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Abstract

Mosquitoes use their sense of smell to find hosts, nectar, and oviposition sites, and to avoid
repellents. A small number of mosquito species are adapted to feed on humans and have a major
impact on public health by transmitting malaria, dengue, filariasis, etc. The application of odorants
for behavioral control has not been fully realized yet due to complexity of the mosquito olfactory
system. Recent progress in molecular and computational tools has enabled rigorous investigations
of the mosquito olfactory system function and has started to reveal how specific receptors
contribute to attractive and aversive behaviors. Here we discuss recent advances in linking odors
to receptors and in exploiting this knowledge in finding attractants and repellents for mosquitoes.

INTRODUCTION

Odorants can be used to control mosquitoes in three complimentary ways: repellents that
“push” mosquitoes away, “maskers” that block attraction to humans, and attractants that
“pull” mosquitoes into traps placed away from humans. Each of these methods can
potentially reduce disease transmission by preventing mosquito-human interactions. Limited
field studies evaluating odor-based control find that repellents are generally better at
reducing biting pressure as compared to traps [1,2]. However, repellents and traps tested
together in an integrated push-pull is more effective than either alone [3,4].

Despite the potential for reducing disease transmission there are considerable drawbacks in
the attractants and repellents available currently for public health use. Repellents like DEET
have very limited use in disease-inflicted tropical countries, likely for aversion to use a non-
natural compound, the need to apply high concentrations on skin, relatively high costs, and
poor cosmetic qualities (dissolves nylons and plastics, smells unpleasant, oily feel).
Similarly, the current mosquito traps are extremely expensive and bulky, since they need a
CO>, (lure) source, and also may contain other synergists that smell unpleasant. There is an
urgent need for new classes of improved repellents and lures for mosquito control globally.

Conflict of Interest Statement:
A. Ray is an equity holder at Olfactor Labs Inc and a founder of Sensorygen Inc.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ray Page 2

The challenges of finding behaviorally active odorants of practical utility are enormous. The
mosquitoes have extremely sophisticated olfactory systems with hundred of receptors
proteins from three different families: odorant receptor (Or), ionotropic receptor (Ir) and
gustatory receptor (Gr) families [5]. These receptors are likely expressed in similar numbers
of classes of odorant receptor neurons (ORNSs) housed in sensilla on the antenna, maxillary
palps and proboscis. The axons of the ORNs project to the antennal lobe (AL) in the brain’s
deutocerebrum, where they innervate glomeruli, likely sorting according to their expressed
receptors [6-8]. The Or family is the largest, most diverse, with ligands known for a
majority of members in Anopheles gambia [9,10]. Their comprehensive deorphanization in
the Drosophila “empty neuron” system and Xenopus oocytes enabled a systems-level
understanding of odor detection by the Or family and identified several odorants that the
mosquitoes detect strongly. However, to design repellents and attractants this knowledge is
most useful if we understand how the multitudes of olfactory receptors contribute to odor
valence and behavior generation. The highly distributed pattern of multiple Ors sensing an
odorant, and the complex connectivity patterns in the brain of ORNs, make it very difficulty
to identify neurons and receptors that convey attraction or aversion.

Identifying attractive odorants, receptors and developing lures for “pull”

Host-seeking mosquitoes usually undertake several distinct behavioral steps: activation to
fly upwind, navigation of the odor plume using olfactory cues and optomotor anemotaxis,
navigating along odor plumes through surging and casting, close-range navigation towards
skin, and landing [11]. Along the way, they continuously discriminate host odors from
background, and select amongst multiple acceptable hosts. These distinct behavioral steps
are likely to be guided by distinct sets of olfactory cues that are detected by independent
olfactory pathways (FIGURE 1). At close range, mosquitoes also integrate non-olfactory
attraction cues such as humidity, temperature, and visual stimuli for landing. While these
steps are challenging to study, they also offer many different opportunities to reduce host-
seeking behavior.

When a female mosquito in flight or resting on a walls inside a house comes in contact with
a turbulent plume of CO,, she immediately turns upwind and increases speed or takes off in
a process described as activation [12]. The CO,-receptor (Grl, Gr2, Gr3) in the cpA neurons
of the maxillary palps also detects whole-skin odor weakly [13], so when a female Aedes
aegypti enters a plume of undiluted skin odor, she turns upwind and increases flight speed
just as she does in a plume of CO, [12,14]. Diluted skin odor however is not sufficient to
activate a mosquito or induce an upwind surge however it is highly attractive after a
mosquito is activated by a momentary pulse of CO,, through mechanisms that are not well
understood [12,14]. After activating upwind navigation the mosquito surges forward every
time it contacts a CO, plume, closer towards the emitting source, and when contact is lost
she casts across the direction of airflow maximizing chances of encountering another plume
from the source [12].

COs, is therefore routinely used in mosquito traps for vector surveillance and control
[reviewed in 15]. This general vertebrate-host cue also attracts many other hematophagous
insects. However, because of the costs of traps themselves and the logistical difficulties of
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obtaining CO» (burning butane from pressurized cylinders or evaporating dry ice),
alternative strategies are required. Fermenting sugar or molasses with yeast that generate
COy, has been used [16,17]. More conveniently, volatile odorants that activate the CO,
receptor could also be used [13]. Many of these odorants were first found in the model
system Drosophila melanogaster that shares a conserved CO, receptor [18]. Subsequently,
activators were identified in mosquitoes using electrophysiology, many from human skin
sources such as microbial degradation products [13,19]. A high-throughput chemical
informatics approach was developed to identify structural features of known actives and
screened hundreds of thousands of chemicals in silico that identified hundreds of candidate
chemicals, from activators with improved usability features such as better smell, safety and
affordability could be found [13]. One of these chemicals, cyclopentanone, was found to
capture similar numbers of mosquitoes as a CO5 lure when used with a counter-flow design
trap inside a greenhouse [13]. Several additional odorants remain to be tested as lures and
the method is tractable for continuous improvement.

The catch rates of CO» lures can be increased significantly by the addition of odorants that
can act synergistically, often identified from skin, such as carboxylic acid mixtures, lactic
acids, ammonia, 1-octen-3-ol, nonanal etc. These chemicals by themselves are poor lures in
traps, suggesting that they may enhance the catch rate by acting along with the CO,
neuronal circuit in the nervous system. 1-octen-3-ol is detected by Or8 in the neuron
neighboring the CO5,-sensitive ORN in the same sensillum [20-22] and it is >2 orders of
magnitude more sensitive to the (R)-(-) than to the (L)-(+) enantiomer, increasing in
sensitivity as an adult mosquito matures and begins host seeking [20,23]. At least 10 other
mosquito ORs also detect 1-octen-3-ol and may also influence behavior [10]. Nonanal
activate several known Ors. Other odorants like the acids and ammonia are expected to
activate conserved Ir family receptors that are known to detect these odors in Drosophila
melanogaster [24]. Ammonia-sensitive ORNSs have been observed in grooved-peg sensilla
and trichoid sensilla of mosquitoes [25]. It was recently shown in Drosophila that the
ammonium transporter Amt is required for the acl neuron to detect ammonia [26]; this gene
is also expressed in the mosquito antenna and confers ammonium responses in cell culture,
which is consistent with a role in mosquito olfaction as well [27]. Odorants that effectively
lure mosquitoes have also been identified from plants, a sugar feeding substrate, such as
Linalool oxide [28]. It is not known which mosquito ORNSs or receptors determine behavior
towards any of these odorants yet, but recently developed genetic tools could enable
systematic design of improved synergists using chemical informatics and neurophysiology.

When used by itself, or with the known synergists, CO5 activates host-seeking mosquitoes
and induces them to fly upwind toward the trap. However, it is not sufficient to induce a
mosquito to enter a trap, necessitating powered fans to suck them in. Odorants from skin are
expected to play a major role in close-range attraction and landing. Interestingly, when a
CO» and a skin odor plumes are presented to a mosquito simultaneously, she will ignore the
CO5 plume and navigate toward the human odor source [29]. Female A. gambiae respond
very weakly to human skin odor in landing assays, which is dramatically increased by
exposure to even low concentrations of CO5 [30]. Skin odors are also expected to play an
important role in host selection and preference. Mosquitoes prefer to bite some potential
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host species over others [reviewed in 31]. Mutant A. aegypti lacking orco no longer prefer
odor from a human as strongly over odor from a guinea pig, suggesting that one or more
members of the Or family are involved in discriminating between these host odors [32]. One
proposed candidate is AaOr4, which detects 6-methyl-5-hepten-2-one (also called
sulcatone). Expression levels and allelic sensitivity of this receptor to 6-methyl-5-hepten-2-
one vary across two subspecies of A. aegypti that differ in their preference for humans and
correlate positively with preference for human hosts across populations and hybrids of the
two subspecies [33]. However, others studies have reported that 6-methyl-5-hepten-2-one is
a potent natural repellent found in skin [34,35], and additional studies are required to
understand these confounding results.

A few chemicals from skin such as oxopentanoic acid and to a smaller degree lactic acid can
increase landing by a small degree [36]. Lactic acid is detected by ORNs in grooved peg
sensilla on the antennae, however the receptors expressed in these ORNs have not yet been
identified, despite extensive screening of Ors [9,10]. Mosquito grooved peg sensilla appear
to be homologous to fly coeloconic sensilla, which express Ir-family chemoreceptors and
respond to acids [37] so it is likely that the mosquito lactic acid receptor is also a member of
this family. In A. aegypti, heat and moisture together are sufficient to induce landing
behavior and subsequent probing, but neither stimulus by itself is sufficient [38]. Human
odor in the absence of these cues is also sufficient to induce landing, which is enhanced with
added heat [39]. Sweat also enhances the attractiveness of a warm, moist cue in A. gambiae,
and this has been attributed at least partly to the presence of C4—-C6 2-oxocarboxylic acids
[40,41]. The receptor(s) involved in this pathway are not known, although Ir family
members are likely to be involved. This would be consistent with the observation that orco
mutant A. aegypti females retain strong attraction to human skin odor alone [13,32]. A
rigorous analysis of skin-odor detection by mosquitoes from a close range is necessary for
identification of odorant receptors, neurons and odorants that induce strong landing
behaviors as observed towards a skin odor blend. The findings would facilitate development
of fan-less traps as well as inhibitors that could block attraction to human skin.

Inhibitory odorants to mask attraction towards hosts

CO5, is one of the best-known compounds that attract mosquitoes from a distance. In
addition, it activates upwind flight and increases attraction towards skin odorants and body
temperature heat source. This points to mosquito CO, detection as a key target in the
identification of inhibitory volatiles for reduction of host-attraction. Volatiles associated
with ripened fruits were initially identified as CO5 receptor inhibitors in D. melanogaster,
and these were found to affect the conserved mosquito receptor as well [18,19]. A thorough
structure-activity analysis identified several different chemical classes of inhibitors that are
likely associated with allosteric sites on the receptor [13]. A powerful chemical informatics
method identified physicochemical features associated with CO, receptor activation or
inhibition based on a training-set of known ligands, and screened in silico ~230,000
chemical structures to identify stronger, safer and pleasant smelling inhibitors. Ethyl
pyruvate is one strong inhibitor that reduced the number of mosquitoes lured into a CO,-
baited counter-flow trap. Additionally, ethyl pyruvate inhibited CO, receptor-mediated
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detection of a skin odor blend, and reduced attraction of mosquitoes towards a human arm
inserted into a cage of A. aegypti females [13].

An unusual class of odorants that induced an ultra-prolonged activation of the mosquito CO,
receptor was also identified. These compounds induced a tonic response in the cpA neuron
that persisted for several minutes beyond the end of the odor stimulus [19], and disabled
subsequent cpA responses to CO,. Brief pre-exposure to an ultra-prolonged activating
odorant blend significantly hampered mosquito navigation in a wind tunnel, as constant CO,
detection is required for upwind travel along a turbulent CO5 plume. In a “Malariasphere”
greenhouse, the ultra-prolonged activating blend significantly reduced entry of Culex
quinquefasciatus mosquitoes into a hut that contained a CO,-baited trap [19].

To investigate the behavioral functions of the receptor more closely, Zn-finger nuclease
technology was used to generate a Gr3 mutant strain of A. aegypti that did not show
responses to CO, [39]. A chemical genetics strategy was also developed in which exposure
to a reactive inhibitory ligand (butyryl chloride) knocked down activity of the cpA neuron
for hours [13]. Both methods of silencing the cpA neuron led to marked reduction in
behavioral activation induced by CO» or skin odor in a wind tunnel. The Gr3 mutant
mosquitoes show reduced ability to obtain a blood meal from a mouse in a moderately-sized
cage, but are only mildly impaired at finding a mouse in a small cage, or a human in a
greenhouse enclosure [39]. Similarly, mosquitoes lacking cpA function that do activate
stochastically are able to navigate efficiently to a source of skin odor in the wind tunnel [13].
These observations indicate that additional, unidentified olfactory pathways are also
involved in attraction towards skin odor. In this context, it is interesting to speculate as to
why an inhibitory odorant like ethyl pyruvate is effective in lowering attraction to skin. As a
wildtype mosquito approaches treated skin, its cpA neuron will progressively fire fewer
action potentials due to increasing proximity to inhibitory ethyl pyruvate. It is not known
whether progressive inhibition of an attractive circuit is interpreted by the insect as
undesirable, leading to aversion. Alternatively, ethyl pyruvate could also inhibit additional
unknown skin odor-detecting receptors or activate additional repellent pathways.

Identifying olfactory receptors for repellent odorants, leading to aversion

The most commonly used mosquito repellent, DEET (N,N-diethyl-meta-toluamide), was
discovered in the 1940s through empirical testing of thousands of chemicals. There is an
urgent need to find new affordable and safe repellents that can overcome the disadvantages
of DEET, especially for adoption in parts of the world that suffer most from mosquito borne
diseases. The identification of insect olfactory receptors and neurons that detect DEET and
cause avoidance could directly enable rational design of improved repellents, but this has
proved to be an extremely challenging task. Like host-attraction behavior, avoidance to
repellents such as DEET is also complex and multimodal. DEET has a strong fixative effect,
lowering volatilization of odorants from skin where it is applied [42]. It is detected by the
mosquito olfactory system from close proximity as an aversive volatile cue, potentially by
two different classes of receptors (Irsand Ors) [32,43]. If a mosquito lands on DEET-treated
skin, its gustatory system detects the chemical as a bitter aversive cue [44]. DEET has
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widespread neurological effects on ion channels and acetylcholinesterase [45], which could
also disrupt insect behavior toward skin.

Several studies have focused on the identification of receptors, neurons, and molecular
mechanisms underlying DEET repellency. Initial experiments in Drosophila showed that the
response of the Or59b odorant receptor to 1-octen-3-ol (a vertebrate odor) was reduced by
the addition of DEET, suggesting an inhibitory, odor-masking mechanism [46]. It was later
demonstrated that the reduction in ORN activity observed in the study resulted from the
fixative effect of DEET that prevented evaporation of 1-octen-3-ol when added to the same
odor-loaded filter paper [42]. In fact, application of DEET to a human arm substantially
reduced the emission of skin volatiles, revealing a fixative effect on human skin volatiles as
well. However, DEET also repelled mosquitoes from sugar stations, and DEET-activated
olfactory neurons in the Culex quinquefasciatus antenna, supporting an additional
mechanism for direct detection [42]. It was later proposed that Drosophila Or42a responded
to DEET and other repellents [47], but this response too was later found to be an artifact of
hexane used as the solvent [43].

The development of orco mutant Aedes aegypti mosquitoes aided in understanding the
involvement of the Or family in DEET repellency [32]. Orco mutants did not feed on a
DEET-covered human arm inserted into a cage, suggesting that repellency was maintained.
However, an arm presented 2.5 cm outside the cage repelled wildtype but not orco
mosquitoes from that area of the cage [32]. Experimenters proposed that orco mutants were
unable to avoid DEET in a non-contact manner, and the protection observed for the treated
arm in the mutants was solely due to contact repellency mediated by the gustatory system
upon landing [32]. However, the Or gene family is extremely divergent, whereas DEET
repellency is highly-conserved across tested insect species, including arthropods such as
ticks, which lack the Or family members. In addition, a mixture of attractant, repellent, and
neutral odorants is emitted from the skin [34], and the fixative effect of DEET applied
directly to the forearm could alter the balance between attractant and repellent odorants. It is
therefore difficult to interpret whether the orco mutants could not detect from 2.5 cm the
repellent DEET, or certain repellent skin odorants such as for geranylacetone and 6-
methyl-5-hepten-2-one [34]. Indeed, a less complex attraction source demonstrated that both
wildtype and orco- mutant Aedes aegypti retain strong non-contact (6 mm gap) aversion to
DEET placed over an attractive heat pad [48]. This suggests that DEET detection and
avoidance is maintained to a significant extent in the orco mutants in this context, and non-
Or family receptors are sufficient to cause repellency at a 6 mm distance without contact.

Recent studies have revealed a highly-conserved Ir40a receptor pathway that mediates non-
contact DEET repellency [43]. An unbiased DEET activity screen with a CaLexA transgenic
system [49] identified neurons in the sacculus of Drosophila melanogaster antennae, and the
axonal innervation pattern to the characteristic column glomerulus identified these as Ir40a-
expressing ORNs. The ORNSs responded to DEET in highly sensitivity Ca?* imaging
experiments on a confocal microscope, and cell silencing using Tetanus toxin or IR40a
expression knockdown using RNAI reduced avoidance of Drosophilato DEET [43]. The
Ir40a ORNSs also co-express 1r93a and Ir25a [50], however the composition of the
heteromeric receptor that detects DEET has not been ascertained yet via reconstitution.
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Nevertheless, the properties of the Ir receptor can potentially explain aspects of the repellent
effect of DEET: 1) Irs are highly conserved across insects, as is DEET repellency; 2) it
responds to high concentrations of DEET, as is used in repellent formulations; 3) it should
be functional in orco- mosquitoes that still avoid DEET in non-contact assays; and 4) it is
activated by strong repellents that work on both flies and mosquitoes. However, a recent
paper using Culex quinquifasciatus mosquitoes proposed that volatile DEET detection in
that species relies solely on the CquiOr136 receptor [51] and not the Ir40a [43] pathway. It
is important to note that only partial reduction of Ir40a was achieved using RNA., raising
the likelihood that residual Ir40a protein is sufficient for DEET detection. The CquiOr136
RNAI mosquitoes were not repelled by 0.1% DEET, which is 100-1000 fold lower than in
repellent formulations (~10%-100%), raising the possibility that formulation concentrations
would still be avoided via Ir receptors that detect higher DEET concentrations. In addition,
the CquiOr136 receptor is not conserved in other mosquito species such as Aedes and
Anopheles, suggesting that there would be little utility in developing new repellents targeted
solely towards this receptor.

The challenges in identifying new repellents extend beyond identification of receptors, and
the main ones are the lack of a high-throughput chemical screening platform and very high
estimated costs for regulatory approval of new chemicals for use on human skin. A chemical
informatics approach was developed to address these challenges in which 34 carboximides
and 34 N-acylpiperidines were predicted from quantitative-structure-activity models
(CODESSA PRO) using USDA archived repellency data for DEET derivatives. These
compounds were synthesized and behaviorally tested to show greater biological efficacy
than DEET [52-54]. In a related approach, a specific set of physiochemical DRAGON
descriptors was identified from the repellents in these studies and used to train a Support
Vector Machine [43]. The trained-model then screened the structure of >400,000 chemicals
in silico to predict nearly 1000 new repellents, including >100 that are naturally occurring.
A small set of 10 compounds from the natural set was tested behaviorally on flies, resulting
in an 80% predictive success rate. Of these compounds, the anthranilates showed improved
toxicity profiles, do not dissolve nylons and plastics, and improved cosmetic profiles (their
smell is mild and pleasant) as compared to DEET. Further testing showed a strong Ir40a-
dependent repellency to the anthranilates in A. aegypti mosquitoes [43], and differential
repellency in flying versus oviposition assays [55]. The identification of new repellent
chemical classes through activity screening of the Ir40a neuron in Drosophila is another
extremely valuable alternative to current methods that rely on structural similarity to DEET
and other known repellents. The efficacy of this activity-based discovery method is
demonstrated by the structurally unrelated, high-volatility repellent, 4-methylpiperidine,
which protects a greater spatial zone than DEET [48].

Natural repellents have also been identified from a variety of plant sources, and more
recently, from volatiles found in the skin of humans found to be minimally attractive to
mosquitoes [35,56]. Identical twins are more similarly attractive to mosquitoes than are
fraternal twins, suggesting a genetic basis [57]. A chemical ecology screen for components
of human odor that correlate with preference identified 33 candidate repellents for Ae.
aegypti, five of which were selected for behavioral experiments. Of those, decanal was
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confirmed as a possible repellent [34]. Two other candidates, geranylacetone and 6-
methyl-5-hepten-2-one, show strong repellency to A. aegypti, particularly when mixed 1:1
[35,56]. Plant-derived repellents such as citronella, p-methane-3,8-diol are also highly
effective as repellents, albeit for shorter time periods than DEET. While these odorants have
been developed for use as mosquito repellents, identification of their specific olfactory
receptors will reveal additional repellent pathways that can be used to develop better
repellents.

Identification of target receptors to screen for new repellents is still difficult due to limited
genetic tools in mosquitoes. One strategy that seeks to overcome this difficulty is the use of
Orco co-receptor agonists such as VUAAL to broadly activate all Or family olfactory
receptors [58,59]. While VUAAL has low volatility and has not yet been behaviorally tested
for repellency in adult mosquitoes, it is anticipated that this broad activation will
inadvertently activate repellent classes of Or-neurons, as well as confound host recognition
through broad neuronal activity patterns. Identifying volatile and natural substitutes for
VUAAZ1 would likely have substantial utility, as it would make formulations and regulatory
approval more practical.

Pyrethroid insecticides are another class of highly effective compounds widely used in
tropical countries for blocking biting behavior. Used mostly indoors, they are evaporated
from heated devices or burning coils, or dispensed by devices with fans. The efficacy in
behavioral control is related to the compounds’ neurotoxic insecticidal properties, which
cause hyperactivity in neuronal axons through the blockade of Na2* channels. There is a risk
that resistance to pyrethroids in mosquitoes could spread rapidly and render them ineffective
[60], and these compounds pose risks to the environment. New generations of safer
alternatives and derivatives that act via a similar mechanism could provide an added line of
behavioral control of mosquitoes.

While the complexity of the mosquito olfactory system presents enormous challenges in the
discovery of target receptors and new generations of repellents, it also provides an incredible
opportunity to find safe and affordable approaches to prevent disease transmission. The
development of insect control strategies for the future will require that we surpass traditional
methods of chemical ecology and apply the powerful new technologies that are prevalent in
drug discovery, that have yielded so many life-saving medications.
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