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SUMMARY
Aedes aegyptimosquitoes are a persistent human foe, transmitting arboviruses including dengue when they
feed on human blood.Mosquitoes are intensely attracted to body odor and carbon dioxide, which they detect
using ionotropic chemosensory receptors encoded by three largemulti-gene families. Geneticmutations that
disrupt the olfactory system have modest effects on human attraction, suggesting redundancy in odor cod-
ing. The canonical view is that olfactory sensory neurons each express a single chemosensory receptor that
defines its ligand selectivity. We discovered that Ae. aegypti uses a different organizational principle, with
many neurons co-expressing multiple chemosensory receptor genes. In vivo electrophysiology demon-
strates that the broad ligand-sensitivity of mosquito olfactory neurons depends on this non-canonical
co-expression. The redundancy afforded by an olfactory system in which neurons co-express multiple
chemosensory receptors may increase the robustness of the mosquito olfactory system and explain our
long-standing inability to disrupt the detection of humans by mosquitoes.
INTRODUCTION

Increased global travel, a growing world population, and rising

temperatures increase the emergence and transmission of novel

disease-causing pathogens spread by mosquitoes, ticks, and

fleas. Diseases spread by arthropods collectively account for

more than 700,000 deaths every year (WHO, 2020). Ae. aegypti

mosquitoes spread arboviruses including dengue, Zika, yellow

fever, and chikungunya. Female mosquitoes require a blood-

meal for reproduction (Allan et al., 1987) and prefer to bite hu-

mans, which contributes to their effectiveness as a disease vec-

tor (Brown et al., 2014; Gouck, 1972; McBride et al., 2014). To

identify human hosts, mosquitoes rely heavily on chemosensory

cues, including carbon dioxide (CO2) emitted from breath, and

human body odor, which is a mixture of hundreds of different in-

dividual odorants including alcohols such as 1-octen-3-ol and

volatile amines such as ammonia (Acree et al., 1968; Bernier

et al., 2000; Cook et al., 2011; Davis, 1984; Gallagher et al.,

2008; Geier et al., 1999; Kline, 1994; Smallegange et al., 2005;
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Smith et al., 1970). Insects detect chemosensory cues using

receptors encoded by three large multi-gene families, odorant

receptors (ORs), ionotropic receptors (IRs), and gustatory recep-

tors (GRs). All three gene families encode ionotropic ligand-

gated ion channels, in contrast to the metabotropic receptors

utilized by vertebrates (Ihara et al., 2013). ORs are odorant-gated

ion channels (Butterwick et al., 2018; Del Mármol et al., 2021;

Sato et al., 2008; Wicher et al., 2008) that are formed by a heter-

omultimeric complex of the conserved odorant receptor co-re-

ceptor (Orco) and a ligand-selective OR (Benton et al., 2006;

Larsson et al., 2004; Neuhaus et al., 2005; Sato et al., 2008).

IRs are variant ionotropic glutamate receptors that are formed

by one or more of three conserved co-receptors, Ir25a, Ir8a,

and Ir76b, and ligand-selective subunits that determine the

odorants detected by the receptor complex (Abuin et al., 2011;

Benton et al., 2009; Silbering et al., 2011). Although GRs are

primarily taste receptors (Clyne et al., 2000; Montell, 2009;

Scott et al., 2001), CO2, the important host cue that acti-

vates and attracts mosquitoes (Gillies, 1980) is detected by a
blished by Elsevier Inc.
creativecommons.org/licenses/by-nc-nd/4.0/).
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heteromultimeric complex of GRs (Jones et al., 2007; Kwon

et al., 2007). Ae. aegypti Gr3 encodes an essential subunit of

the CO2 receptor, and Gr3mutant mosquitoes lose all sensitivity

to CO2 (McMeniman et al., 2014).

Because mosquitoes specialize on humans and require blood

to reproduce, the drive to find humans is strong and innate. Even

mosquitoes missing entire families of chemoreceptors can find

and bite people. Orco mutants have no functional ORs yet

show strong attraction to humans (DeGennaro et al., 2013).

Deleting Ir8a, Ir76b, or Ir25a co-receptors does not eliminate

attraction to humans (De Obaldia et al., 2022; Raji et al., 2019).

Similarly, while mosquitoes lacking Gr3 do not respond to CO2,

they are highly effective in finding humans in a naturalistic

semi-field setting (McMeniman et al., 2014).

The cloning of the first odorant receptors in 1991 (Buck and

Axel, 1991) led to the discovery that each vertebrate olfactory

sensory neuron (OSN) expresses a single odorant receptor

(Bashkirova and Lomvardas, 2019; Chess et al., 1994). The

same organization was originally reported in Drosophila mela-

nogaster flies (Clyne et al., 1999; Gao and Chess, 1999; Vosshall

et al., 1999), although recent work challenges this (McLaughlin

et al., 2021; Task et al., 2022). Decades of evidence supports

the model that neurons expressing a given receptor project

axons to dedicated olfactory glomeruli in the first sensory pro-

cessing center in the brain, the antennal lobe in insects (Couto

et al., 2005; Fishilevich and Vosshall, 2005, 2000), and the olfac-

tory bulb in vertebrates (Mombaerts et al., 1996; Ressler et al.,

1994; Vassar et al., 1994). This ‘‘one-receptor-to-one-neuron-

to-one-glomerulus’’ organization is believed to be a widespread

motif in olfactory systems and is hypothesized to permit the brain

to utilize combinatorial coding and parse which subpopulation of

olfactory neurons is activated by a given odorant (Bisch-Knaden

et al., 2018; Semmelhack and Wang, 2009; Wang et al., 2003).

Consistent with this organization, the number of expressed

chemosensory receptors in the OR and IR gene families in

many insects roughly corresponds to the number of olfactory

glomeruli. This holds true in the honeybee Apis mellifera

(�180 receptors/�160 glomeruli) (Flanagan and Mercer, 1989;

Robertson et al., 2010), the tobacco hornworm Manduca sexta

(�60 receptors/�70 glomeruli) (Grosse-Wilde et al., 2011), and

D. melanogaster flies (�60 receptors/�55 glomeruli) (Benton

et al., 2009; Laissue et al., 1999; Robertson et al., 2003). In Ae.

aegypti, however, there is a striking mismatch between the

number of expressed chemosensory receptors and the number

of glomeruli, with at least twice as many receptors as glomeruli

(Bohbot et al., 2007; Ignell et al., 2005; Matthews et al., 2018;
Figure 1. Mismatch in chemosensory receptor and olfactory glomerul

(A) Ae. aegypti female sensory structures (yellow boxes).

(B) Approximate number of antennal lobe glomeruli per left brain hemisphere inne

Figure S1, S2, and S3.

(C and D) Cartoons of insect chemosensory gene families (C) and canonical olfa

(E–G) Stacked bar plots of chemosensory gene number in the Ae. aegypti genome

maxillary palp (G).

(H) Two models of non-canonical olfactory system organization.

(I) Maximum-intensity projections of confocal z stacks of left antennal lobes of th

nc82 monoclonal antibody, which recognizes the synaptic marker Brp (magenta

(J) 2D representation of the boundary of each glomerulus in (I) that is GFP positiv

(K) Cartoon of antennal lobe regions receiving projections from OSNs expressing
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Shankar and McMeniman, 2020; Zhao et al., 2022). This raises

the question of how the mosquito olfactory system is organized

and whether a deviation from rules established in other species

explains their exquisite ability to locate human hosts.

In this study, we developed a CRISPR-Cas9-based genetic

knock-in strategy to generate Ae. aegypti strains that label

molecularly distinct populations of OSNs. We discovered that

OR- and IR-expressing OSNs frequently innervated the same

olfactory glomeruli. To ask if individual olfactory neurons express

multiple chemosensory receptors, we profiled endogenous re-

ceptor expression in peripheral sensory organs using RNA

in situ hybridization, immunofluorescence, and single-nucleus

RNA sequencing (snRNA-seq). We found that the olfactory sys-

tem of Ae. aegypti is unconventional in co-expressing multiple

chemosensory receptors within individual OSNs. To test if

multiple receptors function to detect different ligands within

the same OSN, we used in vivo electrophysiology to examine

odorant responses and discovered a class of neurons that ex-

presses members of both the OR and IR gene family and found

that both ORs and IRs are required to detect different classes of

odorants in the same sensory neuron. This sensory organization,

in which multiple receptors responding to different chemosen-

sory stimuli are co-expressed, suggests a redundancy in the

code for human odor. We speculate that this unconventional

organization underlies the robust, seemingly unbreakable prop-

erties of the Ae. aegypti olfactory system in detecting human

odor in this olfactory specialist.

RESULTS

Mismatch in chemosensory receptor and olfactory
glomerulus number suggests a novel olfactory
organization
In the mosquito, olfactory cues are sensed by OSNs in the an-

tenna and the maxillary palp, whose axons project to the ipsilat-

eral antennal lobe (Distler and Boeckh, 1997; Ignell et al., 2005)

(Figures 1A–1D, S1A, and S1B). Previous studies used morpho-

logical criteria to define 50 to 81 (Ignell et al., 2005; Shankar and

McMeniman, 2020; Zhao et al., 2022) discrete olfactory

glomeruli in the female Ae. aegypti antennal lobe. In this study,

we define approximately 65 olfactory glomeruli (64.9 ± 0.9,

mean ± SEM). This number was obtained by counting glomeruli

in the left hemisphere of 12 female Ae. aegypti brains stained to

reveal synaptic neuropil (Figures 1B, 1I–1K, S1, S2, and S3). The

glomerulus count ranged from 60 to 72 glomeruli, indicating a

high level of variability in antennal lobe organization.
us number

rvated by the indicated sensory structure, quantified from 12 brains in (I–J) and

ctory system organization (D).

(E), and number expressed above indicated TPM thresholds in antenna (F) and

e indicated genotype with immunofluorescent labeling of GFP (green) and the

). Scale bar: 50 mm. Orientation: d, dorsal; m, medial.

e or GFP negative. See also Figures S1, S2, and S3.

the indicated chemosensory receptor.
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Canonical olfactory organization posits that the number of

chemosensory receptors should roughly match the number of

glomeruli in the antennal lobe (Figure 1D). In Ae. Aegypti, there

are 324 structural genes for chemosensory receptors (117 OR,

135 IR, and 72 GR genes) (Figure 1E) (Matthews et al., 2018).

Analysis of antennal andmaxillary palp RNA-seq data (Matthews

et al., 2016) demonstrates that even at the conservative

threshold of 5 transcripts per million (TPM), the mosquito

olfactory system expresses 102 chemosensory receptors. Ad-

justing the threshold to 2, 1, or 0.5 TPM increases the number

of receptors plausibly expressed to 134, 156, and 178, respec-

tively (Figures 1F and 1G). Thus, there are many more chemo-

sensory receptors expressed than antennal lobe glomeruli.

This mismatch could be resolved by expressing multiple recep-

tors per neuron or having multiple molecularly distinct neurons

co-converge on a single glomerulus or a combination of co-

expression and co-convergence (Figure 1H).

To distinguish between these possibilities, we generated

CRISPR-Cas9 gene-targeted strains that label subpopulations

of olfactory neurons.We used the Q-system, a binary expression

system that uses cell-type-specific expression of the QF2 tran-

scription factor, to induce expression of an effector when QF2

binds a QUAS enhancer (Potter et al., 2010; Riabinina et al.,

2015, 2016). We introduced an in-frame insertion that replaced

the stop codon of each of the co-receptors Orco, Ir25a, Ir8a,

and Ir76b, as well as Gr3 with the transcription factor QF2

(Figures 1I, S1, S2, and S3; see Data S1 for a full description of

all genotypes by figure) (Matthews et al., 2019; Potter et al.,

2010; Riabinina et al., 2016). We crossed these QF2 driver lines

individually to a QUAS-CD8:GFP reporter to label neuronal

membranes and visualized axonal projection patterns in the

antennal lobe.

Orco, Ir25a, Ir8a, and Ir76b co-receptor driver lines exhibited

reporter expression in OSNs with distinct projection patterns in

the antennal lobe (Figures 1I–1K). Unexpectedly, neurons that

expressed Ir25a projected to almost all glomeruli in the antennal

lobe (89.9 ± 1.4%, mean ± SEM, n = 3) (Figures 1I–1K and S2),

and expression overlapped extensively with glomeruli labeled

by Orco (Figures 1I–1K, S1, and S2). Interindividual expression

patterns were not identical, consistent with the variability in

glomerular arrangement that we observed. Neurons that detect

CO2 are located in the maxillary palp (Grant et al., 1995; Lu

et al., 2007; Omer and Gillies, 1971). Gr3-expressing neurons
Figure 2. Genetic evidence for widespread Orco and Ir25a co-express

(A) Schematic of the Split-QF2 system (left) and Orco and Ir25a gene loci with exo

used to insert T2A-QF2-AD (light blue) and T2A-QF2-DBD (medium blue). AD an

(B and C) Schematic of Split-QF2 system (B) and gene expression in indicated g

(D and E) Maximum-intensity projections of confocal z stacks of female antenna

dTomato fluorescence, transmitted light overlay. See also Figure S4.

(F and G) Maximum-intensity projections of confocal z stacks of antennal lobes fro

and Brp (magenta). See also Figure S4.

(H and I) 2D representation of each glomerulus in (G) that is GFP positive or GF

Figure S4A.

(J) Ae. aegypti male with sensory structures (arrows).

(K) Cartoon of the brain including antennal lobe glomeruli and suboesophageal z

(L–U) Maximum-intensity projections of confocal z stacks of male antennae (L, N,

immunofluorescent labeling of dTomato (green) and Brp (magenta).

Scale bars: 50 mm. Orientation: proximal left (D, E, L, N, P, R, and T), medial left
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projected to a large glomerulus in the posterior antennal lobe,

Glomerulus 1 (Figures 1I–1K), which is also innervated by

Ir25a-expressing neurons. We noted the presence of a second

small glomerulus that was often innervated by Gr3-expressing

neurons in the antenna (Figures S1O and S1P). These initial

findings point to the overlap of projections of OR-, IR-, and

GR-expressing neurons in the antennal lobe of Ae. aegypti,

consistent with recent observations in D. melanogaster (Task

et al., 2022).

Co-expression of Orco and Ir25a in the mosquito
olfactory system
The high degree of overlap between glomeruli labeled by Orco-

and Ir25a-expressing OSNs suggests that there is either

widespread Orco and Ir25a co-expression within individual neu-

rons or that Orco and Ir25a are expressed in different neurons

whose axons co-converge onto individual antennal lobe

glomeruli or both (Figure 1H). To determine if Orco and Ir25a

are co-expressed, we used the Split-QF2 system (Riabinina

et al., 2019), which ‘‘splits’’ the transcription factor QF2 into

two components, the DNA binding domain (QF2-DBD) and the

activation domain (QF2-AD) each taggedwith a synthetic leucine

zipper (Figures 2A and 2B). When both the QF2-DBD and

QF2-AD are co-expressed in the same cell, the two domains

associate via the leucine zipper, reconstitute a functional QF2

protein, initiate transcription at the QUAS enhancer, and drive

expression of a reporter gene (Figure 2C).

When either Ir25a-QF2-AD or Orco-QF2-DBD was used to

drive expression of dTomato (Shaner et al., 2004), we did not

see fluorescence in the female antenna, maxillary palp, or the

antennal lobe (Figures 2D–2F and S4), but when Orco-QF2-

DBD and IR25a-QF2-AD were crossed into the same animal,

we saw expression of dTomato in antennal and maxillary palp

neurons of female mosquitoes, as well as axonal projections in

the antennal lobe (Figures 2D–2F and S4). Nearly half of the

glomeruli in the antennal lobe were labeled with dTomato

(Figures 2G–2I and S4). This points to widespread Orco and

Ir25a co-expression, although these findings do not rule out the

possibility that there may also be co-convergence. Male mosqui-

toes (Figures 2J–2U) showed similar expression and projection

patterns to those found in females (Figures 2F, 2G, and 2U).

Another source of olfactory information may derive from olfac-

tory neurons on the proboscis, the mouthpart of the mosquito.
ion

ns (gray boxes), introns (gray lines) and CRISPR-Cas9 gRNA site (arrowhead)

d DBD gene maps are not to scale.

enotypes (C).

e (D) and female maxillary palps (E) of indicated genotypes showing intrinsic

m the indicated genotype with immunofluorescent labeling of dTomato (green)

P negative (H) and quantification (I). Data are mean ± SEM, n = 3. See also

one.

P, R, and T) and male brains (M, O, Q, S, and U) of the indicated genotype with

(F and G); d, dorsal; v, ventral; m, medial.
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We saw extensive expression of bothOrco and Ir25a alone in the

proboscis and the subesophageal zone (Figure S4) as well as co-

expression ofOrco and Ir25a as defined by dTomato expression

in the Split-QF2 animals (Figure S4). It is possible that sensory af-

ferents in the proboscis detect olfactory and gustatory informa-

tion, or that IRs and ORs both function as olfactory receptors in

these neurons.

Extensive co-expression of chemosensory co-receptors
in the antenna
To determine if neurons co-express Orco and Ir25a protein, we

conducted whole mount antennal immunofluorescence to label

endogenous Orco and Ir25a proteins in wild-type mosquito

antennae and observed extensive co-expression of Orco and

Ir25a (Figures 3A–3D). In addition to neurons that contain both

Orco and Ir25a protein, we saw neurons that express either

Orco or Ir25a alone (Figures 3A–3D), indicating a mixed popula-

tion of OR cells, IR cells, and OR + IR cells. Staining was absent

in the respective Orco and Ir25a mutants, confirming the

specificity of the antibodies (Figures 3E–3H). To confirm and

extend these results, we performed RNA in situ hybridization

on wild-type antennae with Orco, Ir76b, and Ir25a probes

(Figures 3I–3K) and discovered that almost half of Orco cells

co-express Ir25a, and vice versa. In contrast, few Orco cells

co-express Ir76b.

To study the overlap between Orco and the three major IR co-

receptors, we carried out antennal immunofluorescence with an-

tibodies to the endogenous Orco protein and to GFP expressed

from each QF2 driver. We confirmed extensive co-expression

of Orco and Ir25a (Figures 3L–3N) and found that substantially

fewer cells co-express either Orco and Ir8a or Orco and

Ir76b, even after accounting for fewer total Ir76b and Ir8a

cells (Figures 3L–3N). In addition to widespread co-receptor

co-expression, some olfactory neurons express just one

co-receptor (Figure 3O), highlighting the complexity in receptor

expression patterns in Ae. aegypti antennal neurons.

snRNA-seq reveals a high diversity of antennal neurons
and co-expression of multiple ligand-selective receptor
subunits
Functional ORs and IRs are composed of co-receptor and

ligand-selective receptor subunits. Because there are hundreds
Figure 3. Extensive chemosensory co-receptor co-expression in the a

(A) Maximum-intensity projection of whole-mount wild-type female antennae wit

(B) Enlarged view of the yellow rectangle in (A) with cartoon indicating cell identi

(C and D) Quantification of wild-type antennal cells expressing Orco and Ir25a pres

bar plots (D). Data are mean ± SEM, n = 7 antennal segments, 48–61 cells/regio

(E andG)Maximum-intensity projection of whole-mountOrco16/16mutant (E) and I

Orco and Ir25a.

(F and H) Enlarged view of the yellow rectangles in (E and G).

(I) RNA in situ hybridization in wild-type antennae. Probes indicated.

(J and K) Euler plots of wild-type antennal cells expressing the indicated genes wit

± SEM, n = 4 antennal segments, 45–63 cells/region.

(L) Maximum-intensity projection of whole-mount Orco and GFP immunofluores

indicating cell identity (right).

(M andN) Euler plots of antennal cells of the indicated genotypes co-expressingO

(N). Data are mean ± SEM, n = 6–8 antennal segments, 34–68 cells/region.

(O) Cartoon schematic of OSN populations identified in this figure. Scale bars: 1
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of ligand-selective OR and IR genes, it was not feasible to

examine combinatorial co-expression of the full complement of

receptors by fluorescent RNA in situ hybridization or immunoflu-

orescence. Instead, we carried out snRNA-seq (Li et al., 2022;

McLaughlin et al., 2021) in mosquito antennae and identified

13,879 total cells (we use the term ‘‘cell’’ to refer to data from

a single nucleus) (Figures 4A and S5A–S5G). Unsupervised

clustering was used to categorize cells into broad subtypes,

which revealed clusters expressing epithelial or glial markers

(Figures 4B, S5G, and S5H). We classified neuron clusters based

on the expression of at least 3 of 4 neural markers (cadN, brp,

syt1, elav) in 50%ormore of the cells within that cluster, resulting

in a total of 5,175 identified neurons (Figure S5I).

We used unsupervised clustering with high resolution on the

neuron population to identify chemosensory cell types, here

defined as a group of cells expressing the same chemosensory

receptor gene or combination of receptor genes (Figure 4C). We

classified clusters 2 and 25 as mechanosensory neurons (6.78%

of total neurons) based on expression of LOC5575210, a homo-

log of the D. melanogastermechanoreceptor nompC. Over 90%

of all identified neurons clustered according to distinct patterns

of ligand-selective receptor gene expression, comprising at least

35 detectable chemosensory cell types (Figures 4D and S6A).

By averaging receptor gene expression across a cluster, we

identified many clusters in which multiple receptors—multiple

ORs, multiple IRs, as well as ORs and IRs together—were co-ex-

pressed (Figures 4D and S6A). Often individual chemosensory

receptors belonged to only one cluster, either expressed alone

or within a set of chemosensory receptors. Some receptors ap-

peared in multiple clusters with different sets of co-expression

partners, such as Or82 (Figure 4F). Some clusters contained

OSNs that clustered together yet express distinct chemorecep-

tors, likely due to global transcriptome similarity (Figures 4D and

S5L–S5M). This is observed in cluster 0, which expresses Ir41k,

Ir41o, and Ir41p, but these genes do not appear to be co-ex-

pressed within individual cells (Figure S5M). Thus, we performed

cluster-independent analyses to document mutually exclusive

expression and co-expression of chemoreceptors.

We defined co-expression of two receptor genes when

expression of both occurred in more than 10 cells above a

normalized value of 1 (equivalent to an adjusted-unique molecu-

lar identifier [UMI] threshold of 2 or higher) (Figures 4E, S6A, and
ntenna

h immunofluorescent labeling of Orco and Ir25a.

ty (right).

ented as Euler diagramswith area scaled to mean cells/region (C) and stacked

n.

r25aBamHI/BamHImutant (G) female antennae with immunofluorescent labeling of

h area scaled to mean cells/region (J) and stacked bar plots (K). Data are mean

cence in female antennae of the indicated genotypes with cartoon schematic

rco protein andGFP, area scaled tomean cells/region (M) and stacked bar plots

0 mm.



Figure 4. Antennal snRNA-seq reveals complex chemosensory receptor co-expression

(A) Female antenna snRNA-seq workflow.

(B) Heatmap of antenna cells within clusters that express cell-typemarkers according to normalized expression (unit for normalized expression in antenna data is

ln(sctransform-adjusted UMI), see STAR Methods) (see Figure S5H).

(C) t-distributed stochastic neighbor embedding (t-SNE) plot of antennal neurons annotated by cluster (see Figure S5I).

(D) Dot plot illustrating mean scaled expression (Z score) of chemosensory receptor expression within each cluster. Note that presence of two chemoreceptor

genes expressed in the same cluster does not always indicate that they are co-expressing in the same cells (see Figures S5L–S5M and S6A). Clusters marked

with an asterisk exhibit co-clustering without co-expression of some or all of illustrated genes. Genes marked with a triangle may be lower- or sparsely expressed

genes that exhibited specific expression to that cluster, but may have not met our defined criteria for expression or co-expression.

(E) Chord plot of co-expressed pairs of chemosensory receptors thatmeet co-expression criteria for ligand-specific receptors: both genes present in over 10 cells

at a sctransform-adjustedUMI value of 2 or greater. (For non-sctransform-adjusted UMIs, see Figure S5J.) Note: normalized expression value of 1 corresponds to

sctransform-adjusted UMI of 2 or greater.

(legend continued on next page)

ll
OPEN ACCESS

Cell 185, 3104–3123, August 18, 2022 3111

Article



ll
OPEN ACCESS Article
S6B). For Orco, which is expressed at an order of magnitude

higher than other receptor genes and contributes more to

ambient RNA contamination, we used a normalized expression

threshold of 2 (Figures S5A, S5F, and S6). Within cells in cluster

38, we observed above-threshold co-expression of Orco, Ir25a

and ligand-specific receptors Or82, Ir41l, and other ligand-spe-

cific ORs and IRs (Figures 4D and 4F). Co-expression of Orco

and Ir25a appeared in individual cells in over 10% of our neuron

population (Figure S5K). For example, in ligand-specific OR-

expressing clusters 9 and 5, many cells also express Ir25a

(Figure S6).

The significance of variable expression levels among receptor

genes in their respective cells remains unclear. Ir41k is ex-

pressed at very high levels, even in relation to co-receptors

(Figure S5M and S6A). Using our expression criteria, Ir41k is ex-

pressed in 59 cells but has a greater number of total counts than

Ir8a, which is expressed in over four times as many cells (Fig-

ure S5F and S6A). These results highlight the diversity of chemo-

receptor expression levels in antennal neurons. Future studies

may reveal how variability in expression levels may interact

with activity.

Coordinated co-expression of chemosensory receptors
in the maxillary palp
We next examined receptor co-expression in the maxillary palp,

a smaller and simpler olfactory organ that detects important host

cues including CO2 and 1-octen-3-ol (Grant et al., 1995; Lu et al.,

2007; McMeniman et al., 2014; Omer and Gillies, 1971). Each

female Ae. aegypti maxillary palp contains approximately 35

capitate-peg sensilla that each house three chemosensory

neurons (McIver, 1982) termed ‘‘A,’’ ‘‘B,’’ and ‘‘C’’ cells based

on their size, from largest to smallest respectively (Figures 5A–

5C and S3V).

We hypothesized that these three cell types project to three

glomeruli in the antennal lobe, and we used our QF2 and Split-

QF2 driver lines to examine this (Figures 5E–5K). We discovered

that Glomerulus 1, which is the largest glomerulus in the antennal

lobe (Shankar and McMeniman, 2020), received input from Gr3-

and Ir25a-expressing sensory afferents (Figures 5F–5K).

Glomerulus 2 and Glomerulus 3 received input from Orco-,

Ir25a-, and Ir76b-expressing neurons (Figures 5F–5K). Co-

expression of Orco and Ir25a in neurons that project to these

two glomeruli was confirmed using the Split-QF2 system. In

Orco-QF2-DBD, IR25a-QF2-AD animals, Glomerulus 2 and

Glomerulus 3were labeled, butGlomerulus 1was not (Figure 5E).

These findings suggest that the A, B, and C cells express multi-

ple co-receptors, spanning IR-OR and IR-GR classes.

To determine the extent of co-expression of both co-receptors

and ligand-selective receptors, we carried out multiplexed

whole-mount RNA in situ hybridization (Choi et al., 2018) in the

maxillary palp (Figures 5L–5P and S3), which expresses only

18 receptors at the 1 TPM threshold compared to 138 in the an-
(F) Heatmap of all cells within neuron population expressingOr82 above a normaliz

columns. Cluster assignment of cells indicated above heatmap. ‘‘Others’’ denote

labeled. nompC included for non-quantitative reference of potential background s

types are offset with brackets listing the chemosensory receptors expressed in t

See also Figures S5 and S6.
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tenna (Figures 1F and 1G). We performed RNA in situ hybridiza-

tion with probes for 10 of these receptors and visualized gene

expression with sufficient sensitivity that even Or71 and Ir75g

(present at 1.93 and 1.67 TPM, respectively) were readily de-

tected (Figures S3S and S3T).

We found no overlap in expression of Orco and Gr3, but Ir25a

was expressed in all Orco and all Gr3 cells (Figure 5L). Previous

work in Anopheles gambiae suggested that Orco-expressing

neurons in the maxillary palp can be evenly divided into two

non-overlapping groups: anOr8 population and anOr49 popula-

tion (Lu et al., 2007). The same was assumed in Ae. aegypti but

has never been shown. We show definitively that Or8 and Or49

are expressed in segregated populations of Orco-expressing

neurons (Figure 5M) and, when combined with the results of

the previous experiment (Figure 5L), that these cells are all

Ir25a-positive. Additional RNA in situ hybridization experiments

revealed that Or8- and Or49-expressing cells also often

express Ir76b, with a bias toward expression in Or8-expressing

B cells (Figures 5N and S3; Data S1). Therefore,Orco-expressing

OSNs co-express the co-receptor Ir25a and either of the ligand-

selective subunits Or49 or Or8, and often co-express the co-re-

ceptor Ir76b.

When we analyzed IR ligand-selective subunit expression, we

found that Ir100a and Ir93a are selectively expressed in a subset

ofOr49-expressing C cells (Figures 5O, 5P, S3P, and S3Q), sug-

gesting that both functional OR and IR complexes can form in the

same neuron and that co-expression may be transcriptionally

coordinated. Or71 and Or49 were co-expressed, further sup-

porting the idea that multiple ligand-selective ORs can be ex-

pressed in an OSN (Figure S3S). We also discovered that

the ligand-selective receptor Ir75g was expressed in some

Gr3-expressing cells, which also express Ir25a (Figure S3T). It

is plausible that Gr3 neurons can express both functional GRs

and IRs.

snRNA-seq of maxillary palp reveals unanticipated
neuronal complexity
Our RNA in situ hybridization results contradict the current view

in the field: that each Ae. aegypti maxillary palp has 35 molecu-

larly and functionally identical capitate-peg sensilla (Figure 5A).

To expand our analysis, we carried out snRNA-seq using similar

methods to those described for the antenna (Figures 6A and S7),

which yielded data from 2,298 cells. Using unsupervised clus-

tering, we identified some clusters as epithelia, muscle, glia, or

neurons (Figure 6B, 6C, and S7E–S7G). The neuron clusters con-

tained 630 cells that were subdivided into four classes with

remarkable correspondence to cell classes previously described

in the maxillary palp (Figures 6C, 6D, S7F, S7G, S7L, and S7O).

Cluster 4 consists of putative mechanosensory neurons marked

by expression of nompC and hamlet. Clusters 1, 2, and 3 were

enriched for Gr3, Or8, or Or49, and likely correspond to A, B,

and C cells, respectively (Figures 6D, 6F, 6J, 6K, S7L, and
ed expression value of 1. Receptors are indicated in rows and cells indicated in

s small groups of cells that belonged to 12 other clusters apart from the ones

ignal. Heatmap colors represent normalized expression. Visually identified cell

hat cell type.
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S7O). Applying similar parameters for receptor co-expression as

for the antenna, we found that Or49 sometimes co-expressed

with Ir93a (Figure 6E), in accordance with our RNA in situ hybrid-

ization results.

Because the maxillary palp data had both fewer neurons and

chemoreceptors, as well as sparser expression than in the an-

tenna, we framed our analysis on the three known cell classes.

We established expression within a cell class such that a recep-

tor was present in at least 10 cells within the corresponding clus-

ter above a normalized expression value of 1 (Figure 6Q). We

used feature plots to visualize the expression of ligand-specific

receptors within the clusters of maxillary palp neurons. snRNA-

seq data showed expression of Ir41a and Ir161 in both the

Or8-expressing B and Or49-expressing C clusters (Figures 6J,

6K, 6O, and 6P), as well as theOr49-expressing C cluster some-

times expressed Ir100a (Figure 6M). As we saw in the RNA in situ

hybridization findings, cells expressingOr49,Or8, orGr3 can but

do not always express certain ligand-specific IRs, indicating that

these classes are likely to be heterogeneous.

Ir25a appeared in a high percentage of cells in all three clus-

ters, accompanied by Ir76b in only the B and C cell clusters

(Figures 6H, 6I, S7L, and S7O). Abundant chemoreceptors

such as Gr2, Orco, and Or8 were expressed highly in their ex-

pected cell classes (Figures 6G, 6J, and S7K–S7O). Lower-level

expression of these genes was also present in a high percentage

of cells from other clusters. The significance of this is unclear.

A summary and interpretation of maxillary palp chemosensory

receptor gene expression is presented in Figure 6Q. These data

suggest that many B and C cells have all the necessary subunits

to form both functional ORs and IRs (Figures 6F–6P), represent-

ing a departure from the current view.

Receptor co-expression expands the functional
responses of olfactory neurons
We next asked whether chemosensory receptor co-expression

allows maxillary palp neurons to respond to odorants detected

by both ORs and IRs. We used single sensillum recording to

measure odorant responses of the OSNs housed in maxillary

palp capitate-peg sensilla. This method of in vivo extracellular

electrophysiology enables the simultaneous recordings of A, B,

and C cells in response to odorant stimuli in an intact mosquito.

Spike sorting is used to discriminate activity of these neurons.

The diameter of the cell positively correlates with the spike

amplitude (Zhang et al., 2019). The largest A cell responds to

CO2, whereas the smaller B cell responds to 1-octen-3-ol (Boh-

bot and Dickens, 2009; Cook et al., 2011; Grant et al., 1995;
Figure 5. Coordinated co-expression of chemosensory receptors in th

(A) Maxillary palp capitate-peg sensillum with A, B, and C cells.

(B) Maxillary palp expression of Orco in the fourth maxillary palp segment reveal

(C) Maxillary palp (green) and three glomeruli that it innervates.

(D) 3D antennal lobe reconstruction.

(E–J) Single confocal sections through the center of Glomerulus 1 (top) or Glomeru

are taken from z stacks in Figure 2G (E) and Figure 1I (F–J).

(K) Schematic of sensory neuron gene expression and glomerular convergence b

(L–P) Whole-mount maxillary palp RNA in situ hybridization with indicated probes

shown as Euler diagrams, area scaled to mean. n = 5 maxillary palps, 26–65 cell

See also Figure S3.

Scale bars: 50 mm (B), 25 mm (E–J and L–P). Orientation: d, dorsal; m, medial; p,
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Majeed et al., 2017; Syed and Leal, 2007). The smallest C cell

has no characteristic ligands in Ae. aegypti and was therefore

excluded from our analysis (Figures 7A–7E).

To determine which family of receptors—GRs, ORs, or IRs—

detects a given ligand, we recorded odorant responses in

wild-type mosquitoes as well as mosquitoes with mutations

in Gr3, Orco, or Ir25a. Because the Gr3 and Orco receptor

mutants were generated in a different wild-type strain (+/+ORL)

than the Ir25a mutant (+/+LVP) (De Obaldia et al., 2022), all ana-

lyses were conducted in two different wild-type background

strains, which consistently showed similar odorant responses

(Figures 7A–7E).

As previously seen (McMeniman et al., 2014), the A cell re-

sponded to CO2 in a dose-dependent manner, but the B cell

did not. The A cell CO2 response was abolished in Gr3 mu-

tants (Figure 7A). CO2-sensing neurons in the mosquito maxil-

lary palp respond to multiple odorants (Lu et al., 2007; Tauxe

et al., 2013; Turner et al., 2011), and it has been proposed that

Gr3 is a broadly tuned receptor that responds to many odor-

ants. We examined the response to a recently identified A cell

agonist, acetone (Ghaninia et al., 2019), which also activated

the A cell but not the B cell (Figure 7B). The response to

acetone was abolished in the Gr3 mutant (Figure 7B), which

suggests that the CO2 receptor interacts with non-CO2

ligands.

The host-emitted odorant 1-octen-3-ol has been shown to

activate the B cell, as well as Ae. aegypti and An. gambiae

Or8-Orco when expressed in heterologous cells (Bohbot and

Dickens, 2009; Lu et al., 2007). We found that firing of the B

cell, but not the A cell, increased in the presence of 1-octen-

3-ol, and this response was abolished in the Orco mutant, but

not in Gr3 or Ir25a mutants (Figure 7C), consistent with the role

of Or8-Orco in detecting this compound.

Volatile amines, including polyamines, have been proposed to

be IR ligands in D. melanogaster (Geier et al., 1999; Hussain

et al., 2016; Min et al., 2013; Silbering et al., 2011). We therefore

examined the response of maxillary palp neurons to two

volatile amines, hexyl amine, and triethyl amine. We found

that both amines activated the B cell in wild type, Gr3 mutants,

and Orco mutants (Figures 7D–7F). Average responses to

hexyl amine and triethyl amine were strongly reduced but not

abolished in the Ir25a mutant. When we scrutinized the

raw data, we noted that the majority of Ir25a mutant neurons

did not respond to these stimuli at all, but a few neurons re-

sponded to both stimuli even more robustly than wild type

(Data S1).
e maxillary palp

ed by whole-mount RNA in situ hybridization. Orientation: proximal up.

lus 2 and 3 (bottom) in left antennal lobes of the indicated genotypes. Sections

ased on (E–J).

, cartoon schematic indicating cell identity, and quantification of co-expression

s/dorso-lateral maxillary palp.

posterior.
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To determine if there are two different functional types of

B neurons, we generated an independent dataset using these

stimuli to examine responses in an additional 17 wild-type (+/

+LVP) neurons and 23 Ir25a mutant neurons. The response to the

water control stimulus never exceeded 30 spikes/s

firing frequency in either genotype, and we used this as a

threshold to classify neurons as ‘‘responders’’ or ‘‘non-re-

sponders’’ (Figures 7G–7I). We found that all +/+LVP neurons re-

sponded to triethyl amine, and 16 out of 17 +/+LVP neurons re-

sponded to hexyl amine (Figures 7H and 7I). Responses to both

amines were significantly higher than the water control in

+/+LVP. In contrast, most neurons in the Ir25a mutant did not

respond to either triethyl amine or hexyl amine (78.3%, n = 23),

and neither stimulus elicited significantly different responses

from thewater control when taking the entire population of 23 neu-

rons into account.

We noted that 5 out of 23 neurons (21.7%) showed strong

responses to both amines that exceeded the corresponding

response in +/+LVP neurons (Figures 7G–7I). These neurons

were considered outliers by a ROUT (robust regression fol-

lowed by outlier identification) analysis (Q = 1%), consistent

with the classification system that we used to categorize neu-

rons as responders or non-responders. Given our discovery of

multiple additional IRs and ORs co-expressed along with Or8

in the B cells (Figure 6Q), we speculate that there are at least

two distinct types of B neurons, one that requires Ir25a to

respond to amines and one that does not. We hypothesize

that this second type of B neuron expresses the Ir76b co-re-

ceptor. Our findings that the B cell responds to 1-octen-3-ol in

an Orco-dependent manner and to triethyl amine and hexyl

amine in an Ir25a-dependent manner is consistent with the hy-

pothesis that ORs and IRs are functionally co-expressed in the

same neurons.

DISCUSSION

Combinatorial chemosensory receptor co-expression in
Ae. aegypti

The mismatch between the number of receptors in the Ae. ae-

gypti genome and the number of glomeruli in the antennal lobe

is resolved in part by co-expression of multiple chemoreceptors

in individual OSNs. We found that co-expression is widespread,

both between andwithin OR and IR families, and that the number

of receptors expressed in a neuron can vary substantially.

While some neurons express only an individual co-receptor

and ligand-selective receptor pair, others express ‘‘sets’’ of

frequently co-expressed receptor subunits, and in a few cases
Figure 6. Maxillary palp snRNA-seq reveals unanticipated neuronal co

(A) Female maxillary palp snRNA-seq workflow.

(B) Heatmap of cells in the antenna within clusters that express cell type markers a

palp data is ln(UMI of gene*10,000/total UMI of cell+1)) (see Figure S7E).

(C) t-SNE plot of maxillary palp nuclei. Identified neuron clusters (1–4) are labele

(D) Heatmap of normalized expression of selected genes in four identified neuro

(E) Chord plot of chemosensory receptors (excluding Orco, Ir25a, and Gr3) for w

value of 1.

(F–P) Normalized expression (ln(UMI of gene*10,000/total UMI of cell+1)) of indic

(Q) Summary of chemosensory receptor expression in the maxillary palp base

hybridization).
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a single receptor subunit could be co-expressedwith completely

different combinations of receptor subunits.

Many commonly co-expressed IRs and ORs belong to mos-

quito gene family expansions. The Ir41 clade was among the

most common of the detected ligand-specific IRs, and Ir41l

was found to be co-expressed with ORs, which may be indica-

tive of more multi-family co-expression below detection thresh-

olds of the snRNA-seq. This clade is expanded in Ae. aegypti

relative to D. melanogaster (Matthews et al., 2018) and the

D. melanogaster orthologues, Ir41a, Ir76a, and Ir92a, compose

channels that respond to amines (Hussain et al., 2016; Min

et al., 2013; Silbering et al., 2011). Volatile amines are enriched

in human odor and play an important role in the detection of hu-

mans bymosquitoes (Bernier et al., 2000; de Lacy Costello et al.,

2014; De Obaldia et al., 2022). It is possible that the Ir41 clade

expansion in Ae. aegypti enhances their ability to detect amines

in human odor. Many of the commonly co-expressed ORs are

also members of gene expansions in Ae. aegypti and An. gam-

biae but have no direct orthologues in D. melanogaster (Mat-

thews et al., 2018). These may have ligands that are enriched

in human odor.

Coordinated co-expression between IR, OR, and GR

ligand-selective receptors
Co-receptors and ligand-selective receptor co-expression

poses a gene regulatory problem for an olfactory neuron. We

have demonstrated that multiple ORs and IRs are expressed in

specific receptor ‘‘sets.’’ How might this complex receptor co-

expression code be regulated? In vertebrates, an epigenetic

silencing mechanism ensures that each olfactory neuron sto-

chastically expresses only a single allele of one odorant receptor

(Bashkirova and Lomvardas, 2019). In contrast, D. melanogaster

uses a conventional transcription factor code in which the spec-

ification of a neuron and its chemoreceptor is tightly regulated

(Jafari and Alenius, 2015; Li et al., 2016; Ray et al., 2008).

Other examples exist of receptor co-expression within a single

chemosensory gene family. Polycistronic expression of multiple

ORs in An. gambiae sensory neurons has been reported (Karner

et al., 2015). This differs from Ae. aegypti, where co-expressed

ORs are not necessarily neighboring genes. In D. melanogaster

there are rare cases of OR-OR or OR-IR co-expression. These

are thought to be the exceptions rather than the rule. Or49a

and Or85f are co-expressed in an OSN population where they

play redundant roles in predator avoidance (Ebrahim et al.,

2015). Or35a is co-expressed with Ir76b (Silbering et al., 2011),

and while these neurons respond to many odorants (Silbering

et al., 2011; Yao et al., 2005), the role of co-expression remains
mplexity

ccording to normalized expression (unit for normalized expression in maxillary

d with color (see Figures S7F and S7G).

n clusters. See also Figure S7E.

hich there are at least 10 cells of both genes above a normalized expression

ated chemoreceptor genes mapped onto t-SNE plots.

d on all experimental data in this study (RNA FISH, fluorescent RNA in situ
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unknown. Recent work suggests that there may be more exam-

ples to be discovered in flies (McLaughlin et al., 2021; Task

et al., 2022).

Our findings are reminiscent of the nematode Caenorhabditis

elegans, which co-expresses a large number of chemosensory

receptor genes in a small number of sensory neurons (Troemel

et al., 1995; Vidal et al., 2018). Ae. aegypti have many more che-

mosensory neurons than C. elegans and the circuit organization

differs dramatically. Extensive olfactory receptor co-expression

is also seen in a subpopulation of OSNs in mice that each ex-

press multiple MS4a chemosensory receptors and project to

the so-called necklace glomeruli that surround themain olfactory

bulb (Greer et al., 2016). Interestingly these neurons respond to

cues that regulate innate behaviors.

Maxillary palp chemosensory neurons go beyond a
simple A, B, and C organization
The maxillary palp is a multi-modal sensory organ that responds

to CO2 (Acree et al., 1968; Gillies, 1980; Grant et al., 1995), tem-

perature (Roth, 1951), mechanical stimuli (Bohbot et al., 2014),

attractive monomolecular odorants such as 1-octen-3-ol (Syed

and Leal, 2007; Takken and Kline, 1989; Vythilingam et al.,

1992), as well as blends of odorants extracted from human hosts

(Tauxe et al., 2013). The prior view of the organization of the

maxillary palp is that all volatile odorant-detecting capitate-peg

sensilla house the sensory dendrites of three neurons that form

identical repeating units (Lu et al., 2007; McIver, 1972). It is diffi-

cult to reconcile the functional diversity of responses with this

simple cellular organization. We demonstrate that the receptor

composition of these neurons is far more varied. They can be

subdivided into many more than three cell types. Consistent

with this idea, we found that B cells can be separated into

different types based on their physiological response to volatile

amines. This is revealed in Ir25a mutant animals, where the

response to amines is abolished in most B cells, but a subset

of neurons retains their responses. We found that Ir76b is ex-

pressed in a subset of the Or8-expressing B cells, as are Ir161

and Ir41a. It is possible that these IRs mediate amine responses

in the subset of Ir25a mutant neurons that retain amine

responses.

Receptor co-expression as a possible mechanism for
robust mosquito attraction to humans
We hypothesize that receptor co-expression is used broadly to

detect redundant cues that are present in human odor, a blend

that can vary from individual to individual and contains hundreds

of different chemicals (Bernier et al., 1999, 2000; De Obaldia
Figure 7. Functional consequences of chemosensory receptor co-exp

(A–E) Left, sample traces from maxillary palp single sensillum recordings in indica

(E) triethyl amine. Stimulus delivery: cyan bar. Middle and right, spikes/sec in the A

are mean ± SEM, n = 4–16 recordings from separate sensilla.

(F) Schematic of an individual sensillum and receptor odorant pairings for the B

(G) Sample traces for +/+LVP (top) and Ir25aBamHI/BamHI (bottom) with each indica

(H and I) Dot plots (H) and stacked bar plots (I) showing the percent of total recordi

that did not (open circles), with 30 spikes/s defined as response threshold. Data

separate sensilla; n.s., not significant (p = 0.1453 for hexyl amine and p = 0.1642

multiple comparisons.

(J) A revised model of chemosensory coding in Ae. aegypti based on this study.
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et al., 2022). Both volatile amines and 1-octen-3-ol are emitted

from human skin (Bernier et al., 2000; Cork and Park, 1996; de

Lacy Costello et al., 2014). It is possible that receptor co-expres-

sion is used to form a highly redundant detection system for

different cues that represent the same ecological target: hu-

mans. Thismotif has the benefit of limiting the number of neurons

needed to detect varied odorants with the same meaning. Our

study reveals unexpected complexity in the gene expression

and functional organization of the mosquito olfactory system

that may explain the persistence of mosquitoes in hunting

humans. Future attempts to design repellents to ward off

mosquitoes or attractant traps to lure them will have to have to

reckon with the complexity of this system.

Limitations of the study
We see a variety of OR and IR expression levels in different

neurons and have not determined the impact of expression

level on in vivo receptor function in individual neurons. This

study examined the role of receptor co-expression on odor-

evoked activity in only a single type of neuron, and odorants

were applied above the physiological concentration in human

odor. For the snRNA-seq data, we established discrete criteria

for expression. However different receptor gene expression

levels vary continuously both in individual cells as well as in

the tissue at large. This complicates setting a single threshold

for determining functional expression for different receptors,

especially for those that are rarer or expressed at lower levels.

For the mosquito antenna, we lacked validated markers of tis-

sue composition or cell types other than neurons to objectively

assess analysis pipeline decisions. Future research into cell

populations in the antenna may provide data to further ‘‘ground

truth’’ and refine this analysis pipeline. While many of the tech-

niques we used produced consistent results, we sometimes

observed inconsistencies in the snRNA-seq data, such as low

levels of Orco expression in the maxillary palp Gr3 cluster, an

observation at odds with results from the three other methods

used in the paper and one that we do not currently understand

but that could be due to differences in the sensitivity of detec-

tion methods.

STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:
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ted genotypes for (A) CO2, (B) acetone, (C) 1-octen-3-ol, (D) hexyl amine, and

cell (middle) and B cell (right) for indicated concentration of the stimulus. Data

neuron. The identity of the ligand-selective IrX subunit is unknown.

ted stimulus. Stimulus delivery: cyan bar.

ngs from each genotype that responded to the stimulus (filled circles) and those

are mean ± SEM, n = 17 (+/+LVP) and n = 23 Ir25aBamHI/BamHI recordings from

for triethyl amine), ****p < 0.0001, one-way ANOVA with Kruskal-Wallis test for
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sequencing

B snRNA-seq analysis: cell identification, ambient RNA

removal, batch combination, and neuron classification

B Maxillary palp: tSNE, heatmap, chord plot, dot plot,

expression feature plot

B Mosquito preparation for single-sensillum recordings

B Single-sensillum recordings from maxillary palp capi-

tate peg sensilla

B Odorant stimulus delivery for single-sensillum

recordings
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-brp Developmental Studies

Hybridoma Bank, see

purification in STAR

Methods

nc82; RRID AB_2314866

Rabbit polyclonal anti-GFP Life Technologies Cat# A-11122; RRID

AB_221569

Rabbit polyclonal anti-Ir25a This study N/A

Rabbit polyclonal anti-Orco Larsson et al. (2004) N/A

Mouse monoclonal anti-Orco Basrur et al. (2020) N/A

Chicken anti-GFP Aves Labs Cat# GFP-1020; RRID AB_10000240

Goat anti-mouse Cy5 Life Technologies Cat# A-10524

Goat anti-rabbit Alexa Fluor 488 Life Technologies Cat# A-11034

Goat anti-mouse Alexa Fluor 488 Life Technologies Cat# A-11001

Goat anti-mouse Alexa Fluor 594 Life Technologies Cat# A-11005

Goat anti-rabbit Alexa Fluor 555 plus Life Technologies Cat# A-32732

Goat anti-chicken Alexa Fluor 488 Life Technologies Cat# A-11039

Chemicals, peptides, and recombinant proteins

Texas red conjugated dextran Molecular Probes Cat# D3328

TO-PRO-3 Iodide Thermo Fisher Cat# T3605

Chitinase Sigma Aldrich Cat# C6137

Chymotrypsin Sigma Aldrich Cat# CHY5S

Slowfade Diamond Thermo Fisher Cat# S36972

Proteinase K Thermo Fisher Cat# AM2548

200 mL filter tip TipOne Cat# 11,821,830

RNAse away Thermo Fisher Cat# 7000TS1

40 mm Flowmi filter Bel-Art Cat# H13680-0040

RNAse inhibitor Roche Cat# RNAINH-RO

Propidium Iodide Logos Biosystems Cat# LGBD10012

Hoechst-33342 Thermo Fisher Cat# 62,249

Dimethyl sulfoxide (DMSO) Sigma Aldrich Cat# 472,301

Magnesium chloride, 1M Thermo Fisher Cat# AM9530G

Triton X-100, 10% Sigma Aldrich Cat# 93,443

HEPES, 1M Sigma Aldrich Cat# H0887

Calcium chloride, 1M Sigma Aldrich Cat# 21,115

Sodium chloride, 5M Thermo Fisher Cat# AM9760G

Potassium chloride, 2M Thermo Fisher Cat# AM9640G

Normal Goat Serum Jackson ImmunoResearch Cat# 005-000-001

R-(�)-1-octen-3-ol Penta Manufacturing Cat#15–18900; CID: 6,992,244

Acetone Sigma Aldrich Cat#A4206; CID: 180

Hexyl amine Sigma Aldrich Cat#219703; PCID: 8102

Triethyl amine Sigma Aldrich Cat# T0886; CID: 1146

Paraffin oil EMD Millipore PX0045-3

Critical commercial assays

HCR RNA in situ probes, amplifiers, buffers Molecular Instruments Data S1

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Antenna and maxillary palp raw snRNA-sequencing This study NCBI BioProject: PRJNA794050

Experimental models: Cell lines

Mouse hybridoma cell line expressing monoclonal

antibody nc82, which recognizes Drosophila

melanogaster brp

Wagh et al. (2006) Antibody Registry ID: AB_2314866

Experimental models: Organisms/strains

Wild-type Liverpool (LVP) Vosshall lab N/A

Wild-type Orlando (ORL) Vosshall lab N/A

Ir25aBamHI/BamHI De Obaldia et al. (2022) N/A

Orco16/16 DeGennaro et al. (2013) N/A

Gr34/4 McMeniman et al. (2014) N/A

Ir25a-T2A-QF2 This study N/A

Ir76b-T2A-QF2 This study N/A

Ir8a-T2A-QF2 This study N/A

Gr3-T2A-QF2 This study N/A

Orco-T2A-QF2 This study N/A

Ir25a-T2A-QF2-AD This study N/A

Orco-T2A-QF2-DBD This study N/A

QUAS-CD8-GFP Matthews et al. (2019) N/A

QUAS-dTomato-GCaMP6s Jové et al. (2020) N/A

Oligonucleotides

sgRNA targeting Ir25a: GTTTGTGTGCGTGTCCGTA TGG This study N/A

sgRNA targeting Ir76b: GTATTACACTTATCTAAATA TGG This study N/A

sgRNAs targeting Ir8a: GTCACGCTTGTTGTACAGGG CGG,

GAACAATTTGAACAAGGTCG TGG

This study N/A

sgRNA targeting Gr3: GTTAGTGATGCATAATATGA CGG This study N/A

sgRNA targeting Orco: GTCACCTACTTCATGGTGT TGG This study N/A

Recombinant DNA

Ir8a-T2A-QF2 This study Addgene #162520

Gr3-T2A-QF2 This study Addgene #162511

Ir25a-T2A-QF2 This study Addgene #162522

Ir76b-T2A-QF2 This study Addgene #162523

Orco-T2A-QF2 This study Addgene #162524

Orco-T2A-QF2-DBD This study Addgene #162525

Ir25a-T2A-QF2-AD This study Addgene #162526

Software and algorithms

Cell Ranger 10X Genomics https://support.10xgenomics.com/single-cell-

gene-expression/software/pipelines/latest/

what-is-cell-ranger

Celda Wang et al. (2021) https://github.com/campbio/celda

DropletUtils Griffiths et al. (2018) https://github.com/MarioniLab/DropletUtils

DoubletFinder McGinnis et al. (2019) https://github.com/chris-mcginnis-ucsf/

DoubletFinder

Harmony Korsunsky et al. (2019) https://github.com/immunogenomics/harmony

Sctransform Hafemeister and Satija

(2019)

https://github.com/satijalab/sctransform

Seurat Satija et al. (2015) https://satijalab.org/seurat/

ggplot2 Wickham (2016) https://ggplot2.tidyverse.org/

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

R R Core Team (2021) https://www.r-project.org/

R studio RStudio Team, 2020 https://www.rstudio.com/

FIJI Schindelin et al. (2012) https://imagej.net/software/fiji/

Prism GraphPad https://www.graphpad.com/

Other

Additional raw data, plots, analysis, scripts, descriptive

statistics and analysis

This study https://github.com/VosshallLab/Younger_

Herre_Vosshall2020

Additional antenna snRNA-seq data formats (e.g.,

Seurat Objects)

This study https://doi.org/10.5281/zenodo.5818542

Additional maxillary palp snRNA-seq data formats

(e.g., Seurat Objects)

This study https://doi.org/10.5281/zenodo.5818951
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Meg

Younger (myounger@bu.edu).

Materials availability
Plasmids generated in this study have been deposited to Addgene (accession #162520–162526).

Data and code availability
d snRNA-seq data have been deposited as an NCBI BioProject and are publicly available under the accession number listed in

the key resources table.

d All original code and custom scripts, along with additional raw data not found in Data S1 as well as plots and additional analysis

have been deposited at Github and at Zenodo and are publicly available. DOIs are listed in the key resources table.

d Microscopy data reported in this paper will be shared by the lead contact upon request.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human and animal ethics statement
Blood-feeding procedures and behavioral experiments with live hosts were approved and monitored by The Rockefeller University

Institutional Animal Care and Use Committee (IACUC protocol 17,018) and Institutional Review Board (IRB protocol LV-0652),

respectively. Human volunteers gave their written informed consent to participate.

Mosquito rearing and maintenance
Ae. aegypti wild-type laboratory strains (Liverpool and Orlando), CRISPR-Cas9 knock-in, and piggyBAC QUAS transgenic strains

were maintained and reared at 25–28�C, 70–80% relative humidity with a photoperiod of 14 h light: 10 h dark as previously described

(DeGennaro et al., 2013). Adult mosquitoes were provided constant access to 10% sucrose. For routine strain maintenance, animals

were primarily blood-fed on live mice and occasionally on live human volunteers. Newly generated strains were blood-fed on human

volunteers until they were established. All experiments except those in Figures 2J–2T were conducted on adult female mosquitoes.

Detailed genotypes used in each figure can be found in Data S1.

METHOD DETAILS

Generation of chemosensory receptor QF2 and Split-QF2 knock-in strains
T2A-QF2 gene-sparing stop codon replacement lines were generated using the strategy outlined in Matthews et al. (2019). sgRNAs

were placed as close to the stop codon as possible and donor constructs were designed to remove the stop codon and replace it with

an in-frame cassette containing the T2A ribosomal skipping sequence and the QF2 transcription factor or Split-QF2 domains,

comprising the QF2 activation domain QF2-AD, or the QF2 DNA-binding domain QF2-DBD. This strategy spares the function of

the gene at the locus being targeted, expressesQF2 or Split-QF2 domains in the cells specified by enhancers at the locus. Insertions

were marked by the 3xP3 enhancer expressing a fluorescent protein. To identify effective sgRNAs, 5 candidate sgRNAs per gene
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were first injected into separate pools of 500 Liverpool embryos and CRISPR-Cas9-mediated cut rate was evaluated as previously

described (Kistler et al., 2015). Either a single sgRNA or 2 sgRNAs with the highest cut rates were then chosen to be injected with

donor plasmids to target chemosensory gene loci using homology-directed repair. sgRNAs targeted the respective gene near the

stop codon, target sequence with protospacer adjacent motif (PAM) underlined:

Ir25a: GTTTGTGTGCGTGTCCGTA TGG

Ir76b: GTATTACACTTATCTAAATA TGG

Ir8a: GTCACGCTTGTTGTACAGGG CGG, GAACAATTTGAACAAGGTCG TGG

Gr3: GTTAGTGATGCATAATATGA CGG

Orco: GTCACCTACTTCATGGTGT TGG

sgRNA DNA template was prepared by annealing oligonucleotides as described (Kistler et al., 2015). In vitro transcription was per-

formed using HiScribe Quick T7 kit (NEB E2050S) following the manufacturer’s directions. Following transcription and DNAse treat-

ment for 15 min at 37�C, sgRNA was purified using RNAse-free SPRI beads (Ampure RNAclean, Beckman-Coulter A63987), and

eluted in Ultrapure water (Invitrogen, 10,977–015).

Donor plasmids were constructed by Gibson assembly using the following fragments for QF2 lines:

1) pUC19 digested with XbaI and BamHI

2) Left and right homology arms:Gr3 (left: 1.9 kb, right: 1.6 kb), Ir25a (left: 1.8 kb, right: 1.6 kb), Ir76b (left: 1.2 kb, right: 2.2 kb), Ir8a

(left: 1.7 kb, right: 1.7 kb), Orco (left: 1.2 kb, right: 1.3 kb) generated by polymerase chain reaction (PCR) using Liverpool

genomic DNA as a template

3) A 2.6 kb fragment containing T2A-QF2-SV40, 3xP3-dsRed, PCR-amplified from a previously assembled vector (ppk10779-

T2A-QF2-SV40, 3xP3-dsRed, Addgene accession #130667)

For Split-QF2 lines, donor plasmids were constructed by generating fragments using PCR from the indicated template with indi-

cated primers in Data S1 and assembled using NEBuilder HiFi DNA Assembly (NEB E5520S):

Ir25a-T2A-QFAD::Zip+-SV40-3xP3-eYFP-SV40 was composed of:

1. Plasmid backbone with Ir25 homology arms from Ir25a-T2A-QF2 plasmid (6 kb)

2. T2A-QFAD::Zip+-SV40 sequence from (Riabinina et al., 2019), fragment synthesized by Genewiz, sequence in Data S1 (1.5 kb)

3. 3xP3-EYFP-SV40 from pDSAY (Addgene, #62291) (1.2 kb)

Orco-T2A-Zip�::QFDBD-SV40-3xP3-dsRED-SV40 was composed of:

1. Plasmid backbone with Orco homology arms and 3xP3-dsRED-SV40 from Orco-T2A-QF2 plasmid (6.3 kb)

2. T2A-Zip�::QFDBD-SV40 synthesized by Genewiz, sequence in Data S1 (1.5 kb)

For allQF2 and Split-QF2 constructs, the stop codon of the endogenous gene was removed and the PAM sequences correspond-

ing to the sgRNAs used for injection were modified by PCRmutagenesis during Gibson assembly by introducing synonymous codon

substitutions to protect the sequence from Cas9 cleavage while retaining the amino acid identity. Plasmids were isolated using an

endotoxin-free plasmid midiprep kit (Macherey-Nagel) for QF2 lines and NucleoBond Xtra Midi Endotoxin-Free plasmid kit (Clontech

740,420.50) for Split-QF2 lines and eluted in ultrapure water prior to injection. Donor plasmids are available at Addgene (accession

numbers #162520–162526). Approximately 2,000 wild-type Liverpool strain Ae. aegypti embryos were injected with a mix containing

recombinant Cas9 protein (PNA Bio, CP01) at 300 ng/mL, sgRNAs at 40 ng/mL and donor DNA plasmid (300 ng/mL for QF2 lines,

600 ng/mL for Split-QF2 lines) at the Insect Transformation Facility at the University of Maryland Institute for Bioscience & Biotech-

nology Research. Embryos were hatched and surviving G0 males and females were crossed to wild-type Liverpool mosquitoes and

their G1 offspring were screened for fluorescence indicating positive stable germ line transformants. For QF2 lines, the fidelity of

insertion was verified by PCR and Sanger sequencing. One representative line for each chemosensory receptor QF2 knock-in

was selected for further study. QF2-driven expression patterns were examined by crossing to QUAS-CD8:GFP-3xP3-ECFP and/or

QUAS-dTomato-T2A-GCaMP6s-3xP3-ECFP.

A technical problem arose in the construction of the QUAS-dTomato-T2A-GCaMP6s-3xP3-ECFP plasmid that caused only a sin-

gle copy of dTomato to be introduced into the mosquito, rather than the brighter tandem dTomato or tdTomato that is more conven-

tionally used. Nevertheless we found that dTomato is sufficiently bright for our experiments (Shaner et al., 2004).

All lines were outcrossed to wild-type Liverpool mosquitoes for at least 3 generations prior to being used in experiments. For Split-

QF2 lines, a single family with the correct insertion was confirmed by PCR and Sanger sequencing for Ir25a-QF2-AD andOrco-QF2-

DBD. To propagate these lines, amale founder was chosen to cross to wild-type Liverpool females. Animals were then back-crossed

to Liverpool for at least 2 additional generations. To evaluate if the Split-QF2 systemwas functional in Ae. aegypti, Ir25a-QF2-ADwas

crossed to QUAS-dTomato-T2A-GCaMP6s. The resulting Ir25a-QF2-AD, QUAS-dTomato-T2A-GCaMP6s animals were then

crossed to Orco-QF2-DBD. Expression of the dTomato reporter was observed in larval antennae and subsequently confirmed in

adult antennae and brains.
Cell 185, 3104–3123.e1–e15, August 18, 2022 e4
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QUAS transgenic strains
QUAS-CD8:GFP-3xP3-ECFP and QUAS-dTomato-T2A-GCaMP6s-3xP3-ECFP transgenic strains were described previously (Mat-

thews et al., 2019). Two independent insertions of the QUAS-dTomato-T2A-GCaMP6s-3xP3-ECFP reporter line (Jové et al., 2020;

Matthews et al., 2019) were used in this study. These are located on different chromosomes andwere used according to the crossing

scheme needed for a given experiment. See Data S1 for details.

Chemosensory receptor mutant strains
The three chemosensory receptors mutant strains used in this study was previously described: Ir25aBamHI/BamHI (De Obaldia et al.,

2022),Gr34/4 (McMeniman et al., 2014),Orco16/16 (DeGennaro et al., 2013).Gr34/4 andOrco16/16were generated in theOrlando back-

ground (here referred to as +/+ORL) and the Ir25aBamHI/BamHI mutant was generated in the Liverpool background (here referred

to as +/+LVP). To account for possible difference in genetic background the +/+ORL strain was used as the controls in all experi-

ments where the Gr34/4 and Orco16/16 mutants were used, and the +/+LVP strain was used as the control in experiments where

the Ir25aBamHI/BamHI mutant was used.

Transcript abundance estimates of Ae. aegypti OR, IR, and GR genes
Expression values for adult sugar-fed, non-blood-fed female sensory tissues were retrieved from the Ae. aegypti L5 genome GitHub

repository (https://github.com/VosshallLab/AGWG-AaegL5) at this link: https://github.com/VosshallLab/AGWG-AaegL5/raw/

master/AGWG%20AaegL5%20Chemoreceptor%20TPM.xlsx. These expression values reflect libraries from a previous transcrip-

tome study (Matthews et al., 2016) that had been aligned to the Ae. aegypti genome (AaegL5) and chemosensory receptor geneset

annotation reported in units of Transcripts Per Million (TPM) (Matthews et al., 2018). The number of genes from each of three gene

families (ORs, IRs, andGRs) with expression values above the indicated thresholdwere plotted in Figures 1F and 1G and are available

in Data S1.

Whole brain fixation and immunofluorescence
Dissection of adult brains and immunofluorescence was carried out as previously described (Matthews et al., 2019). 6-14-day-old

mosquitoes were anesthetized on wet ice. Heads were carefully removed from the body by pinching at the neck with sharp forceps.

Heads were placed in a 1.5 mL tube for fixation with 4% paraformaldehyde, 0.1 MMillonig’s Phosphate Buffer (pH 7.4), 0.25% Triton

X-100, and nutated for 3 h. Brains were then dissected out of the head capsule in ice-cold Ca+2-, Mg+2-free PBS (PBS, Lonza

17-517Q) and transferred to a 24-well plate. All subsequent steps were done on a low-speed orbital shaker. Brains were washed

in PBS containing 0.25% Triton X-100 (PBT) at room temperature 6 times for 15 min. Brains were permeabilized with PBS, 4% Triton

X-100, 2% normal goat serum (Jackson ImmunoResearch #005-000-121) for �48 h (2 nights) at 4 �C. Brains were rinsed once and

then washed with PBT at room temperature 6 times for 15 min. Primary antibodies were diluted in PBS, 0.25% Triton X-100, 2%

normal goat serum for �48 h (2 nights) at 4 �C. Brains were rinsed once then washed in PBT at room temperature 6 times for

15 min. Secondary antibodies were diluted in PBS, 0.25% Triton X-100, 2% normal goat serum for �48 h (2 nights) at 4 �C. Brains
were rinsed once then washed in PBT at room temperature 6 times for 15 min. Brains were equilibrated overnight in Vectashield

(Vector Laboratories H-1000) and were mounted in Vectashield. The following primary antibodies were used: anti-Brp/nc82 (mouse;

1:50, Developmental Studies Hybridoma Bank – see below) and/or anti-GFP (rabbit: 1:10,000; Life Technologies A-11122). The sec-

ondary antibodies used in all experiments except Figures S1A and S1Pwere anti-mouse-Cy5 (1:250; Life Technologies A-10524) and

anti-rabbit-Alexa Fluor 488 (1:500; Life Technologies A-11034). In Figures S1A and S1P, the secondary antibody was anti-mouse-

Alexa Fluor 488 (1:500; Life Technologies A-11001) and in Figures S1A and S1P, the secondary antibodies were anti-mouse-Alexa

Fluor 594 (1:500; Life Technologies A-11005) and anti-rabbit-Alexa Fluor 488 (1:500; Life Technologies A-11034).

Purification of nc82/Brp monoclonal antibody
Hybridoma cells expressing monoclonal antibody nc82 (Antibody Registry ID: AB_2314866), which recognizes the D. melanogaster

Brp protein (Wagh et al., 2006) developed by Erich Buchner were obtained from theDevelopmental Studies HybridomaBank, created

by the NICHD of the NIH and maintained at The University of Iowa, Department of Biology, Iowa City, IA 52242. FrancesWeis-Garcia

and the members of the MSKCC Antibody and Bioresource Core Facility subsequently used these hybridoma cells to purify this

monoclonal antibody. The hybridoma was adapted to Gibco Hybridoma-SFM (Cat # 12,045,084) and 1% fetal bovine serum pre-

screened for ultra-low levels of bovine Ig. Antibody expression was confirmed and the adapted hybridoma was inoculated into

the cell compartment of the Corning CELLine Disposable Bioreactor (Cat # 353,137) in 15mL of Hybridoma-SFM + 0.5% fetal bovine

serum (productionmedia) at 3million viable cells/ml. Themedia compartment of the flask contained 350mL of productionmedia. The

bioreactor was incubated at 37�C with 7% CO2 for 3 days, at which time the cells and media containing nc82 were harvested. 30

million viable cells from the harvest were re-inoculated back into the cell compartment in 30 mL fresh production media. The media

in the media compartment was replaced the following day with 650 mL production media. Three days later, the media in the media

compartment was replaced with 1,000 mL production media, with the next harvest 3 days later (7 days after the previous harvest).

Cells were harvested weekly and fed biweekly until the desired amount of monoclonal antibody was reached. After the first harvest,

each one contained about 3 mg of monoclonal antibody nc82/mL production media. The harvests to be purified were pooled, centri-

fuged at 12,855 x g for 15 min 6.5 mg/run were loaded onto a Cytiva (formerly GE Life Sciences) 1 mL HiTrap Protein G HP antibody
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purification column (Cat # 29,048,581) at 1 mL/min. The column was then washed with 0.02M Sodium Phosphate (pH 7.0) before the

monoclonal antibody was eluted with 0.1 M Glycine-HCl (pH 2.7). One mL fractions were collected and immediately neutralized with

60 mL of 1.0 M Tris-HCl (pH 9.0). The harvest, flow through and fractions from the peak were run on an a 10% SDS-PAGE (Bio-Rad

Cat # 345-0010) to confirm purity and determine which should be pooled. The pooled fractions of monoclonal antibody were dialyzed

into PBS overnight using dialysis tubing (Spectrum 132,544) with a 50 kDa MWCO. Another 10% SDS-PAGE was run, and the con-

centration determined using the absorbance at 280 using an extinction coefficient of 1.43.

Generation of the Ir25a polyclonal antibody
Rabbit polyclonal antibodies were raised against Ir25a by Proteintech Group Inc. Antibodies were raised against a protein fusion of

the 67 C-terminal amino acids of Ir25a and glutathione S-transferase. cDNA corresponding to the C-terminal region was inserted into

the expression vector PGEX-4T using primers TTTTGGATCCAAATACCGCAAGAACGTAAAG and TTTTCTCGAGTTAGAAACGA

GATTTAAAGTTG and expressed in bacterial strain BL21. A purified 31 kDA fusion protein was used to immunize 2 rabbits. Serum

was affinity purified to a final concentration of 450 mg/mL and tested bywholemount antenna immunofluorescence comparing +/+LVP

to Ir25aBamHI/BamHI. Antibodies from one of the two rabbits were found to selectively label +/+LVP antennae, and only this antibodywas

used in all further studies.

Female antennal lobe confocal imaging
All brains were imaged using a Zeiss Inverted LSM 880 laser scanning confocal microscope with a 25x/0.8 NA immersion-corrected

objective unless otherwise noted. Glycerol was used as the immersion medium to most closely match the refractive index of

the mounting medium Vectashield. Antennal lobes in Figures 1, 2, 5, S1, S2, S3, and S4 were imaged at either 1024 x 1024 or

2048 x 2048 pixel resolution in X and Y with 0.5 mm Z-steps for a final voxel size of either 0.0615 3 0.0615 3 0.5 mm3 or

0.12303 0.12303 0.5 mm3. Both conditions oversampled relative to the objective resolution and no differences were noted between

imaging conditions. The laser intensity and gain were adjusted along the z axis to account for a loss of intensity due to depth and care

was taken to avoid saturation and ensure that the deepest glomeruli were visible for segmentation. We note that all confocal imaging

was conducted in a manner that would maximize our ability to visualize the boundaries between glomeruli and to determine the pres-

ence or absence of a given fluorophore in each glomerulus, andwas not intended as a quantitativemeasure of fluorescence intensity.

3xP3was used as a promoter to express fluorescent proteins as markers for the knock-ins andQUAS transgenes used in this study,

and care was taken to distinguish expression derived from the 3XP3 promoter from the expression of the QF2 driver and QUAS

effector lines under investigation. 3xP3 drives expression in the optic lobes, as well as some cells in the dorsal brain. Neither area

overlaps with the antennal lobes. As reported previously (Matthews et al., 2019), we saw no 3xP3-driven expression in the antennal

lobes in the reporter lines alone (data not shown). Representative antennal lobe images presented in the figures were cropped to

remove 3xP3-driven expression elsewhere in the brain.

Male brain and female subesophageal zone confocal imaging
All male brains (Figure 2M, 2O, 2Q, 2S, and 2U) and all female subesophageal zones (Figure S4G) were imaged using a Zeiss Inverted

LSM 880 laser scanning confocal microscope with a 25x/0.8 NA immersion-corrected objective. Glycerol was used as the immersion

medium to most closely match the refractive index of the mounting medium Vectashield. Brains were imaged at 1024 x 1024 pixel

resolution in X and Ywith 0.5 mmZ-steps for a final voxel size of 0.23723 0.23723 0.5 mm3 (male brain) or 0.20763 0.20763 0.5 mm3

(female subesophageal zone). The laser intensity and gain were adjusted along the z axis to account for a loss of intensity due to

depth and care was taken to avoid saturation and ensure that the deepest regions of the brain were visible. Confocal images of

the brain were processed in ImageJ/FIJI (NIH) (Schindelin et al., 2012).

Additional technical notes on expression and projection patterns in subesophageal zone
Ir25a-expressing neurons send extensive projections to the subesophageal zone, with axons terminating in the anterior and posterior

regions. There is a small cluster of glomeruli in the central subesophageal zone that receives dense innervation as well (Figure S4).

Orco-expressing neurons do not project to the anterior region and send sparse projections to the posterior subesophageal zone and

subesophageal zone glomeruli (Figure S4). Innervation by the neurons that co-express Orco and Ir25a send projections only to the

posterior-ventral subesophageal zone, with the densest innervation in the medial region and sparser lateral arborizations (Figure S4).

Ir25a complexes can mediate detection of volatile odorants and gustatory cues.

Antennal lobe glomerulus quantification
Confocal images of the antennal lobes in Figures 1, 2, 5, S1, S2, S3, and S4 were processed in ImageJ/FIJI (NIH) (Schindelin et al.,

2012). The number of glomeruli was quantified as follows: a single region of interest (ROI) was manually drawn around each

glomerulus at a section approximately central along the z axis. Every glomerulus was outlined and an ROI set was collected that

contained the outlines of all glomeruli. Glomeruli were then separated into two groups, GFP-positive and GFP-negative

glomeruli, as determined by eye. A count of each was made to determine the number of glomeruli labeled by each line as well as

the total number of glomeruli. The ROIs were flattened along the z axis to enable representation of the data in two dimensions in

Figures 1, 2, S1, S2, S3, and S4. The left antennal lobe in 3 brains was analyzed for each genotype in Figure 1 except for Gr3, for
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which the left antennal lobe was analyzed in 1 brain, and both left and right antennal lobes were analyzed in an additional 4 brains in

Figure S1. Although we were able to recognize general regions of the antennal lobe, the interindividual variability made it impossible

to identify most glomeruli by shape alone. We therefore have not attempted to name and number every glomerulus in Ae. aegypti as

has been done in previous studies (Ignell et al., 2005; Shankar andMcMeniman, 2020). As noted by Ito et al. (2014), there is consider-

able confusion about the use of coordinate axes in the brains of animals in general and insects in particular. The glomeruli in the

antennal lobe of Ae. aegypti were originally named by Ignell et al. (2005) using a set of coordinate axes that differ from those consis-

tently used in D. melanogaster (Couto et al., 2005; Fishilevich and Vosshall, 2005; Grabe et al., 2015; Laissue et al., 1999; Stocker

et al., 1990). A recent study of the antennal lobe of Ae. aegypti renamed glomeruli to account for this discrepancy in coordinate

axes (Shankar and McMeniman, 2020), and throughout this paper we use the same coordinate axes they have implemented. While

Shankar andMcMeniman renamedmost antennal lobe regions and glomeruli, they chose not to rename theMD (Medio-Dorsal) clus-

ter of glomeruli comprisingMD1, MD2, andMD3whose sensory input derives from themaxillary palp. We have observed in our study

that the MD glomeruli are medial, but they are not notably dorsal, and therefore refer to them as Glomerulus 1, Glomerulus 2, and

Glomerulus 3 in this paper for simplicity. While there is utility in naming glomeruli, we suspect that the Ae. aegyptimosquito antennal

lobe atlas will be refined in the future with the advent of new genetic tools that will unambiguously allow the field to distinguish and

name genetically identifiable glomeruli. We found that the size, shape, and number of antennal lobe glomeruli in Ae. aegyptiwas var-

iable from animal to animal. It is possible that the boundaries between glomeruli are not easily distinguished by synaptic staining and

that specific glomeruli will become identifiable once there are genetic tools available that label smaller populations of OSNs. The

anatomical variability we see is consistent with both the original map that identified 50 glomeruli (Ignell et al., 2005), which divided

glomeruli into 3 classes based on their variability in location, as well as a recent study that looked specifically at the size and shape

of glomeruli across animals (Shankar and McMeniman, 2020) and revised the original map to a count of�80 glomeruli. Shankar and

McMeniman named and numbered these glomeruli across animals, but they noted that they were only able to consistently identify 63

glomeruli. This is similar to the�65 glomeruli we observed in our work.While there is not yet a clear consensus on the exact number of

antennal lobe glomeruli in Ae. aegypti, the number of chemosensory receptors expressed in the antenna andmaxillary palp is at least

twice as large as any of the estimates of glomerulus number. The variability in antennal lobe structure appears at first to contrast with

D. melanogaster, where each glomerulus can be clearly identified and named. However, we note that the antennal lobe map in

D. melanogaster has been refined with the advent of new genetic techniques, starting with 35 glomeruli in the original atlas (Stocker

et al., 1990), thenmodified to 40 glomeruli (Laissue et al., 1999), and further refined in numerous studies (Couto et al., 2005; Fishilevich

and Vosshall, 2005; Tanaka et al., 2012) including a recent count of 54 (Grabe et al., 2015) and 58 (Task et al., 2022) glomeruli. We

have refrained from naming glomeruli in Ae. aegypti at this time because we believe that a more stereotyped arrangement will

emerge as new genetic lines are generated that allow cell-type-specific labeling. A recent study in the mosquito An. gambiae

using mosquitoes that labelOrco-expressing olfactory neurons also noted that the antennal lobe was variable between animals rela-

tive to D. melanogaster (Riabinina et al., 2016). It is therefore possible that mosquito antennal lobes are more variable than

Drosophilids (Grabe et al., 2015; Prieto-Godino et al., 2017). Variability in olfactory bulb structure is seen even in the mouse, Mus

musculus, where the principles of olfactory organization were first established (Schaefer et al., 2001; Strotmann et al., 2000; Zou

et al., 2009). The exact size and location of glomeruli can vary between animals more than initially appreciated and appears to be

determined by both genetic factors and activity in OSNs during the early life of the animal. InD.melanogaster, glomerulus size is high-

ly genetically determined and correlates strongly with the number of OSNs that innervates each glomerulus (Grabe et al., 2015).

Whether the variability in glomerulus size in the mosquito is due to activity-dependent changes in structure or other factors remains

to be seen.

Additional technical notes on expression and projection patterns of chemosensory receptor knock-in strains
Orco-QF2>QUAS-mCD8:GFP. We noted that the intensity of GFP varies between glomeruli in this driver line, with some bright and

others comparably dim.We speculate that this is due to a combination of the variability inOrco expression levels in individual neurons

and variability in the density of innervation in individual glomeruli. A large region of the anterior ventral antennal lobe was previously

referred to as the Johnston’s organ center and was thought to comprise a single large glomerulus (Ignell et al., 2005). In other insect

species, Johnston’s organmediates detection of auditory cues. Consistent with a recent study (Shankar andMcMeniman, 2020), we

segmented this region into multiple glomeruli based on anatomical boundaries revealed with Brp immunofluorescence. Glomeruli in

this region are innervated by Orco-expressing neurons, calling into doubt the original report that these glomeruli process auditory

stimuli and suggesting instead that they serve an olfactory function. In support of this hypothesis, the analogous area of the

An. coluzzii antennal lobe has been shown to receive projections from Orco-expressing OSNs (Riabinina et al., 2016). We also

observed GFP projections into the subesophageal zone in Orco-QF2>QUAS-mCD8:GFP animals, which appear to derive from

expression in the proboscis, the primary taste organ in insects. This is consistent with similar expression in An. coluzzii (Riabinina

et al., 2016) and functional data in An. gambiae showing that olfactory responses are detected in this gustatory organ (Kwon

et al., 2006).

Ir25a-QF2>QUAS-mCD8:GFP. The intensity of GFP projections varies between glomeruli in this driver line, with some bright and

other comparably dim, as noted for Orco-QF2. The brightest glomeruli are primarily medial and anterior. We see the dimmest inner-

vation in the area previously described as Johnston’s organ center as well as in the central antennal lobe. Labeling was also seen in

other areas of the brain, most notably the subesophageal zone and anterior mechanosensory motor center.
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Ir8a-QF2>QUAS-mCD8:GFP. Depending on the brain being analyzed therewere either 2 or 3medial glomeruli labeled in this line. In

the cases where there were 3 medial glomeruli, this third medial glomerulus was innervated by a few large-diameter axons. These

were larger and sparser than the smaller axons that densely innervated most other glomeruli in this line. We also note that there

are 2–3 cell bodies that express GFP located in the cell body rind lateral to the antennal lobe (rALl). We are unable to definitively

describe where these cells project without genetic reagents that selectively label these cells, but they appear to send bilateral pro-

cesses that cross the midline within what appears to be the saddle to innervate the anterior mechanosensory motor center outside

the antennal lobe. All naming is in accordance with the new insect brain nomenclature presented in Ito et al. (2014).

Ir76b-QF2>QUAS-mCD8:GFP. In addition to projections to the antennal lobe, this line shows innervation of the subesophageal

zone of the brain.

Gr3-QF2>QUAS-mCD8:GFP. All antennal lobes in this line show innervation of a single glomerulus (also referred to as ’’MD100 and
here referred to as ‘‘Glomerulus 1’’; (Ignell et al., 2005; Shankar and McMeniman, 2020). In several brains, we saw a second small

medial glomerulus that derives its innervation from the antenna and is in a small medial cluster of landmark glomeruli midway

down the anterior-posterior axis closest to the center of the brain. Innervation appears to come from only a few axons. This low

and variable reporter expression is consistent with the low level of expression of Gr3 in the antennal transcriptome (Matthews

et al., 2016). Because this line only shows innervation of these 1–2 glomeruli, we analyzed all glomeruli only in the single brain in Fig-

ure 1I, and additionally analyzed 8 more antennal lobes in 4 brains for the presence or absence of labeling in these two glomeruli. We

analyzed both left and right antennal lobes from 4 brains and found that in 3 of the 4 brains there was a second glomerulus in one or

both antennal lobes (Figure S1). The presence of the second glomerulus was not specific within a single animal as we found all

variations of presence and absence of this glomerulus across both antennal lobes in these 4 animals. In some Gr3-QF2>QUAS-

mCD8:GFP animals, we detected a small number of processes that extended beyond the antennal lobe and into the higher

brain, although the exact termination site varied. We never saw CO2-evoked activity in the variable second glomerulus or these pro-

jections outside the antennal lobe. Images in Figure S1 were taken as described above with the following changes: Secondary an-

tibodies used were anti-mouse-Alexa Fluor 594 (1:500; Life Technologies A-11005) and anti-Rabbit-Alexa Fluor 488 (1:500; Life

Technologies A-11034). Images were taken using a Zeiss Inverted LSM 880 laser scanning confocal microscope with a Plan-Apo-

chromat 40x/1.4 Oil DIC objective. Images were taken at 1024 x 1024 in XY to generate images with a final voxel size of

0.1384 3 0.1384 3 0.5 mm3. Images were scored as containing GFP in one or two glomeruli.

Additional technical notes on expression and projection patterns of Split-QF2 strains
All antennal lobe immunofluorescence in Figures 2, 5, and S4 was carried out as described above with slight modifications to utilize

the 15xQUAS-dTomato-T2A-GCaMP6s effector line. The same primary antibodies were used because of the structural similarity be-

tween GCaMP6s and GFP. Intrinsic dTomato was detected without antibody amplification, as it retained fluorescence after fixation

and staining. Brp (Cy5), dTomato, and GCaMP6s (Alexa Fluor 488) were imaged as three separate confocal channels as described

above. Glomeruli labeled by dTomato completely overlapped with those labeled by GCaMP6s immunofluorescence, so both chan-

nels were used during the quantification of positive and negative glomeruli. dTomato labeling was used to generate sample images.

There was no staining in the antennal lobes of the individual split effector lines crossed to 15xQUAS-dTomato-T2A-GCaMP6s (n = 3

per genotype) (Figures 2 and S4).

Antennal lobe anterograde dye fill
For images in Figure S1, mosquitoes were anesthetized on wet ice until immobile and then transferred to a cold dissection dish.

A single antenna or maxillary palp was loaded with Texas red conjugated dextran (Molecular Probes D3328) diluted 10 mg in

100 mL external saline (103 mM NaCl, 3 mM KCl, 5 mM 2-[Tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid (TES), 1.5 mM

CaCl2, 4 mM MgCl2, 26 mM NaHCO3, 1 mM NaH2PO4, 10 mM trehalose, 10 mM glucose, pH 7.3, osmolality adjusted to

275 mOsm/kg). To load the dye a small drop (approximately 0.5–1 mL) of dye was placed onto the surface of the dish and

the animal was moved such that the intended cut-site on a single antenna or maxillary palp was placed in the drop of dye. The

antenna or maxillary palp was then removed with sharp forceps and a fine scalpel (F.S.T 10315-12) while it was submerged in the

dye. Care was taken to remove the maxillary palp proximal to the fourth segment, to include all the capitate-peg sensilla, and to re-

move the antenna near the base but to leave the antennal pedicel completely intact. The animal remained immobile on ice with the

antenna or maxillary palp submerged and the dye was loaded for 2–5 min. After this time the animal was placed in a small soup

cup with access to 10% sucrose and returned to standard rearing conditions overnight to give the dye time to diffuse throughout

the neurons and fill the length of the axon. The next morning dissection of adult brains and immunofluorescence was carried out

as described above.

Antennal lobe 3D reconstructions
In an attempt to develop a map of the Ae. aegypti antennal lobe, 3 brains from the +/+LVP strain were immunolabeled with Brp to

identify the boundaries between antennal lobe glomeruli. The left antennal lobe in each brain was independently reconstructed

from confocal sections taken with a Plan-Apochromat 63x/1.40NA oil immersion objective, at 10243 1024 pixel resolution in

X and Y with 0.5 mm Z-steps for a final voxel size of either 0.13183 0.13183 0.5 mm3 using the software Imaris (Bitplane). Although

the area previously termed Johnston’s organ center was considered a single glomerulus in a previous study (Ignell et al., 2005), we
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noted anatomical boundaries in this region, suggesting that it contains multiple glomeruli. This observation is consistent with recently

published work (Shankar and McMeniman, 2020) and this area was segmented by an individual researcher to generate the final re-

constructions. Two of these are shown in Figure S1. Each glomerulus was manually segmented into an individual surface using Sur-

pass View. We were consistently able to identify the three glomeruli innervated by the maxillary palp, previously termed MD1, MD2

and MD3 (Ignell et al., 2005) which we refer to in this study as Glomerulus 1, Glomerulus 2, and Glomerulus 3 (Figures 1 and 5). The

overall structure of the antennal lobe varied considerably from animal to animal and although we were able to identify certain

regions and certain landmark glomeruli including those that are targeted by the maxillary palp, we were unable to assign an

unambiguous identity to every glomerulus, as is possible in D. melanogaster (Couto et al., 2005; Fishilevich and Vosshall, 2005).

This variability makes it essentially impossible to identify a given glomerulus between animals andwe therefore have decided to avoid

referring to glomeruli by previous naming schemes, includingMD1, MD2, MD3. An authoritative atlas of the Ae. aegypti antennal lobe

awaits genetic reagents that label subpopulations of sensory neurons that will permit the field to refer to glomeruli by their molecular

identity.

Antennal whole mount immunofluorescence
Whole-mount immunofluorescence of adult antennae was performed as described (Riabinina et al., 2016) with modifications. 7-11-

day-old Liverpool mosquitoes were immobilized on ice, decapitated and heads and placed in 1 mL ZnFA fixative solution (0.25%

ZnCl2, 2% paraformaldehyde, 135 mM NaCl, 1.2% sucrose and 0.03% Triton X-100) for 20–24 h at room temperature in the dark.

Next, the heads were washed three times for 30 min each with HBS buffer (150 mM NaCl, 5 mM KCl, 25 mM sucrose, 10 mM

HEPES, 5 mM CaCl2 and 0.03% Triton X-100). Antennae were carefully removed in HBS on ice and placed in 400 mL HBS in

0.5 mL Eppendorf tubes. After a brief wash in HBS, the tissue was incubated in 400 mL 80% methanol/20% dimethyl sulfoxide

(DMSO) solution for 1 h at room temperature, washed for 5min in 400 mL 0.1MTris pH 7.4, 0.03%Triton X-100 solution and incubated

in 400 mL blocking solution (PBS, 5% normal goat serum (Jackson 005-000-121), 1%DMSO and 0.3% Triton X-100) for at least 3 h at

room temperature or overnight at 4�C. Next, the tissue was placed in a 0.5 mL Eppendorf tubes containing 400 mL blocking solution

with primary antibodies [rabbit anti-Orco EC2 (Larsson et al., 2004), 1:50, Vosshall lab; chicken anti-GFP,1:200, Aves GFP-1020] and

submerged and held in a water bath sonicator (Branson m1800) for 30 s at the high setting. Next, the tubes were placed on a rotator

for 2 days at 4�C in the dark, after which the sonication procedure was repeated. The tubes were placed on a rotator for 2 additional

days (for a total of 4 days) at 4�C in the dark. Next, the tissue was washed 53 30 min each at room temperature in PBS, 1% DMSO

and 0.3% Triton X-100. Secondary antibodies (anti-rabbit Alexa Fluor 555 Plus, 1:200, Thermo Fisher A-32732, anti-chicken Alexa

Fluor 488, 1:200, Thermo Fisher A-11039) and nuclear dye (TO-PRO-3 Iodide, 1:400, Thermo Fisher T3605) were added to the block-

ing solution, and tubes were sonicated as described above and incubated for 4 days at 4�C in the dark with the sonication repeated

after 2 days of incubation. The tissue was then washed 53 30 min at room temperature in PBS, 1% DMSO and 0.3% Triton X-100,

rinsed in PBS and mounted in Slow Fade Diamond for confocal imaging.

Antennal whole-mount immunofluorescence with Ir25a antibody
This protocol was performed as previously described (Basrur et al., 2020) with modifications. Six-to 11-day-old female mosquitoes

were anesthetized on wet ice, decapitated, and placed in 1.5 mL 5 U/mL chitinase (Sigma C6137) and 100 U/mL chymotrypsin

(Sigma CHY5S) in 119 mMNaCl, 48 mM KCl, 2 mM CaCl2, 2 mMMgCl2, 25 mMHEPES, 1% DMSO buffer on ice. Heads were incu-

bated on a ThermoMixer (Eppendorf 5,382,000,023) at 37 �C for 5 min, followed by 55 min in a rotating hybridization oven at 37 �C.
Heads were then rinsed once and fixed in 4% paraformaldehyde, 1X Ca+2, Mg+2 free PBS, and 0.03% Triton X-100 for 24 h at 4 �C
on a rotator. All subsequent 4 �C steps used a nutator, and room temperature steps used a rotator. Heads were washed for 30 min at

room temperature at least three times in 1X PBS with 0.03% Triton X-100 (0.03% PBT). Antennae were then dissected into 0.5-mL

microfuge tubes and dehydrated in 80%methanol/20%DMSO for 1 h at room temperature. Antennaewerewashed in 0.03%PBT for

30 min at room temperature, and blocked/permeabilized in 1X PBS, 1% DMSO (Sigma 472,301), 5% normal goat serum, 4% Triton

X-100 for 24 h at 4 �C. Antennae were washed for 30 min at least five times with 0.03% PBT, 1% DMSO, 5% normal goat serum at

4 �C, and thenmoved to primary antibody in 1X PBS, 1%DMSO, 5%normal goat serum, 0.03%Triton X-100 for 72 h at 4 �C. Primary

antibodies used were mouse anti-Apocrypta bakeri Orco monoclonal antibody #15B2 (1:50 dilution, gift of Joel Butterwick and Va-

nessa Ruta), and rabbit anti-Ir25a (1:50 dilution). Orco monoclonal antibody and Ir25a polyclonal antibody specificities were verified

in Ae. aegypti by staining orcomutant and Ir25amutant antennae, respectively (Figures 3E–3H). Antennae were washed for 30 min at

least five times with 0.03% PBT, 1% DMSO at room temperature, and then washed overnight in the same solution. Antennae were

then moved to secondary antibody (1:200) in 1X PBS, 1% DMSO, 5% normal goat serum, 0.03% Triton X-100 for 72 h at 4 �C. Sec-
ondary antibodies used were goat anti-mouse Alexa Fluor 488 (Thermo A-11001) and goat anti-rabbit Alexa Fluor 555 Plus (Thermo

A32732). Antennae were washed for 30 min at least five times with 0.03% PBT, 1% DMSO at room temperature, and then washed

overnight in the same solution. Antennae were rinsed in 1X PBS, rinsed three times in Slowfade Diamond (Thermo S36972), and

mounted in Slowfade Diamond.

Whole mount antennal and maxillary palp RNA in situ hybridization
RNA was detected in whole mount antenna and maxillary palp using the hybridization chain reaction (HCR) technique as previously

described (Choi et al., 2018) withmodifications. Probes, amplifiers, Probe Hybridization Buffer, Amplification Buffer, and ProbeWash
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Buffer were purchased from Molecular Instruments. Full list of probe lot numbers can be found in Data S1. 5-8 day-old Liverpool

mosquitoes were anesthetized on wet ice, manually decapitated with forceps, and heads with antennae and the proboscis were di-

gested in a chitinase-chymotrypsin solution (119 mM NaCl, 48 mM KCl, 2 mM CaCl2, 2 mMMgCl2, 25 mMHEPES, 5 U/mL chitinase

(Sigma-Aldrich C6137-50UN), 100 U/mL alpha-chymotrypsin (Sigma-Aldrich CHY5S-10VL), 2% DMSO) (Manning and Doe, 2017) at

37�C for 30min (antennae) or 1 h (maxillary palps) in a Fisher Isotemp oven and subsequently fixed in 4%paraformaldehyde, 1X PBS,

0.03% Triton X-100 on a rotator at 4�C overnight. Heads were washed 4 times on ice for 10 min each in 0.1% PBS-Tween-20.

Antennae or maxillary palps were dissected in 0.1% PBS-Tween-20 on ice and dehydrated with a graded series of methanol/

0.1% PBS-Tween: 25% methanol in 0.1% PBS-Tween-20 for 10 min on ice, 50% methanol in 0.1% PBS-Tween-20 for 10 min on

ice, 75% methanol in 0.1% PBS-Tween-20 for 10 min on ice, and two washes of 100% methanol for 10 min on ice. Tissues were

incubated overnight in 100% methanol at �20�C and were subsequently rehydrated with a series of graded methanol/0.1% PBS-

Tween-20: 75% methanol in 0.1% PBS-Tween-20 for 10 min on ice, 50% methanol in 0.1% PBS-Tween-20 for 10 min on ice,

25% methanol in 0.1% PBS-Tween-20 for 10 min on ice, and two washes of 0.1% PBS-Tween-20 for 10 min each on ice. Tissue

was digested in 20 mg/mL Proteinase K (Thermo Fisher AM2548) in 0.1% PBS-Tween for 30 min at room temperature and washed

twice with 0.1% PBS-Tween-20 for 10 min each at room temperature. Tissue was fixed in 4% paraformaldehyde in 0.1% PBS-

Tween-20 for 20 min at room temperature and washed 3 times for 10 min each in 0.1% PBS-Tween-20 at room temperature. Tissue

was incubated in Probe Hybridization Buffer at room temperature for 5 min and then in 37�C pre-warmed Probe Hybridization Buffer

rotating in a hybridization oven for 30min 8 pmol of each probe set was prepared in 37�Cpre-warmed Probe Hybridization Buffer and

tissue was incubated in probe solution at 37�C in a hybridization oven for 2 nights. Tissues were washed in 37�C pre-warmed Probe

Wash Buffer 5 times for 10 min each at 37�C. Tissues were washed twice in 5X SSC 0.1% Tween 20 at room temperature for 10 min

each. Tissues were pre-amplified in room temperature Amplification Buffer for 10 min 18 pmol hairpins were separately prepared by

heating 6 mL of 3 mM stock of hairpins H1 and H2 at 95�C for 90 s on an Eppendorf Mastercycler and allowing to cool to room tem-

perature in a dark drawer for 30 min. Hairpins were resuspended in 100 mL amplification buffer and tissues were incubated in this

hairpin solution in the dark on a rotator at room temperature overnight. Tissues were washed 5 times for 10 min each in 5X SSC

0.1% Tween 20 and mounted in SlowFade Diamond (Thermo Fisher S36972) on glass slides with coverslips for confocal imaging.

Whole mount antennal, maxillary palp, and proboscis dTomato visualization
7-14-day-old Ir25a-QF2, Orco-QF2, Ir25a-QF2AD, Orco-QFDBD, and Ir25a-QF2AD Orco-QFDBD>15XQUAS-dTomato-T2A-

GCaMP6s mosquitoes were anesthetized on wet ice, manually decapitated with forceps and heads with antennae, proboscises,

and maxillary palps were immediately fixed in 1 mL 4% paraformaldehyde, 1X PBS, 0.03% Triton X-100, on a rotator in the dark

at 4�C overnight. Heads were washed 33 30 min each in 1X PBS, 0.03% Triton X-100 at room temperature, then antennae, probos-

cises, and maxillary palps were carefully removed and placed in 1X PBS, 0.03% Triton X-100. Next, antennae, proboscises, and

maxillary palps were placed in a solution of 1X PBS, 0.03% Triton X-100, 1% DMSO, and a 1:400 dilution of TO-PRO-3 (Thermo

Fisher T3605) for 24 h at 4�C in the dark. Antennae, proboscises, and maxillary palps were then washed 5 3 30 min each in

1X PBS, 0.03% Triton X-100 at room temperature in the dark, washed once with 1X PBS, transferred to a well of SlowFade diamond

to remove excess PBS, and mounted in SlowFade Diamond for confocal imaging.

Antennal and maxillary palp confocal imaging and cell quantification
Images of peripheral tissues were acquired with a Zeiss Axio Observer Z1 Inverted LSM 880 NLO laser scanning confocal micro-

scope (Zeiss) with a 25x/0.8 NA or 63x/1.4 NA immersion-corrected objective at a resolution of 30963 3096 pixels or 2048 x

2048 pixels. When comparing dTomato fluorescence across genotypes, image acquisition parameters were kept consistent.

When necessary, tiled images were stitched with 20% overlap. We note that all confocal imaging was conducted in a manner

that wouldmaximize our ability to visualize the presence or absence of each fluorophore andwas not intended as a quantitative mea-

sure of fluorescence intensity. Confocal imageswere processed in ImageJ (NIH). Because the antenna is a cylindrical structure, when

whole antennal segments are mounted on a slide and imaged on a confocal microscope, signal can be easily detected from the re-

gion closest to the coverslip and confocal objective, but signal is weaker when imaging the side further from the coverslip and objec-

tive. For the purposes of consistent quantification, we only quantified cell numbers from the region closest to the coverslip (red

rectangle in Figure S3E). For quantifying expression in the maxillary palp, only the dorso-lateral region of the fourth maxillary palp

segment was analyzed. (yellow rectangle in Figure S3F). Quantification of co-expression in antennae and maxillary palps was

done in ImageJ (NIH) using the Cell Counter plugin. Cells in each channel were manually marked independently of the signal in

the other channels. After cells in each channel are marked, and markers were then merged. Cells that were labeled with multiple

markers (co-expressing cells) were then marked with a third marker (Figures S3G–S3L). Cell counts were then imported into Micro-

soft Excel and R for analysis.

Antenna dissection for snRNA-seq
Approximately 100–250 female+/+LVPmosquitoes aged 6–8 days post-eclosion were anesthetized onwet ice for 10min.Mosquitoes

were then placed in a 70 mm cell strainer (Falcon 08-771-1). The cell strainer containing the anesthetized mosquitoes was placed in a

60 mm Petri dish (Corning 430,166), and ice-cold molecular-grade 100% ethanol was gently poured into the cell strainer for 5 s. The

cell strainer with ethanol-rinsedmosquitoes was then transferred to a new 60mmPetri dish and ice-cold Schneider’s Medium (Gibco
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21,720,024) was poured into the cell strainer to rinse. Approximately 20 mL of ice-cold Schneider’s medium was poured into a

100 mm Petri dish (Corning 430,293) on wet ice or reusable ice pack (Cooler Shock, mid-size freeze pack). Schneider’s Medium-

rinsed mosquitoes were transferred from the cell strainer to the 100 mm Petri dish. A new 70 mm cell strainer (pluriSelect

43–10070) with walls trimmed with a sterile razor blade to a height of 0.5–0.75 cm was placed into the same 100 mm Petri dish.

The antennae were then removed using forceps and placed into the cell strainer. Antennae were rinsed approximately every

10 min by agitating the cell strainer and pipetting fresh ice-cold Schneider’s Medium into the cell strainer. Dissection of each sample

was limited to 90min to ensure nuclei integrity, and when 90min elapsed or all mosquitoes dissected, antennae were transferred into

a DNA LoBind 1.5 mL tube (Eppendorf 022,431,021) pre-wet with Schneider’s Medium. The cell strainer with antennae was inverted

with forceps into the tube and approximately 300 mL ice-cold Schneider’s Medium was pipetted into the cell strainer to release

antennae into the Eppendorf tube. The sample was then flash-frozen in liquid nitrogen and stored at �70�C until ready for nuclei

extraction. A total of approximately 750-1300 antennae were collected for each snRNA-seq batch, collected across four 90-min

dissection sessions. Two batches of female antennae were processed for the snRNA-seq data presented in this paper. All tissue

was collected at Rockefeller University. Batch 1 was processed at Rockefeller University (including nuclei extraction, 10X Genomics

run, library preparation and sequencing), and Batch 2 was shipped on dry ice and processed at Baylor College of Medicine.

Batch 1 (Rockefeller antenna sample) nuclei extraction
Nuclei extraction of mosquito antennae was performed as previously described (McLaughlin et al., 2021) with modifications.

Dissected antennae were thawed on wet ice, and all subsequent steps were performed on wet ice unless otherwise noted. Once

samples were thawed, antennae were centrifuged in a benchtop microcentrifuge for 5–10 s, Schneider’s Medium was removed

and replaced with 100 mL of homogenization buffer (McLaughlin et al., 2021). Antennae frommultiple dissection sessions were com-

bined into a single DNA LoBind 1.5 mL tube using a low-retention repel polymer technology 200 mL filter tip (TipOne 11,821,830), with

�1 mm from the distal end trimmed using a sterilized and RNAse away-treated (Thermo Fisher 7000TS1) razor blade. With no more

than 500 mL buffer present in the tube, tissue was ground for 30–60 s with a pellet pestle motor (Kimble 749,540-0000) and RNase-

free pestle (Kimble 749,521-0590). The volume of buffer was brought up to 1000 mL with additional ice-cold homogenization buffer.

Next, a 1mL Dounce tissue grinder and pestle set (Wheaton 357,538) that had been autoclaved at 121�C for 4 h the previous day was

pre-wetted with homogenization buffer. Using a low-retention (repel polymer technology) 1000 mL filter tip (TipOne 11,821,830), sam-

ples were transferred into the Dounce homogenizer. Nuclei were released by homogenizing with 20 strokes of the loose pestle, and

40 strokes of the tight pestle. Next, a low-retention 1000 mL tip was used to remove�500 mL of the suspension. The suspension was

filtered through a 40 mm Flowmi filter (Bel-Art H13680-0040) into a pre-wet 20 mm PluriStrainer (pluriSelect 43-10020-40) in a 1.5 mL

LoBind Eppendorf tube. The second �500 mL antennae nuclei suspension was then filtered the same way into the same Eppendorf

tube. The suspension was then divided equally into two 1.5 mL LoBind Eppendorf tubes and centrifuged for 10 min at 500xG at 4�C.
The supernatant was gently discarded without disturbing the pellet. Next, pellets were resuspended in 100 mL 1X PBS, 1% BSA,

10 mL/mL RNAse inhibitor (Roche RNAINH-RO) by pipetting 5 times with a low-retention 1000 mL tip, combined and pipetted to

re-suspend and break up cell clumps 15 more times. The suspension was then filtered three times by running it through a Flowmi

filter into a 10 mm strainer (pluriSelect 43-10010-40) in a 1.5 mL LoBind Eppendorf tube. To ensure nuclei were not clumping,

10 mL of the suspension was removed and stained with acridine orange and propidium iodide (Logos Biosystems, LGBD10012).

The concentration of nuclei was determined by counting cells on a Luna FX7 automated cell counter (Logos Biosystems L70001).

Batch 1 (Rockefeller antenna sample): 10X Genomics, library preparation and sequencing
Single cell 3’ expression Libraries were generated using Chromium Single Cell 30 Library & Gel Bead kit Version 3.1 (10X Genomics

PN1000269). Standard protocols from 10XGenomicswere followed to generate the dual index libraries. Due to the small nucleus size

(4–5 mm in diameter), 17 cycles were used for cDNA amplification and 13 cycles for index PCR. The quality and quantity of the libraries

were assessed on Agilent TapeStation, the library was sequenced on Illumina NovaSeq 6000 sequencer using 100 cycle SP flowcell

and 800 million paired reads were generated (read 1 = 28 bp, read 2 = 90 bp).

Batch 2 (Baylor antenna sample): Nuclei extraction
Nuclei extraction frommosquito antennae were performed as previously described (Li et al., 2022) with modifications. Fresh homog-

enization buffer (Li et al., 2022) was prepared and kept on ice. Samples were thawed from �80�C on wet ice, spun down in 100 mL

Schneider’s Medium using a bench top spinner, and asmuchmedium as possible was discarded. Antennae frommultiple dissection

sessions were combined into a single 1.5 mL Eppendorf tube using a low-retention 200 mL filter tip (Rainin 30,389,240) with �1 mm

from the distal end trimmed using a sterilized and RNAse away-treated (Thermo Fisher 7000TS1) razor blade (VWR 10835-965) and

100 mL Homogenization buffer was added. The sample was ground with a pestle motor (Kimble 6HAZ6) for 30–60 s onwet ice. 900 mL

homogenization buffer was added, and 1000 mL homogenized sample was transferred into the 1 mL Dounce tissue grinder set

(Wheaton 357,538) that had been autoclaved at 200�C for >5 h or overnight a day in advance. Nuclei were released by 20 strokes

with a loose Dounce pestle and 40 with a tight Dounce pestle on ice, taking care to avoid bubbles. 1000 mL of the sample was filtered

through a 5 mL cell strainer (35 mm), and then filtered using 40 mm Flowmi (BelArt, H13680-0040) into 1.5 mL EP tube, centrifuged for

10 min at 1000xG at 4�C. The supernatant was discarded with care not to disturb the pellet. The nuclei were resuspended using

500 mL 1xPBS/0.5%BSA with RNase inhibitor (9.5 mL 1x PBS, 0.5 mL 10% BSA, 50 mL RNasin Plusby) pipetting at least 20 times
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to completely re-suspend the nuclei. Sample were filtered using 40 mm Flowmi into a new 5 mL fluorescence-activated cell sorting

(FACS) tube and kept on wet ice.

Batch 2 (Baylor antenna sample): FACS sorting, 10X genomics, library preparation, sequencing
FACS sorting was done using a BD FACSAria III Cell Sorter to collect nuclei (for FACS plots and gates, see Data S1). Nuclei were

stained with Hoechst-33342 (1:1000; >5 min). Hoechst-positive nuclei were collected into 1.5 mL Eppendorf tube with 500 mL 1x

PBS with 0.5% BSA as the receiving buffer (RNase inhibitor added). For each 10X Genomics run, all nuclei were collected. Approx-

imately 15,000 nuclei were collected from the antennae. Nuclei were spun for 10 min at 1000XG at 4�C, and then resuspended using

43.2 mL 1x PBSwith 0.5%BSA (RNase inhibitor added). Since the yield of nuclei was low, all nuclei were loaded onto a 10XGenomics

controller. 10X Genomics sequencing libraries were prepared following the standard protocol from 10X Genomics 30 v3.1 kit with

following settings. All PCR reactions were performed using the Biorad C1000 Touch Thermal cycler with 96-Deep Well Reaction

Module. 13 cycles were used for cDNA amplification and 16 cycles were used for sample index PCR. As per 10X Genomics protocol,

1:10 dilutions of amplified cDNA and final libraries were evaluated on Agilent 4200 TapeStation. Single-cell RNA libraries were

sequenced on Illumina NovaSeq 6000 sequencer with minimum sequencing depth of 50,000 reads/cell using the read lengths

28bp Read1, 8bp i7 Index, 91bp Read2.

Maxillary palp dissection, nuclei extraction, FACS sorting, 10X genomics, library preparation, and sequencing
Maxillary palp dissections were conducted as described for the antenna. A total of 2,448 total maxillary palps were collected across

fifteen 90-min dissection sessions at Rockefeller. These samples were shipped on dry ice and processed at Baylor College of

Medicine. Nuclei extraction and FACS was performed at Baylor as described for the Batch 2 antenna sample with approximately

7,000 nuclei collected (for FACS plots and gates, see Data S1). 10X Genomics, library preparation, and sequencing was done as

described above for the Batch 2 antenna sample.

snRNA-seq analysis: cell identification, ambient RNA removal, batch combination, and neuron classification
Alignment and initial cell identification: The Ae. aegypti genome (AaegL5.0, GCF_002204515.2 on NCBI) was indexed using Cell

Ranger (version 6.0.2). FASTQ files generated from 10XGenomics 30 gene expression libraries weremapped to the indexed genomes

and gene counts in each cell were calculated by CellRanger (version 6.0.2). Intron signals were included by specifying the –include-

introns parameter for cellranger count. From this point onward, data were further processed and analyzed using R and RStudio

(R Core Team, 2021; R Studio Team, 2020).

Ambient RNA removal: DecontX from the Celda package (antenna: version 1.10.1, maxillary palp: 1.8.1) (Wang et al., 2021) was

chosen for removing the ambient RNAs produced during nuclei preparation. Raw and filtered reads generated from Cell Ranger

were compared by DecontX to obtain decontaminated reads (Figures S5A and S7A). The decontaminated reads were rounded by

the R base:round function and the decontaminated matrices were generated by the DropletUtils package (version 1.14.2) (Griffiths

et al., 2018).

Decontaminated expression matrices were loaded into the Seurat package (antenna: version 4.1.0, maxillary palp: 4.0.5) (Satija

et al., 2015), filtering for cells with a minimum total features of 200 and genes expressed in a minimum of 3 cells for the maxillary

palp, and 12 cells for the antenna (determined by evaluation of the distribution of cells per feature). Multiplets were identified by

DoubletFinder (version 2.0.3) (McGinnis et al., 2019). The pK with maximum AUC was chosen for DoubletFinder. The multiplet

numbers were estimated by the multiplet rate table on the 10X Genomics website. DoubletFinder-defined multiplets were excluded

for the downstream analysis.

Cell filtering (antenna): Cells expressing a total number of features within the lowest 3% of each batch were excluded. As a further

precaution against the inclusion of potential multiplets, we only included cells with the number of detective genes less than the me-

dian of gene number plus 3median absolute deviations (MADs) for the analysis. Cells with more than 5% of mitochondrial transcripts

were excluded (Figures S5C–S5E).

Cell filtering (maxillary palp): Cells with extreme gene numbers or abundant mitochondria transcripts were removed using Seurat

(Satija et al., 2015). We excluded nuclei expressing fewer than 400 or greater than 4000 genes. Nuclei with more than 5% of mito-

chondrial transcripts were excluded. Genes expressed in fewer than 3 nuclei were removed (Figures S7B–S7D).

Normalization and dimensionality reduction (maxillary palp): Expression matrices of remaining nuclei were loaded into the Seurat

package and processed by Seurat (version 4.0.5) (Satija et al., 2015). The analyses applied default parameters of Seurat unless spec-

ified. Expression matrices were normalized using NormalizeData() function. Highly variable genes were selected using FindVariable-

Features(). The data were scaled using the ScaleData() function with the vars.to.regress = c(’nCount_RNA0) parameter to regress out

the effect of the total counts. The scaled data were dimensionally reduced using the RunPCA() function. t-distributed stochastic

neighbor embedding (t-SNE) was used for visualizing the non-linear dimensionality reduction with 1–50 dimensions. Nuclei were

clustered using the Louvain algorithm (Figure 6C).

Normalization, dimensionality reduction, merging and batch correction (antenna): With little previous explicit research on the

detailed composition of the mosquito antenna and few known gene markers for mosquito cell types, analysis pipeline decisions

on the remaining cells were weighed holistically by the following criteria: (1) interrogating the data for possible technical artifacts,

and (2) how well putative chemosensory cell types separated, here defined as a group of cells expressing the same chemosensory
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receptor gene or combination of receptor genes. Future research into cell populations in the antenna may uncover information on

which to further ‘‘ground-truth’’ and refine this analysis pipeline.

Initially, we applied either LogNormalize() and SCTransform() to normalization our data for analysis. Log-normalized data appeared

hampered significantly with low UMI gene counts frequently resulting in high normalization scores (data not shown). Additionally, our

batches were sequenced at different depths, a technical factor which sctransform is designed to address (Hafemeister and Satija,

2019). Therefore, we applied sctransform for normalization, scaling, and identification of highly variable genes for downstream anal-

ysis. Sctransfrom-normalized data were dimensionally reduced using the RunPCA() function. t-distributed stochastic neighbor

embedding (t-SNE) was used for visualizing the non-linear dimensionality reduction with 1–50 dimensions. Nuclei were clustered

using the Louvain algorithm (Figures S5G and 6C).

We performed two independent snRNA-seq experiments on the antenna to collect a greater number of nuclei for our analysis. After

filtering, the two batches were merged and renormalized. To correct principal component analysis (PCA) embeddings and remove

the batch effects, we performed either harmony (version 0.1.0) (Korsunsky et al., 2019) or canonical correlation analysis (CCA) im-

plemented in Seurat (Satija et al., 2015), also comparing the resulting clusters to the uncorrected data population (data not shown).

The two batches of antenna snRNA-seq datawere combined usingmerge(). For CCA-based integration, batcheswere split using and

SplitObject() functions in Seurat. Split objects were normalized and selected for highly variable genes independently. 3,000 features

used for the integration were selected by the SelectIntegrationFeatures() and PrepSCTIntegration() functions in Seurat. Two batches

were then integrated using the FindIntegrationAnchors() and IntegrateData() functions. For harmony-based correction, batch-cor-

rected dimensions were obtained using the RunHarmony() function. Batch-corrected samples using both methods were then

analyzed following the procedures described in the previous section from scaling to clustering to identify cluster-specific genes. Har-

mony was selected as the batch-correction the final dataset and the generation of the final figures in this paper. Any subsequent

clustering was done on Harmony-corrected PCs.

Neuron cluster identification: Cells were dimensionally reduced as described above and with a clustering resolution of 1. To

classify cells as neurons, we first identified genes that are orthologous to the neuronal marker genes used in D. melanogaster

using BLASTP. Four mosquito genes, LOC5565901, LOC5570204, LOC5564848, and LOC5570381, are orthologous to the

D. melanogaster neural markers, synaptotagmin 1 (syt1), embryonic lethal abnormal vision (elav), cadherin-N (CadN), and bruchpilot

(brp), respectively.We saw that expression largely overlappedwith theOSN co-receptorsOrco, Ir25a, Ir76b, and Ir8a, consistent with

the idea that these are neuronal markers. We defined neural clusters based on the expression of syt1, elav, CadN, and brp, and

clusters expressing at least three neuronal markers in more than 50% of cells in the corresponding cluster were defined as neural

clusters (Figures S5I, S7F, and S7G). The remaining cells were reprocessed using RunUMAP(), RunTSNE(), FindNeighbors() and

FindClusters().

Neuron cluster identification (antenna): Before dimensionality reduction of the final neuron population, clusters 3 and 45 were also

removed because in some iterations of the pipeline the central neural cluster they did not meet our criteria for classification as ‘‘neu-

rons’’. In addition to low expression of neural markers and variable quality control metrics, it was ambiguous whether these were

legitimate neural clusters (Figures S5G–S5I). For more data on clusters 3 and 45, see Data S1.

Cluster resolution testing (antenna neurons): FindClusters() was tested using the following resolutions: 0.8, 1.0, 1.2, 1.5, 1.7, 2.0,

2.5, 3.0, 3.2, 3.5, 3.7, 4.0. Between each resolution, cells were assessed for chemoreceptor expression changes in cluster assign-

ment. Cluster separations were evaluated for ‘‘validity’’ using heatmaps for chemosensory receptor gene expression – essentially

whether a cluster separation identified populations with distinct expression of chemosensory genes. For instance, cluster 3 at res-

olution 3.7 split at resolution 4.0 into cluster 40, primarily Or44-expressing cells and cluster 6, primarily non-Or44 expressing cells in

cluster 6. Some mutually exclusive receptors could not be separated by high clustering resolution, such as asterisk-marked clusters

in Figure 4D, in addition to Figures S5L and S5M), indicating that sometimes cluster categorization was driven by general transcrip-

tome characteristics and not solely by chemoreceptor expression. Bulked over the neuron population, 185 chemoreceptor genes

had SCT-corrected UMI counts of 2 or above (Figure S5F; full plot in Data S1). 121were identified as highly variable genes by sctrans-

form when normalized after batch merging. If the remaining 64 chemoreceptors were appended to the highly variable gene list, and

principal components re-run, it did not a noticeable difference for cluster identities (data not shown).

Expression criteria (antenna): Neural clusters were then examined for ligand-selective receptor and co-receptor expression. For

ligand-selective receptors, we define ‘‘expression’’ of a gene within a cell as being expressed above a sctransform normalized

expression value of 1 (Figure S6A). Because sctransform performs via adjusting UMI values, this also corresponds to an adjusted

UMI value of 2 or above. We define ‘‘co-expression’’ as genes that meet this criteria in 10 or more cells within our identified neuron

population. The chord plots compare the sctransform-adjusted UMIs (Figure 4E) and non-adjusted UMIs (Figure S5J), with the same

but fewer chords appearing in the sctransform chord plot.

Co-receptors Ir25a, Ir76b, Ir8a have similar overall expression levels in the tissue with other highly expressed ligand-selective re-

ceptors, so we applied the same criteria for these co-receptors (Figures S5F and S6). Orco, conversely, is expressed overall at an

order of magnitude higher than other chemoreceptors, likely why it leads to the contamination of other cells, including non-neurons

(Figure S5A). Therefore, forOrco we raised the definition of ‘‘expression’’ to a normalized expression value of 2, corresponding to an

sctransform-adjusted UMI value of 6.

Determination of minimum number of chemosensory cell types in antenna:Within our chemosensory neuron population, we define

‘‘cell type’’ as a population of neurons expressing the same chemosensory receptors. By examining cluster chemoreceptor
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expression, we determined that there are at least 35 chemosensory cell types in the antenna. Clusters with high levels of

LOC5575210, a gene orthologous to D. melanogaster gene no mechanoreceptor potential C (nompC), were excluded. High cluster

resolution was needed to separate some clusters containing mutually exclusive chemoreceptor expression (see cluster resolution

testing above). However sometimes cells with the same chemoreceptor expression were also separated by clustering, resulting in

‘‘duplicate’’ clusters, although there may be differences in expression of these clusters for expression of other genes (clusters 4

and 22, clusters 13 and 18, clusters 12 and 41, cluster 9 and 5). Cluster 26 has no apparent ligand-specific chemoreceptor expression

(Figure 4D and S6A). We arrived at the total number of cell types according to this scheme: (42 total clusters) - (2 clusters with nompC)

- (1 cluster with no apparent ligand-specific chemoreceptor expression) - (4 ‘‘duplicate’’ clusters) = 35 chemosensory cell types. Fig-

ure S6A also illustrates these chemoreceptor expression-defined cell types. 35 is a conservative estimate of chemoreceptor cell

types since there are instances of multiple populations of chemosensory cell types co-clusters such as the ligand-specific IR cells

in cluster 0 (Figures S5L and S5M). In addition, transcript ‘‘drop outs’’ make it difficult to determine if cells within a cluster that have

low or sparse expression of a given gene mean that there are additional heterogeneity along distinct subtypes of these lower ex-

pressed chemoreceptors, or this is a result of sampling limitation of snRNAseq. Based on this, we believe that there are more

than 35 cell types.

Antenna cell marker heatmap (on total cell population): The heatmap in Figure 4B was generated using normalized expres-

sion values and the ComplexHeatmap package in R (R Core Team, 2021). Epithelia-, glia-, and neuron-enriched genes in the

D. melanogaster antenna were considered as references of the corresponding marker genes in Ae. aegypti. Mosquito genes

LOC5564305, LOC5570152, LOC5576812 were used as markers for epithelia cell clusters and are orthologolous respectively

to D. melanogaster genes grainy head (grh), farkas (far), pyrokinin 1 receptor (pk1-r). Mosquito genes LOC110678282,

LOC110678282, LOC110676862, were used as markers for putative glial cell clusters and are orthologus respectively for reversed

polarity (repo, LOC110678282), viking (vkg, LOC110678282), aristaless (al, LOC110676862), were used for glial cell clusters. Neural

cell markers syt1, elav, CadN, and brp, were used as listed above with the addition of LOC5567355, an orthologue to paralytic (para).

Antenna tSNE plot: To generate tSNE plots in Figure S5G of all antennal nuclei and Figure 4C of antennal neurons, expression

matrices were first normalized, selected for highly variable genes, and scaled using sctransform. Scaled data were applied to the

RunTSNE() with 1–50 dimensions. All antenna nuclei and antennal neurons were clustered using the Louvain algorithm with resolu-

tions 1 and 4 respectively.

Antenna dot plot: The dot plot of cluster-enriched chemosensory receptors in Figure 4D was based on the DotPlot() function in

Seurat (Satija et al., 2015) and customized using the ggplot2 package (Wickham, 2016). The scaled mean normalized expression

and expression percentage of each chemosensory receptor was calculated by the DotPlot() function. The hclust() function was

used to cluster genes.

Asterisk-marked clusters: Co-clustering of different cell types within a cluster was marked to indicate that apparent

co-expression of chemoreceptors within a cluster is not always indicative of co-expression within individual cells. Inversely a

cluster with no apparent chemoreceptor expression may have some cells that express chemoreceptors at low levels. We deter-

mined that when cells that exhibited co-clustering but expressed different chemoreceptor cell types were mutually exclusive

cell types according to cells’ highest expressed receptor within the cluster. For example see clusters 0 and 3 (Figures S5L

and S5M). Co-clustering for asterisks-marked clusters can also be observed by looking at clusters in Figure S7A. For cluster

heatmaps, see Data S1.

Triangle-marked clusters: Lower or more sparsely expressed chemoreceptors that are co-expressed on a cluster-level or when we

looked at the scaled average expression but do not explicitly pass our stated threshold for co-expression are marked with a triangle.

These also do not appear in the chord plot in Figure 4E, which depicts only the co-expression relationships that clear our threshold.

We used scaled average expression for the dot plot as a means of investigating expression of these chemoreceptors. For instance,

Ir41m does not meet our co-expression with Ir41L. Ir41m0s specific expression in cluster 38 appears high on a scaled (Z score) of

average expression because Ir41m has specific expression to cluster 38 (see Figures 4F and S6A). These genes provide important

context for other highly expressed genes (e.g., that in cluster 38, Ir93a may not be expressed as a singular ligand-specific chemo-

receptor, but co-expressed with other genes, potentially Ir21a). For this reason, we did not omit these genes from the dot plot.

Antenna chord plot: The chord plot of co-expressed chemosensory receptor in Figures 4E and S5Jwas generated using the chord-

diag package in R (R Core Team, 2021). A list of 184 receptor genes was generated from the matrix data and co-receptors Orco,

Ir25a, Ir76b and Ir8a were excluded. Receptors that express UMI at 2 or above were considered as positively expressed. Each ex-

pressed chemosensory receptor was iteratively compared to the expression of the remaining chemosensory receptors in the corre-

sponding nuclei. If more than 10 nuclei expressed two chemosensory receptors simultaneously, these two receptors were consid-

ered as co-expressed chemosensory receptors and visualized using the chorddiag package. Figure 4E uses sctransform-adjusted

UMI values, and Figure S5J uses UMI values from the RNA assay in the final Seurat object.

Antenna chemoreceptor scatterplot: The count scatterplot in Figure S5F was generated by summing the counts across all cells

within each batch for each chemosensory receptor. The sum counts were plotted using the geom_point() function of the ggplot2

package in R (R Core Team, 2021; Wickham, 2016).

Antenna chemoreceptor expression heatmaps: The heatmaps in Figures 4F, S6A, and S5L–S5P were generating using the

DoHeatmap() function on sctransform-normalized expression data. Cells were filtered by either subsetting by cluster identity or

for normalized expression of a given gene. Clusters are ordered by co-receptor expression, chemoreceptor genes are ordered by
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cluster expression. In Figures S5L and S5M, cells are dimensionally reduced and clusters re-assigned at a resolution of 4 to visualize

cell gene expression similarities within a cluster. LOC5575210 expression (ortholog of D. melanogaster nompC) is likely to not be ex-

pressed in chemosensory cells but expressed in the neural population at a similar level to other highly expressed chemoreceptor

genes (Figure S6A; Data S1), thus is included as a non-quantitative demonstration of potential background noise.

Antenna violin plots: Gene expression feature plots were made using the command VlnPlot() on normalized expression values.

Maxillary palp: tSNE, heatmap, chord plot, dot plot, expression feature plot
The tSNE ofmaxillary palp nuclei in Figure 6Cwas generated similarly to the antenna tSNE, with cluster resolution adjusted to 2.5. The

heatmap of all maxillary palp nuclei in Figures 6B and 6D was plotted as described for the antenna heatmap. The dot plot of all maxil-

lary palp abundant receptors in Figure S7O was plotted as described for the antenna heatmap. The maxillary palp chord plot in

Figure 6E was processed similarly to the antenna one. Maxillary palp gene expression feature plots were made using the command

FeaturePlot() on normalized expression values.

Maxillary palp scatterplot: The co-expression scatterplot in Figures S7M and S7Nwas based on the normalization expression from

each single nuclei for a pair of chemosensory receptors. The normalization values were plotted using the geom_point() function of the

ggplot2 package in R (R Core Team, 2021; Wickham, 2016).

Mosquito preparation for single-sensillum recordings
Female mosquitoes from two wild-type and three mutant strains (+/+ORL, +/+LVP, Ir25aBamHI/BamHI,Gr34/4 andOrco16/16) five to seven

days post-emergence, were anesthetized onwet ice for 1–2min. An individual mosquito was then glued onto a piece of double-sided

sticky tape on amicroscope slide (763 26mm) and secured by a piece of tape covering the thorax and abdomen. Themaxillary palps

were immobilized using a short segment of human hair placed over the basal part of the maxillary palps. The sensilla of the maxillary

palps were subsequently visualized using an Olympus light microscope (BX51WI; LRI Instrument AB, Lund, Sweden) at 7503. A

continuous humidified stream of synthetic air (Strandmöllen AB, Ljungby, Sweden) was passed over the maxillary palp (2 L min�1)

via a glass tube (7 mm i.d.), terminating 10 mm from the maxillary palps, to avoid desiccation.

Single-sensillum recordings from maxillary palp capitate peg sensilla
Electrophysiological recordings from capitate peg sensilla weremade and analyzed according to previously described protocols (Gha-

ninia et al., 2019; Majeed et al., 2016). In brief, two tungsten microelectrodes, electrolytically sharpened in 10% KNO2 solution, were

used as reference and recording electrodes. The reference electrode was inserted into the eye and the recording electrode was posi-

tioned at the base or shaft of the sensillum using a piezo motorized micromanipulator (Märzhäuser Wetzlar GmbH & Co. KG, Wetzlar

Germany) until electrical contactwas established. Extracellular signals from theOSNshoused in the capitate peg sensillawere amplified

and recorded using a high-impedance probe (universal single ended probe) and a USB-acquisition controller (IDAC-4) (Ockenfels Syn-

techGmbH, Buchenbach, Germany). Extracellular spikeswere differentiated based on amplitude as A, B, andC, according to standard

nomenclature (Ghaninia et al., 2019; Majeed et al., 2016), and manually counted using Autospike 3.7 (Ockenfels Syntech GmbH). The

response to odorant stimuli were analyzed by subtracting the number of spikes 0.5 s post-stimulus from the number of spikes 0.5 s pre-

stimulus, and the outcome was multiplied by two to obtain a spike/sec measurement. In cases where the neuronal response was high

enough to result in pinching of the spike train (>150 spikes/sec), the number of spikes post-stimulus were counted for the first 100 ms

and then multiplied by 5, as the inter-spike frequency is constant once the neuron is activated maximally. Neurons were classified as

responders or non-responders based uponwhether their odorant responsewas above or belowa30 spikes/sec threshold, respectively.

Odorant stimulus delivery for single-sensillum recordings
Odorants used in Figure 7 were selected for the highest purity available (>98%): R-(�)-1-octen-3-ol (PubChem CID: 6992244, Penta

Manufacturing 15–18900); acetone (PubChem CID: 180 Sigma A4206); hexyl amine (PubChem CID: 8102, Sigma 219,703); triethyl

amine (PubChemCID: 1146, Sigma T0886). All odorants were diluted into a large stock solution that was used throughout each entire

experiment to avoid variability in concentrations. Serial decadic dilutions of acetone, hexyl amine, and triethyl amine were made in

MilliQ ultrapure water (18 MU resistance) and 1-octen-3-ol was diluted in paraffin oil (EMDMillipore #PX0045-3). Aliquots of 10 mL of

each compound and dilution was pipetted onto a piece of filter paper (5 3 20 mm) placed inside a Pasteur pipette. Similar volumes

of MilliQ ultrapure water and paraffin oil were used as controls. Stimulus cartridges were used within 5 min after loading, and only

used once. For dose-response analysis using CO2, gas cylinders containing metered amounts of CO2 (300, 600, 1200, 4800 ppm)

and oxygen (20%), balanced by nitrogen (Strandmöllen AB, Ljungby, Sweden) were used as previously described (Ghaninia et al.,

2019). Odorants were introduced by passing a 0.5 s air puff through the Pasteur pipette using a stimulus controller (Ockenfels Syn-

techGmbH) into the airstreampassing over themaxillary palps through a hole in the glass tube, 10 cmupstream from the preparation.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using Prism (GraphPad), Excel (Microsoft) or R version 3.6.3 (R Core Team, 2021). Data are

shown as mean ± SEM unless otherwise noted. Details of statistical methods are reported in the figure legends.
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Figure S1. Organization of Ae. aegypti antennal lobe glomeruli and projections of Orco-QF2-expressing neurons and Gr3-QF2-expressing

neurons, related to Figure 1

(A) Maximum-intensity projections of confocal z stacks of a brain after anterograde dye fill of a single ipsilateral antenna (left) or ipsilateral maxillary palp (right)

using a dextran-conjugated fluorophore (green) with immunofluorescent labeling of Brp (synaptic marker, magenta).

(B) Approximate number of antennal lobe glomeruli per brain hemisphere innervated by the indicated sensory structure, derived from quantification of the left

antennal lobe in 12 brains presented in Figures 1I–1J, S2, S3, S4, and S5.

(C–J) 3D reconstruction of a single left antennal lobe with 61 (D–G) or 66 (H–K) glomeruli shown at 4 different angles. Glomeruli are colored according to

innervation by the indicated sensory appendage.

(K) Orco locus with exons (gray boxes), introns (gray lines) and CRISPR-Cas9 gRNA site (arrowhead) used to insert T2A-QF2 (light blue).

(L) Quantification of the number of glomeruli that are GFP positive (green), GFP negative (magenta), and total number of glomeruli (black). Analysis based on

brains in (M) and Figures 1I and 1J.

(M) Maximum-intensity projections of confocal z stacks of left antennal lobes from two different brains of the indicated genotype with immunofluorescent labeling

of GFP (green) and Brp (synaptic marker, magenta) (top) and 2D representation of the boundary of each glomerulus that is GFP positive and GFP negative

(bottom).

(N) Single confocal sections taken from the maximum-intensity projection confocal z stack of the left antennal lobe shown in Figure 1I with immunofluorescent

labeling of GFP (green) and Brp (synaptic marker, magenta). A single plane is shown every 5 mm in Z to capture each glomerulus.

(O) Gr3 locus with exons (gray boxes), introns (gray lines) and CRISPR-Cas9 gRNA site (arrowhead) used to insert T2A-QF2 (light blue).

(P)Maximum-intensity projection confocal z stack through themedial antennal lobes of 4 brains with immunofluorescent labeling of GFP (green) and Brp (synaptic

marker, magenta).

Panel (F) is reprinted in Figure 5D. Scale bars: 50 mm (A, M, and N), 20 mm (C–J), 25 mm (P). Orientation: d = dorsal, m = medial, p = posterior.
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Figure S2. Projections of Ir25a-QF2-expressing neurons and Ir8a-QF2-expressing neurons in the antennal lobe, related to Figure 1

(A) Ir25a locus with exons (gray boxes), introns (gray lines) and CRISPR-Cas9 gRNA site (arrowhead) used to insert T2A-QF2 (light blue).

(B) Quantification of the number of glomeruli that are GFP positive (green), GFP negative (magenta), and total number of glomeruli (black). Analysis based on

brains in (C and D) and Figures 1I and 1J.

(C) Maximum-intensity projections of confocal z stacks of left antennal lobes from two different brains of the indicated genotype with immunofluorescent labeling

of GFP (green) and Brp (synaptic marker, magenta) (top) and 2D representation of the boundary of each glomerulus that is GFP positive and GFP negative

(bottom).

(legend continued on next page)
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(D) Single confocal sections taken from the maximum-intensity projection confocal z stack of the left antennal lobe shown in Figure 1I with immunofluorescent

labeling of GFP (green) and Brp (synaptic marker, magenta). A single plane is shown every 5 mm in Z to capture each glomerulus.

(E) Ir8a locus with exons (gray boxes), introns (gray lines) and CRISPR-Cas9 gRNA site (arrowhead) used to insert T2A-QF2 (light blue).

(F) Quantification of the number of glomeruli that are GFP positive (green), GFP negative (magenta), and total number of glomeruli (black). Analysis based on

brains in (C and D) and Figures 1I and 1J.

(G) Maximum-intensity projections of confocal z stacks of left antennal lobes from two different brains of the indicated genotype with immunofluorescent labeling

of GFP (green) and Brp (synaptic marker, magenta) (top) and 2D representation of the boundary of each glomerulus that is GFP positive and GFP negative

(bottom).

(H) Single confocal sections taken from the maximum-intensity projection confocal z stack of the left antennal lobe shown in Figure 1I with immunofluorescent

labeling of GFP (green) and Brp (synaptic marker, magenta). A single plane is shown every 5 mm in Z to capture each glomerulus.

Scale bar (C, D, G, and H): 50 mm. Orientation: d = dorsal, m = medial.
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Figure S3. Projections of Ir76b-QF2-expressing neurons in the antennal lobe and quantification of maxillary palp cell populations, related to

Figures 1 and 5

(A) Ir76b locus with exons (gray boxes), introns (gray lines) and CRISPR-Cas9 gRNA site (arrowhead) used to insert T2A-QF2 (light blue).

(B) Quantification of the number of glomeruli that are GFP positive (green), GFP negative (magenta), and total number of glomeruli (black). Analysis based on

brains in (C and D) and Figures 1I and 1J.

(C) Maximum-intensity projections of confocal z stacks of left antennal lobes from two different brains of the indicated genotype with immunofluorescent labeling

of GFP (green) and Brp (synaptic marker, magenta) (top) and 2D representation of the boundary of each glomerulus that is GFP positive and GFP negative

(bottom).

(D) Single confocal sections taken from the maximum-intensity projection confocal z stack of the left antennal lobe shown in Figure 1I with immunofluorescent

labeling of GFP (green) and Brp (synaptic marker, magenta). A single plane is shown every 5 mm in Z to capture each glomerulus.

(E–L) Workflow for cell quantification. Schematic of antennal region imaged on a confocal microscope (E) and image of maxillary palp with imaged area indicated

with the yellow square (F). Whole-mount maxillary palp RNA in situ hybridization, yellow region from (F). Cells are manually marked independently as Orco+,

Or49+, orOr8+ (red inset from G) using FIJI Cell Counter (Schindelin et al., 2012) (H–J) and markers from each channel are merged (G). Cells with markers 1 and 2

are then scored as Orco + Or49+ with marker 4, and cells with markers 1 and 3 are then scored as Orco + Or8+ with marker 5 (L). Counts from each marker for

each image are exported into Excel and R for further analysis.

(M–R) Total cell counts from whole mount maxillary palp RNA in situ hybridization in Figure 5. Mean with range, n = 5.

(S and T) RNA in situ hybridization of whole-mount maxillary palp with the indicated probe and cell identity schematic.

(U and V)Whole-mountmaxillary palp immunofluorescence showing Ir25a expression in ‘‘small’’ and ‘‘large’’ cells (Q) andGr3 expression in ‘‘large’’ cells andOrco

protein in ‘‘small’’ cells (R).

Scale bars: 50 mm (C, D, G, and U), 25 mm (H–L, S, T, and V) Orientation: d = dorsal, m = medial. Orientation (B, P): proximal left.
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Figure S4. Specificity of Split-QF2 reagents and co-expression in the mosquito taste system, related to Figure 2

(A) Maximum-intensity projections of confocal z stacks of left antennal lobes from two different brains of the indicated genotype with immunofluorescent labeling

of dTomato (green) and Brp (synaptic marker, magenta) (top) and 2D representation of the boundary of each glomerulus that is GFP positive and GFP negative

(bottom).

(B) Single confocal sections taken from the maximum-intensity projection confocal z stack of the left antennal lobe shown in Figure 2G with immunofluorescent

labeling of dTomato (green) and Brp (synaptic marker, magenta). A single plane is shown every 5 mm in Z to capture each glomerulus.

(C–K) Maximum-intensity projections of confocal z stacks of antennae (C), maxillary palps (E and I), and proboscis (F and J) of the indicated genotypes (D and H),

showing intrinsic dTomato fluorescence and stained with the nuclear dye TO-PRO-3, with transmitted light overlay.

(legend continued on next page)
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(G and K) Left panel, maximum-intensity projections of confocal z stacks of suboesophageal zone from the indicated genotypes with immunofluo-

rescent labeling of dTomato (green) and Brp (synaptic marker, magenta). Right three panels, single confocal sections through indicated areas of the sub-

esophageal zone.

Orientation: proximal up (C, E, and F); d = dorsal, v = ventral, m = medial. Scale bars: 50 mm.
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(legend on next page)
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Figure S5. Antennal snRNA-seq pipeline and chemoreceptor expression analysis, related to Figure 4
(A) Ambient RNA removal using DecontX was used independently on data from snRNA-seq experiments processed at Rockefeller (Batch 1) and Baylor (Batch 2),

illustrated using normalized expression of Orco mapped onto t-distributed stochastic neighbor embedding (t-SNE) plots [unit for normalized expression in

antenna data is ln(sctransform-adjusted UMI), see STAR Methods].

(B) Independently collected snRNA-seq experiments were merged and batch effects reduced using Harmony.

(C–E) Batch properties and distributions after quality control filtering (see STAR Methods).

(F) Scatterplot of summed counts of chemoreceptor genes within all identified neural cells within each batch. 93 out of 191 chemoreceptor genes with the highest

counts shown for space.

(G) Antennal cell clusters after batch effect reduction, visualized using t-SNE.

(H) Normalized expression mapped onto t-SNE plots for syt1 as a marker for neurons, nompC for mechanosensory cells, repo for glial cells, and grh for

epithelial cells.

(I) Dot plot illustrating mean scaled expression (Z score) of neural markers used to identify neuron clusters. Clusters were identified as neurons if over 50%of cells

within a cluster expressed 3 out of 4 neural markers (elav, syt1, brp, ncad). Identified neuron clusters are labeled in purple. Clusters 3 and 45 (labeled in orange)

were classified as ambiguous and excluded (see STAR Methods).

(J) Chord plot of co-expressed pairs of chemosensory receptors using RNA counts where both genes are above a normalized expression value of 1 in over 10 cells

(for sctransform-adjusted UMIs, see Figure 4E).

(K) Venn diagram depicting percent of neurons co-expressing different combinations of co-receptors according to normalized expression [ln(sctransform-

adjusted UMI)]. Threshold for Orco is a normalized expression value of 2, threshold for Ir25a, Ir76b, Ir8a is a normalized expression value of 1.

(L and M) Heatmaps of all cells in (L) cluster 3 and (M) cluster 0, indicating co-clustering of cells with unique expression of chemoreceptors. Receptors are

indicated in rows and cells in columns. Heatmap colors represent normalized expression. Cells are ordered using unsupervised clustering to visualize gene

expression similarities of cell subclusters. Receptors are ordered by expression within subclusters.

(N–P) Heatmaps of all cells within neuron population expressing (N)Or36, (O)Or47, or (P)Or84 above a normalized expression value of 1. Receptors are indicated

in rows, and cells in columns. Cluster assignment of cells indicated above heatmap. ‘‘Others’’ denotes small groups of cells belonging to other clusters apart from

the ones labeled. nompC is included for non-quantitative reference of potential background signal. Heatmap colors represent normalized expression.

ll
OPEN ACCESS Article



Figure S6. Antennal snRNA-seq cluster chemosensory receptor expression analysis and co-receptor analysis, related to Figure 4

(A) Heatmaps of all identified neurons. Receptors are indicated in rows, and cells in columns. Cluster assignment of cells indicated above heatmap. Clusters are

ordered by co-receptor expression, chemoreceptor genes are ordered by cluster expression. Heatmap colors represent normalized expression [unit is

ln(sctransform-adjusted UMI)].

(B) Violin plots illustrating distribution of normalized expression of indicated co-receptor within individual cells within each cluster. Cluster labels at the bottom of

panel apply to each violin plot vertically above it.
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Figure S7. Maxillary palp snRNA-seq pipeline and chemoreceptor expression analysis, related to Figure 6

(A) Ambient RNA removal using DecontX, illustrated using normalized expression of Orco mapped onto t-distributed stochastic neighbor embedding (t-SNE)

plots for maxillary palp snRNA-seq experiment. [unit for normalized expression in maxillary palp data is ln(UMI of gene*10,000/total UMI of cell+1)].

(B–D) Sample properties and distributions after filtering. Nuclei were retained that expressed between 400 and 40,000 genes (B) and fewer than 5%mitochondrial

transcripts (D). Nuclei were not additionally filtered on UMIs after multiplet removal (C).

(E) Normalized expression mapped onto t-SNE plots for syt1 as a marker for neurons, grh for epithelial cells, repo for glial cells, and mhc for muscle cells.

(F) Distribution of neural marker genes (ncad, brp, syt1, and elav) within clusters. Points denote expression patterns of individual neural marker genes for each

cluster. Line indicates the threshold used to identify neuron clusters. Points from identified neuron clusters (1–4), where 50% of cells within a cluster expressing a

3 out of 4 defined neural markers are labeled with color [unit for mean expression in cluster is non-log of normalized expression UMI of gene*10,000/total UMI

of cell+1)].

(G) Dot plot illustrating mean scaled expression (Z score) of neural markers used to identify neuron clusters. Clusters of identified neurons are labeled in blue

(clusters 1, 2, 3, and 4).

(H) Number of genes detected per cell in neuron clusters defined in Figures S13

(I) Number of transcripts detected per cell in neuron clusters.

(J) Percent mitochondrial reads per cell in neuron clusters.

(K) Normalized expression mapped onto t-SNE plots for the indicated chemoreceptor genes.

(L) Distribution of normalized expression of the indicated chemoreceptor genes in cells within neuron clusters.

(M and N) Scatterplot depicting expression levels within individual neuron-identified cells of Orco and Ir25a (F) and Gr3 and Ir25a (G).

(O) Dot plot illustrating mean scaled expression (Z score) and cells expressing a given gene.
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