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Abstract 10 

Animals continuously monitor their body surfaces to detect and remove debris or parasites. 11 

Effective grooming requires that tactile inputs from specific body regions be transformed into 12 

precisely targeted motor actions, but the neural circuits that support this sensorimotor 13 

transformation remain poorly understood. Here, we combine genetic tools and connectomics to 14 

elucidate a central somatotopic map of the Drosophila leg. We show that the axonal projections 15 

of leg touch receptors within the fly’s ventral nerve cord (VNC) are organized along the same 16 

cardinal axes as the developing leg. Somatotopically-organized bristle axons target a specific 17 

class of developmentally-related local interneurons, which imbricate the leg map with overlapping 18 

receptive fields of different shapes and sizes. These second-order interneurons target distinct 19 

pools of premotor interneurons, which in turn synapse directly onto motor neurons that control leg 20 

muscles. Optogenetic activation of second-order interneurons elicits spatially targeted grooming 21 

of specific leg regions, consistent with our spatial receptive field predictions based on the 22 

connectome. Together, our results reveal a four-layer circuit that transforms a somatotopic map 23 

of the fly leg into spatially targeted grooming behaviors. 24 

Introduction 25 

Humans and other animals must constantly monitor the surface of the body to detect and remove 26 

unwelcome intrusions. A fly landing on a person’s knee may deflect a hair, which triggers tactile 27 

sensory neurons to fire. These signals are transmitted into the spinal cord, where they are 28 

transformed across layers of interneurons into patterns of spikes in motor neurons, which move 29 

a hand to scratch the leg. Studies in cats and turtles have demonstrated that these animals adapt 30 

their scratching movements to reach the site of stimulation1–3. This suggests that central circuits 31 

are organized to elicit targeted movements in response to activation of specific touch receptors. 32 

However, the complexity of vertebrate tactile circuits and the sparseness of previous tracing 33 

methods have made it challenging to understand how sensorimotor circuits transform sensory 34 

signals into spatially targeted grooming behaviors.  35 

 36 

A common organizational structure found in early sensory circuits, which may help to simplify 37 

such sensorimotor computations, is the topographic map4. The axons of tactile sensory neurons 38 

from specific parts of the body often project into specific regions of the nervous system, and axons 39 



from neighboring regions may exhibit similar morphology and connectivity. In some cases, these 40 

sensory maps are preserved in downstream circuits, as in the mammalian somatosensory and 41 

visual cortices5–8. Understanding the structure of sensory maps is an important prerequisite for 42 

deciphering how patterns of sensory neuron activity are transformed into precise motor actions. 43 

 44 

In insects, the sense of touch is mediated by tactile bristles distributed across the body9–11. Each 45 

bristle is innervated by a single mechanosensory neuron, which fires action potentials when the 46 

bristle is deflected by external forces (Figure 1A). Bristles are extremely sensitive, responding to 47 

deflections less than 100 nm12. Insects rely on bristles to detect external objects in the 48 

environment or debris on their bodies. In Drosophila, mechanical or optogenetic stimulation of 49 

tactile bristles elicits avoidance reflexes and/or spatially targeted grooming at the site of 50 

stimulation11,13–17. Some of these behaviors are maintained in headless flies, suggesting that the 51 

basic circuitry for spatially targeted grooming is contained within the fly ventral nerve cord (VNC), 52 

the invertebrate analog of the spinal cord13,16,18. Fly grooming is modular and hierarchical: a dirty 53 

fly will first clean its eyes and head before proceeding to more posterior body regions like the 54 

thorax and abdomen15,19–22. Neurons that elicit certain grooming modules (e.g., head, wings, 55 

antenna) have been identified15,23, but less is known about the neural mechanisms that underlie 56 

spatial targeting of grooming movements within a module.  57 

 58 

Axons from leg bristles project into the VNC which, like the spinal cord, is organized into neuropil 59 

compartments that sense and control specific body parts, including the legs, wings, thorax, and 60 

abdomen11,24–26. Past work using dye fills of single bristle neurons has revealed that their axons 61 

are stereotyped across individuals and suggested the existence of a topographic map within the 62 

leg neuropil24,25,27,28. However, because each leg has many hundred bristles, the precise 63 

organization of the leg map in the VNC remains unknown. Electrophysiological recordings have 64 

identified a subset of VNC interneurons that integrate signals from multiple bristle neurons11. Yet 65 

the circuits that integrate leg bristle signals and transform them into spatially targeted motor 66 

commands remain poorly understood. 67 

 68 

Advancements in high throughput electron microscopy and automated image segmentation have 69 

resulted in the collection of large volumetric datasets that enable comprehensive cell 70 

reconstruction and synapse identification. These datasets, referred to as connectomes, enable 71 

the study of structural wiring diagrams and how circuit architecture may facilitate the function. 72 

Although there exist multiple connectome datasets of the Drosophila brain and VNC29–33, it 73 

remains a challenge to link these connectomes to the fly’s body and peripheral nervous system.  74 

 75 

Here, we  use a connectome dataset of the Drosophila Female Adult Nerve Cord (FANC)31,34,35 76 

to investigate how tactile information is mapped in the VNC, from the sensory neurons in the leg  77 

through the VNC to the motor neurons that innervate specific leg muscles. We first combined 78 

genetic and connectomic tools to elucidate the central somatotopic map of the fly leg. We found 79 

that the spatial map of bristle axons in the VNC matches the somatotopic organization of the larval 80 

imaginal disc from which the leg develops. We then reconstructed and analyzed how populations 81 

of VNC interneurons sample the leg tactile map. Our results reveal a four-layer neural 82 

architecture, from leg bristles to motor neurons. Second-order neurons imbricate the leg map into 83 



overlapping receptive fields. These second-order neurons target distinct pools of third-order 84 

neurons which then target leg motor neurons. Optogenetic activation of second-order 85 

interneurons from different regions of the map drove spatially targeted grooming of specific leg 86 

regions, consistent with our receptive field predictions from the connectome. Overall, our results 87 

elucidate the organization of central circuits in the fly VNC that transform peripheral tactile signals 88 

into spatially-targeted behaviors. 89 

 90 

Results 91 

92 
Figure 1: Somatotopy of the leg is maintained in the VNC and recapitulates the larval leg imaginal 93 
disc. A) A bristle neuron is located at the base of each sensory hair on the leg. The dendrite is stretched 94 
upon deflection of the hair (bottom left). Bristle axons project to the ventral nerve cord (VNC) (top left). We 95 

reconstructed 409 bristle axons from the front left leg of an adult female fly (top right). B) The larval leg 96 
imaginal disc develops into the adult leg. C) Bristle neurons that express the proximal leg precursor 97 
dachshund (dac) during development (top). Bristle neurons that express a distal leg precursor apterous 98 
(ap) during development (bottom). Confocal images show maximum intensity projections of cells in the 99 
larval leg imaginal pJFRC7-20XUAS-IVS-mCD8::GFP (green) and an antibody against phalloidin 100 

(magenta). Bristle neurons in the leg and VNC were labeled with mcd8::GFP (green) and an antibody 101 
against the neuropil marker bruchpilot (magenta). D) The somatotopic map of the leg in the VNC 102 
recapitulates the somatotopic map of the leg in the larval imaginal disc during development. The proximal 103 
to distal axis is mapped along the peripheral to central axis (top). The anterior leg maps to the anterior 104 
portion of the VNC leg neuropil and the posterior leg maps onto the posterior leg neuropil (middle). The 105 

dorsal leg maps to the area intersecting the anterior to posterior border, while the ventral leg corresponds 106 
to axons that remain within either the anterior or posterior region (bottom). 107 



Leg somatotopy in the VNC recapitulates imaginal disc somatotopy 108 

The front leg of Drosophila melanogaster is covered by more than 400 mechanosensory bristles, 109 

with the highest density on the more distal leg segments9. To understand how tactile information 110 

from the leg is mapped in the VNC, we reconstructed 409 bristle axons from the left front leg in a 111 

volumetric electron microscopy dataset of a Drosophila female adult nerve cord (FANC)31,34,35. 112 

We identified bristle axons based on their morphology and projection patterns into the left front 113 

leg neuromere – the region of neuropil corresponding to the left front leg (see Methods). As a 114 

population, bristle axons fan out to cover the ventral surface of the VNC; however, each bristle 115 

axon innervates a small region within the VNC neuropil. Bristle axons exhibit a range of 116 

morphologies (Supplemental Figure 1). While most axons terminate within the same region of the 117 

neuropil (e.g. anterior or posterior) there are a subset of axons that branch across the midline in 118 

the shape of a hockey stick (Supplemental Figure 1). Across the population, axons with similar 119 

morphologies project to similar locations within the VNC neuropil. This structure motivated us to 120 

determine the relationship between the location of bristles on the leg and their axonal projections 121 

into the VNC.  122 

 123 

We developed a genetic strategy to label bristles on specific sections of the leg by restricting the 124 

expression of a bristle GAL4 line with transcription factors expressed during development. During 125 

metamorphosis, each fly leg develops from an imaginal disc that expresses specific transcription 126 

factors defining the three cardinal leg axes (anterior/posterior (A/P), dorsal/ventral (D/V), 127 

proximal/distal (P/D) (Figure 1)36–39. We used a recombinase driven by different transcription 128 

factors to turn on Gal4 expression, thus labeling bristle cell bodies on the leg and their axons in 129 

the VNC. For example, bristle neurons that express dachshund (dac) during development end up 130 

in the proximal leg and project their axons to the outer edges of the VNC neuropil (Figure 1C). 131 

Distal leg bristles are labeled by apterous (ap) or rotund (rn), and their axons project into the 132 

center of the neuromere (Figure 1C, Supplemental Figure 2). Thus, we concluded that the 133 

proximal-distal axis of the leg is mapped in concentric rings around the VNC neuropil, with distal 134 

bristles at the center and proximal bristles along the outer edges (Fig.1c, Supplemental Figure 2).  135 

 136 

In a similar manner, using the transcription factor hedgehog, we found that the bristle cell bodies 137 

on the anterior leg project their axons into the anterior VNC, while posterior bristles project their 138 

axons to the posterior neuropil (Supplemental Figure 2). Cells in the dorsal leg that express 139 

decapentaplegic (dpp) extend their axons to cross the A/P border. Ventral leg bristle neurons that 140 

express midline (mid) do not cross this border (Supplemental Figure 2). In other words, axons 141 

that enter the VNC anteriorly terminate anteriorly and vice versa. Notably, the mapping of bristle 142 

axons in the VNC recapitulates the leg map in the larval imaginal disc37. Similar to the AP 143 

compartment boundary in the imaginal disc40,41, the A/P axis in the VNC is defined by a stark 144 

branch point, at which each axon projects either anterior or posterior. The D/V and P/D axes are 145 

more gradual, so we defined the position of each axon along a gradient relative to the population 146 

(Figure 1D). The striking similarity between the leg maps in the VNC and the imaginal disc 147 

suggests that the adult leg develops in coordination with the postembryonic restructuring of the 148 

VNC neuropil. 149 



 150 
Figure 2: Bristle neurons across the leg preferentially target local 23B neurons in the VNC. A) A 151 

single bristle axon from the left front leg (top), out of a population of 409 bristle axons reconstructed from 152 
the FANC EM dataset, including axons from left front leg nerve, VProN, and DProN42 (150/409 axons shown 153 
for clarity in the bottom panel). B) Output synapses from the single bristle axon shown in panel A that 154 
arches posteriorly to the AP compartment boundary, colored by the average synapse distance (d) from the 155 
DV and PD mapping points respectively (see Methods) (top). Output synapses from all the reconstructed 156 

axons colored by their anterior or posterior annotation and the average synapse distance for each individual 157 
axon along the DV and PD axes (bottom). C) Predicted distribution of bristle axons along the three spatial 158 
axes. D) Top classes of postsynaptic partners to bristle axons: Ascending n=9, Descending n=21, 159 
Intersegmental n=74, and Local n=296. E) Proportion output for each bristle axon onto all classes of 160 
postsynaptic partners. F) Proportion output for each bristle axon (rows) onto VNC neurons from different 161 

developmental hemilineages (columns) (heatmap). Number of unique cells of each hemilineage across the 162 
postsynaptic partner population (bar chart top). Proportion output for each bristle axon (rows) onto 163 
postsynaptic partners that release acetylcholine, glutamate, or GABA. Neurotransmitter type assigned 164 
based on hemilineage classification for each postsynaptic partner(stacked bar chart, righ43. For all box 165 
plots, center line, median; box limits, upper and lower quartiles; whiskers, 1.5x interquartile range; outliers 166 

not shown. 167 

A predicted axon map recapitulates the distribution of bristles along the leg 168 

Based on the leg map defined above, we developed three mapping rules to predict the peripheral 169 

location of bristle axons in the FANC connectome. We defined bristles from the anterior portion 170 

of the leg as the axons that arch anteriorly upon entering the VNC from the leg nerves, whereas 171 

cells located on the posterior leg arch posteriorly in the VNC. To recapitulate the graded 172 

distribution along the PD axis (Figure 1C-D), we placed a mapping point in the center of the left 173 

leg neuropil and calculated the average synaptic distance between each axon and the center 174 

mapping point (Figure 2A-B top row, see Methods).  Axons that were closer to this mapping point 175 

were estimated to be more distal on the leg compared to those further from the mapping point. 176 



We used a similar approach for the DV axis with a different mapping point to more accurately 177 

represent the pattern described in Figure 1 (see Methods). The spatial predictions for each leg 178 

bristle qualitatively matched the patterns observed in genetic labelling experiments (Figure 2B, 179 

bottom row). They also recapitulated the expected nonuniform anatomical distribution of bristles 180 

along the leg (Figure 2C)44.  181 

Bristle axons target local excitatory neurons from the 23B hemilineage 182 

We next used the connectome to analyze the connectivity between bristle axons and downstream 183 

neurons in the VNC. Based on automated synapse predictions31, each bristle axon makes on 184 

average 550 output synapses in the VNC and receives on average 77 input synapses 185 

(Supplemental Figure 3). VNC neurons downstream of bristle axons are divided into five broad 186 

morphological classes: ascending, descending, intersegmental, local, and motor neurons (Figure 187 

2D, see Methods). On average, local neurons receive the largest proportion of bristle synapses 188 

(63%), followed by ascending (22%) and intersegmental neurons (12%) (Figure 2E). Only ~1% 189 

of bristle synapses are onto other sensory neurons. Descending neurons receive less than 2% of 190 

bristle synapses, and most bristles make zero synapses onto motor neurons (Figure 2E).  191 

 192 

Most neurons in the VNC develop from 33 postembryonic stem cell hemilineages. Cells from the 193 

same developmental hemilineage share broad morphological features, typically release the same 194 

neurotransmitter43,45,46, and may perform similar functions47. Using morphological criteria, we 195 

classified the developmental hemilineage of each VNC neuron that received input from leg bristles 196 

(see Methods). The strongest downstream targets of bristle axons are neurons from hemilineage 197 

23B (Figure 2F). 23B interneurons receive on average 25% of each bristle axon’s synaptic output 198 

(Figure 2F, heatmap). Not only are 23B neurons the strongest downstream target, but cells from 199 

this hemilineage are the most frequent postsynaptic target of leg bristles (61 cells; Figure 2F, bar 200 

chart). Thus, we hypothesized that 23B neurons, as a population, represent a map of the leg and 201 

that individual 23B neurons integrate tactile signals from specific regions of this somatotopic map. 202 



 203 
Figure 3: 23B neurons imbricate the leg map in distinct overlapping receptive fields. A) Two example 204 

23B neurons highlighted in different colors. Dendritic and axonal segments denoted by the arrows. B) 205 
Proportion of all sensory input from bristle axons for each 23B neuron, bars ordered by surface area. C) 206 
Input synapses from bristle axons onto Neuron 1 (brown, n=76) and Neuron 2 (orange, n=136) as compared 207 
to all the output synapses from bristle axons (gray). D) Receptive field predictions for example Neuron 1 208 
and Neuron 2. Receptive field for the PD axis (left), DV axis (middle), and AP axis (right). E) Receptive 209 

fields along the PD axis (top), DV axis (middle), AP axis (bottom) for each individual 23B neuron. Individual 210 
points represent input synapses from bristle axons and the y axis represents where on the leg each 211 
presynaptic bristle axon originates.  F) Number of bristle input synapses onto all 23B neurons from different 212 
areas of the leg along the three spatial axes. For all box plots, center line, median; box limits, upper and 213 
lower quartiles; whiskers, 1.5x interquartile range; outliers not shown. G) 23B neuron receptive fields on 214 

the leg imbricate the somatotopic map into overlapping receptive fields, as compared to a non-overlapping 215 
tiling pattern. 216 

23B neurons are selective for tactile sensory input  217 

Because they are the top postsynaptic partner of leg bristles, we focused our analysis on 23B 218 

interneurons, which release the predominantly excitatory neurotransmitter acetylcholine43. Of the 219 



61 23B neurons we reconstructed, 56 are local, meaning that their synaptic inputs are restricted 220 

to the front left leg neuromere. Four are intersegmental and receive synaptic inputs from multiple 221 

leg neuropils and one has an ascending axon that projects to the brain. All 23B cells have a soma 222 

located on the dorsal surface of the VNC and their neurites fasciculate together as they enter the 223 

neuropil. All 23B cells possess extensive pre and postsynaptic arbors close to the ventral surface 224 

of the neuromere (Figure 3A). Regardless of size or morphology, 23B neurons receive on average 225 

40% of their total synaptic input from sensory axons, 85% of which comes from bristle axons 226 

(Figure 3B). This suggests that most 23B neurons are specialized for tactile sensing.  227 

23B neurons imbricate the somatotopic map of the fly leg 228 

Despite the fact that all 61 23B neurons receive input from leg bristle axons, the dendritic arbors 229 

of each 23B neuron within the front left leg neuromere are highly variable (Figure 3A). Based on 230 

this diversity, we hypothesized that individual 23B neurons receive input from bristle neurons at 231 

different locations on the leg. To quantify this location for each 23B neuron we used the 232 

somatotopic mapping approach described above (Figure 2). Each 23B neuron receives input 233 

synapses from a selection of bristle axons (Figure 3A, C). Based on our somatotopic mapping, 234 

each bristle axon represents a single location on the leg along the three cardinal axes. Therefore, 235 

we represented each bristle input synapse onto a 23B neuron by the location on the leg of the 236 

presynaptic bristle axon. We refer to the distribution of input synapses along each axis as the 237 

receptive field for each 23B neuron (Figure 3C-D). Individual receptive fields varied substantially 238 

as some neurons received input exclusively from proximal or distal bristle axons (Figure 3C). 239 

Overall, the receptive fields of 23B neurons covered the entire somatotopic map of the leg across 240 

all three axes (Figure 3D-E). Similar to pebbles on a riverbed, 23B neurons imbricate the 241 

somatotopic leg map by covering the space with overlapping receptive fields of different sizes and 242 

shapes (Figure 3G).  243 



 244 
Figure 4: 23B subtypes exhibit similar morphology, receptive fields, and downstream connectivity. 245 

A) 23B neuron morphologies organized and labeled by the axonal projection patterns (arrows indicate axon 246 
location). Ascending (1), Club (1), Dorsal (3), Midline Intersegmental (14), Midline (7), Contralateral 247 
Intersegmental (4), Ipsilateral T1 (2), Contralateral T1 (7), Contralateral T2 (11), Ipsilateral T3 (3), Anterior 248 
(5), Ipsilateral Wing (2), and Contralateral Wing (1). B) Average receptive fields of 23B subtypes along the 249 
three cardinal axes. 23B subtypes ordered by their receptive fields. C) Cosine similarity of  individual 23B 250 

neurons relative to other 23B neurons within and between subtypes according to receptive field (left) and 251 
downstream connectivity (right). For all box plots, center line, median; box limits, upper and lower quartiles; 252 
whiskers, 1.5x interquartile range; outliers not shown. 253 

 254 

23B neurons organized by axonal projection patterns 255 

While 23B neurons possess similarities in their overall morphology and the proportion of tactile 256 

input, they exhibit distinct axonal projection patterns to other regions of the VNC. Moreover, we 257 

found that the axons of 23B neurons bundle together in their projections to different target regions. 258 

Thus, we reasoned  that the distinct axonal morphologies of 23B neurons could be a useful means 259 

to group them into subtypes . Grouping 23B cells by the projection pattern of their axons resulted 260 

in 13 subtypes (Figure 4A). Each subtype had between 1-14 neurons. While they were grouped 261 

solely by axonal projection, we noticed that 23B neurons within the same subtype had similar 262 



dendritic arbors. To quantify this similarity, we represented each 23B neuron by the mean 263 

receptive field value in each of the three cardinal axes and calculated the cosine similarity within 264 

and between subtypes. We observed that receptive fields were more similar within than across 265 

subtypes (Figure 4B-C). Furthermore, the downstream connectivity of 23B neurons was more 266 

similar within subtypes (Figure 4C). This is notable considering that synapses on the axonal 267 

projections make up only 17% of 23B output synapses. This means that despite the overlap of 268 

dendritic arbors within the left front leg neuromere, 23B neurons from different subtypes target 269 

distinct postsynaptic neurons. From these similarities in morphology, receptive field, and 270 

postsynaptic targeting, we hypothesized that distinct 23B subtypes function as distinct 271 

sensorimotor modules.  272 

Testing connectome-derived predictions of 23B neuron receptive fields  273 

We used optogenetics to test the behavioral function of 23B subtypes. We hypothesized that if 274 

23B neurons are specialized for localizing tactile stimuli, the fly’s behavioral responses to 275 

activating these cells would reflect their spatial receptive fields. We identified two genetic driver 276 

lines that specifically label distinct 23B subtypes with contralateral T1 (SS04746) and midline 277 

intersegmental (R21B10) neurons (Figure 5A). We used SPARC to sparsely label the axons of 278 

individual 23B neurons in ~20 different VNCs for each genetic driver line (Supplemental Figure 279 

5). These sparse labeling experiments confirmed that the two driver lines label different 280 

subpopulations of 23B neurons (Figure 5A, Supplemental Figure 5).  281 

 282 

We calculated a connectome-derived receptive field prediction for each genetic driver line. Both 283 

SS04746 and R21B10 had six 23B neurons labeled in each neuromere. To predict the cumulative 284 

receptive field of these six neurons, we iteratively sampled six neurons from the connectome 285 

weighted by the subtype proportions outlined above (Supplemental Figure 4, see Methods). For 286 

each sampled subset of 23B neurons, we summed the bristle input from these cells to predict the 287 

aggregate receptive field for each driver line (see Methods). From these calculations, we 288 

predicted that activation of the 23B neurons in SS04746 would correspond to proximal bristle 289 

activation and thus elicit proximally targeted grooming. Conversely, the 23B neurons in R21B10 290 

flies received input from distal bristles and thus we hypothesized that activation of these neurons 291 

would elicit distal grooming (Figure 5B). Along the DV axis, we predicted that activating 23B 292 

neurons in SS04746 flies would lead to more ventrally targeted grooming compared to 23B 293 

neurons in R21B10 flies. Finally, we predicted there would be little to no difference along the AP 294 

axis (Figure 5B). Based on these predictions, we refer to SS04746 as proximal 23B neurons and 295 

R21B10 as distal 23B neurons. 296 



 297 
Figure 5: Optogenetic activation of 23B subtypes drives distinct and spatially targeted grooming. 298 

A) Confocal images show labeling of 23B neurons in the front leg neuropils for two genetic driver lines: 299 
SS04746 (left) and R21B10 (right). Neurons labeled with mcd8::GFP (black) (sparsely labeled VNCs in 300 
Supplemental Figure 4). B) Receptive field predictions for each line across all three cardinal axes (see 301 
Methods). Each line is labeled by the predicted receptive field along the proximal-distal axis. C) 302 
Experimental setup. Headless flies were tethered and positioned on a spherical treadmill. Red laser 303 

stimulation was directed to the body-coxa joint of the left front leg. Behavioral recording and joint tracking 304 
was collected from video data from six cameras (inset top) and tracked with DeepLabCut68 and Anipose48. 305 
Bottom inset shows leg movements from one sweep (see Methods). D) Individual leg sweeps during 306 
grooming were identified as consecutive time points with two legs in close proximity and moving at a 307 
minimum velocity (see Methods). E) Example trials for empty-SpGal4 flies (control, gray), proximal 23Bs 308 



(dark orange), and distal 23Bs (light orange). Distance from the left front leg to the nearest leg over time. 309 
Black arrows indicate individually detected sweeps of the left leg. F) Leg sweep ethogram with 15 random 310 
trials from empty-SpGal4 flies (control, top), proximal 23B flies (middle) and distal 23B flies (bottom). Each 311 

row represents an individual trial across time (seconds). Color represents whether the fly was engaged in 312 
leg sweeping (blue) or not (gray). G) Average sweep frequency (Hz) over time in seconds for control (empty-313 
SpGal4) flies, proximal 23B flies (dark orange), and distal 23B flies (light orange). Distribution of sweep 314 
frequency for each line before the stimulus (prestim), during the stimulus (stim), and after the stimulus 315 
(poststim). For all box plots, center line, median; box limits, upper and lower quartiles; whiskers, 1.5x 316 

interquartile range; outliers not shown. H) Proportion of all leg sweeps using front leg grooming or middle 317 
leg grooming for each fly (left). Spatial distributions of the first contact point location for a subset of leg 318 
sweeps from each grooming pattern (right). I) Weighted spatial targeting in response to proximal and distal 319 
23B activation compared to the connectivity-derived receptive fields presented in panel b. 320 

Optogenetic stimulation of 23B neurons drives spatially-targeted grooming 321 

Previous studies have shown that bristle activation in headless flies elicits spatially targeted 322 

grooming13,16,18, suggesting that local VNC circuits are sufficient to support this behavior. To 323 

eliminate the contribution of descending input from the brain, we optogenetically stimulated 23B 324 

neurons in headless flies while tracking their behavior with 3D pose estimation48. We tethered 325 

headless flies, positioned them on a spherical treadmill, and recorded their behavior with six 326 

cameras. We targeted a red laser at the body-coxa joint of the front left leg to activate 23B neurons 327 

in the left front leg neuromere (Figure 5C). To quantify spatial targeting of grooming behavior, we 328 

identified leg sweeps as consecutive time points where two legs were in contact and moving at a 329 

minimum velocity (Figure 5D, individual sweeps noted by the black arrows). Upon 23B activation, 330 

sweep frequency increased in both experimental lines (Figure 5E-G, Supplemental Video 1-2). 331 

The flies continued to sweep the left leg for several seconds after the stimulus terminated. On the 332 

other hand, control flies lacking CsChrimson49 expression (empty-SpGal4) did not respond 333 

(Supplemental Video 3) (SS04746; 11 flies, 98 trials, R21B10; 8 flies, 73 trials, empty-SpGal4; 10 334 

flies, 80 trials; Figure 5E-G). 335 

Activation of 23B subtypes elicits different spatially targeted grooming patterns 336 

We observed two common grooming patterns in response to 23B activation: grooming the left 337 

front leg with the contralateral right front leg (front leg grooming) and grooming the left front leg 338 

with the ipsilateral left middle leg (middle leg grooming). Distal 23B activation elicited 339 

predominantly front leg grooming (96% front leg, 4% middle leg) while proximal 23B activation 340 

elicited both front leg and middle leg grooming (68% front leg, 32% middle leg; Figure 5H). Thus, 341 

the activation of the different 23B subtypes triggered different grooming patterns.  342 

 343 

We also wanted to determine if these different grooming patterns were spatially targeted, and 344 

how this compared to the predicted receptive field location of each driver line. For all instances of 345 

middle leg grooming, the flies brought the left middle leg forward to rub the stationary left front leg 346 

(Figure 5H, left). We observed more variability in front leg grooming so we subdivided these 347 

instances into three categories (Figure 5H, see Methods).  348 

 349 

To measure the spatial specificity of each grooming pattern, we annotated the first contact 350 

position of individual sweeps (see Methods). Activating proximal 23B neurons produced front leg 351 



grooming, during which flies contacted the proximal femur of the targeted leg (Figure 5H bottom). 352 

On the other hand, distal 23B activation triggered front leg grooming of the distal portion of the 353 

leg, i.e., the tibia and tarsus (Figure 5H, top). Proximal 23B activation also elicited middle leg 354 

grooming of the distal femur tibia and tarsus, while distal 23B activation triggered middle leg 355 

grooming of the middle of the femur. Because flies from the two experimental groups did not use 356 

these grooming strategies equally, we multiplied the spatial targeting of each pattern by its 357 

prevalence to calculate a weighted spatial targeting (Figure 5I, bottom). We observed that 358 

proximal 23B activation elicited grooming of the proximal leg, targeting the middle of the femur 359 

(Figure 5I). Distal 23B activation elicited grooming more distally, at the tibia-tarsus joint (Figure 360 

5I). These spatial patterns were consistent with our receptive field predictions based on the 361 

connectome (Figure 5I, top). 362 

 363 

 364 
Figure 6: 23B subtypes synapse onto distinct leg premotor pools. A) Proportion of total synaptic output 365 

from 23B neurons onto motor (x) and premotor neurons (o). 23B neurons ordered and colored by subtype. 366 
B) Selectivity of 23B subtypes for left middle leg premotor neurons (T2L), left front leg premotor neurons 367 
(T1L), and right front leg premotor neurons (T1R). Colored boxes highlight Midline Intersegmental and 368 
Contralateral T1 as the most numerous subtypes in the distal and proximal grooming lines respectively. C) 369 
Contralateral T1 and Midline Intersegmental subtype connectivity onto T1L, T1R and T2L premotor neurons 370 



(preMNs). D) Number of 23B neurons from each subtype that contact T1L, T1R, and T2L premotor neurons. 371 
E) The local four-layer circuit. First-order bristle neurons form a tactile leg map. Second-order 23B neurons 372 
imbricate the leg map into overlapping receptive fields and target distinct premotor neuron pools. Premotor 373 

neurons recruit leg motor neurons to elicit spatially targeted grooming.  374 

23B neurons do not directly contact leg motor neurons 375 

Activation of both 23B driver lines elicited front leg grooming, however the precise leg movements 376 

differed in their spatial targeting (Figure 5H). We therefore wanted to understand how the 377 

activation of different 23B subtypes could produce distinct leg movements. In the fly’s front leg, 378 

18 leg muscles are controlled by 71 uniquely identifiable motor neurons31. If different31 23B 379 

neurons produce distinct movements of the same leg, we might expect a difference in their 380 

synaptic connectivity onto leg motor neurons. We classified the downstream targets of 23B 381 

neurons and the proportion of 23B synapses onto each class type. Other than two cells (both 382 

projecting locally to the left front leg neuromere), 23B neurons rarely synapse on leg motor 383 

neurons, (1% synaptic output, Figure 6A, Supp Figure 5A). Thus, it is unlikely that 23B neurons 384 

directly recruit different leg motor neurons to produce distinct grooming patterns.  385 

23B subtypes contact distinct pools of premotor neurons 386 

We next quantified the proportion of 23B target neurons that were premotor. We defined premotor 387 

neurons as any neuron that was presynaptic to any motor neuron in the VNC35. We further 388 

classified each premotor neuron by the motor neurons it targets (e.g., left front leg, right front leg). 389 

We found that 75% of 23B synaptic output was onto premotor neurons across the VNC (Figure 390 

6A). In our experiments, we observed that the flies moved the left front leg, right front leg and left 391 

middle leg in response to front left leg 23B activation, thus we focused on these three premotor 392 

populations for subsequent analyses. 393 

 394 

If our hypothesis is correct that different subtypes of 23B neurons elicit distinct grooming patterns, 395 

then we would expect them to contact distinct populations of premotor neurons. To test this, we 396 

measured the proportion of input from each 23B subtype onto individual premotor neurons. We 397 

found that across the three leg neuropils (T1L, T1R, T2L), many premotor neurons received input 398 

from only one 23B subtype (Figure 6B). While there was some degree of overlap, each 23B 399 

subtype synapsed onto a mostly unique set of premotor neurons. This supports the hypothesis 400 

that subtypes of 23B neurons recruit distinct motor patterns through distinct premotor populations.  401 

 402 

Focusing on the two subtypes of 23B neurons we tested with optogenetics experiments, we 403 

observed that distal and proximal 23B neurons contact premotor neurons in three leg neuropils 404 

(T1L, T1R, T2L), though the specific populations differ across neuropils (Figure 6B-C). While both 405 

23B subtypes primarily synapse onto left front leg premotor neurons, six of seven proximal 406 

neurons make strong connections (12% of their premotor synaptic output) onto left middle leg 407 

premotor neurons in T2L (Figure 6D, Supplemental Figure 6B).  These results are consistent with 408 

our finding that optogenetic stimulation of contralateral 23B neurons produced frequent middle 409 

leg grooming (Figure 5H).  410 

 411 



Taken together, we propose that spatially targeted grooming is mediated by a four-layer circuit 412 

from tactile sensory neurons to motor neurons (Figure 6E). First-order tactile sensory neurons 413 

target local interneurons that belong to hemilineage 23B. These second-order interneurons 414 

imbricate the leg map into overlapping receptive fields and target distinct pools of third-order 415 

premotor neurons. Premotor neurons then drive dynamic patterns of leg movement through 416 

excitation and inhibition of leg motor neurons. Although not shown in the circuit schematic in 417 

Figure 6E, we note that the two middle layers exhibit dense recurrent connectivity, which may 418 

support grooming dynamics35. 419 

Discussion 420 

A somatotopic map of the fly leg 421 

In this study, we used genetic labeling to determine that tactile bristles from the fly’s left front leg 422 

form a somatotopic map in the VNC. Notably, this map matches the somatotopic organization of 423 

the leg imaginal disc during development in several key respects. The development of the leg is 424 

regulated by graded expression of transcription factors. The PD and DV axes of the leg are 425 

established by genes like apterous and decapentaplegic, while wingless and hedgehog 426 

expression establish the “compartment boundary” along the anterior/posterior axis40,41. In the VNC 427 

leg neuropil, we found that bristle axons are also organized along a gradient in the PD and DV 428 

axes, where the projection of each axon is slightly offset relative to its neighbor. Yet the AP axis 429 

was divided by bristle axons that branches either anteriorly or posteriorly, as if separated by a 430 

compartment boundary at the center of the left front leg neuromere. In summary, we observe 431 

striking similarities between the spatial organization of the leg imaginal disc and the topographic 432 

projections of bristle axons in the VNC neuropil. 433 

 434 

While the differentiation of the leg imaginal disc occurs well before bristle neurons have 435 

developed50,51, it is possible that similar molecular factors regulate the temporal differentiation of 436 

sensory cells, axon guidance, and development into the nervous system. Recent studies tracing 437 

bristle neuron growth and development from the locust antenna suggest that bristle axons enter 438 

the nerve tract in order of differentiation52. Distal neurons, which differentiate first, enter the nerve 439 

tract and are surrounded by more proximal neurons as they grow towards the central nervous 440 

system. This results in distal neurons occupying the central region of the tract and proximal 441 

neurons concentrically wrapping themselves around the periphery. This topography of the PD 442 

axis is consistent with our findings in the fly VNC and previous work tracing bristle neurons on the 443 

head22,53. Investigations into the underlying mechanisms and exact timing of sensory axon 444 

development in the VNC will be necessary to elucidate how the leg bristle map is established in 445 

the fly VNC. Beyond the leg, other precursor structures such as the wing, haltere, and antennal 446 

imaginal discs, may also contribute to the creation of somatotopic maps in the adult fly nervous 447 

system. 448 



 449 

Limitations 450 

Our connectome results come from one dataset of a female adult nerve cord (FANC). However, 451 

the general distribution of bristle axons and the strong downstream connectivity onto 23B neurons 452 

is maintained in a connectome dataset from the male adult nerve cord (MANC)54. Due to the 453 

variable and immutable state of bristle neuron reconstructions in MANC, a direct comparison was 454 

not possible. However, we were able to identify all of the different 23B subtypes in MANC (not 455 

shown). This suggests the circuitry is stereotyped across flies and not sexually dimorphic. Similar 456 

to conclusions from a comparison of multiple fly brain connectomes30, we expect that the overall 457 

structure of the bristle sensorimotor circuit is similar across individuals, while the precise 458 

connectivity between individual neurons may vary. The consistency between the light-level 459 

morphologies described here and the connectome morphologies supports this view, as does the 460 

fact that predictions based on the connectome of one fly were validated in behavioral experiments 461 

done on other flies. With the recent availability of connectomes of the full central nervous 462 

system33,55, future analyses may also elucidate how the connectivity to and from the brain affects 463 

grooming dynamics. 464 

 465 

Grooming behavior 466 

Previous studies mapping the tactile receptive fields of interneurons in the fly and locust proposed 467 

that the tactile circuit is composed of diverging streams of tactile information56,57. Our results 468 

confirm this hypothesis through the dense reconstruction of the tactile circuit from one leg. We 469 

observed that the population of 23B neurons imbricate the leg with distinct yet overlapping 470 

receptive fields. After classifying 23B neurons by their axonal projection patterns, we found that 471 

neurons of the same subtype contact similar downstream targets and that these different subtypes 472 

contact distinct premotor populations across leg neuropils in the VNC. In other words, nearby 473 

bristle signals form diverging streams of tactile information that feed into distinct sensorimotor 474 

modules. In the spinal cord and the brain, modular motor circuits are found across species and 475 

provide a structural scaffold  for controlling flexible behavior58–62.  Here we propose that distinct 476 

23B subtypes work in concert to activate different populations of premotor neurons that in turn 477 

activate motor neurons to elicit targeted grooming responses.  478 

 479 

Are grooming circuits for other body parts similarly organized? Previous work in the fly antennal 480 

grooming circuit focused on a class of brain interneurons that they refer to as B2. Interestingly, 481 

the B2 cells also develop from hemilineage 23B15. B2 neurons are strong downstream targets of 482 

antennal mechanosensory neurons and, similar to our findings, optogenetic activation of B2 483 

neurons increased antennal grooming. These similarities suggest that the structural and 484 

functional organization of grooming circuits in the fly may be repeated across body segments. If 485 

so, how do these circuits interact, for example when bristles are activated all over the body of a 486 

fly? Past work has shown that flies groom their bodies with a stereotyped and hierarchical pattern, 487 

starting with the head and proceeding to the legs and abdomen15,19,20. Furthermore, several 488 

studies have described command-like neurons that elicit grooming of different body 489 

segments15,18,23. If subtypes of 23B interneurons imbricate each body segment, future 490 



investigations into the interactions between 23B neurons and these command-like neurons may 491 

provide insight into the neural mechanisms that underlie the hierarchical organization and 492 

coordination of grooming behavior. 493 

 494 

Beyond grooming, bristle activation can elicit movements such as walking, uncoordinated leg 495 

movements and kicking13,16. Here we focused on two 23B subtypes for which we were able to 496 

identify specific genetic driver lines. In the future, it will be interesting to explore the range of 497 

actions produced by activation of other 23B subtypes, as well as their natural activity patterns 498 

during grooming behavior. Here we predicted the receptive fields for 23B neurons (Figure 3), but 499 

this approach could be used to define the receptive field of any neuron downstream of bristle 500 

axons. Characterization of other interneurons within the tactile circuitry of the VNC will help define 501 

the degree to which touch signals diverge to distinct sensorimotor modules and whether 23B 502 

neurons are necessary for all spatially targeted behaviors. 503 

From sensory input to motor output 504 

In our behavioral experiments, we observed several categories of front leg grooming, suggesting 505 

that the spatial location of the tactile stimulus dictates the movement of the leg and patterns of 506 

muscle contraction. Our analysis of the four-layer sensorimotor circuit suggests that the distinct 507 

premotor connectivity of 23B subtypes is important for producing spatially targeted grooming. If 508 

bristle neurons can be equated to the pixels of the somatosensory space, we propose that 509 

different 23B subtypes sample the leg space to drive the appropriate, spatially-targeted behavioral 510 

response. 511 

 512 

While we have outlined a simplified four-layer circuit, the connectivity of premotor circuitry onto 513 

motor neurons is very complex31,35. Understanding how tactile stimuli elicit dynamic motor 514 

patterns will require recordings of activity dynamics in 23B neurons and downstream cells during 515 

behavior. Dynamic modeling of the connectome may also reveal new insights, as this approach 516 

has reproduced the functional role of previously characterized cells and revealed the function of 517 

uncharacterized circuits63–65. For example, future studies that simulate the tactile circuitry could 518 

compare how motor neuron outputs change as a function of which premotor pools are activated 519 

and the influence of proprioceptors as a proxy for limb position. While we focus on the excitatory 520 

23B neurons in this study, the second strongest target of bristle axons were inhibitory neurons of 521 

hemilineage 1B (Figure 2F). More work is needed to understand how inhibitory signals sculpt 522 

spatiotemporal processing of tactile signals. More generally, our work establishes a model circuit 523 

within the fly nerve cord to explore how transient sensory stimuli (e.g, touching a leg) produce 524 

sustained and dynamic patterns of motor activity.  525 



Materials and Methods 526 

Sample preparation for confocal imaging of imaginal discs 527 

For confocal imaging of imaginal discs (Figure 1, Supplemental Figure 2), we crossed flies 528 

carrying the Gal4 driver to flies carrying pJFRC7-20XUAS-IVS-mCD8::GFP. Prothoracic leg 529 

imaginal discs were dissected from third instar larvae in PBS, and fixed for 20 minutes in 4% 530 

paraformaldehyde in PBS at room temperature. Discs were washed and permeabilized 3x in 0.2% 531 

Triton X-100 in PBS (PBST) over 1 hour, then incubated in 1:50 phalloidin for 1 hour at room 532 

temperature. The discs were rinsed 3x with PBS over 1 hour, then mounted in VectaShield. We 533 

acquired z-stacks on a confocal microscope (Olympus FV1000). 534 

 535 

Sample preparation for confocal imaging of VNCs 536 

For confocal imaging of mcd8::GFP-labeled neurons in the VNCs (Figure 1, Supplemental Figure 537 

2), we dissected the VNC from 2-day old female adults in PBS. We fixed the VNC in a 4% 538 

paraformaldehyde PBS solution for 20 min and then rinsed the VNC in PBS three times. We put 539 

the VNC in blocking solution (5% normal goat serum in PBST) for 20 min, then incubated it with 540 

a solution of primary antibodies (chicken anti-GFP antibody, 1:50; rabbit anti-dsRed 1:500; anti-541 

brp mouse for nc82 neuropil staining, 1:50) in blocking solution for 24 hours at room temperature. 542 

At the end of the first incubation, we washed the VNC with PBS with 0.2% Triton-X (PBST) three 543 

times over two hours, then incubated the VNC in a solution of secondary antibody (anti-chicken-544 

Alexa 488 1:250; anti-rabbit-Alexa 568 1:250; anti-mouse-Alexa 633 1:250) dissolved in blocking 545 

solution for 24 hours at room temperature. Finally, we washed the VNC in PBST three times, once 546 

in PBS, and then mounted on a slide with Vectashield (Vector Laboratories). We acquired z-547 

stacks of each VNC on a confocal microscope (Olympus FV1000). 548 

 549 

We aligned the morphology of the VNC to a female VNC template in ImageJ with the 550 

Computational Morphometry Toolkit plugin (CMTK32; http://nitrc.org/projects/cmtk). 551 

 552 

Sample preparation for confocal imaging of bristles on legs 553 

For confocal imaging of mcd8::GFP-labeled bristles in legs (Figure 1, Supplemental Figure 2), we 554 

selected prothoracic legs from 2-day old female adults while the flies were anesthetized with CO2. 555 

We immediately fixed the legs in 4% formaldehyde in PBS with 0.2% Triton-X for 20 min and 556 

rinsed them in PBS three times over 30 minutes. We mounted the legs in VectaShield and 557 

acquired z-stacks on a confocal microscope (Olympus FV1000). 558 

 559 

 560 

Fly Transgene Full genotype Source Identifier 

UAS flp (x) P{w\[+mC\]=UAS-

FLP.Exel}1, y\[1\] 

w\[1118\] 

Bloomington RRID:BDSC 8208 

UAS flp (II) y[1] w[*]; P{w[+mC]=UAS-

FLP.D}JD1 

Bloomington RRID:BDSC 4539 



LexAop>stop>mcd8::GFP y\[1\] w\[\*\]; +; 
P{w\[+mC\]=lexA(stop.FR
T)mCD8.GFP}3 

Bloomington RRID:BDSC 57588 

R38B08-LexA w[*]; R38B08-LexA / CyO;
 TM6b/MKRS 

Gift from Janelia n/a 

LexAop-mcd8::GFP P{13XLexAop2-
mCD8::GFP}attP40/CyO 

Bloomington RRID:BDSC 32205 

dac-GAL4 dac-GAL4[P7d23] Gift from Victor Hatini 
(Tufts) 

 

hh-GAL4 y\[1\] w\[\*\]; Mi{Trojan-
GAL4.0}hh\[MI10526-
TG4.0\]/TM3, Sb\[1\] 
Ser\[1\] 

Bloomington RRID:BDSC 67493 

wg-GAL4 w\[\*\]; 
P{w\[+mW.hs\]=GAL4-
wg.M}MA1 

Bloomington RRID:BDSC 4918  

ap-GAL4 y\[1\] w\[1118\]; 
P{w\[+mW.hs\]=GawB}ap\[
md544\]/CyO 

Bloomington RRID:BDSC 3041  

Dll-GAL4 P{w\[+mW.hs\]=GawB}Dll\
[md23\]/CyO 

Bloomington RRID:BDSC 3038  

dpp-GAL4 w\[\*\]; wg\[Sp-1\]/CyO; 
P{w\[+mW.hs\]=GAL4-
dpp.blk1}40C.6/TM6B, 
Tb\[1\] 

Bloomington RRID:BDSC 1553  

rn-GAL4 w\[1118\]; 
P{w\[+mW.hs\]=GawB}rn\[
GAL4-5\]/TM3, 
P{ry\[+t7.2\]=ftz-lacC}SC1, 
ry\[RK\] Sb\[1\] Ser\[1\] 

Bloomington RRID:BDSC 7405  

mid-GAL4 w[*]; 
P{w[+mW.hs]=GawB}NP2
113 / CyO 

Kyoto DGGR  104093 

LexAop>stop>CsChrimso
n (II) 

13XLexAop2>dsFRT>CsC
hrimson-mVenus in 
su(Hw)attP5 

Gift from Yoshi Aso, 
Janelia 

 

LexAop>stop>CsChrimso
n (III) 

13XLexAop2>dsFRT>CsC
hrimson-mVenus in attP2 

Gift from Yoshi Aso, 
Janelia 

 

UAS-CsChrimson w[1118]; P{y[+t7.7] 
w[+mC]=20XUAS-IVS-
CsChrimson.mVenus}attP
40 

Bloomington RRID:BDSC 55135 

UAS-mcd8::GFP P{pJFRC7-020XUAS-IVS-
mCD8::GFP}attP2 

Gift from Rubin Lab, 
Janelia 

 

R21b10-GAL4 w[1118]; P{y[+t7.7] Bloomington RRID:BDSC 49295 



w[+mC]=R21B10-
GAL4}attP2 

 ss04746 split GAL4 w[1118]; P{y[+t7.7] 
w[+mC]=R77C10-
p65.AD}attP40; P{y[+t7.7] 
w[+mC]=VT026010-
GAL4.DBD}attP2 

Bloomington RRID:BDSC 88151 

empty split-Gal4 w[1118]; P{y[+t7.7] 
w[+mC]=p65.AD.Uw}attP4
0; P{y[+t7.7] 
w[+mC]=GAL4.DBD.Uw}at
tP2 

Bloomington RRID:BDSC 79603 

UAS-phiC31 P{UAS-phiC31}attP18; 
Star/CyO; Pri/TM6B 

Gift from Rachel Wilson  

SPARC2 CsChrimson 
(intermediate) 

TI{20XUAS-SPARC2-I-
Syn21-
CsChrimson::tdTomato-
3.1}CR-P40 

Bloomington RRID: BDSC 84144 

SPARC2 CsChrimson 
(sparse) 

TI{20XUAS-SPARC2-S-
Syn21-
CsChrimson::tdTomato-
3.1}CR-P40  

Bloomington RRID:BDSC 84145 

 561 

Reagent Source Identifier 

Mouse anti-Bruchpilot antibody  Developmental Studies Hybridoma 
Bank  
 

RRID:AB_2314866 

Chicken GFP polyclonal  antibody Thermofisher PA1-9533 RRID:AB_1074893 

   

Rabbit DsRed Polyclonal Antibody Takara Bio 632496 RRID:AB_10013483 

Goat anti-mouse secondary 
antibody, 
Alexa Fluor 633 conjugate 

Thermofisher A-21050 RRID:AB_141431 

Goat anti-Chicken IgG, Alexa Fluor 
488 

Thermofisher A-11039 RRID:AB_2534096 

Goat anti-Rabbit IgG, Alexa Fluor 
568  

Thermofisher A-11011 RRID:AB_143157 

Alexa Fluor Phalloidin 647 Thermofisher A22287 n/a 

Vectashield mounting medium Vector Labs H-1000 n/a 

 562 

 563 

 564 

 565 



Bristle neuron reconstruction 566 

409 tactile mechanosensory axons were reconstructed from the front left leg in a connectome 567 

dataset of the female adult nerve cord (Figure 2, Supplemental Figure 1)31,34,35. Reconstruction, 568 

referred to as proofreading, was completed using Neuroglancer, an interactive software for 569 

visualizing, editing, and annotating 3D volumetric data. Proofreading entailed two types of edits; 570 

splitting off neurites that did not belong to the cell of interest and merging segments of the neuron 571 

that were falsely missed by the automated segmentation. All edits and annotations to these 572 

neurons are hosted and accessible on the connectome annotation versioning engine (CAVE) 573 

platform66. 394 of the reconstructed axons entered the VNC through the Leg Nerve, eight from 574 

the ventral prothoracic nerve and seven from the dorsal prothoracic nerve. A small number (<20) 575 

of axons could not be reconstructed due to irreconcilable segmentation errors. 576 

 577 

Spatial mapping in FANC 578 

To project the spatial axes of the leg map onto the bristle axons in FANC, three mapping rules 579 

were applied. The first was that each axon was classified as either anterior or posterior based on 580 

whether the axon morphology branched anteriorly or posteriorly upon entering the VNC (Figure 581 

2B). The DV and PD axes were quantified along a gradient to reflect the distribution observed 582 

from the genetic labeling experiments (Figure 1). For each axis, a mapping point was placed 583 

within the neuropil and the distance of every synapse from that point was calculated. To account 584 

for spatial outliers, we normalized the distribution of distances along each axis by the 1st and 99th 585 

percentile. The relative spatial prediction of each axon was the average synaptic distance from 586 

each reference point (Figure 2B). 587 

 588 

Analysis of circuit connectivity 589 

To reduce the presence of weak connections and the likelihood of false positive synapse 590 

detections, connections with fewer than three synapses between pairs of neurons were filtered 591 

out of all analyses, similar to past work29,30. We proofread all downstream targets of the bristle 592 

neuron and 23B neuron populations that met this synapse threshold. 593 

 594 

We classified each neuron by class (local, intersegmental, ascending, descending, sensory or 595 

unknown). We defined local cells as VNC interneurons with inputs limited to the left front leg 596 

neuromere, whereas intersegmental cells received input from multiple neuropils. Ascending 597 

neurons had a soma in the VNC and projected up through the neck connective. Descending 598 

neurons did not have a soma in the VNC and consisted of axons that projected down from the 599 

neck connective. We defined sensory cells as afferent axons incoming from the peripheral 600 

neurons. Finally, we labeled neuronal fragments that could not be reconnected to the larger arbor 601 

as Unknown. Synapses that belonged to an ‘unknown’ object were also filtered out of all analyses 602 

(6% of the total connectivity). 603 

 604 

We classified all VNC neurons in the tactile circuit by developmental hemilineage. Cells within a 605 

hemilineage are born from the same post embryonic stem cell and share morphological features, 606 

neurotransmitter expression, and broad functional roles within the VNC43,46,47. We assigned 607 

hemilineage identity based on soma location, fasciculation bundle into the VNC and dendritic and 608 

axonal morphology and projection patterns46,54. We then inferred neurotransmitter identity from 609 



the hemilineage classification based on previously published experiments43,47. Less than 610 

1%43,47neurons could not be classified into a specific hemilineage and were filtered out of any 611 

analyses that depended on this labeling (Figure 2F). 612 

 613 

23B subtype classification 614 

We reconstructed 62 23B neurons downstream of bristle neurons from the left front leg in the 615 

FANC connectome. This included 58 from the left front leg neuropil, 3 from the left wing neuropil 616 

that extended into the left front leg neuromere. We classified 23B neurons into subtypes based 617 

on the axonal projection pattern (Figure 4). For example, 23B neurons in the left front leg 618 

neuromere with an axon that projected to the front right leg neuromere were considered 619 

Contralateral T1 neurons. 23B neurons that projected to the left wing neuropil were labeled as 620 

Ipsilateral Wing neurons and so on (Figure 4A) Axons from neurons of the same subtype bundled 621 

together in the VNC. Therefore, in cases where neurons had axons with an ambiguous projection 622 

pattern, we classified them based on the axons they bundled with.  623 

 624 

Receptive field calculation 625 

Based on the spatial mapping methods outlined above, we mapped a single location on the leg 626 

for each bristle axon and its output synapses (Figure 2B). For each 23B neuron, we selected all 627 

the input synapses from bristle axons (Figure 3C). The receptive field along each cardinal axis 628 

was represented as the distribution of spatial locations as they were mapped to the presynaptic 629 

bristles (Figure 3D-E). If for example a 23B neuron received input from three bristles axons that 630 

we had mapped to the ventral proximal area of the leg, the receptive field would be represented 631 

by the distribution of input synapses from those three axons. The same method was applied to 632 

each 23B neurons (Figure E). 633 

 634 

SPARC labeling of 23B neurons 635 

To classify the axonal projection patterns of individual 23B neurons labeled by our two 636 

experimental lines, we crossed UAS-PhiC31; ss04746-split-GAL4 or UAS-PhiC31; R21b10-GAL4 637 

females to males carrying the intermediate or sparse variants of SPARC2 CsChrimson 638 

(Supplemental Figure 4). We dissected, fixed, stained, and imaged the VNCs as described above. 639 

Neurons were classified by manual inspection of the image stacks based on the morphology and 640 

projection pattern of the axon. (Supplemental Figure 4) 641 

 642 

Connectome derived spatial targeting prediction 643 

Based on the proportions derived from our sparsely labelled VNCs (Supplemental Figure 4C), we 644 

sampled a subset of 23B neurons and summed the bristle input from these cells to predict the 645 

aggregate receptive field for that set of neurons. For example, for SS04746, there were six 646 

neurons labeled in each neuromere so we sampled six neurons with a sampling rate weighted by 647 

the proportion of subtypes present in the SPARC2 experiments (pie chart in Supplemental Figure 648 

4). The aggregate receptive field from this set of six neurons was considered one simulated RF. 649 

We then simulated 100 RFs to create the average RF for each experimental line. 650 

 651 

 652 

 653 



Optogenetic experiments 654 

Optogenetic experiments were performed on adult female flies that were raised on 35mM in 95% 655 

EtOH ATR for 1-3 days, were 2-5 days old, de-winged, and fixed to a rigid tether (0.1 mm thin 656 

tungsten rod) with UV glue (KOA 300). These flies were placed onto a spherical foam ball (weight: 657 

0.13 g; diameter: 9.08mm) suspended by air within a dark arena. A red laser (638 nm; 1200 Hz 658 

pulse rate; 30% duty cycle, Laserland) was focused on the thorax-coxa joint of the left front leg 659 

(Figure 5C). Optogenetic activation experiments were conducted on flies in which different 660 

subtypes of 23B neurons expressed CsChrimson, as well as flies with an empty-SpGal4 (Table 661 

1). Trials were 20 seconds in duration and consisted of five seconds prestimulus, five second with 662 

the laser flickering on/off at 5Hz, and 10 second post stimulus (Figure 5E). During each trial, the 663 

behavior each fly was recorded with 6 high-speed cameras (300 fps; Basler acA800-510 µm; 664 

Balser AG) and the movement of the ball was recorded at 30 fps with a camera (FMVU-03MTM-665 

CS) and processed using FicTrac67. The 3D positions of each leg joint were determined by using 666 

DeepLabCut68 and Anipose48 (Figure 5C-D). Kinematic analyses were performed in a custom 667 

Python script.  668 

 669 

Leg sweep detection 670 

We used the 3D joint positions to detect contacts between legs (Figure 5C-D). The automated 671 

tracking detected the following joints for each leg of the fly: body-coxa, coxa-femur, femur-tibia, 672 

tibia-tarsus, and the tarsus tip. We interpolated vectors between the joints of individual legs to 673 

represent the legs in 3D space. We defined contacts as individual frames where two legs were in 674 

close proximity to one another. The distance threshold we used to classify contacts varied 675 

between flies to account for diurnal variability in camera calibration settings, however they all 676 

ranged between 0.13-0.17 pixel distance. We defined leg sweeps as consecutive frames with a 677 

contact detection between the same two legs. At least one of the legs had to be moving at a 678 

minimum velocity of 2 mm per second to be considered a valid leg sweep (Figure 5D-E). We 679 

added the velocity condition to exclude moments when the fly idly stood with two legs in contact. 680 

Finally, to account for noise from the binary contact detection, we merged individual sweeps that 681 

were separated by three or less frames (Figure 5D-E). 682 

 683 

Spatial targeting and contact point annotation 684 

To define the spatial targeting of each grooming pattern we needed the exact contact point 685 

location between legs. Since we tracked joint positions and not entire leg segments, we annotated 686 

the contact points for a subset of frames that could then be measured relative to our interpolated 687 

legs. To do this we defined the first point of contact as the first frame of each individual leg sweep. 688 

We then divided first contacts by grooming pattern based on the legs involved; sweeps between 689 

the left front leg and the middle front leg were considered middle leg grooming, sweeps between 690 

the two front legs were considered front leg grooming (Figure 5H). We sampled first contact 691 

frames for each grooming pattern across the two populations of experimental flies: Middle leg 692 

grooming SS04746 (53), middle leg grooming R21B10 (42), Front leg grooming SS04746 (32), 693 

Front leg grooming R21B10 (67). All frames were annotated by a person blind to genotype using 694 

the point annotation software Anivia. We annotated the contact point location across all six 695 

camera views for each frame. Due to the variability in front leg grooming we also annotated the 696 

category of front leg grooming. We defined Category 1 as both front legs towards the midline. 697 



Category 2 was when flies brought the right leg over to the left side and contacted an extended 698 

left leg. Category 3 when flies brought the left front leg over to the right and contacted an extended 699 

right leg (Figure 5H).  700 

 701 

To compare contact point locations relative to the leg in 3D space, we triangulated the annotated 702 

contact points into the same space. This was done by importing the calibration settings for each 703 

respective trial and running the tracking process described above. To determine the spatial 704 

location of the contact we measured the closest point on the interpolated legs to the annotation 705 

point. We defined the spatial targeting profile as the distribution of leg locations contacted for each 706 

grooming pattern (Figure 5H). 707 

 708 

 709 

Figure Reference Genotype 

Figure 1C Leg imaginal discs: 
w[1118]; dac-Gal4 / +; UAS-mcd8::GFP / + 
w[1118]; +; rn-Gal4 / UAS-mcd8::GFP 
 
Adult vnc and leg: 
w[1118]; dac-Gal4 / UAS-flp;LexAop>stop>mcd8::GFP / R38B08-LexA 
w[1118] ; LexAop>stop>mcd8::GFP / UAS-flp; rn-Gal4 / R38B08-LexA 

Figure 5A w[1118]; +; ss04746 split GAL4 / UAS-mcd8::GFP 
w[1118]; +; R21B10-GAL4/ UAS-mcd8::GFP 

Figure 5E-H Control 
w[1118]; P{y[+t7.7] w[+mC]=p65.AD.Uw}attP40 / P{y[+t7.7] 
w[+mC]=20XUAS-IVS-CsChrimson.mVenus}attP40; P{y[+t7.7] 
w[+mC]=GAL4.DBD.Uw}attP2 / + 
 
Proximal 23B 
w[1118]; P{y[+t7.7] w[+mC]=R77C10-p65.AD}attP40 / P{y[+t7.7] 
w[+mC]=20XUAS-IVS-CsChrimson.mVenus}attP40 ; P{y[+t7.7] 
w[+mC]=VT026010-GAL4.DBD}attP2 / + 
 
Distal 23B 
P{UAS-phiC31}attP18 / w[1118]; TI{20XUAS-SPARC2-S-Syn21-
CsChrimson::tdTomato-3.1}CR-P40; R21B10-GAL4 / + 

Supplemental Figure 2C Leg imaginal discs: 
w[1118]; R38B08-LexA / +; LexAop-mcd8::GFP / + (no expression) 
w[1118]; +; hh-Gal4 / UAS-mcd8::GFP 
w[1118]; mid-Gal4 / +; UAS-mcd8::GFP / + 
w[1118]; +; dpp-Gal4 / UAS-mcd8::GFP 
w[1118]; dac-Gal4 / +; UAS-mcd8::GFP / + 
w[1118]; +; rn-Gal4 / UAS-mcd8::GFP 
w[1118]; ap-Gal4 / +; UAS-mcd8::GFP / + 
w[1118]; dac-Gal4 / +; UAS-mcd8::GFP / + 
w[1118]; +; rn-Gal4 / UAS-mcd8::GFP 
 
Adult vnc and leg: 
w[1118];  R38B08-LexA / +; LexAop-mcd8::GFP / + 
w[1118]; hh-Gal4 / UAS-flp; LexAop>stop>mcd8::GFP / R38B08-LexA 
w[1118]; mid-Gal4 / UAS-flp; LexAop>stop>mcd8::GFP / R38B08-LexA 
w[1118] ; LexAop>stop>mcd8::GFP / UAS-flp; dpp-Gal4 / R38B08-LexA 
w[1118]; dac-Gal4 / UAS-flp;LexAop>stop>mcd8::GFP / R38B08-LexA 



w[1118] ; LexAop>stop>mcd8::GFP / UAS-flp; rn-Gal4 / R38B08-LexA 
w[1118]; ap-Gal4 / UAS-flp; LexAop>stop>mcd8::GFP / R38B08-LexA 

Supplemental Figure 4A P{UAS-phiC31}attP18 / w[1118]; P{y[+t7.7] w[+mC]=R77C10-
p65.AD}attP40/ TI{20XUAS-SPARC2-S-Syn21-CsChrimson::tdTomato-
3.1}CR-P40; P{y[+t7.7] w[+mC]=VT026010-GAL4.DBD}attP2 / + 
 
 

Supplemental Figure 4B P{UAS-phiC31}attP18 / w[1118]; TI{20XUAS-SPARC2-S-Syn21-
CsChrimson::tdTomato-3.1}CR-P40; R21B10-GAL4 / + 
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Supplemental Figures 881 

Supplemental Figure 1 882 

 883 
Supplemental Figure 1: Bristle axons vary in morphology. Individual bristle axon morphologies. Three 884 

bristle axons that branch anteriorly (top row), and three that branch posteriorly (bottom row). Axons that 885 
cross the anterior to posterior border (left), axons that do not cross (middle), and axons that project closer 886 
to the center of the left leg neuromere (right). 887 
 888 

 889 



Supplemental Figure 2 890 

 891 
Supplemental Figure 2: GFP expression of bristle neurons driven by coexpression of different 892 
transcription factors in the larval leg imaginal disc, leg, and VNC. A) For each line, only bristle cells 893 
that express a specific transcription factor will be labeled with GFP. B) Example genetic cross. C) Shown 894 

are maximum intensity projections of cells in the larval leg imaginal pJFRC7-20XUAS-IVS-mCD8::GFP 895 
(green) and an antibody against phalloidin (magenta). Bristle neurons in the leg and VNC were labeled with 896 
mcd8::GFP (green) and an antibody against the neuropil marker bruchpilot (magenta), green arrows 897 
indicate a sample of labeled bristle neurons.  From left to right: all bristle neurons labeled by R38B08-LexA 898 
alone, bristle neurons that coexpressed hedgehog (hh), midline (mid), decapentaplegic (dpp), dachshund 899 

(dac), rotund (rn), and apterous (ap) during metamorphosis.  900 
 901 

 902 

Supplemental Figure 3 903 

 904 
Supplemental Figure 3: Synaptic input and output counts do not vary somatotopically. A) Number 905 
of input and output synapses for each reconstructed bristle axon (teal). Colored by the predicted spatial 906 
location on the leg along the B) anterior-posterior axis (r2=4.64e-05), C) dorsal-ventral axis (r2=0.05), D) 907 
proximal-distal axis (r2=0.30). 908 
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Supplemental Figure 4 911 

 912 
 913 
Supplemental Figure 4: Experimental lines SS04746 and R21B10 label different 23B subtypes. A) 914 
VNC expression of SS04746 (top) and R21B10 (bottom) from the Janelia library (left). B) Example VNCs 915 

from sparsified line SS04746-gal4xSPARC2-CsChrimson (top) and R21B10-gal4xSPARC2-CsChrimson 916 
(bottom). 23B neurons in the VNC were labeled with mcd8::GFP (white) and an antibody against the 917 
neuropil marker bruchpilot (blue). Each neuron was classified by axonal projection pattern. C) Proportion 918 
of different 23B subtypes in SS04746 (n=21) and R21B10 (n=17).  919 

  920 



 921 

 922 

Supplemental Figure 5 923 

 924 
Supplemental Figure 5: 23B subtypes connectivity onto premotor neurons in T1L, T1R, and T2L. A) 925 

Proportion of 23B output connectivity onto different neuron classes in the VNC. B) 23B subtype connectivity 926 
onto premotor pools for the left front leg (T1L), right front leg (T1R), and the left middle leg (T2L). The bar 927 
graph represents the number of 23B neurons of each subtype that contact any premotor neurons within 928 
each leg neuropil. Boxplots represent the proportion of 23B output synapses onto premotor neurons within 929 
each leg neuropil. Color bars represent different 23B subtypes, from left to right: Ascending, Club, Dorsal, 930 

Midline Intersegmental, Midline, Contralateral Intersegmental, Ipsilateral T1, Contralateral T, Contralateral 931 
T2, Ipsilateral T3, Anterior, Ipsilateral Wing, and Contralateral Wing. Arrows indicate the most prominent 932 
subtype in the proximal (SS04746) and distal (R21B10) grooming lines. For all box plots, center line, 933 
median; box limits, upper and lower quartiles; whiskers, 1.5x interquartile range; outliers not shown. 934 
 935 

Supplemental Videos 936 

Supplemental Video 1: Proximal 23B activation in headless flies. Example trial for optogenetic 937 

activation of proximal 23B neurons (SS04746) expressing CsChrimson. Each trial was 20 938 

seconds in duration, five seconds prestimulus, five seconds with the laser flickering on/off at 939 

5Hz, and 10 seconds post stimulus. 940 

 941 

Supplemental Video 1: Distal 23B activation in headless flies. Example trial for optogenetic 942 

activation of distal 23B neurons (R21B10) expressing CsChrimson. Each trial was 20 seconds 943 

in duration, five seconds prestimulus, five seconds with the laser flickering on/off at 5Hz, and 10 944 

seconds post stimulus. 945 

 946 

Supplemental Video 3: Laser activation of empty-SpGal4 in headless flies. Example trial for laser 947 

activation of empty-SpGal4 flies with CsChrimson expression. Each trial was 20 seconds in 948 

duration, five seconds prestimulus, five seconds with the laser flickering on/off at 5Hz, and 10 949 

seconds post stimulus. 950 

 951 


