Article

Comparative connectomics of Drosophila
descending and ascending neurons

https://doi.org/10.1038/s41586-025-08925-z

Received: 26 June 2024

Accepted: 17 March 2025

Published online: 30 April 2025

Open access

M Check for updates

Tomke Stiirner"?'*, Paul Brooks>', Laia Serratosa Capdevila?, Billy J. Morris?,

Alexandre Javier?, Siqi Fang?, Marina Gkantia?, Sebastian Cachero’, Isabella R. Beckett',
Elizabeth C. Marin?, Philipp Schlegel'?, Andrew S. Champion?, Ilina Moitra? Alana Richards?,
Finja Klemm?, Leonie Kugel®, Shigehiro Namiki*, Han S. J. Cheong®®, Julie Kovalyak®,

Emily Tenshaw®, Ruchi Parekh?®, Jasper S. Phelps’?, Brandon Mark®, Sven Dorkenwald™",
Alexander S. Bates'>"2, Arie Matsliah™, Szi-chieh Yu'’, Claire E. McKellar'®, Amy Sterling™,
H. Sebastian Seung'", Mala Murthy'®, John C. Tuthill®, Wei-Chung Allen Lee™”,

Gwyneth M. Card®®, Marta CostaZ, Gregory S. X. E. Jefferis"*> & Katharina Eichler>*™

In most complex nervous systems there is a clear anatomical separation between the
nerve cord, which contains most of the final motor outputs necessary for behaviour,
and the brain. Ininsects, the neck connective is both a physical and an information
bottleneck connecting the brain and the ventral nerve cord (an analogue of the spinal
cord) and comprises diverse populations of descending neurons (DNs), ascending
neurons (ANs) and sensory ascending neurons, which are crucial for sensorimotor
signalling and control. Here, by integrating three separate electron microscopy (EM)
datasets'™, we provide a complete connectomic description of the ANs and DNs of the
Drosophila female nervous system and compare them with neurons of the male nerve
cord. Proofread neuronal reconstructions are matched across hemispheres, datasets

and sexes. Crucially, we also match 51% of DN cell types to light-level data’ defining
specific driver lines, as well as classifying all ascending populations. We use these
results to reveal the anatomical and circuit logic of neck connective neurons. We
observe connected chains of DNs and ANs spanning the neck, which may subserve
motor sequences. We provide acomplete description of sexually dimorphic DN
and AN populations, with detailed analyses of selected circuits for reproductive
behaviours, including male courtship® (DNal2; also known as aSP22) and song
production’ (AN neurons from hemilineage 08B) and female ovipositor extrusion®
(DNp13). Our work provides EM-level circuit analyses that span the entire central
nervous system of an adult animal.

The nervous system’s exquisite control over body movement depends
crucially on the bidirectional flow of motor and sensory information
betweenthebrainand the nerve cord. Ininsects, there are four principal
classes of neurons that traverse the neck. The three most numerous are
ascending neurons (ANs), which have their somata and dendrites in
the ventral nerve cord (VNC); descending neurons (DNs), with somata
and dendrites in the brain; and sensory ascending neurons (SAs), the
somata of which reside outside the VNC. Finally, a small number of
motor neurons (MNs) exit the neck connective before reaching the
nerve cord, directly targeting neck muscles in the periphery?®.

Light microscopy (LM) and genetic studies in Drosophilahave shown
that specific behaviours can be mapped onto individual neurons and
circuits. LM images of genetic driver lines, mainly Gal4 drivers, are

availableinlibraries suchas Virtual Fly Brain'®. These approaches have
shownthatarange of behaviours depend onindividual DNs or on small
groups of DNs, including" aDN, DNgl1and DNg12 for anterior grooming
sequences'>'®; DNa02 for turning™; moonwalker DNs for backwards
walking®; giant fibres for escape'®; DNp07 and DNp10 for landing"; and
DNp15, DNp20 and DNp22 for flight and neck control’. However, our
understanding remains incomplete. Only a few studies have examined
larger groups of DNs by morphology” or behaviour®?, and even less
is known about ANs”.

Connectomics now offers the chance to reveal the detailed circuit
mechanisms by which these neurons can exert powerful effects on
behaviour. This starts with a complete enumeration and naming of
the parts, and this alone can bring a change of scientific perspective.
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For example, in our first account of the complete cellular composi-
tion of the adult Drosophila neck connective in the male adult nerve
cord (MANC) dataset, we found 1,328 DNs—almost twice the previ-
ous estimate of 700 DNs***?, This dataset was an isolated nerve cord,
but studying sensorimotor integration and control, and, specifically,
the crucial role of DNs in exerting the influence of the brain on motor
behaviour, requires us to understand the linked connectivity in the
brain and nerve cord.

Male and female Drosophila exhibit sexually dimorphic behaviour,
whichis mediated by differencesinbothbrainand VNC circuits. The sex
of each Drosophila neuronis determined genetically, mainly through
the expression of the transcription-factor genes doublesex (dsx) and

fruitless (fru). Studies on fru- and dsx-expressing neurons and dimor-

phicbehaviours have revealed several sexually dimorphic neurons and
small circuits in the brain and VNC**, Females, for example, require
oviDNs for egg laying™* and vpoDNs to open their vaginal plate when
accepting amale?. By contrast, male-specific P1central brain neurons
control both intermale aggression and courtship steps such as wing
extension®?, and a set of DNs (pIP10 and pMP2) and at least six VNC
cell types act to coordinate the time and shape of sine and/or pulse
courtship song”?*, However, to understand how these neurons par-
ticipate in complex, sexually dimorphic circuits, we must use methods
that canreveal differencesin connectivity, notjustindividual neuronal
morphology, across the entire nervous system.

Herein, we describe all of the neck connective neurons of the female
adult fly brain (FAFB-FlyWire)>**! and the female adult nerve cord
(FANC)**, and compare them with the MANC dataset*>*, We present
strategies developed to bridge physically disconnected datasets (brain
and VNC) and compare datasets of different sexes. Our work provides
anintegrative atlas of DNs, ANs and SAs based on EM connectome data
from both the brain and the VNC. We then illustrate the utility of this
completeand comprehensively annotated resource by addressing three
scientific questions. First, we investigate the types of sensory informa-
tion processed by DNs in the brain, and the connections between ANs
and DNs in the brain and nerve cord. Second, we examine stereotypy
across the three datasets at the level of morphology and connectivity.
Finally, we define sexually dimorphic and sex-specific DNs and ANs and
examine their circuits inthe VNC. By studying complete ascending and
descending pathways at synaptic resolution, we demonstrate a power-
ful method to understand motor control, which might inspire similar
approachesin future studies of the vertebrate spinal cord.

Matching neurons across three datasets

Wereconstructed all of the neurons that traverse the neck connective
inthe female brainand nerve cord datasets (Fig.1and Supplementary
Files1and2),and compared these with the MANC*?, Across the three
datasets, we observe1,315-1,347 DNs that transmit motor commands
and other information from the brainto the VNC;1,733-1,865 ANs that
report processed sensory and motor state information from the VNC
back to the brain; and 535-611 SAs that convey sensory information
directly from the periphery to the brain (Fig. 1a,b). The position of
these neurons in the neck connective is stereotyped, with DNs more
dorsal, ANs more ventral and the SAs localized in two primary and two
smaller bundles (Fig. 1c and Extended Data Fig. 1). DNs and ANs were
matched across the two sides into pairs or groups in all datasets, and
matched between the male and female VNC by their morphology and
connectivity (Fig.1d,e).

We have contributed our proofreading and annotation of these
neck connective neurons to the separate online platforms hosting
each of these EM datasets, such as the FlyWire connectome browser
athttps://codex.flywire.ai/. However, we have found that comparisons
across datasets are more powerful when each dataset can be visualized
simultaneously in the same virtual space withacommon interface for
querying and viewing annotations. We have therefore provided access
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to co-registered and uniformly annotated neck connective neurons.
This combined three-dimensional web atlas can be viewed by follow-
ing https://tinyurl.com/NeckConnective (see ‘Neuroglancer resource’
in the Methods for how this was made and https://github.com/flyco
nnectome/2023neckconnective for detailed instructions on how to
use thisinteractive viewer as well asin depth programmatic analysis).

Currently available EM datasets comprise either the brain or the
VNC and are therefore truncated at the neck during specimen prepa-
ration. This creates a considerable challenge for matching the brain
and VNC parts of the neurons that send projections through the neck.
Matching existing light-level descriptions of these neurons to their
EM-reconstructed counterparts is necessary to identify these neurons
across EM datasets, bridging the brain and the VNC, as well as linking
morphology tobehavioural data. The ANs and SAs haverecently been
typed in the male VNC (MANC) dataset?, but published LM information
for these neurons is limited at present owing to a lack of driver lines.
ANs will require detailed matching with future light-level resources,
but we were able to make some specific matches (see Fig.4). For SAs—a
smaller and muchless complex population—we were able to compare
the EM-reconstructed neurons with available LM images of Gal4 lines
from the FlyLight project®. We assigned gross sensory modalities for
these neurons using the position of the tracts that they take through the
brain and VNC (Fig. 1f and Extended Data Fig. 2; supporting evidence
documented in Supplementary File 3).

In contrast to ANs and SAs, a substantial amount of LM image data
exists fromgeneticdriver lines forindividual DNs. In parallel work, we
haverecently described all DN axons in the male VNC EM connectome
(MANC)*?and matched some to previous LM images®. By overlaying EM
morphologies on these LMimages®and anew LM collection**, we were
able to identify 52.6% of FAFB and 48% of FANC DNs and increase the
proportion of LM-identified DNsin MANC from 29%to 48.2% (Fig. 1g and
Supplementary Files 4-7). DNs have previously been grouped by arange
of characteristics, including their innervation of distinct neuropils—
spatially localized regions dedicated to specific functions—in the brain
and VNC. Here we show how the somalocation, longitudinal main axon
tract through the VNC and neuropil innervation compare across the
three datasets® (examples shown in Fig. 1h; details in Extended Data
Figs.3-6).

By separately matching the brainand VNC portions of agiven DN to
the samedriver line, we were able to bridge connectome datasets. DNs
have diverse morphologies in the brain and VNC that can be uniquely
identified (Fig.2; see ‘LM identification’inthe Methods). Of the223 DN
typesidentified by LM images from genetic driver lines, just 2 could not
be foundinany of our EM datasets; for 5 LM-identified types we could
identify amatching typeinthe brain but were unsurein the VNC (Fig. 2,
Extended Data Fig. 7 and Supplementary File 4). With this matching
across datasets we could therefore analyse braininput and nerve cord
output and compare this connectivity with a range of organizational
features of the DN populations (Extended Data Figs. 3-6).

DN cellbodies are arranged in clusters, but as previously reported®?,
these soma locations do not correlate strongly with other organiza-
tional features. One exceptionis that DNaand DNb soma groups target
leg and take-off or flight (upper tectulum) regions of the VNC, consist-
ent with the known function for some of these neurons in steering
during walking or flight (Extended Data Fig. 3a,b). Examining brain and
VNC neuropil innervation patterns together highlights some notable
correlations. DNs that innervate higher-order processing centres for
olfactory stimuli (superior medial protocerebrum (SMP) and superior
lateral protocerebrum (SLP) brain regions) mainly target the abdominal
ganglion of the VNC, where they are likely to regulate reproductive or
digestive functions (Extended Data Figs.4aand 5i). DN axontracts also
assemble DNs into functional groups: DNs following the MTD-II tract
consistently receive steering input in the brain (posterior slope and
lateral accessory lobe regions) and target the upper tectulumin the
VNC, which contains wing premotor circuits. Nevertheless, neuropil
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Fig.1|Reconstruction andidentification of three neuronal classes across
threedatasets. a, Schematic of the CNS with the three neuronal classes that
passthrough the neck connective: DNs, ANs and SAs. FANC neurons are shown
inMANC space hereandinall following figures. A, anterior; D, dorsal; P, posterior;
V,ventral.b, Number of neuronsin each class and dataset. ¢, Transects through
theneck of the three datasets: female adult fly brain (FAFB), male adult nerve
cord (MANC) and female adult nerve cord (FANC). These neck connective
transects were used as seedplanes to find and reconstruct the three classes of
neurons shownindifferent colours. White arrows mark SA bundles. Scale bars,
5Sum.d, Number of DNsand ANs that have been left-right matched into pairs or
groupsinthethree datasets.e, Number of DNsand ANs that have amatch across
thetwo VNC datasets. f, SAs were assigned modalities by matching to LM images.
Left, example of a LM image of afemoral chordotonal organ club; white arrows

innervation and tract assignment remain coarse organizational fea-
tures that provide only aguide to the sensory input or function of any
given DN. We therefore performed a more detailed analysis of their
connectivity.
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totheimage. g, DNswereidentified in all three EM datasets by matching the EM
reconstructions to LM-level descriptions® (see Supplementary File 4). Left,
exampleofalLMimage of DNaOlinthe brainand VNC and nexttoit the FAFB,
FANCand MANC EM reconstructions that were matched to those images. Right,
quantification of DNs identified in all three datasets. h, DNs annotated by their
somalocation, brainand VNC neuropil innervation and the longitudinal tract
they takeinthe VNC (DNa0O2is used asan example). DNa, DNs with anterior dorsal
soma; PS_LAL, posterior slope and lateralaccessory lobe; xI, multiple leg
neuropils; fl, front leg; ml, mid-leg; hl, hind leg; ITD, intermediate tract of
dorsal cervical fasciculus. See Extended Data Figs. 3-6 forimages of DNs
across the neck connective, coloured by these four annotations.

Sensory input onto DNs

Our previous work provided a detailed description of how DNs con-
nect to VNC motor circuits?. Now, by bridging the neck connective,
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Fig.2| DN matching to new geneticdriver lines. Morphology of identified
DNsacross all three datasets with nomenclature as described previously*.
Fourtypes couldbe found onlyinthebrain (DNp52, DNp66, DNg58 and DNg101),
and DNp61is marked as not found becauseitisaduplicate. See Extended
DataFig. 7 for matching to DNs previously characterized at light level®.

we can define the sensory information received by all DNs in the brain
(Fig.3) and analyse how that relates to target circuitsin the VNC. Sum-
marizing DN inputand outputsinto six broad classesrevealed patterns
(Fig. 3a). Input is dominated by brain interneurons, conveying pre-
processed sensory information (central and visual projection neuron
classes; Fig. 3a). DNs also receive strong inputs (around 10%) from at
least two other sources: ANs and DNs. AN inputs are likely to convey a
mix of processed sensory and motor state information fromthe VNC;
one long-standing hypothesis suggests that these connections are
important for motor coordination®. DN-DN connections were more
unexpected. We now find that DNs make a large number of output con-
nectionsto other DNsinthebrain (413,458 output synapses; Fig.3a).
Thisis noteworthy, because although many DNs make axon collaterals
before leaving the brain®, their principal axonal arbours are consid-
ered to be in the VNC. DN connections with other DNs account for
42% of their total output in the brain but only 2% of their total output

4 | Nature | www.nature.com

! % Not 4 LS
found

DNx02

3

See Supplementary File 4 for details on the DN identification. DN morphologies
fromthe female datasets (FAFB and FANC) are in black; the male dataset (MANC)

isinred. DNs canbe queried and viewed ininteractive 3D at https://tinyurl.com/
NeckConnective.

in the VNC?2. This extensive DN-DN interconnectivity in the brain
suggests the possibility of coordinated action across DNs, an idea
that has recently been investigated by combining our connectome
datawith functional studies®*. Many of these DN-DN connections are
axo-axonic; whether this canresultin direct excitation or inhibition of
the downstream neuron or rather gates the axonal output of this neu-
ronisunclear, although one team® was able to show that optogenetic
activation of some DNs can propagate to others. The remaining DN
output in the brain mainly targets central brain interneurons (45%),
including bilateral neurons that are likely to coordinate DN activity
across brainhemispheres. Finally, DNs make 8% of their brain output
directly onto MNs, mostly those that control the proboscis, the fly’s
feeding organ.

DNs receive only a small fraction of their direct input from sensory
neurons (2%). This is not particularly surprising, because direct sen-
sory input to DNs bypasses higher processing regions of the brain.
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Fig.3|Sensory ranking of DNs. a, Pie charts showing the neuron class
composition ofinputand output partners of all DNs in the brain (corresponds
to FlyWire super_class). Total synapse numbers are shown at the bottom.

b, Clustering of FAFB DNs by their sensory input rank (allapart from sensory
DNs: DNx01, DNx02 and LN-DNs). The ranks, ranging from1to12, taken from
apreviousstudy?, are defined as the traversal distances from a given sensory
modality toeachDN and then averaged by type. Low rank indicates amore
direct connection fromsensory modality to DN type. A cut height of 5 (dotted
lineindendrogram) produces 16 clusters.JO,Johnston’s organ. Asterisks denote
clusters with morphologies shownind. ¢, Clusters showninbby the brain
neuropil assigned to DN types as a percentage of all DNs in that cluster (for
abbreviations, see Extended DataFig. 4).d, DN morphologies of clusters that

Therefore, understanding the sensory modalities that drive DNs
requires more complex pathway analysis. Sensory neurons in the
FAFB-FlyWire dataset have been extensively annotated, including
their sensory modalities: visual, olfactory, gustatory, thermosensory,
hygrosensory, auditory and mechanosensory neurons?® We exam-
ined the synaptic distance to DNs from these sensory modalities in
thebrainusing a previously described information flow ranking?. This

Cluster Cluster

arecloseinranktoseveral sensory modalities in the brain (clusters marked with
asterisksinb).e-i, DN morphologies of clusters that are close in rank toone
particular sensory modality (e, gustatory; f, mechanosensory: eye bristles and
head bristles; g, mechanosensory:JO and auditory; h, visual projection and
ocellar;i, olfactory: thermosensory and hygrosensory). Plots on the left show
theaveragerank of the clusters defined in b for the different sensory modalities.
Theaveragerankis plotted for all 353 DN types in FAFB. Centre lines denote
median; two hinges denote first and third quartiles; whiskers extend at most
1.5 xinterquartile range (IQR) from hinge; and outlying points are shown.
Arrows point to specific DN types that stand out. DN morphologies are plotted
intheir brain neuropil colours.

analysis excluded four types of DN that are themselves sensory neurons,
referred to as sensory descending or SD (DNx01, DNx02, LN-DN1and
LN-DN2). DNs were assigned to 16 clusters on the basis of similarity in
sensory input (Fig. 3b); these clusters typically have dendrites in the
same brain regions even when the sensory information has already
been preprocessed (Fig. 3c-i, Extended Data Fig. 8 for FAFB-FlyWire
neuropil assignments and Supplementary File 5).
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Fig. 4 |See next page for caption.
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Fig.4|Direct DNand AN connections. Connectivity of ANs and SAs (ANs/SAs)
toDNsandviceversa.a, Direct connectivity of ANs/SAs onto DNsin the brain.
Connections between DNs and ANs/SAs are averaged by type and plotted by
mean weightin per cent to mean weight. Arrows point to the two strongest
connections in weight from ANs/SAs onto DNs. b, Direct connectivity of DNsin
the VNConto ANs/SAs. Connections are averaged by type, asina. Arrows point
totheone connection thatstands outinboth MANC and FANC. The weightin
a,bisthenumber of presynapses. Dots are coloured by brain or VNC neuropil
(see Extended Data Figs. 4 and 5 for abbreviations). ¢, Effective connectivity to

MN targets ipsilateral and contralateral to the root side of DNx02 (n = 4). Centre
lines denote median; two hinges denote first and third quartiles; whiskers extend
atmost1.5 xinterquartile range (IQR) from hinge; and outlying points are
shown.d, Morphology of DNx02and ANO6B025 in the brainand VNC. The EM
morphology from female datasets (FAFB and FANC) is in black; the male dataset
(MANC)isinred.e, DNx02circuitin the brain (FAFB-FlyWire) and inthe VNC
(MANC). Connectionsinboth datasets are averaged by type and shownin the per
centinputtothereceivingneuron.AN_SPS_GNG_1corresponds to ANO6B057
inthe VNCand targets the neck neuropil (see Supplementary File12).

Nine small clusters are specific to individual sensory modalities
(Fig. 3e-i). The first two DN clusters are the closest (lowest average
rank) to gustatory sensory neurons and mainly arborize in two brain
regions (prow and flange?®) that receive taste information from the
proboscis (Fig. 3b,c,e). Mechanosensory DNs fall into two groups, one
(clusters 3, 4,10 and 11) associated with eye and head bristles (Fig. 3f),
and probably responsible for the highly targeted grooming of the cor-
responding bristle locations®, and another (clusters 13 and 14) close to
antennal mechanosensory informationand auditory cues®* (Fig. 3g).

Cluster 5 (Fig. 3h), is specific to visual inputs from the ocelli (rapid
photosensors that signal head orientation relative to the sky); two
of the three neurons, DNp20 and DNp22, are known to receive input
from main optic lobe output neurons that encode pitch-associated
or roll-associated optic flow and are involved in fast flight and neck
motor control®®.

There is only one small strongly olfactory cluster (8; Fig. 3i) con-
taining two previously identified***' neurons, DNp25and DNp44. The
lack of large DN clusters associated selectively with vision or olfaction
suggests that this sensory information is more likely to be integrated
with other sensory modalities (for example, olfactory with gustatory;
visual with auditory) or preprocessed in higher brain regions further
away from DN, as in cluster 16 (Fig. 3d).

Seven larger DN clusters integrate multiple sensory modalities
(Fig. 3d, asterisks). By combining this sensory clustering with known
behavioural roles for some neurons, we can make functional predic-
tions across the whole DN population. For example, cluster-7 DNs
integrate olfactory and gustatory information (Fig. 3d). This cluster
includes the oviDN neurons, which integrate exactly this sensory
information to select a nutrient-rich food source for egg laying*¥;
we predict that other neurons in this cluster also control reproduc-
tive functions. Similarly, cluster-6 DNs receive acombination of visual
and antennal mechanosensory information (sound and wind) within
specialized brain neuropils (PS and LAL)*; these cues are essential
for steering behaviours that have already been demonstrated*?
for DNs in this cluster, such as DNbO6. In summary, this analysis
reveals the presence of specialized groups of DNs in which specific
sensory inputs seem to be coordinated with distinct behavioural
functions.

DN and AN interactions

To guide specific sequences of behaviourin response to given stimuli,
we expect feedback from VNC ANs back onto DN circuitsin the brain (AN
annotations and matching canbe found in Supplementary Files 8-11).
Strong direct connections between DNs and ANs are uncommon in
the VNC and the brain (arrows point to connections with the highest
weight in Fig. 4a,b; weight refers to number of synapses). One excep-
tionstands outinthe VNC: the strong connection from DNx02 outputs
onto ANO6B025 (Fig. 4b,c). DNx02 are sensory DNs, two on each side,
that enter the brain via the occipital nerve* and have both direct and
one-hop connections to neck MNs (Fig. 4c-e). Analogous to DNxO1,
which responds to mechanosensory stimuli on the antenna>*°, we
predict that DNx02 responds to mechanosensory stimuli from the
eye. We identified ANO6B025 in the brain using a genetic driver line

(Fig. 4d and Supplementary File 12), which enabled us to study the
DNx02-AN06B025 circuit across the neck connective (Fig. 4e). Our
analysis revealed that ANO6B025 is also the top downstream target of
DNxO02 in the brain. ANO6B025 is predicted to be GABAergic in both
FAFB-FlyWire and MANC datasets"**, suggesting that it inhibits DNx02.
This defines areciprocal AN-DN loop, a motif that was not observed
in the Drosophila larval connectome® (Fig. 4e).

On the basis of an analysis of the MN targets of this circuit (Fig. 4e,
purple nodes), we propose that this loop coordinates head and leg
movement during grooming and is triggered by the fly’s legs touch-
ing its eyes. In detail, the FNM2 MN should move the head upwards
and inwards via the adductor muscle®?; ADNM2 in the VNC and the
cervical nerve MN (CB0705) in the brain both target the TH2 muscle,
which promotes side-to-side movement of the head®*. We suggest that
DNxO02 first moves the head upwards and inwards and is then inhibited
by ANO6B025, which also inhibits ADNM2 and disinhibits CBO705,
potentially preparing for an extra sideways deflection as part of the
head groomingsequence. Finally, through one hopinthe VNC, DNx02
inhibits sensory neurons coming fromleg and notum bristles and neck
hair plate neurons, potentially dampening sensory information from
these regions until the grooming movement is complete (Fig. 4€).

The DNx02-ANO0O6BO025 circuit is just one example of the kind of
sensorimotor analysis made possible by our matching of brain and
VNC neurons through the neck, across the entire CNS of Drosophila.
Thereciprocalloop circuit motif, inwhich X excites Y and Y inhibits X,
can modulate the duration and magnitude of incoming excitatory
signals and prevent an overly excited state, but can also lead to the
emergence of oscillations, because the feedback inhibition of Y cannot
fully suppress the firing of X***. It will be interesting to see whether this
motifis common amongst other DN-AN combinations, including those
required for sequential behaviours such as grooming®.

Stereotypy inthe VNC

The datasets at hand offer an opportunity to compare neurons on
both sides of the same individual fly, as well as across individuals and
sexes, using two complete VNC datasets. These areinterrelated issues,
because we must understand normal variability when assessing whether
differences between flies relate to a biological variable such as sex.
Before analysing inter-dataset differences, we evaluated the stereotypy
of neuronal morphology and connectivity. DN and AN populations
were matched to LM-described types (97% of LM-defined types found
inallthree datasets; Fig. 2 and Supplementary File 4) across sides and
datasets (92-99% neurons matched Fig. 1d,e), and we quantified their
consistency in tract and VNC neuropil innervation (Extended Data
Figs.9and10), revealing a high degree of stereotypy (matching in Sup-
plementary Files 5-11).

Having assessed the degree of stereotypy in cell numbers and cell
types, we moved on to connectivity between identified cell types. We
decided to use DNa02 as an example: it has awell-defined functionin
producing turns during walking, abehaviour common to both sexes™**,
We and others* comprehensively reconstructed DNa02 downstream
partnersinthe partially proofread FANC dataset, enabling robust com-
parisons with the completed MANC dataset*. We matched downstream
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Fig.5|Comparisons across VNCdatasets.a-d, DNa0O2 asanexampleofa
stereotyped circuitinthe VNC. This analysisis provided at https://github.com/
flyconnectome/2023neckconnective/blob/main/code/3_DNa02_downstream.
Rmd.a, DNa0O2 output partnersin MANC and FANC compared across sides of
thesame dataset. Best-fit slopeis 1.02 for MANC and 0.45 for FANC. b, DNa02
output partner types thatreceive more than1% of DNa02 output (allbut three
matched between MANC and FANC). Left, raw synapse numbers (best-fit

slope = 0.42); right, the same neurons shown by the input per cent (best-fit
slope =0.69) tothereceiving neuron. The Pearson correlation coefficient (Cor)
isshownfora,b.c, Top partner types targeted by DNa0O2in MANC and FANC:
threesetsof serial leg-restricted neurons (INO8A006, INI9A003 and IN13B0O01),

the w-cHIN and a bilaterally projecting neuron (INO7B006). Arrow thickness
corresponds to the per centinput tothereceiving neuron, and only values
higherthan1%are shown. Allnodes aresingle neurons apart from the w-cHIN,
number inbrackets.d, EM morphologies of the neurons showninthe connectivity
graphsinc.Reconstructions from FANC are inblack; those fromMANCarein
red.e, MANC leg premotor circuit neurons (by number of neurons and type)
publishedinaprevious study??, matched to FANC. All leg-restricted serial sets
were found, although some are missing on one or the other side in FANC. All
apartfromthree types ofleg coordination neurons were matched to FANC.
EM morphologies of those three unmatched types are shownontheright as
potentially male-specific neurons.

partners across hemispheres (Fig. 5a) and datasets (Fig. 5b). Focusing
onstrong partners (more than 1% of DNaO2 output), we could see that
these were highly consistent populations: three serially repeated local
neuron sets each controlling one leg; a bilaterally projecting neuron
coordinating across legs; and the w-cHIN neurons, which control wing
MNs. All cell types were cross-identified, with just one partner missing
on one side of one segment in FANC owing to reconstruction issues
(Fig. 5¢), and morphologies were also highly consistent (Fig. 5d). We
also compared connection weights in the fly connectome as defined
by the number of unitary synapses between neurons; these were
highly correlated across hemispheres (Fig. 5a) albeit with a somewhat
lower score in FANC. When comparing datasets, we saw that DNa02
downstream connections in FANC were significantly weaker (best-fit
slope = 0.42). We therefore also computed a normalized connection
score (percentage of input onto each downstream partner), and saw
that these have a slope closer to unity (0.69). In short, these neurons
form consistent circuits across connectome datasets; differences in
absolute (but notrelative) connection weights are likely to be of techni-
calorigin owing to lower synapse recovery in FANC (see ‘Connectivity’
in the Methods).

Theseresults gave us a detailed picture downstream of asingle pair
of DNs. We next sought to extend our observations to larger networks
of neurons. We focused on premotor circuits of the leg, which we have
described in MANC as containing 67 neuron types local to asingle leg
(448 neurons) and 75 leg-interconnecting types (231 neurons). Pre-
motor neurons of at least the front legs have been extensively recon-
structed in FANC®, and their serially repeated nature (6 or 12 neurons
pertype; thatis,1or 2 perleg) ensure identification even when recon-
struction status is more uneven.

We successfully identified matches to all 67 local neuron cell types by
morphology and connectivity clustering (Fig. 5e and Supplementary
File 13). For interconnecting neurons, 3 out of 75 types were missing
in FANC: INXXX025, INXXX058 and IN27X002 (Fig. Se; morphologies
ontheright). These might be male-specific or so sexually dimorphicin
morphology that we cannot confidently match them. Thefirsttwo types
(INXXX025, whichis predicted to be cholinergic, and INXXX058, which
is predicted to be GABAergic) project from the abdominal ganglion
to the leg neuropils, and would be good candidates for male-specific
leg movements; for example, in response to abdominal curling dur-
ing copulation. In support of this, IN27X002 matches vMS17 neurons
that have been previously reported to control male courtship song’.

On the basis of an initial automated segmentation*, at the time of
writing the FANC community has proofread just over 5,000 neurons
(including the 1,804 ANs reported in this study)®. Although complete
matching of all 23,500 VNC neurons across the female and male datasets
is still in progress, the 4,517 neurons we have matched so far (includ-
ing DNs, ANs, SAs and the leg premotor circuit; Supplementary File 2)
exhibit highly stereotyped morphology and connectivity across both
sides, and across repeated VNC segments and datasets. Before this
work, there had been little matching of precise cell types between the
FANC and MANC datasets, with the notable exception of foreleg and
wing MNs, and until now, the FANC*** and MANC? datasets had only
been analysed independently.

Sexual dimorphism

EM datasets are scarce, but this study provides an opportunity to com-
pare across sexes using two VNC datasets. One of the main challenges
in this process is that the absence of a neuron in one dataset might
have several explanations: these include differences in connectome
reconstruction, inter-individual biological variation or actual sexual
dimorphism. Our work on neck connective neurons (and many of their
partners) now defines a complete subset of the connectome that has
been fully reconstructed and annotated across all three datasets. With
thisgroundworkin place, the next step was to establish clear criteria for
what qualifies as dimorphic or sex-specific in connectome analysis. We
defined potentially female- or male-specific (sex-specific) DNsand ANs
as neurons that are well reconstructed and can be confidently paired
across the twosides of one VNC, but cannot be matched across the VNC
datasets. We consider neurons to be potentially sexually dimorphic
(sex.dimorphicinFig. 6) ifthey differinmorphology between the two
VNC datasets, but are morphologically consistent across both sides of
each nervous system.

We first identified the set of unmatched neurons between the VNC
datasets: 59 MANC DNs versus 97 FANC DNs and 155 MANC ANs versus
115FANC ANs (Fig. 1e). After detailed analysis, we concluded that 60%
of this pool are most likely to be sex-specific or sexually dimorphic;
the remaining 40% are probably examples of L-R biological varia-
tion or are affected by segmentation issues. This 60% included all 22
(11types) sexually dimorphic or sex-specific DNs that have previously
been reported®®?*¥ (see Supplementary Files 14 and 15 for details),
as well as 34 new DNs (17 types); for ANs, only 20 out of 205 neurons
(Softhe 69 types) were previously reported. Wefirst performed some
aggregate analyses of these populations.

On the basis of our definitions, 1% of all DNs (16 female and 10
male neurons) and 4% of all ANs (70 female and 76 male neurons)
are sex-specific, whereas 2% of DNs (30 neurons) and 3% of ANs
(59 neurons) are sexually dimorphicin morphology (Fig. 6a). We then
visualized brain and VNC regions in which sex-specific and sexually
dimorphicneuronsreceive and send information (Fig. 6b). Inthe female
FAFB-FlyWire brain, we observed thatinputs to dimorphic DNs are con-
centrated in the ring of the protocerebral complex™, suggesting that
male enlarged regions can be used to identify zones of both male- and
female-specific connectivity® (Fig. 6b). Dimorphic DN output in the
VNC also aligns with sex-enlarged structures: the abdominal ganglion
(enlarged in females) is the site of both male- and female-specific syn-
apses, whereas the male-enlarged triangular region associated with the
song system®*? (Fig. 6b, right) receives male-specific DN input. Turning to
dimorphic ANs, thereisaconcentration of female-specificinputinthe
abdominal region. Conversely, in males, theinput to dimorphic ANsis
concentratedinthefrontleg (T1) sensory area, the site of male-specific
contact pheromone receptors.

Sexually dimorphic and sex-specific DNs and ANs represent only
asmall fraction of the total neuron population, and it is unclear how
widespread an effect they have. One simple answer to this question
is that although less than 3% of DNs have sex differences, these con-
nect with 12% of DN partners (1,596 out of 12,964 neurons with 10 or
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Fig. 6 | Sex-specific or sexually dimorphic neurons. a, Morphology of DNs
inthree datasetsand ANsin the two VNC datasets that are sexually dimorphic
(sex. dimorphic) or sexually specific (sex-specific) as described in the literature
or predicted by the matching. The EM morphology from female datasets (FAFB
and FANC) isinblack; the male dataset (MANC) isinred. The number of sexually
dimorphicandsex-specific DNsand ANsinthe VNC canbe found on theright.
b, Density of pre- or postsynapses of the DNs and ANs shown ina compared with

previously published images™ of enlarged regions in the female and male CNS.
¢, Downstream or upstream partners of sexually dimorphic or sex-specific DNs
or ANsin FANCand MANC. Arrows point to the strongest partners by number
of synaptic connections and number of neurons connecting onto them.

d, Reconstructions of partner neurons in MANC (c, top row) or in FANC that
were matched to MANC neurons of that type.

more synapses). Examining the top downstream neurons (Fig. 6c, left),
we see afew very strong connections in males to the song circuit: TN1a
(silencing decreases sine song), VPRI (silencing alters the amount of
pulse and sine song) and dPR1 (silencing increases sine song)’. The
top input partners of dimorphic ANs (Fig. 6c, right) include the song
circuit neurons already mentioned, as well as two sets of sensory neu-
rons coming from foreleg (T1) taste bristles (SNch15and SNch16, both
midline-crossing)®**; dimorphic ANs suchas ANO9B017 and ANO5B035
also extensively interconnect this T1leg sensory area. ANO9B017 seems
to match fru-expressing vVAB3 neurons, which transmit contact phero-
mone signals from the front legs to P1 neurons in the brain®*.

In FANC, the top output partners of dimorphic DNs also seem to be
dimorphic themselves. ANXXX202 has dimorphic dendritic arbours
inthe abdominal ganglion; IN19B040 has differencesin morphology;
abdominal MNad22, which we could not link to any previous stud-
ies, is not obviously dimorphic in morphology but receives multiple
sex-specific inputs. Input partners to dimorphic ANs include three
notable dimorphic DNs: oviDNa, oviDNx and DNp13, as well as the
dimorphic ANXXX084 (see Fig. 6d for morphologies). Thus, signals
from these DNs that control ovipositor (egg-laying) circuits are rapidly
fed back to the brain via dimorphic ANs (ANXXX981-ANXXX983 and
ANXXX988; Extended Data Fig. 11); however, these ANs also receive
local sensory inputs on their VNC dendrites, whichmight be indicative
of actual execution of motor commands.

In summary, in the VNC male dimorphic DNs and ANs are heavily
connected with male-specific song circuits and sensory information
fromthe frontlegs, whereas female dimorphic DNs and ANs are particu-
larly focused on abdominal reproductive circuits. We next show how
we can use these combined connectome resources to study specific
circuitsin detail.

Dimorphic DNsin mating and egg laying

DNs frequently act as powerful command neurons; each sex-specific or
dimorphictype willbe anentry pointto circuits of biological interest,
sowe now briefly catalogue them (Fig. 7a). The oviposition-promoting
oviDNs are the best known female-specific DNs. These closely related
neurons share acommon cell body fibre tract and were previously
reported to consist of six neurons divided into two subtypes based
on genetic driver lines?. Combining these data with total EM recon-
struction of the oviDN tract, we have now defined six female oviDN
types (16 neurons) and one male type, pMP1, which s similar to female
oviDNXx (Fig. 7b,c). We identified five male-specific DN typesin the VNC.
pMP2 and pIP10 are known to control male song®?; the three newly
identified neurons target other VNC domains, including leg circuits
(Fig. 7d). In addition to the oviDNs, we identified one female-specific
DN, vpoDN (DNp37), which has previously been described as impor-
tant in female receptivity by controlling opening of the vaginal plate?”
(Fig.7e). Wealsoidentified 14 dimorphic DN types presentinboth sexes;
LM-level matches for 7 types (DNa08, aSP22, DNp13, pIP9, DNp48,
LH-DNI1 and LH-DN2), further support this finding and allowed iden-
tification across both VNC datasets and the female brain (Fig. 7f and
Supplementary File 14). Each DN has complex downstream circuits.
We selected two dimorphic cell types for detailed study across both
sexes: DNpl13and DNal2 (aSP22), which both regulate male and female
mating behaviours®®,

DNp13is highly dimorphicin morphology and connectivity, but the
male and female neurons are still clearly more similar than any other cell
typeineach connectome (Fig. 7f). Inboth sexes, their ultimate targets
are wing and abdominal MNs (Fig. 7g,h). However, different MNs are
targeted through different VNC interneurons in each sex, consistent
with different behavioural outputs. DNp13 (also known as pMN1°°8) in
females responds to courtship song and itsactivation drives ovipositor
extrusion; this tube-like organis used for egglaying butis proposed to
beasexual rejectionsignalin this context®. Unsurprisingly, abdominal
MNs are top targets of DNp13 in FANC (Fig. 7h). However, we also see
that DNp13 targets threeinterneuron types (denoted INO6Bfin Fig. 7h)
that output strongly tobland b2 wing MNs; we note that wing flicking
is another female rejection behaviour®, albeit not one that has been
linked to DNp13.

Turning to MANC, we see a strong DNp13 connection to the TN1a
interneuron, which promotes sine song>. We also find that there are
several strongly connected wing MNs directly downstream (Fig. 7g).
At present, there are no behavioural reports for DNp13 in males, but
thissuggests a potential role insong production or perhaps inagonis-
tic wing interactions between rival males®’. The only common down-
streamtarget of DNp13inmales and females is INI2A002 (2% threshold;
Fig.7g,h, black star, morphology shown inFig. 7i). INI2A002 has similar
morphology in both sexes, but different connectivity. The remaining
intrinsic neurontargets (greyin Fig. 7g-i), are present inboth datasets
but only connect to DNp13 in one sex.

DNal2 (aSP22) is not as dimorphic as DNp13 (Fig. 7f,j, k). Activation of
DNal2 elicits proboscis extension, spontaneous posture adjustments,
frontleg extension and abdomen movements in both sexes®. However,
the type of abdominal movement elicited by DNal2 differs between
males (abdominal bending, asin copulation) and females (abdominal
extension, perhaps related to oviposition movements). Consistent with
this, we see that DNal2 neurons share 8 out of 12 MANC and 8 out of 13
FANC downstream partners (threshold of >2% input). We strengthened
this observation by matching all 38 downstream partners of MANC
DNal2in FANC: only the male-specific types (TN1c, IN12A037,IN12A041
and INOSA0OO03) were missing.

DNal2 connectionstothe frontlegtibiaextensor MNs can be found
inboth MANC and FANC, and activation of DNal2 promotes foreleg
lifting in both sexes®; this should allow males to clasp females during
copulation, but the function in females is not clear. DNal2 connects
tothe sexually dimorphicANO8BO31in both sexes, but ANOSB0O31 has
distinct downstream partners: dimorphic cell types can therefore still
make monomorphic connections (Fig. 7j-1). We were unable to identify
LMimages of genetic driver lines for this AN, but still hypothesize that
it could coordinate proboscis extension and foreleg lifting in males,
both late-stage courtship actions. Although DNal2 has no reported
song phenotype, we observe a strong connection to the TNIc pulse
song neuron® (both direct and through dimorphic AN13B031; Fig. 7j,k).
Finally, we observe two noteworthy downstream partners of DNal2in
FANC:INO5B041and INXXX335. These target the abdominal ganglion
and might be responsible for the dimorphic abdomen extension in
females (Fig. 7k).

These two detailed examples show how we can combine genetic
driver lines and the published literature with male and female con-
nectomes to obtain mechanistic insights into sex-specific behav-
iour. We were able to link previously studied neurons into circuits,
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Two of the six types are uniquely identifiable but we cannot match themacross
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morphologies of previously LM-characterized male-specific DNs and new
potentially male-specific DNs. e, EM morphology of the female-specific DN
vpoDN (DNp37). f,EM morphologies of LM-characterized sexually dimorphic
DNsand new potentially sexually dimorphic DNs. g,h, Connectivity downstream
ofthe sexually dimorphic DNp13in MANC (g) and FANC (h). Thereis justone
downstream partner incommonbetween the two sexes, IN12A002 (marked

identify previously unstudied neurons with key circuit locations and
form new behavioural hypotheses about the function of known neu-
rons; for example, roles in song or wing movement for DNp13 and
DNal2.
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with anasterisk). All other partners are sex-specific (coloured black or red) or
dimorphicintheir connections (pink), or existin both datasets butare not
downstream of DNp13inthe other dataset (coloured grey). The female-specific
INXXX998is also adownstream target of vpoDN. Tergotr., Tergotrochanter;
Acc.tiflexor, accessory tibiaflexor.i, EM morphology of some of the top VNC
targets.j,k, Connectivity downstream of the sexually dimorphic DNal2 (aSP22)
inMANC (j) and FANC (k). There are eight downstream neurons in common.
Only T1leg MNs have been systematically identified between the two datasets,
soother FANCleg MNs are not shown. Asterisksindicate common downstream
partners of dimorphic DN pairs. Tr, Trochanter; Ti, Tibia; Fe, Femur; Ta, Tarsus.
1, EM morphology of some of the top VNC targets. The EM morphology from
female datasets (FAFB and FANC) isinblack; the male dataset (MANC) isinred.

Sex-specific ANs of the 08B hemilineage

The results in the previous section considerably expand our under-
standing of sexually dimorphic DNs. However, for ANs, the existing
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Fig. 8|Sexually dimorphic and sex-specific ANs. a, Proportion of ANs that
are potentially sex-specific or potentially sexually dimorphic by hemilineage,
somaneuromere and primary input neuropil. b,c, Morphology of ANs that

are potentially sex-specificin males (b, MANC neurons) and females (c, FANC
neurons) by hemilineage. FANC neuronsin c were assigned hemilineages and
somaneuromereif possible and given new type names. d,e, Input circuitin the
VNCto potentially sex-specific AN types of hemilineage 08B with somalocation

knowledge base is much lower. Previous work has shown that ANs sig-
nal information about behavioural states® (such as forward or back-
ward walking, turning and grooming) but only a handful of genetically
identifiable ANs have been reported™* %, The situation for sexually
dimorphic ANs is even sparser: the vast majority (64 out of 69 types)
are, toour knowledge, reported here for the first time (morphologies
shown in Extended Data Fig. 11).

We confirmed the soma location for all dimorphic ANs in FANC,
and compared neuron number across the two datasets (Fig. 8a and

inT1(blackboxinb,c).d, Male-specific ANs. e, Female-specific ANs. ANO8B074
is the previously described male-specific AN vPR1%, which as previously
hypothesized receives input from DNxn046 (pMP2). Morphology of AN types
underneath. Allinput neurons with more than 2% input onto the receiving

AN are shown. FANC neuronsinewere matched to MANC neurontypes by
morphology and connectivity and given the MANC names with an addition of
ffor female.

Supplementary File 15). Neurons in the adult nervous system are gen-
erated by genetically defined neuroblasts (stem cells), which make
packets of cells called hemilineages with tightly bundled cell body
fibres at stereotyped locations in the CNS*?, We found that hemiline-
age 08B contains the largest number of dimorphic ANs. There is also
a substantial number of dimorphic ANs in the abdominal ganglion
(associated with reproduction functions), but this is unfortunately
partially missing in FANC. We therefore focused on the 08B hemiline-
age, which contains both male- and female-specific ANs; these are the
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only sex-specific ANs that clearly innervate the mesothoracic triangle,
astrongly dimorphic VNC area that contains many neurons crucial for
male song production”*? (Fig. 8b,c).

There are seven types of male-specific 08B AN (Fig. 8d). Five of these
(including the one previously identified type, vPR1; ref. 51) form an
interconnected circuit with known song neurons such as the dimorphic
DNs pMP2 and pIP10, intrinsic neuron dPR1 and sexually dimorphic
AN19B007 (dMS9). The last two types (ANO8B020 and ANO8B059) also
have arbours in more ventral neuropils associated with the legs and
locomotion rather than song, and are therefore likely to be involved
in different male behaviours (Fig. 8d).

We also defined six types of female-specific 08B AN (Fig. 8e). They
share no upstream partners with the seven male-specific types, sug-
gesting considerable divergence in function. Consistent with this, one
type receives input from the sexually dimorphic fru-expressing pIP9
(DNp36)°.. Although the other upstream partners are all sex-shared,
they do not connect to any 08B ANs in males, confirming that there is
major rewiring at this circuit node.

We propose that male-specific 08B ANs provide feedback to the
brain during male song production, perhaps acting as a corollary dis-
charge®***to suppress auditory responses to self-generated song. The
female-specific 08B ANs might transmit sexually dimorphic infor-
mation (such as sexual receptivity and post-mating state) back to the
brain, apathway which either takes a different course or does not exist
in the male nervous system. Conceptually, these examples showcase
two distinct forms of dimorphic circuit logic: (1) sex-specific neurons
caninteract with one another to produce asex-specific behaviour; and
(2) circuit elements present in both sexes interact with sex-specific
neurons, thereby forming aneuronal ensemble that carries sex-specific
information.

Discussion

Through detailed reconstruction and annotation across three EM con-
nectome datasets, here we present acomplete set of neuronal classes
spanning the neck connective. We have categorized the neurons by
sensory modality (for DNs and SAs in FAFB-FlyWire) and neuropil
innervation across the brain and nerve cord, as well as tractand soma
location. We have established a platform for systematic neuron typ-
ing based on light-level and cross-dataset identification. Early access
to the proofread and annotated connectome data that we describe
has already enabled and assisted a range of work, including studies of
the circuit basis of locomotor behaviour and the organizational and
functional logic of DNs*3#33065-68,

This connectomic platformallows us toinfer the circuit basis of behav-
iours, including sexually dimorphic patterns, and formulate hypotheses
about numerous circuit components. Future studies of any part of the
CNS cannow link genetically defined neurons, physiological responses
or optogenetic manipulations to the connectome. Whereas earlier
studies oftenfocused onasingle neuropil of the brain (for example, the
antennallobe for odour processing or the mushroombody for learning
and memory), connectomics has already underlined that the sensori-
motor circuits underlying behaviours are complex and brain-spanning.
Arecent connectome-constrained neural network of the motion path-
ways in the optic lobe of Drosophila reliably predicted measurements
of neural activity from the connectivity of 64 cell types®’; thisapproach
relied on optimizing the neural output of the modelled systemto solve
abehavioural task. Our work should enable the modelling of key output
neurons of the brain, and also models spanning the entire CNS.

Despite the common challenge of small sample sizes in connectomics,
our study stands out in that it uses multiple datasets across individu-
als and sexes; previous work compared specific (isomorphic) circuits
in Drosophila larva’”', and recent work in adults has compared two
female brain connectomes’. By systematically comparing DNs, ANs
and SAs from both male (MANC) and female (FANC) VNC datasets, we
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categorized similarities and differences between the two sexes. This
represents the first—to our knowledge—comprehensive comparison
of Drosophilaneuronal morphology and connectivity between sexes at
EM resolution. We have identified all previously published dimorphic
DNs and describe the circuits of DNal2 and DNp13 in both datasets.
Moreover, we excluded and annotated differences that seem to be bio-
logical variation between individuals (including rare cases of missing
neurons) or reconstruction state in one dataset. We enumerate potential
sex-specific or sexually dimorphic DNsand ANs, with a specific focus on
circuits of sex-specific ANs from the 08B hemilineage, whichis associ-
ated with male song during courtship. This lays the groundwork for
understanding circuits for sex-related behaviours allthe way from the
sensory periphery, through higher brain processing to motor output.

Acquiringlarge EM volumes remains extremely challenging, and each
dataset had some quality issues. Forexample, thereis alocalized trunca-
tion of part of the dorsalabdominal ganglionin the FANC dataset. There
arealso afew casesin which cell bodies are missing from the surface of
the VNG; in such cases, we could not at first be certain whether a par-
ticular cellwasan AN or aSA, but this could be resolved by comparison
across datasets. Neurotransmitter predictions, although available in
two of the three datasets, lack neuropeptide predictions and receptor
expression data, animportant gap given that neurotransmitters such as
glutamate canbe excitatory or inhibitory. Matching cell types bilaterally
within datasets and especially across datasets still requires time and
skill (even when augmented by LM images from genetic driver lines).
However, by making deductions using the full range of annotations,
leveragingbilateral consistency within each dataset and using powerful
across-dataset connectivity clustering strategies, almost all cases could
beresolved. Thisunderscores theimportance of richand comprehensive
connectome annotation to guarantee their quality and comparability.
Nevertheless, the lack of comprehensive light-level descriptions and
geneticdriver linelibraries for ANs remains a challenge in linking brain
and VNC connectomes. Forthcoming Drosophila full CNS datasets” will
addressthese gaps, building on the foundations established inthis study.
Indeed, the Neuroglancer scenes with our neurons from this work are
already transformed into the virtual CNS space of the male CNS dataset™.

Inthe future, new datasets, including larger mammalian connecto-
mes, willbeacquired from different specimens, in different conditions
and by different research groups. Identifying and matching types across
EM datasets, taking into account biological variation and technical
issues such as neuronal truncation, will be an essential part of using
these datasets. Our work in Drosophila provides strategies to extract
notable differences fromjust two or three datasets, including rigorous
definitions for sexual dimorphism that will enable future comparisons
of connectomes. Finally, establishing general principles of sensorimo-
tor coordination from synaptic-resolution wiring diagrams in the fly will
benefit researchers studying locomotor and premotor circuits across
species. Whether insect and vertebrate nerve cords evolved indepen-
dently or share acommon ancestor, as suggested by the concept of
dorsoventral axis inversion’®, examining similarities and differences
inspinal cord and VNC organization should provide valuable insights.
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Methods

Neck connective proofreading and annotation

We defined aperpendicular plane through the neck connective poste-
rior to the cervical nerve for the two VNC datasets (MANC and FANC),
and anterior to the cervical nerve for the FAFB dataset. Supplementary
Filesland2include the FANC_seed_plane and FAFB_seed_plane, which
list all profiles with their xyz coordinatesin this plane, IDs and the neu-
ronal class. Every neuronal profile passing through these planesin FANC
or FAFB was individually reviewed, reconstructed and annotated by
manual proofreading of the corresponding automated segmentations.
We reviewed 3,874 profiles (which received a total of 117,450 edits) in
FANC, and 3,693 profiles (which received 131,207 edits) in FAFB. Both
datasets provide open community-based proofreading platforms (see
https://flywire.ai/ and https://github.com/htem/FANC_auto_recon/
wiki), and some of these edits were due to general proofreadingineach
volume, but most were from our comprehensive proofreading of neck
connective neurons. The first passreview of the MANC neck connective
was performed in mid-2021; for FAFB thefirst review periods were late
2020-early 2021 and againinmid-2022. After the initial review of ANs
and SAs in the VNC datasets, neurons were assigned a putative soma
side programmatically, directly or indirectly througha MANC mirror-
ingregistration®’. Neurons were mirrored based on their somaside or
their neck plane side and NBLAST clustered™. This analysis allowed
for aninitial grouping of left-right homologous sets and enabled the
identification of neurons with different morphologies on each side of
the nervous system, triggering further proofreading (because these
differences usually resulted from residual segmentation errors). The
combination of comprehensive proofreading of the whole dataset
followed by within-dataset matching and focused proofreading was
essential to ensure high-quality connectome data and annotation. Most
DNsand ANs have a unique morphology and were grouped into pairs;
otherwise, neurons were combined into larger groups containing more
than one neuron per side. This was the case especially for SA neurons
in FAFB. A similar approach has recently been described for MANC?.
Note that proofreading across the FAFB-FlyWire dataset was reported
in aggregate? and that a first version of the neck connective annota-
tions was released as part of the brainwide FlyWire annotations paper>.

LM identification

DNs were identified by overlaying the EM-reconstructed DNs with
images of Gal4 lines, mainly from the Namiki collection®** andJanelia’s
Gal4 and Split-Gal4 collections”™”’, or with the NeuronBridge tool**”
for MANC DNs. To compare the reconstructions and LM imagesin the
same space, the latter were segmented and transformed into MANC
space as described previously?? or into FAFB space. The full list of DN
types withthe identifier for the LM image (slide_code) and for the type
(VFB_ID) canbe found in Supplementary File 4. A small list of ANs was
alsomatched to LM in FAFBand MANC because these ANs were of par-
ticular interest for the circuit described in Fig. 3 (see Supplementary
File12). We did not match ANs to LM images systematically, owingtoa
lack of a catalogue describing these neurons (as is available for DNs®).
SA neurons were divided into subclasses by comparing them to LM
images of Janelia’s Gal4 and Split-Gal4 datasets using the NeuronBridge
tool*”® for MANC and then manually matching their axonal continu-
ations into the brain to FAFB neuron reconstructions. Extended Data
Fig. 2 shows the LM image of the genetic driver line that SA neurons
were matched to, as well as the assigned long_tract and entry_nerve
that were used to give SA neurons a subclass name, aiding their iden-
tification (see also Supplementary File 3).

The process of matching to LM images is not exhaustive (in part
because LMimages and geneticdriver lines are not yet available for all
neurons), and we ask the Drosophila community to contact the authors
with missing identifications which can be reviewed and integrated
into this resource.

Matching of neurons across VNC datasets

FANC DNs and ANs were transformed into MANC space using the trans-
form_fanc2manc function fromthe fancr R package (https://github.com/
flyconnectome/fancr). Thisis aone-step thinplatespline transformbased
on 2,110 landmark pairs fitted to a complex transformation sequence
mapping FANC to the JRCVNC2018F template® and JRCVNC2018F to
MANC, A combination of NBLAST”, and connectivity analysis was used
toidentify candidate morphological matches. These were assessed man-
ually and assigned MANC names if the match was of high confidence (con-
fidencesranged from1to 5, highis >3; Supplementary Files 6,7 and 11).
In addition, all ANs that were not matched with high confidence were
assigned hemilineage and somalocationin FANC and were compared by
twoindependent annotators within each hemilineage after athorough
review of the non-matching ANs to exclude reconstruction problems as
acause.ANswere first matched between FANC and MANC as individual
neurons. We then reviewed these MANC-FANC matches to ensure that
theyrespected the groups of neurons previously definedin MANC, thus
providing an additional layer of validation. Cosine similarity as well as
theidentity of strong upstream and downstream synapses partners was
used to help resolve ambiguous cases.

Tractidentification
VNC longitudinal tracts for MANC ANs, MANC SAs and FANC DNs were
identified as previously described®. In brief, neurons were simplified
totheir longest neurite starting from the VNC entry point at the neck,
and subsequently NBLAST clustered™. The clusters were manually
assigned a tract by overlaying with tract meshes made for MANC?,
Analysis of AN tracts revealed that one cluster did not match any of
the previously published DN tracts. This new tract was given the name
AN-specific dorsal medial tract (ADM) in accordance with the tract
naming of a previous report’®.

Neuropil identification

Primary brain neuropils were assigned in the FAFB dataset using the
per-neuron neuropil counts of presynapses for ANs and postsynapses
for DNs in the 783 FAFB version (available for download at https://
codex.flywire.ai/api/download). A single brain neuropil was assigned
if 80% of all synapses were within that neuropil, and two neuropils
were assigned as a name (primaryneuropil_secondaryneuropil) if com-
bined they reached the 80% threshold and each contained at least 5%.
We assigned 367 DNs and 282 ANs as innervating multiple neuropils
(‘multi’) as they collected input or gave significant output (more than
20%) to more than two neuropils, respectively.

Primary VNC neuropils were assigned to all DNs and ANsinthe MANC
and FANC datasets as previously performed for MANC DNs?2, For MANC
AN synapses, we used the neuPrint synapse ROl information of the
manc:v1.2. For FANC AN and DN synapses, we retrieved the synapses
allocated to AN and DN IDs from the synapse parquet file, retrievable
through FANC CAVE and available from the FANC community upon
request (provided by S. Gerhard).

Asingle neuropil abbreviationwas giventoa DN or AN if they inner-
vated a VNC neuropil with more than 80% of their pre- or postsynapses.
The two-letter abbreviations nt, wt, hl, it, It, f, ml, hl, mv, ovand ad cor-
respondto NTct, WTct, HTct, IntTct, LTct, LegNpT1, LegNpT2, LegNpT3,
mVAC, Ovand ANm, respectively. Inaddition, DNsand ANs thatinner-
vated a combination of upper tectulum (ut) or leg neuropils (xI) with
more than 80% of their pre- or postsynapses were given those abbrevia-
tions accordingly. Any neuron that did not fall into one of those two
categories was grouped as xn, standing for multiple neuropils. ANs that
contained only asomaand somatractinthe VNC were excluded from
this neuropil analysis and referred to as XA, as previously described®.

If the neuropil names were inconsistent within a group or pair of
neurons, we calculated the mean of the pre- or postsynapses to deter-
mine the assignment.
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Information flow ranking

Theinformation flow ranking previously reported?for FlyWire was sub-
setted for DNsand averaged by DN type. The information flow analysis
is based on an algorithm implemented in a previous study*’ (https://
github.com/navis-org/navis). A low rank indicates a more direct con-
nection from sensory inputs to that DN type.

Sexually dimorphic and sex-specific neurons

DNs previously described as sex-specific, such as the female-specific
oviDNs and male-specific pIP10, were matched to the available
light-level data and are referred to as sex-specific throughout the paper.
Other DNs and ANs that we could not match between the VNC datasets
(between female and male) and that could not be matched to light-level
data, but were well reconstructed and had a left-right partner, were
considered to be potentially female- or male-specific, and are also
referred to in the text and figures as sex-specific.

DNs such as DNaO8, that exist in both sexes but are known to be
dimorphicin morphology, were matched to light-level data and are
referred to as sexually dimorphic (sex. dimorphic in the figures).
Other DNs and ANs that we could confidently match across the two
VNC datasets but that were dimorphicin morphology are alsoreferred
to as sexually dimorphic (sex. dimorphicin the figures). The following
neurons were not considered even though they show morphological
differences: (1) neurons presumed to be neuropeptidergic, because
large morphological differences in neuronal arbour are common even
between the left and the right side of the same individual®; (2) ascend-
ing histaminergic neurons (AHNs), which have been shown to have a
differenceinmorphology that is not related to the sex of the animal®’;
and (3) neurons thatinnervate the abdominal ganglion, because there
are problemsinthe FANC dataset that make itimpossible to distinguish
betweenadifferenceinreconstructionstate and potential dimorphism
(noted asreconstructionissuesin the Supplementary files). Differences
in the number of ANs or DNs of a type were not considered as dimor-
phisminthis paper, because they occurred in neurons that we consider
populations and whose numbers differed across the two sides of one
individual. A difference innumberis notedin the Supplementary files as
biological variation, amatch thatis not ascending or ageneral matching
problem, if one side was not found (Supplementary Files 14 and 15).

Synapse density plots

To calculate the synapse density of sexually dimorphic and sex-specific
neurons in the VNC, we collected all synapses of the identified neu-
rons in each dataset (FAFB: cleft score > 50 applied). We then tiled
the space that their synapses occupy into roughly isotropic voxels
of 5-um size and counted the synapses in each voxel. Synapses were
then colour-coded by density and plotted in three-dimensional space.

FANC neurontypes

AIlFANC neurons that can be matched to MANC neurons are referred
to by their MANC name, with an additional ‘f” denoting female, when
presented in comparative graphs or connectivity plots. AllFANC neu-
rons identified are listed in Supplementary Files 6,9,10 and 13.

FANC ANs and DNs that were not previously identified in LM and
that could not be matched between datasets were assigned new type
names. For ANs and DNs, the type names were givenin accordance with
the previously established systematic type names (DN-target neuropil
abbreviation number or AN-hemilineage abbreviation number). To
distinguish from the previous type names in MANC, the numbering
starts at 999 and goes down.

Connectivity

For connectivity graphs, we used a threshold of weight > 10 and per
cent output > 0.5% for the initial retrieval of partners of the neurons
of interest. In the following step we added all MNs, SNs or SAs that

connected to those withaweight > 5to adjust for known reconstruction
problemsin these neurons and for the fact that sensory neurons tend
to make fewer synapses with their partners individually and connect
as a population of the same sensory origin (reflected by their type).
Onceallneurons of interest had been defined, we took an all-by-all con-
nectivity adjacency matrix, in which all values were converted to input
per cent to the receiving neuron, averaged by type (unless otherwise
indicated). Thegraphs showninthe figures note the additional per cent
thresholds that were chosen for the nodes plotted in each graph. The
Pearson correlation coefficient was calculated in Fig. 5a,b for synapse
numbers left and right in FANC and MANC with the implementations
inthe cor() function of the stats R package.

The FlyWire and FANC datasets were both acquired by serial sec-
tiontransmission EM with voxel sizes of approximately 4 x 4 x 40 nm;
synapse detection was done using the ‘synful’ software package®*®'. By
contrast, the MANC dataset was imaged by focused ion beam-scanning
EM, giving isotropic voxels of (8 nm)?, and synapse prediction was done
using the methods of the hemibrain dataset®. There is a larger total
number ofidentified synapses in the MANC' dataset than in the FANC*
one (75 million versus 45 million). We also observe lower numbers of
downstream partners across the DN population (1.245:1 MANC:FANC
ratio), and specifically in the case of DNa02 (40,418 versus 23,836 syn-
apses). We suspect that these differences are mostly of technical origin.

In addition, we see a difference in synapse numbers across the two
sides of the FANC dataset, which might be a sample preparationissue
orabiological variation, because itis also reflected in neuron morphol-
ogy and across awide range of right-side neurons compared with their
partners on the left side of the same dataset.

Neuroglancer resource

To help compare the neurons described in our work, we created aNeu-
roglancer environment® that displays meshes for all three datasetsin
acommonspace. Thisenvironment canbe openedinany modern web
browser (we use Google Chrome) by following the short URL https://
tinyurl.com/NeckConnective.

We opted to use the Janelia FlyEM male CNS dataset as a single ana-
tomically consistent target space for display on the basis of resources
froma previous study’. FAFB-FlyWire neurons were transformed into
the space of the male CNS brain using rigid and non-rigid consecutive
registrations’>%*, Meshes for MANC neurons are those released previ-
ously’; we then use Neuroglancer to apply an affine registration ‘on the
fly’ to place them within the space of the VNC of the male CNS volume.
We applied non-rigid transformations (fancr::transform_fanc2manc
function described above) to put FANC neurons into MANC space,
and then used the same MANC-to-male-CNS affine registration within
Neuroglancer to complete the transformation into male CNS space.
Metadata annotations are provided for the three datasets using the
format Type_Side_Class format. At present, only the optic lobe portion
of'the male CNS EM volume has been released, but having all the data
transformed into male CNS space means that this Neuroglancer scene
can be modified with minimal effort to display the full male dataset
whenitbecomesavailable.

Reporting summary
Furtherinformation onresearch designisavailable in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The datasets used in this work are described in previous studies
which are cited at appropriate locations throughout our manuscript.
The primary data from this work have been contributed to three data-
set sources. Codex is available at https://codex.flywire.ai/; neuPrint
is available at https://neuprint.janelia.org/; and the FANC dataset
isavailable by joining the FANC community (instructions can be found
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at https://github.com/htem/FANC_auto_recon/wiki#collaborative-
community). For ease of access, we also provide spatially integrated
versions of the datasets, as well asaccess to the specific annotationsin
this paper. We provide aNeuroglancer scene, preconfigured for display
and query of our annotations across all three datasets: https://tinyurl.
com/NeckConnective. Inthis space, FANC neurons can be co-visualized
with MANC neurons. We also provide a GitHub repository from which
the annotations can be downloaded: https://github.com/flyconnect
ome/2023neckconnective. This GitHub repository includes neuron
annotations; other metadata as provided in the supplementary files;
aguide onhow to use the Neuroglancer scenes; and example code and
information on how to access the different datasets.

Code availability

Analyses were performed using open-source packages with the R nat-
verse®* infrastructure. The fafbseg, malevnc and fancr R packages have
extensive functionality for working with FlyWire, MANC or FANC data,
including querying annotations, fetching connectivity and working
withthe segmentation. As an entry point, we recommend the coconatfly
R package, which has auniforminterface for analysis across datasets.
The key software packages are navis (https://github.com/navis-org/
navis) v.1.5.0, stats (https://www.r-project.org/) v.4.2.3, fafbseg-py
(https://github.com/navis-org/fafbseg-py) v.3.0.5, flybrains (https://
github.com/navis-org/navis-flybrains) v.0.2.9, skeletor (https://github.
com/navis-org/skeletor) v.1.2.3, fafbseg (https://github.com/natverse/
fafbseg) v.0.14.0, coconatfly (https://github.com/natverse/coconatfly)
v.0.2.0, malevnc (https://github.com/natverse/malevnc) v.0.3.0 and
fancr (https://github.com/flyconnectome/fancr) v.0.4.0. Example
code specifically for the data used in this manuscript is provided in
the accompanying GitHub repository (https://github.com/flyconne
ctome/2023neckconnective). This includes neuron annotations and
other metadata collected in this manuscript.
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tothemthe LMimages thatallowed agroupinginto sensory subclasses.
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Canonical DNs from Namiki et al., 2018

Extended DataFig.7 | DN matchingto geneticdriverlines. Morphology of
identified DNsacrossall three datasets withnomenclature as describedina
previousstudy®. Two DN types could notbe identified (DNdO1, DNg25) in any of
thethree EM datasets and one DN type (DNg28) is only identifiablein the brain.
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See Supplementary File 4 for slide codes and for DN synonyms from the literature.
Inblack the morphology of DNs from the female datasets (FAFB, FANC) inred
from the male dataset (MANC). This figureis also provided in high resolution
and DNs canbeviewed in 3D at https://tinyurl.com/NeckConnective.
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Randomization | With only 3 datasets at hand randomization is not possible.

Blinding With only 3 datasets blinding is not possible.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms

Clinical data
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Plants

Plants

Seed stocks Does not apply.

Novel plant genotypes  Does not apply.

Authentication Does not apply.
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