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Abstract

The sense of smell enables animals to react to long-distance cues according to learned and innate valences. Here, we have mapped

with electron microscopy the complete wiring diagram of the Drosophila larval antennal lobe, an olfactory neuropil similar to the

vertebrate olfactory bulb. We found a canonical circuit with uniglomerular projection neurons (uPNs) relaying gain-controlled

ORN activity to the mushroom body and the lateral horn. A second, parallel circuit with multiglomerular projection neurons

(mPNs) and hierarchically connected local neurons (LNs) selectively integrates multiple ORN signals already at the first synapse.

LN-LN synaptic connections putatively implement a bistable gain control mechanism that either computes odor saliency through

panglomerular inhibition, or allows some glomeruli to respond to faint aversive odors in the presence of strong appetitive odors.

This complete wiring diagram will support experimental and theoretical studies towards bridging the gap between circuits and

behavior.

Introduction

An animal uses its sense of smell to navigate odor gradients,
and to detect the threat or reward associated with an odor. In
the nervous system, odorants are detected by olfactory receptor
neurons (ORNs) whose axons organize centrally into glomeruli
by olfactory receptor type [1, 2]. Uni- and multi-glomerular
projection neurons (PNs) relay olfactory inputs to higher-order
brain areas [3]4]. Common between mammals and insects [5}[6],
PNs target two major brain centers, one associated with learn-
ing and memory (such as the mushroom bodies (MB) in insects),
and another that mediates some innate behaviors (such as the
lateral horn (LH) in insects) [3][7H9]]. Local neurons (LNs) medi-

ate communication between glomeruli, implementing compu-

tations such as gain control [10]. While the connectivity of a few
glomeruli has been recently partially reconstructed in the adult
fly [11], the complete number and morphology of cell types and
the circuit structure with synaptic resolution is not known for
any glomerular olfactory system.

In the Drosophila larva, we find a similarly organized
glomerular olfactory system of minimal numerical complexity
(Figure la). In this tractable system, each glomerulus is de-
fined by a single, uniquely identifiable ORN [12, [13], and al-
most all neurons throughout the nervous system are expected
to be uniquely identifiable and stereotyped [14H17]. Some of the
olfactory LNs and PNs have already been identified [13}[18,[19].
This minimal glomerular olfactory system exhibits the general
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Figure 1: Overview of the wiring
diagram of the glomerular olfac-
tory system of the larval Drosophila.
A Schematic of the olfactory sys-
tem of the larval Drosophila with EM-
reconstructed skeletons overlaid. The
ORN cell bodies are housed in the
dorsal organ ganglion, extend den-
drites into the dome of the dorsal or-
gan, and emit axons to the brain via
the antennal nerve. Like in all in-
sects, neuron cell bodies (circles) re-
side in the outer layer of the nervous
system (grey), and project their arbors
into the neuropil (white) where they
form synapses. Also shown are the
major classes of local neurons (Broad
LNs, Picky LNs and Keystone) and the
2 classes of projection neurons (uPNs
and mPNs). The arbors of the Broad
LNs (black) specifically innervate the
AL. LNs and mPN dendrites can
extend into the subesophageal zone
(SEZ), innervated by sensory neurons
of other modalities. uPNs project to
specific brain areas (mushroom body
calyx and lateral horn; LH), and mPNs
mostly project to other nearby brain
areas. B The larva presents 21 unique
olfactory glomeruli, each defined by a
single ORN expressing a single or a
unique pair of olfactory receptors. We
reconstructed each ORN with a skele-
ton and annotated its synapses, here
colored like the skeleton to better illus-
trate each glomerulus. See suppl. fig.
1 for individual renderings that aided
in the identification of each unique
ORN. C Summary connectivity table
for the right antennal lobe with all
major neuron classes (4 neuromodula-
tory neurons and the descending neu-
ron from the brain were omitted), in-
dicating the percent of postsynaptic
sites of a column neuron contributed
by a row neuron. For most neurons,
the vast majority of their inputs orig-
inates in other neurons within the an-
tennal lobe. In parentheses, the num-
ber of neurons that belong to each cell
type. We show only connections with
at least two synapses, consistently
found among homologous identified
neurons in both the left and right an-
tennal lobes. Percentages between 0
and 0.5 are rounded down to 0. (Con-
tinues into the next page.)
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Figure 1: (Continued.) D Schematic of the innervation patterns of the main classes of LNs and PNs in the antennal lobe. White ovals represent
the glomeruli. Solid circles are cell bodies. Shaded areas with dotted outlines represent the extent of the PN dendritic arbors, with each uPN
(green) innervating one glomerulus and each mPN (blue) innervating multiple glomeruli. Their axons (arrows) project to the brain. Broad LNs
(black) are axonless and present panglomerular arbors. Picky LN (orange) dendrites span multiple glomeruli and their axons (arrow; not shown)
target a different yet overlapping set of glomeruli as well as regions outside the olfactory system. Choosy LNs are similar to the Picky LNs but
their axons remain within the antennal lobe. E A simplified wiring diagram of the larval olfactory system with only the main connections. ORNs
are excitatory. All shown LNs are inhibitory. Broad LNs reciprocally connect to all glomeruli and each other and thus engage in presynaptic
inhibition (on ORNSs) and postsynaptic inhibition (on uPNs). Picky LNs form a hierarchical circuit and selectively synapse onto mPNs. Another
LN, Keystone, receives inputs from ORNSs, one Picky LN and non-ORN sensory neurons, and can potentially alter the operational mode of the

entire olfactory system by altering the pattern of inhibition (see text).

capabilities of the more numerically complex systems. For ex-
ample, as in other organisms [20, 21] and in the adult fly [22:24],
the output of the uniglomerular PNs tracks the ORN response
[25], which represents both the first derivative of the odorant
concentration and the time course of the odorant concentration
itself [26]. Like in the adult fly [10] and zebrafish [27], gain con-
trol permits the larval olfactory system to operate over a wide
range of odorant concentrations [25]. The olfactory behaviors
exhibited by the larva have been well studied (mostly in 2nd
and 3rd instar larvae), in particular chemotaxis [26), 28433], as
well as the odor tuning and physiological responses of ORNs
[12 25, 34H37]. Additionally the larva presents odor associa-
tive learning [38]. Obtaining the wiring diagram of all neurons
synaptically connected to the ORNs would enable the formula-
tion of system-level hypotheses of olfactory circuit function to
explain the observed behavioral and functional properties. The
reduced numerical complexity and dimensions of the larval ol-
factory system, the similarity of its organization and capabilities
to other organisms, and the tractability of the larva as a trans-
parent genetic model organism, make it an ideal model system
in which to study the complete circuit architecture of a glomeru-
larly organized olfactory processing center.

We reconstructed from electron microscopy all synap-
tic partners of the 21 ORNs for both the left and right an-
tennal lobes of a first instar larva (Figure 1b; Figure 1-figure
supplement 1 and 2). Per side, we found 21 uniglomerular
PNs (uPNs; one per glomerulus), 14 LNs, 14 multiglomeru-
lar PNs (mPNs), 4 neuromodulatory neurons, 6 subesophageal
zone (SEZ) interneurons and 1 descending neuron (Figure 1c,
d). These identified neurons present stereotyped connectivity
when comparing the left and right antennal lobes. The lack
of undifferentiated neurons in the 1st instar antennal lobe, and
comparisons with light-microscopy images of other instars sug-
gests that the 1st instar antennal lobe contains all the neurons
present throughout larval life. Here, we analyze this complete
wiring diagram on the basis of the known function of circuit
motifs in the adult fly and other organisms and known physio-

logical properties and behavioral roles of identified larval neu-
rons. We found two distinct circuit architectures structured
around the two types of PNs: a uniglomerular system where
each glomerulus participates in a repeated, canonical circuit,
centered on its uPN [39]; and a multiglomerular system where
all glomeruli are embedded in structured, hetereogeneous cir-
cuits read out by mPNs (Figure 1e; [19]). We also found that the
inhibitory LNs structure a circuit that putatively implements
a bistable inhibitory system. One state could compute odor
saliency through panglomerular lateral inhibition, that is, by
suppressing the less active glomeruli in favor of the more ac-
tive ones. The other may enable select glomeruli, specialized
for aversive odors, to respond to faint stimuli in a background
of high, appetitive odor stimuli. We discuss the role of these two
possible operational states and how neuromodulatory neurons
and brain feedback neurons participate in the interglomerular
circuits.

Results

Neurons of the olfactory system of Drosophila larva

We mapped the wiring diagram of the first olfactory neuropil
of the larva by reconstructing the left and right ORNs and all
their synaptic partners. We used a complete volume of the cen-
tral nervous system (CNS) of a first instar larva, imaged with
serial section electron microscopy ([17]; see methods for online
image data availability; Figure 1-figure supplement 1). We re-
constructed 160 neuronal arbors using the software CATMAID
[40, 41]. All together, the 160 neurons add up to a total of 38,684
postsynaptic sites and 55 millimeters of cable, requiring about
600,000 mouse clicks over 736 hours of reconstruction and 431
hours of proofreading. Only 136 of 14,346 (0.9%) postsynaptic
sites of ORNSs remained as small arbor fragments (comprising
a total of 0.25 millimeters of cable, or 0.5% of the total recon-
structed) that could not be assigned to any neuron.
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Figure 2: Percentage of synapses of LNs from/onto specific cell types. The entry for each neuron presents two bars, for the left and right ho-
mologs. Top row, Broad LNs and Keystone. T: Trio, D: Duet. Left, differences between the Trio and Duet subtypes are evident in the fraction of
inputs that originates in ORNs, uPNs and Keystone. The Duet subtype presents a far larger fraction of its inputs from ORNs, and barely receives
any inputs from Keystone. By its pattern of inputs, Keystone resembles a Broad LN Trio neuron, except for the large fraction of non-ORN inputs
and the inputs from Picky LNs (specifically from Picky LN 0). Right, note how the Trio subtype devote about 25% of their synapses to each
other, whereas the Duet subtype preferrentially targets uPNs, providing postsynaptic inhibition to the glomeruli (both lateral and feedforward
inhibition). Keystone differs from the Broad LNs in that it targets uPNs much more weakly, preferring instead the Broad LN Trio and a variety
of other neurons. Bottom row, Picky LNs, Choosy LNs and Ventral LN. Left, the fraction of inputs from ORNs stands out as a large difference
among Picky LNs, with Picky LN 3 and 4 receiving substantially fewer, similarly to Choosy LNs. The fraction of inputs received from other Picky
LNs (green) is among the most distinguishing feature of Picky LN 0, which receives close to none. Right, in contrast to the similar patterns of
inputs onto all Picky LNs, Picky LN 0 stands out as very different from other Picky LNs in its choice of downstream synaptic partners, spreading
approximately evenly between ORNs, uPNs, mPNs, other Picky LNs and Keystone. Choosy LNs strongly prefer uPNs, being therefore strong
providers of postsynaptic inhibition to glomeruli. Notice that Picky LNs, Choosy LNs and Ventral LN have a larger fraction of synapses to/from
“others”, with their arbors spreading towards adjacent sensory neuropils in the SEZ.
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We sorted the 160 reconstructed neurons into 78 pairs
of bilaterally homologous neurons and 4 ventral unpaired me-
dial (VUM) neurons (2 are mPNs and 2 are octopaminergic
“tdc” neurons; [42]). These 78 pairs we further subdivided into
21 pairs of ORNs, 21 pairs of uPNs, 13 pairs of mPNs (plus 2 ad-
ditional VUM mPNs), 14 pairs of LNs, 6 pairs of neurons pro-
jecting to the SEZ (“SEZ neurons”), 1 pair of descending neu-
rons from the brain, 1 pair of serotonergic neurons (CSD; [43]),
and 1 pair of octopaminergic non-VUM neurons (“1AL-17; [42]).

The 14 pairs of LNs originate in 5 different lineages
(Figure 1-figure supplement 3). We assigned the same name to
neurons of the same lineage, and numbered each when there
is more than one per lineage. LNs connect to other neuron
classes stereotypically in the two antennal lobes (Figure 2). We
selected names reminiscent of either their circuit role or anatom-
ical feature, including “Broad” to refer to panglomerular arbors;
“Picky” and “Choosy” for LNs of two different lineages (and
different neurotransmitter; see below) with arbors innervating
select subsets of glomeruli; “Keystone” for a single pair that me-
diate interactions between LNs of different circuits; and “Ven-
tral LN” for a single pair of LNs with ventral cell bodies. We
also determined the neurotransmitters of LNs that were previ-
ously unknown (Figure 2-figure supplement 1). We introduce
the properties of each LN type below with the olfactory circuits
that they participate in.

The uniglomerular system

In vertebrates and most arthropods, olfactory glomeruli are de-
fined by a group of same-receptor ORNs converging onto a set
of glomerular-specific PNs (mitral and tufted cells in the mouse
and zebrafish olfactory bulb) [1} 3 [44H46]. In Drosophila larva,
this system is reduced to a single ORN and a single uPN per
glomerulus [13} 139 47]. With one exception (35a, which has
2 bilateral uPNs), our EM-reconstructed wiring diagram is in
complete agreement with these findings (Figure 1b, 3a). Most of
the larval uPNs project to both the MB and the LH (Figure 3a),
like in the adult fly [3]148].

Circuits for interglomerular inhibition

In insects (adult fly, bee, locust) and in vertebrates, the excita-
tion of glomeruli is under control of inhibitory LNs that medi-
ate functions such as gain control, which define an expanded
dynamic range of uPN responses to odors [10, 27, 51H53]. We
found that most non-sensory inputs to the larval uPNs (Figure

1c) are from a set of 5 panglomerular, axonless, and GABAer-
gic [18] neurons that we named Broad LNs (Figure 3b, c; Fig-
ure 3-figure supplement 1). These 5 Broad LN also account for
most inputs onto the ORN axons (fig. 1c), therefore being prime
candidates for mediating both intra- and interglomerular presy-
naptic inhibition (onto ORNs) as observed in the adult fly with
morphologically equivalent cells [10, 53H55], and in the larva
[25].

We divided the 5 Broad LNs into two classes, Trio and
Duet, based on the number of neurons of each type (Figure 3b).
While both types provide panglomerular presynaptic inhibition
(onto ORN axons), the Duet makes far more synapses onto the
dendrites of the uPNs. This may indicate a far stronger role for
the Broad LN Duet in postsynaptic inhibition (onto uPN den-
drites; Figure 3d). In the adult fly, presynaptic inhibition imple-
ments gain control [10], and postsynaptic inhibition plays a role
in uPNs responding to the change in ORN activity [24,56]. The
two types of glomerular inhibition are provided by two separate
cell types, and may therefore be modulated independently. For
example, the uPNs emit dendritic outputs that primarily tar-
get the Broad LN Trio (Figure 3d), indicating that the output of
the glomerulus contributes more to presynaptic than to postsy-
naptic inhibition. Similar excitatory synapses from uPNs to in-
hibitory LNs have been shown in vertebrates [57], and synapses
from PNs to LNs and vice versa have been described in the adult
fly [11].

Beyond their role in pre- and postsynaptic inhibition
of ORNs and uPNs respectively, the Broad LNs synapse onto all
neurons of the system, including other LNs and mPNs (Figure
1c, Figure 2). Therefore Broad LNs may be defining a specific
dynamic range for the entire antennal lobe, enabling the system
to remain responsive to changes in odorant intensities within
a wide range. Importantly, Broad LNs also synapse onto each
other (Figure 3c, e) like in the adult [11} 58]. Furthermore, the
two types of Broad LNs have a different ratio of excitation and
inhibition, originating in the preference of Trio to synapse far
more often onto each other than onto Duet (Figure 3e, Figure 2).
This suggests that the two types not only have different circuit
roles but also have different properties.

Another GABAergic cell type, that we call the Choosy
LNs (two neurons; Figure 1c, 3c, Figure 1-figure supplement
3), contributes exclusively to postsynaptic inhibition for most
glomeruli. Unlike the Broad LNs, Choosy LNs have a clear axon
innervating most glomeruli, while their dendrites collect inputs
from only a small subset of glomeruli (Figure 3c; Figure 1-figure
supplement 3; Figure 3-figure supplement 1). Therefore some
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Figure 3: The uniglomerular circuit consists of
21 glomerular-specific projection neurons, which
interact primarily with their corresponding ORN
and with the 5 panglomerular LNs (Broad LNs),
each an identified neuron. A Posterior view of the
EM-reconstructed uPNs of the right antennal lobe.
The dendrites of each uPN delineate the glomerular
boundaries, and the axons project to both the mush-
room body (required for learning and memory; [49])
and the lateral horn (implicated in innate behaviors;
[50]). 19 uPNs are likely generated by the same neu-
roblast lineage BAmv3 (although the uPNs for
42a,74a, and 67b are slightly separated from the rest),
and the other two (the uPNs for 33a and 35a) clearly
derive from two other neuroblasts. Notice that the
35a uPN is bilateral, ascends through a different tract,
and receives additional inputs outside of the anten-
nal lobe. The 33a uPN does not synapse within the
calyx and the 82a uPN does not continue to the lat-
eral horn. The left antennal lobe (not shown) is a
mirror image of the right one. B Dorsal view of the
EM-reconstructed, axonless Broad LNs (Duet in or-
ange; Trio in blue) shown together and individually.
All neurons are on the same lineage: BAlc [19]. The
pre-(red) and post-(cyan) synaptic sites on these pan-
glomerular neurons are fairly uniformly distributed.
ORNSs in grey for reference. These neurons extend
posteriorly out of the olfactory glomeruli to receive
synapses from 2 non-ORN sensory neurons that en-
ter the brain via the antennal nerve. C Percentage of
the total number of postsynaptic sites on the dendrite
of an uPN, Broad LN or Choosy LN (columns) that
originate in a given ORN or LN (rows) for the right
antennal lobe. Since the 35a uPN is bilateral, we in-
clude inputs to it from both antennal lobes. We show
only connections with at least two synapses, consis-
tently found among homologous identified neurons
in both the left and right antennal lobes. Percent-
ages between 0 and 1 are rounded to 1, but totals
are computed from raw numbers. The uniglomeru-
lar nature of uPNs (notice the green diagonal) and
panglomerular nature of Broad LNs is evident. The
Broad LN Duet generally contributes more synapses
onto uPNs than the Broad LN Trio does. While the
number of synapses that an ORN makes onto its uPN
varies widely (24-120 synapses; see Supplementary
File 1 and 2), this number is tailored to the size of the
target uPN dendrite given that percentage of inputs
the ORN contributes to the uPN is much less varied
(mostly 45-65%). For an extended version of this table
that includes all LNs, see Figure 3—-figure supplement
1. D Both Broad LN types (Trio and Duet) mediate
presynaptic inhibition (synapses onto ORN axons)
similarly, but the Duet shows far stronger postsynap-
tic inhibition (synapses onto uPN dendrites) while
the Trio receives far more dendro-dendritic synapses
from uPNs. Connections among Broad LNs are not
shown for simplicity. Each arrow is weighted lin-
early by the number of synapses for an average sin-
gle Broad LN of each type. E The 5 Broad LNs that
govern this circuit synapse reciprocally, with the Trio
type synapsing more strongly onto each other. Shown
here for the right antennal lobe with arrow thick-
ness weighted by the square root of the number of
synapses. 6
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glomeruli can drive postsynaptic inhibition of most glomeruli.
Additionally, the inputs from Choosy LNs tend to be more prox-
imal to the axon initial segment of the uPNs [59] unlike those of
Broad LNs which are more uniformly distributed throughout
the uPN dendritic arbor (Figure 3-figure supplement 2). In the
adult, ORNs tend to synapse at the most distal PN dendritic ter-
minals, allowing for some LN inhibition to occur via synapses
more proximal to the axon initial segment [11]. This pattern of
spatially structured inputs suggests that different inhibitory LN
types may exert different effects on uPN dendritic integration.

The multiglomerular system

Parallel to the uniglomerular readout by the 21 uPNs, we found
14 multiglomerular PNs (mPNs; Figure 4a). Each mPN receives
unique and stereotyped inputs from multiple ORNSs (Figure 4c)
or at least from one ORN and multiple unidentified non-ORN
sensory neurons in the SEZ (Figure 4a). The mPNs originate
in multiple neuronal lineages and project to multiple brain re-
gions; most commonly the lateral horn (LH) but also regions
surrounding the MB calyx. Of the 14 mPNs, three project to the
calyx itself (mPNs b-upper, b-lower and C2) and another (mPN
cobra) to the MB vertical lobe (Figure 4a). In addition to the
14 mPNs that project to the brain, we identified an extra 6 oli-
goglomerular neurons that project to the SEZ (SEZ neurons; Fig-
ure 1c; Figure 4-figure supplement 1). A class of mPNs has been
described in the adult fly [4] but their projection pattern does
not match any of the larval mPNs. In strong contrast to uPNs,
mPNs are very diverse in their lineage of origin, their pattern of
inputs, and the brain areas they target. A small subset of mPNs
has been identified via light microscopy before [18,[19].

In addition to inputs from Broad LNs (Figure 4-figure
supplement 2), mPNs also receive up to 26% of inputs from
5 stereotypically connected, oligoglomerular LNs that we call
Picky LNs (Figure 4b, c). While both Choosy LNs and Picky LNs
are oligoglomerular and present distinct axons, the Choosy LNs
are GABAergic whereas at least 4 of the 5 Picky LNs are instead
glutamatergic (Figure 2-figure supplement 1 for Picky LNs and
Fig. 2 panels L-O in [18] for Choosy LNs; see also Supp. Fig.
2 of [19]). The difference in neurotransmitter is consistent with
Picky LNs deriving from a different lineage than Choosy LNs
(Figure 1-figure supplement 3). In addition, the two Choosy
LNs present indistinguishable connectivity, whereas each Picky
LN has its own preferred synaptic partners (see Supplementary
File 1 and 2). Additionally, unlike the Choosy LNs, Picky LNs
rarely target uPNs (Figure 3-figure supplement 1). Glutamate

has been shown to act as a postsynaptic inhibitory neurotrans-
mitter in the adult fly antennal lobe for both PNs and LNs [60],
and therefore in larva, Picky LNs may provide inhibition onto
both mPNs and other LNs. Unlike the Broad LNs, which are
panglomerular and axonless, the Picky LNs present separated
dendrites and axons (Figure 4b). Collectively, Picky LN den-
drites roughly tile the antennal lobe (Figure 4b). While some
Picky LN axons target select uPNs, about 40% of Picky LN out-
puts are dedicated to mPNs or each other (Figure 4c; Figure 2).
Similarly to the mPNs, Picky LNs 2, 3, and 4 receive inputs from
unidentified non-ORN sensory neurons in the SEZ (Figure 4b,
Figure 2).

Given that ORNSs present overlapping odor tuning
profiles [35], we applied dimensionality-reduction techniques
and discovered that ORNs cluster into 5 groups by odorant
preference (Figure 4-figure supplement 3; see the Materials and
Methods section for more detail). This helped interpret the pat-
tern of ORNs onto Picky LNs and mPNs. We found that some
Picky LNs aggregate similarly responding ORNs (Figure 4d;
Figure 4-figure supplement 4). For example, Picky LN 2 re-
ceives inputs preferentially from ORNSs that respond to aromatic
compounds, and Picky LN 3 and 4 similarly for aliphatic com-
pounds (esters and alcohols; Figure 4-figure supplement 4). On
the other hand, Picky LN 0 and 1 aggregate inputs from ORNs
from different clusters, suggesting that these Picky LNs may se-
lect for ORNSs that are similar in a dimension other than odorant
binding profile.

The stereotyped and unique convergence of different
sets of ORNs onto both mPNs and Picky LNs, and the selec-
tive connections from Picky LNs to mPNs, suggest that each
mPN responds to specific features in odor space, defined by the
combinations of ORN and Picky LN inputs. These features are
implemented through direct excitatory connections from ORNs
or indirect inhibitory connections via Picky LNs (lateral inhibi-
tion; Figure 4d). Some ORNSs affect the activity of the same mPN
through both direct excitatory and lateral inhibitory connections
through Picky LNs (incoherent feedforward loop, [61]]; Figure
4d). The combination of these motifs may enable an mPN to
respond more narrowly to odor stimuli than the ORNs them-
selves, many of which are broadly tuned [35], or to respond to a
combinatorial function of multiple ORNs that describe an evo-
lutionarily learned feature meaningful for the larva.

For example, one mPN (A1) reads out the total output
of the uniglomerular system by integrating inputs across most
ORNs and uPNs (Figure 4c). Another mPN (B2) could respond
to the linear combination of ORNs sensitive to aromatic com-
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Figure 4: The multiglomerular circuit consists
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pounds (direct connections), but its response could change in
the presence of alcohols and esters due to feedforward loops
(Figure 4d). And mPNs A3 and B3 both collect inputs from
ORN:s (Figure 4c, d) known to respond to aversive compounds
(22c, 45b, 49a, 59a, and 82a; [35,[62]) or whose ORN drives neg-
ative chemotaxis (45a; [29,133]). Additionally, mPN B3 receives
inputs from 33a, an ORN whose receptor lacks a known bind-
ing compound, and therefore is likely narrowly tuned to other
ecologically relevant odorants as was shown for 49a and the
pheromone of a parasitic wasp [62]. The connectivity patterns
of the 14 types of mPNs are vastly diverse from each other and
likely each one extracts different features from odor space, often
integrating inputs from non-ORN sensory neurons as well.

In contrast to the all-to-all connectivity of the Broad
LNs, the Picky LNs synapse onto each other in a selective, hi-
erarchical fashion (Figure 4e). The structure of the Picky LN hi-
erarchy suggests that Picky LNs 0 and 3 can operate in parallel,
while the activity of the other Picky LNs is dependent on Picky
LN 0 (Figure 4e). These connections among Picky LNs include
axo-axonic connections, and some Picky LNs receive stereotypic
ORN inputs onto their axons (Figure 4-figure supplement 4).
The stereotyped hierarchy among Picky LNs defines yet another
layer of computations in the integration function of each mPN.

Non-ORN sensory neurons and interactions among
LNs could alter the operational state of the olfactory
system

Picky LN 0 not only dominates the Picky LN hierarchy, and
with it the multiglomerular system, but also may dramatically
alter the inhibition of the entire olfactory system. This is be-
cause the main synaptic target of Picky LN 0 (Figure 2) is a
bilateral, axonless, GABAergic LN called Keystone (Figure 5a;
Figure 2-figure supplement 1), which in turn strongly synapses
onto the Broad LN Trio—a major provider of presynaptic inhibi-
tion (Figure 5b). Interestingly, Keystone is also a major provider
of presynaptic inhibition, but selectively avoids some glomeruli
(Figure 5¢; Figure 3-figure supplement 1). Therefore the wiring
diagram predicts that these two parallel systems for presynap-
tic inhibition can directly and strongly inhibit each other (Figure
5b): homogeneous across all glomeruli when provided by the
Broad LN Trio, and heterogeneous when provided by Keystone
(Figure 5¢). In conclusion, the circuit structure and the known
synaptic signs predict that Picky LN 0 can promote a state of
homogeneous presynaptic inhibition by disinhibiting the Broad
LN Trio (Figure 5d).

The alternative state of heterogeneous presynaptic in-
hibition implemented by Keystone could be triggered by select
non-ORN sensory neurons that synapse onto Keystone in the
SEZ (Figure 5a, b). These non-ORN sensory neurons are the
top inputs of Keystone and do not synapse onto any other ol-
factory LN. In contrast, ORNs that synapse onto Keystone also
synapse onto the Broad LN Trio (Figure 3-figure supplement 1),
suggesting a role for non-ORN sensory inputs in tilting the bal-
ance towards Keystone and therefore the heterogeneous state.
However, the subset of ORNS that also synapse onto Picky LN
0 (Figure 4c) could oppose the effect of the non-ORN sensory
neurons by inhibiting Keystone and therefore disinhibiting the
Broad LN Trio.

Neuromodulatory neurons could also affect the bal-
ance between Keystone and Broad LN Trio. Beyond the pos-
sible effect of volume release of serotonin [64] and octopamine
[63] [65] within the olfactory system, we found that these neu-
romodulatory neurons synapse directly and specifically onto
Keystone or Broad LN Trio, respectively (Figure 5b). Beyond
non-ORN inputs, ORNs synapse selectively onto these neuro-
modulatory neurons. Two ORNSs (74a and 82a) synapse onto
the serotonergic neuron CSD [43], and five ORNs (42b, 74a, 42a,
35a and 1a) onto an octopaminergic neuron (IAL-1; see fig. 4k in
[42]), suggesting that specific ORNs may contribute to tilting the
balance between homogeneous and heterogeneous presynaptic
inhibition, as well as exert further effects via neuromodulation.

The only other provider of panglomerular presynap-
tic inhibition is the Broad LN Duet, which is the main provider
of panglomerular postsynaptic inhibition. These neurons may
operate similarly in both states given that they are inhibited by
both Keystone and Broad LN Trio (Figure 1c). The higher frac-
tion of inputs from Broad LN Trio onto Duet might be compen-
sated by the fact that the Trio LNs inhibit each other (Figure 3e,
5b), whereas the two Keystone LNs do not (Figure 5b). There-
fore, potentially the Broad LN Duet could be similarly active in
either state (Figure 5d).

Some glomeruli are special-purpose

The possibility of heterogeneous presynaptic inhibition pro-
moted by Keystone suggests that some ORNSs can escape di-
visive normalization of their outputs relative to the rest. Not
surprisingly, one such ORN is 49a (Figure 5c), which is ex-
tremely specific for the sexual pheromone of a parasitic wasp
that predates upon larvae [62]. The other two ORNSs that escape
fully are 1a and 45b. 1a activation drives negative chemotaxis
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(Hernandez-Nuiiez et al., unpublished). 45b senses compounds
that elicit negative chemotaxis in larvae [35]. These three ORNS,
and in particular 49a, are under strong postsynaptic inhibition
by both Broad LN Duet and Choosy LNs (Figure 3c). In sum-
mary, reducing presynaptic inhibition in these 3 ORNs may en-
able larvae to perceive odors evolutionarily associated with life-
threatening situations less dependently of the response inten-
sity of other ORNSs (i.e. overall odorant concentration). This is
consistent with the finding that responses to aversive odors may
rely on specific activity patterns in individual ORNs [66]. The
strong postsynaptic inhibition might be instrumental for their
corresponding uPN to respond to the derivative of the ORN ac-
tivity (with an incoherent feedforward loop; [61]), as shown in
the adult fly [24], facilitating detection of concentration changes.

A key neuron in tilting the balance between homoge-
neous and heterogeneous presynaptic inhibition in the Broad-
Keystone circuit is Picky LN 0 (Figure 5b). Remarkably, one
of the two top ORN partners of Picky LN 0 is ORN 42a (Fig-
ure 4c), the strongest driver of appetitive chemotaxis in larvae
[12} 25] 26] 33]. The connections of Picky LN 0 extend beyond
that of other oligoglomerular LNs, and include both pre- and
postsynaptic inhibition of a small subset of glomeruli, includ-
ing 42a (Figure 5e). The wiring diagram therefore indicates that
Picky LN 0, a likely glutamatergic LN, engages in seemingly
contradictory circuit motifs: simultaneously inhibiting specific
ORNs and their uPNs, while also disinhibiting them by in-
hibiting Keystone. The suppression of Keystone disinhibits the
Broad LN Trio and therefore promotes homogeneous inhibition.
However this is further nuanced by reciprocal connections be-
tween Picky LN 0 and Broad LN Trio (Figure 5b). This push-
pull effect of glutamatergic LNs on PNs has been described for
the olfactory system of the adult fly as conducive to more ro-
bust gain control and rapid transitions between network states
[60]. This refined control could endow Picky LN 0-innervated
glomeruli like 42a (Figure 5e) with the ability to better detect
odor gradients, consistent with 42a being a strong and reliable
driver of appetitive chemotaxis [12} 25} 26].

Picky LN 0 and its push-pull effect on PNs not only
can have an effect on positive chemotaxis but also on negative.
A clear example is the 82a glomerulus (known to respond to
an aversive odor that drives negative chemotaxis [35]) which
lacks a well-developed uPN but engages in strong connections
with mPNs such as A3 (Figure 4c,d). We found that, like for the
appetitive case of 42a, Picky LN 0 engages in both presynaptic
inhibition onto 82a ORN and also postsynaptic inhibition onto
mPN A3, one of the top PNs of 82a ORN. And like other ORNs

mediating aversive responses (e.g 49a), the 82a uPN is also un-
der strong postsynaptic inhibition (Figure 3c).

Finally, we found evidence that an individual
glomerulus can have a global effect on the olfactory system. All
LNs (except Picky LN 3) receive inputs from Ventral LN (Figure
1c, Figure 3-figure supplement 1), an interneuron of unknown
neurotransmitter, which is primarily driven by the 13a glomeru-
lus. This suggest that 13a, an ORN sensitive to alcohols [35],
could potentially alter the overall olfactory processing.

Feedback from the brain

In the mammalian olfactory bulb, descending inputs from the
brain target granule cells (the multiglomerular inhibitory LNs),
shaping the level of inhibition [67]. In addition to descend-
ing neuromodulatory neurons (CSD; Figure 5a), in the larva we
found a descending neuron (Figure 5-figure supplement 1) that
targets specific mPNs and LNs (Figure 4-figure supplement 2).
In addition to other mPNs, this descending neuron targets the
two mPNs that we postulate are aversive (mPNs A3 and B3).
Together with the axo-axonic inputs it receives from 45a ORN
(an aversive ORN, [29, 33]), this descending neuron is associ-
ated with the processing of aversive stimuli. Additional de-
scending neurons affecting PNs and LNs might exist but were
beyond the scope of this study, where we focused on neurons
directly synapsing with ORNS.

Discussion

The glomerular olfactory system of the larva develops in a sim-
ilar fashion to the vertebrate olfactory bulb where the afferents
(i.e. ORNSs) organize the central neurons, unlike in the adult fly
[68]. In zebrafish, GABAergic LNs provide depolarizing cur-
rents to PNs (mitral cells) via gap junctions at low stimulus in-
tensities, enhancing low signals, and inhibit the same PNs at
high stimulus intensity via GABA release, implementing a form
of gain control [27]. This role is played by a class of panglomeru-
lar excitatory LNs in the adult fly that make gap junctions onto
PNs and excite inhibitory LNs [69]. In the larva, all panglomeru-
lar neurons are GABAergic; if any were to present gap junctions
with uPNs, a cell type for gain control in larva would be equiv-
alent to the one in zebrafish. Particularly good candidates are
the Broad LN Duet, which provide the bulk of feedforward in-
hibitory synapses onto uPNs in larva. Interestingly, postsynap-
tic inhibition might not be mediated by GABA in the adult fly
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(supp. fig. 5 in [10]), rendering olfactory circuits in larva more
similar to vertebrates. Presynaptic inhibition exists both in the
adult fly and, as suggested by the present work , in larva, and is
mediated by the same kind of panglomerular GABAergic neu-
rons (the Broad Trio LNs in larva; and see [10]).

The uniglomerular circuit is the most studied in all
species both anatomically and physiologically. We found that
each uPN receives an unusually large number of inputs from an
individual ORN compared to other sensory systems in the larva
[17]. This large number of morphological synapses could be in-
terpreted as a strong connection, which would support faster or
more reliable signal transmission. In the adult fly, the conver-
gence of multiple ORNs onto an individual PN enables both a
fast and reliable PN response to odors [22]). The temporal dy-
namics of crawling are far slower than that of flying, and there-
fore we speculate that the integration over time of the output
of a single ORN might suffice for reliability, demanding only
numerous synapses to avoid saturation.

Positive, appetitive chemotaxis involves odor gradi-
ent navigation, leading to a goal area where food is abundant
which may overwhelm olfaction. We postulate that naviga-
tion and feeding correspond to the homogeneous and heteroge-
neous states of presynaptic inhibition that we described. During
navigation, homogeneous presynaptic inhibition (via Broad LN
Trio) could best enhance salient stimuli and therefore chemo-
taxis, enabling the olfactory system to operate over a wide range
of odorant intensities [25]. During feeding, strongly stimulated
ORN:s could scale down the inputs provided by other, less stim-
ulated, ORNSs. In other words, if homogeneous presynaptic in-
hibition persisted during feeding, the larvae would lose the abil-
ity to detect important odorants that are likely to be faint, for
example the scent of a predator such as a parasitic wasp via
49a [62]. The larva can selectively release presynaptic inhibition
via Keystone, which provides presynaptic inhibition to appeti-
tive glomeruli while also inhibiting the Broad LN Trio-the ma-
jor providers of panglomerular presynaptic inhibition. So the
larva could feed and remain vigilant to evolutionarily impor-
tant cues at the same time. Not surprisingly, the switch might be
triggered by neuromodulatory neurons and non-ORN sensory
neurons, potentially gustatory, that synapse onto Keystone.

In addition to the uniglomerular system that is present
across multiple vertebrate and invertebrate species [1} 2}44], we
found, in the Drosophila larva, a multiglomerular system that
presumably performs diverse processing tasks already at the
first synapse. One such task could be the detection of concen-
tration gradients for some odorant mixtures, suggesting an ex-

planation for the observation that some ORNs can only drive
chemotaxis when co-activated with other ORNs [12]. Similar
glomerular-mixing circuits have been described in higher brain
areas (lateral horn) of the fly [70, [71] and of mammals [9]. We
hypothesize that in the larva, the morphological adaptations to
a life of burrowing might have led to specific adaptations, rele-
vant to an animal that eats with its head, and therefore the dor-
sal organ housing the ORNs, immersed in food. It is perhaps not
surprising that we found multisensory integration across ORNs
and non-ORNSs (likely gustatory) already at the first synapse.
And we hypothesize that the pooling of chemosensors (ORNs
and non-ORNs) onto mPNs and Picky LNs may be related to
the reduction in the number of ORNs relative to insects with

airborne antennae.

With our complete wiring diagram of this tractable,
transparent model system and genetic tools for manipulating
and monitoring the activity of single identified neurons, we
have now the opportunity to bridge the gap between neural cir-
cuits and behavior [72].

Materials and methods

Electron microscopy and circuit reconstruction

We reconstructed neurons and annotated synapses in a sin-
gle, complete central nervous system from a 6-h-old [iso] Can-
ton S G1 x w''® larva imaged at 4.4 x 44 x 50 nm res-
olution, as described in [17]. The volume is available at
http:/ /openconnecto.me/catmaid/, titled “acardona_0111.8".
To map the wiring diagram we used the web-based software
CATMAID [40], updated with the novel suite of neuron skele-
tonization and analysis tools [41], and applied the iterative re-

construction method described in [17, 41]].

Immunolabeling and light microscopy

CNS was dissected from 3rd instar larvae. 4% formaldehyde
was used as fixative for all antibodies except anti-dVGlut that
required bouin fixation [73]. After fixation, brain samples were
stained with rat anti-flag (1:600, Novus Biologics) and chicken
anti-HA (1:500, Abcam, ab9111) for labeling individual neurons
in the multi-color flip-out system [74], while mouse anti-Chat
(1:150, Developmental Studies Hybridoma Bank, ChaT4B1) and
rabbit anti-GABA (1:500, Sigma A2052, Lot# 103M4793) or anti-
dVGlut [75] were used for identifying neurotransmitters. Anti-
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bodies were incubated at 4°C for 24 hours. Preparations were
then washed 3 times for 30 min. each. with 1% PBT and then in-
cubated with secondary antibodies (including: goat anti-Mouse
Alexa Fluor 488, goat anti-rabbit Alexa Fluor 568, donkey anti-
rat Alexa Fluor 647, Thermofisher; and goat anti-chicken Alexa
Fluor 405, Abcam) at 1/500 dilution for 2 hours at room tem-
perature, followed by further washes. Nervous systems were
mounted in Vectashield (Vector Labs) and imaged with a laser-
scanning confocal microscope (Zeiss LSM 710).

Clustering of ORNs by PCA of their responses to
odors

Extensive screens have been conducted to identify which odor-
ants activate each ORN [35-37]. These data can be used as a
starting point to determine whether the multiglomerular cir-
cuit extracts relevant components of odorant physical descrip-
tor space, that is, the chemical structure of the odorant as sam-
pled by ORNs. Using the data from [35] and [36], we conducted
a dimensionality reduction via PCA followed by a clustering
analysis, and then used the data from [37] to verify our find-
ings. To determine how ORNs encode odors we followed the
PCA analysis in ORN space performed in [76] adding the data
of pyrazines from [36]. Then, using the Scree test we selected
the first 3 components of the PCA as the relevant ones to use
for clustering, and we ran the clustering minimization using the
affinity propagation algorithm (which doesn’t require the num-
ber of clusters as an input) (Figure 4-figure supplement 3b, c).
Four of the obtained clusters correspond very well with odorant
type (alcohols, aromatics, esters, and pyrazines; Figure 4-figure
supplement 3d). The fifth cluster is mixed and mainly includes
odorants with very low or no ORN response. Consistent with
that, k-means clustering in the 32-dimensional odorant physi-
cal descriptor space described in [77] results in 5 clusters, 4 of
them matching the non-mixed clusters obtained in ORN space
(Figure 4-figure supplement 3a).

To determine which ORNs encode the regions of each
cluster, we projected back the centroid of each cluster onto ORN
space using the inverse transformation (Figure 4-figure supple-
ment 3e). Different subsets of ORNs were more likely to encode
each cluster. The projections of the cluster centroids in ORN
space are not discrete numbers; in order to make these results
easier to interpret a threshold can be established to determine

which ORNs encode a cluster centroid and which ones don’t. A
suitable approach is to use Otsu’s method, which can be consid-
ered a one-dimensional discrete analog of Fisher’s discriminant
analysis [78]. We obtained a threshold of 0.4725, which we used
to determine the ORNs that encode each cluster (dashed red line
in Figure 4-figure supplement 3e).

In [37] a set of odorants that specifically activate single
ORNs at low concentrations were identified. These data can eas-
ily be used to cross-validate the predicted receptive field of the
different ORNs in our analysis. Four of the odorants tested were
alcohols and activated Or13a, 35a, 67b and 85c¢ all of which are
in our alcohols group. Other three were aromatics and activated
Or22c, 24a and 30a, which are all in our aromatics group. One
was a pyrazine and activated Or33b which is in our pyrazine
group. Finally pentyl acetate (an ester) activated 47a which
is in our esters group. The other odorants in [37] were in re-
gions of odor space (mostly ketones and aldehydes) that were
not sampled in [35] or [36] and therefore their responses cannot
be predicted with our analysis. As more datasets are collected,
approaches like the one we present here can be used to better
establish the receptive field of each ORN.
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mPN C2
Keystone LN

Picky LN 0

Broad LN
Trio 2

24a ORN

Broad LN
Duet 2

&

Antennal lobe Keystone LN Choosy LN
24a PN

Figure 1-figure supplement 1: Electron microscopy view of the antennal lobe of Drosophila larva. A Cross-section of the
antennal lobe, with dorsal up and lateral to the left. Notice most of the antennal lobe is wrapped by glial cells (darker profiles),
but these do not fully enclose it (not shown), opening towards the SEZ (bottom right). Individual glomeruli are not wrapped in
glia like in other insects [79], but glia do separate the antennal lobe from the neuronal somas and from nearby neuropils. ALT,
antennal lobe tract. Corresponds to serial section 648 in the online volume, at bottom left (right antennal lobe from anterior view).
B Magnification of the box in A, showing an axon terminal of the 24a ORN synapsing onto the 24a uPN and multiple LNs. The
dendrite of the 24a PN contains mitochondria, vesicles and presynaptic sites (magenta arrows), synapsing in this section onto e.g.
one of the two Keystone LNs among others. The ORN axon bouton hosts multiple synapses (red arrows) with prominent ribbons
or T-bars. The ORN boutons are packed with vesicles, giving them a darker appearance than surrounding PN and LN neurites;
also contain numerous mitochondria (not shown in this image). Only some LNs are labeled for clarity; all neurites in this image
were reconstructed. Blue arrows point to synapses of labeled LNs.
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Anterior glomeruli Figure 1-figure supplement 2: A single, iden-
X 47a & 33b~ : v tified ORN for each glomerulus in the anten-
- nal lobe of the first instar larva. Each panel
shows an EM-reconstructed arbor of an ORN
(colored) over the background of a Broad LN
Duet (grey). ORN synapses are rendered in
the same color as the skeleton. To the left, all
ORN:s of each half of the antennal lobe are ren-
dered together. The orientation (lateral to the
left, dorsal up) and relative position of each
ORN has been chosen to exactly match the ar-
rangement in the supplementary figure 1 of
Masuda-Nakagawa et al. 2009, where each in-
dividual ORN was identified and labeled with
GFP using genetic driver lines.
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Choosy LNs

Ventral LN

[ postsynaptic site

Keystone LN

Il presynaptic site

Figure 1-figure supplement 3: EM-reconstructed arbors of all LNs. Left dorsal and posterior views of all LNs. The bundling
of their primary axon tracts suggests that all LNs derive from 5 neuronal lineages (5 on the left and 5 on the right), shown in 5
different colors. Right, renderings of the left antennal lobe, posterior view. These identified neurons present similar morphology
and connectivity in the right antennal lobe. Broad LNs are shown for reference. The morphology, cell body position and number
of Choosy LNs matches that of the pair of GABAergic LNs described in fig. 2 L-O of Thum et al., 2011. Scale bar: a cell body
measures about 4 micrometers in diameter.
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Figure 2-figure supplement 1: Neuro-
transmitters of Keystone LN and
Picky LNs. Genetic driver lines spe-
cific for Keystone LN (GAL4 line
GMR27F08) and Picky LNs (split-
GALA4 lines JRC_S504499, JRC_S504500,
JRC_S5504260) driving GFP expression
specifically in these neurons were
labeled with anti-GABA and anti-
vGlut (A-U), and also anti-Chat (all
negative; not shown). Keystone
presents immunoreactivity to anti-
GABA (textbfA-C), and at least 4 of
the 5 Picky LNs are positive to anti-
vGlut and negative to anti-GABA (D-
U). These neurons derive from the
BAla2 lineage [19]. JRC_SS04260 drives
expression specifically and uniquely
a Picky LN, likely Picky LN 4,
which presents anti-vGLut immunore-
activity (P-R). Left unlettered pan-
els show the homologous identified
EM-reconstructed neurons, with Broad
LNs in grey for reference. Asterisks
mark the location of cell bodies when
there is not labeling, such as in panels
I, Oand U. Broad LNs and Choosy LNs
are GABAergic (see Thum et al., 2011
at fig. 2 D-G for Broad LNs and L-O
for Choosy LNs).
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Figure 3-figure supplement 1:
Extended version of table in
fig. 3c, including all other
olfactory-related  neurons.
Tables show percent of post-
synaptic sites of a column
neuron contributed by a
row neuron. We show only
connections with at least
two synapses, consistently
found among homologous
identified neurons in both the
left and right antennal lobes.
Percentages between 0 and
0.5 are removed. For bilateral
neurons, inputs from both
sides are included.
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Figure 4-figure supplement 1:
Six SEZ neurons receive spe-
cific inputs from some ORNSs
and from some antennal lobe
LNs. Left, EM-reconstruction
of the 6 SEZ neurons (vine,
cypress, clamp, spruce and
ginkgo 1 and 2), with their
axons labeled green and their
dendrites blue. Presynaptic
sites in red and postsynaptic
sites in cyan. Middle, 3 of
these SEZ neurons project to
the same unidentified region
of the SEZ. Spruce projects
to a more posterior area.
Lateral view, anterior to the
left. Right, table of percent
of postsynaptic sites of a
column neuron contributed
by a row neuron, illustrating
how some ORNs and LNs
specifically target these SEZ
neurons.  We show only
connections with at least
two synapses, consistently
found among homologous
identified neurons in both the
left and right antennal lobes.
Percentages between 0 and
0.5 are removed. Notice how
Picky LNs 2, 3 and 4 synapse
strongly onto SEZ neurons.
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= Picky LNO | 2 8 4 2 2 2 2|1 1[8[2]4 5 1 4
Picky IN1| 3 6 1 16 12 6 5 3 4 2 112
Picky LN 2 1 5 3 1 2 6 9 4 3 1 10 1 1
Picky IN3 | 7 4 2
Picky LN 4 25 4 3 17 1 3 3 4 4 2 8 6 12 3 1 3| 4 1 7 2
% LN Input 18 28 32 8 22 32 3 15 27 25 49 54 20 25 26 31 23|22 16]22|32[17[19 31 27 15 18
% ORN+UPN+LN input 77 39 48 1284 57 17 2075 75 61 66 29 3881 63 6987 70| 69| 57 86 82 56 65
o Descending 1 2 8 1 6 4 6 1 2 3 2 1 1 1
Bl csD(2)| 2 5 1 5 1 1 3 1 1
g3 IAL-1 (2) 2 1 2 2 1 1| 5| 2 3 1
e s tdc (2) 1 2 1 1 1 2 2 1

Figure 4-figure supplement 2:
Extended version of table in
fig. 4c, including all other
olfactory-related  neurons.
Tables show percent of post-
synaptic sites of a column
neuron contributed by a
row neuron. We show only
connections with at least
two synapses, consistently
found among homologous
identified neurons in both the
left and right antennal lobes.
Percentages between 0 and
0.5 are removed. For bilateral
neurons, inputs from both
sides are included.
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Figure 4-figure supplement 3: Principal component analysis of odors leading to a principled clustering of ORNs. a Clustering
of odors by odorant-descriptor. Results of K-means clustering of odors in the 32 dimensional odor-descriptor space proposed in
Haddad et al., 2008. Odors cluster into five groups that are well correlated with odor chemical type (alcohols, aromatics, esters,
pyrazines, and others). b-e Clustering of odors by ORN response. b The variance explained for the odors in ORN response
space as a function of the number of principal components (dimensions). The “elbow” of this curve is composed of the principal
components used for the clustering analysis of the odors by ORN-response. ¢ How the odors span the space of the first 3 principal
components of ORN response space. The odors are individual points colored by which of the 5 clusters, calculated via an affinity
propagation clustering algorithm, they belong to. d How each of the odors fit into the clusters in ORN response space. Each
cluster tends to group odors of similar chemical type. e The ORNs that represent the centroid of each cluster, calculated using a
threshold obtained via Otsu’s method. See materials and methods for further details.
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Figure 4-figure supplement 4: Pattern of ORN inputs onto Picky LNs. A The connections of ORNs onto the hierarchy of Picky
LNs. ORNSs are colored by the groups emerging from the PCA analysis of odor tuning. Inhibitory connections from Picky LNs
are shown in black (only connections with 2 or more synapses among bilaterally homologous neuron pairs are show). Excitatory
connections from ORNs are shown in grey (only connections with 4 or more synapses among bilaterally homologous neuron
pairs are shown). See Supplementary File 1 and 2 (containing the adjacency matrices) for the complete set of connections. The
thickness of the arrows is proportional to the square root of the number of synapses. Some of these connections are axo-axonic
(see C). B ORNs can synapse onto the Picky neurons at either their dendrites or their axons. This table shows values from -1 to
1 based on the written formula. Values between -1 and 0 correspond to the ORN synapsing more to the axon of the Picky LN
than the dendrite, and values between 0 and 1 correspond to the ORN synapsing more to the dendrite of the Picky LN than the
axon. Only consistent connections between ORNs and Picky dendrites or ORNs and Picky axons with a threshold of at least 2
consistent synapses per side are used to calculate these ratios. For values that are not 1 or -1, the value can differ from side to side.
Because the threshold is lowered from that of A, more connections appear, but since we only consider connections consistent in
how they connect to the Picky LNs (to dendrite or axon), some of the weakest connections also drop out compared to A. C The
Picky LN hierarchy shown with the Picky LNs split into axon and dendrite, showing that not all connections are from the axon
of a Picky LN to the dendrites of another. We are only showing connections that are consistent both in their motif (axo-axonic,
dendro-dendritic, etc) and with a consistent threshold of 2 synapses on both sides. Because these criteria are more stringent than
those used in A, some connections drop out (such as Picky LN 4 to Picky LN 3).
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Figure 5-figure supplement 1: EM-reconstructed
arbor of the descending neuron. Renderings of
the left antennal lobe, posterior view. This identi-
fied neuron exists in the left and right antennal
lobes, presenting similar morphology and con-
nectivity in the right antennal lobe. Broad LNs
and uPNs are shown for reference. Scale bar: a
cell body measures about 4 micrometers in diam-
eter.
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Supplementary File 1 and 2: Adjacency matrices with the complete synaptic connectivity of the wiring diagram.
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