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Neurons exhibit extraordinary precision in selecting synaptic partners. Although
cell-surface proteins (CSPs) that mediate attractive interactions between developing
axons and dendrites have been shown to instruct synaptic partner matching'? the
degree to whichrepulsive interactions have aroleis less clear. Here, using a genetic
screen guided by single-cell transcriptomes**, we identified three CSP pairs, Toll2-
Ptp10D, Fili-Kekl and Hbs/Sns-Kirre, that mediate repulsive interactions between
non-partner olfactory receptor neuron (ORN) axons and projection neuron (PN)
dendritesin the developing Drosophila olfactory circuit. Each CSP pair exhibits
inverse expression patterns in the select ORN-PN partners. Loss of each CSPin ORNs
led to similar synaptic partner matching deficits as the loss of its partner CSPin PNs,
and mistargeting phenotypes caused by overexpressing one CSP could be suppressed
by loss of its partner CSP. All CSP pairs are also differentially expressed in other brain
regions. Together, our data reveal that multiple repulsive CSP pairs work together to
ensure precise synaptic partner matching during development by preventing neurons

from forming connections with non-cognate partners.

Afundamental questionin neural developmentis how the vast number
of neurons precisely select their synaptic partners to form functional
circuits. Neural circuit wiring involves multiple coordinated develop-
mental steps: axon guidance to target regions, dendrite patterning
and synaptic partner matching followed by synaptogenesis®”. Even
though axon guidance and dendrite patterning can greatly reduce the
number of potential partners aneuronencounters atagiven time and
region®, a developing axon must select specific partners among multi-
ple nearby non-partners The mechanisms by which neural systems
reduce multiple candidate synaptic partners to a specific one remain
poorly understood.

It is well established that axon guidance involves both attrac-
tion towards the target region and repulsion away from non-target
regions®®, Repulsion mediated by CSPs is also used in establishing
topographic maps", subregion target selection', and dendritic and
axonal self-avoidance’. However, most known CSPs that instruct the
final steps of synaptic partner selection act through attraction. These
include homophilic attraction of teneurins (Ten-mand Ten-a) in Dros-
ophila olfactory and neuromuscular systems™", heterophilic attrac-
tionsamong members of theimmunoglobulin superfamily of CSPsin
multiple Drosophila circuits® 2, and homophilic attraction mediated
by immunoglobulin? or cadherin®** families of CSPsin the vertebrate
retina. The few examples of repulsion include Drosophila motor axon
target selection, controlled by Wnt4 from non-target muscles?, and
olfactory neuron target selection by Fish-lips (Fili) from non-cognate
partners?. How general repulsion is utilized as a guiding force in syn-
aptic partner matching remains to be examined.

Inthe Drosophila olfactory circuit, axons of about 50 types of ORNs
form one-to-one precise synaptic connections with dendrites of

50 types of PNsin 50 glomeruliin the antennal lobe?®. During develop-
ment, PN dendrites coarsely pattern the antennal lobe first?>*°, While
extending across the antennal lobe prepatterned by PN dendrites,
each ORN axon sends multiple transient branches alongits trajectory.
ORN axon branches that contact partner PN dendrites are stabilized
andbranch further, whereas the rest retract®*2. Since synaptic partner
matching involves retraction of transient ORN axon branches in con-
tact with non-partner PNs, we aimed to identify repulsive CSPs that
might function to prevent the formation of misconnections between
non-partner PNs and ORNs.

Inverse expression of three CSP pairs

VAld and VAlv are neighbouring glomeruli that sense distinct pher-
omones*?**. Known homophilic attraction molecules that mediate
matching between synaptic partners, Ten-m and Ten-a, cannot dis-
tinguish VA1d-PNs and VA1d-ORNs from VAlv-PNs and VA1v-ORNs,
as they all express Ten-m at high levels and Ten-a at low levels®. We
hypothesized that additional CSPs are differentially expressed and
instruct synaptic partner matching in these adjacent glomeruli. To
identify such CSPs, we performed a genetic screen focusing on PN-ORN
matching in the VA1ld and VAlv glomeruli (Fig. 1a). We first analysed
the existing single-cell transcriptome data for developing PNs and
ORNs** at 24-30 h after puparium formation (APF), shortly before
matching between ORN axons and PN dendrites occurs. We focused
on CSPs (including both transmembrane and secreted proteins®) that
are differentially expressed in VA1d-PNs and VAlv-PNs or in VA1d-ORNs
and VAlv-ORNs. We identified 36 candidate genes with assistance
fromexistingliterature, including the list of top 100 CSPs enriched in
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Fig.1|Inverse expression of three CSP pairsinthe VAld and VAlv glomeruli.
a, Schematics of adult Drosophilabrain and the antennal lobe. Axons of VA1d-
ORNs and VA1v-ORNs (green) match with dendrites of VA1d-PNs and VA1v-PNs
(magenta), respectively. b, Schematic of conditional tagging of CSPs to reveal
their endogenous protein expression pattern (top) before—and in specific
celltypes (bottom) after—FLP-mediated recombination. ¢,d, Confocalimages
showing neuropil staining (N-cadherin, blue) and MYC staining of tagged
endogenous Ptpl0D (red) (c) and Toll2 (cyan) (d) using ORN-specific FLP (top)
or PN-specific FLP (bottom). VA1d and VAlv glomeruli are outlined in white
andyellow, respectively, based on N-cadherin staining. Example images of
other proteins are shownin Extended Data Fig. 2c. Asterisks indicate PN cell
bodies. Scale bars,10 pm. e-g, Quantification of the preference index of Toll2

developing antennal lobes revealed by proteomic profiling®. We then
performed tissue-specific RNA interference (RNAi) against candidate
genes selectively in PNs, ORNs and/or all neurons.

Inwild-typeflies, axons of VA1d-ORNs and VAlv-ORNs only innervated
the VAl1d and VAlv glomeruli, respectively (Extended Data Fig. 1a,d).
Fourteen out of the 36 candidate genes from the screen showed mistar-
geting phenotypesin either VA1d-ORNs or VA1v-ORNs¥ (Extended Data
Fig.1and Extended Data Table 1; accompanying article®’). We note that
loss-of-function of single CSP usually resulted in subtle phenotypes:
mistargeting of a small fraction of axons or dendrites. In the accom-
panying article, we show that only by simultaneously manipulating
multiple CSPs in ORNs could we substantially change their matching
specificity”’. Among these candidate genes, three pairs of CSPs—Toll2-
Ptp10D, Fili-Kek1 and Hbs/Sns-Kirre (Hbs-Kirre and Sns-Kirre)—
exhibited largely inverse expression patternsin ORN-PN synaptic part-
nersbased onsingle-cell transcriptome data, particularlyin ORNs and
PNsthat target the VAld and VAlv glomeruli (Extended DataFig. 2a). For
example, Toll2is more highly expressed in VA1v-ORNs than VA1d-ORNs,
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and Ptp10D (e), Filiand Kek1 (f) and Hbs, Sns and Kirre (g) mRNA (black
horizontal lines) and protein (coloured data points) expression levelsin ORNs
and PNsthatinnervate VAld versus VAlv. A preference index above O means
that the expressionlevelin VAld is higher thanin VAlv. For allgenotypes,n=10
antennallobes. Cyanor red linesindicate geometric mean. Whiskers extend to
themostextreme data points within1.5x the interquartile range. One-sample
two-side t-test comparing to zero; Pvalues are shown. h-j, Summary of relative
expression of Toll2 and Ptp10D (h), Filiand Kek1 (i) and Hbs, Sns and Kirre (j)
inthe VAld and VA1lv PN-ORN pairs during development, based on mRNA and
proteindataine-g(see Extended DataFig. 2 for caveats). If the expression
levelsin VAld- and VA1lv-ORNs/PNs differ significantly, we only drew bars for
thecelltypes with higher expression level as a simplification.

whereasits partner Ptp10Dis more highly expressed in VA1d-PNs than
VAlv-PNs (Extended Data Fig. 2a, left). Such inverse expression patterns
suggest a potential role for these CSP pairs to promote repulsion dur-
ing synaptic partner matching. We therefore focused the remainder
of this study on these three CSP pairs.

Tovalidate the mRNA-based inverse expression patterns (Extended
Data Fig. 2a), we examined the endogenous protein expression levels
at 42-48 h APF, when glomerular identities first become identifiable
(and the matching between partner ORN axons and PN dendrites is
mostly complete). To determine cell-type-specific expression pat-
terns, we knocked into the endogenous loci of the three CSP pairs a
modified conditional tag®**® (Fig. 1b). In the absence of the FLP recom-
binase, these proteins were tagged with haemagglutinin (HA), and no
MYCsignal was detected in the antennal lobe (Extended Data Fig. 2b).
We found that all seven CSPs were differentially expressed across the
antennal lobe (Supplementary Videos 1-7). With ORN-specific FLP or
PN-specific FLP, we could visualize endogenous protein expression only
in ORNs or PNs by MYC staining (Fig. 1c,d and Extended Data Fig. 2c).



In the VA1d and VAlv glomeruli, Toll2 exhibited higher expression in
VAlv-PNs and VA1v-ORNs, whereas Ptp10D had higher expression in
VA1ld-PNs and VA1d-ORNs (Fig. 1c-e). Similarly, Kekl exhibited higher
expressionin VAlv-ORNs thanin VA1d-ORNs and low expressionin both
VA1ld-PNs and VAlv-PNs (Fig. 1f and Extended Data Fig. 2¢). Fili did not
show preferential expression in VA1d-ORNs and VA1v-ORNSs, but is more
highly expressed in VA1d-PNs than in VAlv-PNs, based on data froma
previous study?. For the third CSP pair, Hbs and Sns were minimally
expressed in ORNs and exhibited higher expressionin VA1d-PNs than
VAlv-PNs, whereas Kirre exhibited higher expression in VA1v-ORNs
than VA1d-ORNs (Fig. 1g and Extended Data Fig. 2c). Using the same
preference index to quantify the relative expression in ORNs or PNs
that target VA1d versus VAlv glomerulus, we found that mRNA and
protein expression patterns were mostly consistent for all three CSP
pairs (Fig.1le-g). We note that the magnitudes of differential expression
for some CSPs, although significant, were modest; nevertheless, our
genetic analysis below suggests that such differential expression was
used to instruct synaptic partner matching.

Insummary, on the basis of the relative expression levels of mMRNAs
and proteins, the Toll2-Ptp10D, Fili-Kekland Hbs/Sns-Kirre pairs are
expressed in inverse patterns in PN-ORN partners at the VAld and/or
VAlv glomeruli (Fig.1h-j). Furthermore, all these CSPs are present at the
terminals of ORN axons and/or PN dendrites at the nascent glomeruli,
consistent with arole in synaptic partner matching.

Loss of Toll2 or Ptp10D disrupts matching

We first examined the function of Toll2and Ptp10D in PN-ORN synap-
tic partner matching. PtplOD is an evolutionarily conserved member
of the type lll receptor tyrosine phosphatase family (Fig. 2a) that is
involved in axon guidance at the midline, tracheal tube formation and
cell competition, and was reported to be areceptor for the CSP Sas® .
However, single-cell transcriptomic dataindicate that Sasis minimally
expressedin the antennal lobe**, suggesting the existence of additional
PtplOD-interacting CSPs.

Tovalidate the Ptp1OD RNAi phenotypes from our screen (Extended
Data Fig. 1b), we labelled VA1d-ORN axons in Ptp10D hemizygous
mutant flies and observed similar phenotype as pan-ORN Ptp10D RNA.i:
VA1d-ORN axons mistargeted to the VAlv glomerulus (Fig. 2b,c,k). Given
the high Ptp10D expression in VA1d-ORNs (Fig. 1h), we tested whether
Ptpl0Disautonomously requiredin VA1d-ORNs for their axon target-
ing. Knocking down Ptp10D using a VA1d-ORN-specific-GAL4 driver®
and multiple RNAIi lines caused similar mistargeting of VA1d-ORN
axons to the VAlv glomerulus and mismatching with VAlv-PN den-
drites (Fig. 2d,k, Extended Data Fig. 3a,b and Extended Data Table 2).
Additional experiments argued against Ptp10D mediating homophilic
attraction (Extended Data Fig. 3f,g). Furthermore, using a sparse
VA1d-ORN GAL4 driver (Extended DataFig.4a-d) toknock down Ptp10D
insingle VA1d-ORN also caused axon branches to mistarget to the VAlv
glomerulus (Fig. 2e,k), indicating that Ptp10D acts cell-autonomously
in VA1d-ORNs to prevent their mismatching with VA1v-PNs.

On the basis of the inverse expression pattern of Ptp10D and Toll2
(Fig. 1h), we tested whether Toll2 has a similar role in VA1d-ORN axon
targeting. Toll2is asingle-pass transmembrane protein belonging to the
Toll-like receptor family, with leucine-rich repeats (LRRs) extracellularly
and aToll/interleukin-1receptor domainintracellularly (Fig. 2a). Toll2
hasanevolutionarily conserved roles ininnate immunity and regulate
tissue morphogenesis* ¢, butits role in neural development is unclear.
We found that both pan-PN RNAi-mediated knockdown of Toll2 and
Toll2heterozygous mutation caused mistargeting of VA1d-ORN axons
to the VAlv glomerulus (Fig. 2f,k and Extended Data Fig. 1c).

Given the high expression of Toll2 in VA1v-PNs (Fig. 1h), we hypoth-
esized that Toll2 in VA1v-PN dendrites sends a trans-cellular repulsive
signal to VA1d-ORN axons to prevent misconnection between them.
To manipulate Toll2 specifically in VA1v-PNs, we identified a VA1v-PN

driver thatlabels VAlv-PNs across developmental stages (Extended Data
Fig.4e-i).Indeed, Toll2knockdownin VAlv-PNs caused VA1d-ORN axon
mistargeting to the VAlv glomerulus (Fig. 2g,k), phenocopying Ptp10D
knockdownin VA1d-ORNs. Thus, Toll2 acts in VAlv-PNs whereas Ptp10D
actsin VA1d-ORNs to prevent misconnections between VA1d-ORN axons
and VA1v-PN dendrites (Fig. 2m).

Since Ptp10D and Toll2 were also highly expressed in VA1d-PNs and
VAlv-ORNSs, respectively (Fig. 1h), we examined whether they are simi-
larly required for preventing mismatching between VA1v-ORNs and
VA1d-PNs. Indeed, cell-type-specific knockdown of Ptp10D in VAld-
PNsand Toll2 in VA1v-ORNSs caused similar phenotypes: VA1d-PN den-
drites mistargeted to the VAlv glomerulus (Fig. 2h-j,l and Extended
Data Fig. 3¢). Conversely, no mistargeting phenotype was observed
in VA1d- or VA1v-ORN axons when To/[2 was knocked down in ORNs
(Extended Data Fig. 3d,e), suggesting that Toll2 does not function
cell-autonomously in VA1d-ORNs or VA1v-ORNs and does not medi-
ate axon-axon interactions between VA1d-ORNs and VA1v-ORNs. No
mistargeting phenotype was observed when knocking down Toll2
or Ptp10D where they had low expression (Extended Data Table 2).
Together, these data suggest that both Ptp10D and Toll2 actin both
PNs and ORNs to prevent mismatching between non-partners, with
Toll2 sending and Ptp10D receiving a repulsive signal to non-partner
neurons (Fig.2m).

Toll2 and Ptp10D interact trans-cellularly

We next tested whether Toll2 and Ptp10D work together to prevent
mismatching between non-partner PNs and ORNSs via trans-cellular
interactions. To do so, we first overexpressed Toll2 specifically in
VA1d-ORNs, where the endogenous Toll2 level is low. This caused some
of their partner VA1d-PN dendrites (with high Ptp10D) to mismatch
with DA41-ORN axons (with low Toll2) (Fig. 3a,b,e and Extended Data
Fig.5b); the same manipulation did not cause mistargeting phenotype
in VA1d-ORN axons or VAlv-PN dendrites (Extended Data Fig. 5a and
Extended Data Table 2). This result supports the repulsion hypothesis:
misexpressed Toll2 in VA1d-ORN axons sent a trans-cellular signal to
repel the partner VA1d-PN dendrites away from them. Similarly, over-
expressing Ptp10D specifically in VA1v-ORNs (whose synaptic partner
VA1v-PNs expressed high Toll2) caused their axons to mismatch with
VA1d-ORNs (with low Toll2; Extended Data Fig. 5c).

Next, we tested whether the Toll2 repulsive signal was received by
Ptp10D, which was highly expressed in VA1d-PN dendrites. We com-
bined Toll2 overexpression in VA1d-ORNs with loss of Ptp10D. The
mistargeting level of VA1d-PN dendrites to the DA41 glomerulus was
significantly reduced in Ptp10D hemizygous mutant flies (Fig. 3d,e).
Ptp10D hemizygosity itself did not cause VA1d-PN dendrite mistar-
geting to DA4l, even though some VA1d-PN dendrites mistargeted to
VALlv (Fig. 3c,e). This suppression indicates that Ptp10D is necessary
to mediate the Toll2 overexpression phenotype, and thus Toll2 and
Ptp10D function together to mediate repulsion.

AsPtp10D showed high expressioninboth VA1d-PNs and VA1d-ORNs,
the experiments above did not distinguish whether the suppression
by Ptp10D knockout was a result of cis- or trans-interaction between
Toll2 and Ptp10D, or a result of loss of Ptp10D in glomeruli other than
VA1d. To distinguish between these possibilities, we overexpressed
Toll2in VA1d-ORNs and knocked down Ptp10D in VA1d-PNs simultane-
ously using two orthogonal binary expression systems. In wild-type
flies, dual-labelled VA1d-ORN axons and VA1d-PN dendrites largely
intermingled with each other (Fig. 3f,j). Overexpressing Toll2 in
VA1d-ORNs caused VA1d-PN dendrites to segregate from VA1d-ORN
axons within the VAld glomerulus and mistarget to the nearby DC3
glomerulus (Fig. 3g,j). Simultaneous knockdown of Ptp10Din VA1d-PNs
and overexpression of Toll2 in VA1d-ORNs suppressed the VA1d-PN
dendrite phenotypes caused by Toll2 overexpression alone (Fig. 3i,j),
whereas Ptp10D knockdown in VA1d-PNs alone did not cause a similar
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phenotype (Fig. 3h,j). Together with the inverse expression of Toll2
and Ptpl10D and their similar loss-of-function phenotypes, these
trans-cellular interaction data support a model in which Toll2 sends
and PtplOD receives a repulsive signal to prevent matching between
non-partner ORNs and PNs (Fig. 2m).
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Non-partner repulsion by Fili-Kek1

To study the function of the other CSP pairs, we performed similar
loss-of-function and suppression experiments as with Toll2-Ptp10D.
A previous study showed that when Fili is knocked out or knocked
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staining. OE, overexpression. Scalebars, 10 um. a, Control VA1d-PN dendrites
onlyinnervate VA1ld. b, Some VA1d-PN dendrites mistarget to DA4I following
Toll2 overexpressionin VA1d-ORNs. ¢, No VA1d-PN dendrites mistarget to DA4l
in Ptp10OD hemizygous mutant flies. d, Almost no VA1d-PN dendrites mistarget
to DA4lwhen Toll2is overexpressed in VA1d-ORNs of Ptp10D hemizygous
mutant flies. e, Mistargeting ratio of VA1d-PN dendrites in the DA4l versus VA1d
glomerulus for a-d. Pvalues are shown. f-i, Same as a-d except that VA1d-ORN
axons (green) are also visualized. Two optical sections of each antennal lobe
areshown, with VAld and DC3 outlined in white and yellow based on N-cadherin
staining. Asterisks indicate PN cell bodies. Scale bars,10 pm. f, In the control,
VA1d-PN dendrites onlyinnervate VAld and fully overlap with VA1d-ORN axons.

down in VA1d-PNs and DC3-PNs (VA1d/DC3-PNs), VA1v-ORN axons
mistarget to the VAld glomerulus whereas VA1d-ORN axons and VA1d/
DC3-PN dendrites are unaffected. This result suggests that Fili is

g, VAld-PN dendrites overlap less with VA1d-ORN axons within VAld and
mistarget to DC3 following Toll2 overexpressionin VA1d-ORNs. h, No VA1d-PN
dendrites mistarget to DC3 when PtpIOD RNAiwas expressed in VA1d-PNs.

i, VA1d-PN dendrites overlap more with VA1d-ORN axons and mistarget less
toDC3 glomerulus when Toll2 overexpression in VA1d-ORNs combines with
Ptp10D knockdown in VA1d-PNs. The different mistargetingregionsinb,eand

g jarelikely toresult fromdifferent Toll2 overexpression levelsin the different
binary systems. DA4l-ORNs and DC3-ORNs express low levels of Toll2, consistent
with our repulsion model. j, Quantification of the mistargeting ratio of VA1d-PN
dendritesin DC3 versus VAld represented in f-i. Pvalues are shown. nrefers
tototal antennal lobes examined. Boxesine,jindicate geometric mean and
25thto 75th centiles and whiskers extend to the most extreme data points within
1.5xtheinterquartile range. Kruskal-Wallis test with Bonferroni’s multiple
comparison.

required in VA1d/DC3-PNs to prevent mistargeting of VA1v-ORN axons
to the VA1d glomerulus?. However, the CSP partner of Fili partner
remained unknown. Kekl was a top candidate on the basis of its high
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expressionin VA1v-ORNs (Fig. liand Extended Data Fig. 2) and mistar-
geting of VA1v-ORN axons to the VAld glomerulus caused by pan-ORN
knockdown of kekI (Extended Data Fig. 1e). Kekland Fili both contain
LRRs in their extracellular domain (Fig. 4a). Kek1 inhibits epidermal
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range. Kruskal-Wallis test with Bonferroni’s multiple comparison. Pvalues are
shown. n, Schematic summary for the function of Kekland Fili.

growth factor receptor (EGFR) activity through the LRRs during eye
development* and it is expressed in developing CNS, but its function
is poorly defined*. We found that homozygous deletion of kekI or
kekI knockdown in VA1v-ORNSs caused VA1v-ORN axons to mistarget



to the VAld glomerulus (Fig. 4b-e), phenocopying the loss of Fili in
VA1d/DC3-PNs”.

Tofurtherinvestigate whether Filiand Kekl work together to prevent
misconnections between non-partner PNs and ORNs, we overexpressed
Kek1 specifically in VA1d-ORNs, whose synaptic partner VA1d-PNs
expressed high Fili”. This caused VA1d-ORN axons to mistarget to the
neighbouring VAlv and DAl glomeruli (Fig. 4f,g,m), whose PN dendrites
mostly do not express Fili?’. To test whether the Kekl overexpression
phenotype was caused by its interaction with Fili, we overexpressed
Keklin Filimutant flies (Fig. 4i,m). The overexpression phenotype was
much less severe in Fili heterozygous mutant flies (Fig. 4j,m) and was
nearly fully suppressed in Fili homozygous mutant flies (Fig. 4k,m).
Inaddition, overexpressing Keklin single VA1d-ORN using the sparse
driver produced asimilar mistargeting phenotype (Fig.4h,l),indicating
thatKekl acts cell-autonomously. Although VA1d-ORNs and VA1v-ORNs
also expressed Fili (Fig. 1i), aprevious study showed that Fili knockout
in ORNs does not cause any mistargeting phenotype of VA1d-ORN and
VA1v-ORN axons?. Together, these datasuggest that Filiand Kek1 work
together to prevent the misconnections between non-partner PNs and
ORNs, with Fili sending and Kek1 receiving the trans-cellular repulsive
signal (Fig. 4n).

Non-partner repulsion by Hbs/Sns-Kirre

Hbs/Sns and Kirre are members of an evolutionarily conserved
family of immunoglobulin ligand-receptor pairs with conserved
binding sites* (Fig. 5a). Drosophila Hbs/Sns and Kirre regulate myo-
blast fusion®®, nephrocytes functions® and neural circuit wiring*.
Whereas previous studies have suggested that this ligand-receptor
pair (and sometimes homophilicinteractions) mediates attraction®**,
the expression patterns in the fly olfactory system (Fig. 1j) and RNAi
phenotypes (Extended Data Fig. 1f-h) raised the possibility that Hbs/
Sns and Kirre might also mediate repulsion. We found that kirre, hbs
or sns mutants, as well as VA1v-ORN-specific knockdown of kirre and
VA1d-PN-specific knockdown of hbs or sns, all caused a similar pheno-
type: mistargeting of VA1v-ORNs to the VAld glomerulus (Fig. 5Sb-fand
Extended Data Fig. 6a-c). Thus, Kirre, Hbs and Sns are all required to
prevent VA1v-ORNs from matching with VA1d-PNs, with Kirre actingin
VAlv-ORNs and Hbs/Sns acting in VA1d-PNs to prevent VA1v-ORNs to
mistarget to the VAld glomerulus.

To examine whether Hbs/Sns and Kirre work together to instruct
synaptic partner matching, we performed genetic interaction experi-
ments. We first overexpressed Kirre in VA1d-ORNs, whose partner,
VA1d-PNs, expressed high levels of Hbs and Sns (Fig. 1j). Kirre over-
expression in all VA1d-ORNs or single VA1d-ORN led to mistargeting
of some VA1d-ORN axons to the VAlv and DA1 glomeruli (Fig. 5g-i,n),
whose PNs expressed low levels of Hbs and Sns, suggesting cell-
autonomous function of Kirre as arepulsive receptor. Overexpressing
Kirre in hbs mutant, sns mutant or hbs/sns double mutant background
reduced mistargeting phenotypes of VA1d-ORN axons (Fig. 5j-1,n).
None of the mutants alone had any VA1d-ORN axon mistargeting
phenotype in the absence of Kirre overexpression (Extended Data
Table 2). Since Kirre can also mediate homophilic binding*®, we
tested whether Kirre homophilic attraction is responsible for the
mistargeting phenotype we observed. Overexpressing Kirre specifi-
cally in VA1d-ORNs caused the same phenotype in kirre hemizygous
mutant flies as in the wild type (Fig. 5m,n), arguing against a contri-
bution for trans-cellular Kirre homophilic interaction in synaptic
partner matching. Together, these data support that heterophilic
repulsion between Hbs/Sns as the ligands and Kirre as the recep-
tor prevents VA1v-ORNs from mistargeting to the VAld glomerulus
(Fig. 50).

As the genetic interactions of Fili-Kekl and Hbs/Sns-Kirre both
functions to prevent misconnection of VA1v-ORNs with VA1d-PNs, we
tested whether thereis crosstalk between theseinteractions. We found

that knocking down sns and hbs did not suppress the mistargeting
phenotype caused by Kekl overexpression (Extended Data Fig. 6d,e),
suggesting that Fili-Kekland Hbs/Sns-Kirre are likely to actindistinct
pathways, and validating the specificity of these genetic suppression
experiments. In an additional set of experiments, we co-expressed
Bruchpilot-Short, a presynaptic active zone marker, and found that
it was enriched in mistargeted ORN axons when we perturbed each
of the three CSP pairs (Extended Data Fig. 7). These data suggest that
mistargeted ORN axons may form ectopic synaptic connections with
new PN partners.

As previous biochemical and structural studies have shown direct
binding between Hbs/Sns and Kirre*’, we also tested whether the other
two CSP pairs that weidentified directly bind each other. However, we
did not detect direct binding between Fili and Kek1, or between Toll2
and Ptpl0D, ininvitro (Extended DataFig. 8) or tissue-based (Extended
Data Fig. 9) binding assays. Thus, the biochemical basis for the repul-
sive interactions mediated by Fili-Kekl and Toll2-Ptp10D remains an
open question. Possibilities include requirements for unidentified
co-factor(s), post-translational modifications or specific physiological
conditions such as multimerization®*® that were not recapitulated in
our binding assays.

Broad usage of the three CSP pairs

Our results (Figs. 2-5) and additional control experiments (Extended
Data Table 2) suggest that the three repulsive CSP pairs could prevent
mismatching between VA1d-ORNs with VA1v-PNs (Toll2-Ptp10D),
VA1d-PNs with VA1v-ORNs (Toll2-Ptp10D), and VA1v-ORNs with
VA1d-PNs (Fili-Kekl and Hbs/Sns-Kirre) (Fig. 50). Thus, the three
CSP pairs work in concert, with partial redundancy, to ensure robust
repulsion between non-matching ORNs and PNs at the VA1d and VAlv
glomeruli.

The antennal lobe has 50 ORN-PN synaptic partner pairs that need
tobe specified, potentially requiring many CSP pairs to mediate repul-
sions. One way to alleviate this is to repeatedly use the same repulsive
CSP pairs across the antennal lobe ina combinatorial fashion. Indeed,
analysis of previously published single-cell transcriptomes during
development? revealed that mRNAs encoding all three CSPs impli-
cated in sending the repulsive cues—Toll2, Fili and the maximum of
hbs and sns—are expressed in multiple PN types. Notably, most PN
types expressed one or two, but not all three repulsive cues at high
levels (Fig. 5p). For each PN type, this property reduces the errors of
mismatching with non-partner ORN types (as all PN types express at
least onerepulsive cue at high levels) while making room for the match
withits partner ORN type (as few PN type expresses all three repulsive
cues at high levels).

On the basis of their expression patterns, we further investigated
whether the repulsions of these three CSP pairs have similar roles in
additional ORN and PN types using loss- or gain-of-function experi-
ments. A previous study showed that Fili acts in ORNs to prevent mis-
targeting of VM5-PN dendrites”. We observed a similar mistargeting
phenotype of VM5-PN dendrites when we knocked down kek1 using a
pan-PN driver (Extended Data Fig.10a,b), suggesting that Filiin ORNs
and Kekl in PNs are both required for proper targeting of VM5-PN
dendrites. As Hbs is highly expressed in DA1-PNs and DA4I-PNs, we
overexpressed Kirre in DA1-ORNs or DA41/VA1d-ORNs using available
drivers with early developmental onset. We observed mistargeting of
each ORN group(s) to neighbouring glomeruli, whose PNs expressed
low Hbs and Sns (Extended Data Fig. 10c-e), suggesting that Hbs and
Kirre mediate repulsions in these PN-ORN pairs. In the accompany-
ing article, we show that all three repulsive CSP pairs have a key role
in preventing the mismatch of both VA1d-ORNs and DA1-ORNs with
PNs of nearby glomeruli, as manipulating the expression of these CSP
pairsisessentialinthe rewiring of VA1d- and DA1-ORNs to non-cognate
PNs¥. Together, these data support amodel in which these repulsive

Nature | Vol 649 | 15 January 2026 | 673



Article

a n 0.99
" : - &
Kirre N I Il Ic 100 amino acids Merge VATd-ORN 2.0x10
Hos NI T T Tl IC ORN PN 2 P uua—
Sns N I T Ic oons demrites E <10"°0.038
SP lg ° gg 015 8 10 12 10 10
= (]
a S o
ORN PN VA1d 29 3 gg 04
axons dendrites %E I
'[I!> o o
VA1d S S h 22 02 P }’
- 52 R
o Zw on o o
Tro o+ ® 3 el
VAT - USEI=—"— Qo F> 0= 7 i g
c 2 2 @ yoowox,
<A Q & S O @
VAlv = £ o PN 6(\0,9 ‘;\d
VA1d g Ao »
£< i VA1d-ORN>Kirre OE
- o z
z g o %LLI o
VA1V R gi VA1d p==9 50 ORN axons PN dendrites
- o
j g
<=
d &@vary 0% VA1d =
A 2
VA1d - E'& ) %]
T Lz ]
<D(|?,:’ DA1 VAlv
38 o
VAT b O " | e 1 @ o2 EmFi &5
@ < T [o] Fili
s vatd @& 2 @ PpIoD W Kokl o o,
e @ — Repulsive interaction
VA1d 3 é VAlv
=3 £z
-2 k " :
<o DA1 Average expression level in PNs
Sa at 24 h APF (Iog,(CPM+1)
VAtly [ TG .
g VATd &=yl
et ] g %)
@» Hbs @®Sns @ Kirre VATV _g &
= hbs knockdown = sns knockdown e kirre knockdown < f:: 5
z
f 1 [ 2 J
g m 10 12 12 18 22 10 12 10 16 DAt 2. = ol 3
<y : Ol s} S /
S o 100 | g 2 % 4 Pl
PSS on | YATd e < N A
22X 80 VAld e = s = S
E ey T, Tol2 2 " 71 Fil
gog €0 VATY 5 z
B °’§ 40 ybx 00
Z%b m 2
E<o 20 DAT 2
ze 0 - B e = = = 1 =R g4
< I X X I, X X S o
B O NN N6 N No e L N - B 3
& T T LG W e g £2
2 O N N QF N = s}
AN 442\%‘? \&é?\b\?s\\ ’\&?5\\ VATV Z %9 *
& & TS x 2 1 0
@ ¥ & 8 Y Toll2 Fili

Fig.5|Repulsive Hbs/Sns-Kirre interactions and combinatorial expression
of three CSP pairs.a, Domain composition of Kirre, Hbs and Sns. b-e, Left,
experimental schematic. Right, confocalimages of adult antennal lobes showing
neuropil staining (N-cadherin, blue) and VA1v-ORN axons (green). VAld is
outlined based onN-cadherin staining. Scale bars, 10 pm.b, Control VA1v-ORN
axonsonlyinnervate VAlv.c-e, Some VAIv-ORN axons mistarget to VA1d when
VA1lv-ORN axons express kirre RNAi (c), DA1/VA1d-PNs express hbs RNAi (d) or
DA1/VA1d-PNsexpress snsRNAi (e).f, Penetrance of the mistargeting phenotypes
inb-e.nreferstototalantennal lobes examined. g-m, Same asb-e except VAld-
ORNaxons (green) are visualized. Arrowheads indicate DAland VAlvbased on
N-cadherinstaining.Scalebars,10 pm.g, Control VA1d-ORN axons only innervate
VAld ventralto DAland dorsal to VAlv. h,i, Some VA1d-ORN axons mistarget to
DAland VAlvwhenKirreis overexpressedinall (h) orindividual (i) VA1d-ORNSs.
j-1, Compared withKirre overexpressionalone, fewer VA1d-ORN axons mistarget
toDAland VAlvwhenKirreis overexpressed in VA1d-ORNs of snshomozygous
mutant flies (j), hbs heterozygous mutant flies (k) or snshomozygous, hbs

interactions are used broadly in the antennal lobe to ensure synaptic
partner matching specificity.

Finally, to explore the possibility that these three CSP pairs work
elsewhere in the fly brain to regulate connection specificity, we used
HA staining to examine the expression patterns of the 7 CSPs (Fig. 1b)
during the period when many circuits are establishing wiring specific-
ity (42-48 h APF). We found that all CSPs had broad but differential
expression across the Drosophilabrain (Supplementary Videos1-7). For
example, inthe opticlobe, all CSPs showed differential expressionsin
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heterozygous double mutants (I). m, VA1d-ORN axons still mistarget to DAland
VAlvwhenKirreis overexpressed in VA1d-ORNs of kirre hemizygous mutant flies.
n, Quantification of the mistargeting ratio of VA1d-ORN axons in DAland VAlv
glomeruliversus VAld glomerulus. nrefers to total antennal lobes examined.
Boxesindicate geometric meanand 25th to 75th centiles and whiskers extend to
the most extreme data points within1.5x the interquartile range. Kruskal-Wallis
test with Bonferroni’s multiple comparison. 0, Schematic summary of repulsive
interactions of three CSP pairs that distinguish ORNs and PNs that target VAlv

and VAld glomeruli. Hbs and Sns are combined as they perform similar functions.
p, Top, single-cell RNA-sequencing datashowing the average expression levels of
the non-cell-autonomous cues 7ol(2, Filiand the higher expression of hbs or sns
inPNsat24-30 hAPF.Eachdotrepresents aPNtype.Bottom, closer view of PN
typesoutlinedinred fromadifferent angle, showing that PN types that express
low levels of Toll2and Filitend to express high levels of hbs or sns (the asterisk
highlights a possible exception). CPM, counts per million reads. Data adapted
from previous studies>*.

specific neuropil layers (Extended DataFig.11a,c). Tobetter examine the
endogenous expression pattern of CSP pairs in brain regions without
layer structures, we also produced transgenic flies with endogenous
CSPstagged with V5and co-labelled each pair of CSPsin the same brain.
Extended DataFig. 11b showcased the differential expression of these
CSP pairs in the suboesophageal zone, ellipsoid body and protocer-
ebrum. These data support the notion that combinatorial repulsive
interactions serve as ageneralizable mechanismininstructing wiring
specificity of neural circuits.



Discussion

Previous high-throughput extracellular interactome screeningsinvitro
haveidentified novel molecular pairs with direct interactions, including
Dpr/DIP and Beat/Side families of immunoglobulin-containing CSPs
whose in vivo functions in neuronal wiring have subsequently been
validated™ 720225758 Here we took an alternative approach of using
transcriptome-informed in vivo genetic screens, which enabled us to
identify known binding partners (Hbs/Sns-Kirre) as well as proteins
that may not interact directly (Fili-Kekl and Toll2-Ptp10D). Thus,
transcriptome-informed in vivo screening complements in vitro bio-
chemical approach to identify CSP pairs that mediate trans-cellular
interactions in neuronal wiring.

Theinverse expression patterns of the three CSP pairs that we iden-
tified, their cell-type-specific loss-of-function phenotypes, and sup-
pression assays strongly suggest that they mediate repulsion between
non-partner PNs and ORNs. Some of the CSPs only show modest dif-
ferential expression, suggesting that synaptic partner choice is likely
toberegulated by therelative levels of repulsive interactions. We note
that orthologues of Hbs/Sns and Kirre in other species control synaptic
site choice in C. elegans® and axon sorting in the mouse olfactory bulb®
via heterophilic and homophilic attraction, respectively. However,
our results suggest they instruct synaptic partner matchingin the fly
olfactory system via heterophilic repulsion. These different mecha-
nisms could potentially be mediated by engaging distinct intracellular
signalling pathways in specific cellular context.

Repulsion could be combined with attraction to enhance the selec-
tion process of synaptic partners. For example, for neuron Ato match
itssynaptic partner A’but not non-partners, one strategy is to express
attractive CSP pairsinAand A’. However, as the CSP number oneach syn-
aptic partnerincreases, an attraction-only strategy can cause ambiguity
(for example, to distinguish the matching of two versus three attrac-
tive pairs), and the addition of repulsion can reduce errors. Repulsion
can also increase the searching efficiency by ruling out non-partners
during the simultaneous searching process, as in the case of ORN-PN
matching®-*, Conversely, a repulsion-only strategy may have diffi-
culty exploring a larger space owing to excessive branch retraction.
In the accompanying article, we showed that only by simultaneously
manipulating both attractive and repulsive CSPs in ORNs could we
substantially switch their partner PNs¥. Thus, attractive and repul-
sive interactions work in concert to ensure precise synaptic partner
matching.
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Methods

Fly husbandry and stocks

Drosophila melanogaster werereared onastandard cornmeal medium
at25°Cunderal2 h:12 hlight:dark cycle. To enhance transgene expres-
sionlevels, flies from all genetic perturbation experiments, including
control groups, were shifted to 29 °C shortly before puparium for-
mation. Both male and female flies were used. The w/1118] strain was
used as wild type, with ages ranging from larva stage to seven days
old adults. Detailed genotypes for each experiment are listed in Sup-
plementary Table1.

Generation of cDNA constructs and transgenic flies
Complementary DNA (cDNA) encoding proteins used in this study
were obtained from different resources. Toll2 cDNA was amplified
fromthe cDNA library of w1118 pupal brain extracts using Q5 hot-start
high-fidelity DNA polymerase (New England Biolabs) as previously
described??; Ptp10D cDNA was amplified from clone RE52018 (DGRC
9073; https://dgrc.bio.indiana.edu//stock/9073; RRID:DGRC_9073);
Fili cDNA was amplified from pUAST-attB-SP-V5-Fili-Flag plasmid®;
keklcDNA was amplified from clone GH23277 (DGRC1263019; https://
dgrc.bio.indiana.edu//stock/1263019; RRID:DGRC_1263019); kirre
cDNA was amplified from genomic DNA extraction of UAS-kirre.C-HA
fly* (RRID:BDSC_92196) using DNeasy blood and tissue kit (QIAGEN).
Sequence-verified coding regions were assembled into pUAST-attB-
mtdT-3xHA®®, pUAST-attB-SP-V5-Fili-Flag® or pJFRC19-13XLexAop2-
IVS-myr::GFP (Addgene plasmid #26224) backbones using the
NEBuilder HiFi DNA assembly master mix (New England Biolabs) to
generate pUAST-attB-Toll2-Flag, pUAST-attB-Ptp10D-3xHA, pUAST-
attB-kek1-3xHA, pUAST-attB-kirre-3xHA, and pJFRC19-13XLexAop2-
IVS-Toll2-Flag plasmids. Transgenic flies for overexpression experi-
ments were generated by BestGene with microinjection of plasmids
into the VK35 site.

Generation of conditional tags

Endogenous conditional tag flies were generated using CRISPR
knock-in with modifications from a previous strategy>®. To increase
theefficiency of knock-in, we incorporated the short repair templates
flanked by guide RNA (gRNA) target sites® and the gRNA into a single
plasmid TOPO-HRI-FRT-3xHA-Stop-FRT-3xMyc-Stop-loxP-mCherry-
loxP-HR2-pU6-gRNA or TOPO-HR1-FRT-V5-Stop-FRT-Flag-Stop-loxP-
mCherry-loxP-HR2-pU6-gRNA. In the plasmid, HR1 and HR2 are the
150-bp genomic sequences of upstream and downstream of the tar-
get genes stop codon, respectively; gRNA sequences were designed
by the flyCRISPR Target Finder tool that targeting stop codons of
the genes, and were cloned into the backbone of pU6-Bbsl-chiRNA
vector®®® to make the pU6-gRNA. The plasmids were synthesized
by Synbio Technologies and were microinjected in house into nos-
Cas9flies®*. All mCherry+ progenies were individually balanced and
the loxP-flanked mCherry cassettes were then removed by cross-
ing each line to balancer expressing Cre (Bloomington Drosophila
Stock Center, RRID:BDSC 1092). To detect cell-type-specific expres-
sion level, we used ey-FIp® for ORNs and VT033006-GAL4;UAS-FLP*
for PNs.

Generation of the sparse driver and single-neuron genetic
manipulations

The FRTI00-Stop-FRTI00 element was cloned into the 78HO5-p65AD
plasmid (in backbone pBPp65ADZpUw) to generate plasmid
78HO05-FRT100-Stop-FRT100-p65AD as previously reported®. The
plasmid was integrated into the VK27 site. To perform the sparse
genetic manipulations, flies including VA1d-ORN sparse driver
(31F09-GAL4DBD, 78H05-FRT100-Stop-FRT100-p65AD), AsFLP (heat
shock protein promoter-driven FLP), reporter (UAS-mCD8-GFP),
and knockdown or overexpression transgenes were raised at 29 °C.

To induce sparse manipulation, the flies were collected at 0-6 h APF
and heat shocked for1-2 hin awater bath® at 37 °C.

Immunostaining

Fly brain dissection, fixation and immunostaining were performed
according to the published protocol®. For primary antibodies, we
used rat anti-N-cadherin (1:40; DN-Ex#8, Developmental Studies
Hybridoma Bank), chicken anti-GFP (1:1000; GFP-1020, Aves Labs),
rabbit anti-DsRed (1:500; 632496, Clontech), mouse anti-rat CD2
(1:200; OX-34, Bio-Rad), rabbit anti-HA (1:100, 3724S, Cell Signaling),
mouse anti-HA (1:100, 23678, Cell Signaling), rabbit anti-MYC (1:250,
2278S, Cell Signaling) and mouse anti-V5 (1:250, R960-25, Thermo
Fisher Scientific). Donkey secondary antibodies conjugated to Alexa
Fluor 405/488/568/647 or Cy3 (Jackson ImmunoResearch or Thermo
Fisher) were used at 1:250. For the staining of conditional tag for Hbs
and Filiin PNs, the routine protocol described above failed to detect
MYC signal from the background, probably owing to low expression
of endogenous proteins in vivo. Alexa 488 Tyramide SuperBoost kit
(Thermo Fisher) was used to amplify the immunostaining signal by
following the manufacture’s protocol.

Imaging, quantification and statistical analysis

Images were obtained using laser scanning confocal microscopy (Zeiss
LSM 780 or LSM 900). Fiji was used to adjust brightness and contrast
for representative images. Penetrance of phenotypes represents the
percentage of antennal lobes showing a given phenotype among the
total antennallobes (two per fly) examined. To quantify the endogenous
expression levels of the proteins, we manually outlined VAld and VAlv
glomeruliin Fiji based only on the N-cadherin signal (that is, blind to
MYCsignals), and use this as filter to calculate mean fluorescent density
(Iinthe VAld and VA1v glomeruli (total fluorescence intensity divided
by the volume). The preference index is calculated in Python by
(Tyatd— Tvar)/(Tyara + Tyary)- Preference index for proteins was calcu-
lated based on MYC staining intensity throughout the glomeruli at
42-48 h APF. Preference index for mRNAs was calculated based on
average expression levels in VA1d-ORN/PNs versus VA1v-ORN/PNs based
onthesingle-cell-transcriptome data>* at 24-30 h APF. To quantify the
mistargeting ratio of VA1d-PNs or VA1d-ORNs in the trans-cellular assay,
we defined PN dendritic or ORN axonal targeting area by smoothening
(‘gaussian blur’ with radius =1 pixels) and thresholding (based on the
algorithm Otsu) the images in Fiji. We manually outlined VA1d, VAlv,
DA1, DA4l and/or DC3 glomeruli in Fiji based only on the N-cadherin
signal (that is, blind to PNs or ORNSs signals), and used this as afilter
to calculate PN dendritic or ORN axonal targeting volume (V) in
each glomerulus. The mistargeting ratio is calculated in Python by

Votherglomerulus/VVAld'

Binding assays
For binding assays involving purified proteins with surface plasmon
resonance, we expressed and purified Fili, Kek1, Ptp10D and Toll2
extracellular domains using the baculoviral expression system in
Trichoplusia niHigh Five cells (Thermo Fisher B855-02). Sf9 cells from
Spodopterafrugiperdawere used for baculovirus production (Thermo
Fisher,12659017). Proteins were tagged with C-terminal hexahistidine
tags for purification, and Avi-tags for biotinylation using BirA bio-
tin ligase. Proteins were purified to homogeneity with Ni-NTA metal
affinity and size-exclusion chromatography in10 mM HEPES pH 7.2,
150 mM NacCl. Biotinylated Fili and Toll2 extracellular domains were
captured on a Streptavidin sensor chip in a Biacore T200 system
(Cytiva) running a buffer containing 10 mM HEPES pH 7.2,150 mM
NaCland 0.05% Tween-20. We observed no binding responses for Kek1
and Ptp10D extracellular domains flowing on Fili and Toll2 channels,
respectively.

For the avidity-based extracellular binding assay (ECIA), we followed
the published protocols®. In brief, we expressed and secreted each
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ectodomain as bait and/or prey, where they were tagged with Fc, V5
and His tags (for bait) and Alkaline phosphatase, the COMP penta-
meric coiled coil region, Flag and His tags (for prey). All proteins were
expressed in Drosophila S2 cells (DGRC #6) in Schneider’s medium
supplemented with the insect medium supplement (Sigma). Media
from bait-expressing cells were incubated with Protein A-coated 96-well
plates for capturing of bait onto plates overnight at room tempera-
ture, while media from prey-expressing cells were incubated with
bait-captured plates for 3 h. Washes were performed with 1x phos-
phate-buffered saline, supplemented with 1 mM CacCl,, 1 mM MgCl,
and 0.1% bovine serum albumin. Binding of prey to bait was detected
using the chromogenic alkaline phosphatase substrate BluePhos (KPL)
by measuring absorbance at 650 nm after a two-hour incubation. We
included the knowninteractions of Rst dimerization*’ and EGFR-Kek1
interaction as positive controls™. Cell lines (from commercial sources)
were not authenticated, as they were only used as an exogenous produc-
tionsource of protein, and not studied for any biological functions. No
mycoplasma contamination was observed. The raw data for the western
blots are shown in Supplementary Data 1.

The tissue-based binding assays were performed as previously
described*®”*"2 In brief, brains or wing discs were dissected in Sch-
neider’s medium, then incubated with the conditioned medium of
High Five cells expressing epitope-tagged extracellular domains of a
specific proteinfor 18 h (for pupal brains) or 1 h (for wing discs) at 4 °C
onarotating platform. Medium of High Five cells without expressing
any transgenes was used as a negative control. After the incubation,
brains or wing discs were washed with the Schneider’s medium and
fixed with 4% paraformaldehyde in 1x PBS for 30 min, followed by
the immunostaining protocol above using antibodies against the
epitope tags.

Statistics and reproducibility

Fortherepresentative imagesin Extended Data Figs.4b-d,h,i,5¢, 7a-c
and 9a-fatleast eight samples were examined with similar results. For
therepresentativeimagesin Extended DataFig. 11a,b, at least three sam-
ples were examined with similar results. The western blots in Extended
Data Fig. 8d were performed once and utilized the proteins directly
used in the ECIA in Extended Data Fig. 8c with the hexahistidine tag
commoninall constructs. There was alack of detectable expression for
PtplOD ectodomain, which may be the reason for the lack of binding
of Ptp10D in Extended Data Fig. 8c.

Animal study design

No statistical tests were used to determine sample size. We used
sample sizes (-4-20 flies per condition) that been shown to have suf-
ficient statistical power in similar experiments in the past. We did not
excludeflies or datafromany analysis, unless brains stained forimaging
appeared unsuitable (for example, broken) at the time of imaging. All
experiments discussed in the paper were conducted on multiple flies,
with sample size specified. In immunostaining, data across multiple
days were collected and all imaged brains showed the same qualita-
tive pattern of staining. Organisms were not allocated to control and
experimental groups by the experimenter in this work, rather the flies’
genotype determined their group. Thus, randomization of individu-
alsinto treatments groups is not relevant. The investigators were not
blind to the flies’ genotypes. All data collection and analyses were
performed computationally. During this process, data from control
groups and experimental groups were analysed equally using the same
well-established protocols, therefore are less prone to investigator
influence.

Reporting summary
Furtherinformation onresearchdesignisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Alldataareincludedin the manuscript and the supplementary materi-
als. Source data are provided with this paper.

Code availability

Code used in the study is available on github: https://github.com/
ZhuoranLi97/repulsive_interactions.
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Extended DataFig.1|Invivo RNAiscreen toidentify CSPsrequired for
synaptic partner matching. a-c, Confocalimages of adult antennal lobes
showing neuropil staining by N-cadherin antibody (blue) and VA1d-ORN
axons (green). The VAlv glomerulusis outlined based on N-cadherin staining.
Control VA1d-ORN axons only innervate the VA1d glomerulus dorsal to the VAlv
glomerulus (a). Some VA1d-ORN axons mistarget to the VAlv glomerulusin
PtplOD RNAi expressed from all ORNs (b, maximum projection of 3sections
withl-pminterval), or Tol/[l2RNAiexpressedin all PNs (c). d-h, Confocal images

Merge VA1v-ORN
d
Control
Lateral
e
Pan-ORN > kek1 RNAi
f
Pan-ORN > kirre RNAI
g
Pan-neuronal > hbs RNAi
h

Pan-neuronal > sns RNAi

of adult antennallobes showing neuropil staining by N-cadherin antibody
(blue) and VA1v-ORN axons (green). The VAld glomerulusis outlined based on
N-cadherinstaining. Control VA1v-ORN axons only innervate the VAlv glomerulus
ventral tothe VAld glomerulus (d). Some VAlv-ORN axons mistarget to the VA1d
glomerulusin kekI RNAiexpressedinall ORNs (e), kirreRNAiexpressedinall
ORNs (f), hbsRNAi expressedin all neurons (g), or snsRNAi expressedinall
neurons (h).i, Penetrance of the mistargeting phenotypesina-h.nreferstototal
antennallobes examined. Scalebars=10 pm.
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Extended DataFig. 2| Cell-type-specific expression levels of all CSP pairs
across the antennallobe.a, nRNA expression levels of the three CSP pairs at
24-30 hAPFin ORNsand PNsthat target10 glomeruli (DA1, DA4I1,DL1,DL3,
DC3,VAld, VAlv,DM2, VM3, and VA2) fromssingle-cell RNA sequencing data>*.
The unit for xandy axisis log,(CPM +1). CPM: counts per million reads. Besides
VAld and VAly, several other glomerulirelevant to experiments described in this
study areindicated. b, Confocalimages showing neuropil staining by N-cadherin
antibody (blue) and lack of Myc staining of tagged endogenous CSPs (cyan for
Toll2, Fili, Hbs, and Sns; red for Ptp10D, Kek1, and Kirre) without FLP. Annotation
(+) indicate signalamplification for Myc staining. ¢, Confocalimages showing
neuropil staining by N-cadherin antibody (blue) and Myc staining of tagged
endogenous CSPs (red for KeklandKirre; cyan for Fili, Hbs, and Sns) using ORN-
specific FLP (top tow) or PN-specific FLP (bottom row). The VA1d (white) and
VAlv (yellow) glomeruliare outlined based on N-cadherin staining. Samples
were chosenbased on (1) their VA1d vs. VAlv preference indexes are close to
theaverage, and (2) both VA1d and VAlv glomerulioccupy similar sizes in these
single optic sections.Scale bars =10 pm. Data from the above panels, along with
datafromFig.1c,d, contribute to the quantification of expression (Fig.1le-g) and
simplified schematic summary (Fig. 1h-j). Note that althoughFili’s expressionin
PNs was undetectable using the conditional tag, a previous study showed that

Filiexhibits higher expressionin VA1d-PNs than VAlv-PNs using immunostaining
of Filiantibody and cell-type-specific expression pattern using intersection

of ORN-or PN-FLP and Fili-GAL4”. And in DA1glomerulus, Filiappears to be
expressed inasmall portion of DA1-PN dendrites neighboring the VA1d
glomerulus?. For Kirre-Hbs/Sns, expression of Hbs and Snsin ORNs are not
detectable, sowe did not draw their expressionin Fig.1j. We did not draw the
Kirre expressionlevelin VA1ld- or VA1v-PNs (Fig. 1j) givenits preference index is
highly variable (Fig.1g). We also note that the differential expression patterns of
mRNAs and proteinsare largely consistent (Fig. le-g). Occasional discrepancies
could be caused by (1) post-transcriptional regulations (e.g., protein translation,
stability) and (2) different time windows from which mRNA (24-30 h APF) and
protein (42-48 h APF) datawere collected. Ideally, protein staining should be
done around 30 h APF when synaptic partner matchinginitiates. However,
asglomeruli have not formed at that stage, we could not distinguish cell types
inwhich proteins are expressed.42-48 histhe earliest window we could use
glomerularidentity toinfer cell-type-specific expression. It is possible that

the expression of some of the CSPs for synaptic partner matchingis already
downregulated by then. Although protein expression datais more directly
relevant to the action of these genes, mRNA expression datais more temporally
relevant, and thus these data provide complementary information.
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Extended DataFig. 3| Additionalloss-of-function experiments supporting
that Ptp10D and Toll2 mediate PN-ORN repulsion. Schematics on the left
columnshow genetic labeling (color-filled neurites) and genetic manipulations
(redbar, high expression level of Ptp10D; cyanbar, high expression level of Toll2;
smaller bar, knockdown). Right columns are confocal images of representative
single sections of adult antennal lobes showing neuropil staining by N-cadherin
antibody (blue), and different types of ORN axons (green or cyan) or PN dendrites
(magenta). Specific glomeruliare outlined based on N-cadherin staining.

a, Toexamine whether the partner neurons of VA1d-ORNs were affected in
experiments described in Fig.2d, we simultaneously labeled VA1d-PN dendrites.
Although VA1d-ORN axons (green) mistarget to the VAlv glomerulus in PtpIOD

RNAiexpressedin VAld-ORNs asinFig.2d, the simultaneously dual-labeled VA1d-

PN dendrites (magenta) only innervate the VAld glomerulus. This resultargues
against the possibility that VA1d-ORN axons mistargeting is asecondary effect of
VA1d-PN dendrites mistargeting. b, To confirm whether mistargeted VA1d-ORNs
inFig.2d overlap with non-partner neurons innervating VAlv glomerulus, we
simultaneouslylabeled VA1lv-PN dendrites. Mistargeted VA1d-ORN axons (green)
match with the simultaneously dual-labeled VA1v-PN dendrites (magenta) in
PtpIODRNAi expressed in VA1d-ORNs. ¢, To examine whether VA1d-PNs’ partner
and non-partner neurons were affected in Fig. 2i, we simultaneously labeled
VA1d-ORN and VA1v-ORN axons. Some VA1d/DA1-PN dendrites (magenta)
mistarget to the VAlvglomerulus and mismatch with VAlv-ORN axons (cyan) in
PtpIODRNAi expressed in VA1d/DA1-PNs asin Fig. 2i. Asmaller fraction of VA1d-
ORN axons (green) also mistarget to VAlv glomerulus but stillintermingle
with VA1d/DA1-PN dendrites. For the brains with no VA1d/DA1-PN dendrites
mistargeting, no VA1d-ORN axons mistargeting was observed. This result
suggests that VA1d-ORN axons mistargeting is likely to be asecondary effect of
VA1d-PN dendrites mistargeting. d, Toexamine whether ORN knockdown of
Toll2 affects the correct targeting of any ORNs besides VA1d/DA1-PNs shownin
Fig.2j, we simultaneously labeled VA1d-ORN and VA1v-ORN axons with distinct
markers. Whereas pan-ORN knockdown of Toll2 causes some VA1d/DA1-PN
dendrites (magenta) to mistarget to the VAlv glomerulus and mismatch with
VAlv-ORN axons (cyan), consistent with VA1v-ORN knockdown of Toll2shown

inFig.2j, VA1v-ORN axons only innervate the VAlv glomerulus, and VA1d-ORN
axons (green) only innervate the VA1d glomerulus. This result suggests that
Toll2 functions non-cell-autonomously and does not cause repulsion between
VA1ld-ORN axons and VAlv-ORN axons. e, Similar tod, but witha more specific
manipulationasin Fig. 2j, except that we also simultaneously labeled VA1v-
ORNSs. Some VA1d-PN dendrites (magenta) mistarget to the VAlv glomerulus
and mismatch with VA1v-ORN axons (green) when we knocked down Toll2 only
in VAIv-ORNs. This result suggests that Toll2 functions non-cell-autonomously
in VA1lv-ORNs to prevent VA1d-PN dendrites to mistarget to the VAlv glomerulus.
f, To test the possibility that PtplOD mediates homophilic attraction, we focus
onDC3-PNswhere Toll2and PtplOD are both highly expressed (Extended Data
Fig.2a). We would expect that knocking down PtpIOD in potential partner ORNs
would decreaseits matching with DC3-PNsif Ptpl0D homophilic attraction
playsamore dominantrolein synaptic partner matching, but would increase its
matchingwith DC3-PNs if PtplOD-Toll2 repulsion plays amore dominantrole.
We used genetic manipulations of VA1d-ORNs to test this. Confocalimages show
neuropil staining by N-cadherinantibody (blue), DC3-PN dendrites (magenta),
and VA1d-ORN axons (green). (Top row) In control, VA1d-ORN axons only
innervate the VAld glomerulus and does not overlap with DC3-PN dendrites.
(Middle row) As knocking down PtpI0D alone cause VA1d-ORN axons to
mistarget to the VAlv glomerulus and not to DC3 glomerulus, we incorporated
manipulation of Ten-m and Kek1to sensitize VA1d-ORN based on the results
intheaccompanyingarticle® Fig. 5 CSPset2. VA1d-ORN axons overlap with DC3-
PN dendrites following Ten-m knockdown and Kek1 overexpressionin VAld-
ORNSs. (Bottom row) VA1d-ORN axons overlap more with DC3-PN dendrites
when Ptp10Dis knocked down. Thisresultargues against PtplOD mediating
homophilicattraction. g, Quantification of the mistargeting ratio of VA1d-ORN
axonsoverlapping with DC3-PN dendrites versus not overlapping for experiments
inf.nrepresentstotal antennal lobes examined. Boxes indicate geometric mean
and 25%to 75% range. Whiskers extend to the most extreme data points within

1.5x theinterquartile range. Kruskal-Wallis test with Bonferroni’s multiple
comparison.Scalebars=10 pm.
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Extended DataFig. 4 |Characterization of new geneticdrivers. a, Schematic
for VA1d-ORN sparse drivers using a previously described method®”. The
transcription activation domain (AD) is controlled by the enhancer GMR78HOS
and gated by FRTIOO-STOP-FRT100. FRT10O0ssites are ~1% efficient as of wild-type
FRTsites.STOPrepresent atranscription termination sequence. Heat-shock-
induced FLP expression often enables split GAL4 expressionin asingle VA1ld-
ORN.b-d, VA1d-ORN sparsedriver enable single VA1d-ORN labeling (green,
labeled by amembrane-targeted GFP) as shown in the maximum projection
(b), single contralateral section (c), or single ipsilateral section (d). The VA1d
glomeruluslocationis verified by neuropil staining of N-cadherin (NCad)
antibody (blue). e, Schematic of VA1v-ORN axons and VA1lv-PN dendrites
matchingin the VAlv glomerulus (grey) in adult Drosophila antennal lobe
(blacksolidline). Green, VA1Iv-ORNs; Magenta, VA1v-PNs. f, g, Single-cel RNA

sequencing datashowing the expression level of CG11317in VA1v-ORNs (f) and
DopIR2in VA1v-PNs (g) are consistently high across developmental stages.
Heat map units:log,(CPM +1). CPM: counts per million reads. Data adapted
from previous published studies®*. h, i, Gene-based genetic drivers’ express

in VA1v-ORNs (green, labeled by amembrane-targeted GFP) (h) or VA1v-PNs
(magenta, labeled by amembrane-targeted GFP) (i) at 30 h APF (left), 48 h APF
(middle) andinadults (right). The VAlv glomerulus location is verified by neuropil
staining of N-cadherin (NCad) antibody (blue). Both drivers enable expression of
thetransgenesin VA1v-ORNs or VA1v-PNs across developmental stages. Although
they also expressin ORNs or PNs targeting several other glomeruli, the expression
isnotdetectableinglomeruliadjacent to VAlv (especially VA1d).* PN cell bodies.
Scalebars=10 pm.
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Extended DataFig. 5| Additional gain-of-function experiments supporting
that Ptp10D and Toll2 mediate PN-ORN repulsion. Schematics on the left
column show geneticlabeling (color-filled neurites) and genetic manipulations
(red bar, highexpression level of Ptpl0D; cyan bar, high expression level of Toll2;
large bar, overexpression). Right columns are confocal images of representative
single sections of adult antennal lobes showing neuropil staining by N-cadherin
antibody (blue), and different types of ORN axons (green) or PN dendrites
(magenta). Specific glomeruliare outlined based on N-cadherin staining.

a, Toexamine whether the partner neurons of VA1d-PNs were affected in the
experimentdescribedin Fig.3b, we simultaneously labeled VA1d-ORN axons.
Although VA1d-PN dendrites (magenta) mistarget to the DA4l glomerulus
following Toll2 overexpressionin VA1d-ORNs as in Fig. 3b, VA1d-ORN

VA1d-PN

VA1d-ORN

DA4I-ORN VA1d-PN

VA1v-ORN

axons (green) only innervate the VAld glomerulus. Thisresult supports a
non-cell-autonomous function for Toll2. b, To test whether mistargeted VA1d-
PN dendritesinFig.3b overlap with DA4l-ORN axonsin DA4l glomerulus, we
simultaneously labeled DA41-ORN axons. Some VA1d-PN dendrites (magenta)
mistarget to the DA4lglomerulus and mismatch with DA4l-ORN labeled by
0r43a-mCDS8GFP (green) following Toll2 overexpressionin VA1d-ORNs.

¢, As Ptpl0D expressionin VA1v-ORNs is low and Toll2 expressionin VA1v-PNs
ishigh, we overexpressed PtplOD in VA1v-ORNs, and observed that some VAlv-
ORN axons (green) mistarget to the VA1d glomerulus, where both VA1d-PNs
and VA1d-ORNs have low Toll2 expression (Fig. 1h). This result supports the
repulsionmodel. Scalebars=10 pm.
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Extended DataFig. 6 | Additional loss-of-function experiments for Hbs/
Sns-Kirreand lack of cross-interaction between Hbs/Sns-Kekl. a-c, Left
column shows experimental schematic. Middle and right columns are confocal
images of adult antennal lobes showing neuropil staining by N-cadherin
antibody (blue) and VA1v-ORN axons (green). The VAld glomerulus is outlined
based onN-cadherinstaining. Control VA1lv-ORN axons only innervate the VAlv
glomerulus (Fig. 5b). Some VAlv-ORN axons mistarget to the VAld glomerulusin
kirrehemizygous mutant (a), hbs heterozygous mutant (b), or snshomozygous
mutant (c). Penetrance was quantified in Fig. 5f.d, DAl1and VAlv glomeruli
areoutlined based on N-cadherin staining. Control VA1d-ORN axons only
innervate the VAld glomerulus ventral to the DAl glomerulus and dorsal to the
VAlv glomerulus (Fig. 4f). Some VA1d-ORN axons mistarget to the DAland
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VA1lv glomerulifollowing Kekl overexpression in VA1d-ORNSs (top row).

This phenotypeis notsuppressedin hbsand snsdouble heterozygous mutant
(bottomrow). Scalebars =10 pm. e, Quantification of the mistargeting ratio
of VA1d-ORN axonsinthe DA1+ VAlvversus VAld glomerulus. The first two
columnsare the quantification for (d). Therestarere-plotting of part of the
datainFig.4mand Fig. 5n, showing that the Kek1overexpression phenotype
canbesuppressed by Filimutant (3 column), and that hbs heterozygous
mutant cansuppress Kirre overexpression phenotype (4" and 5" columns).
nrepresents total antennal lobes examined. Boxes indicate geometric mean
and 25% to 75% range. Whiskers extend to the most extreme data points within
1.5x theinterquartile range. Kruskal-Wallis test with Bonferroni’s multiple
comparison.
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Extended DataFig.7|Mistargeted VA1d-ORN axons inneighboring
glomeruliareenriched for apresynaptic terminal protein. Confocal images
ofadultantennal lobes showing neuropil staining by N-cadherin antibody
(blue), VA1d-ORN axons (green, labeled by amembrane-targeted GFP) and a
presynapticactive zone marker Bruchpilot-Short”™ (Brp-Short, magenta).
Knockdown of Ptp10D (a), overexpression of Kek1 (b), and overexpression

of Kirre (c) in VA1d-ORNs caused their axons to mistarget to neighboring
glomeruli (arrowheads). These mistargeted processes are enriched for
Brp-Short, suggesting that mistargeted ORN axons might form synapses.
Scalebars=10 pm.
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Extended DataFig. 8|See next page for caption.
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Extended DataFig. 8|Invitro assays to testdirectbinding between CSP
pairs. a, Size-exclusion chromatography curves for four extracellular domains
(ectodomains) purified ona Superdex 200 Increase 10/300 column on an AKTA
Pure system, reporting absorbance at 280 nm with a pathlengthof 0.2 cm.

b, Surface plasmon resonance sensorgams of 30 sinjections (left) and analyte
concentration vs. response plots (right) show no direct physical interaction
between Filiand Kek1, and between Toll2 and Ptp10D. ¢, Extracellularinteractome
assay (ECIA) to test binding between various ectodomains studied. We observe

strongbinding between Snsand Hbs withKirreand its paralog Rst (left), and Kek1
withits previously described binding partner, EGFR (middle). No interaction
between Filiand Kek1 (middle) or Ptp10D and Toll2 (right) were observed.

d, Westernblots of proteins used in the ECIA in (c) against the hexahistidine tag
commoninallconstructs. Thereisalack of detectable expression for Ptp10D
ectodomain, which may be the reason behind no binding for Ptp10D in (c).

e, Westernblots of the same Fc fusions used directly in the tissue staining
experimentsin Extended DataFig.9.



+Medium +Sns-Fc-V5 +Medium +Sns-Fc-V5
kirre>HA>Myc kirre>HA>Myc kirre /Y UAS-kirre-HA UAS-kirre-HA Wild type
£
3 =
2
+
O
[
<
= £
€
o
o
N
o
[
(o]
L
b . -
+Medium +Fili-Fc-V5
kek1>HA>Myc kek1>HA>Myc kek1--

- e
5 +Medium +Fili-Fc-V5
§ UAS-kek1-HA UAS-kek1-HA Wild type
o
=
+
2 &
9]
=
£
E
<)
8
o T
el Dorsal
Lateral
c "
+Medium +Toll2-Fc-V5
Ptp10D>HA>Myc Ptp10D>HA>Myc Ptp10D7Y o
i a8
£
@
¥ =
k]
@
9
= f +Medium +Toll2-Fc-V5
& UAS-Ptp10D-HA UAS-Ptp10D-HA Wild type
[}
g 5
E =
o]
o]
N
(6]
[
<
T
(o]
[T

Extended DataFig. 9|See next page for caption.
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Extended DataFig.9|Live tissue staining assays to test direct binding
between CSP pairs. a, Confocalimages of pupal brains (48 h APF) showing
neuropil staining by N-cadherin antibody (blue), and binding of Sns-Fc-V5
inlive pupabrains followed by fixing and staining against Fc (red). Control kirre
conditionally tagged brainsincubated with medium alone showed minimal
backgroundsignal for Fc staining (left column). kirre conditionally tagged brains
incubated with Sns-Fc-V5 proteins in medium have detectable signal for Fc
staining in multiple brainregions and have differential signal in different
glomeruli (middle column). These signals are substantially diminished in kirre
mutantbrains incubated with Sns-Fc-V5 proteins (right column), especially inthe
glomeruliwhere signalis high inthe kirre conditionally tagged brains (arrowheads
inthe magnifiedimagesinthebottom rows). These results suggest Sns-Fc-V5binds
toendogenousKirre, which serve as a positive control for this binding assay.
b, Confocal images of pupal brains (48 h APF) showing neuropil staining by
N-cadherinantibody (blue), and binding of Fili-Fc-V5inlive pupal brains followed
by fixing and staining against Fc (red). kekI conditionally tagged brains (middle
column) incubated with Fili-Fc-V5 proteins inmedium do not exhibit anincrease
of Fcsignalinthe antennal lobe (magnified in the bottom row) comparing to
the control without the addition of Fili-Fc-V5 (left column) or Fili-Fc-V5in kek1
homozygous mutant brain (right column). These results suggest that Kek1
does notbind toFiliin this assay. ¢, Confocal images of pupal brains (48 h APF)
showing neuropil staining by N-cadherin antibody (blue), and binding of Toll2-
Fc-V5inlive pupabrains followed by fixing and staining against Fc (red). Control
Ptp10D conditionally tagged brains incubated with medium alone showed
minimal background signal for Fc staining (left column). Ptp10D conditionally
tagged brainsincubated with Toll2-Fc-V5 proteins in medium have detectable
signal for Fc staining in multiple brain regions (middle column). However, these
signalsarestill presentin Ptp1OD mutant brainsincubated with Toll2-Fc-V5
proteins (right column). These results suggest that Toll2-Fc-V5 binds to other
proteins expressed in the brain, masking the detection of its potential binding
to PtplOD.d, Confocalimages of wing discs dissected from 3rdinstar larvae
showingectopic expression of UAS-kirre-HA in the posterior compartment

driven by engrailed (en)-GAL4 (HA staining, red), and binding of Sns-Fc-V5in
live wing discs followed by fixing and staining against Fc (magenta). Control
Kirre-overexpressed wing disc incubated with medium alone shows minimal
background signal for Fc staining (left column). Kirre-overexpressed wing disc
incubated with Sns-Fc-V5 proteins in medium has specific binding signal in the
posterior compartment whereKirre was overexpressed from en-GAL4 (middle
column). Interestingly, Sns binds strongest to regions with intermediate but
not highest levels of Kirre overexpression. Without Kirre overexpression,

no specific signalin the posterior compartmentis detected (right column).
Theseresults suggest Sns-Fc-V5 binds to Kirre, which serves as a positive
control for this binding assay. e, Confocal images of wing discs dissected from
3rdinstarlarvae showing ectopic expression of UAS-kek1-HA in the posterior
compartmentdriven by en-GAL4 (HA staining, red), and binding of Fili-Fc-V5in
live wing discs followed by fixing and staining against Fc (magenta). Fc signal is
notdetectablein Kekl-overexpressed wing discincubated with mediumalone,
Kekl-overexpressed wing discincubated with Fili-Fc-V5, or wild-type wing disc
incubated with Fili-Fc-V5. These results suggest that Kekldoes not bind toFiliin
this assay. f, Confocal images of wing discs dissected from 3rd instar larvae
showing ectopic expression of UAS-PtpIOD-HA in the posterior compartment
driven by en-GAL4 (HA staining, red), and binding of Toll2-Fc-V5in live wing
discs followed by fixing and staining against Fc (magenta). Control Ptpl0D-
overexpressed wing discincubated with medium alone showed minimal
background signal for Fc staining (left column). PtplOD-overexpressed
wingdiscincubated with Toll2-Fc-V5 proteins in medium has binding signal
throughout the wing disc, notrestricted to the posterior compartment where
Toll2 was overexpressed (middle column). These signals are still present
inwild-type wing discincubated with Toll2-Fc-V5 proteins (right column).
Theseresults suggest Toll2-Fc-V5 binds to other proteins expressed in the
wing disc, masking the detection of its potential binding to Ptp10D. The Fc-V5-
tagged proteins used in this figure are visualized on Western blots in Extended
DataFig.8e.Scalebar=20 pm (a-c); Scale bar =50 pm (d-f).
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Extended DataFig.10|Genetic manipulation experiments of the CSPsin
other parts of the antennallobe. a,b, Left column shows experimental
schematic (red bar, high expression level of Kek1; smaller bar, knockdown).
The middle columns are confocalimages showing adult antennal lobe neuropil
staining by N-cadherin antibody (blue), VM5v-PN dendrites (magenta), and
VMS5v-ORN axons (green). Control VMS5v-PN dendrites labeled by GMR86CI10-
LexAonlyinnervate the VM5v glomerulus and fully overlap with VM5v-ORN
axonslabeled by Or98a-mCD8GFP (a). Some VA5v-PN dendrites mistarget to
other glomerulus (arrowheads) in kekI RNAi driven by the pan-PNdriver,
phenocopying ORN knockdown of Fili¥’ (b). * denotes PN cell body. The right
columnshows penetrance of the mistargeting phenotypes. nrepresents total
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antennal lobes examined. ¢, Single-cell RNA sequencing datashowing the
expression level of hbs and snsthroughout the antennal lobe at 24-30 h APF.
Heat map units:log,(CPM +1). CPM: counts per million reads. Data adapted
from previous work>*. d,e, Top left shows schematic of the adult antennal
lobe with locations of three glomeruli highlighted ingrey. Right columns are
confocalimages showing adult antennal lobe neuropil staining by N-cadherin
antibody (blue), DA1-ORN axons (greenind), and DA41/VA1d-ORN axons (green
ine). Some DA1-ORN axons or DA41/VA1d-ORN axons mistarget to neighboring
glomeruli (bottom rows) following Kirre overexpression (arrowheads), whichis
notobservedin control (top rows). Bottom left shows penetrance of mistargeting
phenotypes. nrepresentstotal antennal lobes examined. Scalebars =10 pm.
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Extended DataFig.11|Three CSP pairs are differentially expressedinother  expression.Scale bars=50 pm.b, Confocalimages showing HA staining
brainregions. a, Confocalimages showing neuropil staining by N-cadherin (for Ptpl0D, Kek1, and Hbs) and V5 staining (for Toll2, Fili, and Kirre) of
antibody (blue) and HA staining (green) of tagged endogenous cell-surface tagged endogenous CSP pairsinthe samebrain (eachrow) at 42-48 h APF.

proteinsinthe Drosophila opticlobe at 42-48 h APF. The medulla (white

The subesophageal zone, ellipsoid body, and protocerebrum regions are

dottedlines) and lobula (yellow dotted lines) are outlined based on N-cadherin outlined based on neuropil staining. Scale bars =50 pm. ¢, Pupal Drosophila brain
staining. Arrowheads indicate the layers with differential expression patterns. schematicwithbrainregionsinaandb highlightedingrey in the lefthemisphere.

Forexample, Keklis highly expressedin amedullalayer thatis low for Fili



Extended Data Table 1| Information for genes and manipulations used in the genetic screen

Gene RNAI RNAi code |Manipulation Penetrance| |Gene RNA RNAI code [Manipulation Penetrance
source source
CCKLR-17D3|BDSC 67866 Mz19-PN 0/6 klg BDSC 28746 Mz19-PN o7
CCKLR-17D3|BDSC 67866 VA1d-ORN 4/5 kig BDSC 28746 pan-PN 0/7
CG10474 BDSC 51444 pan-PN 0/7 kig BDSC 28746 pan-ORN 6/9*
CG14024 VDRC 100991 pan-ORN 0/5* kig VDRC 102502  |pan-ORN 0/6*
CG33143  [BDSC 28823 pan-PN 0/12* Kkig VDRC 108818  [pan-ORN 0/7*
Con VDRC 17898 pan-ORN 717 Mcr BDSC 65896 pan-ORN 0/3*
Con BDSC 28967 pan-ORN 4/5* Mcr BDSC 65896 pan-PN 3/4*
Con BDSC 28967 pan-PN 3/7 mgl BDSC 29324 pan-ORN 3/3*
Cow BDSC 38235 pan-ORN 17* mgl VDRC 36389 pan-ORN o/7*
Cow BDSC 44530 pan-ORN 0/9* Nrt VDRC 8495 pan-ORN 0/8*
Cow BDSC 44530 pan-PN 1/8* Nrt BDSC 28742 pan-ORN 0/10*
cue VDRC 1043 pan-ORN 5/5* Nrt VDRC 106080 pan-ORN 0/6*
VDRC  tode4s lpanORN 0B N e T
cue BDSC 36875 lpan-ORN 0f7 PloxB BDSC 57813 |VA1d-ORN 0/5
Diap?2 VDRC 101187 |pan-ORN 0/6* Pip10D VDRC 3010 5an-ORN 278
Dop1R1 BDSC 62193  |pan-PN o7 Ptp10D BDSC 39001 pan-ORN 813"
ed BDSC 38209 pan-ORN orr* Pto10D BDSC 39001 pan-PN 77
ed BDSC 38243 pan-ORN 0/4* Ptp99A BDSC 57299 DA1-ORN 717
ed BDSC 38243 pan-PN 37 Ptp99A BDSC 57299 Mz19-PN 717
Fas2 BDSC 34084 Mz19-PN orr* Ptp99A BDSC 57299 pan-ORN 2/10*
Fas2 BDSC 34084 pan-ORN 0/10* Pip99A VDRC 103457  |pan-ORN 0/8*
Fas2 VDRC 103807 |pan-ORN o/r* Pip99A VDRC 108505 [pan-ORN 0/7*
Fas2 BDSC 28990 pan-ORN 0/8* Pip99A BDSC 57299 pan-PN 3/7
Fas3 BDSC 77396 pan-PN 07 rst** BDSC 28672 DA1-ORN 0/7
Fas3 BDSC 77396 pan-ORN 0/5* rst** BDSC 28672 Mz19-PN 0/7
fra BDSC 40826 pan-PN 0/7 rst** BDSC 28672 pan-PN 0/7
fred BDSC 42621 DA1-ORN 0/6 sdk BDSC 33412 Mz19-PN 1/6
fred BDSC 42621 Mz19-PN 2/2 sdk BDSC 33412 VA1d-ORN 0/5
fred BDSC 42621 pan-ORN 0/9* side-1V BDSC 82064 VA1d-ORN 10/10
fred VDRC 46180 pan-ORN 1/6* side-IV VDRC 102563  |VA1d-ORN 5/7
fred VDRC 101138 pan-ORN 0/8* side-IV BDSC 82064 VA1d-PN 1/8
fred BDSC 42621 pan-PN o/7* side-IV VDRC 102563 VA1d-PN 2/12
hbs VDRC 40898 pan-neuronal 8/12 side-V BDSC 61953 Mz19-PN 2/9
hbs BDSC 57003 pan-PN 3/6* side-V BDSC 61953 VA1d-ORN 6/6
It VDRC 101893 [pan-ORN 0/6* slit VDRC 20210 _ |pan-ORN o/
it BDSC 28823 pan-ORN 012" slit BDSC 31467 pan-ORN 3/10*
kekd BDSC 57000 _ |pan-ORN 5/8 siit BDSC 31467 _ [pan-PN O
kek1 VDRC 101166 |pan-ORN 1/8* Silt 2080 51468  pan-PN L
kek5 BDSC 20830 Mz19-PN o7 sns VDRC 109442 pan-neuronal 14/30
k5 EDSG 20830 >an-ORN =T TKR86C VDRC 13392 pan-ORN 0/5
TkR86C VDRC 107090  |pan-ORN 0/6*
kek5 BDSC 40830 pan-PN 207 TkR86C BDSC 31884 |pan-ORN 0/3*
kek5 BDSC 40830 VA1d-ORN 4/5 e BDSC 60058 pan-PN 77
kek6 BDSC 61212 Mz19-PN 0/7 Toll2 VDRC 965 pan-ORN 8/8*
kek6 BDSC 61212 pan-ORN 717 Toll2 BDSC 30498 pan-ORN 2/3*
kek6 VDRC 109681 [VA1d-ORN 5/6 Toll2 VDRC 36305 pan-ORN 2/3*
kirre VDRC 109585  |pan-ORN 9/12 Toll2 VDRC 965 pan-PN 317

*indicates simultaneous knockdown of Ten-m using RNAi. Some of the screening experiments were done with the simultaneous knockdown of Ten-m to ‘sensitize’ the system because:

(1) Knocking down Ten-m causes partial mismatching phenotype between ORN axons and PN dendrites™ and (2) Ten-m is highly expressed in many of the glomeruli labeled in our screening.

In some of the ‘sensitized’ screening experiments, we followed up the initial phenotype with single manipulation that did not contain Ten-m knockdown. In general, we observed equal or higher
penetrance when Ten-m was simultaneously knocked down. For example, in the Toll2 RNAi experiments, the penetrance is 3/7 when using RNAi line 965 from VDRC alone and is 8/8 when using
both line 965 and Ten-m RNAi. **Rst (Roughest) binds with Hbs and Sns in vitro®® and rst is also expressed in PNs and ORNs based on the single-cell transcriptome data®*. However, we did not
observe any mistargeting phenotype in cell-type-specific rst knockdown experiments.
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Extended Data Table 2 | Summary of genetic manipulation experiments that did not produce mistargeting phenotype

Exp.# | Genetic manipulation Cell types examined | m/n' Interpretation
1 Pipl0D/Y VA1v-ORN axons 0/18 Ptp10D is not required for VA1v-ORN axon targeting
VA1d/DA1-PN > .
2 Pip10D RNAi VA1d-ORN axons 0/14 Ptp10D does not affect targeting of partner neurons
VA1v-ORN > Ptp10D
3 v RNAI P VA1v-ORN axons 0/10 Ptp10D does not function in VA1v-ORNs for their axon targeting
VA1d/DA1-PN > .
4 Toll2 RNAI VA1d-ORN axons 0/12 Toll2 does not affect targeting of partner neurons
-PN >
5 VAIJ/DAL PI.\] VA1v-ORN axons 0/12 Toll2 does not function in VA1d-PNs to regulate VA1v-ORN axon targeting
Toll2 RNAi
VA1d/DA1-PN > VA1d/DA1 PN .. . . .
6 Toll2 RNAI dendrites 0/12 Toll2 does not function in VA1d-PNs to regulate their dendrite targeting
-ORN > Toli2
7 pan RNAi o VA1v-PN dendrites 0/10 Toll2 does not affect targeting of partner neurons
VA1v-ORN > Toll2
8 v ?{N Ai ° VA1v-PN dendrites 0/10 Toll2 does not affect targeting of partner neurons
Ald- > Toll2
9 VAld OORE ° VA1v-PN dendrites 0/11 Toll2 unlikely mediates homophilic attraction
-PN > Fili
10 VAId/DS; :iN Hil VA1d-ORN axons 0/14 Fili does not affect targeting of partner neurons
11 kekl™~ VA1d-ORN axons 0/18 Kekl is not required for VA1d-ORN axon targeting
-ORN > kekl
12 pan ORN Ai kek VA1d-ORN axons 0/10 Kek1 is not required in ORNSs for in VA1d-ORN axon targeting
- >
13 VALd gﬁl kekl VA1d-ORN axons 0/10 Kekl is not required in VA1d-ORN:ss for their axon targeting
-ORN > kekl
14 pan ORN Ai ¢ VA1v-PN dendrites 0/11 Kek1 does not affect targeting of partner neurons
= >
15 VAl ENR};Ii kek1 VA1v-PN dendrites 0/10 Kek1 does not affect targeting of partner neurons
R >
16 Viaid O(l;l]: ekt VA1v-PN dendrites 0/10 Kek1 unlikely mediates homophilic attraction
VAIv-ORN > Kekl Kek1 endogenous e>fpression levT.el is higher in VA1v-ORNSs than VA1d-ORNs
17 OE VA1v-ORN axons 0/10 and overexpression of Kek1 in VA1v-ORNs does not cause ORN axon
mistargeting phenotype
M 1 Ald- i ing ph
18 hbs™- VA1d-ORN axons 0/10 utant alone does not have any VAld: OBN axons mistargeting phenotype
(Control for Fig. 5)
19 hbs*, sns™ VAI1d-ORN axons 0/10 Mutant alone does not have any VAld-ORN axons mistargeting phenotype
(Control for Fig. 5)
A1d/DA1-PN >
20 Vv d/DRN Ai . VA1d-ORN axons 0/10 Hbs does not affect targeting of partner neurons
21 ans - VA1d-ORN axons 0/10 Mutant alone does not have any VAld-ORN axons mistargeting phenotype
(Control for Fig. 5)
VA1d/DA1-PN >
22 o RNAI sns VA1d-ORN axons 0/10 Sns does not affect targeting of partner neurons
23 kirre/Y VAId-ORN axons 0/10 Mutant alone does not have any VAld-OBN axons mistargeting phenotype
(Control for Fig. 5)
- > ki
24 pan O}?}? Ai kirre VA1d-ORN axons 0/12 Kirre is not required in ORNs for VA1d-ORN axon targeting
A1d-ORN > ki
25 Valé }({)N Ai e VA1d-ORN axons 0/10 Kirre is not required in VA1d-ORNSs for their axon targeting
- > ki
26 pan 01515 Ai kirre VA1v-PN dendrites 0/15 Kirre does not affect targeting of partner neurons
A1v-ORN > ki
27 VALY I({)N Ai kirre VA1v-PN dendrites 0/10 Kirre does not affect targeting of partner neurons

'm = number of antennal lobes with mistargeting phenotypes; n = number of total antennal lobes examined. Besides the results of genetic manipulation experiments shown in the figures and

Extended Data figures, additional results with no mistargeting observed in certain ORN axons and PN dendrites are listed in this table. Collectively, these results argue against hypotheses

alternative to our model (Fig. 50) and suggest that: (1) the CSPs do not function in neurons with relatively low expression level; (2) the function of these CSPs are mainly to regulate interactions
between non-partner neurons; (3) the CSPs unlikely mediate homophilic attraction. Despite the evidence supporting that the CSP pairs mediate repulsion between non-partner neurons, we
cannot completely rule out the possibility that some of the CSPs have additional roles. As an example, the mouse teneurin-3 mediates both homophilic attraction with itself”® and heterophilic

repulsion with latrophilin-22in the hippocampal networks.
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Data analysis Images were processed using Fiji (version: 2.1.0/1.54j) and analyzed with custom code in python 2.7 and 3.6 and are available on github
(https://github.com/ZhuoranLi97/repulsive_interactions). flyCRISPR (https://flycrispr.org/) was used for designing gRNA.
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Sample size No statistical tests were used to determine sample size. We used sample sizes (~4-20 flies per condition) that been previously shown to have
sufficient statistical power in similar experiments in the past (e.g., Hong, Mosca, Luo 2012, Lyu, Abbott, Maimon 2022)

Data exclusions  We did not exclude flies or data from any analysis, unless brains stained for imaging appeared unsuitable (e.g., broken) at the time of imaging.
Replication All experiments discussed in the paper were conducted on multiple animals with sample size specified. In immunostaining plots, data across
multiple days were collected and all imaged brains showed the same qualitative pattern of staining. As the techinical variances are usually

small, it is a standard in the field to focus on biological replicates.

Randomization  Organisms are not allocated to control and experimental groups by the experimenter in this work, rather the flies' genotype determines their
group. Thus, randomization of individuals into treatments groups is not relevant.

Blinding For counting the penetrance of the phenotype, the investigators were blind to the flies' genotypes. For the rest, the investigators were not
blind to the genotype, and data collection and analysis was done computationally.
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Antibodies

Antibodies used

Validation

rat anti-NCadherin (1:40; DN-Ex#8, Developmental Studies Hybridoma Bank), chicken anti-GFP (1:1000; GFP-1020, Aves Labs), rabbit
anti-DsRed (1:500; 632496, Clontech), mouse anti-rat CD2 (1:200; OX-34, Bio-Rad), rabbit anti-HA (1:100, 3724S, Cell Signaling),
mouse anti-HA (1:100, 2367S, Cell Signaling), rabbit anti-Myc (1:250, 2278S, Cell Signaling), and mouse anti-V5 (1:250, R960-25,
Thermo Fisher Scientific). Secondary antibodies include: Fluorescein (FITC) AffiniPure Donkey Anti-Chicken IgY (1gG) (H+L) (Jackson
ImmunoResearch 703-095-155); Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ Plus 555
(ThermoFisher A32794); Alexa Fluor® 647 AffiniPure Donkey Anti-Mouse IgG (H+L) (Jackson Immunoresearch 715-605-151);
DyLight™ 405 AffiniPure Donkey Anti-Rat IgG (H+L) (Jackson ImmunoResearch 712-475-153); Cy3-Donkey Anti-Rat IgG (H+L) (min X)
(Jackson Immunoresearch 712-165-153); The anti-His-Tag Antibody coupled with iFlour 488, Genscript, AO1800, used at a 1:500
dilution to detect secreted proteins from S2 cells in westerns (Ext. Data Fig. 8d,e)

All primary antibodies used in this study were validated as described at the following websites (and references therein): DSHB:
https://dshb.biology.uiowa.edu/DN-Ex-8, Rockland: https://rockland-inc.com/store/Antibodies-to-GFP-and-Antibodies-to-
RFP-600-901-215-04L_23908.aspx, Takara: https://www.takarabio.com/products/antibodies-and-elisa/fluorescent-protein-
antibodies/red-fluorescent-protein-antibodies?srsltid=AfmBOopUZqVextBgypogsvRxsHH-HIrGIgONFICn1UMie592NHF348BQ, Bio-
Rad: https://www.bio-rad-antibodies.com/monoclonal/rat-cd2-antibody-ox-34-mca154.html?f=purified, Cell signaling: https://
www.cellsignal.com/products/primary-antibodies/ha-tag-c29f4-rabbit-mab/3724?
srsltid=AfmB0004fq323JT200UmSS57QlI81bkOHggu_OEh2zrMiEFOwI8we-9yz; https://www.cellsignal.com/products/primary-
antibodies/ha-tag-6e2-mouse-mab/2367?srsltid=AfmBOo0oyGtCSJAIO-x_0SG5HHyidV_FTUMprTD7bHW|kSghXfcqfT7Dw; https://
www.cellsignal.com/products/primary-antibodies/myc-tag-71d10-rabbit-mab/2278?srsltid=AfmBOoqTY3_gUyCF-
LzvhacFotUvpwIs3f3VWvmNzOVVtljc5Jwménl7; https://www.thermofisher.com/antibody/product/V5-Tag-Antibody-clone-SV5-Pk1-
Monoclonal/R960-25; Validated by Genscript (https://www.genscript.com/product/documents/down?
doc_name=A01800_Datasheet_Rev05.pdf&file=scm_files/productFile_notes/2025/01/07/20250107091652_A01800.pdf), and by
our lab, where expression cell lines (S2 and High Five) had complete absence of signal in the media of non-transfected cells.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

High Five cells (BTI-Tn-5B1-4) from Trichoplusia ni - for protein expression using baculoviruses - Thermo Fisher #8855-02;
Sf9 cells from Spodoptera frugiperda, used for baculovirus production (Thermo Fisher, 12659017);
S2 cells from Drosophila melanogaster (DGRC #6).

Cell lines (from commercial source) were not authenticated, as they were only used as an exogenous production source of
protein, and not studied for any biological functions.

Mycoplasma contamination We regularly test our cell lines for mycoplasma contamination. None observed.

Commonly misidentified lines  None used.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

We used male and female Drosophila melanogaster. All fly strains and fly genotypes are described in details in the Methods. The
w([1118] strain was used, with ages ranging from the larvae stage to 7 days old.

The study did not involve wild animals.
Experiments were performed on both sexes and reached similar conclusion.
The study did not involve samples collected from the field.

No ethical oversight was required because no vertebrates were used.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Plants

Seed stocks Not applicable.

Novel plant genotypes ~ Not applicable.

Authentication Not applicable.
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