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Abstract

How mosquitoes determine which individuals to bite has important epidemiological
consequences. This choice is not random; most mosquitoes specialize in one or a few
vertebrate host species, and some individuals in a host population are preferred over
others. Here we show that aversive olfactory learning contributes to mosquito preference
both between and within host species. Combined electrophysiological and behavioural
recordings from tethered flying mosquitoes demonstrated that these odours evoke changes
in both behaviour and antennal lobe (AL) neuronal responses. Using electrophysiological
and behavioural approaches, and CRISPR gene editing, we demonstrate that dopamine
plays a critical role in aversive olfactory learning and modulating odour-evoked responses
in AL neurons. Collectively, these results provide the first experimental evidence that

olfactory learning in mosquitoes can play an epidemiological role.
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Introduction

Mosquitoes are notorious for their proclivity in host species preferences, and as some of us can
attest, certain individuals are preferred over others (/-3). In addition, many mosquito species can
shift host species when their preferred blood resource is no longer present (4-6). Although the
abundance of certain hosts often determines mosquito choice (especially if the species is
opportunistic), even mosquitoes with a clear host specialization may shift when their preferred
host becomes less abundant (4,5, 7). For example, the generalist mosquito Culex tarsalis in
California feeds primarily on birds in the summer but on both mammals and birds in the winter
(5,8). This alteration is linked to fall migration of robins, the mosquitoes’ preferred host. For the
highly anthropophilic species Anopheles gambiae, in an environment where humans are not
readily accessible, >80% of mosquitoes still show an innate preference for human odour, even
though the proportion of human feeds is low (<40%)(4). This suggests that the mosquitoes have
evolved a plastic strategy of feeding on readily available but less preferred hosts.

How do mosquitoes alter their preferences? Although genetic factors may be important
(e.g. presence of conserved olfactory receptors to host odours), physiological factors and the
mosquitoes’ learning experiences using other blood hosts are likely mechanisms guiding these
shifts (6). Over the last decade, evidence of olfactory learning in blood-feeding insects has grown
for mosquitoes (9-12) and kissing bugs (/3-15). Despite this evidence, the neurophysiological
and molecular bases for learning in insect vectors remain unknown, and it is unclear how
experience influences host preferences.

For mosquitoes, hosts serve as both prey (source of food, i.e. blood) and predator. The
host’s anti-parasitic and defensive behaviours are a major source of mortality for adult female

mosquitoes (/6). Here we take advantage of host defensive behaviours to examine the ability of
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90 mosquitoes to learn the association between host odours and aversive stimuli. Our results show
91  that dopamine-mediated olfactory learning is the basis by which mosquitoes aversively learn to
92  shift host preferences, and this strongly modulates antennal lobe (AL) neurons, thereby

93  increasing the mosquito’s ability to discriminate between and learn new hosts.

94
95 Mosquitoes learn to avoid host odours

96  When encountering a defensive host, mosquitoes are exposed to mechanical perturbations (e.g.
97  swatting, shivering) that can be perceived as negative reinforcement by the insect when paired
98  with other host-related cues such as host odours. Learning the association between host odour
99  and mechanical perturbation would allow mosquitoes to use information gathered during

100  previous host encounters. To determine whether mosquitoes can aversively learn human body

101 odour, 6-day-old mated Aedes aegypti females were trained in small individual chambers to

102  associate host-related odorants (conditioned stimulus, CS) with an aversive stimulus consisting

103  of mechanical shocks/vibrations (unconditioned stimulus, US) mimicking host defensive

104  behaviours (Fig. 1A). Twenty-four hours post training, the behavioural response of mosquitoes

105  was assessed in a Y-maze olfactometer in which the insects had to fly upwind and choose

106  between one arm delivering the test odour (i.e. the CS odour) and a control arm carrying only the

107  solvent control (Fig. 1B).

108 Ae. aegypti mosquitoes have a strong preference for human hosts (/7,18). The body

109  odours of individual human subjects (3 males, 3 females) were collected with nylon sleeves (Fig.

110 1C, S1), and mosquito responses were tested in the Y-maze olfactometer. Whereas naive

111 mosquitoes were strongly attracted to human body odours (Fig. 1D), trained mosquitoes had

112 significantly reduced attraction levels. This reduced attraction shown by trained mosquitoes was
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113  not a function of the physiological stress or number of active individuals, but rather was an

114 active decision to avoid the previously experienced odour and fly into the control arm (p>0.05, #-
115  test comparisons of flight velocities and activity levels, n=24-39; £>3.8; for all treatments

116  depicted in Figs. 1, S2). As an important control, we exposed mosquitoes to the CS and US in an
117  unpaired way, thereby preventing the temporal contingency between the stimuli. These

118  mosquitoes, although displaying slightly lower attraction than naive mosquitoes, were still

119  significantly attracted to human odours. Interestingly, not all human subjects elicited the same
120 levels of attraction in naive mosquitoes, and learning performances differed between groups of
121 trained mosquitoes as a function of the individual human body odour used as a CS (Fig. S1).

122 To test whether associative learning could also affect host selection processes at

123  interspecific levels, rat and chicken body odours were collected using similar nylon sleeves and
124  used in training. The preference of mosquitoes for one of the two host species was tested in the
125  Y-maze olfactometer 24 h after training. In this experiment, one arm delivered the rat odour

126  while the other delivered the chicken odour. Whereas naive mosquitoes and mosquitoes from the
127  unpaired group were equally attracted to the scent of the two host species, mosquitoes trained
128  against the rat odour were significantly more likely to avoid the rat arm and flew preferentially
129  into the arm delivering the chicken odour (Fig. 1E). Conversely, training did not affect mosquito
130  choice when the chicken odour was used as a CS (Fig. 1E). These results mirror those obtained
131 in the triatomine bug, Rhodnius prolixus, where bugs successfully learned the association

132  between rat body odours and a mechanical shock but did not learn as well when bird odour was
133  used as a CS (15).

134 The scents emitted by humans and other hosts are complex mixtures of hundreds of

135  odorants, making it difficult to identify which features the mosquitoes might be using to learn the
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136  association. We therefore examined the learning capabilities of mosquitoes to single odorants,
137  several of which are emitted from hosts. One that elicited clear learning responses was 1-octen-
138  3-ol (octenol), a common odorant found in the headspace of mammals (/9,20), but missing in
139  birds (Fig. 1C). We therefore used octenol to more fully explore the ability of mosquitoes to
140 learn the association between the shock and a single host-related odorant. Twenty-four hours
141  after training, mosquitoes remembered the association between the mechanical shock and octenol
142  (Fig. 1F), and their aversive response was comparable to the responses of naive mosquitoes to
143  40% DEET (N,N-diethyl-meta-toluamide), a concentration corresponding to commercially

144  available doses of this common insect repellent. Again, mosquitoes from the unpaired group did
145  not show learned responses to octenol, clearly demonstrating the associative nature of their

146  learning.

147

148  Aversive learning modifies odour-guided feeding preferences and tethered

149  flight responses

150  Evidence that learning modifies mosquito olfactory flight preference does not necessarily mean
151  that biting and landing preferences might also be modulated. To examine this, we trained groups
152  of mosquitoes using our aversive learning paradigm (Fig. 1A) and released them into a cage in
153  which they had access to two artificial feeders filled with heparinized bovine blood (37° C); one
154  feeder was scented with octenol while the other was unscented (Fig. 2A). Significantly fewer
155  trained mosquitoes landed on the octenol feeder compared to the control feeder (p<0.0001,

156  binomial test; Fig. 2B). Once they landed, an equal proportion of trained mosquitoes initiated
157  probing on the two feeders (p=0.32, paired Student’s ¢-test, n=10; r=-1.03; Fig. 2C), although we

158  did observe a tendency for the mosquitoes to feed more on the control feeder than the octenol
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159  feeder (24.6 % and 15.6 % of mosquitoes that landed initiated feeding, respectively; p=0.057,
160  binomial test; Fig. S3). By contrast, naive mosquitoes demonstrated no preference in their

161  landing and biting responses to the two feeders (p=0.22, binomial test). The unpaired group

162  showed a slight but significant increase in the proportion of mosquitoes that landed on the

163  scented feeder (p=0.002, binomial test), suggesting that prior exposure to octenol modified their
164  responses in this context. Together, these results suggest that olfactory learning mediates long-
165 (>1 m) and short-range (~0.1 m) discrimination by the mosquitoes, but once they land, other cues
166  (e.g. heat, water vapour) may partially override these responses (21,22).

167 To better understand how learning modulates flight responses and to determine whether
168  mosquitoes fly while tethered (thereby allowing simultaneous behavioural analysis and

169  electrophysiological recordings from the AL), we positioned mosquitoes in the centre of a virtual
170  LED arena where they were tethered by the thorax and maintained in a laminar airflow (Fig. 2D).
171 Aninfrared (IR) light and a two-sided IR sensor allowed real-time measurements of the

172  mosquitoes’ wingstroke frequency, amplitude, and turning tendency. Results showed that

173  whereas naive and unpaired mosquitoes exhibited a frequency increase in response to a brief

174  octenol pulse, trained mosquitoes significantly decreased their flight frequency in response to the
175  same stimulus (p=0.013, Student’s t-test, n=34; =2.67; Figs. 2E,F; S4).

176

177  Dopamine is critical for aversive learning

178  Classical insect models for studying learning and memory have shown that dopamine is a key
179  neuromodulator involved in aversive learning (23-26). To test whether dopamine is also

180 implicated in aversive learning in mosquitoes, we used several ways to manipulate dopamine

181  receptors, including dopamine receptor antagonist injections (Fig. 3A, top-left), gene knock-
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182  down via RNAI1 (Fig. 3A, top-centre) and CRISPR/Cas9 gene-editing methods (Fig. 3A, top-
183  right). After aversive training to octenol, mosquitoes were tested in the Y-olfactometer (Fig. 1B),
184  allowing us to quantify their flight velocities and behavioural preferences. First, adult female
185  mosquitoes that received dopamine receptor antagonist injections showed significant deficits in
186  their learning abilities compared to uninjected and saline-injected mosquitoes, which showed
187  robust learning responses (Fig. 3B). Similarly, female mosquitoes that were injected with dsSRNA
188  targeting the DOPI gene and CRISPR mutants with a 6-amino acid deletion of the DOPI

189  receptor (Fig. S5) showed significant learning deficits compared to the uninjected, non-target
190  dsRNA injected and saline-injected control groups (p<0.05, binomial test compared to control
191 groups; Figs. 3B, S6). There were no significant differences in the responses of mosquitoes in
192  treatment groups in which the dopamine receptor was manipulated (i.e. antagonist injected,

193  dsRNA injected, CRISPR edited; p>0.64, binomial test). To evaluate the effects of dopamine
194  receptor manipulation on flight responses, we quantified the mosquito flight trajectories in the
195  olfactometer. Results showed that there was no significant difference in flight velocity between
196  dopamine-impaired treatment groups or between those groups and the saline-injected and

197  uninjected controls (p>0.05, Student’s #-test, pairwise comparisons Holm p-value adjustment,
198 n=17-29; t<2.03; Fig. S2), suggesting that dopamine receptor manipulation did not affect

199  mosquito flight-motor responses. However, it is worth noting that dsSRNA-injected mosquitoes
200 and DOPI mutants were significantly less aroused to the odours than the other treatment groups
201  (p<0.05, binomial test; Fig. S2). Nonetheless, when these dopamine-impaired mosquitoes were
202  tested against CO; or human host odours, they all showed significant attraction (p<0.05, binomial
203 test; Fig. 3C,D), revealing that manipulating the dopamine receptors impaired their ability to

204 learn aversive information but did not affect their innate olfactory behaviour.
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205 Given the inability to learn octenol by the DOP mutants, how might they respond to
206  human scent that contains hundreds of volatiles that are highly attractive to mosquitoes? Results
207  showed that naive DOPI mutants were significantly attracted to the scent of human hosts that
208  were also attractive to wild type mosquitoes (male#1, #2 and female #1; p<0.05, binomial test;
209  Figs. 3D, S1). Trained DOPI mutants failed to learn the association between the shock and

210  human odours, exhibiting similar behavioural responses to the naive mosquitoes (p=0.79 when
211 compared to the naive CRISPR tested against human odours, binomial test; Fig. 3D). Moreover,
212  responses by the trained DOPI mutants contrasts those of the trained wild type mosquitoes,

213 which showed learned aversive responses to those same hosts (Fig. 1D).

214
215  Odour stimuli are learned and represented distinctly in the mosquito brain

216  Given the differences in mosquito olfactory preferences between human and vertebrate hosts and
217  previous work showing that only certain odour stimuli can be learned (/2), we next examined
218  how mosquitoes learn different odorants and how odour stimuli are represented in the brain.

219  Twenty-four hours after training, behavioural responses showed that mosquitoes did not learn all
220  odorants equally. For example, whereas responses to nonanol were not influenced by aversive
221  training, those to octenol showed learned aversive responses and L-(+)-lactic acid caused

222  significant attraction (Figs. 1F, 4A). To evaluate how different host- and plant-associated

223  odorants are represented in the mosquito brain, we performed extracellular recordings of

224  projection neurons (PNs) and local interneurons (LNs) in the antennal lobe (AL), simultaneous
225  with behavioural recordings (Fig. 4B). The extracellular recording method did not allow us to
226  distinguish between PNs and LN, but it did provide stable recordings (>1 h) of multiple neural

227  units (Fig. S7) while allowing us to simultaneously quantify odour-evoked changes in wingbeat
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228  amplitudes. Whereas the mineral oil (no odour) control elicited no change in behavioural and
229  neural responses, stimulation with octenol and ammonia elicited strong firing rate responses in
230  single units (Fig. 4C). Interestingly, whereas ammonia elicited a one to two seconds change in
231  wingstroke activity, stimulation with octenol elicited much longer behavioural responses that
232  lasted many seconds beyond the duration of the stimulus (400 ms) (Fig. 4C). Examining single-
233  unit responses across the odour panel, we found that the majority of units (~65 %) showed strong
234  odour-evoked responses, with the remaining units showing no significant change in activity

235  (Figs. 4D, S8). Moreover, some units (19 %) were broadly responsive to different odorants,

236  including units that were responsive to aromatics (e.g. benzaldehyde) and aliphatic compounds
237  (e.g. octenol), as well as monoterpenes (e.g. D-limonene) (Fig. S8). By contrast, others (27 %)
238  were more narrowly tuned, including units that only responded to one chemical class. In these
239  experiments, hexanol, hexanal, butyric acid, cresol, DEET, ammonia, and breath evoked

240  behavioural responses that were significantly higher than observed for the control (p<0.05,

241  pairwise Student’s ¢-tests with Holm correction for multiple comparisons, n=10-16; £2.38).

242  Interestingly, the behavioural state (i.e. flying or non-flying) had a significant effect for units that
243  showed suppressed firing activity when stimulated with an odour (p<0.01, Kruskal-Wallis rank
244  sum test, ¥°=6.95) but not for units that showed excitatory responses (p=0.51, Kruskal-Wallis
245  rank sum test, y>=0.44). It is also worth noting that the spontaneous activity of units was slightly
246  (but not significantly) higher when the mosquitoes were flying (p=0.083, Kruskal-Wallis rank
247  sum test, ¥*=3.01).

248 At the neural population level, ensemble responses showed distinct clustering in the

249  multivariate (Principal Component Analysis) space based on the type and chemical class of the

250  olfactory stimuli (p<0.001, Kruskal-Wallis rank sum test, y>=12.19; Fig 4E). For example,
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monoterpenes and aromatics like D-limonene, f-myrcene, benzaldehyde, and cresol occupied a
distinct region of the olfactory space relative to the aliphatic acids, alcohols, and aldehydes. By
contrast, odour stimuli that evoked strong responses across the ensemble (DEET, ammonia, and
breath) were grouped together and were significantly different from the other odorants (p<0.001,
Kruskal-Wallis rank sum test, x*=11.57), demonstrating that the AL neural ensemble can

generalize among and discriminate between olfactory stimuli.

Dopamine selectively modulates AL neurons

To examine how dopamine modulates the processing of olfactory information, we first used
immunohistochemistry to examine dopaminergic innervation (via tyrosine hydroxylase, a
dopamine precursor) in the mosquito brain. We found extensive dopaminergic innervation across
the brain but particularly concentrated in the ALs and lateral protocerebrum, including the
mushroom bodies (Fig 5A), which are centres that mediate olfactory learning and memory in
insects (27,28). Dopaminergic innervation is heterogeneous in the AL, with some glomeruli
being more innervated than others, including the MD2 glomerulus that receives input from the
octenol-sensitive aB2 neuron in the maxillary palp (Fig. S9). Antisera against the D1-like
dopamine receptor DOPI reveal staining of cell bodies around the ALs, as well as enrichment in
the lateral protocerebrum surrounding the mushroom bodies (Figs. 5A, S9B). We therefore
sought to determine the effects of dopamine on odour-evoked responses of mosquitoes AL
neurons.

To test for the neuromodulatory role of dopamine in mosquitoes, we simultaneously
recorded the electrophysiological and behavioural responses evoked by a sub-panel of odorants

comprised of octenol, L-(+)-lactic acid, f-myrcene, benzaldehyde, and ammonia before, during,

10
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274  and after superfusion of dopamine (1 uM) over the brain. Dopamine application increased odour-
275  evoked firing rate responses (Fig. 5B,C) in 69.6 % of responsive AL units, decreased responses
276  in 21.7% of units, and had no effect in 8.7% of units. Dopamine also increased the sensitivity of
277  ~17% of the recorded units, leading to a higher number of cells responding to olfactory stimuli.
278  These effects could be washed out in approximately 50% of units and, in contrast to preparations
279  that were superfused with dopamine, additional control experiments with mosquitoes that were
280  continuously superfused with saline showed no change in spontaneous responses (p>0.05,

281  pairwise comparisons using ¢-tests with pooled SD, #<1.52; Fig. S10). Moreover, at the level of
282  the neural ensemble, odorant representation significantly changed during dopamine application
283  compared to the pre- and wash-phases of the experiment (p<0.05, Kruskal-Wallis rank sum test,
284  y*=6.17) causing stimuli —in particular, octenol—to become more separated in the olfactory
285  space (Fig. 5SD). Interestingly, the degree of modulation was not the same for all odorants,

286  suggesting that the observed heterogeneity in dopaminergic innervation of glomeruli may be
287  functionally linked to glomerular response modulation (Fig. 5A,D).

288

289  Discussion

290 Heterogeneity in mosquito biting and consequently host infection plays an important role in the
291  spread of vector-borne disease (29,30), and previous studies have documented interindividual
292  differences in attractiveness to mosquitoes (2), as well as an ability for mosquitoes to shift

293  species when their preferred host is no longer available (4,317). Despite these studies, the

294  processes mediating these mosquito behaviours have remained unclear (32). Here we show that
295  learning can contribute to these host shifts, and that their direction seems to be driven by the

296  composition of the host odour. In particular, our results show that human individuals that are

11
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297  highly attractive to mosquitoes are the ones that mosquitoes can learn to avoid. Mosquito

298 learning may thus partially explain host preference heterogeneity and flexibility, and it may also
299  elucidate which olfactory channels mediate these changes.

300 Here in this study we employed an integrative approach to demonstrate that mosquito
301  learning can influence both specificity for individual hosts and their flexibility in olfactory

302  preferences. The ability of mosquitoes to aversively learn depended on odorant type, for

303 instance, L-(+)-lactic acid, an odorant emitted by hosts, could be learned in an appetitive but not
304  aversive context (/2), whereas octenol—another odorant emitted by both plants (33) and blood
305  hosts (/9,20)—could be appetitively and aversively learned, suggesting that certain odorants
306 may be encoded by specific olfactory channels that allow rapid learning of attractive or defensive
307  hosts or other important odour sources (e.g. carbohydrates). Our electrophysiological recordings
308 revealed that the AL represented the odorants by chemical class and activity level, and

309  dopamine—a critical neuromodulator involved in learning and arousal (34)—further increased
310 the separation of those odorants in the AL encoding space. DOP] is critical for mediating this
311 plasticity in AL responses and learning abilities, with CRISPR mutants for this receptor showing
312  an inability to learn. Host defensive behaviour is a major source of mortality for mosquitoes,
313  with hosts operating as both predator and prey. Thus, the ability to learn may have strong fitness
314  consequences for the mosquitoes. CRISPR has been highlighted an important tool in the fight
315  against vector-borne disease (35,36). Notably, these mutants have allowed us to target the

316  dopaminergic pathway and impair mosquitoes’ ability to use their experience to fine-tune their
317  responses to host signals. Identifying the mechanisms and pathways enabling flexibility in

318  mosquito behaviour may provide tools for more effective mosquito control.

319
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Material and Methods

Mosquitoes rearing and colony maintenance. Multiple strains of Aedes aegypti mosquitoes
were used for the experiments: Rockefeller (ROCK), Liverpool (LVP-IB12) and CRISPR
transgenic line from the Liverpool strain. Mosquitoes were maintained in a climatic chamber at
25+1°C, 60+10% relative humidity (RH) and under a 12-12h light-dark cycle. Mosquitoes were
fed weekly using an artificial feeder (D.E. Lillie Glassblowers, Atlanta, GA, USA; 2.5 cm
internal diameter) supplied with heparinized bovine blood (Lampire Biological Laboratories,
Pipersville, PA, USA) and heated at 37° C using a water-bath circulation (HAAKE A10 and
SC100, Thermo Scientific, Waltham, MA, USA). Cotton balls soaked with 10% sucrose were
continuously provided to the mosquitoes. Eggs were hatched in deionized water that contained
powdered fish food (Hikari Tropic 382 First Bites - Petco, San Diego, CA, USA), and larvae
were cultured and maintained in trays containing deionized water and the fish food. For the
experiments, groups of 100 to 120 pupae (both males and females) of the same age were isolated
in individual containers and maintained exclusively on 10% sucrose after emergence (i.e. no
blood-feeding). Six-day-old female mosquitoes were individually isolated in 15 mL conical
Falcon™ tubes (Thermo Fisher Scientific, Pittsburgh, PA, USA) covered by a piece of fine mesh
that permitted odour stimulation during training. Experiments were conducted when the
mosquitoes were the most active and responsive to host related cues: 2 hrs before their subjective

night (12,37).

Host odour collection and GCMS analysis. Host body odours were collected using nylon

sleeves (Ililily Inc., Irvine, CA, USA) that were worn for 3.5 hrs. For human scent collection,

volunteers of various ethnic backgrounds (3 females, 3 males, aged from 23 to 43 years old),

13
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343  wore one nylon sleeve around the ankle and one nylon sleeve around the arm. Both sleeves were
344  used simultaneously to either train or test mosquitoes. Volunteers used fragrance-free detergents
345  and soaps to prevent bias in mosquito behaviour. In addition, we also collected headspace

346  volatiles from adult human volunteers as previously described (38) by wrapping a volunteer’s
347  arm in aluminum and piercing the aluminum with a 75Sum CAR/PDMS SPME fiber (57344-U;
348  Supelco, Bellefonte PA USA). Human scent protocols were reviewed and approved by the

349  University of Washington Institutional Review Board, and all human volunteers gave their

350 informed consent to participate in the research. Scent from rats and chicken hatchlings (from <2
351  years old male rats and 10-day-old chicken hatchlings; both approximately the same mass) were
352  collected by placing a nylon sleeve around the abdomen for 3.5 hrs (IACUC Protocol # 4385-
353  01). To discriminate between endogenous and exogenous volatiles, controls were performed by
354  keeping clean nylon sleeves in clean, unoccupied rearing containers for the same duration as for
355  the odour collection procedure. Host odours were collected by either the SPME method or by
356  dynamic sorption. The latter method involved enclosing the nylon socks in a nylon oven bag
357  (Reynolds Kitchens, USA). Air was withdrawn from the bag via a diaphragm vacuum pump