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SUMMARY

The representation of odors in the locust antennal lobe with its >2,000 glomeruli has long remained a perplex-
ing puzzle.We employed the CRISPR-Cas9 system to generate transgenic locusts expressing the genetically
encoded calcium indicator GCaMP in olfactory sensory neurons. Using two-photon functional imaging, we
mapped the spatial activation patterns representing a wide range of ecologically relevant odors across all
six developmental stages. Our findings reveal a functionally ring-shaped organization of the antennal lobe
composed of specific glomerular clusters. This configuration establishes an odor-specific chemotopic rep-
resentation by encoding different chemical classes and ecologically distinct odors in the form of glomerular
rings. The ring-shaped glomerular arrangement, which we confirm by selective targeting of OR70a-express-
ing sensory neurons, occurs throughout development, and the odor-coding pattern within the glomerular
population is consistent across developmental stages. Mechanistically, this unconventional spatial olfactory
code reflects the locust-specific and multiplexed glomerular innervation pattern of the antennal lobe.

INTRODUCTION

Insects rely heavily on their ability to detect and categorize a

myriad of odors present in their environment. Olfactory sensory

neurons (OSNs) express transmembrane olfactory receptors in

their dendritic cilia,1–4 which are housed within hair-like struc-

tures called sensilla located on the chemosensory appendages,

the antennae, and the maxillary palps. Each OSN typically ex-

presses a single olfactory receptor gene, encoding an odorant

receptor (OR) or ionotropic receptor (IR), along with a universal

co-receptor called Orco (associated with ORs)5–7 or one of the

IR8a/IR25a/IR76b co-receptors (related to IRs).8–10 The axons

of OSNs project to the antennal lobe, the primary olfactory center

in the insect brain, where they form spherical structures called ol-

factory glomeruli. Despite considerable variation in the size of the

olfactory receptor repertoire across insect species,11–14 there is

generally a ‘‘one-to-one’’ relationship between the number of ol-

factory receptors and glomeruli.15 OSNs expressing a given OR

converge on the same glomerulus. However, the canonical one-

to-one relationship is challenged by recent findings inDrosophila

andmosquito that reveal the co-expression ofmultiple chemore-

ceptors in one OSN.9,16 Glomeruli receiving information about

odors with similar chemical properties also tend to cluster in

close proximity within the antennal lobe, contributing to the for-

mation of a ‘‘chemotopic map.’’15,17–21 Given that insects typi-

cally have fewer than 100 ORs and glomeruli,22 the chemotopic

organization within the antennal lobe is less complicated

compared with its mammalian counterpart, the olfactory

bulb,23–26 which in, e.g., the mouse contains approximately

3,600 glomeruli.27

In insects, a relatively small repertoire of ORs and IRs is still

able to encode a wide range of food-related odors based on

combinatorial coding, with arrays of different types of OSNs

activated to different degrees.18,28–30 By contrast, the coding

of ecologically crucial odors, such as pheromones, appears

to follow a particular pattern known as a labeled line coding,

in which dedicated pheromone-detecting OSNs project to

spatially distinct and narrowly tuned glomeruli.31–34 To date,

studies of the insect olfactory system have mainly focused on

holometabolous insects, in which a complete metamorphosis

leads to a fundamental reorganization of the antennal lobe be-

tween the larval and adult stages, both at molecular and

cellular levels.35–37 By contrast, the much less studied hemime-

tabolous insects show progressive and less drastic changes in

both external and internal morphology during their develop-

ment. It remains an open question whether fundamental

changes in odor-coding patterns within the antennal lobe occur

across developmental stages.
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Figure 1. The Orco-GCaMP6s transgenic migratory locust reveals glomerular organization in the antennal lobe

(A) Different species display different glomerular organization in their primary olfactory centers. Glomeruli, or clusters of glomeruli, are presented in a laminar view

within the insect antennal lobe (locusts and flies) and the vertebrate olfactory bulb (zebrafish, tadpoles, mice, and humans) with the estimated number shown

below.9,22,27,72–74

(B) Strategy of generating a transgenic locust via CRISPR-Cas9. Two independent transgenic lines were established encodingOrco-GCaMP6s (cytoplasmic) and

Orco-Synaptophysin-GCaMP6s (synaptically targeted), respectively.

(C) In vivo GFP fluorescence and immunostaining in the chemosensory organs and the brain. Left, schematic of a locust brain (adapted from the desert locust,

Schistocerca gregaria: Insect Brain Database, https://insectbraindb.org/app/ 75) and the main olfactory organs, antenna (magenta) and palp (cyan). Middle,

(legend continued on next page)
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The migratory locust (Locusta migratoria) and related locust

species have gained widespread attention for their swarming

behavior, which poses a substantial threat to modern agriculture

in large parts of the world. Swarm formation involves transition

from a solitary phase to a gregarious phase, and the

sensory cues that underlie the subsequent aggregation of tens

of thousands of locusts include conspecific odors and phero-

mones.38–43 Once swarms are formed, locusts migrate and

march toward palatable plants guided by plant-derived cues.

The migratory locust genome is large (>6.3 GB) and encodes

more than 140 OR genes,44,45 the majority of which are ex-

pressed from nymphal to adult stages.45 In vitro deorphanization

of approximately one-third of these OR types revealed extremely

narrow tuning characteristics, which distinguishes them from all

other insects studied to date.46 Pathways defined by OR-ex-

pressing OSNs are involved in conspecific pheromone-induced

attraction, preceding aggregation and swarming.45 Although

the importance of specific pheromone components remains

controversial,39 recent advances have shed light on the detec-

tion of the aggregation pheromone 4-vinylanisole (4VA)42 and

the anti-cannibalism pheromone phenylacetonitrile (PAN) in the

migratory locust.47

Previous studies on hemimetabolous insects, such as crickets

and cockroaches, have elucidated the anatomical characteris-

tics and codingproperties of general odors andpheromonecom-

pounds in the antennal lobe, aswell as the spatial receptive fields

for odor localization.48–50 However, locusts, representing a large

family of orthopteran species, differ from other hemimetabolous

insects in the general organization of the antennal lobe.22,48,49,51

Over 1,000glomeruli (in thedesert locust)52 receive input from ten

times fewer OSN types.53 The system thus defies the canonical

one-to-one paradigm between OSNs expressing a given individ-

ual OR or IR and a corresponding glomerulus: the axon of an in-

dividual OSN targets multiple glomeruli in the antennal lobe.51

Extensive characterization of OSNs and higher-order olfactory

neurons in terms of their temporal responses has revealed multi-

ple odor response motifs, synchronization, and plasticity within

this intricate olfactory system.54–58 In addition, central odor pro-

cessing is plastic across the behavioral transition between the

gregarious and solitary phases.52,59,60 During development, the

number of glomeruli increases from several hundred in first instar

nymphs to >1,000 in adults.52 This dynamic transformation

suggests that the cellular and molecular substrates underlying

olfactory coding may not be uniformly consistent across devel-

opmental stages.52,58

To gain a deeper understanding of olfactory coding in the

non-canonical structure of the locust antennal lobe, capturing

odor-induced glomerular population activity is necessary but re-

mains a substantial challenge formost non-model insects.34,61,62

Fortunately, recent advances in transgenic techniques, particu-

larly the CRISPR-Cas9 system,63–65 have enabled genetic

manipulation also of non-model organisms, including migratory

locusts.42,66

Here, we established a transgenic line in the migratory locust

expressing GCaMP6s in OSNs that innervate a substantial pro-

portion of glomeruli within the antennal lobe and mapped the

spatial representation patterns of a diverse array of both mono-

molecular odors and natural odor mixtures. Our results reveal a

chemotopic and functionally ring-shaped glomerular organiza-

tion in the migratory locust antennal lobe that is represented by

distinct glomerular clusters, arising from the locust-specific

and multiplexed pattern of glomerular innervation.

RESULTS

The glomerular organization of the locust antennal lobe
The antennal lobe of locusts contains a large number of

glomeruli, comparable to those found in the olfactory bulb

of mammals and distinguishing the locust from the majority of

insects (Figure 1A). A large proportion of OSNs in the locust an-

tenna express Orco.67 We therefore sought to establish a trans-

genic line in the migratory locust, Locusta migratoria, expressing

the Ca2+-sensitive protein GCaMP6s under the control of the

endogenousOrco promoter, allowing both anatomical and func-

tional characterization of a large proportion of glomeruli within

the locust antennal lobe. We employed the CRISPR-Cas9 sys-

tem to knockin the GCaMP6s coding sequence between the

last codon ofOrco and the stop codon and used a T2A ribosomal

skipping sequence such that both Orco and the calcium sensor

are expressed as independent proteins (Figure 1B). In addition,

to optimize the fluorescence at the axon terminals and to

improve the signal-to-noise ratio of Ca2+ signals in the antennal

lobe, we linked GCaMP6s to synaptophysin, a presynapse-

enriched protein (Figure 1B).68 Thus, the two knockin lines,

Orco-GCaMP6s and Orco-Syn-GCaMP6s, were generated (Fig-

ure S1A), of which the latter transgenic line was predominantly

used throughout our study. We found that GCaMP6s aggregate

at the axonal termini of OSNs in the Orco-Syn-GCaMP6s line

(Figure S1B), leading to significantly higher fluorescence as

compared with theOrco-GCaMP6s transgenic line (Figure S1C).

Based on the Orco-Syn-GCaMP6s line, examination of the raw

fluorescence clearly revealed labeled cell clusters in the antenna

and palps of gregarious adult females (Figure 1C), where Orco-

expressing OSNs are expected to reside.67,69 Immunostaining

of GFP in the locust brain revealed distinguishable central pro-

jections from antennae and palps to the antennal lobe and the

globular lobe, respectively. The Orco-positive projections from

the two chemosensory organs are topographically segregated

in vivo GCaMP6s fluorescence visualized in longitudinally sectioned sensory organs in the Orco-Synaptohysin-GCaMP6s transgenic line. Right, GFP immu-

nostaining reveals central projections of peripheral OSNs. AL, antennal lobe; GL, globular lobe. Scale bars, 50 mm.

(D) Glomerular annotation in the migratory locust antennal lobe of the Orco-Synaptohysin-GCaMP6s transgenic line. Left three panels, immunostaining of GFP

and synapsin. Right, annotation of Orco-positive and Orco-negative glomeruli. MC, median crescent. Scale bars, 50 mm.

(E) Visualization of a 3D reconstructed migratory locust antennal lobe. Upper left, dorsal view; upper right, medial view; lower left, lateral view. AN, antenna nerve.

Lower right, count of glomeruli for each focal plane. Scale bars, 50 mm.

(F) Percentage of Orco-positive and Orco-negative glomeruli out of the complete glomerular array in three samples.

See also Figure S1.
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Figure 2. Odor-induced robust, stereotypic, and specific glomerular responses in the migratory locust antennal lobe

(A) Workflow of two-photon imaging data processing and extraction of activated glomeruli. Procedure to select and validate responsive regions of interest (ROIs)

is exemplified by the response with phenylacetonitrile (PAN, 10�3, v/v) in a gregarious female adult. For simplicity, only identification, and validation of excited

ROIs are represented. For further details, see STAR Methods.

(B) Odor-induced response patterns across three trials are highly reproducible. Left three panels, odor map of extracted responsive glomeruli in the antennal lobe

of an adult female after stimulation with four odors (concentration: 10�3) obtainedwith two-photonmicroscopy. Cosine distanceswere calculated in a hierarchical

clustering analysis using the 12 response maps.

(C) Representative odor-induced and stereotypic response patterns in three individuals. Left three panels, odor map of extracted responsive glomeruli after

stimulation with four odors (10�3). 4th panel, overlay of responsive glomeruli from three adult females. The response intensity for each glomerulus was not taken

(legend continued on next page)
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(Figure 1C). To confirm selective central brain labeling from

OSNs, one antenna was removed, and the GFP labeling was

examined after 10 days. As expected, this unilateral antenna

ablation abolished the GFP immunofluorescence in the antennal

lobe on the ablated side, indicating exclusive labeling from ipsi-

lateral antennal OSNs as well as the absence of bilateral OSN

innervation in the locust antennal lobe (Figure S1D). By double-

immunostaining of GFP and synapsin, we manually segmented

and 3D reconstructed individual glomeruli in the antennal lobe

of gregarious adult females using the Orco-Syn-GCaMP6s line

(Figure 1D). We found that the anterior region of the antennal

lobe exclusively contains Orco-positive glomeruli and that

Orco-negative glomeruli begin to appear in a near-medial layer.

In the posterior region, the median crescent, a neuropil consist-

ing of compact glomeruli, receives only Orco-positive input (Fig-

ure 1D; Video S1). Notably, the diameter of single glomeruli

varies considerably when observed through a single focal plane,

with the majority within a range of 10–20 mm (Figure S1E). 3D-

visualization of the reconstructed antennal lobe revealed a clear

topographic separation between Orco-positive and Orco-nega-

tive glomeruli (Figure 1E; Video S2). Glomeruli numbered 2,687–

2,809 among the three reconstructed specimens of gregarious

adult females, and >80% of glomeruli were Orco-positive in all

three females (Figure 1F), indicating that the gross glomerular or-

ganization is conserved across individuals (Figures S1F and

S1G). In comparison, mosquitoes and vinegar flies have approx-

imately 50% (33/68) and 75% (45/60) Orco-positive glomeruli,

respectively.9,70 This proportional expansion suggests an

enhanced role for Orco-dependent chemosensation compared

with its counterparts, the IRs. Recent studies in mosquitoes

and vinegar flies have revealed a cooperative olfactory functional

mode involving both OR and IR pathways within the same

OSN.16 In locusts, such evidence of co-localization between

the two types of co-receptors is so far lacking, at least at the

mRNA level.71 Taken together, we have established transgenic

lines for the migratory locust that drive GCaMP6s expression

from the endogenous Orco promoter and genetically label the

majority of OSNs and glomeruli in the antennal lobe.

The locust antennal lobe reveals a ring-shaped
chemotopic organization
To examine the odor-coding properties of Orco-expressing

OSNs in our transgenic line, we characterized odor-induced

Ca2+ responses using a two-photon microscope. Application

of odors evoked dynamic fluorescence changes in specific

antennal lobe regions of gregarious adult females. Based on

the temporal response properties, we established a stringent

semi-automated workflow that allowed the extraction of odor-

responsive glomeruli (Figure 2A). We first quantified the general

odor-coding properties at the level of a single focal plane before

performing systematic measurements over multiple planes. To

determine whether odor-evoked glomerular responses are

reproducible between trials, we applied four odors and moni-

tored the Ca2+-signals in three consecutive trials at a single focal

plane. Notably, repetitive stimulation with the same odor

induced highly similar response patterns across the three trials,

with each individual odor activating a specific and partly overlap-

ping subset of glomeruli, which could be clearly separated via a

clustering analysis (Figures 2B and S2A). We investigated next

whether the odor-evoked response patterns are similar between

different animals (Figures 2C and S2B). Superimposing the ex-

tracted glomerular responses for each odor reveals that odor-

evoked responses are organized in a ring-shaped pattern,

concentrically organized around the central hub, which is occu-

pied by the projection neuron (PN) tract and therefore does not

contain glomeruli. Notably, the centroid-oriented distribution of

responding glomeruli was very similar in all three animals, as

confirmed by clustering analysis, suggesting stereotypical

odor-evoked activity patterns (Figure 2C). Unfortunately, due

to the large number of glomeruli, it was not possible to identify

and assign the odor responses to individual glomeruli. Next,

we investigated dose-dependent responses by testing odor

concentrations ranging from 10�5 to 10�2 (v/v). As expected,

the response strength generally increased with rising odor con-

centration, leading to broad response patterns at the highest

odor concentration (Figures 2D and S2C). To gain more insight

into the response specificity of individual glomeruli, we extracted

the response profiles of five glomeruli for different odors (Fig-

ure 2E). We found that, e.g., glomerulus #3 was sensitive to

PAN and isophorone, even at concentrations as low as 10�4

and 10�3, respectively, but did not show any responses to the

other two odors, limonene and (+/�)-linalool, even at higher con-

centrations (Figure 2E). Similarly, the other four glomeruli also ex-

hibited an odor-specific responsiveness and were only tuned to

certain odors (Figure 2F). Lower concentrations, such as 10�5

and 10�4, evoked low activations and sparse glomerular re-

sponses (Figure 2G).

Anatomically identifying and functionally characterizing each

glomerulus within the densely packed glomerular organization

in the locust antennal lobe proved highly challenging. However,

our data indicated that the spatial organization of responsive

glomeruli assumed a ring-shaped structure within the locust

antennal lobe (Figure 2), suggesting that glomerular responsive-

ness could be quantified within annuli of a ring-shaped

into account. The gray-shaded ring-shaped glomerular subpopulation corresponds to the peak region (�20%of antennal lobewidth), where responsive glomeruli

show similar distances to the centroid across three animals (right, #1, #2, and #3). Cosine distances were calculated by hierarchical clustering analysis using the

distribution profile of responsive glomeruli from the 12 response maps.

(D) Increasing odor concentrations induced stronger calcium responses in the antennal lobe. Responsive glomeruli were extracted after stimulation with four

odors at increasing concentrations.

(E) Specificity of odor-induced glomerular responses. Left, scanning of a focal plane with five ROIs (red). Right, dynamic traces (dF/F0) of glomerulus #3 in

response to four odors. Red lines below indicate the odor stimulation.

(F) Peak responses (dF/F0) induced after stimulation with four odors at different concentrations for glomeruli #1, #2, #4, and #5.

(G) Fraction of activated glomeruli after stimulation at different concentrations relative to the number activated at the highest concentration (10�2).

Scale bars, 50 mm. Data based on female adults. Odor abbreviations are given in the STAR Methods section.

See also Figure S2.
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arrangement. To simplify the 3D representation of responsive

subpopulations of glomeruli, a single focal plane within the

antennal lobe was divided into 16 concentric ring regions based

on the relative distance to the centroid (step 2, Figure 3A). The

width of each region (�10 mm) generally corresponds to the min-

imum diameter of a glomerulus at adult stage (Figure S1E). For a

given concentric ring region, we calculated the ‘‘regional

response weight,’’ which integrates the averaged response

strength and the population size relative to the total responsive

glomerular population in the antennal lobe (steps 3 and 4, Fig-

ure 3A). As an example, we quantified a stack of 10 focal planes

stimulated by PAN (10�3) in animal #1 (Figure S2D), resulting in a

projected odor map of glomerular responses for this animal (Fig-

ure S2E). To further elucidate the distribution of the responsive

glomeruli across the 16 ring regions, we plotted the position of

individual glomeruli in the respective ring regions against their

response strength (Figure S2F). We found that PAN elicited a

strong activation in both the central and the peripheral antennal

lobe regions. Furthermore, the stereotypical odor representation

across animals is confirmed by the response weights calculated

from multiple focal planes across the 16 regions (Figures S2G

and S2H).

In order to generate a comprehensive database of odor-evoked

activity patterns in the locust antennal lobe, we selected a total of

46 odors accounting for diverse chemical classes that have been

recently identified as specific ligands for locust ORs.46 Using the

above-established methodologies, we acquired the projected

response maps for each odor (Figure S3A) and the centroid-ori-

ented distribution of glomerular responses (Figure S3B). We

pooled the responses of the glomerular populations over three an-

imals to reduce individual variations (Figure S3C). To analyze the

correlations between different odors based on their regional

response weights, we performed a clustering analysis. This anal-

ysis clearly separated the response patterns into three clusters,

each of which included a specific subset of chemical classes (Fig-

ure 3B). Clusters 1, 2, and 3 represent those odors that primarily

activate the central, central-medial, and peripheral concentric

ring regions, respectively (Figure 3B). Next, we asked whether

the response-based clustering reflected different chemical struc-

tures. To do so, we extracted a set of chemical descriptors for

each odor and correlated the chemical descriptors with the

regional responseweights for eachodor-pair (in total, 1,035 pairs).

We found a significant butmoderate correlation (r = 0.4, p < 10�39,

Figure 3C), indicating that, in general, the chemical structure of an

odordetermines theodor-evoked responsepatterns. This correla-

tion is more obvious between clusters 1 and 3 (r = 0.43, p < 10�12)

aswell as clusters 2 and 3 (r = 0.5,p < 10�14), while there is no cor-

relation for clusters 1 and 2 (r = 0.05, p = 0.37, Figure 3C). Indeed,

clusters 1 and 2 comprise a wider range of partly overlapping

chemical classes, while cluster 3 consists mainly of simple aro-

matic and aromatic-like compounds (Figure 3D), the typical vola-

tiles emitted by the migratory locust.46

To further illustrate that chemical structure determines the

spatial activity pattern of an odor, we constructed the ‘‘locust

chemospace’’ by extracting the chemical descriptors for >200

ecologically relevant odors46 and then performed a dimension-

ality reduction using a t-distributed stochastic neighbor embed-

ding algorithm (Figure 3E). In this space, the uniqueness of clus-

ter 3 was highlighted by a striking separation of cluster 3 from

clusters 1 and 2 (Figure 3E). Moreover, odors within each of

the three clusters exhibited different hedonic odor valences (Fig-

ure 3D),46 suggesting that the spatial code of odor representa-

tions does not necessarily represent a valence code as shown

for other insects.76

In addition to excitation, we also found widespread odor-

induced inhibitory responses (Figures S4A and S4B). We asked

whether the spatial distribution of odor-evoked inhibitions is

organized in a similar manner as excitatory odor responses.

We therefore examined the spatial patterns of inhibited glomeruli

for all tested odors. In contrast to excitation, the distribution of

inhibited glomeruli does not segregate into distinct clusters (Fig-

ure S4C), which is further illustrated by the distribution of six

representative odors that lack clear odor-specific patterns (Fig-

ure S4D). Furthermore, the distribution of inhibited glomeruli

does not correlate with the chemical structures of the odors

tested (r = 0.07, Figure S4E). Also, the pairwise correlation of

odor-induced spatial representation patterns is more homoge-

neous for inhibitory responses compared with excitatory

responses (Figure S4F). Although odors typically inhibited a sub-

stantially lower number of glomeruli compared with excited

glomeruli (Figure S4G), the number of odor-induced excited

and inhibited glomeruli is highly correlated (r = 0.59, p < 10�5,

Figure S4H), suggesting that a stronger odor-induced excitation

is often accompanied by a robust inhibition. Notably, when we

examined the topology of all responsive glomeruli, we observed

that excitatory responses occurredmore frequently in the central

region of the antennal lobe, while inhibited glomeruli occupied

broader and less structured regions (Figure S4I). Taken together,

our results demonstrate that odor-evoked excitatory glomerular

responses are organized into distinct concentric ring regions

according to chemometric properties.

A spatially segregated code for locust- and plant-
derived odor blends
The glomerular responses presented so far were obtained with a

large panel of monomolecular odors at a concentration of 10�3.

To gain deeper insight into the coding of ecologically relevant

odor blends at naturally occurring concentrations, we selected

five types of odor sources, including adult locusts (male and fe-

male), nymphs (stage 5), two host plants (maize and wheat), and

one non-host plant (rapeseed), and monitored glomerular re-

sponses to these odors using two-photon imaging (Figure 4A).

By focusing on a single focal plane, we found that the locust-

derived headspaces selectively elicited stronger responses in

the peripheral antennal lobe regions, whereas the headspaces

derived from the three plant species mainly activated the central

regions (Figure 4B). This distinct and headspace-specific distri-

bution of responsive glomeruli was observed for all five animals

tested (Figure 4C), each stimulated with freshly prepared head-

spaces. Quantifying the regional response weights makes the

observed trend even clearer, showing that the plant-derived

headspaces induced the highest response weights in the central

antennal lobe regions, while the peripheral antennal lobe regions

were only weakly activated. By contrast, the locust-derived

headspaces induced gradually increasing response weights

from the central to the peripheral antennal lobe regions
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Figure 3. A ring-shaped chemotopic organization in the migratory locust antennal lobe

(A) Workflow for characterizing odor representation profiles within concentric ring-shaped regions in the locust antennal lobe. For details on ring division and

response weight calculation, please see STAR Methods.

(B) Hierarchical clustering (left) and Pearson’s r correlation matrix (right) of regional response weights for 46 odors. Three clusters were identified representing

enhanced response weights in the central, central-to-medial, and peripheral glomerular regions.

(C) Pairwise correlation of chemical structures and regional response weights. Data points represent the chemometric similarity and glomerular response

similarity in odor pairs over the entire glomerular population (upper left), clusters 1 and 2 (upper right), clusters 2 and 3 (lower left), and clusters 1 and 3 (lower right).

r, Pearson’s correlation.

(D) Chemical structures of 46 tested odors grouped by the three identified response clusters shown in (E). Hedonic valences of 23 odors investigated in gregarious

adult females are marked by gray/black bars.46

(E) Embedding the three chemical clusters in the locust chemospace. Tested odors were colored according to their cluster membership in (B); odors comprised in

the locust chemospace that were not tested in our study are shown in gray.

Odor name abbreviations are given in the STAR Methods.

See also Figures S2, S3, and S4.
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Figure 4. Segregated spatial codes for locust- and plant-produced volatiles in the migratory locust antennal lobe

(A) Five types of headspace derived from locusts (adult and nymphs) and plants (hosts, maize and wheat; non-host, rapeseed).

(B) Response maps elicited by five headspace types in a single focal plane. Only excited glomeruli were extracted. Scale bars, 50 mm.

(legend continued on next page)
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(Figure 4D). The distinct response profiles were further illustrated

by principal component analysis-discriminant analysis (PCA-

DA), which revealed two clearly separated clusters for locust-

and plant-derived headspace (Figure 4E).

To explore the underlying basis of these odor-evoked activity

patterns, we performed a chemical analysis of the five types of

headspace using gas chromatography-mass spectrometry (GC-

MS) (Figure 4F). Our analysis revealed that headspaces derived

from the adult and nymphal stages were highly similar but notably

different from the three plant-derived headspaces (Figure 4G).

Importantly, aromatic compounds were highly enriched in the

headspaces emitted by locusts but were almost absent from the

plant-derived headspaces (Figures 4F and 4G). The contrast

observed in both the chemical composition and the spatial repre-

sentation pattern of the different headspaces iswell in linewith our

previous finding that aromatic compounds predominantly activate

the peripheral antennal lobe regions (Figures 3 and 4H).

A consistent pattern of glomerular activations through
development
Locusts are hemimetabolous insects and undergo incomplete

metamorphosis through five nymphal stages to reach adulthood,

resulting in a substantial increase in body size (Figure 5A). In line

with this phenomenon, our anatomical quantification revealed

substantial changes in the total volume of the locust antennal

lobe throughdevelopment, reminiscent of the gradually increasing

number of glomeruli within the antennal lobeof the desert locust.52

However, theproportionofOrco-positive antennal lobevolume re-

mained stable throughout the six developmental stages (Fig-

ure 5B), suggesting a conserved olfactory code in the glomerular

population. To test this hypothesis, we first investigated whether

the odor-induced ring-shaped glomerular organization also

applied to the nymphal stages. We selected a panel of 13 odors

representing different chemical classes from the three classified

chemical clusters (Figure 3D) and monitored odor-evoked re-

sponses at all six developmental stages using two-photon func-

tional imaging (Figure 5C). The response maps as well as the

regional response weights were quantified as previously estab-

lished (Figure 3A). Notably, our data revealed highly correlated

response patterns for PAN (10�3) across stages, with stronger re-

sponses localized to both the peripheral and central antennal lobe

regions,while theodor linalooloxide (10�3) consistentlyelicited the

strongest responses in the central antennal lobe region across all

developmental stages (Figure 5D). Furthermore, examination of

all 13 odors tested encompassing all replicate animals revealed

largely similar regional responseweights throughout development

(Figure 5E).

Next, we examined the odor responses at the glomerular pop-

ulation level throughout development. We found that stimulation

with the 13 selected odors elicited activation of widely distrib-

uted glomeruli as imaged in a single focal plane, a feature com-

mon to all six stages (Figure 5F). In addition, pairwise correlations

of odor responses remained remarkably stable across the six

stages (Figure 5G). Overall, the integration of the regional

response weight (Figure 5E) and the glomerular population

response (Figure 5G) for the 13 odors tested reveals a highly

correlated pattern of glomerular activity throughout develop-

ment, both in terms of the spatial representation and population

response (Figure 5H).

Combinatorial coding of distinct chemical identities
Our findings support the existence of a consistent olfactory code

through development governed by the entire glomerular popula-

tion. How are specific glomerular subtypes coordinated to main-

tain such a ‘‘stable’’ odor code? To identify distinct functional

subtypes within the glomerular population, we used our prior da-

taset encompassing 13 odors tested across six developmental

stages, which account for a total of 11,884 responsive glomeruli

(Figure 5C). We applied the Louvain clustering algorithm, a

method for community detection in large networks. The strength

of this clustering algorithm lies in the fact that it allows for a flex-

ible clustering membership by adjusting the resolution, a param-

eter responsible for the deduced cluster size or number (Fig-

ure 6A).77–79 To determine the possible number of clusters, we

adjusted the resolution parameter for five independent analyses

using the same dataset. We performed the clustering analyses at

resolutions of 1, 0.5, 0.3, 0.2, and 0.1, respectively, resulting in

27, 37, 47, 54, and 71 deduced clusters (Figure S5A). The num-

ber 27 corresponds to the default resolution of 1 in the Louvain

clustering algorithm. We considered the ‘‘animal occurrence

rate’’ to be a critical parameter for the identification of glomerular

clusters, as clusters frequently detected in multiple animals

are more likely to genuinely exist. We quantified the animal

occurrence rate for each adjusted resolution and found that at

resolutions from 1 to 0.2, over 90% of the clusters had an animal

occurrence rate greater than 80% (Figure S5A). However, at the

maximum resolution of 0.1, only 77% of glomerular clusters ex-

hibited a high animal occurrence rate. These results suggest that

0.2 (i.e., 54 glomerular clusters) is the highest resolution at which

the majority of the clusters could be identified in >80% of the 39

animals tested (Figure S5B) and were also detected with a

high animal occurrence rate for each developmental stage (Fig-

ure S5C). This estimate is also in line with a recent study on the

functional characterization of ORs in the migratory locust.46

To visualize the functional relationships among the 54

identified glomerular clusters, we employed a dimensionality

reduction approach using the entire glomerular population (Fig-

ure 6A), generating a ‘‘glomerular response space’’ (Figure 6B).

(C) Projected odor maps after stimulation with five headspace types in five animals.

(D) Response weights among the 16 ring-shaped antennal lobe regions for five headspace types. Bold line and shaded area represent mean ±SEM, n = 5 animals.

(E) PCA-DA analysis of regional response weights for each headspace. Data points represent individual animals.

(F) GC-MS analysis of five headspace types. Chemical intensity is determined by the area under the chromatogram peak. Odors in the top half of highly enriched

chemicals were analyzed by chemical intensity. Structures of locust-produced aromatic compounds are shown below. Chemometric correlation for each

compound was compared with guaiacol, the most abundant compound found in locust-derived headspace.

(G) Aromatic compounds are highly enriched in locust-derived headspace but are almost absent from plant volatiles.

(H) Schematic of the segregated spatial representation of locust- and plant-derived volatiles in the antennal lobe.
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Figure 5. A consistent pattern of odor coding among locust glomeruli throughout development
(A) Body size development of Locusta migratoria from nymphal stage 1 to adult stage 6. Scale bars, 2 cm.

(B) Volume development of the entire antennal lobe and the proportion of Orco-positive volume.

(C) Workflow of data acquisition: response patterns to 13 odors were measured for six developmental stages to analyze spatial representation and pairwise odor

response correlation.

(D) Projected odor maps after stimulation with PAN and linalool oxide (LOX) across the six developmental stages (n = 22–24 focal planes from 6 to 7 animals per

stage). Right, regional response weights for PAN and LOX across six developmental stages. Bold line and shaded area represent mean ± SEM, n = 6–7 animals.

(E) Regional response weights for 13 odors across six developmental stages averaged over 6–7 animals tested.

(F) Spatial distribution of excited glomeruli activated by 13 odors at a single focal plane. Glomeruli displaying an excitatory response to any of the 13 odors were

categorized as responsive and marked with a red dot. Scale bars, 50 mm.

(G) Pairwise response correlation for 13 odors across six stages. Glomerular population size: stage 1, 1,641; stage 2, 1,808; stage 3, 2,116; stage 4, 2,119; stage

5, 2,097; stage 6, 2,103.

(H) Correlation quantification of regional response weights and glomerular population response for the 13 odors tested across stages. The data are derived from

(E) and (G).
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With this virtual space, the membership of each glomerular clus-

ter became discernible (Figures 6B and 6C), and the occupancy

of each cluster remained remarkably stable across develop-

mental stages (Figure S5D). Notably, in this virtual space,

different chemical identities are represented by distinct subpop-

ulations of glomeruli. These subpopulations vary considerably in

size, and their arrangement appears to be determined by the

chemometric properties (Figure 6D). This notion was subse-

quently confirmed by a strong correlation between the chemical

structures and the odor-pair relationship encoded by the entire

glomerular population (r = 0.53, p < 10�7, Figure 6E).

We then examined the response spectra of the 54 glomerular

clusters to the 13 odors tested (Figure 6F). We found that more

than half of the glomerular clusters responded to only 1–2 effec-

tive ligands, while 13% of the clusters were broadly tuned and

responded to more than four effective ligands (Figure 6G). There

was also a striking heterogeneity in the number of glomerular

Figure 6. Combinatorial coding of distinct

odor identities

(A) Workflow of data acquisition and identification of

glomerular clusters.

(B) Location of 54 glomerular clusters in the

glomerular response space. For further explanation,

see STAR Methods.

(C) Simplified representation of each of the 54

clusters by showing the centroid of the group

members, with the dot size proportional to the

cluster size.

(D) Odor-specific arrangement patterns in the

glomerular response space.

(E) Chemical structure determines glomerular

response correlations. r, Pearson correlation.

(F) Response spectra of the 54 glomerular clusters.

Data points represent the average of the maximum

normalized response of the cluster members

included in the coding of a specific odor.

(G) Effective ligand numbers of the 54 clusters.

Effective ligands were defined as odors eliciting a

response equal to or greater than 50% of the

maximum response of a given cluster.

(H) Number of clusters activated by a given odor.

First ligand: the best ligand; second ligand: addi-

tional effective ligands; poor ligand: odor induced

below 50% of the maximum response in a given

cluster.

(I) Chord diagram of co-activated glomerular clus-

ters. The size of a link is proportional to the co-

activated cluster number. The cluster size for an

odor represents the total number of glomerular

clusters that are co-activated by that odor and any

of the other 12 odors. Odors are displayed clock-

wise and color coded based on a decrease in che-

mometric correlation with the odor 4VA.

(J) Odors with similar chemical structures tend to

co-activate a larger number of glomerular clusters.

r, Pearson correlation.

See also Figure S5.

clusters associated with specific odors:

stimulation with acetophenone activated

approximately 20 clusters, while only two

clusters responded to the odor 1,3-dimethyluracil (Figure 6H).

To examine how coding patterns elicited by different chemicals

are connected across a fraction of glomerular clusters, we

plotted a wiring diagram of co-activated clusters stimulated by

specific odor pairs (Figure 6I). This analysis, consistent with a

subsequent correlation analysis (r = 0.5, p < 10�6), indicates

that odors with similar chemical structures aremore likely to elicit

responses from a larger number of common glomerular clusters,

as exemplified by the odor pairs 4VA and acetophenone (chemo-

metric correlation = 0.37, 6 common clusters) and 4VA and ethyl

hexanoate (chemometric correlation = 0.04, 2 common clusters,

Figure 6J).

We further analyzed the developmental changes regarding

cluster size and response strength among the 54 identified

glomerular clusters. Although consistently present at each

stage, the relative population size of each cluster appeared to

be modulated at certain developmental stages when compared
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Figure 7. Consistent ring-shaped organization of glomerular clusters through development

(A) Spatial distribution of 54 glomerular clusters in the locust antennal lobe across six developmental stages (n = 22–24 focal planes from 6 to 7 animals per stage).

(B) Comparison of the relative distance to the centroid of the 54 glomerular clusters. Left, relative distance to the centroid was quantified for eachmember within a

particular cluster by comparing distances from stages 2–6 to stage 1. Right, a substantial proportion of clusters maintains a consistent relative distance to the

centroid when compared with stage 1. Blue dashed lines indicate boundary and radius of the antennal lobe. For a detailed stage-specific comparison, please see

Figure S6B.

(C) Morphological characteristics of OSN axonal innervation, glomerular clusters, and PN dendritic innervation in the locust antennal lobe. Examples of three

different glomerular innervation patterns are shown in the central, medial, and peripheral antennal lobe regions. Each innervated glomerulus is marked by a black

circle. Data were collected in female adults. Scale bars, 50 mm.

(legend continued on next page)
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with its initial state (stage 1, Figure S5E). In addition, a gradual

decrease in the general response amplitude was observed as

development progressed (Figure S5F). This trend is exemplified

by examining the response traces of glomerular clusters to the

odor PAN (Figure S5G), as well as the response strength across

stages (Figure S5H). The gradual decrease is probably due to a

decline in GCaMP6s expression levels in the brain during devel-

opment as shown by qPCR (Figure S5I). The age-dependent

attenuation of the response strength was, however, compen-

sated by data normalization before the subsequent clustering

analysis (Figure 6A; see STAR Methods for details). Taken

together, the clustering analysis reveals the functional connec-

tivity of specific subpopulations of glomeruli, suggesting that

distinct chemical identities are encoded at the level of glomerular

clusters in a combinatorial mode.

A ring-shaped organization of glomerular response
patterns is maintained across stages
Wenext askedwhether the distribution of the glomerular clusters

contributes to the preserved spatial odor patterns across devel-

opmental stages. To visualize the spatial distribution of each

glomerular cluster, we merged their positions deriving from all

examined focal planes onto just one focal plane (Figure 7A).

Interestingly, the distribution of all glomerular clusters from

six developmental stages shows a consistent ring-shaped

structure, with each cluster occupying a distinct concentric

ring region. Notably, this ring-shaped structure is not stage-spe-

cific and is apparent from the first nymphal stage (Figure S6A).

Although we were not able to directly characterize the

morphology of individual glomerular clusters, alternatively, we

sought to quantify the relative distances to the centroid exhibited

by the cluster members (Figure 7B).We found that themajority of

glomerular clusters displays consistent (i.e., statistically insignif-

icant) centroid-oriented distances when stages 2–6 were

compared with stage 1 as quantified in Figure S6B. This pre-

served pattern is particularly pronounced when comparing the

adult to the first nymphal stage, with over 80% of the glomerular

clusters showing this characteristic (Figures 7B and S6B).

We next asked whether the ring-shaped glomerular organiza-

tion observed in our recorded odor-evoked activities is anatom-

ically substantiated by the innervation patterns of peripheral

OSNs as well as central PNs that convey the olfactory informa-

tion from the antennal lobe to higher brain areas. To explore

morphological correlations, we backfilled a large population of

individual OSNs and PNs using gregarious female adults and

quantified their innervation profiles within the 16 concentric

ring regions. We found that all innervated glomeruli of a single

OSN or PN fall within a certain antennal lobe region, which aligns

well with the distribution patterns of the glomerular clusters

(Figures S6C–S6E). Notably, there is a significantly greater num-

ber of innervated glomeruli from a single PN compared with an

OSN (Figure S6F). The anatomical associations are illustrated

by aligning the 3D reconstructions of OSNs and PNs, which

show similar glomerular innervation patterns in the central,

medial, and peripheral antennal lobe regions, respectively

(Figure 7C). Contrary to previous expectations,80 our neuronal

reconstructions revealed that the PN projection patterns in the

higher brain centers, such as the mushroom body and lateral

horn, do not show a clear differentiation according to their

regional innervation patterns observed in the antennal lobe

(Figure S6G).

To verify that the ring-shaped glomerular organization is deter-

mined by the selective innervation of OSNs expressing a specific

OR type, we generated another transgenic locust line that selec-

tively labels the PAN-responsive OR70a (Figure 7D).47 Immuno-

staining and 3D reconstruction clearly show that OR70a-OSNs

innervate a glomerular population in the peripheral region, span-

ning the entire antennal lobe along the z axis (Figures 7D and 7E).

This distribution pattern is consistent with the activity pattern

evoked by PAN (Figures 2 and S2). We also analyzed the poten-

tial distribution of other candidate OR types that are functionally

correlated with the entire population of 11,884 glomeruli charac-

terized in this study (Figure S7A). To do this, we first embedded

the response profiles of individual locust OR types46 into the

glomerular response space and assigned 18 candidate OR types

to certain glomerular subpopulations (Figure S7B). Next, we per-

formed clustering analyses with the entire glomerular population

and the candidate OR types to reveal their possible spatial distri-

bution in the antennal lobe. In each independent clustering anal-

ysis, a candidate OR type was grouped with a subset of the

11,884 glomeruli. Similar to previous operations (Figure S5A),

we systematically adjusted the deduced cluster number to high-

light a group of ‘‘basic’’ glomeruli that occurs in most clustering

operations and has therefore a high likelihood to be associated

with a particular OR type. For example, based on the clustering

results, it is likely that OR6 is associated with a subpopulation of

peripheral glomeruli. Remarkably, this predicted spatial distribu-

tion pattern remains consistent across all 6 developmental

stages (Figure S7C). Likewise, we obtained a likelihood-based

distribution map of 18 locust OR types visualized through a

merged focal plane (Figure S7D). In the prediction, OR70a is

found in both the peripheral and central antennal lobe regions,

which is reminiscent of the PAN activity pattern (Figure S2G).

This suggests that there may be additional OR types (Figure 6F)

that are similarly tuned to OR70a but innervate the central

antennal lobe region. By plotting the regional distributions of

those glomeruli with high likelihood (i.e., R0.8), we again found

a distinct regional distribution in the locust antennal lobe for

each OR type (Figures S7D and S7E). Interestingly, it appears

that the three major phylogenetic clades45 do not necessarily

encode a particular distribution pattern in the locust antennal

lobe for the encompassed OR types (Figure S7E). In summary,

(D) Immunostaining of OR70a-targeted glomeruli in the transgenic locust line OR70a-mCherry. Upper, expression of mCherry is driven by a clone of Or70a

promoter. Lower, three representative focal planes show GFP (Orco) and mCherry (OR70a) immunostaining. Glomeruli innervated by OR70a-expressing OSNs

are exclusively distributed in the peripheral region of the antennal lobe, marked by white arrows. Scale bars, 50 mm.

(E) 3D reconstruction of glomeruli innervated by OR70a-expressing OSNs. Number of innervated glomeruli: 42 (animal #1), 36 (animal #2), and 39 (animal #3).

Different colors indicate individual glomeruli. Data were collected from adult female locusts. Scale bars, 50 mm.

See also Figures S6 and S7.
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these results demonstrate that specific glomerular clusters

display a consistent and ring-shaped organization that persists

throughout all developmental stages.

DISCUSSION

A ring-shaped glomerular organization in the locust
antennal lobe
The common blueprint of the olfactory system is based on a high

and OR type-specific convergence of OSN axons onto specific

glomeruli.81–83 This formation of molecularly defined glomeruli

establishes a spatial and stereotyped odor representation in

the antennal lobe and olfactory bulb, which is further reinforced

by the predominantly monoglomerular innervation of PNs.84–86

Although this characteristic glomerular architecture holds true

for most species studied to date, other organisms, such as lo-

custs, have evolved a different glomerular architecture.57,87,88

Here, OSN axons and PN dendrites innervate multiple glomeruli,

which, at first glance, appear to lack structural elements. Howev-

er, our genetic targeting of OSNs expressing the PAN-respon-

sive OR70a reveals that glomeruli receiving the same OSN (i.e.,

OR type) input are distributed in a highly structured, ring-like

manner, resembling an ‘‘exploded’’ glomerulus, culminating in

a ring-shaped arrangement of odor-evoked responses within

the toroidal locust antennal lobe. Our tracing of individual PNs

shows that their dendrites also innervate specific ring regions,

thus maintaining the ring-shaped organization at the antennal

lobe output level. Hence, insects have evolved different solutions

to encode the same features of a sensory stimulus, similar to

the existence of salt-and-pepper arrangements and pinwheel ar-

rangements in the visual cortex of rodents and primates,

respectively.89,90

At this point, it remains largely speculative whether this ring-

shaped structure is a less favorable alternative or an improved

solution that offers advantages over the glomerular conver-

gence organization. Conceivable advantages would be that

the ring-shaped arrangement not only saves space but also

prevents the random packing of functionally relevant glomeruli

since a ring-like lateral inhibition or excitation would minimize

axonal density. Furthermore, within this ring-shaped arrange-

ment, individual glomeruli are functionally connected by multi-

glomerular PNs with neurites of similar length, potentially facil-

itating the generation of fast lateral inhibition and synchronized

output signals to higher brain centers.54,91 We also observed a

remarkable correlation between the position of the ‘‘glomerular

ring’’ and the identity of odors with glomeruli in the peripheral

ring regions mainly processing information regarding locust-

produced, aromatic compounds, whereas those in the central

ring regions receive input from OSNs detecting rather aliphatic

plant odors. A segregated code for the detection of conspe-

cifics and plants suggests the presence of two parallel neural

pathways, potentially mediating swarming and foraging behav-

iors in the migratory locust. This phenomenon indicates that

spatial olfactory sorting already takes place in the primary ol-

factory center of the locust brain, providing a more ordered

chemotopy than observed in flies and honeybees. Moreover,

recent research indicates a lack of chemotopic organization

or stereotyped odor representation in the olfactory bulb of the

Xenopus larva.92 Its OSNs bifurcate and target multiple

glomeruli, similar to locusts, but this lack of organization is

mainly attributed to the absence of a fixed and structured

glomerular wiring diagram.92 Thus, the fixed annular pattern

of neuronal innervation contributes to stereotypic odor repre-

sentations in the locust antennal lobe.

Although the presence of a ring-shaped neuronal innervation in

the antennal lobe has not been documented in other insects, a

similar pattern has been observed in the ellipsoid body of

Drosophila, a neuropile responsible for spatial orientation, vision,

and navigation.93,94 Here, neurites of R1–R4 neurons localize

within distinct ring-shaped regions.95 However, this neural orga-

nization has only been reported in the Drosophila ellipsoid body

and is absent in the ellipsoid bodies of other insects.94,96 Thus,

these variations in cellular architecturewithin sensory processing

systems illustrate the far-reaching effects of divergent evolution.

Combinatorial odor coding through development
We found that chemical identities are encoded in a combinatorial

mode involving specific clusters of glomeruli. By characterizing

the odor-coding profiles of 13 chemically diverse odors, we iden-

tified 54 glomerular clusters. Although the number of glomerular

clusters may be higher after testing more odors, the intrinsic

coding logic, such as the combinatorial rule, should remain

consistent. The rather broad coding spectra of distinct glomer-

ular clusters are in line with previous findings, where disruption

of a single OR responsible for pheromone compounds such

as PAN or 4VA did not entirely eliminate neuronal activity or

behavioral responses.42,47 Our finding suggests that these two

pheromones are detected by multiple ORs. Notably, the migra-

tory locust genome accommodates a substantial proportion

of repetitive sequences44 and contains scaffolds housing

densely arrayed OR genes,45 indicative of intensified gene dupli-

cation and neofunctionalization events, as exemplified by OR34,

OR36, and OR39, all tuned to guaiacol.46 The locust genome

may thus have accumulated a certain level of functional redun-

dancy at the level of ORs. Whether this redundancy in molecular

elements leads to convergence of glomerular clusters requires

further investigation.

The locust olfactory system progressively accumulates

cellular and molecular substrates during development but ex-

hibits a surprisingly consistent pattern of glomerular odor cod-

ing. This phenomenon is primarily attributed to the occurrence

of functionally ring-shaped glomerular clusters across stages,

with centroid-oriented distances in the antennal lobe remaining

largely consistent throughout development. Unlike what has

been found in holometabolous insects, where the glomerular

array differs greatly between larva and adult,18,29,35 the hemime-

tabolous locust appears to determine the functional repertoire of

glomeruli already in the youngest nymphs, and then it remains

highly stable through the six developmental stages.58 Whether

or not this is a general characteristic of hemimetabolous insects,

however, remains to be investigated.

Beyond a ring-shaped glomerular organization
The chemotopic organization appears to emphasize the coding

of chemical structures rather than the hedonic valence of

odors.76 For example, structurally similar pheromones such as

ll
OPEN ACCESS

14 Cell 187, 1–19, July 25, 2024

Please cite this article in press as: Jiang et al., Ring-shaped odor coding in the antennal lobe of migratory locusts, Cell (2024), https://doi.org/
10.1016/j.cell.2024.05.036

Article



4VA and PAN, of opposite behavioral significance, are both high-

lighted in the peripheral region, alongside other aromatic com-

pounds displaying neutral hedonic valence. Consequently, the

spatial coding representation pattern in the antennal lobe does

not provide clear information about odor valence. Also, even

though odors evoke different behavioral responses in different

stages and phases,46 their odor code in the antennal lobe ap-

pears very similar, and the significance to the individual can

thus be expected to be coded in higher brain regions.

In Drosophila, single uniglomerular PNs (uPNs) spatially inner-

vate specific regions in higher brain centers, the mushroom

bodies, and the lateral horn.97 Homotypic uPNs, encoding

related chemical identities, thus tend to terminate into spatially

distinct regions in higher olfactory centers.98 Interestingly, our

results in migratory locusts reveal that, upon receiving input

within the ring-shaped glomerular clusters, PNs appear to

project their axonal terminals to the higher brain centers in a

widespread and uniform pattern, irrespective of the specific

innervation patterns in the antennal lobe. This observation raises

the possibility that spatial odor-coding patterns in higher brain

centers might operate independently of the ring-shaped odor-

coding rule found in the antennal lobe. In line with this hypothe-

sis, odors are more sparsely coded in the mushroom body

compared with the antennal lobe.99 In conclusion, we have

discovered an unconventional olfactory coding logic in the insect

brain, with clusters of glomeruli encoding chemical identities and

odor significance in spatially ring-shaped activity patterns. In

future studies, it will be interesting to investigate how the ring-

shaped logic of odor coding is transformed and integrated in

the odor-tuning properties of higher-order neurons.

Limitations of the study
The locust antennal lobe contains a very large number of

glomeruli, making it difficult to identify and assign odor re-

sponses to individual glomeruli. In addition, its size exceeded

the capacity of our two-photon microscope for comprehensive

sampling. Future volumetric imaging of the entire antennal lobe

will provide further insight into the ring-shaped organization of

odor-induced responses, especially in deeper regions. We

used a panel of 13 odors to characterize functional glomerular

clusters. However, the number of clusters may vary depending

on the odors tested, and a larger odor panel would likely reveal

more distinct glomerular clusters with similar tuning profiles.

Furthermore, a confirmed assignment of specific OR types to

the identified glomerular clusters is still lacking and needs to

be investigated in future studies.

The ring-shaped glomerular organization, as innervated by

OSNs expressing one OR type, has only been demonstrated

for OR70a, and we do not know to what extent the expression

pattern of the transgenic OR70a line recapitulates the endoge-

nous OR70a expression. Additional transgenic locust lines

need to be established to confirm the ring-shaped OSN innerva-

tion in the central andmiddle regions of the antennal lobe.We are

thus at the beginning of understanding the intricate coding

mechanisms present in the locust antennal lobe. Beyond the ex-

periments suggested above, future transgenic lines allowing

functional characterization of the activity in PNs will provide

another crucial piece of information.
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Sequencing: Eurofins Mix2Seq Kit Eurofins N/A

qPCR: Biozym Blue S’Green

qPCR Mix Separate ROX

Biozym, Steinbrinksweg 331416S

Deposited data

Raw, plot and analysis data Edmond https://edmond.mpg.de/dataset.

xhtml?persistentId=doi:10.17617/

3.JQF9GL&version=DRAFT

Oligonucleotides

Orco_LHA_F: CAAGGTCGTCCGATTGAACA This paper N/A

Orco_RHA_R: AATGTCCGAAAGATGACGCT This paper N/A

T2A_GCaMP6_overhang_F: CATGGTGCTG

GTGCAGCTCAAGGGAGAGGGCAGAGGAAGTC

This paper N/A

T2A_GCaMP_overhang_R GCGCTGACGTCAC

AGGCGCCTATCACTTCGCTGTCATCATTTGT

This paper N/A

T2A_GCaMP6_backbone_F: TAGGCGCCTGT

GACGTCAGCGCCG

This paper N/A

T2A_GCaMP6_backbone_R: CTTGAGCTGCA

CCAGCACCATGAAG

This paper N/A

sgRNA_LHA_F: CCTACTTGAGCTGCACCAG

CACCAATGTCCGAAAGATGACGCT

This paper N/A

sgRNA_RHA_R: GGTGCTGGTGCAGCTCAA

GTAGGCAAGGTCGTCCGATTGAACA

This paper N/A

Backbone_F: ATGGGTTCTCATCATCATCATCATCA This paper N/A

Backbone_R: AGGGCCGGGATTCTCCTCCA This paper N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

T2A_Syn_overhang_F: TGACGTGGAGGAGAATC

CCGGCCCTATGGACGTGGTGAATCAGCT

This paper N/A

Syn_GSG_R: GGAGCCGGAGCCCGATCCCA

TCTGATTGGAGAAGGAGGTGG

This paper N/A

Syn_GCaMP6_overhang_R: GATGATGATGA

TGATGAGAACCCATGGAGCCGGAGCCCGAT

This paper N/A

Orco-T2A-GCaMP6_F: CCTTACGTATATGGGTGGTTCTTA This paper N/A

Orco-T2A-GCaMP6_R: CTTATTCCACTTACGACGTGATG This paper N/A

Orco-Syn-GCaMP6_F: CCTTACGTATATGGGTGGTTCTTA This paper N/A

Orco-Syn-GCaMP6_R: CACTCTCCGTCTTGTTGGCA This paper N/A

OR70a_promoter_F: AGATGGTGTTAATTTTATCGTGAGC This paper N/A

OR70a_promoter_R: CTGGACGTCTGCACGAAACTAA This paper N/A

mCD8-mCherry_backbone_F: CTCCCTGGTTTAGTTTC

GTGCAGACGTCCAGATGGCCTCACCGTTGACCCGCTTTC

This paper N/A

mCD8-mCherry_backbone_R: AGTGTGATGGATATCTG

CAGAATTCGCCCTTAACTTGTTTATTGCAGCTTATAATGG

This paper N/A

OR70a-mCherry_F: ATGGCCTCACCGTTGACCCGCT This paper N/A

OR70a-mCherry_R: TTGGTCACCTTCAGCTTGGCG This paper N/A

GCaMP6s_qPCR_S:ATCAAGGCCGACAAGCAGAA This paper N/A

GCaMP6s_qPCR_AS: CACGCTCAGGTAGTGGTTGT This paper N/A

EF1a_S:: AGCCCAGGAGATGGGTAAAG This paper N/A

EF1a_AS: CTCTGTGGCCTGGAGCATC This paper N/A

Recombinant DNA

15x-QUAS-dTomato-T2A-GCaMP6s Addgene #130666

pAAV-Ef1a-DIO-Synaptophysin-GCaMP6s Addgene #105715

slc1a3b:mCD8mCherry Addgene #170207

Software and algorithms

Fiji National Institutes of Health https://imagej.net/software/fiji/

Origin 2023b OriginLab Corporation https://www.originlab.com/getstarted

Chopchop University of Bergen https://chopchop.cbu.uib.no/

ZEN 3.4 blue edition ZEISS https://www.zeiss.com/microscopy/

en/products/software/zeiss-zen.html

TurboReg Biomedical Imaging Group - EPFL http://bigwww.epfl.ch/thevenaz/turboreg/

StackReg Biomedical Imaging Group - EPFL http://bigwww.epfl.ch/thevenaz/stackreg/

AMIRA 5.5.0 Thermo Fisher Scientific https://www.thermofisher.com/de/

de/home/electron-microscopy/

products/software-em-3d-vis/

amira-software.html

Enhanced data analysis Agilent https://www.agilent.com/en/product/

software-informatics/mass-spectrometry-

software/data-analysis

NIST MS National Institute of Standards

and Technology

https://chemdata.nist.gov/

SNT Fiji https://imagej.net/plugins/snt/

Adobe Illustrator Adobe https://www.adobe.com/de/products/

illustrator.html

LabView National Instruments https://www.ni.com/de/support/

downloads/software-products/

download.labview.html#487445

(Continued on next page)
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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, Bill Hans-

son (hansson@ice.mpg.de).

Materials availability
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact.

Data and code availability
All raw data supporting the findings of this study will be made available through Edmond, the Open Access Data Repository of the

Max Planck Society upon paper’s acceptance. This paper does not report original code. Any additional information required to re-

analyze the data reported in this work paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Locust husbandry
The locusts (Locusta migratoria) used in this study were obtained from the Institute of Zoology, Chinese Academy of Sciences, Bei-

jing, China. They were bred in a well-ventilated climate chamber under controlled conditions, including a temperature of 30�C, 40%
humidity, and a day:night ratio of 16 h to 8 h. All locusts used in the experiments were in the gregarious phase. To create a crowded

state, approximately 2000 young instar locusts were reared together in a cage measuring 30 cm3 30 cm3 50 cm. The locusts were

fed a diet consisting of fresh maize and wheat, supplemented with organic wheat bran.

Generation of a Orco-GCaMP6s transgenic locust
Plasmid construction

We leveraged the CRISPR-Cas9 system-mediated homology recombination strategy to site-specifically knock-in the exogeneous

gene cassette encoding GCaMP6s. We targeted the last exon of Orco (exon 8) and designed single guide RNA that reversely com-

plements a genome domain containing the stop codon (GGTGCTGGTGCAGCTCAAGTAGG, PAM region underscored). We reprog-

rammed the native transcription event of Orco by linking the Orco coding sequence with the GCaMP6s coding sequence with T2A, a

self-cleaving peptide, ensuring the co-localization of Orco and GCaMP6s in olfactory sensory neurons (OSNs) and the undisrupted

functionality of Orco.9,16 This strategy generates the preliminaryOrco-T2A-GCaMP6s locusts where GCaMP6s was supposed to be

expressed homogenously within the cytosol. To enhance GCaMP6s expression in the axon terminals of OSNs in the locust antennal

lobe, based on the established construct of Orco-T2A-GCaMP6s, we additionally linked the GCaMP6s with a presynaptic-enriched

guide protein,100 resulting in a presynaptic enhanced transgenic version named Orco-Syn-GCaMP6s.

Construction of Orco-T2A-GCaMP6s plasmid contained 3 steps:

1. Cloning of Orco-exon 8 flanking sequence. Both homology arms flanking the insertion site are 1kb. Primers:

Orco_LHA_F

CAAGGTCGTCCGATTGAACA

Orco_RHA_R

AATGTCCGAAAGATGACGCT.

The amplicon was cloned into the TOPO blunt vector and assembled plasmid was used as the backbone for step 2.

Continued
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ChemDraw PerkinElmer https://revvitysignals.com/products/

research/chemdraw

Dragon 5.0 TALETE srl http://www.ccl.net/qsar/archives/

0403/0458.html

Segmentation editor Fiji https://imagej.net/plugins/

segmentation-editor

Orange 3 University of Ljubljana https://orangedatamining.com/

Geneious Prime Biomatters https://www.geneious.com/
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2. Cloning of T2A_GCaMP6s insertion with the overhang to the backbone based on the plasmid #130666 from addgene. Primers:

T2A_GCaMP6_overhang_F

CATGGTGCTGGTGCAGCTCAAGGGAGAGGGCAGAGGAAGTC

T2A_GCaMP_overhang_R

GCGCTGACGTCACAGGCGCCTATCACTTCGCTGTCATCATTTGT

The primers for cloning backbone (from step 1) were:

T2A_GCaMP6_backbone_F

TAGGCGCCTGTGACGTCAGCGCCG

T2A_GCaMP6_backbone_R

CTTGAGCTGCACCAGCACCATGAAG

The amplicons of insertion and backbone were assembled using Gibson Assembly kit (NEB).

3. Add linearization site with designed short guide RNA flanking both LHA and RHA. Primers:

sgRNA_LHA_F

CCTACTTGAGCTGCACCAGCACCAATGTCCGAAAGATGACGCT

sgRNA_RHA_R

GGTGCTGGTGCAGCTCAAGTAGGCAAGGTCGTCCGATTGAACA

The amplicons were cloned into TOPO XL2 plasmid (Thermo Fisher Scientific) for generation of donor plasmid of Orco-T2A-

GCaMP6s.

Construction of Orco-Syn-GCaMP6s plasmid in one step:

Cloning of backbone from the constructed plasmid of Orco-T2A-GCaMP6 (above step 3). Primers:

Backbone_F

ATGGGTTCTCATCATCATCATCATCA

Backbone_R

AGGGCCGGGATTCTCCTCCA

Cloning of Orco-Synaptophysin-GSG-GCaMP6s insertion with overhang based on the plasmid #105715 from addgene. Primers:

T2A_Syn_overhang_F

TGACGTGGAGGAGAATCCCGGCCCTATGGACGTGGTGAATCAGCT

Syn_GSG_R

GGAGCCGGAGCCCGATCCCATCTGATTGGAGAAGGAGGTGG

Syn_GCaMP6_overhang_R

GATGATGATGATGATGAGAACCCATGGAGCCGGAGCCCGAT

The amplicon was cloned into TOPO XL2 plasmid for generation of donor plasmid of Orco-Syn-GCaMP6s.

The reconstructed DNA plasmids were purified using NucleoBond Xtra Midi endotoxin free Kit (Machery Nagel) following manu-

facture’s protocol and were adjusted to proper concentration with nuclease-free water.

Generation of OR70a-mCherry transgenic line:

The generation ofOR70a-mCherrywas derived from theOrco-Syn-GCaMP6s transgenic line. Rather than employing site-specific

knock-in, we utilized a non-specific knock-in approach for the integration of the OR70a-mCherry gene cassette. Specifically,

we amplified the OR70a promoter region, approximately 2.3kb in size, upstream of the start codon based on the published Locusta

migratoria genome, using the primer:

OR70a_promoter_F

AGATGGTGTTAATTTTATCGTGAGC

OR70a_promoter_R

CTGGACGTCTGCACGAAACTAA

Subsequently, the amplified OR70a promoter was annealed with the reporter genemCD8-mCherry based on the plasmid #170207

from addgene, using the primer:

mCD8-mCherry_backbone_F

CTCCCTGGTTTAGTTTCGTGCAGACGTCCAGATGGCCTCACCGTTGACCCGCTTTC

mCD8-mCherry_backbone_R

AGTGTGATGGATATCTGCAGAATTCGCCCTTAACTTGTTTATTGCAGCTTATAATGG

To facilitate CRISPR-Cas9-mediated DNA integration, we introduced two synthetic sgRNA cutting sites flanking the OR70a pro-

moter-mCD8-mCherry fragment.

Microinjection

Freshly laid eggs were collected from the egg pods, thoroughly washed with serious of 70% ethanol-Deionized Water for 10 min and

were displayed on 1% agarose gel for injection. The injection cocktail contained donor DNA plasmid (600ng/ml), sgRNA (200ng/ml)

and Cas9 purified recombination protein (400ng/ml). Both the sgRNA and Cas9 protein were purchased from IDT (Integrated DNA

Technologies). 20ul of the injection cocktail was injected into the posterior side of the eggs, where germ cells were developed, using
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Nanoliter injector (Waukesha-Pearce Industries, Inc.) with a filamented glass capillary (Sutter Instrument Co.) under a dissection

microscope.

Genotyping

The injected eggs were stored in a Petri dish and put in a sterilized plastic container in 30�C chamber for 12-14 days. The mortality

rate induced by such microinjection was about 50%. G0 animals at the 5th instar were genotyped for possible DNA integration

following the protocol.42 In brief, the tarsus of the middle leg was scissored and lysed with 45 ml NaOH buffer (50 mM) at 95 �C in

a PCRmachine for 30 min, neutralized by 5 ml Tris-HCL (pH 8.0, 1 M). We used 1ml of upper supernatant for the subsequent genotyp-

ing PCR using MyTaq HS Red kit (Bioline) following a PCR protocol recommended by the manufacture. The PCR amplicon was

sequenced for site-specific insertion (Eurofins Mis2Seq DNA sequencing), using the following primers:

Orco-T2A-GCaMP6s:

Orco-T2A-GCaMP6s_F: CCTTACGTATATGGGTGGTTCTTA

Orco-T2A-GCaMP6s_R: CTTATTCCACTTACGACGTGATG

Orco-Syn-GCaMP6s:

Orco-Syn-GCaMP6s_F: CCTTACGTATATGGGTGGTTCTTA

Orco-Syn-GCaMP6s_R: CACTCTCCGTCTTGTTGGCA

OR70a-mCherry_F:

ATGGCCTCACCGTTGACCCGCT

OR70a-mCherry_R:

TTGGTCACCTTCAGCTTGGCG

The numbers of injected embryos and detected gene integrations are listed as follows:

Husbandry

Weobtained onemale and one female locust forOrco-T2A-GCaMP6s and one female locust forOrco-T2A-Syn-GCaMP6s, with the ho-

mology recombination rate lower than 1%. The validated G0 locust was paired with a WT locust to generate offspring. In the next gen-

eration, screening of the heterozygous offspring followed the genotyping protocol mentioned above. For both genotypes, G1 animals

were detective of a site-specific insertion with the heterozygous locusts less than half of the population. The validated locusts were

then in-crossed for the G2 offspring, which were subject to the same genotyping procedure for homozygous locusts using the primer:

Homo-F:

ATCACCCGGTATGGTCGTTTACA

Homo-R:

ATACTACACCCTGAAACACCC

The obtained homozygousOrco-Syn-GCaMP6s locusts were inbreeded for at least 5 generations before used for the experiments.

TheOR70a-mCherry locusts identified as positive for gene insertion through screeningwere grouped formating to produce offspring.

Immunostaining of OR70a-mCherry was performed in the second generation.

Phenotypic inspection

For phenotypic inspection, one adult locust’s antenna was extracted and briefly drenched in nuclease-free water. The antenna was

then press mounted on a glass slide containing spread dental wax. The antenna was split longitudinally into two halves with a sharp

blazer and was embedded with Vectashield (Vector Laboratories) to protect the fluorescence from distinction. The endogenous GFP

fluorescence was inspected through confocal microscopy (Zeiss LSM 880) using the LAMDA scanning mode and the autofluores-

cence from cuticle and other non-cellular items was unmixed online.

Real-time quantitative PCR

RNA extraction was performed treating dissected locust central brains from stage 1 to stage 6 with the TRIzol reagent (Invitrogen,

Waltham, MA, USA) following the recommend protocol from the manufacture. To compensate for the developmental-induced

increase in brain size, the number of central brains used was reduced from seven in stage 1 to two in stage 6, respectively. The

extracted RNAwas subjected to DNaseI (Thermo Fisher Scientific, Waltham,MA, USA) treatment to eliminate genomic DNA contam-

ination. cDNAwas synthesized with SuperScript III Reverse transcriptase kits (Invitrogen) using the RNA at a concentration of 125ng/

ml. Real-time quantitative PCR was performed to compare the transcript level of GCaMP6s in locust central brains across develop-

mental stages by using Biozym Blue S’Green qPCR Mix Separate ROX (Biozym, Steinbrinksweg, Germany). The elongation factor 1

alpha gene (ef1a) was used as a housekeep gene.101

Transgenic line Embryo injection Hatched embryo Genotyped locust Genotyped positive locust

Orco-GCaMP6s 1998 249 189 2

Orco-Syn-GCaMP6s 2120 260 196 1

OR70a-mCherry 698 98 70 55
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The primer used were:

GCaMP6s_qPCR_S:

ATCAAGGCCGACAAGCAGAA

GCaMP6s_qPCR_AS:

CACGCTCAGGTAGTGGTTGT

EF1a_S:

AGCCCAGGAGATGGGTAAAG

EF1a_AS:

CTCTGTGGCCTGGAGCATC

METHOD DETAILS

Locust antennal lobe reconstructions
Immunostaining

Immunostainings of locust brains followed the established protocol with slight modifications.102 Locust brains were exposed and

dissected out of the capsule with adherent tissues and pigmentation on the optic lobe removed. Extracted locust brains were rinsed

in locust saline buffer (150 mM NaCI, 5 mM KCI, 5 mM CaCI2, 4 mM NaHCO3, 2 mM MgCI2, 10 mM Hepes and 25 mM sucrose,

adjusted to pH 7.1) for 10 min. The brain was fixed in ZnFA at room temperature for 20 h. The ZnFA fixative contained 0.25%

(18.4 mM) ZnCl2, 0.788% (135 mM) NaCl, 1.2% (35 mM) sucrose, 1% formaldehyde and 0.1% DMSO. Fixed brains were rinsed

in saline buffer for 3x 15 min followed by a standard dehydrate-rehydrate process with an ethanol series of 30%, 50%, 70%,

90%, 96% and 100%, with 10 min each. The brains were then treated with blocking buffer (5% NGS, 1% DMSO, 0.005% NaN3

in 0.1 M PBS) for 1h at room temperature, which was then replaced with primary antibodies (rabbit anti-GFP and mouse anti-Syn-

apsin) diluted in the blocking buffer at 1:500, lasting for 4 days at room temperature. The brains were rinsed in PBS-DMSO for 3x

45min and treated with secondary antibodies (goat anti-rabbit, Alexa fluor 488 and goat anti-mouse Alexa fluor 546, diluted in block-

ing buffer at 1:300) for 4 days at room temperature. The stained brains were washed in PBSD for 3x 45 min and RapiClear 1.52 (Sun

Jin Lab) was used for tissue clearance lasting for 3h. Finally, the brains were permanently mounted in an iSpacer (0.55 mm, Sun

Jin Lab).

Glomerulus segmentation

The z-stack scanning was implemented using a 20x objective (Objective W Plan-Apochromat 20x/1.0 DIC M27) with an Argon

laser (488nm) and Helium-Neon laser (543nm) applying layer-adjusted laser power ranging from 15%-50% (ZEISS LSM 880).

Scanning of a single focal plane was done at the recommended highest resolution with a duration of about 2 min to achieve

high scanning quality. The used plane interval was 2 mm. For the purpose of glomeruli reconstructions, the z-stack scanning

was terminated at the level of the globular lobe neuropil (i.e. projections from the palps) comprising approximately 120-130 planes.

We used the Fiji plugin (segmentation editor) for glomeruli delineation and labeling and the segmentation software Amira (Thermo

Fisher Scientific) for 3D visualization. To distinguish and identify single glomeruli, the Orco-positive and Orco-negative glomeruli

were separately reconstructed using both, GFP and Synapsin fluorescent labeling. Two experimenters independently recon-

structed the same specimen, resulting in a variation in the total number of glomeruli of less than 10%. We eventually reconstructed

3 antennal lobes of three locusts showing a high degree of stereotypy in terms of the total number and the proportion of Orco-

positive glomeruli.

Two-photon calcium imaging
Locust dissection

Female locust nymphs at 2 days post-eclosion as well as immature adult females with the age of 3-5 days were used in our exper-

iments. The locusts were starved for 2 h before the imaging experiments. Locust nymphs at stage 1-2 were immobilized in a custom-

ized plastic holder with a slit in themiddle to fit the locust’s cervical segment. Locusts at stage 3-6 were restrainedwith a cotton string

to limit excessive movement and fixed in an upright tube with odorless clay. The locust’s head was held up using a sterilized tooth

stick to provide better access to the antennal lobe during the imaging experiment. The positioning of the cervical segment in the

dissection tube wasmarked to mitigate variations resulting from embedding step. To facilitate the odor delivery, the locust’s antenna

was stretched horizontally by fixing the scapewith clay. The locust’s head capsule was opened using a sharp-pointed stab knife (22.5

degree), and excess tissue and trachea were carefully removed to ensure full access to the locust antennal lobe. During dissection,

the locust saline buffer was constantly changed approximately 2 times per minute. To minimize brain movement during the exper-

iment, the esophagus was pulled out of the body, and the brain was secured using a customized platform. To prevent any input from

the ganglion, the two central nerve bundles were cut. The dissection process typically took 30-40 min, and the subsequent exper-

iment lasted for 2-2.5 h. Animals beyond this duration were not used in further experiments to avoid potential declines in the phys-

iological state of sensory neurons caused by excessive odor exposure.

Imaging setup

The dissected locust, secured in an upright tube, was attached to a plastic plate through a central hole that matched the operating

platform of a 2-photon laser scanning microscope (2PCLSM, Zeiss LSM 710 meta NLO). The microscope was equipped with an
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infrared Chameleon UltraTM diode-pumped laser (Coherent, Santa Clara, CA, USA) and a 40x water immersion objective lens (W

Plan-Apochromat 40x/1.0 DICM27). Both themicroscope and the laser weremounted on a smart table UT2 (NewCorporation, Irvine,

CA, USA). The fluorophore of GCaMP6s was excited using a wavelength of 925 nm.

Odor delivery

We used a computer-controlled odor delivery system as described before.103 All the examined monomolecular odors were diluted in

mineral oil (Figures 2, 3, 5 and S2–S4). 10 ml of the diluted odor was added to a 50 ml glass bottle (Duran Group, Mainz, Germany)

equipped with two sealed openings for the in-and-out of the air flow. A continuous airstream at the speed of 1L/min controlled by a

flowmeter was guided through a peek tube to the distal-middle part of locust’s antenna. LabVIEW software (National Instruments)

linked to the ZEN software (Zeiss) was implemented to control both image acquisition and odor delivery. Upon onset of odor delivery,

the originally blocked valve was switched on temporarily to allow an airflow passing through the odor bottle and travelling to the lo-

cust’s antenna. Odor application started 2 s after the onset of the recording and lasted for 2 s (i.e. frames 8-16, frame rate 4Hz) with a

2 min clean air interval between each odor application.

Odor name abbreviations: 25DP, 2,5-dimethyl-pyrazine; 4VA, 4-vinylanisole; APH, acetophenone; ANI, anisole; BAT, butyl acetate;

BAL, benzyl alcohol; BPO, 1-butoxy-2-propanol; BZD, benzaldehyde; DAL, diacetone alcohol; DCE, decane; DEC, decanal; DEET,

N,N-diethyl-meta-toluamide; DIH, dihydroactinidiolide; DIM, 1,3-dimethyluracil; DTP, 2,4,dimethoxyphenol; EOC, (E)-2-octen-1-ol;

EHE, (E)-2-hexen-1-ol; EAT, 2-ethylhexyl acetate; ETH, ethyl hexanoate; GAC, geranyl acetone; GCA, g-caprolactone; GES, geo-

smin; GUA, guaiacol; HAL, (E)-2-hexenal; HEP, 2-heptanone; HAC, hexanoic acid; IND, indole; IPH, isophorone; LAC, linoleic

acid; LAT, L-alpha-terpineol; LIM, limonene; LIN, (+/�)-linalool; LOX, linalool oxide; MIS, 2-methyl-5-isopropylpyrazine; MBC,

2-methylbutyric acid; MOT, methyl oleate; OAL, octanal; OOL, 1-octen-3-ol, PAN, phenylacetonitrile; PEN, 1-pentanol; POX,

a-pinene oxide; PAL, phenethyl alcohol; PAD, phenylacetaldehyde; SQL, squalene; TRI, 2,4,6-trimethylpyridine; VRT, veratrole.

Imaging procedure and data acquisition

The locust antennal lobe was centrally positioned to fit within the squared acquisition window (425 x 425 mm, for adult stage), and

imaging experiments were performed from the dorsal side. We found a conserved glomerular organization at certain depths, which

reoccurred in all animals. The first imaged plane was positioned approximately 20 mm below the dorsal surface of the antennal lobe,

which usually contained an incomplete eyeball-shaped glomerular region. In the fourth plane (i.e. 60-70 mm), a complete view of the

eyeball-shaped glomerular region appeared, while in the 10th focal plane Orco-negative glomeruli became visible. We estimate that

these 10 focal planes cover 60%-70% of the total glomerular population. We used these features to evaluate each specimen before

using it for the imaging experiment. We selected the odors PAN (10�3) and linalool oxide (10�3) as diagnostic odors to quantify the

overall response strength of the specimen.

To resolve the chemotopic organization of locust antennal lobe at the adult stage (Figures 3, S3, and S4), 10 focal planes were

imaged along the z-axis with an interval of 15 mm, corresponding to the mean size of a single glomerulus (Figure S1E). Prior to

odor application, the imaged focal plane was scanned at high resolution (1024 x 1024 pixels) with appropriate laser power used

for registration and glomerular identification. Each individual measurement consisted of a series of 40 frames (10 s duration) acquired

at a resolution of 512 x 512 pixels at a frame rate of 4 Hz. For the imaging experiments of the 6 different developmental stages (Fig-

ure 5), we recorded odor responses in a single focal plane from each stage to 13 odors (concentration 10�3), imaging 3-4 planes for

each antennal lobe using the 40x water immersion objective. Due to the growing size of the locust antennal lobe, the z-axis interval

between two imaged planes differed for the stages with 15 mm for stage 1 and 2, 20 mm for stage 3 and 4, 25 mm for stage 5 and 6. This

configuration ensured that image acquisition was performed within a similar z-axis region of the locust antennal lobe across all

stages. During image acquisition, the display of the locust antennal lobe for different stages was adjusted to fit a square acquisition

window, allowing the projection of multiple focal planes from different stages (Figure 7).

Image data processing, analyses and presentation
ROI selection and validation

We used Fiji 2 for to process and present the imaging data. The acquired imaging data were first corrected for photobleaching using

an exponential fit method. The data were then corrected for movement applying Fiji’s StackReg plugin, using a high-resolution pre-

experiment plane scan as a template. Based on the corrected imaging data, we calculated the F-F0 for the 40-frame imaging stacks,

where F0 represented the averaged fluorescence of frames 1-6 (i.e. before odor application). To identify responsive ROIs, we ob-

tained the averaged fluorescence values of frames 16-30, since this frame range captured the peak response for distinct OSN

response modes.57 Detailed Fiji settings include a FFT bandpass filter with a target object size setting as 10-100 pixels, a range

covering the actual glomerulus size (Figure S1E), and with a tolerance of direction of 5%. The responsive ROIs were manually

selected based on the filtered imagewith the help of PCA analysis of the dF image stacks, which highlighted the pixels that underwent

large variations in fluorescence changes during the experiment. The boundary of each emergent ROI was delineated and its response

traces were further quantified to determine the response amplitude. Basically, we used three criteria to select responsive ROIs: First,

the peak raw amplitude (dF) of the selected ROI should be greater than 200 a.u. (i.e. fluorescence intensity), anything lesswas consid-

ered as noise. Second, the peak raw amplitude (dF) should exceed 3 times of the standard variation of frames 1-6. Third, the peak

response (dF/F0) should exceed 20%. The response traces were also inspected to discard those with unusually large fluctuations.

The actual locations of the validated responsive ROIs were slightly modified based on high resolution focal plane scans. Selection

and validation of inhibitory responsive ROIs followed a similar methodology except that all criteria were inversed to negative values.
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Response map presentation

In this study, the responsemapmerged onto one focal plane was presented in two forms: an unextracted and an extracted response

map. The unextracted response map was constructed based on the averaged projection of frames 16-30, which was filtered and

color-coded (dF, Figure S2). The extracted response map was constructed by extracting the responsive population from the projec-

tion of frames 16-30, which was then superimposed with the scanning of antennal lobe focal plane (dF, Figure 4; dF/F0, Figures 2

and S2).

Concentric ring region division

Inspired by the observation that odor-induced response patterns on a focal plane resemble a distinct ring-shaped structure, we

sought to divide the glomerular region into even-width concentric ring regions. For simplicity, the centroid and the radius of the

glomerular region on a focal plane were determined by fitting the outer boundary of the glomerular population into a circle. A distinct

region was divided only based on its distance to the centroid relative to the diameter (relative distance, %), and was independent of

any adjustment of raw imaging materials such as data rotation or alignment. The central hub region and its boundary, containing very

few glomeruli, was divided into the most inner region (region 1), occupying a region spanning less than 25% of the width of the entire

glomerular region. The remaining antennal lobe was divided into 15 concentric regions, each spanning 5% of the width of glomerular

region. Each ring region and its corresponding spanning dimension (relative distance to the centroid, %) are listed below:

At the adult stage, the 5% of the glomerular region was estimated to be approximately 9-11 mm, slightly smaller than the minimum

size of s single glomerulus (Figure S1E), thus providing a fine resolution of rendering the regional response weights. For a very few

glomeruli whose actual locations were estimated to be greater than 100%of the diameter, they were treated as belonging to themost

peripheral region (region 16). The 16-region paradigm was applied to nymphal locusts, whose antennal lobe was smaller than that of

adults (Figure 5F).

Regional response weights

The large number of glomeruli comprised within the locust antennal lobe does not allow to identify each individual glomerulus.

Instead, to examine the chemotopic organization in the locust antennal lobe, we introduced an approach that integrates both the

population size and the response strength of the responsive glomerular population in a defined concentric ring-shaped region. To

examine the chemotopic organization induced by monomolecular odors (Figure 3) or headspaces (Figure 4), we pooled the re-

sponses of the glomerular population deriving from all focal planes from all the tested animals. The response weight in a region k:

rp(k) was determined as:

rpðkÞ = ðrk � pkÞ
, X16

k = 1

ðrk � pkÞ

where rk represents the mean peak response (dF/F0) of the glomerular population distributed in the region k, while pk denotes the

percentage of the size of responsive glomeruli in the region k relative to that of the entire responsive population identified in the

antennal lobe (%). To compare the regional response profile among tested odors, the response weights in a specific region was

z-score normalized among odors. Thematrix of normalized regional response weights was analyzed in a hierarchical clustering using

the Ward group method with the calculated Manhattan distance matrix (Figure 3).

Glomerular response space and cluster identification

To investigate the intrinsic coding properties of the glomerular clusters, we exposed animals from the 6 developmental stages to a

panel of 13 odors in each focal plane. A glomerulus was considered responsive if it showed a valid excitatory response (criteria see

above) to at least one of the 13 odors, while those showing only inhibitory responses were excluded from the analysis. This yielded an

identification of over 11000 responsive glomeruli. The response profile of each glomerulus to the 13 tested odors was normalized to

the maximum response (set at 100%), while the responses below 20% were treated as 0. To visualize the landscape of glomerular

population coding in a 2D space, we used the tSNE algorithm with specific parameters (perplexity 200, exaggeration 1, PCA

components 5) to process the normalized dataset. We used the Louvain algorithm for glomerular cluster identification, a method

for community detection in large networks, using the cosine distance matrix based on the normalized data set. This clustering algo-

rithm allows for a flexible clustering membership by adjusting the resolution, a parameter responsible for the deduced cluster size or

number.77–79 Since the size of a functional glomerular cluster was unknown, we first determined the minimum cluster size (i.e. the

number of nearest neighbors to use to form the KNN graph) by assuming that the cluster members should appear in at least half

of the total tested layers, i.e., 0.5 * 139. To approximate the number of glomerular clusters derived from a panel of 13 tested odors,

we adjusted the clustering resolutions at 1, 0.5, 0.3, 0.2, and 0.1, respectively. The default resolution implemented in Louvain clus-

tering is 1 and themaximum resolution is 0.1. The five adjusted resolutions result in the deduced cluster numbers of 27, 37, 47, 54 and

71, respectively. The ‘‘animal occurrence rate’’ is considered as an important parameter to justify the presence of clusters: the

Ring-region 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
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detection of one cluster (i.e., the glomerulusmembers) inmany replicatesmakes the existence of this cluster more likely. We consider

that a common glomerular cluster should be present at least in more than 80% of the tested animals at a given stage, corresponding

to 6 out of the 7 tested animals.

Locust chemospace
A comprehensive set of chemical descriptors for 209 odors were used for constructing the locust chemospace. The odor array

included the ecological relevant odor-base for Locusta migratoria46 as well as a few other odors, such as DEET and geosmin. We

used the software Dragon 5.0 to calculate chemical descriptors underlying the chemical’s 2D chemometric features. Among the

generated 2489 chemical descriptors, a large population of them were 0 for all the 209 odors, which were not considered for sub-

sequent analysis. We eventually screened 799 non-0 chemical descriptors and each of the descriptors was z-score normalized

among the 209 odors. We note that a much smaller set of weighted chemical descriptors was recommended for the chemical struc-

ture calculation.104 Since many locust odors present in our analysis were not included in the previous study, in our study we used a

larger set of descriptors. The normalized 799 descriptors were used for further chemospace construction and structure similarity

determination. The multidimensionality of the 209 odors was reduced to a 2D virtual space using the tSNE algorithm (perplexity

100, exaggeration 1, PCA components 20) implemented in Orange 3.0. The structural correlation was determined by calculating

the Pearson correlation of the set of 799 descriptors for each of the odor pairs.

Headspace analysis
Headspace collection

Five types of headspace were generated and used directly for the imaging experiment. Locusts were starved for 2 h to eliminate any

residual food odors from their bodies. Plants were collected fresh from the growing soil without any additional treatment. To mimic

the natural scenario, the headspace of adult locusts consisted of 13 pairs of males and females aged between 5-10 days. Similarly,

the headspace of nymphs consisted of 30 5th instar locusts, with both males and females aged 2-4 days after eclosion. The locusts

were crowded into a spacious container, consisting of four interconnected lock&lock boxes (approximately 5 liters of space,

LocknLock company), and placed in a climate chamber at 30 �C for 4 hours. This setup has been shown to be effective in previous

imaging experiments, and the animals were not harmed by hypoxia. For the plant-derived headspaces, 150 g of leaves were used,

and the plants were of slightly different ages (maize, 5 weeks; wheat, 4 weeks; and rapeseed, 5 weeks). The plant leaves were cut into

small pieces to mimic herbivore foraging and placed in the same container as the locusts but at room temperature for 4 hours. The

lock&lock box container was equipped with two openings, similar to the odorant bottle described above, and was attached to our

odor delivery system. The far dorsal region of the locust antennal lobe was disregarded, as it contained a sparse responsive popu-

lation for all five headspace types. Therefore, only seven focal planes were imaged within a single antennal lobe with a z-axis spacing

of 15 mm. The collected headspaces were used for a single trial, with each individual animal tested with only one antennal lobe side.

This approach was adopted to account for any potential weaker responses that might occur due to decreasing headspace

concentration.

GC-MS analysis of chemical identity

The volatile content of each of the five headspaces was identified using solid phase microextraction (SPME).46 The customized

lock&lock box used for the imaging experiments was also used for headspace collection. Locust-related headspaces were collected

at 30�C for 20 h, while the plant-related headspaces were collected at room temperature for 20 h. Headspace from an empty lock&-

lock boxwas used as a control. After each headspace collection, the SPME fiber was retracted and immediately applied to the inlet of

a gas chromatography–mass spectrometry (GC–MS) system equippedwith an HP5 column. TheGC-MS running programwas set as

follows: the column temperature was initially maintained at 40�C for 3 min and then increased to 150�C at 5�C$min-1, then increased

to 260�C at 10�C$min-1, followed by a final step of 5 min at 260�C. Compounds were identified by comparing the obtained mass

spectra against synthetic standards and NIST 2.0 library matches. The identity of each compound was validated by the R-match

value (R>0.85) and the ambiguous volatiles were neglected for the analysis. The content of each compound was determined as

the area under the peak and the minor compounds, which were less than 2% of themost abundant compound, were not considered.

In general, only the top half of the abundant compounds was used for enrichment analysis. Compound content was further corrected

by the blank control. The chemical distance for the identified abundant compoundswas determined based on a set of non-0 chemical

descriptors as reported in the Locust Chemospace session.

Predicting OR distribution
To predict the spatial distribution of locust ORs, we first extracted the response profile of locust OR types using a panel of 13 odors

that were comprised in a recent study of functional deorphanization of locust ORs.46 The panel of 13 odors represents a diverse set of

chemical classes and is therefore sufficient to capture the response profile of locust ORs. We considered a total of 18 candidate OR

types that showed responsiveness to at least one of the 13 odors with a strength of at least 50% of the maximum responsiveness

elicited by the 13-odor panel. The extracted response profiles of the candidate OR types were analyzed with Louvain clustering along

with the characterized glomerular population in former study (in total 11,884 glomeruli). In each independent clustering analysis, using

the same dataset we gradually adjusted the clustering resolution parameter to 3, 2, 1, 0.5 and 0.2, respectively. A candidate OR type

is grouped with a subset of the glomerular population. The five independent clustering analyses generate partially overlapping
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memberships, highlighting a basic group of glomeruli that occurs in most clustering operations. Therefore, this basic group is most

closely related to the candidate OR type. The occurrence rate of the basic glomeruli grouped with the candidate OR type across the

five independent clustering analyses was considered as the "likelihood", indicating the potential distribution of the candidate ORs in

the antennal lobe.

Tracing and reconstruction of OSNs and PNs
To label individual OSNs, adult female locusts (Orco-Syn-GCaMP6) were fixed and immobilized in a glass slide with the scape

embedded in clay to prevent movement. We used a sharp blazer to destroy the cuticle of the sensilla and antenna by gently scratch-

ing the dorsal surface of the antenna. Since OSNs are enriched in the distal to mid-antenna region, the scratching was limited to this

area. Once the wound was created, the antenna was wrapped with a capillary containing 5%Neurobiotin (Vector Laboratories). The

animal was kept overnight at room temperature in the dark. For intracellular PN staining, adult female locusts were briefly anaesthe-

tized in 4�C and embedded in a custom-built plastic container with the head restrained using modeling clay or dental wax. A small

window was opened frontally in the head cuticle and the antennal lobe was exposed after removing gland and fat sheaths. The head

capsule hemolymphwas replaced by locust saline buffer. Then the tip of a sharp borosilicate glass capillary (HilgenbergGmbH,Mals-

feld, Germany), pulled with a horizontal laser puller (P 2000, Sutter Instruments, Corp., Novato, CA, USA), and filled with MicroRuby

(dextran, tetramethylrhodamine and biotin, 3000MW), was inserted into the PN cell body layer located on the surface of the antennal

lobe, operated by the use of amanual micromanipulator. The dyewas injected iontophoretically by applying a depolarizing current (2-

20 nA) for 10-30 min. with a bridge amplifier (BA-03X, npi electronic GmbH, Tamm, Germany). A silver wire immerged into the head

capsule’s saline buffer served as a reference electrode. After dye injection and incubation, locusts were kept in a humid chamber at

4�C overnight, after which the brains were dissected, fixed in 4% PFA for 2 h at room temperature, rinsed in PBS, dehydrated in

ascending ethanol series and cleared in methyl salicylate for confocal microscopic scans. Reconstruction of OSN and PN

morphology was done with the segmentation editor and the semi-automated skeleton tree module in Amira (Thermo Fisher

Scientific).

QUANTIFICATION AND STATISTICAL ANALYSIS

Analyses of calcium imaging data were performed using Fiji 2. Correlations in this studywere indicated by Pearson’s r correlation with

the significance at 0.05 level. For all statistical analyses, Origin 2023b was used, where the data distribution was examined with the

Kolmogorov–Smirnov test for two-sample comparison and the group variance was examined with Levene’s test for multiple com-

parisons. Two-tailed Student’s t test was used in Figures S1 and S4. Multiple comparisons were performed with one-way ANOVA

in Figure S5 and Kruskal-Wallis test in Figure S6. Statistical significance was set at 0.05 level. In box plots and line graphs, data

were presented as mean ± SEM (Figures 4, 5, S1, and S3–S6). In box-and-whisker plots, the range of data is indicated in the figure

legends (Figures S4 and S5). Sample size and animal replicates were clarified in the corresponding figure legends.
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Supplemental figures

(legend on next page)
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Figure S1. Genotyping, phenotypic quantification, and stereotypic antennal lobe organization, related to Figure 1

(A) Genotyping of two types of transgenic locusts. The consensus primer F is located on the 50 UTR beyond the left homology arm (LHA, 1 kb), and the insertion-

specific primers R1 and R2 are located on the 50 region of GCaMP6s and synaptophysin (Syn), respectively. Both primer pairs F-R1 and F-R2 are supposed to

generate an amplicon with the size of approximately 1.5 kb in corresponding genotypes. No amplicons are expected in the wild-type (WT) locusts using either

primer pair.

(B) Scanning of three focal planes in the dorsal region of the locust antennal lobe from two genotypes. 30% and 60% laser power were used for Orco-Syn-

GCaMP6s and Orco-GCaMP6s locusts, respectively. The interval between scanned planes is 10 mm. Scale bars, 50 mm.

(C) Lower laser power induced much stronger fluorescence intensity in Orco-Syn-GCaMP6 locusts. Data are represented as mean ± SEM. Student’s t test,

***p < 0.001. n = 9 focal planes from 3 animals.

(D) Ipsilateral OSN projection in the locust antennal lobe. GFP and synapsin were immunostained in Orco-Syn-GCaMP6s locusts at 10 days post removal of the

antenna on the right side. No contralateral projections could be seen. OSN innervation from the palp to the globular lobe (GL) remains on both sides.

(E) Quantification of glomerular diameter visualized on a single focal plane. Glomeruli from the top three focal planes in Figure 1D were quantified.

(F and G) Conserved gross glomerular organization in the locust antennal lobe visualized with GFP immunostaining. Two independent specimens were visualized

at three different perspectives like in Figure 1E. Lower right, number of glomeruli for each focal plane.

Scale bars, 50 mm.
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Figure S2. Odor maps for single focal plane and for multiple focal planes across the antennal lobe, related to Figures 2 and 3
(A) Odor-evoked fluorescent changes (dF) on a single focal plane for three consecutive trials, related to Figure 2A.

(B) Odor-evoked fluorescent changes (dF) on a single focal plane for three animals, related to Figure 2B. The centroid is marked as a black pentagon.

(C) Odor-evoked fluorescent changes (dF) on a single focal plane for increasing concentrations, related to Figure 2C.

(D) Example of response maps with 10 focal planes (animal #1) after antennal stimulation with PAN (10�3). For clarity, only excited glomeruli were extracted and

presented. Scale bars, 50 mm.

(E) Projected odor maps after antennal stimulation with PAN (10�3) for animal #1.

(legend continued on next page)
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(F) Regional distribution of responsive glomeruli and determination of the 16-region response weight. For each responsive glomerulus, its relative distance to the

centroid is represented on the x axis, while its response strength is depicted on the y axis.

(G) Similar projected odor maps for three odors across three animals.

(H) A hierarchical clustering of the projected odormaps using their regional responseweights. Odor abbreviation: PAN, phenylacetonitrile; LAT, L-alpha-terpineol;

LIN, (+)-linalool.
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Figure S3. Projected odor maps and centroid-based distributions of glomerular responses for 46 odors, related to Figure 3

(A) Z-projected odor maps for the 46 tested odors.

(B) The centroid-oriented distribution of excitatory glomerular responses for the 46 tested odors (n = 3). The color code represents the density of the responsive

glomerular population, with warm colors (i.e., red/ yellow) indicating densely clustered glomeruli, while sparsely distributed glomeruli are shown in cold colors (i.e.,

blue). Odor names were colored according to Figure 3D.

(C) Correlation analysis of the 16-region response weight between the three tested animals (black data points) and between each animal and the pooled data (red

data points). A strong correlation (r = 0.5) across individuals is indicated by a dashed line. The pooled datawere collected from three animals. Data were presented

as mean ± SEM.
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Figure S4. Spatial distribution of inhibited glomeruli is less odor specific, related to Figure 3

(A) Confocal scanning of a single focal plane with four glomeruli indicated, where responses were measured (#1–#4). Scale bar, 50 mm.

(B) Dynamic odor response traces for the four distinct glomeruli indicated in (A). Red line indicates the stimulus duration (2 s). Odor-induced inhibitory responses

are marked with blue dots. A response with a peak lower than �25% of dF/F0 was categorized as an inhibitory response.

(C) Hierarchical clustering of the regional distribution of inhibited glomeruli for 46 tested odors. For odor abbreviations please see figure legends of Figure 3.

(D) Spatial distribution of inhibited glomeruli for six odors. n = 3 female adults for each odor.

(E) Correlation of the distribution of inhibited glomeruli and chemical structure. n = 1,035 odor pairs from 46 odors. r, Pearson correlation.

(F) Inhibited glomeruli exhibit more homogeneous spatial representation patterns than excited glomeruli. n = 1,035 odor pairs from 46 odors. Box-and-whisker

chart, median within data range of 25%–75% and the 1.5 inter-quartile range. ***p < 0.001, paired Wilcoxon signed-rank test.

(legend continued on next page)
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(G) The number of excited and inhibited glomeruli after antennal stimulation with 46 different odors. Data are represented as mean ± SEM. n = 3 animals for each

odor.

(H) Correlation of the number of excited and inhibited glomeruli for each odor stimulation. r, Pearson correlation.

(I) Topology of accumulated excited (left) and inhibited (right) glomeruli. Density plot integrates a projection of the entire activated glomerular population after

antennal stimulation with the 46 odors tested.
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Figure S5. Clustering validation and the development of response strength and glomerular cluster size, related to Figure 6

(A) Occurrence of the deduced cluster numbers resulting from the clustering analyses in the 39 animals tested. Each of the deduced cluster number is derived

from independent clustering analysis using the same dataset with adjusted resolution parameter in the implemented Louvain clustering algorithm. See STAR

Methods for details. Box and distribution plots represent the mean and data range of 10%–90%.

(B) Number of glomeruli in each cluster. The majority of the clusters show an animal occurrence rate of over 80% with only a small number falling below 70%.

(C) Animal occurrence count for each of the 54 clusters at six developmental stages. Each stage comprises 6–7 animals.

(D) Simplified glomerular response space across the six developmental stages. Each cluster was simplified as a dot representing the centroid of cluster members

with the dot size proportional to the relative cluster size.

(legend continued on next page)
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(E) Development of glomerular cluster sizes. The relative population size of each glomerular cluster for stage 2–6 was compared with the initial stage 1.

(F) Development of peak responses of the 54 clusters. Individual columns contain 54 blocks showcasing the mean response of cluster members at each of the 6

stages to a given odor. Clusters not responding to a given odor (below 20% of dF/F0) are denoted in blue.

(G) Raw response traces of five representative clusters to PAN (10�3). The bold line and shaded area represent mean ± SEM.

(H) A gradual decrease of general response strength through development. Data points represent the averaged glomerular response strength for each of the 13

tested odors. Box-and-whisker chart represents mean ± SEM within data range of 25%–75%. One-way ANOVA with Fisher’s least significant difference (LSD)

post hoc test.

(I) Transcript level of GCaMP6s in the locust brain throughout developmental stages. n = 4–5 replicates. Box-and-whisker chart represents mean ± SEM within

data range of 25%–75%. One-way ANOVA with Fisher’s LSD post hoc test.
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Figure S6. The ring-shaped glomerular organization is preserved across stages and is a shared characteristic with PN dendritic arboriza-

tions, related to Figure 7

(A) Visualization of the ring-shaped organization of glomerular clusters across different stages. Left, plot of the relative distance to the centroid in the glomerular

response space. Right, examples of three glomerular clusters representative for glomerular innervations in the medial, central, and peripheral antennal lobe

regions, respectively.

(B) Comparison of the relative distance to the centroid exhibited by glomerular clusters across stages. p values for differences between stages 2–6 and stage

1 are color coded. The gray color indicates the statistically insignificance regarding the distance comparison for a specific glomerular cluster between two stages.

Relative distance comparison: Kruskal-Wallis ANOVA, Dunn’s post hoc test, p, significance at 0.05 level.

(legend continued on next page)
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(C–E) Ridgeline plots of the spatial distribution of OSN axonal innervation, glomerular clusters, and PN dendritic innervation. The glomerular population innervated

by a single type of OSN (C), glomerular cluster (D), or PN (E) is represented as rugs on the x axis within the 16 concentric ring regions. Individual backfills or clusters

are displayed on the y axis. The median location of the innervated glomerular population by a single backfill or cluster is indicated by a red line. The distribution is

represented as a kernel density plot, with the height of the curves scaled to their respective maximum values.

(F) The number of glomeruli innervated by single OSNs and PNs. Box-and-whisker plot represents mean within a data range of 10%–90%.

(G) Completemorphologies of three PNs representing glomerular innervation in the central, medial, and peripheral antennal lobe regions, respectively. Scale bars,

50 mm.
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Figure S7. Predicted spatial distribution of specific OR types in the locust antennal lobe, related to Figure 7
(A) Workflow for predicting the spatial distribution of glomeruli associated with distinct OR types in the locust antennal lobe. The five independent clustering

analyses generate partially overlapping cluster memberships, and the basic glomeruli grouped with the candidate OR type across multiple clustering operations

are more related to the OR type. For details, please see STAR Methods.

(B) Embedding OR identities in the glomerular response space. ORs with identical extracted response spectra are together in a box.

(C) Proposed spatial distributions of OR6 at stage 1 (upper) and at stages 2–6 (lower) via iterative clustering analyses. A higher likelihood indicates that a

glomerulus was more frequently grouped together with the candidate OR type.

(legend continued on next page)
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(D) Prediction of the spatial distribution of glomeruli associated with each of the 18 OR types across the 6 developmental stages. Generation of the likelihood-

indicated spatial distribution map was based on the deduced membership from the iterative clustering analyses (53) by progressively adjusting the resolution.

See STARMethods for details. The predicted distribution of OR70a glomeruli at adult stage that is located in the peripheral antennal lobe region is highlighted by

white arrows.

(E) Ridgeline plot of predicted regional distributions of glomeruli associated with each of the 18 OR types in the locust antennal lobe. The plotted glomeruli

comprise the basic glomeruli that were more frequently grouped with a candidate OR type in the iterative clustering analyses (likelihood R 0.8). The median

location of innervated glomeruli is indicated by a red line. The distribution is represented as a kernel density plot, with the height of the curves scaled to their

respective maximum values. Classification of the phylogenetic clades and the included OR types derived from Wang et al.45
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