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Sensory systems are dynamically adjusted according to the an-
imal’s ongoing needs by neuromodulators, such as neuropep-
tides. Despite their prevalence across all nervous systemsl’z,
how peptidergic neurons and the neuropeptide they release act
to adjust sensory processing remains poorly understood. Here,
we reveal that a heterogeneous ensemble of local interneurons
(LNs) release the neuropeptide myoinhibitory peptide (MIP)
within the Drosophila primary olfactory center (the antennal
lobe, AL). We find MIPergic LNs form reciprocal connections
with many AL principal neurons, but only a subset express the
inhibitory MIP receptor (sex peptide receptor, SPR). We find
both the MIPergic LNs and several of the SPR-expressing neu-
rons are activated by the food-related odor apple cider vinegar
(ACYV), therefore suggesting MIP plays a role in adjusting ACV
responses within the AL. We demonstrate that MIP can simul-
taneously decrease olfactory input to some glomeruli, while in-
directly increasing olfactory input to others. As those glomeruli
boosted by MIP - as well as MIP itself — are necessary and suf-
ficient to initiate an attractive behavioral response to ACV3’4,
the neural substrates identified here may represent a key circuit
element for the animal’s switch in behavioral responses.
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INTRODUCTION

Animals use their sensory systems to internalize and pro-
cess information about the identity, intensity, and valence
of external stimuli, so they can properly navigate their en-
vironment. However, constant ecological and internal state
fluctuations threaten the animal’s ability to accurately rep-
resent these stimuli. To address the demands these fluctua-
tions impose, sensory systems use processes such as neuro-
modulation to flexibly adjust sensory processing and behav-
ior. The largest and most ancient collection of neuromodu-
lators are neuropeptides'>~'3. For instance, neuropeptide F
(NPF)/neuropeptide Y (NPY) play a conserved role in pro-
moting feeding behaviors in sea slugs, humans, flies, nema-
todes, mosquitoes, and rodents'42!, However, unraveling
the circuit architecture of neuropeptide signaling within sen-
sory modalities has proven difficult given limited knowledge
of the structure and connectivity of many peptidergic neu-
rons, as well as the inability to resolve the downstream pep-
tide receptor-expressing neurons. As previously posited®>23,
these confounds have often meant our understanding of how
neuropeptides act at the cellular level to adjust sensory pro-
cessing remains ambiguous.

Here, we reveal a novel neuropeptidergic pathway within the
Drosophila AL that modulates the gain of olfactory input to
several food-odor associated channels. We show that the neu-
ropeptide MIP is released by GABAergic LNs that as individ-
ual neurons innervate a different complement of glomeruli
from animal-to-animal, but as an ensemble innervate all
glomeruli across all animals. Through light- and electron-
microscopy (EM) analyses, we show that these MIPergic
LNs reciprocally communicate with an array of AL princi-
pal neurons. These anatomical connections are functionally
tested by measuring MIPergic LN in vivo odor-evoked re-
sponses to a panel of diverse odorants. These recordings
reveal that MIPergic LNs are consistently and robustly ac-
tivated by the food-associated odor ACV. Moreover, we find
that the inhibitory MIP receptor (SPR) is expressed by ol-
factory afferents (OSNs), projection neurons (PNs), and a
few inhibitory LNs. More specifically, we find SPR is ex-
pressed by food-odor associated OSNs, and that MIP appli-
cation directly reduces and indirectly increases the in vivo
odor-evoked responses of food-odor responsive OSNs. Pre-
vious behavioral analyses found that MIP signaling was nec-
essary and sufficient to stimulate the fly’s drive towards food-
odors*. Moreover, the activity of at least one of the OSN pop-
ulations boosted by MIP application is linked to behavioral
attraction to food-related odors. Taken together with our re-
sults, this suggests MIPergic AL LNs may represent one of
several neural substrates that underlie a satiety driven switch
in olfactory behavior.

RESULTS

Patchy GABAergic LNs release MIP within the AL. The
neurites of the AL-associated MIPergic neurons are restricted
to the AL, which suggests MIP is released from AL LNs?*,
The Drosophila AL houses ~200 LNs whose distinct roles
in olfactory processing have been associated with their trans-
mitter content and morphology>>-3. For example, individ-
ual cholinergic AL LNs innervate many glomeruli and per-
form lateral excitation as a means for broadening odor repre-
sentations in the AL3>333637 To determine whether MIP-
immunoreactive (MIP-ir) AL neurons belong to a known
AL LN chemical class, we assessed the overlap of MIP-
immunoreactivity with markers for the major Drosophila
small-neurotransmitters®® (Figure 1A and Figure S1). We
find that AL MIP-ir neurons do not overlap with choline
acetyltransferase (ChAT) or vesicular glutamate transporter
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Fig. 1. Myoinhibitory peptide (MIP) is released by GABAergic patchy LNs in the AL. (A) A protein-trap Trojan LexA driver for glutamic acid decarboxylase (GAD1), the
rate-limiting enzyme for GABA, highlights all MIP immunoreactive neurons in the AL. Cell counts: n = 5 brains, 10 ALs. (B) R32F10-GAL4 expression in the central brain
and ventral nerve cord (VNC). (C) All R32F10-GAL4 AL LNs colocalize with the GAD1 Trojan LexA protein-trap driver. Cell counts: n = 5 brains, 9 ALs. (D) R32F10-GAL4
highlights ~13.2 (+0.68) AL neurons, which includes all MIP immunoreactive neurons (~8.7+0.3 neurons) and ~4.5 (+0.68) non-MIPergic LNs. Cell count estimates, n =5
brains, 9 ALs. (E) Stochastic labeling of individual MIPergic LNs reveals MIP is released by patchy LNs. Arrow indicates a projection into the contralateral AL. (F) Glomerular
innervation patterns of 50 individual MIPergic LNs organized by hierarchical clustering similarity. Each row represents the innervation pattern of a single MIPergic LN, and
each column represents a given glomerulus. Note that in some cases a single MIPergic LN might project into the contralateral AL, but here only the ipsilateral innervation
patterns were included for analysis. (G) All pairwise correlations of MIPergic LN innervation patterns between AL glomeruli. Values correspond to the Pearson’s correlation
coefficient for each glomerulus pair. In all cases: neuropil was delineated by anti-DN-Cadherin staining; scale bars = 10um.

(VGlut), but all MIP-ir neurons in the AL overlap with GADI1
(9.1£0.19 neurons, n = 5) (Figure 1A and Figure S1). In
accordance with RNA-sequencing®*!, we find no detectable
MIP-immunoreactive OSNs (Figure S1). Altogether, these
results suggest that GABAergic AL LNs release MIP within

2 | bioRxiv

the AL.

The Drosophila AL houses a variety of distinct GABAergic
LNs, which can be subdivided into five major morpholog-
ical types: panglomerular, multiglomerular, oligoglomeru-
lar, continuous, and patchy31. Like cortical interneurons*>#3,
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these different interneuron morphological types play distinct
roles in AL olfactory processing. To determine which
morphological type MIPergic LNs belong to, we screened
the Janelia FlyLight driver line collection**, tested ~25 of
those lines for MIP-immunoreactivity, and identified a GAL4
driver (R32F10-GAL4) that selectively highlights MIPergic
LNs within the AL (Figure 1B-1D). We then used stochastic
labeling™® to resolve the morphology of individual MIPergic
LNs, and found that all MIPergic LNs have a discontinuous
innervation pattern resembling that of patchy AL LNs (Fig-
ure 1E).

There are many AL neurons, including other LNs, that are
not patchy LNs but resemble the discontinuous morphology
described for patchy LNs3'. However, individual patchy LNs
are unique in that they innervate different sets of glomeruli
from animal-to-animal3!. Therefore, we analyzed the set of
glomeruli innervated by 50 individual MIPergic LNs and ob-
served 50 distinct innervation patterns, thus demonstrating
that no individual MIPergic LN innervates the same set of
glomeruli across animals (Figure 1F and Figure S2 & S3).
Additionally, we find individual MIPergic LNs do not pref-
erentially innervate any one glomerulus over others (Figure
S2). When sister clones were assessed, we find that two in-
dividual MIPergic LNs co-innervate ~12 glomeruli (n = 5
brains, 5 sister clones) (Figure S3A & S3B), and individ-
ual MIPergic LNs consistently innervated at least one of the
hygro-/thermosensory associated glomeruli (Figure S3C-E).
These results suggest that at least two MIPergic LNs inner-
vate any single glomerulus, including hygro-/thermosensory
glomeruli4648. Altogether, these observations confirm that
MIPergic LNs are indeed patchy LN that, as individual LNs,
innervate different glomeruli from animal-to-animal.
Monomolecular odorants generally do not activate a single
glomerulus®>#**>!. Thus, if individual MIPergic LNs in-
nervate different sets of glomeruli from animal-to-animal,
are there pairs of glomeruli that are innervated significantly
more than others? If so, what ecological relationships exist
amongst significantly correlated pairs of glomeruli? Corre-
lation analysis between pairs of glomeruli (Figure 1G and
Supplementary Table 1) revealed several statistically signif-
icant relationships, of which the most significant pairs were
DM3-D (r = 049, p = 2.7 x 10%) and VL2p-VAG6 (1 = -
0.47, p = 4.9 x 10#). In addition to DM3-D and VL2p-VAS6,
this analysis also revealed a significant probability for MIPer-
gic LN co-innervation amongst several pairs of glomeruli re-
sponsive to ACV3, such as VM2-DM1 (r = 0.35, p = 0.01),
DM4-DM2 (r = 0.31, p = 0.03), and DP1m-DM1 (r=0.29, p
= 0.04). This suggests that MIPergic LNs and/or MIP itself
may play a vital role in modulating the balance of activity in
ACV-responsive glomeruli.

MiIPergic LNs Provide and Receive Broad Input and
Output Across the AL. While no individual MIPergic LN
innervates the same set of glomeruli from animal-to-animal
(Figure 2A), every glomerulus is innervated by at least one
MIPergic LN across all animals (Figure 2B). To determine
if certain glomeruli contain substantially more MIPergic LN
output than other glomeruli (Figure 2C), we measured the
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density of MIPergic LN-expressed mCDS8::GFP, anti-MIP
immunoreactive puncta, and the synaptic polarity markers
DenMark and synaptotagmin.eGFP (syt.eGFP)°> in each
glomerulus across many animals (Figure 2D & 2E). We find
that the density of each indicator varies across glomeruli but
are stereotypic across samples (Figure 2E and Figure S3F-
I). The density of the output indicators (syt.eGFP and MIP-ir
puncta) were statistically correlated, and nearly every indi-
cator scaled with MIPergic LN intraglomerular cable density
(Figure S3F-I). Even so, we find within-indicator voxel den-
sities are generally evenly distributed across each glomeru-
lus, suggesting MIPergic LN input and output are evenly dis-
tributed across the AL (Figure 2E).

These puncta analyses afford the advantages of analyzing
MIPergic LN synaptic polarity across many individuals of
both sexes. However, light microscopy is limited by its in-
ability to resolve fine structures such as axons/dendrites>*>>.
Therefore, we sought to perform similar analyses on individ-
ual putative MIPergic LNs (putMIP LNs) within the densely-
reconstructed hemibrain EM volume®®7. This allowed us
to assess: (1) do certain glomeruli receive more input from
putMIP LNs (and vice versa) than others? (2) what neurons
are upstream/downstream of putMIP LNs in each glomeru-
lus? and, (3) at which putMIP LN presynaptic terminals are
vesicles associated with neuropeptides (dense core vesicles,
or DCVS)58’59 found? To do so, we first used several crite-
ria (see Methods) for identifying fully-reconstructed putMIP
LNs and identified 20 ideal candidates (Figure 2F and Sup-
plementary Table 1).

After identifying several optimal candidates, we wondered
whether any putMIP LNs have distinct dendritic and axonic
compartments. If true, this would suggest putMIP LNs make
region-specific input/output not unlike the “heterogeneous
LNs” in the honeybee AL®*-%3. Synaptic flow centrality and
axonal-dendritic segregation indices®* reveal all putMIP LNs
lack clearly separable input/output compartments (Figure 2F
and Supplementary Table 1). When we assess the ratio of
input-to-output along a given putMIP LN’s intraglomerular
neurites, we find that the amount of input a given putMIP LN
receives typically outnumbers the amount of putMIP LN out-
put within any given glomerulus (Figure 2G). Therefore, we
assessed the class and transmitter type of each presynaptic

input an intraglomerular putMIP LN arbor receives to deter-
mine what may drive MIPergic modulation.

Generally, putMIP LNs receive more input from OSNs (45%
of putMIP LNs; ~31-54% total input) than other principal
neuron categories (Figure 3A). Nearly 30% of putMIP LNs
receive the majority of their input from PNs (~25-40% to-
tal input) and other LNs (~25% of putMIP LNs; ~26-41%
total input) (Figure 3A). Additionally, every putMIP LN
forms strong connectivity with every other putMIP LN (Fig-
ure 3A and Figure S3J-K). When the balance of excitatory,
inhibitory, and modulatory input a given putMIP LN receives
across all glomeruli is assessed, we find the amount of exci-
tatory or inhibitory input a given putMIP LN receives varies
greatly. Most putMIP LNs receive more excitatory than in-
hibitory input (~75-100% glomeruli innervated) (Figure 3B).
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In some instances, the ratio of excitatory-to-inhibitory inputs case (putMIP LN 12 input in VM2) the ratio of all three in-

were equal (10 glomeruli across 6 putMIP LNs), while in one put types were balanced (Figure 3B). In one instance, the
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Fig. 2. Previous page. MIPergic LN input and output site throughout the entire AL. (A) Individual MIPergic LNs project to different glomeruli from animal-to-animal. (B)
The MIPergic LN ensemble covers the entire AL across all animals. (C) Do MIPergic LNs receive input from particular sets of glomeruli? Are there particular sets of glomeruli
subject to more/less MIPergic LN output than others? (D) Representative image of glomerular voxel density analysis. Here, MIPergic LNs express synaptotagmin.eGFP
(syt.eGFP; magenta) and DenMark (cyan) and their respective density is measured within each AL glomerulus (Ant. Lobe; grey). Glomeruli outlined in white. (E) syt.eGFP
(magenta), DenMark (cyan), mCD8::GFP (black) and anti-MIP (brown) puncta density per voxel within each AL glomerulus. Each indicator is normalized to the highest value
within that indicator. Data are represented as the mean+SEM of each indicator’s voxel density within a given glomerulus. For each indicator, n = 7 (syt.eGFP), 7 (DenMark),
4 (mCD8::GFP), 4 (anti-MIP) brains. (F) Putative MIPergic LN (putMIP LN) mesh skeletons identified from the FlyEM FIB-SEM hemibrain connectome volume. For each
neuron, values in the upper right-hand corner are that neuron’s synaptic flow centrality index (black) and GMR32F10-GAL4 NBLAST similarity score (grey). (G) putMIP
LN intraglomerular axon:dendrite ratio across the AL. Each column represents a given glomerulus, and each row represents the axon:dendrite ratio of a single putMIP LN.
Glomeruli not innervated by the given putMIP LN are green. Glomeruli are organized by hierarchical clustering similarity. Data only consider putMIP LN connections within

the ipsilateral AL.

amount of excitatory and modulatory input the intraglomeru-
lar putMIP LN arbor receives is equal (putMIP LN 5 in VM2)
(Figure 3B). Regardless, the amount of excitatory input gen-
erally dominates (~1.2-2.5x more) (Figure 3B), which sug-
gests MIPergic LNs may be broadly activated.

Synapse counts have been shown to strongly predict func-
tional output strength in neurons within other systems, in-
cluding other Drosophila AL neurons®®%3-70. Hence, we
hypothesized MIPergic LNs would be broadly activated by
diverse odors, as intraglomerular putMIP LN arbors gener-
ally receive mostly excitatory input within a given glomeru-
lus (Figure 3B), However, in vivo MIPergic LN odor-evoked
responses to a panel of chemically diverse odors revealed
that most odors drive intraglomerular inhibitory responses
in MIPergic LN neurites, regardless of behavioral valence
(Figure 3C-3E). For example, geranyl acetate and 1-octen-
3-ol are respectively appetitive and aversive’', but both odors
evoke inhibitory responses in MIPergic LN neurites in DMS5,
DP1Im, and VA2 (Figure 3C-3E). In contrast, ACV reli-
ably and consistently activated MIPergic LN neurites in ev-
ery identifiable glomerulus (Figure 3C & 3D). These results,
together with our observations that multiple ACV-responsive
glomeruli are statistically likely to be co-innervated by a sin-
gle MIPergic LN (Figure 1F), further suggests that MIP sig-
naling likely plays a role in ACV processing.

MiIPergic LN Downstream Partners and Widespread
SPR Expression Within the AL. To determine the AL prin-
cipal neurons likely targeted by MIPergic LNs, we first as-
sessed the general output demographics for each putMIP
LN (Figure 4A & 4B). Most putMIP LNs target other non-
putMIP LNs (45% of putMIP LNs; ~27-40% of total output)
and OSNs (35% of putMIP LNs; ~28-44% of total output)
(Figure 4A). Since AL LNs express GABA, receptors®,
these results would suggest that MIPergic LNs may provide
fast-acting disinhibition across the AL. To determine which
of these downstream partners (Figure 4B) are likely targeted
by MIPergic modulation, we determined which postsynap-
tic partners were downstream of putMIP LN terminals where
DCVs are observable (Figure 4C). We observed several in-
stances where DCVs could be found in putMIP LN termi-
nals presynaptic to OSNs, PNs, and ventral LNs (Figure 4C).
However, MIPergic LNs could also release other neuropep-
tide(s) that cannot be labeled for, so the presence of DCVs
in MIPergic LN presynaptic terminals does not necessarily
mean the downstream neuron is modulated by MIP. More-
over, putMIP LN EM analyses indicate several AL principal
neuron types are plausible targets for MIPergic modulation
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(Figure 3, Figure 4, and Figure 5A). To determine which
downstream partners are subject to MIPergic modulation, we
identified the AL neurons that express MIP’s cognate recep-
tor, the inhibitory SPR receptor’>>. To do so, we used a
CRISPR/Cas9-mediated T2A-GAL4 insertion within the en-
dogenous SPR locus to enable GAL4 expression within SPR-
expressing cells’® (Figure 5B).

In Drosophila, OSN somata are located within the third-
antennal segment and maxillary palp’”’®.  We find
208.9£11.89 (n = 17 animals, 30 antennae) and 63.42+4.31
(n = 18 animals, 31 maxillary palps) SPR-T2A-GAL4" neu-
rons in the third-antennal segment and the maxillary palp,
respectively (Figure SC & 5D). The number of SPR-T2A-
GALA4" neurons in either appendage do not significantly dif-
fer based on the animal’s sex or mating status (antennae:
p = 0.107, one-way ANOVA; maxillary palps: p = 0.559,
Kruskal-Wallis test). Through stochastic labeling experi-
ments where the antennal nerve is left attached to the brain,
we found OSN fibers that innervate many distinct glomeruli,
including several ACV-responsive OSNs (Figure 5E). Inter-
estingly, we found SPR-T2A-GAL4 expression in afferents
belonging to every sensory modality (Figure S4), which sug-
gests MIPergic modulation of sensory afferents may be a fun-
damental feature in Drosophila.

Within the brain, we noted overlap between SPR-T2A-GAL4
and the glial marker reverse polarity (REPO) (Figure SF),
which we found correspond to: (1) cortical glia, (2) neuropil
ensheathing glia, and (3) tract ensheathing glia (Figure 5G).
However, there is no evidence directly linking the actions of
these glial subtypes with AL processing’*®!, so we turned
our attention to SPR-T2A-GAL4 cells immunopositive for
the proneural gene embryonic lethal abnormal vision (ELAV)
(Figure SH). Through intersectional genetics and stochastic
labeling, we find that these neurons consist of: 4.89+0.21 (n
= 23) SPR-expressing ventral glutamatergic LNs (GlutLNs)
(Figure SH & 5I), uniglomerular PNs (Figure 5J), and sev-
eral lateral LN (Figure 5K). In agreement with these results,
we find similar neuron types using another SPR

driver (SPR-GAL4::VP16)%? (Figure S5), publicly avail-
able scRNA-seq datasets®33> (Figure S6), and a novel
SPRMI3SS3_ T2 A-LexA::QFAD driver (Figure S7).

MIPergic Signaling Adjusts Afferent Gain in Food
Odor-Associated Glomeruli. We have shown: (1) MIPer-
gic LNs significantly co-innervate several ACV-responsive
glomeruli (Figure 1F); (2) putMIP LNs form many recip-
rocal connections and receive significant excitation within
ACV-responsive glomeruli (Figure 3B and Figure 4B); (3)
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Fig. 3. Previous page. Anatomical inputs to putMIP LNs and functional glomerular outputs from identified MIPergic LNs. (A) putMIP LN upstream partners’
demographics. Data are represented as a function of the total amount of input a putMIP LN receives from all categories. (B) The amount of excitatory, inhibitory, and
modulatory input each putMIP LN receives within every glomerulus as a function of the total amount of input a given putMIP LN receives within the glomerulus. (C) Odor-
evoked responses of MIPergic LN neurites within several AL glomeruli (far left column). Odors tested were presented at 102 and include: 1-hexanol (1-HEX), 1-octen-3-ol
(OCT), apple cider vinegar (ACV), benzaldehyde (BENZ), geranyl acetate (GA), and ammonium hydroxide (AH). For each stimulus: n = 3-10 animals; vertical and horizontal
scale bars = 0.1 AF/F & 1 second (respectively). Glomerular schematics derived from an in vivo AL atlas'®'. (D) Average area under the AF/F curve (AUC) of MIPergic LN
neurites across glomeruli for each stimulus. (E) Average peak response (AF/F) of MIPergic LN neurites from odor onset to ~1 second after stimulus onset.
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MIPergic LNs are consistently activated by ACV (Figure sults indicate that ACV-responsive glomeruli are likely influ-
3C-3E); and, (4) many ACV-responsive OSNs express the enced by MIPergic modulation. To test whether MIP can al-
MIP receptor, SPR (Figure 6A & 6B). Altogether, these re- ter the odor-evoked responses in ACV-responsive glomeruli,
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Fig. 4. Postsynaptic targets of each putMIP LN and representative putMIP LN presynaptic terminals with dense core vesicles (DCVs). (A) Demographics of all
putMIP LN postsynaptic targets by neuron type. Data are represented as a function of the total amount of output a putMIP LN sends to all categories. (B) putMIP LN
postsynaptic partner skeletons (black) with putMIP LN presynaptic locations (magenta). Glomerular schematics derived from an in vivo AL atlas'®'. (C) Representative
instances where DCVs in the putMIP LN presynaptic terminal. From left to right: DCVs are in putMIP LN presynaptic terminals upstream of OSNs (cyan), PNs (green), and
ventral LNs (VLN; orange). In all cases: white arrowheads indicate the putMIP LN’s presynaptic site; scale bars = 500nm.

we first recorded from the OSNSs in these glomeruli before
(“PRE”), during (“MIP”), and after applying synthetic MIP
(synMIP) (“POST”) (see Methods) (Figure 6C). We chose
to use this approach, as opposed to stimulating MIPergic LNs
while recording from OSNss, to avoid misattributing observed
effects to MIPergic LN release of MIP when GABA release
is equally likely (Figure 1A).

Olfactory sensory neuron axons robustly respond to both test
concentrations of ACV before synMIP application (“PRE”),
then after synMIP was pressure injected into the AL (“MIP”)
DMI1 OSN responses to 102 ACV are increased (Figure
6D). Similarly, DM4 OSN responses to 10 ACV are also
increased after peptide application (Figure 6E). After the
washout period (“POST”), DM1 OSN responses to 102 ACV
return to those akin to pre-peptide application responses (Fig-
ure 6D), whereas the increased DM4 OSN responses to 10
ACYV are sustained (Figure 6E). In contrast, DM2 OSN re-
sponses are substantially diminished after peptide applica-
tion regardless of odor concentration, and remain so post-
washout (Figure 6D & 6E). Moreover, DM5 OSN responses
to 102 ACV, which were decreased (albeit insignificantly)
upon peptide application, become significantly diminished
post-washout relative to pre-peptide application (Figure 6D).
The observed decrease in DM2 and DM5 OSN responses
are consistent with SPR expression in these OSNs (Figure
5G). Altogether, these results show that MIP can differen-
tially modulate OSN odor-evoked responses in a glomerulus-
and stimulus-dependent manner, while also having stimulus-
independent consequences on OSNs of another glomerulus.
However, we acknowledge these observations may arise from
polysynaptic influences induced by MIP application. There-
fore, we decreased SPR levels in these OSNs to test the ne-
cessity of direct MIP-SPR signaling on the observed changes
in OSN odor-evoked responses (Figure 6F & 6G).

We find that SPR knockdown in DM2 and DMS5 OSNs abol-
ishes the MIP-induced decrease in each glomerulus’ odor-
evoked responses (Figure 6F & 6G). This result is consis-
tent with SPR-expression in DM2 and DMS5 OSNs, and sug-
gests MIP directly decreases the gain of DM2 and DM5 OSN
responses. In contrast, SPR knockdown in DM1 and DM4
OSNs does not prevent their responses from increasing after
peptide application (Figure 6F & 6G). Since we did not ob-
serve SPR-expression in DM1 and DM4 OSNs (Figure 5),
and SPR knockdown in these OSNs does not abolish MIP-
induced increase in their responses (Figure 6F & 6G), these
results suggest MIP acts polysynaptically to increase the gain
of DM1 and DM4 OSN responses.

DISCUSSION

Our data reveal a novel neuropeptide signaling pathway that
mediates olfactory gain control. We have shown that MIP is
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released by patchy GABAergic LNs that — as individuals —
innervate a different complement of olfactory channels from
animal-to-animal. However, these MIPergic LN reliably in-
nervate all glomeruli across all animals, where they receive
and target many principal neuron types. We reveal all MIPer-
gic LN downstream partners and show many principal AL
neuron types express SPR and are therefore subject to MIPer-
gic modulation. By testing MIP’s effect on the odor-evoked
responses of OSNs in several food-odor associated glomeruli,
we reveal that MIP can have complex effects on OSN input to
a glomerulus. For example, MIP directly decreases DM2 and
DMS5 OSN responses in an odor-concentration independent
and dependent manner, respectively (Figure 6). Moreover,
we find that MIP indirectly increases DM1 and DM4 OSN
input in a concentration dependent manner (Figure 6). As
the activity of these OSNs, and MIP itself, play a key role in
the animal’s odor-evoked behavioral responses®*8°, the neu-
ropeptidergic pathway detailed here likely represents a key
circuit switch for initiating olfactory behavioral attraction.
Generally, multiple glomeruli are activated by a given
odorant>*-3187 " To evaluate the behavioral contribution of
individual glomeruli, “optogenetic odors” can be used to se-
lectively activate individual glomeruli in a manner similar
to their odor-evoked responses®®. These experiments found
that DM1 and DM2 coactivation do not summate, and co-
stimulation of both glomeruli produces a behavioral response
that resembles DM1-only activation®®. Based on this, the
investigators proposed that an antagonistic relationship ex-
ists between DM1 and DM2, such that co-stimulation re-
duces the efficacy of either or both glomeruli®®. We find
MIP indirectly increases DM1 and directly decreases DM2
OSN responses (Figure 6). Therefore, MIP-SPR signaling
in DM1 and DM2 may act as a homeostat such that coactiva-
tion of each glomerulus never produces a behavioral response
greater than the DM 1-only activation response. This
“buffer” would be advantageous for preventing saturation at
the downstream neurons that receives convergent input from
these glomeruli?®-96-88.89,

We found that individual MIPergic LNs innervate a differ-
ent repertoire of glomeruli across animals and do not pref-
erentially innervate any one glomerulus over others (Fig-
ure 1 and Figure S2). These findings are consistent with
earlier reports wherein patchy AL LNs were first generally
described®'. But, what factor(s) give rise to the tremendous
flexibility within this single morphological subtype? One ex-
planation might be that MIPergic LN morphological idiosyn-
crasy is a byproduct of experience during development. Con-
sistent with this, the initial LN glomerular innervation and
dendritic elaboration during development requires OSN ax-
ons and cell-to-cell interactions31°0, However, OSN removal
in the adult does not disrupt the animal-to-animal variabil-
ity of patchy LNs3!. To the best of our knowledge, a single
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Fig. 5. Previous page. Widespread sex peptide receptor (SPR) expression throughout the AL. (A) MIPergic LNs (magenta) form synaptic connections with all principal
neuron types in the AL; OSNs (cyan), PNs (green), and other LNs (purple). Therefore, within a single glomerulus, MIPergic modulation might target any one of these
neuron types (“Non-combinatorial Hypothesis”), or multiple neuron types (“Combinatorial Hypothesis”). (B) SPR expression (magenta) revealed through a CRISPR/Cas9
T2A-GAL4 insertion in the SPR-coding intron. (C D) SPR-T2A-GAL4 expression in OSNs in the third-antennal segment and maxillary palp. (E) SPR-T2A-GAL4 stochastic
labeling experiments where the antennal nerve remains intact reveals SPR-expressing OSNs project to: DM2, DM5, VM5v, VM5d, VM3, VA1d, VA1v, VA5, VA7m, VA7I,
VM1, VM6, VM2, and VA2. (F) SPR-T2A-GAL4 colocalizes with the glial marker REPO (yellow). (G) SPR-T2A-GAL4 stochastic labeling reveals expression in cortical,
neuropil ensheathing, and tract ensheathing glia. “CC” = Cervical Connective. (H) Several SPR-T2A-GAL4 neurons are immunopositive for the proneural marker ELAV
(cyan), a subset of which colocalize with VGIut™'®*97® Trojan LexA (green). (I) SPR-T2A-GAL4 stochastic labeling reveals several bilaterally-projecting ventral glutamatergic
LNs (GlutLNs). White arrow = bilateral projection. (J) Several lateral and anterodorsal PNs (white arrowheads) are highlighted via SPR-T2A-GAL4 stochastic labeling, some
of which project to: VA7, VC1, VC2, VA3, and DA4. (K) Approximately five lateral LNs are identified through SPR-T2A-GAL4 stochastic labeling. In all cases: neuropil was

delineated by anti-DN-Cadherin staining; scale bars = 10um.

locus (e.g., environmental experience or heritable trait) that
would support animal-to-animal variation in patchy LNs has
not been identified. A pair of sexually-dimorphic ventral AL
LNs (“TC-LNs”) were recently shown to display an analo-
gous idiosyncratic morphology phenotype which correlates
with the animal’s sex, mating status, and food ingestiongl.
These factors may similarly influence MIPergic LN variabil-
ity, however we did not observe differences in the total num-
ber of MIPergic LNs based on sex or mating status (Figure
S1), or sexual dimorphism in MIPergic LN synaptic polarity
marker density (syt.eGFP: p =0.0634; DenMark: p = 0.4347;
n = 3 males, 4 females; two-way ANOVA).

Another explanation for animal-to-animal differences in in-
dividual MIPergic LN morphology is that it may not matter
which individual MIPergic LN forms synapses with which
downstream target, as long as all of the MIPergic LN down-
stream targets are met. Every nervous system is the byprod-
uct of the adaptive pressures demanded by the animal’s
niche; a place that can continually change in seemingly un-
predictable ways. Therefore, a developmental “parameter
space” may exist, wherein just enough genetic idiosyncrasy
is allowed to help prevent extinction in the face of environ-
mental perturbations. The breadth of this developmental pa-
rameter space (or the degree of variability from the “me-
dian”) would be defined by many generations of selective
pressures, wherein subtle changes in genetic idiosyncrasies
might equally result in winners and losers. As a conse-
quence of these genetic idiosyncrasies, phenotypic variabil-
ity in a given developmental program would inevitably ac-
cumulate, resulting in the observed animal-to-animal vari-
ability in neuronal features (e.g., morphology, ion chan-
nel distribution, etc.). Consistent with this idea, animal-
to-animal variations in neural circuitry have been noted in
grasshoppers”, crabs?397 | lobsters?®??, flies3!-100.101  4p4
rats!92, Moreover, inter-animal variations in neuronal ar-
chitecture are one of several features implicated in inter-
animal behavioral variations!'01-103-106.108 "However, despite
this variability, overall neuronal circuit functions persist —
such as the consistent MIP-induced decrease in DM2 and
DMS5 OSN responses (Figure 6). Moreover, several positive
and negative correlations exist for pairs of glomeruli inner-
vated by single MIPergic LNs, such as the significant prob-
ability for MIPergic LN co-innervation in ACV-responsive
glomeruli (Figure 1 and Supplementary Table 1). This
suggests that the morphology of an individual MIPergic LNs
can differ from animal-to-animal, as long as the right com-
binations of downstream targets (e.g., food-odor responsive
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neurons) are met by the ensemble.

MIP-SPR signaling has been implicated in several behavioral
state switches*!?7. Notably, abolishing MIP release by inac-
tivating all MIPergic neurons, or using a MIP-genetic null
background, increases the animal’s drive for food-derived
odors*. Moreover, single sensillum recordings from DM2
OSNs displayed an increased firing rate when all MIPergic
neurons are inactivated*. In contrast, increasing the activ-
ity of all MIPergic neurons decreases attraction toward food-
odors, to the extent of eliciting odor-induced aversion*. To-
gether, these behavioral results suggest MIP-SPR signaling
controls the sensitivity to food-associated odors and drive
to search for food. In accordance with these observations,
we found that individual MIPergic LNs significantly co-
innervate several food-odor associated glomeruli (Figure 1)
and neurons from several of these glomeruli express the MIP
receptor, SPR (Figure 5). Most strikingly, we find that MIP
directly acts on DM2 OSNs to decrease the gain of their re-
sponses (Figure 6). Furthermore, we show that the MIP-
induced decrease in DM2 responses occurs in a stimulus-
concentration independent manner (Figure 6). Altogether,
these results point to a probable role for MIPergic LN-derived
MIP signaling to adjust olfactory processing, likely while
other MIPergic neurons adjust other sensory/motor elements,
in accordance with satiety homeostasis drives. However, this
role is likely only one of many that the MIPergic LNs play in
AL processing as they also release GABA, and form recipro-
cal connections with neurons outside of the SPR-expressing
neurons (Figure 3 & 4).

Peptidergic modulation can be as simple as a single neu-
ropeptide modulating motor output'%, or as complex as the
~37 neuropeptide families in the cortex''?. Our data high-
light how even a seemingly simple case (a single neuropep-
tide) can have complex consequences on network process-
ing by acting non-uniformly within different components of
the overall network. As neuropeptide functions are often
deeply conserved, and as the actions of neuropeptides begin
to come into focus, similar instances of complex and non-
uniform peptidergic modulation will likely appear across dis-
parate taxa and modalities.
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Fig. 6. Previous page. MIP differentially effects OSN responses to ACV. (A) Individual MIPergic LNs (magenta) significantly co-innervate pairs of ACV-responsive
glomeruli (cyan). (B) ACV-responsive OSNs (cyan) form synaptic connections with MIPergic LNs (magenta) and express the MIP receptor, SPR (turquoise). (C) Schematic
representation of experimental paradigm for testing MIP’s effects on ACV-responsive OSN odor-evoked responses. (D) DM1, DM2, DM4, and DM5 OSN responses to 102
ACV before (“PRE"), after MIP pressure injection (“MIP”), and post-washout (‘POST”). MIP significantly increases DM1 OSN responses (p = 0.004, PRE vs. MIP AUC, n =
8; Holm-corrected RM t-tests). Conversely, MIP significantly decreases DM2 and DM5 OSN responses (DM2: p = 0.013, PRE vs. MIP AUC & p = 0.001, PRE vs. POST
AUC, n = 8; Holm-corrected RM t-tests; DM5: p = 0.02, PRE vs. POST, n = 8; Holm-corrected RM t-tests). (E) DM1, DM2, DM4, and DM5 OSN responses to 10® ACV as in
(D). MIP significantly decreases DM2 OSN responses (p = 0.013, PRE vs. MIP AUC & p = 0.01, PRE vs. POST AUC, n = 5; Holm-corrected RM t-tests). Conversely, MIP
significantly increases DM4 OSN responses (p = 0.002, PRE vs. MIP AUC & p = 0.001, PRE vs. POST AUC, n = 5; Holm-corrected RM t-tests). (F & G) SPR knockdown
in OSNs abolishes MIP-induced decrease in DM2 and DM5 OSN responses (DM2: 10°2: p = 0.136, RM one-way ANOVA, n = 6; 10®: p = 0.063, PRE vs. MIP AUC & p =
0.688, PRE vs. MIP AUC, n = 6; Holm-adjusted Wilcoxon signed-rank test; DM5: 102 p = 0.135, RM one-way ANOVA, n = 6; 10°6: p = 0.063, PRE vs. MIP AUC & p =
0.313, PRE vs. MIP AUC, n = 6; Holm-adjusted Wilcoxon signed-rank test). In contrast, SPR knockdown in OSNs does not abolish MIP-induced increases in DM1 and DM4
OSN responses (DM1: p = 0.031, PRE vs. MIP AUC, n = 7; Holm-adjusted Wilcoxon signed-rank test; DM4: p = 0.031, PRE vs. MIP AUC, n = 7; Holm-adjusted Wilcoxon

signed-rank test). For each response: vertical and horizontal scale bars = 0.1 AF/F & 1 second (respectively). Glomerular schematics derived from an in vivo AL atlas
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RESOURCE AVAILABILITY

Lead Contact
Further information and reasonable requests for reagents and resources should be directed to and will be fulfilled by the lead
contact, Tyler R. Sizemore (sizemoretyler92 @gmail.com).

Materials Availability
All novel transgenics generated here will be deposited with the Bloomington Drosophila Stock Center post-publication.

Data and Code Availability

With the exception of code that was graciously provided to us by others, all code that was used to analyze or plot data is
available from the lead contact upon reasonable request. Any additional information required to reanalyze the data reported
here is available from the lead contact upon reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Flies were reared on standard cornmeal and molasses media at 24°C and under a 12:12 light:dark cycle. Equal numbers of male
and female animals were used when possible, excluding live-imaging experiments which used only females. For mating status
comparisons: 1) “virgin females” denotes females that were meconium-positive upon collection, 2) non-virgin females were
housed with males until processing for immunohistochemistry, and 3) flies were age-matched and kept on the similar media
until processed for immunohistochemistry. The genotypes used for each experiment are included in Supplementary Table 1.

METHOD DETAILS

A. Immunohistochemistry and Imaging. All immunohistochemistry was performed generally as previously described'!!.
Briefly, samples were dissected, fixed in 4% paraformaldehyde, then washed with phosphate buffered saline with 0.5% Triton-X
100 (PBST) several times before taking samples through an ascending-descending ethanol was series, then blocking in 4% IgG-
free BSA (Jackson Immunoresearch; Cat#001-000-162). Samples were then incubated in primary antibody (Key Resources
Table) diluted in blocking solution and SmM sodium azide. Following primary antibody incubation samples were washed with
PBST, blocked, and incubated in secondary antibody diluted in blocking solution and 5mM sodium azide. Finally, samples
were washed, cleared using an ascending glycerol series (40%, 60%, 80%), and mounted on well slides in Vectashield (Vector
Laboratories, Burlingame, CA; Cat#H-1200). Images were collected and analyzed as previously described!!! with VAA3D!!?
and FluoRender''#, apart from those captured with a 40x/1.25 Silicone UPlanSApo Olympus objective.

B. Single LN Clone Induction and Glomerular Innervation Analysis. Single LN clones were induced through the Mul-
tiColor Flip Out (MCFO) method®. Flies carrying the MCFO cassettes, Flp-recombinase, and GAL4 driver were raised under
normal conditions (see above) until heat shock. Adult flies were heat-shocked in a 37°C water bath for 12-25 minutes and
returned to normal conditions for ~2-3 days before processing for immunohistochemistry. We chose to analyze the innervation
patterns of 50 individual MIPergic LNs based on a statistical probability theorem termed, “the coupon collector problem”!!3.
For our purposes, this meant we needed to sample 43 individual LNs to ensure we sampled each of the ~13 LNs highlighted
by R32F10-GAL4 (Figure 1B-1D). We chose to analyze more than the minimal number as determined by this theorem as
an additional preemptive measure to ensure the ~8 MIPergic AL LNs were sampled. Apart from VAlv, glomeruli were de-
fined according to previously published AL maps''>!1°. Glomerulus names were later updated according to recent naming
conventions”®. Neuropil were labeled using anti-DN-cadherin or anti-Bruchpilot (Key Resources Table). Hierarchical cluster-
ing and principal components analysis (PCA) of glomerular innervation data were performed as previously described?'. PCA
was performed without any arbitrary threshold of significance. Data were clustered using Ward’s method (“ward.D2”) and
Euclidian distance using the ClustVis package (https:/github.com/taunometsalu/ClustVis)!!”. Pairwise Pearson’s correlation
coefficient of MIPergic LN glomerular innervation were determined using the “cor” function in the base-R stats package, and
significant correlations were subsequently assessed using the “rcorr” function in the Hmisc package. The corrplot package
was used to create the hierarchically clustered (using Ward’s method) representation of these pairwise correlation coefficients
depicted in Figure 1. In every case used, glomerular “odor scene” information is derived from previous assignments'!8.

To determine if MIPergic LNs preferentially innervate glomeruli based on valence, glomeruli were assigned “attractive” or
“aversive” based on similar assignments previously described?®!!8. These glomerular valences aggregate findings from previ-
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ous reports , as well as behavioral valence of the odors’! that glomerulus’ OSNs respond to according to DoOR 2.
Glomeruli whose valence is state-dependent (i.e., the V glomerulus)!?® and DC4 were not included in this analysis. Similar
methods were used to determine if MIPergic LNs preferentially innervate glomeruli based on the functional group of a given
OR’s cognate odorant, with the exception of the V and VM6 glomeruli.

C. MIPergic LN Anatomical Marker Density Analyses. Analysis of syt.eGFP, DenMark, anti-MIP immunoreactive
puncta signal, and LN innervation (via mCD8::GFP signal) density in antennal lobe glomeruli was performed as previously
described!?°. Images of all antennal lobes within a given brain were collected with similar confocal scan settings (laser power,
detector offset, etc.) and later imported into FIJI for quantification. Using the Segmentation Editor plugin and a previously
described script (graciously provided by Rachel Wilson, Harvard)'?®, ROIs were manually traced every 2-3 slices around the
neuropil boundaries of each glomerulus using the anti-DN-Cadherin or anti-Bruchpilot channel, and then interpolated through
the stack to obtain boundaries in adjacent slices. To ensure each brain contributed equally when pooling data across brains,
signal density values for all glomeruli were normalized to the maximum density value within the given indicator being ana-
lyzed (e.g., all density values for syt.eGFP were normalized to the maximum syt.eGFP value). The “ggscatter” function in
the ggpubr package was used to determine Pearson’s correlation coefficients and p-values when assessing correlations between
effector/anti-MIP and MIPergic LN mCDS8::GFP voxel density across all glomeruli. Adjusted R-squared values were calculated
using the base-R stats package and correspond to how well each data being assessed for the given correlation analysis fit a linear
model.

D. Putative MIPergic LN Connectomic Analyses - ldentifying Putative MIPergic LNs. All connectome anal-
yses leveraged the publicly available Janelia FIyEM Drosophila hemibrain electron microscopy volume (v.1.2.1;
https://neuprint janelia.org/)>®>7, and recently described analysis suites*®!?7. We used several criteria for determining which
neurons are most likely MIPergic LNs, the first of which was the candidate neurons must be AL LNs. Next, we selected
those candidate LNs that receive input from the serotonergic CSD neurons as all MIPergic LNs express the 5-HT1A serotonin
receptor' !, and form connections with the serotonergic CSD neurons!?®. We then used natverse'?’ to transform the intercon-
nectivity of each candidate neuron into the FlyCircuit whole brain (FCWB) template brain three- dimensional space!?%139, so
we could generate a morphological similarity score between our query neuron and neurons FlyLight project’s GMR-GAL4
repository** by using the built-in NBLAST package (nat.nblast)'?°. We selected for only those candidates that achieved a
GMR32F10-GAL4 NBLAST score of >0.60 [“identical twins”!?°]. Lastly, any remaining candidate MIPergic LNs were fil-
tered for those neurons that are considered “Traced”, the hemibrain’s highest level of tracing completeness and confidence.
Only neurons that met all of these criteria (~10% of all AL LNs) were considered for further analysis.

E. Putative MIPergic LN Connectomic Analyses - putMIP LN Meshes, Segregation Indices, and Flow Centrality.
Most methods for analyzing putMIP LN morphology and connectivity have been described recently?®. Putative MIPergic LN
skeleton meshes (Figure 2F) were fetched from the hemibrain data repository by accessing the neuPrint Python API using
the neuprint-python (https://github.com/connectome-neuprint/neuprint-python) and Cloud-Volume (https://github.com/seung-
lab/cloud-volume) packages. The hemibrainr package (https://github.com/flyconnectome/hemibrainr) was used to fetch each
putMIP LN’s metadata and calculate each neuron’s dendrite-axon segregation index and flow centrality®* using the recom-
mended arguments.

F. Putative MIPergic LN Connectomic Analyses - Intraglomerular Axon:Dendrite Ratio Analysis. Glomerular meshes
based on PN dendrites were used for all subsequent analyses (axon:dendrite ratio by glomerulus, connectivity demographics,
etc.)?. To establish a postsynaptic:presynaptic ratio for each glomerulus a given putMIP LN innervates, we extracted the
number of pre- and postsynaptic sites each putMIP LN has within each glomerulus by subsetting the connectors read in by the
neurprintr “neuprint_read_neurons” function. These connectors were then filtered for their presence inside each glomerulus’
mesh XYZ coordinate space, segregated based on whether they were a post- or presynaptic site, then finally summed. We used
the following formula to establish a given putMIP LN’s axon:dendrite ratio across all glomeruli: (# of postsynaptic sites - # of
presynaptic sites)/(# of postsynaptic sites + # of presynaptic sites). Therefore, values from negative one to zero indicate the
given putMIP LN has more presynaptic sites within a given glomerulus. Conversely, values from zero to positive one indicates
the given putMIP LN has more postsynaptic sites within a glomerulus.

G. Putative MIPergic LN Connectomic Analyses - General Upstream and Downstream Demographics Analyses.
To identify and compare the demographics of each putMIP LN’s upstream and downstream partners, putMIP LN connectivity
data were first extracted using the hemibrainr “simple connectivity” function. The demographic of each presynaptic and
postsynaptic partner was generally assigned according to the neuron’s accompanying “name” or “type” as listed on neuPrint. In
cases where a neuron’s “name” or “type” was unannotated (“NA”), the neuron would be categorized as “Unknown”. We used
the following formula to determine the percentage of overall input a given putMIP LN receives from a given neuron category:

[(sum of connections from a given neuron category to the given putMIP LN)/(summed amount of input that given putMIP LN
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receives from all categories)] x 100%. Similar methods were applied for determining the percentage of overall output a given
neuron category receives from a given putMIP LN.

H. Putative MIPergic LN Connectomic Analyses - putMIP LN Input Polarity Analysis. To determine the amount of
excitatory, inhibitory, and modulatory input a given putMIP LN receives within each glomerulus, we first categorized each
presynaptic neuron as either excitatory, inhibitory, or modulatory based on the presynaptic neuron’s neuPrint “name”/’type”,
previous immunochemistry results3%-3134131-134 "and/or the category assigned in previous reports?®. However, we acknowledge
several caveats to this analysis, such as: (1) this analysis does not account for co-transmission; (2) several glomeruli are trun-
cated within the hemibrain AL%%; (3) although we consider all LN as inhibitory as most are either GABAergic or glutamatergic
(combined, these represent ~170/200 AL LNs)30-31.3413L133.135 “there are ~4 tyrosine hydroxylase-immunoreactive (dopamin-
ergic) and ~8-15 cholinergic and/or electrically coupled LNs in the AL3!-32-3637: (4) although GABA can also act as an intrinsic
modulator in the AL (reviewed by Lizbinski & Dacks!3®), we only count GABAergic LNs as part of the “inhibitory input”
category here; and, (5) we consider all ventral LNs analyzed here as being glutamatergic, but there are ~1-2 dopaminergic (ty-
rosine hydroxylase-immunoreactive) ventral LNs3!. Once each presynaptic neuron’s chemical identity (excitatory, inhibitory,
or modulatory) was determined, we used several approaches to assign these synapses to particular glomeruli. In the case of
uniglomerular PNs (uPNs) and OSNs, we leveraged the single glomerulus innervation of these presynaptic neuron types to
assign their synapse onto a given putMIP LN synapse to the presynaptic neuron’s home glomerulus. That is to say, OSN-to-
putMIP LN and uPN-to-putMIP LN synapses were assigned to a glomerulus by: (1) using the home glomerulus assigned to a
given presynaptic in the neuron’s neuPrint “name”/’type”, or (2) by the home glomerulus assigned to the neuron in previous
reports?®. For instance, if the presynaptic neuron was a cholinergic PN whose home glomerulus is DA2, and this DA2 PN
synapses on a given putMIP LN five times, then those five synapses went to the overall excitatory input the given putMIP LN
receives within DA2. Neurons were only excluded from this analysis if the presynaptic neuron’s home glomerulus was not
previously identified?®. Once the polarity of the input type was established, we used the same methods as above for determin-
ing whether the XYZ coordinates of each putMIP LN’s synapse(s) with a given presynaptic partner were located in a given
glomerulus. Synapse counts for each putMIP LN partner within the given glomerulus were then summed by type (excitatory,
inhibitory, or modulatory), and the resulting total was divided by the total number of synapses the given putMIP LN makes
within that glomerulus to establish percent excitatory, inhibitory input, or modulatory input.

I. SPRMI13885_ToA.| exA::QFAD Generation. The SPRM!3885_T2 A _LexA::QFAD fly line was established using previously
described injections methods®®. We also note that we also attempted to create an SPR-T2A-GAL4 using the pC-(lox2-attB2-
SA-T2A-Gal4-Hsp70)3 construct (Addgene #62957), but no founders emerged (potentially owing to lethality when these con-
struct elements are inserted in the SPR locus). Briefly, pBS-KS-attB2-SA(2)-T2A-LexA::QFAD-Hsp70 and ®C31 helper
plasmid DNA were co-injected into y!, w*, Mi{MIC}SPRM!!385 pBS_KS-attB2-SA(2)-T2A-LexA::QFAD-Hsp70 (Addgene
plasmid #62949) and pC-(lox2-attB2-SA-T2A-Gal4-Hsp70)3 (Addgene #62957) were gifts from Benjamin H. White (NIH).
SPRMI38S T A_LexA::QFAD transformants were isolated as depicted in Figure S7.

J. Single-Cell RNA-Sequencing (scRNA-seq) Analysis of SPR Expression. Single-cell transcriptomic data were ac-
cessed and downloaded from the SCope web interface (https://scope.aertslab.org) on 03/04/2022. Projection neuron clusters
were re-identified as in each dataset’s original report®3-83. Transcript reads were exported log-transformed (log(1 + x)) and
reads were counts-per-million (CPM) normalized. Projection neuron subpopulations were then identified within each scRNA-
seq dataset using previously established marker genes83-137:138

K. in vivo Calcium Imaging - Animal Preparation. All calcium imaging experiments were performed on female flies ~1-
5 days post-eclosion, and at room temperature. Animals of the proper genotype were collected and briefly anesthetized on
ice. Once anesthetized, an animal was affixed to a custom-built holder with UV curable glue (BONDIC, M/N: SK8024). Our
custom-built holder consists of a sheet of aluminum foil with a ~1x1mm square (the imaging window) affixed to a 3D-printed
design derived from similar designs described previously'?°. Once mounted, a small window exposing the dorsal side of the
brain was created, and covered with twice-filtered recording saline (in mM: 2 CaCl,, 5 KCl, 5 HEPES, 8.2 MgCl,, 108 NaCl, 4
NaHCO3, 1 NaH,POy, 10 sucrose, and 5 trehalose; adjusted pH: ~7.4)*%. After establishing the imaging window, the air sacs,
fat bodies, and trachea covering the dorsal side of the brain - as well as Muscle 16 - were removed with fine forceps. With the
exception of minimal epochs during the synthetic MIP bath application experiments (see below), the brain was continuously
perfused with oxygenated (95%0,/5%CO;) recording saline using a Cole-Parmer Masterflex C/L (M/N: 77120-62) at a rate of
~2mL/min.

L. in vivo Calcium Imaging - Image Acquisition. For one-photon imaging data (the majority of in vivo physiology data),
data were acquired using a Prior Scientific Open Stand (M/N: H175) microscope mounted on Prior Scientific motorized trans-
lational stage (M/N: HZPKT1), and equipped with an Olympus 10x/0.30 UPlanFL N objective and an Olympus 60x/1.00
LUMPIanFL N water-immersion objective. A 470nm CoolLED pE-100 (CoolLED Ltd., Hampshire, UK) was used as the light
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M in vivo Calcium Imaging - Odor Preparation and Delivery

source. Each trial was captured with a Hamamatsu ORCA-4.0LT camera (Hamamatsu Phototonics, Hamamatsu, Japan), and
consists of 40 1,024x1,024 frames acquired at a frame rate of ~9 Hz.

A portion of the R32F10-GAL4 odor panel experiments were also acquired using a custom-built two-photon system (Scien-
tifica) equipped with a Mai Tai HP Ti:Sapphire laser (Spectra-Physics) and operated using Scanlmage acquisition software
(v.5.5; Vidrio Technologies). Each two-photon imaging trial was captured by a Scientifica SciCam Pro camera, and consisted
of 80 512x512 frames acquired at a frame rate of ~3.4 Hz. After data acquisition, a high-resolution z-stack (1,024x1,024) was
acquired at ~0.21 Hz to enable post-hoc glomerulus identification (see below).

M. in vivo Calcium Imaging - Odor Preparation and Delivery. All odor concentrations are reported as v/v dilutions in
paraffin oil (J.T. Baker, VWR #JTS894), or autoclaved and twice-filtered distilled water (for diluting acids). For example, 102
dilution indicates that one volume of an odor is diluted with 100 volumes of paraffin oil. For one-photon imaging data (the
majority of in vivo physiology data), dilutions were prepared in 2mL odor vials (SUPELCO; P/N: 6020) that contained a final
volume of 1mL of diluted odor in paraffin oil every other day, or after two experiments (whichever came first). Odors were
generally presented as previously described®113:12%_ Briefly, a carrier stream of carbon-filtered, dehumidified, air was presented
at 2.2 L/min to the fly continuously through an 8mm Teflon tube placed ~1cm away from the fly. A three-way solenoid (The
Lee Company, P/N: LHDA1231315H) diverted a small portion of the airstream (0.2 L/min) through the headspace of an odor
vial for 200ms after triggering an external voltage command (TTL pulse) at frame 20 of the trial. Considering the above, the
odor is diluted further (by 10-fold) prior to delivery to the animal. The odor stream joined the carrier stream 11cm from the
end of the tube, and the tube opening measured ~4mm. Odor delivery during two-photon imaging was similar, but differed
slightly in that: (1) odor cartridges (see below) instead of a 2mL odor vial; (2) the continuous airstream was presented via a
custom-built glass tube; and, (3) the TTL pulse occurred at frame 30 of the trial.

Methods for assessing preparation health and performing multiple odor trials generally conform to previous work®%126 At the
start of each experiment, the animal was presented a test odor (10~} 2-heptanone) to assess the preparation’s health. Only the
data collected from animals whose responses to this test odor were robust and did not dramatically change from baseline over
the course of the experiment were used for further analysis. The only exceptions to this were those data collected in synthetic
MIP bath application experiments (see below), since bath application of any modulator would likely result in network property
changes that would consequently change olfactory responses. Therefore, the test odor was only initially presented to those
animals used for synthetic peptide application experiments, so their initial olfactory response health could be assessed. Each
experiment consisted of multiple odor trials (3 for OSNs; 4 for LNs) within a preparation which were then averaged to attain
a within-animal response. These within-animal averages were subsequently averaged across many animals for subsequent
statistical analysis, and “n” is reported as the number of animals. Each odor trial consisted of five 200ms pulses of odor
with a 1ms interpulse interval. The same odor was never presented twice within 2min to prevent depletion of the odor vial’s
headspace. If multiple odors were to be tested, then they were presented randomly. If multiple concentrations of a given odor
were to be tested, then the lower concentration was presented before the higher concentration. Air entered and exited each
odor vial through a PEEK one-way check valve (The Lee Company, P/N: TKLA3201112H) connected to the vial by Teflon
tubing. The odor delivery tube was flushed with clean air for 2min when changing between odors/concentrations. As an
additional preemptive measure, all odor delivery system components were hooked up to the house vacuum line overnight. The
olfactometer used in two-photon data collection consisted of odor cartridges (a syringe housing a piece of filter paper that was
doused in 10yl of diluted odor) hooked into a custom glass carrier stream delivery tube as previously described!*!.

N. in vivo Calcium Imaging - Data Analysis. All calcium imaging data were analyzed using a custom-made MATLAB
script graciously provided by Marco Gallio (Northwestern University) and has been described previously*’-14>143, With the
exception of any preparations that violated the aforementioned criteria (e.g., movement, diminishing prep health, etc.), no
data points or outliers were excluded from our analyses. Generally, the number of flies to be used for experiments are not a
limiting factor, therefore no statistical power analyses were used to pre-determine sample sizes. Regardless, our sample sizes
are similar to those in previous reports that perform similar experiments?%#7-144-149 " Before analyzing the data, a Gaussian
low-pass filter (sigma=1), bleach correction (exponential fit), and image stabilizer algorithms were applied to the given trial’s
raw AF/F signal. Similar preprocessing for two-photon microscopy data was similar, with the exception of a higher sigma
during Gaussian low-pass filtering (sigma=2). A trial’s average fluorescence image was used as a guide to draw consistently
sized circular regions-of-interest (ROI) within a given glomerulus. Calcium transients (AF/F) within the ROI were measured
as changes in fluorescence (AF) normalized to baseline fluorescence (F, fluorescence intensity averaged across 2sec just prior
to odor onset). Within-animal responses were established by averaging across several odor trials in the given preparation (3
for OSNs; 4 for LNs). These within-animal responses were then pooled for each stimulus identity and concentration across
animals. These pooled averages were used for all subsequent statistical analyses and the “n” is reported as the number of
animals. Glomeruli were manually identified post-hoc by comparing acquired images to well-defined three-dimensional maps
of the AL'3%15! Only the glomeruli that were reasonably identifiable were considered for analysis.

Sizemore etal. | A Neuropeptidergic Signaling Pathway for Olfactory Gain Modulation bioRxiv | 23


https://doi.org/10.1101/2022.04.27.489804
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.27.489804; this version posted May 16, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

0. Synthetic Myoinhibitory Peptide (synMIP) Application Experiments. Synthetic MIP (synMIP; EPTWNNLKGMW-
amide) was custom made by GenScript (Piscataway, NJ, USA) at the highest purity available (>75%). The sequence we chose to
use for synMIP is identical to the sequence previous investigations have used when discerning the role of MIP in the Drosophila
circadian system'#>. In pilot experiments, we tested another sequence of synthetic MIP (RQAQGWNKFRGAW-amide) that
was previously detected at the highest abundance by direct profiling of single ALs using mass spectrometry>*!>2, Experimental
results produced using synthetic peptide of either sequence were not qualitatively different, but all results reported here use the
synMIP previously used in circadian studies'*. To test how synMIP application adjusts odor-evoked responses, a 1,000uM
working solution was made by diluting a small portion of the lyophilized peptide in nuclease-free water (Thermo Scientific,
#R0581). After testing the initial odor-evoked responses of the neurons being tested for a given experiment, the perfusion
system was switched off momentarily so a small portion of our synMIP working solution could be pressure injected into the
AL to a final concentration of 10uM. This final concentration was chosen so as to be comparable to similar studies!4*!33. Ten
minutes after synMIP pressure injection, the animal’s odor-evoked responses were tested as before synMIP injection, and then
the perfusion system was switched back on. Ten minutes after turning the perfusion system back on, the animal’s odor-evoked
responses were once again tested as they were initially. Re-testing the animal’s response to the test odor (10~ 2-heptanone) at
the end of these experiments could not be used as a reliable means for assessing prep health due to changes in circuit member
responses induced by modulator bath application. Therefore, for these experiments no animal was tested for longer than the
average time that animals were reliably healthy in the MIPergic LN odor panel experiments (~90min). Furthermore, we believe
these preparations remain healthy throughout the entire experimental epoch as ACV responses increase or do not significantly
diminish over the course of the experimental epoch in many glomeruli (Figure 6).

QUANTIFICATION AND STATISTICAL ANALYSES

P. Quantification and Statistical Analyses - General Approach. Statistical analyses were performed using R (v.4.1.1)
in R Studio (v.2021.09.0). Values to be analyzed were concatenated in Excel before importing into the relevant analysis
software. Statistical results are reported where applicable and summarized in Supplementary Table 1. All statistical tests
were two-tailed. All boxplots display the minimum, 25th-percentile, median, 75th-percentile, and maximum of the given data.
Additional analysis details are provided for each set of experiments above. Where possible, values are given as mean+SEM.
Statistical significance is defined as: *p 0.05, **p 0.01, ***p 0.001.

Q. Quantification and Statistical Analyses - Anatomical Analyses. The ClustVis package was used to hierarchically
cluster (using Ward’s criteria) and perform PCA on individual MIPergic LN innervation patterns. The “cor” function in the
base-R stats package and the “rcorr” function in the Hmisc package were used to calculate statistically significant Pearson’s
correlation coefficients for MIPergic LN pairwise glomerular innervation patterns. The ggpubr package’s “ggscatter” function
was used to determine Pearson’s correlation coefficients and p-values when assessing correlations between: (1) effector/anti-
MIP and MIPergic LN mCD8::GFP voxel density across all glomeruli, and (2) MIPergic LN glomerular innervation frequency
as a function of each glomerulus’ volume. Adjusted R-squared values were calculated using the base-R stats package and
correspond to how well each data being assessed for the given correlation analysis fit a linear model. The Shapiro-Wilk test (the
rstatix package’s “shapiro_test” function) was used to evaluate any deviations from a normal distribution. Welch’s unpaired
t-test was used to determine if MIPergic LNs preferentially innervate glomeruli based on inferred hedonic valence. A Kruskal-
Wallis rank sum test followed by pairwise Bonferroni’s-corrected Dunn’s multiple comparisons test of was used to determine
if: (1) MIPergic LNs preferentially innervate based on the functional group found along the odorant that activates the given
glomerulus’ OR; (2) SPR-GAL4::VP16 expression in antennae and maxillary palps significantly differs between males, mated
females, and virgin females; (3) SPR-GAL4::VP16 expression in glutamatergic LNs between males, mated females, and virgin
females; (4) SPR-T2A-GAL4 expression in maxillary palps significantly differs between males, mated females, and virgin
females; and, (5) the number of MIPergic LNs differ between males, mated females, and virgin females. Welch’s one-way
ANOVA with a Bonferroni multiple comparisons correction was used to assess statistically significant differences in SPR-
T2A-GALA4 expression in antennae between males, mated females, and virgin females. To resolve any sexual dimorphism in
MIPergic LN syt.eGFP or DenMark puncta density across glomeruli, we used a two-way ANOVA with a Greenhouse-Geisser
sphericity correction followed by a Bonferroni’s multiple comparisons test.

R. Quantification and Statistical Analyses - in vivo Calcium Imaging. Background-subtracted changes in fluorescence
over time (AF/F) analyses were carried out using custom MATLAB scripts previously described*’-'#2, and are represented as
individual traces overlaid by the mean with dilutant-only (e.g., paraffin oil-only) responses subtracted. Average peak response
(Figure 3E) refers to the maximal AF/F value within the time of odor onset to ~1 second post-odor onset averaged across
all animals. Area under the AF/F curve (AUC) was modified from previous reports!>*, such that AUC was calculated using
Simpson’s rule (“sintegral” function in Bolstad2 package) as the integral of the AF/F traces from the beginning until 1 second
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R Quantification and Statistical Analyses - in vivo Calcium Imaging

after odor delivery with a baseline of 1 second before stimulus onset. To assess OSN odor-evoked response (AUC) differences
across synMIP treatments, we first determined if normality could be assumed (as above). If normality could be assumed,
then an omnibus repeated measures one-way ANOVA with a Greenhouse-Geisser sphericity correction was performed (RM
one-way ANOVA) (“anova_test” function in rstatix). If significant differences were detected with the omnibus, then pairwise
repeated measures t-tests (RM t-tests) with a Holm multiple comparisons correction were performed to identify which groups
were statistically different. If normality could not be assumed, then a Friedman rank sum test followed by Holm-corrected
paired two-sided Wilcoxon signed-rank test was performed.
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SUPPLEMENTAL INFORMATION

Figure Legends.

Figure S1 Myoinhibitory peptide (MIP) colabeling with transgenic markers for GABAergic, cholinergic, and gluta-
matergic neurons in the Drosophila central brain. (A) Regardless of sex or mating status, there are no MIP-immunoreactive
(MIP-ir) OSNs in Drosophila. The left most diagram represents the imaging plane for all images to the right, wherein: 1-1”
= OSNs in the 3rd-antennal segment; 2-2’ = maxillary palp OSNs. High-contrast black-and-white images for each individual
label (ChAT Trojan LexA-derived tdTomato or anti-MIP) are shown below each merged image (images in color). (B) MIPergic
neurons in the antennal lobe (AL) (Figure 1) and near the median bundle (MBDL) colabel with glutamic acid decarboxylase 1
(GAD1). MIPergic neurons in the superior medial and lateral protocerebrum (SMP and SLP, respectively) and near the lateral
medial lobula (LMlo) colabel with vesicular glutamate transporter (VGlut). MIPergic neurons within the inferior contralateral
interneuron cluster (ICLI)'> and SEZ do not colabel for ChAT, GADI1, or VGlut, and are most likely tyraminergic (Tyr) based
on scRNA-seq data®*. (C) Schematic summarizing data from (A), wherein several populations of MIP-immunoreactive neurons
are also glutamatergic (MIP* & VGlut* neurons in the SMP, LMIlo, and SLP; magenta), two populations are also GABAergic
(MIP* & GADI™* neurons in the MBDL and AL) (see also Figure 1), and no MIP-immunoreactive neurons are cholinergic
(colabel with ChAT). Except for the ICLI interneurons, soma locations are labeled according to the closest neuropil, or fascicle,
according to established nomenclature!>’. (D) The number of MIP-ir AL LNs does not differ based on sex or mating status (p =
0.548, Kruskal-Wallis rank sum test). Cell counts: n = 12 brains, 24 ALs (mated female); n = 16 brains, 31 ALs (virgin female)
; n =7 brains, 14 ALs (male). In all cases: neuropil was delineated by anti-DN-cadherin staining; open arrowheads = no
colocalization; closed arrowheads = colocalization.

Figure S2 MIPergic LNs do not preferentially innervate olfactory glomeruli based on odor-evoked behavioral valence,
the odor-tuning properties of a given glomeruli’s olfactory receptor neuron(s), or the size of the glomerulus. (A) Dot plot
representation of the frequency we find a given glomerulus is innervated by a single MIPergic LN clone. Rectangles underneath
each glomerulus’ name represents the “odor scene” of that glomerulus®%!18. These are: alcoholic fermentation (brown); yeasty
(blue); fruity (faded green); decaying fruit (yellow); plant matter (pink); animal matter (pale purple); pheromones (chartreuse);
dangerous (red); and, unknown (grey). (B) MIPergic LNs do not preferentially innervate glomeruli whose activity has been
linked to attractive or aversive behavioral responses (p = 0.991, n = 13 (“attractive”), 16 (“‘aversive”), unpaired t-test with
Welch’s correction). (C) MIPergic LNs do not preferentially innervate glomeruli tuned to any particular odorant molecules (p
= 0.59, Kruskal-Wallis rank sum test). Odorant molecule functional groups are color coded as follows: terpenes (magenta),
ketones (purple), esters (blue), aromatics (aqua marine), amines (chartreuse), aldehydes (green), alcohols (brown), and acids
(deep pink). (D) The frequency by which a MIPergic LN innervates a glomerulus is not correlated to the volume of the
glomerulus (cubic microns). MIPergic LN innervation frequencies are significantly weakly correlated to glomerular volumes
delineated by Grabe et al.'>® (r = 0.35, p = 0.018), but variations in MIPergic innervation frequencies across glomeruli do not
correlate (adjusted R? = 0.101). Conversely, MIPergic LN innervation frequencies do not correlate with projection neuron-
based glomerular volumes delineated from electron microscopy data®®!'® (r = 0.24, p = 0.12). (E) Principal components
analysis (PCA) of MIPergic LN innervation patterns, where each data point represents MIPergic LN innervation patterns for
each glomerulus. Bar graph represents the percentage of the variance explained by each principal component. In all cases,
boxplots display the minimum, 25th-percentile, median, 75th-percentile, and *'maximum’ of the given data.

Figure S3 Sister MIPergic LN and individual MIPergic LN connectivity dynamics. (A & B) On average, ~12 glomeruli
are co-innervated by sister MIPergic LN clones. In these examples, two distinct MIPergic LNs co-innervate DL.2d and DP11
(respectively). For comparing sister MIPergic LN co-innervation patterns, n = 5 brains; 5 sister clones per brain. (C-E)
Individual MIPergic LNs innervate thermo-/hygrosensory glomeruli. Branching from an individual MIPergic LN was observed
invading the VP4 (formerly, “the arm”), VP3, VP2, and VP1 (formerly, “the column”). VP2-4 are designated by the hatched
outline, while an arrowhead designates VP1. (F-I) DenMark, synaptotagmin-eGFP (syt.eGFP), and anti-myoinhibitory peptide
immunoreactive puncta (anti-MIP) voxel density generally scale with MIPergic LN total cable voxel density within glomeruli.
DenMark variations across glomeruli are significantly weakly correlated to the voxel density of total MIPergic LN cable within
each glomerulus (r = 0.38, p = 0.0098). However, variations in DenMark voxel density across glomeruli do not correlate
(adjusted R? = 0.12249). Synaptotagmin-eGFP and anti-MIP voxel density are significantly correlated with the voxel density
of total MIPergic LN neurite volume (syt.eGFP: r = 0.75, p = 1.8x10; anti-MIP: r = 0.74, p = 5.1x10). The density of
syt.eGFP and anti-MIP immunoreactive punctate are significantly correlated (p = 0.0091), but variations in either indicator
across glomeruli are not (adjusted R = 0.20567). In all cases, each data point represents the normalized mean indicator density
within a given glomerulus and each line represents the linear regression model. (J) All putMIP LNs are synaptically connected
to each other. Table of the number of synapses from one putMIP LN to all other putMIP LNs. (K) The amount of putative
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MIPergic LN reciprocal connectivity assessed within each glomerulus. Heatmap of the amount of input a given putMIP LN
(x-axis) receives from all other putMIP LNs within every AL glomerulus as a function of the total amount of input that putMIP
LN receives within a glomerulus. In all cases: neuropil was delineated by anti-DN-Cadherin staining; all scale bars = 10um.

Figure S4 SPR-GAL4::VP16 and SPR-T2A-GAL4 expression throughout all primary sensory neurons. (A) Expression
patterns of the bacterial artificial chromosome derived element SPR-GAL4::VP16 (cyan) and a CRISPR-Cas9 T2A-GAL4
insertion in the coding-intron of the sex peptide receptor (SPR-T2A-GAL4, magenta) in all sensory afferents in mated females,
virgin females, and males. The left most diagram represents imaging plane for all images to the right, wherein: 1-1””’ =
auditory afferents; 2-2""”> = olfactory, thermal, and hygrosensory afferents; 3-3"”"> = olfactory afferents; 4-4’"’ = gustatory
afferents; 5-5"”” = visual afferents; 6-6"> = proprioceptive and gustatory afferents. Driver expression in visual afferents and
proprioceptive/gustatory afferents (in T1) were only tested for SPR-T2A-GAL4. Arrowhead(s) in 2-2”” and 4-4"” highlight
the few neurons the express SPR-GAL4::VP16 in the 3"-antennal segment (olfactory, thermal, and hygrosensory afferents),
and the labellum (gustatory afferents), respectively. Neuron(s) that innervate the sacculus, a thermal/hygrosensory organ in the
3"_antennal segment, are presented in the insets in the top right of 2-2”’. In all cases, scale bar = 10um.

Figure S5 SPR-GAL4::VP16 expression throughout central brain circuitry with emphasis on AL expression. (A) Sex
peptide receptor expression (SPR; cyan) as revealed using a bacterial artificial chromosome derived GAL4::VP16 element®?.
Note that this element contains the SPR locus and much of the surrounding genomic locus (~88kb total), and the GAL4::VP16
coding sequence was later inserted before the SPR stop site?. This element was then reintroduced at the attp40 landing
site8?. (B-D) SPR-GAL4::VP16 expression (cyan) in OSNs housed in the 3"-antennal segment and maxillary palp. Female
mating status does not affect the number of SPR-GAL4::VP16" cells in antennae (p = 0.63; Holm-adjusted Dunn test), but
males have significantly more SPR-GAL4::VP16™" cells in their antennae than virgin females (p = 0.05; Holm-adjusted Dunn
test). However, the number of SPR-GAL4::VP16" cells in the maxillary palp does not differ based on sex or mating status
(p = 0.59; Kruskal-Wallis rank sum test). The discrepancy in the number of neurons of a given type observed between the
SPR-T2A-GALA4 (see Figure 5C & 5D) versus the SPR-GAL4:: VP16 drivers is likely a result of the non-native chromosomal
topology, as well as potentially missing enhancer elements, of the SPR-GAL4::VP16 driver. (E) SPR-GAL4::VP16 (cyan)
colocalizes with the general glial marker reverse polarity (anti-REPO; yellow). (F) SPR-GAL4::VP16 stochastic labeling
highlights several glial subtypes, including cortical, neuropil ensheathing, and tract ensheathing glia. (G) Several ventral AL
neurons are labeled through intersectional genetics experiments between an EGFP-insertion in the endogenous non-coding
intron of SPR (MiMIC Cassette; magenta) and SPR-GAL4::VP16 (cyan). (H) At least a portion of the ventral AL neurons
labeled by SPR-GALA4:: VP16 are ventral glutamatergic LNs. The number of vesicular glutamate transporter-positive (VGlut*)
SPR-GAL4::VP16 neurons does not statistically differ based on sex or mating status (p = 0.28, n = 8 (virgin females), 7
(mated females), and 8 (males); Kruskal-Wallis rank sum test). (I) SPR-GAL4::VP16 stochastic labeling confirms expression in
ventral LN, at least one lateral LN, and at least one ventral multiglomerular PN could be resolved. (J) Skeleton representation
of the aforementioned SPR-GAL4::VP16 multiglomerular PN. In all cases: neuropil was delineated with anti-DN-cadherin
staining; all scale bar = 10um.

Figure S6 Sex peptide receptor (SPR) expression in independently generated projection neuron single-cell RNA-
sequencing (scRNA-seq) datasets. (A) T-distributed stochastic neighbor embedding (tSNE) plot showing SPR expression
(log-transformed and counts per million (CPM) normalized), wherein higher transcript levels are deeper magenta. (B) Heatmap
showing transcript levels of anterodorsal projection neuron (adPN) marker genes (acjé and kn), lateral projection neuron (latPN)
marker genes (vvl and unpg), ventral projection neuron (VPN) marker genes (lim/ and gadl), choline acetyltransferase (ChAT),
vesicular glutamate transporter (vglur), and SPR in olfactory projection neuron (OPN) clusters previously identified®. (C)
As in (A), visualization of SPR expression in Croset et al 8 scRNA-seq dataset. (D) As in (B), heatmap showing transcript
levels of various genes in OPN clusters previously identified®*. (E) As in (A), visualization of SPR expression in Li et al.$3
OPN scRNA-seq data. (F) As in (B), heatmap representation of transcript levels within adPN (OPN 1) and 1atPN (OPN 2)
scRNA-seq clusters. Cluster boundaries were previously identified®?. In all cases: Transcript levels are CPM normalized and
log-transformed.

Figure S7 Generation of a sex peptide receptor (SPR) LexA::QFAD driver line via dual microinjection of a Trojan
exon construct and ®C31 recombinase. (A) Schematic representation of MiMIC cassette exchange for LexA::QFAD Trojan
exon cassette, and subsequent LexA::QFAD expression in all cells that produce the sex peptide receptor (SPR). (B) Crossing
scheme used to establish SPRMI353_T2A-LexA::QFAD transgenics. (C) SPRMI3353.T2A-LexA::QFAD expression (cyan) in
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the larval central brain and ventral nerve cord. (D) SPRMI3333_T2A-LexA::QFAD expression (cyan) in the adult central brain.
Note that while soma labeled by this driver are faintly reliably resolvable, neural processes are generally unresolvable in the
adult. In all cases, scale bars = 10um.
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