436 | 0.802 0.312 0.720
2R 453144 Gr58 -0.537 0.343 0.743 0.859 | 0.731 -1.000 0.213
2R 567440 Gr59 1.789 0.968 0.257 0.405 | 0.946 0.900 0.870
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Table A23 — DH Suite of Tests for An. quadriannulatus

Chromosome | Starting Position | Gene D p(D) H p(H) DH E p(E)
2R 50,165,767 Grl -0.034 0.565 -1.767 0.048 | 0.358 1.567 0.954
3R 44,359,442 Gr3 0.913 0.863 0.527 0.632 | 0.741 0.322 0.723
3R 44,357,873 Grd 0.873 0.857 -0.226 0.253 | 0.730 1.043 0.898
3R 44,350,967 Gré 0.195 0.657 -0.379 0.218 | 0.447 0.529 0.790
3R 44,356,455 Gr8 1.390 0.937 -1.347 0.078 | 0.877 2.352 0.991
3R 43,668,907 Grll -0.072 0.551 -1.139 0.095 | 0.342 0.926 0.877
3R 43,667,301 Gr12 0.949 0.873 -0.798 0.140 | 0.754 1.595 0.956
2R 34,483,756 Grl5 -0.203 0.489 -2.850 0.014 | 0.272 2.455 0.992
2R 34,490,489 Grl7 0.085 0.583 -0.468 0.202 | 0.367 0.588 0.794
2R 34,492,401 Gr18 -0.405 0.391 -1.106 0.101 | 0.217 0.728 0.837
2R 34,498,848 Gr19 -1.690 0.023 -3.481 0.006 | 0.007 1.766 0.969
3R 47,434,756 Gr22 0.369 0.692 -0.418 0.209 | 0.457 0.773 0.850
2R 32,427,076 Gr23 0.810 0.815 -0.110 0.339 | 0.638 0.581 0.801
2R 12,028,579 Gr24 0.133 0.622 -0.229 0.253 | 0.410 0.331 0.726
2L 37,148,677 Gr27 0.160 0.635 -0.354 0.220 | 0.416 0.490 0.770
2L 39,308,977 Gr29 -0.171 0.490 -1.527 0.063 | 0.287 1.412 0.946
2L 39,310,745 Gr30 0.630 0.798 -0.668 0.161 | 0.624 1.232 0.923
2L 39,312,570 Gr3l -0.013 0.561 -1.243 0.086 | 0.345 1.253 0.924
3R 50,417,385 Gr33 -0.931 0.184 0.442 0.569 | 0.351 -1.154 0.126
2L 32,255,763 Gr34 0.389 0.723 -0.893 0.126 | 0.529 1.173 0.912
3L 34,950,515 Gr35 0.926 0.866 -0.455 0.199 | 0.739 1.264 0.923
2R 449,457 Gr36 1.139 0.896 -1.529 0.065 | 0.806 2.140 0.979
2R 439,782 Gr39 -0.465 0.376 -0.389 0.210 | 0.190 -0.038 0.587
2R 443,778 Gr40 -0.801 0.235 0.230 0.423 | 0.207 -0.839 0.248
2R 446,998 Gr4l -1.358 0.069 -1.560 0.059 | 0.019 0.267 0.701
2L 8,794,945 Gr43 -0.703 0.260 -1.614 0.058 | 0.135 1.028 0.893
3R 315,137 Gr45 -0.267 0.463 -0.014 0.317 | 0.234 -0.209 0.520
2R 688,812 Gr48 0.054 0.594 -1.045 0.104 | 0.370 1.048 0.895
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Table A23 Continued

Chromosome | Starting Position | Gene D p(D) H p(H) DH E p(E)
2R 690,556 Gr50 0.414 0.737 -1.359 0.075 | 0.544 1.551 0.953
2R 691,958 Gr51 -0.788 0.234 -3.022 0.009 | 0.108 2.189 0.990
2R 693,555 Gr52 0.047 0.588 -0.863 0.129 | 0.381 0.892 0.870
2R 54,384,164 Gr54 -1.138 0.120 -0.264 0.241 | 0.108 -0.698 0.318
2L 39,994,248 Gr55 0.258 0.681 -0.316 0.230 | 0.468 0.510 0.782
2R 453,144 Gr58 -0.496 0.362 0.744 0.851 | 0.729 -1.003 0.175
2R 567,440 Gr59 -0.124 0.529 -1.785 0.047 | 0.308 1.443 0.939
2R 445,479 Gr60 -0.690 0.277 0.421 0.549 | 0.320 -0.946 0.202
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APPENDIX E

The following tables present basic genetic variation statistics calculated by

DNAsp. Only Grs where there were more ten or more full sequences available for a

species are included.

Table A24 — Genetic Variation Statistics for An. arabiensis

Chromosome | Starting Point | Gene | N n Haplotype Diversity | Haplotype Number
2L 39,314,564 Gr33 | 26 | 0.002 0.655 8
2R 54,384,164 Gr54 | 14 | 0.002 0.945 10
2R 445,479 Gr60 | 16 | 0.002 0.858 9
Table A25 — Genetic Variation Statistics for An. coluzzii
Chromosome | Starting Point | Gene | N n Haplotype Diversity | Haplotype Number
2R 50,165,767 Grl | 22 | 0.015 0.987 19
2R 18,508,124 Gr2 | 14 | 0.008 1 14
3R 44,359,442 Gr3 | 24| 0.011 0.978 21
3R 44,357,873 Gr4 | 22 | 0.018 1 22
3R 44,350,967 Gré | 20 | 0.011 1 20
3R 44,353,861 Gr7 | 22 | 0.014 1 22
3R 44,356,455 Gr8 | 24| 0.012 1 24
3R 43,668,907 Grll | 22 | 0.014 0.996 21
3R 43,667,301 Grl2 | 24 | 0.011 0.989 21
2R 24,811,173 Gri3 | 22 | 0.010 1 22
2R 34,483,756 Grl5 | 16 | 0.006 0.992 15
2R 34,490,489 Grl7 | 24 | 0.008 0.938 17
2R 34,492,401 Gr18 | 20 | 0.005 0.984 18
2R 34,498,848 Gr19 | 22 | 0.009 0.97 18
2R 34,500,539 Gr20 | 24 | 0.000 | No polymorphisms No polymorphisms
2R 34,500,539 Gr21 | 20 | 0.014 0.984 18
2R 34,504,196 Gr22 | 22 | 0.007 0.991 20
2R 32,427,076 Gr24 | 12 | 0.004 0.879 7
2R 12,028,579 Gr25 | 20 | 0.004 0.979 16




Table A25 Continued

Chromosome | Starting Point | Gene | N m Haplotype Diversity | Haplotype Number
2L 37,150,360 Gr27 | 18 | 0.024 1 18
2L 37,132,998 Gr29 | 12 | 0.026 1 12
2L 39,308,977 Gr30 | 24 | 0.022 0.996 23
2L 39,310,745 Gr3l | 16 | 0.012 1 16
2L 39,314,564 Gr33 | 22 | 0.003 0.987 19
3R 50,417,385 Gr34 | 22 | 0.014 1 22
2L 32,255,763 Gr35 | 18 | 0.012 1 18
3L 34,950,515 Gr36 | 24 | 0.009 1 24
2R 374,651 Gr37 | 14 | 0.008 1 14
2R 346,604 Gr38 | 20 | 0.010 0.995 19
2R 439,782 Gr39 | 22 | 0.010 0.987 20
2R 443,778 Gr40 | 22 | 0.012 1 22
2R 446,998 Gr4l | 20 | 0.011 0.995 19
2R 355,689 Gr42 | 22 | 0.009 0.996 21
2L 8,794,945 Gr43 | 16 | 0.022 1 16
3R 315,137 Gr45 | 22 | 0.009 0.991 20
2L 16,537,983 Gr47 | 16 | 0.013 1 16
2R 688,812 Gr48 | 22 | 0.022 1 22
2R 685,937 Gr49 | 20 | 0.019 1 20
2R 690,556 Gr50 | 20 | 0.018 1 20
2R 691,958 Gr51 | 14 | 0.023 1 14
2R 24,694,665 Gr53 | 14 | 0.014 1 14
2R 54,384,164 Gr54 | 22 | 0.014 0.991 20
2L 39,994,248 Gr55 | 18 | 0.026 0.993 17
2L 27,137,739 Gr56 | 12 | 0.022 1 12
2L 2,624,121 Gr57 | 20 | 0.004 0.979 16
2R 453,144 Gr58 | 22 | 0.009 0.991 20
2R 567,440 Gr59 | 18 | 0.011 0.993 17
2R 445,479 Gr60 | 24 | 0.009 0.986 20

Table A26 — Genetic Variation Statistics for An. gambiae s.s.

Chromosome | Starting Point | Gene | N n Haplotype Diversity | Haplotype Number
2R 50,165,767 Grl | 48] 0.011 0.97 34
2R 18,508,124 Gr2 | 42]0.013 0.999 41
3R 44,359,442 Gr3 | 50| 0.011 0.974 40
3R 44,357,873 Gr4 | 50| 0.017 0.999 49
3R 44,350,967 Gré | 50 | 0.014 0.999 49
3R 44,353,861 Gr7 | 44 | 0.013 1 44
3R 44,356,455 Gr8 | 52 | 0.010 0.995 47
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Table A26 Continued

Chromosome | Starting Point | Gene | N m Haplotype Diversity | Haplotype Number
3R 43,668,907 Grll | 52 | 0.009 0.977 34
3R 43,667,301 Grl2 | 52 | 0.012 0.981 38
2R 24,811,173 Gri3 | 52 | 0.011 0.971 42
2R 34,483,756 Grl5 | 44 | 0.010 0.998 42
2R 34,486,991 Grl6 | 20 | 0.016 0.995 19
2R 34,490,489 Grl7 | 50 | 0.015 1 50
2R 34,492,401 Grl8 | 52 | 0.008 0.995 46
2R 34,498,848 Grl9 | 52 | 0.015 0.999 51
2R 34,500,539 Gr20 | 52 | 0.000 | No polymorphisms No polymorphisms
2R 34,500,539 Gr21 | 39 | 0.017 1 40
2R 34,504,196 Gr22 | 42 | 0.007 0.991 35
2R 32,427,076 Gr24 | 48 | 0.012 0.998 46
2R 12,028,579 Gr25 | 46 | 0.003 0.957 28
2L 2,812,195 Gr26 | 12 | 0.013 0.985 11
2L 37,150,360 Gr27 | 50 | 0.024 0.992 44
2L 37,132,998 Gr29 | 34 | 0.026 0.996 32
2L 39,308,977 Gr30 | 46 | 0.026 0.999 45
2L 39,310,745 Gr31 | 34 | 0.028 0.998 33
2L 39,312,570 Gr32 | 28 | 0.022 0.997 27
2L 39,314,564 Gr33 | 50 | 0.006 0.988 40
3R 50,417,385 Gr34 | 48 | 0.016 0.996 44
2L 32,255,763 Gr35 | 44 | 0.014 1 44
3L 34,950,515 Gr36 | 52 | 0.008 0.998 49
2R 374,651 Gr37 | 44 | 0.008 1 44
2R 346,604 Gr38 | 44 | 0.009 0.998 42
2R 439,782 Gr39 | 46 | 0.008 0.970 37
2R 443,778 Gr40 | 44 | 0.011 0.996 40
2R 446,998 Gr4l | 46 | 0.011 0.998 42
2R 355,689 Gr42 | 48 | 0.008 0.999 47
2L 8,794,945 Gr43 | 40 | 0.021 1 40
3R 315137 Gr45 | 48 | 0.010 0.992 40
3R 307779 Gr46 | 22 | 0.006 1 22
2L 16537983 Gr47 | 46 | 0.017 1 46
2R 688812 Gr48 | 48 | 0.020 0.999 47
2R 685937 Gr49 | 44 | 0.016 1 44
2R 690556 Gr50 | 44 | 0.020 1 44
2R 691958 Gr51 | 28 | 0.021 1 28
2R 24694665 Gr53 | 38 | 0.016 1 38
2R 54384164 Gr54 | 34 | 0.014 0.996 32
2L 39994248 Gr55 | 52 | 0.022 0.998 50
2L 27137739 Gr56 | 10 | 0.022 1 10
2L 2624121 Gr57 | 40 | 0.002 0.94 22
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Table A26 Continued

Chromosome | Starting Point | Gene | N m Haplotype Diversity | Haplotype Number
2R 453144 Gr58 | 52 | 0.007 0.984 42
2R 567440 Gr59 | 50 | 0.008 0.988 48
2R 445479 Gr60 | 50 | 0.007 0.988 40
Table A27 — Genetic Variation Statistics for An. melas
Chromosome | Starting Point | Gene | N n Haplotype Diversity | Haplotype Number
3R 44,359,442 Gr3 | 22 | 0.001 0.632 6
3R 43,668,907 Grll | 18 | 0.001 0.556 5
3R 43,667,301 Grl2 | 12 | 0.002 0.667 5
2R 34,500,539 Gr21 | 10 | 0.001 0.844 6
2R 34,504,196 Gr22 | 12 | 0.002 0.803 5
3L 34,950,515 Gr36 | 28 | 0.001 0.661 6
2L 39,994,248 Gr55 | 10 | 0.004 0.800 5
Table A28 — Genetic Variation Statistics for An. merus
Chromosome | Starting Point | Gene | N i Haplotype Diversity | Haplotype Number
2R 12,028,579 Gr25 | 44 | 0.0004 0.555 4
2L 39,314,564 Gr33 | 66 | 0.000 0.4 4
3R 315,137 Gr45 | 10 | 0.001 0.667 5
2R 54,384,164 Gr54 | 22 | 0.000 No polymorphisms No polymorphisms
2R 453,144 Gr58 | 22 | 0.001 0.671 5
2R 567,440 Gr59 | 14 | 0.001 0.747 4
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Table A29 — Genetic Variation Statistics for An. quadriannulatus

Chromosome | Starting Point | Gene | N m Haplotype Diversity | Haplotype Number
2R 50,165,767 Grl | 74 | 0.008 0.996 65
3R 44,359,442 Gr3 | 74 | 0.009 0.996 62
3R 44,357,873 Gr4 | 28 | 0.016 0.989 24
3R 44,350,967 Gr6 | 62 | 0.013 0.996 55
3R 44,356,455 Gr8 | 144 ] 0.011 0.999 129
3R 43,668,907 Grll | 104 | 0.006 0.993 73
3R 43,667,301 Grl2 | 46 | 0.010 0.99 36
2R 34,483,756 Grl5 | 46 | 0.005 0.995 41
2R 34,490,489 Grl7 | 10 | 0.007 0.978 9
2R 34,492,401 Grl8 | 30 | 0.006 0.993 27
2R 34,498,848 Grl9 | 44 | 0.002 0.943 27
2R 34,500,539 Gr21 | 144 | 0.008 0.999 131
2R 34,504,196 Gr22 | 12 | 0.006 0.985 11
2R 32,427,076 Gr24 | 38 | 0.005 0.99 31
2L 37,150,360 Gr27 | 34 | 0.010 0.995 31
2L 37,132,998 Gr29 | 22 | 0.009 0.991 20
2L 39,308,977 Gr30 | 34 | 0.013 1 34
2L 39,310,745 Gr3l | 26 | 0.010 0.997 25
2L 39,314,564 Gr33 | 90 | 0.002 0.959 43
3R 50,417,385 Gr34 | 50 | 0.008 0.994 43
2L 32,255,763 Gr35 | 20 | 0.008 0.974 15
3L 34,950,515 Gr36 | 106 | 0.003 0.931 36
2R 439,782 Gr39 | 50 | 0.002 0.956 29
2R 443,778 Gr40 | 62 | 0.002 0.857 16
2R 446,998 Gr4l | 48 | 0.002 0.94 25
2L 8,794,945 Gr43 | 20 | 0.006 0.995 19
3R 315,137 Gr45 | 80 | 0.003 0.971 41
2R 688,812 Gr48 | 36 | 0.007 0.994 32
2R 690,556 Gr50 | 92 | 0.007 0.991 67
2R 691,958 Gr51 | 44 | 0.008 0.978 34
2R 54,384,164 Gr54 | 24 | 0.003 0.96 17
2L 39,994,248 Gr55 | 80 | 0.009 0.997 72
2R 453,144 Gr58 | 88 | 0.001 0.872 24
2R 567,440 Gr59 | 84 | 0.004 0.99 60
2R 445,479 Gre0 | 74 | 0.003 0.973 43
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