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 32 

Abstract 33 

 34 

In most complex nervous systems there is a clear anatomical separation between the nerve 35 

cord, which contains most of the final motor outputs necessary for behaviour, and the brain. 36 

In insects, the neck connective is both a physical and information bottleneck connecting the 37 

brain and the ventral nerve cord (VNC, spinal cord analogue) and comprises diverse 38 

populations of descending (DN), ascending (AN) and sensory ascending neurons, which are 39 

crucial for sensorimotor signalling and control. 40 

 41 
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Comparative connectomics of Drosophila ascending and descending neurons 1 

Integrating three separate EM datasets, we now provide a complete connectomic description 42 

of the ascending and descending neurons of the female nervous system of Drosophila and 43 

compare them with neurons of the male nerve cord. Proofread neuronal reconstructions have 44 

been matched across hemispheres, datasets and sexes. Crucially, we have also matched 45 

51% of DN cell types to light level data defining specific driver lines as well as classifying all 46 

ascending populations. 47 

 48 

We use these results to reveal the general architecture, tracts, neuropil innervation and 49 

connectivity of neck connective neurons. We observe connected chains of descending and 50 

ascending neurons spanning the neck, which may subserve motor sequences. We provide a 51 

complete description of sexually dimorphic DN and AN populations, with detailed analysis of 52 

circuits implicated in sex-related behaviours, including female ovipositor extrusion (DNp13), 53 

male courtship (DNa12/aSP22) and song production (AN hemilineage 08B). Our work 54 

represents the first EM-level circuit analyses spanning the entire central nervous system of an 55 

adult animal. 56 

Introduction 57 

For the body to respond to the higher processing commands of the brain, motor and sensory 58 

information must be transferred between the brain and nerve cord. In insects, there are 4 59 

principal classes of neurons that traverse the neck. The three most numerous are: ascending 60 

neurons (ANs), which have their soma and dendrites in the VNC and feedback information to 61 

the central brain; descending neurons (DNs), which have the soma and dendrites in the brain 62 

and send commands via axons to the ventral nerve cord (VNC); and sensory ascending 63 

neurons (SAs), which have their soma outside of the VNC and send some sensory information 64 

directly from the periphery to the brain. Finally, a small number of motor neurons (MNs) exit 65 

the neck connective before reaching the nerve cord, directly targeting neck muscles in the 66 

periphery (Strausfeld et al., 1987). 67 

 68 

Previous light microscopy (LM) and genetic studies in Drosophila have demonstrated that 69 

specific behaviours can sometimes be mapped to individual neurons and circuits. For the DN 70 

population, a range of behaviours are linked to individual or small groups of DNs: aDN, DNg11 71 

and DNg12 for anterior grooming sequences (Guo et al., 2022; Hampel et al., 2015), DNa02 72 

for turning (Rayshubskiy et al., 2020), DNp50/MDN for backwards walking (Bidaye et al., 73 

2014), DNp01/GF for escape (Lima & Miesenböck, 2005), DNp07 and DNp10 for landing 74 

(Ache et al., 2019), DNp15/DNHS1, DNp20/DNOVS1, and DNp22/DNOVS2 for flight and neck 75 

control (Suver et al., 2016), and others. However, our understanding remains incomplete – 76 

only a few studies have examined larger groups of DNs by morphology (Namiki et al., 2018) 77 

or behaviour (Aymanns et al., 2022; Cande et al., 2018), and even less is known about ANs 78 

(Chen et al., 2023).  79 

 80 

Until the advent of the male adult nerve cord (MANC) dataset, we could only estimate how 81 

many neurons connect the brain and the VNC by the available LM lines. 150 years after the 82 

first Golgi stainings (Golgi, 1873), the neurons of the neck connective as a complete population 83 

were described and typed for the first time, revealing 1328 DNs, 1865 ANs and 535 SAs in 84 

adult Drosophila (H. S. J. *. Cheong et al., 2024; Marin et al., 2023; Takemura et al., 2023). 85 

For comparison, Winding et al. (2023) have identified 182 DNs in the Drosophila larva. 86 
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Comparative connectomics of Drosophila ascending and descending neurons 2 

However, connectomic datasets are still scarce and to reveal the degree of variation in 87 

Drosophila neuronal circuits, we need to compare EM datasets across individuals, sexes and 88 

developmental stages, as done previously in Caenorhabditis elegans (Cook et al., 2019; 89 

Witvliet et al., 2021). The first whole brain comparative connectomics study in adult Drosophila 90 

(Schlegel et al., 2023) used two female datasets, FAFB-Flywire (Dorkenwald et al., 2023; 91 

Schlegel et al., 2023; Zheng et al., 2018) and the truncated hemibrain dataset (Scheffer et al., 92 

2020), to obtain initial insights into which connections between neurons are conserved across 93 

datasets and specimens, estimating the extent of biological variation in connectomes. Here, 94 

we conduct a comparative analysis of EM datasets across sexes.  95 

 96 

Male and female Drosophila exhibit sexual dimorphism in their behaviour, mediated by 97 

dimorphic neuronal circuits in both the brain and the VNC. Differences exist both in the 98 

connections made by neurons that are shared between the sexes and in the presence of 99 

neurons that appear to be specific to one sex. The sex of each Drosophila neuron is 100 

determined genetically, primarily through the expression of the transcription factor genes 101 

double sex (dsx) and fruitless (fru). Studies on fru and dsx expressing neurons and dimorphic 102 

behaviours have revealed several sexually dimorphic neurons and small circuits in the brain 103 

and VNC (Auer & Benton, 2016; Pavlou & Goodwin, 2013). Females, for example, require 104 

oviDNs for egg laying (Ache et al., 2019; F. Wang et al., 2020a) and vpoDN to open their 105 

vaginal plate when accepting a male (K. Wang et al., 2021). In contrast male specific P1 106 

central brain neurons control both intermale aggression and courtship steps such as wing 107 

extension (Hoopfer et al., 2015; von Philipsborn et al., 2011) while a set of DNs (pIP10 and 108 

pMP2) and VNC neurons (TN1a, dMS2, vPR9, dPR1, dMS9, and vMS12) act to coordinate 109 

time and shape of sine and/or pulse song (Lillvis et al., 2024; Shiozaki et al., 2023; von 110 

Philipsborn et al., 2011). However, there has not been any systematic EM level comparison 111 

of dimorphic neurons between males and females.  112 

 113 

We now describe all the neck connective neurons of the adult female fly brain (FAFB-Flywire) 114 

(Chen et al., 2023; Dorkenwald et al., 2023; Schlegel et al., 2023) and the female adult nerve 115 

cord (FANC) (Azevedo et al., 2022; Phelps et al., 2021), and compare them to the MANC 116 

dataset (H. S. J. *. Cheong et al., 2024; Marin et al., 2023; Takemura et al., 2023). We present 117 

the strategies developed to bridge physically disconnected datasets (brain and VNC) and 118 

compare datasets of different sexes. Our work represents the first atlas of DNs, ANs and SAs 119 

based on EM connectome data from the brain and the VNC. We then illustrate the utility of 120 

this complete and comprehensively annotated resource by addressing three scientific 121 

questions: first, we investigate the types of sensory information processed by DNs in the brain 122 

and the connections between ANs and DNs in the brain and nerve cord. Second, we explore 123 

stereotypy across the three datasets at the level of morphology and connectivity. Last, we 124 

examine the implications of unmatched neurons across datasets, particularly in the context of 125 

sexual dimorphism.   126 
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Results 127 

Matching neurons across three datasets 128 

We reconstructed all of the neurons that traverse the neck connective in the female adult fly 129 

brain (FAFB-Flywire) and the female adult nerve cord (FANC) datasets; we then compared 130 

them to the previously published male adult nerve cord (MANC) dataset (H. S. J. *. Cheong et 131 

al., 2024; Marin et al., 2023; Takemura et al., 2023) (Fig. 1, Supplemental file 1 for FAFB and 132 

FANC seed planes). We find that in the three datasets there are between 1315 and 1347 DNs 133 

that transmit motor commands and other information from the brain to the VNC; between 1733 134 

and 1865 ANs that report processed sensory and motor state information from the VNC back 135 

to the brain; and between 535 and 611 SAs that convey sensory information directly from the 136 

periphery to the brain (Fig. 1b). The position of these neurons in the neck connective is 137 

morphologically segregated, with DNs more dorsal, ANs more ventral, and the SAs localised 138 

in two main and two smaller bundles on each side (Fig. 1c, see black arrows and Extended 139 

Data Fig. 1). DNs and ANs were matched across the two sides into pairs or groups in all 140 

datasets, and matched between the male and female VNC by their morphology and 141 

connectivity (Fig. 1d,e). 142 

 143 

We have contributed our proofreading and annotation of these neck connective neurons to 144 

the separate online platforms hosting each of these EM datasets as well as enabling a range 145 

of programmatic use (see Methods and Supplementary file 2); for example, both DN and AN 146 

type annotations are available for the brain in the online FlyWire connectome browser at 147 

codex.flywire.ai. However, we have found that comparisons across datasets are more 148 

powerful when each dataset can be visualised simultaneously in the same virtual space with 149 

a common interface for querying and viewing annotations. We have therefore provided access 150 

to co-registered and uniformly annotated neck connective neurons using the Neuroglancer 151 

viewer (Maitin-Shepard et al., 2021). This combined 3D web atlas can be viewed by following 152 

https://tinyurl.com/NeckConnective (see Methods – Neuroglancer Link for details). 153 

 154 

Currently available EM datasets comprise either the brain or the VNC and are therefore 155 

truncated at the neck during specimen preparation. This creates a considerable challenge for 156 

matching the brain and VNC parts of the neurons sending projections through the neck. 157 

Matching existing light-level descriptions of these neurons to their EM-reconstructed 158 

counterparts is necessary for identifying these neurons across EM datasets, bridging brain 159 

and VNC, as well as linking the morphology to behavioural data. The ANs and SAs have 160 

recently been typed in the male VNC (Marin et al., 2023), but published LM information for 161 

these neurons is currently limited. ANs will require detailed matching with future light level 162 

resources but we were able to make some specific matches (see Fig. 4). However for SAs, a 163 

smaller and much less complex population, we were able to use comparisons with available 164 

LM images together with the position of tracts within the neck connective to assign gross 165 

sensory modalities in the brain as well as VNC (Fig. 1f, Extended Data Fig. 2; supporting 166 

evidence documented in Supplementary file 2 FAFB_SA_identification). 167 
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Comparative connectomics of Drosophila ascending and descending neurons 4 

168 
Fig. 1: Reconstruction and identification of three neuronal classes across three datasets. a, 169 
Schematic of the central nervous system with the three neuronal classes that pass through the neck 170 
connective: descending neurons (DNs), ascending neurons (ANs) and sensory ascending neurons 171 
(SAs). FANC neurons are shown in MANC space here and in all following figures. b, Number of neurons 172 
in each class and dataset. c, Transects through the neck of the three datasets: Female Adult Fly Brain 173 
(FAFB), Male Adult Nerve Cord (MANC) and Female Adult Nerve Cord (FANC). These neck connective 174 
transects were used as seedplanes to find and reconstruct the three classes of neurons shown in 175 
different colours. d, Number of DNs and ANs that have been left-right matched into pairs or groups in 176 
the three datasets. e, Number of DNs and ANs that have a match across the two VNC datasets. f, SAs 177 
were assigned modalities by matching to light microscopy (LM) images. Left, an example of a LM image 178 
of Femoral chordotonal organ club. Right, the EM reconstructions that were matched to the image. g, 179 
DNs were identified in all three EM datasets by matching the EM reconstructions to LM level 180 
descriptions (mainly (Namiki et al. 2018), see supplemental file 2 - DN_identification). Left, an example 181 
of a LM image of DNa01 in the brain and VNC and next to it the FAFB, FANC and MANC EM 182 
reconstructions that were matched to those images. Right, the quantification of DNs identified in all 183 
three datasets. h, Identified DNs that can be matched across all three datasets coloured by soma 184 
location, brain neuropil, longitudinal tract and VNC neuropil. Please see attached files for a high 185 
resolution version of this figure. 186 

  187 
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Comparative connectomics of Drosophila ascending and descending neurons 5 

There is a significant amount of LM data for DNs (in contrast to ANs or SAs). In parallel work, 188 

we have recently described all DN axons in the male VNC EM connectome (H. S. J. *. Cheong 189 

et al., 2024) and matched some to earlier light level data of Namiki et al. (2018). By overlaying 190 

EM morphologies on these LM images, primarily sourced from Namiki et al. (2018) and a new 191 

LM collection, Namiki et al. (2024, manuscript in preparation), we were now able to identify 192 

51.7% of FAFB and 46% of FANC DNs as well as increasing the proportion of LM identified 193 

DNs in MANC from 29% to 45.9% (supplemental file 2 - DN_identification). By separately 194 

matching the brain and VNC portions of a given DN to the same driver line, we were able to 195 

bridge connectome datasets. We could therefore analyse input and output, as well as compare 196 

between the male and female VNC (Fig. 1g). DNs have previously been grouped by different 197 

characteristics, and we demonstrate how soma location, longitudinal tract and neuropil 198 

innervation compare across the three datasets (Fig. 1h, Extended Data Fig. 3-6) (H. S. J. *. 199 

Cheong et al., 2024). As previously reported (H. S. J. *. Cheong et al., 2024; Namiki et al., 200 

2018), soma location does not correlate strongly with other features such as axon tract and 201 

VNC neuropil innervation; we do note that neurons of the DNa and DNb soma groups 202 

innervate a combination of leg or upper tectulum neuropils, which matches reported functions 203 

for many of these DNs in steering during walking or flight (Extended Data Fig. 3a,b). Examining 204 

brain and VNC neuropil innervation patterns together highlights some interesting correlations. 205 

For example, DNs that innervate the SMP and SLP regions in the brain (higher order 206 

processing centres for olfactory stimuli) mainly target the abdominal ganglion of the VNC 207 

where they are likely to regulate reproductive or digestive functions (Extended Data Fig. 4a, 208 

5i). DN axon tracts also highlight interesting groups: e.g. MTD-II tract DNs target the upper 209 

tectulum in the VNC (associated with wing pre-motor circuits) and receive input primarily from 210 

brain neuropils associated with multimodal integration and steering, the posterior slope (PS) 211 

and lateral accessory lobe (LAL). Nevertheless neuropil innervation and tract assignment are 212 

still quite coarse organisational features and are only a guide to the function or sensory input 213 

for any given DN. We therefore carried out a more detailed analysis of their sensory input. 214 

 215 

Sensory input onto descending neurons 216 

By matching our EM reconstructions to LM data and linking them to previously published 217 

genetic or electrophysiological studies, we can make new predictions about DN functions and 218 

their circuits. DNs have diverse morphologies in the brain and VNC that can be uniquely 219 

identified in different EM datasets and LM lines (Fig. 2, see Methods – Light microscopy 220 

identification). Of the 223 DN types identified by LM data, just 2 could not be found in any of 221 

our EM datasets while a third turned out to be a duplicate; for 6 LM types we could identify a 222 

matching type in the brain but were unsure in the VNC (Fig. 2, Extended Data Fig. 7, 223 

supplementary file 2 DN_identification). 224 
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225 
Fig. 2: DN matching to Namiki et al. 2024 in prep. Morphology of identified DNs across all three 226 
datasets with nomenclature as described in Namiki et al. 2024 in prep. One DN type could not be found 227 
as it was duplicated (DNp61) and five could only be found in the brain (DNp52, DNp66, DNg58, DNg101, 228 
DNg102). See Extended Data Fig. 7 for matching to DNs previously characterised at light level by 229 
Namiki et al. (2018). See supplementary file 2 DN_identification for details. DN morphologies from the 230 
female datasets (FAFB, FANC) are in black, male dataset (MANC) is in red. This figure is also provided 231 
in high resolution and DNs can be viewed in 3D at https://tinyurl.com/NeckConnective. Please see 232 
attached files for a high resolution version of this figure. 233 

 234 

Many DNs identified at light level have been associated with specific behaviours, sensory 235 

stimuli and evoked motor programs (Simpson, 2024). We have previously described the wide 236 

range of motor circuits targeted by the DN population in the male VNC . By bridging the neck 237 

connective, we can now analyse at scale the sensory information received by DNs in the brain 238 

and how that relates to the circuits targeted by their axons in the VNC. We began by analysing 239 

connectivity within the brain (Fig. 3). Summarising the input and output partners by neuronal 240 

class already revealed interesting patterns (Fig. 3a). Input is dominated by brain interneurons 241 

(class=central and visual projection). However, there are also strong inputs (~10%) from at 242 

least two other sources: ANs and from DNs themselves. AN inputs are likely to convey a mix 243 

of processed sensory and motor state information from the VNC and there are long-standing 244 

hypotheses that these connections may be important for motor coordination (e.g. Chen et al., 245 

2023). DN-DN connections were more unexpected. Although it has previously been reported 246 

that most DNs make axon collaterals (Namiki et al., 2018), commonly in the GNG area as they 247 
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leave the brain, the large number of output connections in the brain (413,458 output synapses, 248 

Fig. 3a) was surprising since their principal axonal arbours are considered to be in the VNC. 249 

DN connections onto other DNs account for 42% of their total output in the brain but only 2% 250 

of their total output in the VNC (H. S. J. *. Cheong et al., 2024). This extensive DN-DN 251 

interconnectivity in the brain suggests the possibility of coordinated action across DNs, an idea 252 

that has recently been investigated by combining our connectome data with elegant functional 253 

studies (Braun et al., 2024). Intriguingly, many of these DN-DN connections are axo-axonic; 254 

whether this can result in direct excitation or inhibition of the downstream neuron or rather 255 

gates the axonal output of this neuron is unclear although Braun et al. (2024) were able to 256 

show that optogenetic activation of some DNs can propagate to others. The remaining DN 257 

output in the brain primarily targets central brain interneurons (45%), with functions likely 258 

including coordinating DN activity across the two sides of the brain. Finally DNs also make 8% 259 

of their brain output directly onto motor neurons, mostly controlling the proboscis; this is very 260 

similar to the fraction of direct output onto MNs in the VNC (H. S. J. *. Cheong et al., 2024).  261 

 262 

DNs only receive a small fraction of their direct input from sensory neurons (2%). Therefore 263 

understanding the sensory modalities driving DNs requires more complex pathway analysis. 264 

Sensory neurons in the FAFB dataset have been annotated extensively and grouped into 265 

distinct sensory modalities: visual (photoreceptors and ocellar), olfactory, thermosensory, 266 

hygrosensory, auditory, mechanosensory eye bristles, mechanosensory head bristles, 267 

mechanosensory Johnson’s Organ (JO), and mechanosensory taste peg neurons (Schlegel 268 

et al., 2023). We looked at how far DNs are from these sensory modalities in the brain by using 269 

the information flow ranking established in Dorkenwald et al. (2023). This analysis excluded 4 270 

DN types that are themselves sensory neurons (DNx01, DNx02, LN-DN1, LN-DN2). DNs were 271 

assigned to 16 clusters by their similarity in sensory input (Fig. 3b). DNs in each cluster 272 

typically have dendrites in the same brain neuropils (Fig. 3c, Extended Data Fig. 8 for FAFB 273 

neuropil assignments, supplemental file 2 - FAFB_DNs). For example, the two first clusters 274 

mostly arborize in the prow and flange (Ito et al., 2014), brain regions that receive taste 275 

information from the proboscis; these DNs are the closest (lowest average rank) to gustatory 276 

sensory neurons based on their modality (Fig. 3b, c, e). Seven DN clusters receive a 277 

combination of sensory modalities (Fig. 3d) and nine smaller clusters are specific to gustatory, 278 

bristle, auditory, ocellar or olfactory sensory information (Fig. 3e-i). 279 

 280 

By looking at the DNs previously linked to specific behaviours and from what we know about 281 

different neuropils in the Drosophila brain, we can assess whether these clusters and the 282 

sensory modalities assigned to them are appropriate. DNs in cluster 7, for example, integrate 283 

olfactory and gustatory information (Fig. 3d); this cluster includes the oviposition-promoting 284 

oviDN neurons, which would require this type of sensory information to select a nutrient-rich 285 

food source (F. Wang et al., 2020a). Interestingly, most DNs in cluster 6, which receive a 286 

combination of visual and auditory information, innervate the posterior slope (IPS,SPS) and 287 

lateral accessory lobes (LAL), brain regions shown to be involved in higher order sensory 288 

processing and steering (Currier & Nagel, 2020; Namiki & Kanzaki, 2016; Steinbeck et al., 289 

2020). These two sensory cues are essential for the navigation behaviour linked to DNs in this 290 

cluster, such as DNb06, allowing the fly to turn away from or towards a sound or a visual 291 

stimulus (Yang et al., 2023).  292 
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293 
Fig. 3: Sensory ranking of descending neurons. a, Pie charts show the neuron class composition of 294 
input and output partners of all DNs in the brain (corresponds to FlyWire super_class). Total synapse 295 
numbers shown below. b, Clustering of FAFB DNs by their sensory input rank (all apart from sensory 296 
DNs: DNx01, DNx02, LN-DNs). The ranks, ranging from 1 to 12, taken from (Dorkenwald et al. 2023), 297 
are defined as the traversal distances from a given sensory modality to each DN and then averaged by 298 
type. Low rank indicates a more direct connection from sensory modality to DN type. A cut height of 5 299 
(dotted line in dendrogram in b) produces 16 clusters. c, Clusters shown in b by the brain neuropil 300 
assigned to DN types as a percentage of all types in that cluster. d, DN morphologies of clusters that 301 
are close in rank to several sensory modalities in the brain. e-i, DN morphologies of clusters that are 302 
close in rank to one particular sensory modality. Plots on the left show the average rank of the clusters 303 
defined in b for the different sensory modalities. Arrows point to specific DN types that stand out. DN 304 
morphologies are plotted in their brain neuropil colours.Please see attached files for a high resolution 305 
version of this figure. 306 

 307 

 308 

DNs close to mechanosensory inputs fall into three main groups. Four clusters (3,4,10,11) are 309 

close to eye and head bristles (Fig. 3f), two (13 and 14) are close to a combination of JO and 310 

auditory sensory neurons (Fig. 3g), and cluster 15 receives input from a combination of 311 

mechanosensory modalities. This is in agreement with the neuropil innervation that is more 312 

GNG-based for the DNs close to bristle sensory inputs and more WED, AMMC and AVLP for 313 

the DNs linked to auditory and JO information. Based on the neuropils innervated,  this large 314 
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group of DNs is likely to be responsible for the highly targeted grooming of the corresponding 315 

bristle locations (Eichler et al., 2024). Most DNs are close in raking to visual projection 316 

neurons, but only one small cluster (cluster 5, Fig. 3h), containing 3 DN types 317 

(DNp28/OcellarDN, DNp20/DNOVS1 and DNp22/DNOVS2), is specific for visual sensory 318 

information from the Ocelli (Drosophila have three Ocelli that sense light in addition to the 319 

compound eye). Both DNOVS1 and DNOVS2 additionally receive input from optic lobe output 320 

neurons that encode pitch-associated or roll-associated optic flow and are involved in fast 321 

flight and neck motor control (Suver et al., 2016). Olfactory, thermosensory and hygrosensory 322 

information converge onto the same clusters, especially onto cluster 8 (Fig. 3i). There are only 323 

2 DN types in this cluster, DNp25 and DNp44; both were previously suggested to be close to 324 

olfactory sensory inputs in the hemibrain dataset (Schlegel et al., 2021) and DNp44 to 325 

hygrosensory inputs in FAFB (Marin et al., 2020). The lack of big DN clusters associated 326 

specifically with vision or olfaction suggests that this sensory information is more likely to be 327 

integrated with other sensory modalities, i.e. olfactory with gustatory, visual with auditory, or 328 

preprocessed in higher brain regions further away from DNs, cluster 16 (Fig. 3d). Thus, we 329 

are able to separate DN groups by their most likely sensory modalities, retrieve groups of DNs 330 

by their brain innervation, neuropil and sensory integration, and, by matching them to light 331 

level lines, follow them into the VNC, offering insights into the type of sensory information 332 

conveyed to the VNC and its potential functions. 333 

DN and AN interactions 334 

To guide sequences of behaviour to given stimuli, we expect there to be feedback from the 335 

VNC ANs back onto DN circuits in the brain. Strong direct connections between DNs and ANs 336 

are uncommon in the VNC and the brain (arrows point to connections with the highest weight 337 

in Fig. 4a,b, weight = number of synapses). However, there is one exception that stands out 338 

in the VNC: DNx02 output onto AN06B025, which is strong in the number of synapses as well 339 

as percent of the total synaptic output (Fig. 4b,c). DNx02 are sensory descending neurons, 340 

two on each side, that enter the brain via the occipital nerve, a nerve that was only recently 341 

identified (Eichler et al., 2024). Analogously to DNx01, which responds to mechanosensory 342 

stimuli on the antenna and is serial to the bilateral campaniform sensillum (bCS) neurons, we 343 

predict that DNx02 would respond to mechanosensory stimuli from the eye, potentially with 344 

grooming behaviours (Aymanns et al., 2022; Namiki et al., 2018). DNx02 neurons in the brain 345 

stay within the GNG, while in the VNC they project into the neck and haltere neuropils (Fig. 346 

4d).  The effective connectivity of DNx02 shows the strong connection onto neck and haltere 347 

MNs, both ipsi- and contralateral, 2-3 layers into the VNC (Fig. 4c). We were able to find a line 348 

for AN06B025 and identify it in the brain (Fig. 4d, supplemental file 2 - AN_identification). We 349 

studied the DNx02 and AN06B025 circuit across the neck connective (Fig. 4e). This revealed 350 

that the top target of DNx02 is AN06B025 not only in the VNC but also in the brain. 351 

Neurotransmitter types have been predicted using a convolutional neural network for FAFB-352 

Flywire and MANC  trained on a set of neurons with identified neurotransmitter types (Eckstein 353 

et al., 2024; Takemura et al., 2023). AN06B025 is predicted to be GABAergic in both datasets, 354 

suggesting that it in turn shuts off DNx02, a self loop motif that was not observed in the 355 

Drosophila larval dataset (Winding et al., 2023) (Fig. 4e).  356 

 357 
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Fig. 4: Direct descending and 358 
ascending neuron connections. 359 
Connectivity of AN/SAs to DNs and 360 
vice versa. a, Direct connectivity of 361 
AN/SAs onto DNs in the brain. DN 362 
and AN/SAs connections are 363 
averaged by type and plotted by 364 
mean weight in percent to mean 365 
weight. Arrows point to the two 366 
strongest connections in weight 367 
from AN/SAs onto DNs. b, Direct 368 
connectivity of DNs in the VNC onto 369 
ANs and SAs. Connections are 370 
averaged by type, like in a. Arrows 371 
point to the one connection that 372 
stands out in both MANC and 373 
FANC. The weight in a and b are the 374 
number of pre synapses. c, The 375 
effective connectivity to motor 376 
neuron targets ipsilateral and 377 
contralateral to the root side of 378 
DNx02. d, Morphology of DNx02 379 
and AN06B025 in the brain and 380 
VNC. In black the EM morphology 381 
from female datasets (FAFB, 382 
FANC); in red from the male dataset 383 
(MANC). e, DNx02 circuit in the 384 
brain (FAFB-Flywire) and in the 385 
VNC (MANC). Connections in both 386 
datasets are averaged by type and 387 
shown in the percent input to the 388 
receiving neuron. Please see 389 
attached files for a high resolution 390 
version of this figure. 391 

 392 

 393 

 394 

 395 

 396 

 397 

 398 

 399 

 400 

 401 

 402 

 403 

 404 

Additionally, DNx02 targets neck MNs directly and quite strongly via several hops. Two of the 405 

neck MNs, FNM2 and ADNM2, have been previously matched to data available from the 406 

blowfly, Calliphora erythrocephala (H. S. J. *. Cheong et al., 2024; Strausfeld et al., 1987). 407 

The FNM2 in the blowfly is connected to the adductor muscle that moves the head both 408 

upwards and inwards while ADNM2 together with the cervical nerve motor neuron (CB0705) 409 

innervates the TH2 that controls yaw-movement of the head (Kauer et al., 2015; Strausfeld et 410 

al., 1987). We propose that DNx02 moves the head upwards and inwards in response to 411 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 28, 2024. ; https://doi.org/10.1101/2024.06.04.596633doi: bioRxiv preprint 

https://paperpile.com/c/RcugJU/0fSo+InxL
https://paperpile.com/c/RcugJU/0fSo+VscT
https://paperpile.com/c/RcugJU/0fSo+VscT
https://doi.org/10.1101/2024.06.04.596633
http://creativecommons.org/licenses/by/4.0/


Comparative connectomics of Drosophila ascending and descending neurons 11 

sensory stimuli. It is then inhibited by AN06B025 which inhibits the ADNM2 and disinhibits 412 

CB0705, both of which project to the TH2 muscle, potentially preparing for an additional 413 

sideways deflection of the head. Both movements could be part of a head grooming sequence. 414 

In the brain DNx02 has only one strong upstream partner, which also collects neck information 415 

from the VNC (AN_SPS_GNG_1/AN06B057, see supplemental file 2 - AN identification). 416 

Through one hop in the VNC DNx02 inhibits sensory neurons coming from bristles (leg and 417 

notum) and neck hair plate neurons via an ascending and intrinsic neuron, potentially 418 

dampening sensory information from these regions until the grooming movement is complete 419 

(Fig. 4e). 420 

 421 

This is just one example of the kind of sensorimotor analysis made possible by our matching 422 

of brain and VNC neurons through the neck, across the entire central nervous system of 423 

Drosophila. Future EM datasets that contain a brain with attached VNC will make it possible 424 

to look at larger scale feedback loops and sequences of DN and AN activations required for 425 

serial behaviours such as grooming (Seeds et al., 2014).  426 

Stereotypy in the VNC 427 

One important step for comparing EM datasets is to assess how stereotyped the morphology 428 

and connectivity of neuron types are across the two sides of an animal as well as between 429 

animals (Schlegel et al., 2023). From the 223 LM described DN types available to us, we 430 

matched all but 3 types in the brain and all but 6 types in both VNC datasets, supporting the 431 

commonly held observation that Drosophila neurons are highly stereotyped across individual 432 

animals (Fig. 2, supplemental file 2 - DN_identification). Matching across sides in the 3 433 

datasets and across the two VNC datasets for DNs and ANs (Fig. 1d,e), even when not able 434 

to match to LM data, suggests a high degree of stereotypy in these two neuronal classes 435 

(matching in supplemental file 2). In addition, we have quantified their consistency in tract and 436 

VNC neuropil innervation (Fig. 5a,b, Extended Data Fig. 9,10). Nonetheless, there are a few 437 

cases in which the neuropil assignment does not agree across the two VNC datasets. We 438 

assume this is a combination of biological variation and the differences in the created neuropil 439 

meshes for the two different VNC datasets. For example, the DN type targeting specifically 440 

the middle leg neuropil in MANC (DNml) has a considerable amount (>5%) of its synapses in 441 

the front leg neuropil in FANC, and is therefore in the neuropil category xl (for multiple leg 442 

neuropil innervating) (Fig. 5b, highlighted green triangle). Examples of variability that we 443 

believe are due to differences in neuropil meshes between the datasets include some of the 444 

upper tectulum (ut) DNs in FANC that fall below our 80% synaptic output threshold and thus 445 

are assigned to multiple neuropil innervating (xn) (Fig. 5b, highlighted green triangle). Their 446 

morphology is, however, unique enough to match with high confidence across the two 447 

datasets (supplemental file 2 - FANC_DNs, MANC_DNs).  448 
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 449 

Fig. 5: Across VNC dataset 450 
comparisons. 451 

a, Number of DNs/ANs 452 
assigned to a tract in MANC 453 
and FANC. b, Number of 454 
DNs/ANs assigned a VNC 455 
output/input neuropil in 456 
MANC and FANC. c, 457 
Example of a stereotyped 458 
circuit in the VNC. DNa02 in 459 
MANC and FANC in percent 460 
connect onto 3 sets of serial 461 
leg restricted neurons 462 
(IN08A006, IN19A003, 463 
IN13B001), the w-cHIN and a 464 
bilaterally projecting neuron 465 
(IN07B006). The types were 466 
matched across the two 467 
datasets and given the 468 
MANC type names 469 
accordingly. Downstream 470 
targets were selected by 471 
receiving more than 2% of 472 
DNa02 output. Arrow 473 
thickness corresponds to the 474 
percent input to the receiving 475 
neuron and only values 476 
above 1% are shown. d, EM 477 
morphologies of the neurons 478 
shown in the connectivity 479 
graphs in c. In black 480 
reconstructions from FANC, 481 
in red from MANC. e, MANC 482 
leg premotor circuit neurons 483 
published in (H. S. J. *. 484 
Cheong et al., 2024) 485 
matched to FANC. All leg 486 
restricted serial sets were 487 
found, although some are 488 
missing on one or the other 489 
side in FANC. All apart from 490 
4 types of leg coordination 491 
neurons were matched to 492 
FANC. EM morphologies of 493 
those 4 unmatched types are 494 
shown on the right as 495 
potentially male specific 496 
neurons. Please see 497 
attached files for a high 498 
resolution version of this 499 
figure.  500 
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When normalising the number of synaptic connections using the percent input to the receiving 501 

neuron, we can recapitulate a previously analysed circuit of DNa02 (H. S. J. *. Cheong et al., 502 

2024) in the FANC dataset (Fig. 5c, supplemental file 2 - other_MANC_FANC_matches), 503 

demonstrating that at a threshold of above 1% we identify the same downstream targets. The 504 

downstream partners consist of 3 serially repeated local neuron sets located in the leg 505 

neuropils, a bilaterally projecting neuron, and the w-cHIN neurons, which control wing MNs. 506 

The neurons were matched across the two datasets based on their morphology (Fig. 5d). The 507 

connection strengths across the two sides of the animal are comparable to the differences 508 

seen across the two datasets, with the exception of two neurons in FANC that are not well 509 

reconstructed (Fig. 5c,d, green box). Leg restricted serial sets are preferable when looking for 510 

stereotypy as we are able to match sets of 6 or 12 neurons per type (1 or 2 per leg neuropil), 511 

rather than individual neurons that might not be found because of reconstruction status or 512 

borderline significant differences in morphology. We concentrated on the previously published 513 

MANC leg premotor circuit (H. S. J. *. Cheong et al., 2024), as it includes 67 leg restricted 514 

serial types (448 neurons) and 75 leg interconnecting types (231 neurons) that are strongly 515 

connected to the serially repeated leg MNs. We matched these neurons by morphology and 516 

connectivity in the FANC dataset (Fig. 5e, supplemental file 2 - 517 

other_MANC_FANC_matches), and while there are many cases in which we have not yet 518 

found a match on one or the other side of FANC, we identified matches to all 67 serial sets 519 

(Fig. 5e). From the set of 75 interconnecting neurons we did not find any FANC neurons of 520 

the following 4 types: INXXX025, INXXX058, IN27X002 and IN27X002/vMS17 (Fig. 5e, 521 

morphologies on the right), suggesting that they might be male specific or sexually dimorphic 522 

in morphology to the extent that we cannot confidently match them. The first two types 523 

(INXXX025 = predicted cholinergic, INXXX058 = predicted GABAergic) project from the 524 

abdominal ganglion to the leg neuropils and would be good candidates for male specific leg 525 

movements in response to, for example, abdominal curling. The other two types are very 526 

similar to one another and have therefore been assigned to the same serial set and systematic 527 

type (IN27X002 and IN27X002/vMS17). The neuron with the T2 soma has been identified in 528 

LM as vMS17 and is reported to be involved in male courtship song (Lillvis et al., n.d.). Thus, 529 

we suggest that the other two neurons of this systematic type regulate similar male specific 530 

behaviours.  531 

 532 

While complete matching of all VNC neurons across the female and male datasets is still in 533 

progress, the neurons we have matched so far (including DNs, ANs, SAs, and the leg premotor 534 

circuit, supplemental file 2) exhibit highly stereotyped morphology and connectivity across 535 

sides, neuromeres, and datasets. Until now the FANC (Azevedo et al., 2022; Lesser et al., 536 

2024) and MANC (H. S. J. *. Cheong et al., 2024) datasets had only been analysed 537 

independently. 538 

Dimorphism 539 

Some neurons could not be matched across male and female VNC datasets (Fig. 1e, MANC 540 

DNs = 59, FANC DNs = 97, MANC ANs = 155, FANC ANs = 115). This could be due to 541 

differences in connectome reconstruction, inter-individual biological variation or sexual 542 

dimorphism. Previous literature has already identified several sexually dimorphic (abbreviated 543 

to as sex. dimorphic in Fig. 6) and female or male specific neurons (sex-specific) (McKellar et 544 

al., 2019; F. Wang et al., 2020a, 2020b; K. Wang et al., 2021). In the following section, we will 545 

present known sexually dimorphic, and sex-specific DNs, such as the oviDNs, DNp13 and 546 
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DNa12/aSP22. We defined potentially sex-specific DNs and ANs as neurons that are well 547 

reconstructed and can be confidently paired across the two sides of one VNC, but cannot be 548 

matched across the VNC datasets. We consider neurons to be potentially sexually dimorphic 549 

if they differ in morphology between the two VNC datasets, but have a morphologically 550 

consistent match across both sides of each nervous system. Details of individual neurons can 551 

be found in supplemental table 2 -dimorphic_DNs, dimorphic_ANs. 552 

 553 

Based on these definitions, we assigned 1% of DNs (18 female/14 male neurons) and 4% of 554 

ANs (72 female/76 male neurons) to be sex-specific, while 2% of DNs (24 neurons) and 3% 555 

of ANs (55 neurons) were sexually dimorphic in morphology (Fig. 6a). Using this information, 556 

we can identify the brain and VNC regions where sex-specific and sexually dimorphic neurons 557 

receive and send information (Fig. 6b). In FAFB-Flywire, we observed that input synapses to 558 

sex-specific DNs are present, especially in the protocerebral bridge, partially but confidently 559 

overlapping with previously published images of enlarged regions in the female fly brain (right 560 

panel Fig. 6b) (Cachero et al., 2010). The dimorphic DN output in the VNC also aligns with the 561 

enlarged abdominal ganglion in females and the distinct, dimorphic triangular region in males. 562 

In females, the input to dimorphic ANs is most pronounced within the abdominal region. 563 

Conversely, in males, the input to dimorphic ANs is concentrated in the T1 leg sensory area, 564 

as observed in Cachero et al. 2010 (Fig. 6b, right hand side). 565 

 566 

Next, we wanted to see if dimorphic ANs/DNs tended to have the same upstream or 567 

downstream partners. We summed the number of connections to each partner type, as well 568 

as how many times a connection (above a weight of 5) occurred (Fig. 6c,d). The top output 569 

partners of dimorphic DNs are all part of the male song circuit: TN1a (silencing decreases sine 570 

song), vPR9 (silencing alters the amount of pulse and sine song) and dPR1 (silencing 571 

increases sine song) (Lillvis et al., 2024). Top input partners of dimorphic ANs include some 572 

of the song circuit neurons already mentioned, as well as two sets of sensory neurons coming 573 

from foreleg (T1) taste bristles (SNch15 and SNch16, both midline-crossing) (Marin et al., 574 

2023; Possidente & Murphey, 1989); dimorphic ANs such as AN09B017 and AN05B035 also 575 

extensively interconnected in this T1 leg sensory area. AN09B017 are likely equivalent to the 576 

Fru positive vAB3 neurons that transmit pheromone signals from the front legs to P1 neurons 577 

in the brain (Clowney et al., 2015). This type of analysis is difficult without systematically 578 

defining cell types to define functional units of the nervous system. Our preliminary analysis 579 

of the FANC dataset found that the top output partners of dimorphic DNs may also be 580 

dimorphic. ANXXX202 has a dimorphic innervation pattern in the abdominal ganglion, 581 

IN19B040 has differences in morphology and the abdominal motor neuron MNad22 is 582 

dimorphic in connectivity. Input partners to dimorphic ANs include 3 interesting dimorphic DNs: 583 

oviDNa, oviDNx and DNp13, as well as the dimorphic ANXXX084 (see Fig. 6d for 584 

morphologies). Our analysis suggests that within the VNC male dimorphic DNs and ANs are 585 

heavily involved in the song circuit and the response to sensory information coming from the 586 

front legs, while female dimorphic DNs and ANs have important abdominal targets, and that 587 

the output activity of oviDNs in the VNC may be rapidly fed back to the brain via dimorphic 588 

ANs.  589 
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 590 

Fig. 6: Sex-specific or 591 
sexually dimorphic (sex. 592 
dimorphic) neurons. a, 593 
Morphology of DNs in three 594 
datasets and ANs in the two 595 
VNC datasets that are 596 
sexually dimorphic or 597 
sexually specific (sex-598 
specific) as described in the 599 
literature or predicted by the 600 
matching. In black the EM 601 
morphology from female 602 
datasets (FAFB, FANC), in 603 
red from the male dataset 604 
(MANC). b, Density of pre- 605 
or postsynapses of the DNs 606 
and ANs shown in a 607 
compared to previously 608 
published images of 609 
enlarged regions in the 610 
female and male central 611 
nervous system. c, 612 
Downstream or upstream 613 
partners of sexually 614 
dimorphic or sex-specific 615 
DNs or ANs respectively in 616 
FANC and MANC. Arrows 617 
point to the strongest 618 
partners by number of 619 
synaptic connections and 620 
number of neurons 621 
connecting onto them. d, 622 
Reconstructions of partner 623 
neurons in MANC (c top 624 
row) or in FANC that were 625 
matched to MANC neurons 626 
of that type. Please see 627 
attached files for a high 628 
resolution version of this 629 
figure.  630 
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Sexually dimorphic DNs involved in courtship and egg laying 631 

The oviposition-promoting oviDNs are probably the best known female specific DNs. They 632 

have previously been divided into two subtypes based on LM data (F. Wang et al., 2020a). By 633 

direct comparison with EM reconstructions, we have defined six female oviDN types and one 634 

male type (Fig. 7a,b). Existing LM data were insufficient to match two of the oviDNs across 635 

the brain and VNC; EM data clearly distinguish these as two separate types (see Fig. 7a 636 

unmatched types). In addition to the oviDNs, we identified one female specific DN, 637 

vpoDN/DNp37, which has previously been described as important in female receptivity by 638 

controlling opening of the vaginal plate (K. Wang et al., 2021). We also identified 6 types of 639 

male specific DNs in the VNC. Two of these, pMP2 and pIP10 (Kohatsu et al., 2011; Shirangi 640 

et al., 2016; von Philipsborn et al., 2011), have previously reported functions and light 641 

microscopy lines that will allow identification in a future male brain dataset (Nern et al., 2024). 642 

We also identified 11 DN types which can be found in both male and female datasets but 643 

appear sexually dimorphic; for 7 of these (DNa08, aSP22, DNp13, pIP9, DNp48, LH-DN1 and 644 

-DN2), light level matches provide additional evidence for sexual dimorphism and have been 645 

matched in the two VNC datasets and in the female brain (Fig. 7f).  646 

 647 

After comprehensive identification of sexually dimorphic DNs, we then carried out analysis of 648 

their downstream connectivity. We focused on dimorphic DNs making connections outside of 649 

the abdominal ganglion of the VNC due to reconstruction issues in this region of the FANC 650 

dataset. We selected DNa12/aSP22 and DNp13 for detailed study; both are fully proofread, 651 

present in both sexes, dimorphic in morphology, and have reported roles in both male and 652 

female mating behaviours (McKellar et al., 2019; Mezzera et al., 2023; F. Wang et al., 2020b). 653 

Robust comparative analysis of the downstream connections from DNs onto VNC neurons 654 

requires that these neurons have been both adequately proofread and matched across 655 

datasets. Starting from the automated segmentation (Azevedo et al., 2022), at the time of 656 

writing the FANC community has proofread just over 5000 neurons (including the 1804 ANs 657 

reported in this study) out of approximately 16,000 neurons documented in the VNC (Marin et 658 

al., 2023). Prior to this work, there has been relatively little matching of precise cell types 659 

between the FANC and MANC datasets, with the notable exception of foreleg MNs and wing 660 

MNs (Azevedo et al., 2022; H. S. J. *. Cheong et al., 2024). Through our detailed analysis of 661 

the MANC and FANC neck connective neurons, combined with new computational 662 

approaches for intrinsic neurons, we have now matched over 4000 neurons across the 663 

datasets including top targets of these DNs (supplemental file 2 - 664 

other_MANC_FANC_matches, see Methods). 665 

 666 

Although identifiable as the same cell type across males and females, DNp13 has highly 667 

distinctive morphology and connectivity (Fig. 7f). In both sexes their downstream circuits 668 

ultimately target MNs in the wing neuropil and abdominal ganglion. However, these MNs are 669 

of distinct types and are targeted via different VNC interneurons in each sex. The top partner 670 

of DNp13 in MANC is the male specific doublesex-positive neuron TN1a, which is particularly 671 

important for sine song (Shirangi et al., 2016), however, we also find that there are several 672 

strongly connected wing MNs directly downstream (Fig. 7g). DNp13 in females has been 673 

shown to respond to courtship song, and activation of DNp13 leads to ovipositor extrusion (F. 674 

Wang et al., 2020b). Unsurprisingly, abdominal MNs are top targets of DNp13 in FANC (Fig. 675 

7h); however, we were surprised to see that the top partners of DNp13 in FANC are three very 676 

similar looking IN06B neurons (types: IN06B035, IN06B047, IN06B050) that output strongly 677 
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to b1 and b2 wing MNs (Fig. 7h,i), suggesting that there might be a female wing phenotype 678 

that has not yet been described experimentally. This is reminiscent of recent observations that 679 

vpoDN may control a wing-spreading behaviour in the evolutionarily related Drosophilid D. 680 

santomea (Li et al., 2023). The only common downstream target of DNp13 in males and 681 

females, with a 2% threshold, is IN12A002 (Fig. 7g,h black star, morphology shown in 7i). 682 

IN12A002 has similar morphology in both sexes, but different connectivity between the two 683 

circuits suggests that it is also dimorphic. The remaining intrinsic neurons targets (shown in 684 

grey Fig. 7g,h), receiving input from DNp13 in one sex, are present in both datasets but not 685 

directly downstream of DNp13 in the other sex. 686 

 687 

DNa12, also known as aSP22, shows greater similarity in connectivity and morphology 688 

between the two datasets when compared to DNp13 (Fig. 7j,k). Activation of DNa12 elicits 689 

proboscis extension, front leg extension, spontaneous posture adjustments, and abdomen 690 

movements in both sexes (McKellar et al., 2019). Interestingly, the type of abdominal 691 

movement elicited by DNa12 differs between males (abdominal bending) and females 692 

(abdominal extension). In accordance with this work, we see that with a threshold of >2% input 693 

DNa12 neurons share 8/12 MANC and 8/13 FANC downstream partners. The partners that 694 

are not shared are also not present when considering all downstream partners with a synapse 695 

weight threshold >10. To confirm this, we additionally matched all downstream partners of the 696 

MANC DNa12 to those in the FANC dataset. All partners can be matched between the 697 

datasets except for the sex-specific TN1c, IN12A037, IN12A041, and IN08A003, which are 698 

not targeted by the FANC DNa12. 699 

 700 

The connections to the front leg Tibia extensors can be found in both MANC and FANC, in 701 

line with the foreleg lifting seen in both sexes (McKellar et al., 2019). DNa12 connects to the 702 

sexually dimorphic AN08B031 in both sexes. In turn, AN08B031 has distinct connectivity in 703 

males and females. This connection provides an example of a sexually dimorphic AN-DN pair 704 

which forms sexually diverging circuits while preserving their connection with one another (Fig. 705 

7j,k,l). As this AN cannot be linked to LM, we cannot say if it conveys the proboscis extension 706 

that has been described in both sexes in response to DNa12/aSP22 activation. The most 707 

surprising connection from the MANC DNa12 is to TN1c, a neuron shown to modulate pulse 708 

song (Shirangi et al., 2016) as a phenotype in song has not been reported at time of 709 

publication. DNa12 in MANC both directly as well as indirectly connects to TN1c via the sex-710 

specific AN08B043 and AN13B031 (Fig. 7j,k). Two especially interesting neurons that are only 711 

downstream of DNa12 in FANC are IN05B041 and INXXX335. They target the abdominal 712 

ganglion and we suggest they are responsible for the dimorphic abdomen extension in females 713 

(Fig. 7k). 714 

 715 

These two examples show that together with the available literature we can now use this LM 716 

matching to understand and compare EM circuits across the two VNC datasets. This helps us 717 

explain the phenotypes observed in behavioural and genetic activation experiments and link 718 

them to yet unstudied neurons in the VNC. Moreover, it gives us the chance to make new 719 

hypotheses about the function of these neurons, principally suggesting potential roles in song 720 

or wing movement that should be looked at experimentally for both DNp13 and DNa12. 721 
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722 
Fig. 7: Sexually dimorphic and sex-specific descending neurons. a, Proportion of DNs that are 723 
sex-specific or sexually dimorphic by dataset and primary input neuropil. b, Morphology of DNs in the 724 
three datasets belonging to the oviDN hemilineage. c, EM morphologies identified within the LM images 725 
from female and male of the oviDN-SS2 line. d, EM morphologies of previously LM characterised male 726 
specific DNs and new potentially male specific DNs. e, EM morphology of the female specific DN, 727 
vpoDN (DNp37). f, EM morphologies of LM characterised sexually dimorphic DNs and new potentially 728 
sexually dimorphic DNs. g,h, Connectivity downstream of the sexually dimorphic DNp13 in MANC (g) 729 
and FANC (h). There is just one downstream partner in common between the two sexes, IN12A002 730 
marked with a *. All other partners are either sex-specific (coloured black or red), are dimorphic in their 731 
connections (pink) or are not downstream of DNp13 in the other dataset (coloured grey). i, EM 732 
morphology of some of the top VNC targets. j,k, Connectivity downstream of the sexually dimorphic 733 
DNa12/aSP22 in MANC (j) and FANC (k). There are 8 downstream neurons in common. Only T1 leg 734 
motor neurons (MNs) have been systematically identified between the two datasets, thus other FANC 735 
Leg MNs are not shown. l, EM morphology of some of the top VNC targets. In black the EM morphology 736 
from female datasets (FAFB, FANC), in red from the male dataset (MANC). * indicates shared partners 737 
downstream of dimorphic DN pairs. Please see attached files for a high resolution version of this figure. 738 

  739 
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Sex-specific ANs of the 08B hemilineage 740 

While the literature and experimental research have explored some sexually dimorphic and 741 

sex-specific DNs, there remains a notable gap in our understanding of ANs in general, 742 

particularly with respect to dimorphism. Work on ANs as a population has started to appear, 743 

for example ANs encoding behavioural states (Chen et al., 2023; McKellar et al., 2019) but 744 

only very few genetically identifiable AN cell types with LM lines are available: LAL-PS-ANs 745 

(Fujiwara et al., 2022) and Lco2N1/Les2N1D ANs (Tsubouchi et al., 2017), moonwalker ANs 746 

(Bidaye et al., 2014; Tsubouchi et al., 2017) and  PERin ANs (Mann et al., 2013). We are not 747 

currently aware of any literature reporting sex-specific or sexually dimorphic ANs, therefore all 748 

ANs we have annotated are being reported here for the first time (morphologies shown in 749 

Extended Data Fig. 11). We caution that this label is putative: a definitive classification of these 750 

ANs as sexually dimorphic or sex-specific will require systematic identification and 751 

confirmation with LM data.  752 

 753 

We identified the hemilineage and soma neuromere for all dimorphic ANs in FANC whenever 754 

possible, and compared the number of dimorphic ANs across the two datasets (Fig. 8a). We 755 

found that the hemilineages with the highest number of dimorphic ANs are the hemilineage 756 

08B and the ANs in the abdominal ganglion, to which we were unable to assign a hemilineage 757 

in either MANC or FANC. To avoid reconstruction issues in the abdominal ganglion, we 758 

focused our analyses on sex-specific 08B neurons in both datasets. The sex-specific ANs, 759 

both in MANC and FANC, are the only sex-specific ANs that clearly innervate the 760 

mesothoracic triangle associated with dimorphic neurons involved in male song production, 761 

which include pMP2 or vPR1 (Yu et al., 2010) (Fig. 8b,c). The male specific 08B ANs consist 762 

of 7 types (Marin et al., 2023); here, we categorised the female specific 08B ANs into 6 types 763 

based on morphology and connectivity (Fig. 8d,e). For the male specific ANs, we observe that 764 

5 of them form an interconnected circuit, including the dimorphic DNs pMP2 and piP10, 765 

intrinsic neuron dPR1 and sexually dimorphic AN19B007/dMS9. We infer that these are 766 

involved in the male song circuit as expected by their innervation pattern. AN08B020 and 767 

AN08B059, on the other hand, only have connections from two DNs, neither of which have 768 

been associated with song production at present, but which could be involved in a different 769 

male specific behaviour based on their innervation (Fig. 8d). The upstream circuit to female 770 

sex-specific 08B ANs does not include any of the neurons upstream of the MANC sex-specific 771 

08B ANs. This supports the idea that these neurons differ both in terms of their morphology 772 

and connectivity. Another supporting factor is that the known sexually dimorphic fru+ 773 

pIP9/DNp36 (Yu et al., 2010) inputs onto two of the AN types. The other neurons upstream in 774 

FANC all exist in MANC but do not connect to any ANs of the 08B hemilineage. 775 
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776 
Fig. 8: Sexual dimorphism and sex-specific ascending neurons. a, Proportion of ANs that are 777 
potentially sex-specific or potentially sexually dimorphic by hemilineage, soma neuromere and primary 778 
input neuropil. b,c, Morphology of ANs that are potentially sex-specific in males (b) and females (c) by 779 
hemilineage. FANC neurons were assigned hemilineages and soma neuromere if possible and given 780 
new type names. d,e, Input circuit in the VNC to potentially sex-specific AN types of hemilineage 08B 781 
with soma location in T1 (black box in b and c). Morphology of AN types underneath. All input neurons 782 
with more than 2% input onto the receiving AN are shown. FANC neurons in e were matched to MANC 783 
neuron types by morphology and connectivity and given the MANC names with an addition of f for 784 
female. Please see attached files for a high resolution version of this figure. 785 

We conclude that 5 out of the 7 newly identified types of male specific 08B ANs are important 786 

for providing feedback during male song production. This may represent another example of 787 

ANs acting as a corollary discharge to suppress the auditory response to self-generated song 788 

(Poulet and Hedwig 2006; H. S. J. Cheong et al. 2024). Conversely, the female specific 08B 789 

ANs transmit feedback about sexually dimorphic information (such as sexual receptivity and 790 

post-mating state) back to the brain, a pathway which either takes a different course or does 791 

not exist in the male nervous system. Thus, we present two strategies of dimorphic circuits in 792 

the nervous system: 1) Sex-specific neurons interact with one another to produce a sex-793 

specific behaviour, and 2) circuit elements present in both sexes interact with sex-specific 794 

neurons to establish representations which are necessary in one sex but not the other. 795 
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Conclusion 796 

Through detailed reconstruction of DNs, ANs, and SA neurons across three EM connectome 797 

datasets, we present the first complete set of these neuronal classes spanning the neck 798 

connective. We have categorised the neurons by sensory modality (for DNs and SAs in FAFB) 799 

and neuropil innervation across the brain and nerve cord, as well as tract and soma location. 800 

We have established a platform for systematic neuron typing based on light-level and cross-801 

dataset identification, which we encourage the community to utilise for studying their specific 802 

circuits of interest. Early access to the proofread and annotated connectome data that we 803 

describe has already enabled and assisted a range of exciting work including studies of the 804 

circuit basis of locomotor behaviour and the organisational and functional logic of descending 805 

neurons (Braun et al., 2024; H. S. J. Cheong et al., 2024; Dallmann et al., 2024; Lee et al., 806 

2024; Lesser et al., 2024; Sapkal et al., 2023; von Reyn et al., 2024 unpublished; Yang et al., 807 

2023). 808 

 809 

The sensorimotor reconstructions presented enable us to infer the circuit basis of behaviours, 810 

including sexually dimorphic patterns, allowing us to formulate new hypotheses regarding 811 

numerous circuit components. Future studies of any part of the CNS can now use this resource 812 

to link genetically-defined neurons, physiological responses or optogenetic manipulations to 813 

the connectome. While earlier studies often focused on a single neuropil of the brain, e.g. 814 

Antennal Lobe for odour processing or Mushroom Body for learning and memory, 815 

connectomics has already underlined that the sensorimotor circuits underlying behaviours are 816 

complex and brain-spanning. Future research can now adopt similar approaches across the 817 

whole CNS by integrating multiple datasets as we have now demonstrated. A recent 818 

connectome-constrained neural network of the motion pathways in the optic lobe of Drosophila 819 

reliably predicted measurements of neural activity from the connectivity of 64 cell types 820 

(Lappalainen et al., 2023); this approach relied on optimising the neural output of the modelled 821 

system to solve a behavioural task. Our neck connective work should enable modelling of the 822 

key output neurons of the brain and also models spanning the entire central nervous system.  823 

 824 

Despite the common challenge of small sample sizes in connectomics, our study stands out 825 

for its use of datasets across individuals and sexes; prior work compared specific (isomorphic) 826 

circuits in the Drosophila larva (Gerhard et al., 2017; Valdes-Aleman et al., 2021) while recent 827 

adult work has compared two female brain connectomes (Schlegel et al., 2023). By 828 

systematically comparing DNs, ANs and SAs from both male (MANC) and female (FANC) 829 

VNC datasets, we categorised similarities and differences between the two sexes. This 830 

represents the first comprehensive comparison of Drosophila neuronal morphology and 831 

connectivity between sexes at EM resolution. We have identified all previously published 832 

dimorphic DNs and describe the circuits of DNa12 and DNp13 in both datasets. Moreover, we 833 

have excluded and annotated all differences that we believe are due to biological variation 834 

between individuals (variation in numbers, single, missing or additional neurons of a type) or 835 

reconstruction state in one of the two datasets. Our findings suggest potential sex-specific or 836 

sexually dimorphic DNs and ANs, with a specific focus on circuits of sex-specific ANs from the 837 

08B hemilineage associated with male song during courtship. This now lays the groundwork 838 

for understanding circuits for sex-related behaviours all the way from the sensory periphery, 839 

through higher brain processing to motor ouput. 840 
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Methods  841 

Neck connective proofreading and annotation 842 

We defined a perpendicular plane through the neck connective posterior to the cervical nerve 843 

for the two VNC datasets (MANC and FANC), and anterior to the cervical nerve for the FAFB 844 

dataset. Supplemental file 1 includes two tables, FANC_seed_plane and FAFB_seed_plane, 845 

that list all profiles with their xyz coordinates in this plane, ids and the neuronal class. Every 846 

neuronal profile passing through these planes in FANC or FAFB was individually reviewed, 847 

reconstructed and annotated by manual proofreading of the corresponding automated 848 

segmentations. We reviewed 3874 profiles (which received a total of 100,747 edits) in FANC, 849 

and 3693 profiles (which received 131,207 edits) in FAFB. Both datasets provide open 850 

community-based proofreading platforms (see https://flywire.ai/ and 851 

https://github.com/htem/FANC_auto_recon/wiki), and some of these edits were due to general 852 

proofreading in each volume, but the majority were from our comprehensive proofreading of 853 

neck connective neuron. The first pass review of the MANC neck connective was carried out 854 

in mid 2021; for FAFB the initial review periods were late 2020/early 2021 and again in mid 855 

2022. After initial review of ANs and SAs in the VNC datasets, neurons were assigned a 856 

putative soma side programmatically, directly or indirectly via a MANC mirroring registration 857 

(H. S. J. *. Cheong et al., 2024). Neurons were mirrored based on their soma side or their 858 

neck plane side and NBLAST clustered (Costa et al., 2016). This analysis allowed for an initial 859 

grouping of left-right homologous sets and to identify neurons with different morphologies on 860 

each side of the nervous system, triggering further proofreading (since these differences 861 

usually resulted from residual segmentation errors). The combination of comprehensive 862 

proofreading of the whole dataset followed by within dataset matching and focussed 863 

proofreading was essential to ensure high quality connectome data and annotation. Most DNs 864 

and ANs have a unique morphology and were grouped into pairs, otherwise neurons were 865 

combined into larger groups containing more than one neuron per side. This was especially 866 

the case for SA neurons in FAFB. A similar approach has recently been described for MANC 867 

(H. S. J. *. Cheong et al., 2024). Note that proofreading across the FlyWire-FAFB dataset was 868 

reported in aggregate in (Dorkenwald et al., 2023) and that a first version of the neck 869 

connective annotations was released as part of the brainwide FlyWire annotations paper 870 

(Schlegel et al., 2023). 871 

Light microscopy identification 872 

DNs from LM images were identified by overlaying the EM reconstructed DNs with images of 873 

Gal4 lines, mainly from the Namiki collection ((Namiki et al., 2018) and in preparation Namiki 874 

et al. 2024), Janelia’s Gal4 and Split-Gal4 collections (Jenett et al., 2012; Meissner et al., 875 

2024; Tirian & Dickson, 2017), or via the neuronbridge tool (Clements et al., 2022; Meissner 876 

et al., 2023) for MANC DNs. To compare the reconstructions and LM images in the same 877 

space, the latter were segmented and transformed into MANC space as described in (H. S. J. 878 

*. Cheong et al., 2024) or into FAFB space. The full list of DN types with the identifier for the 879 

LM image (slide_code) and for the type (VFB_ID) can be found in supplemental file 2 - 880 

DN_identification. A small list of ANs were also matched to LM in FAFB and MANC as they 881 

were of special interest for the circuit described in Fig. 3 (see supplemental file 2 -  882 

AN_indentification). We did not match ANs to LM images systematically, due to a lack of a 883 

catalogue describing these neurons (as is available for DNs; (Namiki et al., 2018)). SA neurons 884 
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were divided into subclasses by comparing them to LM images of Janelia’s Gal4 and Split-885 

Gal4 datasets using the neuronbridge tool (Clements et al., 2022; Meissner et al., 2023) for 886 

MANC and then manually matching their axonal continuations into the brain to FAFB neuron 887 

reconstructions. Extended Data Fig. 2 shows the LM line that SA neurons were matched to, 888 

as well as the assigned long_tract and entry_nerve that were used to give SA neurons a 889 

subclass name,aiding their identification (see also supplemental file 2 - 890 

FAFB_SA_identification). 891 

The process of matching to LM data is not exhaustive (in part because LM data is not yet 892 

available for all neurons) and we kindly ask the Drosophila community to contact the authors 893 

with missing identifications which can be reviewed and integrated in this resource. 894 

Matching of neurons across VNC datasets 895 

FANC DNs and ANs were transformed into MANC space using the transform_fanc2manc 896 

function from the fancr R package (https://github.com/flyconnectome/fancr). This is a one step 897 

thin plate spline transform based on 2110 landmark pairs fitted to a complex transformation 898 

sequence mapping FANC to the JRCVNC2018F template (Phelps et al., 2021) and 899 

JRCVNC2018F to MANC (Takemura et al., 2023). A combination of NBLAST (Costa et al., 900 

2016), and connectivity analysis was used to identify candidate morphological matches. These 901 

were assessed manually and assigned MANC names if the match was of high confidence 902 

(confidences ranged from 1 to 5, high is >3, Supplemental file 2). Additionally all ANs that were 903 

not matched with high confidence were assigned hemilineage and soma location in FANC and 904 

were compared by two independent annotators within each hemilineage after thorough review 905 

of the non-matching ANs to exclude reconstruction problems as a cause. ANs were first 906 

matched between FANC and MANC as individual neurons. We then reviewed these MANC-907 

FANC matches to ensure that they respected the groups of neurons previously defined in 908 

MANC, thus providing an additional layer of validation. Cosine similarity as well as the identity 909 

of strong upstream and downstream synapses partners was used to help resolve ambiguous 910 

cases. 911 

Tract identification 912 

VNC longitudinal tracts for MANC ANs, MANC SAs and FANC DNs were identified as 913 

previously described in (H. S. J. *. Cheong et al., 2024). In brief, neurons were simplified to 914 

their longest neurite starting from the VNC entry point at the neck and subsequently NBLAST 915 

clustered (Costa et al., 2016). The clusters were manually assigned a tract by overlaying with 916 

tract meshes made for MANC (H. S. J. *. Cheong et al., 2024).  917 

Analysis of AN tracts revealed for the first time that one cluster did not match any of the 918 

previously published DN tracts. This new tract was given the name AN-specific dorsal medial 919 

tract (ADM) in accordance with the tract naming of (Court et al., 2020).  920 

Neuropil identification 921 

Primary brain neuropils were assigned in the FAFB dataset using the per neuron neuropil 922 

counts of presynapses for ANs and the postsynapses for DNs in the 783 FAFB version 923 

(available for download at https://codex.flywire.ai/api/download). A single brain neuropil was 924 

assigned if 80% of all synapses were within that neuropil, two neuropils were assigned as a 925 

name (primaryneuropil_secondaryneuropil) if combined they reached the 80% threshold and 926 
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each contained at least 5%. An assignment as multi was given to 367 DNs and 282 ANs as 927 

they collected input or gave significant output (>20%) to more than two neuropils.  928 

Primary VNC neuropils were assigned to all DNs and ANs in the MANC/FANC datasets as 929 

previously performed for MANC DNs (H. S. J. *. Cheong et al., 2024). For MANC AN synapses, 930 

we used the neuprint synapse ROI information of the manc:v1.2. For FANC AN and DN 931 

synapses we retrieved the synapses allocated to AN and DN IDs from the synapse parquet 932 

file, retrievable via FANC CAVE and available from the FANC community upon request 933 

(provided by Stephan Gerhard). 934 

A single neuropil abbreviation was given to a DN/AN if they innervated a VNC neuropil with 935 

>80% of their pre/post synapses. The two letter abbreviations nt, wt, hl, it, lt, fl, ml, hl, mv, ov, 936 

ad correspond to NTct, WTct, HTct, IntTct, LTct, LegNpT1, LegNpT2, LegNpT3, mVAC, Ov 937 

and ANm, respectively. Additionally DNs/ANs which innervated a combination of upper 938 

tectulum (ut) or leg neuropils (xl) with more than 80% of their pre/post synapses were given 939 

those abbreviations accordingly. Any neuron that did not fall into one of those two categories 940 

was grouped as xn, standing for multiple neuropils. ANs that only contained a soma and soma 941 

tract in the VNC were excluded from this neuropil analysis and referred to as XA as previously 942 

described (Marin et al., 2023). 943 

If the neuropil names were inconsistent within a group or pair of neurons, we calculated the 944 

mean of the pre- or post synapses to determine the assignment. 945 

Information flow ranking 946 

The information flow ranking previously reported by Dorkenwald et al. (2023) for FlyWire, was 947 

subsetted for descending neurons and averaged by DN type. The information flow analysis is 948 

based on an algorithm implemented in Schlegel et al. (2021) (https://github.com/navis-949 

org/navis). A low rank indicates a more direct connection from sensory inputs to that DN type. 950 

Sexually dimorphic and sex-specific neurons 951 

DNs previously described to be sex-specific such as the female specific oviDNs or male 952 

specific pIP1 were matched to the available light level data and referred to as sex-specific 953 

throughout the paper. Other DNs and ANs that we could not match between the VNC datasets 954 

(between female and male), couldn’t be matched to light level data, but were well 955 

reconstructed and had a left-right partner were considered to be potentially female/male 956 

specific, also referred to in text and figures as sex-specific.  957 

DNs such as DNa08 that exist in both sexes but are known to be dimorphic in morphology 958 

were matched to light level data and referred to as sexually dimorphic (sex. dimorphic in 959 

figure). Other DNs and ANs that we could confidently match across the two VNC datasets but 960 

that were dimorphic in morphology are also referred to as sexually dimorphic (sex. 961 

dimorphic in figure). The following neurons were not considered even though they show 962 

morphological differences:  963 

● Specifically, neurons presumed to be neuropeptidergic were not included, as big 964 

morphological differences in neuronal arbour are common even between left and right 965 

of the same animal (Marin et al., 2023).  966 

● The ascending histaminergic neurons (AHNs), which have been shown to have a 967 

difference in morphology not related to the sex of the animal (H. S. J. Cheong et al., 968 

2024).  969 
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● Those neurons that innervate the abdominal ganglion, where there are problems in the 970 

FANC dataset that make it impossible to distinguish between a difference in 971 

reconstruction state and potential dimorphism, noted as reconstruction issues in the 972 

supplementary tables.  973 

● Differences in number of ANs or DNs of a type were not considered as dimorphism in 974 

this paper as they occurred in neurons that we consider populations and whose 975 

numbers differed across the two sides of one animal. A difference in number was noted 976 

in the supplementary tables as biological variation, a match that is not ascending, or a 977 

general matching problem, if one side was not found (Supplemental file 2). 978 

Synapse density plots 979 

To calculate the synapse density of sexually dimorphic and sex-specific neurons in the VNC 980 

we collected all synapses of the identified neurons in each dataset (FAFB: cleft-score > 50 981 

applied). We then tiled the space their synapses occupy into roughly isotropic voxels of 5 µm 982 

size and counted synapses in each voxel. Synapses were then colour coded by density and 983 

plotted in three-dimensional space. 984 

FANC neuron types 985 

All FANC neurons that can be matched to MANC neurons are referred to by their MANC name, 986 

with an additional "f" denoting female, when presented in comparative graphs or connectivity 987 

plots. All FANC neurons identified are listed in the supplementary material (Supplemental file 988 

2 - FANC_DNs, FANC_ANs, other_MANC_FANC_matches). 989 

FANC ANs and DNs that were not previously identified in LM and that could not be matched 990 

between datasets were assigned new type names. For ANs and DNs, the type names were 991 

given in accordance with the previously established systematic type names (DN-target 992 

neuropil abbreviation-number or AN-hemilineage abbreviation-number). To distinguish from 993 

the previous type names in MANC, the numbering starts at 999 and goes down. 994 

Connectivity 995 

For connectivity graphs we used a threshold of weight >10 and percent output >0.5% for the 996 

initial retrieval of partners of the neurons of interest. In the following step we added all MNs, 997 

SNs or SAs that connected to those with a weight >5 to adjust for known reconstruction 998 

problems in these neurons and for the fact that sensory neurons tend to make fewer synapses 999 

with their partners individually and connect as a population of the same sensory origin 1000 

(reflected by their type). Once all neurons of interest had been defined we took an all-by-all 1001 

connectivity adjacency matrix, in which all values were converted to input percent to the 1002 

receiving neuron, averaged by type (unless otherwise indicated). The graphs shown in the 1003 

figures note the additional percent thresholds that were chosen for the nodes plotted in each 1004 

graph. 1005 

Neuroglancer Resource 1006 

To help compare the neurons described in our work we created a neuroglancer environment 1007 

(Maitin-Shepard et al., 2021) displaying meshes for all three datasets in a common space. 1008 

This environment can be opened in any modern web browser (we use Google Chrome) by 1009 

following the short URL https://tinyurl.com/NeckConnective.  1010 
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We opted to use the Janelia FlyEM male CNS dataset as a single anatomically consistent 1011 

target space for display based on resources provided by (Nern et al., 2024). FlyWire neurons 1012 

were transformed into the space of the male CNS brain using rigid and non rigid consecutive 1013 

registrations (Bates et al., 2020; Nern et al., 2024). Meshes for MANC neurons are those 1014 

released by (Takemura et al., 2023); we then use neuroglancer to apply an affine registration 1015 

“on-the-fly” to place them within the space of the VNC of the male CNS volume. We applied 1016 

non-rigid transformations (fancr::transform_fanc2manc function described above) to put 1017 

FANC neurons into MANC space and then used the same MANC to male CNS affine 1018 

registration within neuroglancer to complete the transformation into male CNS space. 1019 

Metadata annotations are provided for the three datasets using the format Type_Side_Class 1020 

format. At present only the optic lobe portion of the male CNS EM volume has been released 1021 

but having all the data transformed into male CNS space means that this neuroglancer scene 1022 

can be modified with minimal effort to display the full male dataset when it becomes available. 1023 

  1024 
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Extended data figures 1062 

 1063 

Extended Data Fig. 1 Cross section (frontal) of the neck connective in the three datasets. a, All 1064 
neurons in the neck connective colour coded by their longitudinal tract, soma location or predicted 1065 
neurotransmitter (Eckstein et al., 2020). b, Number of neurons by longitudinal tract, soma location or 1066 
neurotransmitter in the three datasets. Neurotransmitter predictions are not yet available in FANC.  1067 
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1068 
Extended Data Fig. 2 Sensory ascending neurons. a, Morphology of sensory ascending neurons 1069 
identified in the three EM volumes.  In black the EM morphology of DNs from female datasets (FAFB, 1070 
FANC), in red from the male dataset (MANC). Next to them the LM images that allowed a grouping into 1071 
sensory subclasses. b, Tract-based analysis of sensory ascending neurons in MANC. None of the SAs 1072 
project along the MTD, or VLT tract. c, Number of SAs in each tract. d, Number of SA grouped into 1073 
pairs or populations. e, Correlation of entry nerve to tract membership for MANC SAs (Marin et al. 1074 
2023). 1075 

 1076 
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 1077 

Extended Data Fig. 3 Morphology matched across the neck - soma. Morphology of LM matched 1078 
DNs across the three datasets colour coded by cell body location according to (Namiki et al. 2018). a, 1079 
DNa neurons have an anterior dorsal soma; b, DNb an anterior ventral soma; c, DNc a soma in the 1080 
pars intercerebralis; d, DNd a soma in an anterior outside cell cluster; e, DNp are on the posterior 1081 
surface; f, DNg are located in the GNG and g, DNx are outside the brain. In each panel the top 1082 
images show reconstruction in FAFB in anterior and lateral view; the two bottom left images show 1083 
MANC and two bottom right FANC in ventral and lateral view, respectively. The bar charts represent 1084 
the distribution of the VNC characteristics longitudinal tract and neuropil innervation for the neurons in 1085 
each category - see colour legend.  1086 
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 1087 

1088 
Extended Data Fig. 4 Morphology matched across the neck - brain neuropil. Morphology of LM 1089 
matched DNs across the three datasets colour coded by their brain neuropil innervation. DNs with input 1090 
neuropil. a, superior medial protocerebrum and superior lateral protocerebrum (SMP_SLP); b, vest 1091 
(VES); c, ocellar ganglion and lobular (OC_LO, vision related); d, posterior lateral protocerebrum (PLP); 1092 
e, prow and flange (PRW_FLA); f, posterior slope and lateral accessory lobe (IPS_SPS_LAL); g, 1093 
antennal mechanosensory and motor centre and wedge (AMMC_WED, auditory related); h, gnathal 1094 
ganglia (GNG) and i, multiple innervations of neuropils across the brain (multi). In each panel the top 1095 
images show reconstruction in FAFB in anterior and lateral view; the two bottom left images show 1096 
MANC and two bottom right FANC in ventral and lateral view, respectively. The bar charts represent 1097 
the distribution of the VNC characteristics longitudinal tract and neuropil innervation for the neurons in 1098 
each category - see colour legend. 1099 
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1101 
Extended Data Fig. 5 Morphology matched across the neck - VNC neuropil. Morphology of LM 1102 
matched DNs across the three datasets colour coded by VNC neuropil innervation. DNs with output 1103 
neuropil. a, front leg (fl); b, hind leg (hl); c, multiple innervation in leg compartments (xl); d, neck tectulum 1104 
(nt); e, wing tectulum (wt); f, multiple innerveration into upper tectulum neuropils of the neck, wings and 1105 
halteres (ut); g, intermediate tectulum (it); h, lower tectulum (lt); i, abdomen (ad) and j, multiple 1106 
innervations of neuropils across the VNC (xn). In each panel the top images show reconstruction in 1107 
FAFB in anterior and lateral view; the two bottom left images show MANC and two bottom right FANC 1108 
in ventral and lateral view, respectively. The bar charts represent the distribution of the brain 1109 
characteristics soma location and neuropil innervation for the neurons in each category  - see colour 1110 
legend. 1111 

 1112 
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1113 
Extended Data Fig. 6 Morphology matched across the neck - tract. Morphology of LM matched 1114 
DNs across the three datasets colour coded by longitudinal tract membership in the VNC. DNs in the 1115 
tract. a, dorsal lateral tract (DLT); b, median dorsal abdominal tract (MDA); c, ventral route of the 1116 
mediate tract of dorsal cervical fasciculus (MTD-I); d, dorsal route of the mediate tract of dorsal cervical 1117 
fasciculus (MTD-II); e, lateral route of the mediate tract of dorsal cervical fasciculus (MTD-III); f, dorsal 1118 
median tract (DMT); g, intermediate tract of dorsal cervical fasciculus (ITD); h, ventral lateral tract (VLT); 1119 
i, dorsal lateral tract of ventral cervical fasciculus (DLV); j, ventral median tract of ventral cervical 1120 
fasciculus (VTV); h, curved ventral lateral tract (CVL) and i, no tract membership (none). In each panel 1121 
the top images show reconstruction in FAFB in anterior and lateral view; the two bottom left images 1122 
show MANC and two bottom right FANC in ventral and lateral view, respectively. The bar charts 1123 
represent the distribution of the brain characteristics soma location and neuropil innervation for the 1124 
neurons in each category  - see colour legend. 1125 
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1127 
Extended Data Fig. 7 DN matching to Namiki et al. 2018. Morphology of identified DNs across all 1128 
three datasets with nomenclature as described in (Namiki et al. 2018). Two DN types could not be 1129 
identified (DNd01, DNg25) in any of the three EM datasets and one DN type (DNg28) is only identifiable 1130 
in the brain. See supplementary table DN_identification for slide codes and for DN synonyms from the 1131 
literature. In black the morphology of DNs from the female datasets (FAFB, FANC) in red from the male 1132 
dataset (MANC). This figure is also provided in high resolution and DNs can be viewed in 3D at 1133 
https://tinyurl.com/NeckConnective. 1134 
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1136 
Extended Data Fig. 8 Brain neuropil groups. Morphology of DNs and ANs by primary brain neuropil. 1137 
a, All DNs in FAFB were assigned one or two input neuropils. DNs that receive input from more than 1138 
two neuropils are referred to as multi. b, All ANs in FAFB were assigned one or two output neuropils. 1139 
ANs that output to more than two neuropils are referred to as multi. Morphologies are coloured by 1140 
broader neuropil groups: auditory related neuropils (AVLP_AMMC_WED), higher order multimodal 1141 
sensory integration 1 (SMP_SLP), vision related (OC_LO), multimodal sensory integration 2 (PVLP, 1142 
PLP), sensory modalities from the GNG (GNG, SAD), multimodal sensory integration and steering 1143 
(IPS_SPS_LAL), vest related (VES) and flange/prow (PRW_FLA).  1144 
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 1147 

Extended Data Fig. 9 Neuropil-based analysis of descending neurons in FANC. a, Primary 1148 
neuropil assignment of DNs in the FANC dataset to compare to previously published one in the MANC 1149 
dataset (H. S. J. *. Cheong et al., 2024). b, Synaptic output in % by VNC neuropil of matched DNs in 1150 
MANC and FANC. Each row represents one DN type, order is conserved between the two datasets. 1151 
Left bar indicates the previously assigned neuropil based subclasses from the MANC dataset (H. S. J. 1152 
*. Cheong et al., 2024). 1153 
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 1155 

Extended Data Fig. 10 Tract-based analysis of descending neurons in FANC and ascending 1156 
neurons in MANC. a, Tract assignment of all left side DNs in the FANC dataset to compare to 1157 
previously published tract assignment in the MANC dataset (H. S. J. *. Cheong et al., 2024). b, Number 1158 
of DNs for each tract in comparison to MANC DNs (dotted line). c, DNs grouped into pairs or populations 1159 
comparing FANC to MANC. d, Correlation of soma location and tract membership for identified FANC 1160 
DN types based on LM data (Namiki et al. 2018). e, Tract assignment of all left side ANs in the MANC 1161 
dataset. None of the ANs project along the MTD-II or MTD-III tract. A small additional tract was observed 1162 
for ANs, referred to as AN-specific dorsal medial tract (ADM). f, Number of ANs in each tract. g, ANs 1163 
grouped into pairs or populations comparing MANC to FANC. h, Correlation of hemilineage and 1164 
neuromere to tract membership for MANC ANs (Marin et al., 2023). 1165 
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 1168 

Extended Data Fig. 11 Potentially sexually dimorphic or sex-specific ANs in the VNC. a, 1169 
Morphology of all the potentially male specific ANs by type. b, Morphology of the potentially female 1170 
specific ANs by newly assigned types. c, Morphology of the potentially sexually dimorphic ANs by 1171 
MANC type names. In black the EM morphology from the female dataset (FANC) in red from the male 1172 
dataset (MANC). Stars indicate ANs with missing soma in FANC due to missing EM image data. 1173 
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Supplemental information 1176 

Supplementary file 1 Seed planes 1177 

Two tables listing the xyz coordinates, svid, root_id, side and class of profiles passing through 1178 

the FAFB or FANC seed plane. 1179 

Supplementary file 2 Typing and matching 1180 

13 tables listing the neuronal ids and annotations used in the manuscript for: FAFB_DNs, 1181 

FANC_DNs, MANC_DNs, dimorphic_DNs, DN_identification, FAFB_ANs_SAs, FANC_ANs, 1182 

FANC_SAs, MANC_ANs, dimorphic_ANs, AN_identification, FAFB_SA_identification, 1183 

other_MANC_FANC_matching.  1184 

Supplementary file 3 User edits 1185 

Two tables listing the number of edits to the neck connective neurons in FANC and FAFB 1186 

summarised by lab.  1187 
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