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The Drosophila mushroom body (MB) is composed of parallel axonal fibers from
intrinsic Kenyon cells (KCs). The parallel fibers are bundled into five MB lobes inner-
vated by extrinsic neurons, including dopaminergic neurons (DANs) and MB output
neurons (MBON:s) that project axons or dendrites to the MB lobes, respectively. Each
DAN and MBON innervates specific regions in the lobes and collectively subdivides
them into 15 zones. How such modular circuit architecture is established remains
unknown. Here, we followed the development of the DANs and MBONs targeting the
vertical lobes of the adult MB. We found that these extrinsic neurons innervate the
lobes sequentially and their neurite arborizations in the MB lobe zones are independent
of each other. Ablation of DAN axons or MBON dendrites in a zone had a minimal
effect on other extrinsic neurites in the same or neighboring zones, suggesting that these
neurons do not use tiling mechanisms to establish zonal borders. In contrast, KC axons
are necessary for the development of extrinsic neurites. Dendrites of some vertical lobe-
innervating MBONSs were redirected to specific zones in the horizontal lobes when their
normal target lobes were missing, indicating a hierarchical organization of guidance sig-
nals for the MBON dendrites. We show that Semaphorin 1a is required in MBONSs to
innervate three specific MB zones, and overexpression of semaphorin 1a is sufficient to
redirect DAN dendrites to these zones. Our study provides an initial characterization of
the cellular and molecular mechanisms underlying the assembly process of MB extrinsic
neurons.
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The mushroom body (MB) is a computational center in the fly brain that controls
diverse types of behavior, including learning and memory (1-5), sleep (6, 7), courtship
(8-10), and foraging (11-14). MB functioning relies on its intricate circuit architecture
that resembles the vertebrate cerebellum, being composed of a large number of parallel
axonal fibers modularly innervated by afferent and efferent neurons (3, 15-18). The
parallel axonal fibers of the MB are projected by ~2,000 intrinsic Kenyon cells (KCs)
in each brain hemisphere. These parallel fibers are bundled into five lobes, two of
which extend vertically and are named the o and o lobes, and three that extend hori-
zontally and are denoted the B, p', and v lobes (S7 Appendix, Fig. S1A) (19). The pri-
mary afferent and efferent neurons of the MB lobes are the dopaminergic neurons
(DANs) and MB output neurons (MBONs). A total of 21 types of DAN and 35 types
of MBON have been identified (3, 18). Each type of DAN and MBON extends its
axons or dendrites, respectively, into specific compartments or zones of the MB lobes.
Together, DANs and MBONSs subdivide the MB lobes into 15 distinct zones. Most
DANs and MBONSs innervate only one or two zones. Given that the MB lobes are
bundles of continuous axonal processes, the way in which each type of DAN and
MBON synapses with specific domains of the MB lobes represents an elaborate form
of subcellular targeting. Similar but less elaborate subcellular neurite targeting has been
documented in a variety of nervous systems (20-22). Uncovering the cellular and
molecular mechanisms underlying the elaborate zonal organization of DAN and
MBON neurites in the MB lobes should provide general insights into subcellular neu-
rite targeting and complex neural circuit formation.

Our current understanding of MB development is mostly derived from studying the
KCs. KCs are deposited by four neuroblasts in each brain hemisphere throughout the
entirety of fly development (i.e., from embryonic to the end of the pupal stages) (23).
These neuroblasts sequentially produce three major types of KCs, namely y, o’p’, and
af} based on the lobes into which their axons extend (24). The larval MB mainly com-
prises ¥ and o'}’ KCs, whereas the adult MB has all three major KC types. The ofp’
and ap KC axons have two branches, one projecting vertically to form the of and a
lobes and the other extending horizontally to form the p’ and f lobes. The y KC axons
also have two branches at the larval stage. However, during early pupal development,
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both branches are pruned, but only the horizontal branch is
later regenerated and becomes a part of the adult MB (24).

In contrast to our knowledge of KC development, little is
known about how the MBONs and DANs are incorporated
into the MB circuit. Electron microscopy-based reconstructions
of the first instar larval MB have revealed that even at this early
developmental stage, the MB has already been extensively
innervated by multiple extrinsic neurons, including seven types
of DANs and 24 types of MBONSs (25). These extrinsic neu-
rons subdivide the first instar larval MB lobes into eight zones
(plus two additional zones in the peduncle of the MB). This
circuit architecture is maintained throughout larval develop-
ment, with only a few other extrinsic neurons added when the
larva grows from the first instar to the third instar stage (25,
26). During pupal development, the MB is remodeled, chang-
ing from two to five lobes, the DANs expand from seven to 21
types, and MBON:s increase from 24 to 35 types (18, 25).

Although it is still unclear how neurites of these extrinsic
neurons are zonally assembled into the MB circuit, a recent
study showed that interactions between Dpr12 and DIP-8 play
a critical role in zonal arborization of DAN axons projecting to
the y4 and y5 zones in the y lobe (27). DIP-8-expressing DAN
axons appear to innervate a zone at the distal end of the hori-
zontal lobe during the late larval stage. These DAN axons stay
at that position when the Y KC axons are pruned during early
metamorphosis. When the y KC axons regenerate, the DIP-
8-expressing DAN axons promote extension of the y KC axons
into the future y4/5 zones. Meanwhile, DIP-8 induces cluster-
ing of Dpr12 in the y KC axons at the y4/5 zones, and Dpr12/
DIP-8 interaction stabilizes the DAN axonal arbors within
those zones. That study has provided the first clue as to how
zonal innervation of DAN axons is refined and maintained dur-
ing development. However, given that the y lobe is the only
MB lobe that undergoes remodeling during development, how
the DAN axons establish their initial zonal innervation and
whether the mechanisms that govern the assembly of extrinsic
neurons into the y lobe can be generalized to other lobes await
investigation.

To gain further insights into assembly of the MB circuit, we
investigated targeting of MBON dendrites and DAN axons to
the MB vertical lobes (in particular to the o lobe) during the
pupal stage when the adult MB circuit is being assembled. Our
study focused on the vertical lobes because of their relative sim-
plicity in terms of numbers and types of extrinsic neurons (3,
18). We followed the innervation process of vertical lobe-
projecting DAN axons and MBON dendrites and performed
genetic and chemical ablation experiments to probe the cellular
mechanisms governing this process. We also identified Sema-
phorin la (Semala) as an important guidance molecule that
controls zone-specific dendritic targeting for several MBONs
(28). Our work provides an initial characterization of the cellu-
lar and molecular mechanisms underlying assembly of DANs
and MBON:s into the MB circuit.

Results

DAN Axons and MBON Dendrites Sequentially Innervate the
MB Vertical Lobes. To investigate how the MB circuits are
assembled, we first identified GAL4 lines in which individual
types of DANs and MBONSs projecting to the MB vertical
lobes are labeled throughout their morphogenesis. Among all of
the GAL4 lines we assessed (SI Appendix, Table S1), MB0O58B-
and MB091C-splitGAL4 specifically label PPL1-o'202 DANGs
and MBON-a'2, respectively, throughout their development
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(Fig. 1 A-M and SI Appendix, Fig. S1 B-B and F-F’). Since
PPL1-o/202 DANs and MBON-'2 are the only DANs and
MBONS that innervate the o'2 zone (3, 18), they provide an
opportunity to study the innervation order of DAN axons and
MBON dendrites in the same MB lobe zone, as well as their inter-
actions with each other or with the neurons in neighboring zones.

First, we used MB058B and MB091C to drive expression of
mCDS8::GFP in PPLI-o’202 DANs and MBON-o/2 and
checked their morphologies at various times after puparium for-
mation (APF). The PPL1-o/2a2 DANs began to touch the MB
lobes at 18 h APF, starting from the lateral surface of the o lobe
near the position of the future o'2 zone (Fig. 1A4). Since axons
from a single PPL1-o/202 DAN innervate the MB vertical lobes
in both hemispheres, we also generated single-cell flip-out clones
(29) for PPL1-o/202 DANs and found that their ipsilateral and
contralateral axonal innervations occurred simultaneously (87
Appendix, Fig. S2 A-A). At 24 h APF, innervation in the o2
zone became more obvious, with axons extending ventrally along
the interfaces between the o and o lobes (Fig. 1B and S7
Appendix, Fig. S2 B and (). Dense innervation in the o2 zone
was observed from 30 h APF onward (Fig. 10), and innervation
of the a2 zone at the middle segment of the o lobe began at 36
h APF (Fig. 1D). Dendritic targeting of MBON-a'2 to the o2
zone occurred at a later time point. At 42 h APF, MBON-a'2
dendrites only began to innervate the medial surface of the a2
zone (Fig. 1K), and more dense elaboration of the MBON-o/2
dendrites was seen at 48 h APF (Fig. 17). Therefore, in the o/2
zone, DAN axons innervate the MB lobes earlier than MBON
dendrites. This notion is further supported by colabeling experi-
ments whereby PPL1-a'202 and MBON-a'2 were labeled simul-
taneously in distinct colors during pupal development (57
Appendix, Fig. S2 D-E").

DAN axons do not always precede MBON dendrites in all
MB lobe zones. In the '3 zone, MBON dendrites appear to
innervate the MB lobes earlier than the DAN axons. The o3
zone is innervated by one PPL1-o/3 DAN (SI Appendix,
Fig. S1 E-E’), two typical MBONs (MBON-o'3m and
MBON-a'3ap; SI Appendix, Fig. S1 C-C"), and one atypical
MBON-a'3 (MBON28) (18). By following the development
of the two typical MBONSs using MBO027B-splitGAL4 (Fig. 1
N-5), we revealed that their dendrites enter the MB lobe before
6 h APF. At this time point, the MBON-o/3m/ap dendrites
concentrated at the center of the vertical lobe occupied by
FaslI-negative o'’ KC axons, indicating that these dendrites
have targeted the o' lobe (Fig. 1 R—F) (19). We have not iden-
tified GAL4 lines allowing us to follow the development of
most other PPL1 DANs. However, when we labeled the DAN’s
with antibodies against tyrosine hydroxylase (TH), an enzyme
required for the synthesis of dopamine (30), we found that TH
expression is sequentially turned on, beginning at the base of
the vertical lobes and finishing at the tips of the a and o lobes
(SI Appendix, Fig. S3). Expression of TH in the o3 zone only
became apparent at 48 h APF, representing the latest time
point among all vertical compartments (S Appendix, Fig. S3
H-H'). Anti-TH signal was first seen in the '2 and o1 zones
at 24 h APF (SI Appendix, Fig. S3 C-D'), which matches the
time when PPL1-o/202 and PPL1-y20/1 axons began to inner-
vate these zones (Fig. 1 A-F and U-AA). These data support
that TH staining can be used to report the innervation timings
for PPL1 DANs and that MBON dendrites precede DAN
axons in the o3 zone. We acknowledge that TH expression
may occur significantly later than axonal innervation in PPL1-
o'3 and PPL1-03 DANs. For instance, TH expression in
DAN:Ss targeting the y4/5 zones was shown to occur later than
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Fig. 1. Timing of innervations by DANs and
MBONSs targeting MB vertical lobes. (A-F) Axo-
nal innervation in the MB vertical lobes by
PPL1-o/202 DANSs, labeled with UAS-mCD8::GFP
driven by MB058B-splitGAL4 (green), at differ-
ent hours after puparium formation (APF).
The yellow arrowheads in (A, B) indicate where
the axons start to innervate the MB lobes.
(G-L) Dendritic innervation in the MB vertical
lobes by MBON-«'2, labeled by MB091C-split-
GAL4 driving UAS-mCD8::GFP (green), at differ-
ent hours APF. The yellow arrowhead in (K)
indicates where the dendrites start to inner-
vate the MB lobes. MB lobes were labeled
with  LexAop-rCD2::RFP driven by MB247-
LexA:p65 (magenta) in (A-L). The n and (%) in
this and following figures indicate the sample
size and the percentage of the sample display-
ing the same phenotype as the representative
image. *Note that at 18 h APF, around half of
the hemibrains did not contain PPL1-o/202
DANs (64%) or MBON-o'2 (40%). At 24 h APF,
25% of PPL1-o/202 DANs exhibited innervation
patterns similar to that of 18 h APF, whereas
8% of MBON-«/'2 showed innervation patterns
similar to that of 30 h APF. At 36 h APF, 10%
of PPL1-o’2a2 DANs exhibited innervation pat-
terns similar to that of 42 h APF, whereas 20%
of MBON-o’2 showed innervation patterns
similar to that of 30 h APF. At 42 h APF, 8% of
PPL1-o'202 DANs and 12% of MBON-«/2 exhib-
ited innervation patterns similar to those of
48 h APF. (M) Schematics illustrating the tim-
ing of innervations for PPL1-a’2a2 axons
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A summary of the innervation timings for
DAN axons and MBON dendrites projecting to
the indicated zones. The timings are based on
data in Fig. 1 and S/ Appendix, Fig. S3 and
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y2a'1 labeled with UAS-mCD8::GFP driven by
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v/ during larval (third instar stage, L3) and pupal
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g (magenta). Insets in (Y) and (2) are single-focal-
plane images showing the innervation of
PPL1-y2a/1 axons in the o’1 zone. Note that
PPL1-y2d/1 axons densely innervate the heel
region of the L3 MB (U), and the axons are
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very dense at 30 h APF, when the y2 zone has not been fully covered by the axons (2). (AA) Schematics illustrating the results in (U-2). Scale bars, 15 pm.

their axonal innervation (27). Therefore, the precise timing for
when these DAN axons innervate the vertical lobes remains to
be confirmed. Nevertheless, our results strongly suggest that
DAN axons and MBON dendrites sequentially innervate the
MB vertical lobes, and their innervation order in a given zone
may vary among zones (Fig. 17).

DANs and MBONSs Independently Innervate MB Lobe Zones.
Given that the axons of PPL1-o/202 DANs precede the
MBON-a/2 dendrites in the o2 zone, next we examined the
possibility that DAN axons provide guidance cues for MBON
dendrites in this zone. We genetically ablated PPL1-o/202

PNAS 2022 Vol.119 No.12 2111283119

DANSs by ectopically expressing the proapoptotic genes head
involution defective (hid) and reaper (rpr) (31, 32) in these neu-
rons using MBO058B-splitGAL4. No MB058B-positive cells
were seen in PPL1-o/2a2 DAN-ablated adult brains, and the
o'2 and o2 zones lacked anti-TH staining signal (Fig. 2 A-5B).
Ablation of PPL1-o/202 DANs occurred before 24 h APF (i.e.,
by the time PPL1-o'2a2 DAN:Ss start to innervate MB lobes in
wild-type brains) (87 Appendix, Fig. S4 A—F). The TH-negative
zones in the PPL1-o/202 DAN-ablated brains indicate that
axon-axon contacts between neighboring DANs have a minimal
effect in determining the borders of DAN axon zonal networks.
To further confirm this notion, we labeled the PPL1 DANs
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Fig. 2. Independent innervations by DANs and MBONSs targeting the MB vertical lobes. (A-A"") A wild-type brain whose PPL1-o’2a2 DANs were labeled
with UAS-mCD8::GFP driven by MB058B-splitGAL4 (green) and whose MBON-«'2 was labeled with LexAop-rCD2::RFP driven by R20G03-LexA (magenta). The
brain was counterstained with anti-TH antibody to label DANs (blue). A single focal plane covering the «’2 zone is shown. (B-B"’) As for (A-A""), except that
PPL1-o/2a2 DANs were ablated with UAS-rpr,hid driven by MB058B-splitGAL4. (C-C') lllustrative summary of the results in (A-B'"). (D) The relative extent of
zonal innervation by MBON-«'2 dendrites was not affected by the ablation of PPL1-o’2a2 (two-tailed unpaired ¢ test, P = 0.8566, n = 12). The extent of zonal
innervation in this and following figures was measured by the distance between the midpoint of the upper border to the midpoint of the lower border of
the neurite-covered area along the o lobe. The relative extent of zonal innervation was calculated as [(extent of dendritic or axonal innervation + length of
the o lobe from the tip to the bifurcation point) x 100]. (E-H) Same as (A-D), except that R82C70-LexA was used to label PPL1-«’3, -o/2a2, and -y2a’1 DANs
(magenta) (two-tailed unpaired t test, PPL1-o/3: P = 0.3534, PPL1-y2d/1: P = 0.2471, n = 12). (I-N) Same as (A-D), except that the tested neurons were
MBON-o/3m/ap and MBON-y2a/1 labeled by R53F03-LexA and R25D01-LexA, respectively. The brains were counterstained with anti-Trio antibody to label o/’
and y lobes (blue) (two-tailed unpaired t test, MBON-o/3m/ap: P = 0.7021, MBON-y2«/1: P = 0.9685, n = 10-12). (O-T) Same as (/-N), except that the neuron
being ablated is MBON-o'2 labeled by MB091C-splitGAL4 (green) (two-tailed unpaired t test, MBON-o'3m/ap: P = 0.1187, MBON-y2a/1: P = 0.6925, n = 12). Scale
bars, 25 pm.

innervating the o lobe with R82C10-LexA and found that the
PPL1-o/3 and PPL1-y2a1 neurites were confined to their orig-
inal area (Fig. 2 E~G and SI Appendix, Fig. S1 D-E'). We
then measured the extents of zonal innervation by PPL1-o'3
and PPL1-y2a'1 in the of lobe. No difference was detected
between the normal and PPL1-a'202-ablated MB (Fig. 2H), so
zonal innervation of the neighboring DAN axons is not affected
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by loss of PPL1-o/202. Ablation of PPL1-o/2a2 DANS also did
not affect dendritic targeting of MBON-«'2, indicating that
PPL1-o/202 DANSs do not provide guidance cues for MBON-
o'2 dendrites (Fig. 2 A'-D). Moreover, ablation of PPLI1-
o202 DANs had no effect on the dendritic elaboration of
typical o'3-projecting MBONs (MBON-o/'3m/ap) or MBON-
v20'1 in the neighboring zones (Fig. 2 I=-N).
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Next, we tested if interaction between MBON dendrites in
the neighboring zones is required to establish zonal borders.
Ablation of MBON-a'2 before its dendrites innervate the MB
lobes did not influence zonal elaboration of MBON-o/'3m/ap
or MBON-y2a'1 dendrites (Fig. 2 O-T and S7 Appendix, Fig.
S4 G-I). These dendrites were still confined to their normal
position, and their coverage along the o lobe remained
unchanged. Similarly, MBON-&/2 dendrites were also unaf-
fected when MBON-of3m/ap was ablated early in development
(81 Appendix, Figs. S4 M-O and S5 A-C). These results sup-
port that dendritic tling (33, 34) is not the mechanism by
which the borders between MBON dendrites in neighboring
zones are determined, at least for the neurons and zones that
we have examined. We note that MB027B-splitGAL4, which
we used to manipulate and visualize MBON-o3m/ap, does not
label the recently identified atypical MBON-o'3 (18). Given
that dendrites of atypical MBONSs only partially innervate the
MB lobes, whether our observations for typical MBONSs can be
applied to atypical MBONSs remains to be determined. Further-
more, although ablating PPL1-a'202 or MBON-a'2 individu-
ally does not affect neurite innervations in the neighboring
zones, we were not able to precisely ablate both neuron types
due to nonspecific labeling of background neurons when
MBO058- and MB091C-splitGAL4 were combined. Therefore, it
is unclear how ablation of both MBONs and DANSs in a given
zone affects the neighboring neurites.

MBON-a'2 likely does not guide the innervation of PPLI-
o'202 axons since MBON-o/2 dendrites arrive at the o lobe
after PPL1-o/202 axons have already established zonal arboriza-
tion. However, when we labeled PPL1 DANs with R82C10-
LexA and measured their neurite density in the &2 and o2
zones of the adult MB, we found that neurite density in the
®'2 zone was reduced upon MBON-«'2 ablation (S/ Appendix,
Fig. S5 D—F). A similar reduction was observed when we spe-
cifically labeled PPL1-o/2a2 DANs by creating single-cell flip-
out clones (87 Appendix, Fig. S5 G-I). In contrast, the extent of
zonal innervation for PPL1-o/2a2 axons in the o2 zone was
not affected by MBON-o'2 ablation (S7 Appendix, Fig. S517),
nor was innervation of the neighboring PPL1-o/3 and -y2o/1
axons (81 Appendix, Fig. S5 J-O). Therefore, although MBON-
o'2 is not required for zonal targeting of PPL1-o/202 axons,
their synaptic connections may be important for maintaining
the proper density of PPL1-o/2a2 axonal arbors. Taken
together, these findings suggest that zonal elaborations of DAN
axons and MBON dendrites in the MB vertical lobes are largely
independent of each other.

MB Lobes Are Essential for Zonal Elaborations of DAN Axons.
Since the zonal targeting of DANs and MBONS is not gov-
erned by their mutual interactions, next we investigated the
role of MB lobes in this process using the alpha lobe absent
(ala) fly mutant. Brains of the a/z mutant randomly lose verti-
cal or horizontal lobes of the MB (35, 36). The main frame-
work of the MB lobes are formed by KC axons, and in alz
mutants lacking vertical MB lobes, around half of the o/’ and
af KCs lose their vertical branches and the vertical branches of
the remaining half project horizontally (35). We found that
when MB vertical lobes on one side of the brain were absent,
both contralateral and ipsilateral PPL1-0/202 axons extended
to areas near their missing targets without forming normal
zonal elaboration patterns (Fig. 3 A-B'). Mistargeting of PPLI1-
o'202 axons was completely correlated with the lobe-absent
phenotype (n = 14), so it was not caused by loss of the ala
gene per se but due to lack of vertical lobes.

PNAS 2022 Vol.119 No.12 2111283119

We also examined PPL1-0/202 axons in the a/z mutant
brains at 30 h APF, when obvious zonal innervation by the
axons is first observed. We found that when vertical lobes were
absent, PPL1-o/202 axons failed to form a zonal network from
the very beginning of the elaboration process, and some mistar-
geted neurites could be found above and posterior to where the
®'2 and o2 zones are supposed to be located (S7 Appendix, Fig.
S6 A-C'). A similar misrouting phenotype was observed for the
axons of PPL1-a'3 DANs (S Appendix, Fig. S6 D—F). Since
these mistargeted axons could still project to sites close to their
normal targets, the MB lobes do not appear to provide long-
range guidance cues for these axons. Instead, the MB lobes may
provide local positional cues for the DAN axons to form zonal
networks. This latter scenario was further evidenced when we
used a multicolor flip-out technique (29) to label PPL1-o/20:2
and PPL1-o/3 DANSs in different colors in the same brain (S/
Appendix, Fig. S6 K—K'). We found that the primary neurites
of these two DANSs entered the MB lobes at a similar location.
However, PPL1-o/202 axons exclusively occupied the '2 and
a2 zones below the entry point, whereas PPL1-o'3 axons spe-
cifically covered the '3 zone above the entry point, suggesting
local cues exist that direct zonal elaboration of DAN axons.

MBON-o'2 Dendrites Respond to Distinct Signals from
Different MB Lobe Zones. Surprisingly, when the MB vertical
lobes were absent, we observed misguided MBON-a'2 neurites
innervating other lobe regions resembling the 2 and o'1 zones
(Fig. 3C). We confirmed that these ectopic neurites are den-
drites by labeling MBON-a'2 with the dendritic marker Den-
Mark (37) and axonal marker DSyd-1-GFP (38) (SI Appendix,
Fig. S7 A-A"). When we followed the development of the
MBON-a'2 dendrites in the absence of their normal target, we
found that they never formed a zonal network near the missing
target, but started to innervate the B'2- and of1-like zones at
~72 h APF (SI Appendix, Fig. S7 B-D'). As mentioned previ-
ously, approximately half of the o/p’ and aff KCs exhibit two
horizontal-projecting axonal branches in vertical lobe-absent a/a
MBs (35). Although it is unclear if the additional horizontal-
projecting branches retain their original identity or adopt char-
acteristics of the horizontal branch, is it possible that the
MBON-«/'2 dendrites followed the o2 zone in the now
“collapsed” vertical lobes? We argue that this is an unlikely sce-
nario because the zones innervated by the mistargeted MBON-
o2 dendrites are located at either end, but not in the middle,
of the horizontal lobes. Furthermore, we have performed GFP
reconstitution across synaptic partners (GRASP) (39), in which
one split-GFP fragment (GFP1-10) was expressed in MBON-
o'2, while the complementary GFP fragment (GFP11) was
expressed in R48B04-LexA-labeled DANs in the protocerebral
anterior medial (PAM) cluster projecting to f'2 and y5 zones
in the MB horizontal lobes (40). GRASP signals in the p'2
zone, which imply putative synaptic connections between
MBON-«'2 and p'2-projecting DANSs, were detected only in
ala brains where MBON-o/2 dendrites were mistargeted (Fig. 3
Fand G). Since axonal innervation of the p'2-projecting PAM-
DANSs is unaffected in the vertical lobe-absent 2/z MB (S/
Appendix, Fig. S6 I-]), these results support that MBON-o/2
dendrites can be rerouted to the 2 zone and form putative
synaptic connections with local DAN axons when the normal
target of MBON-o'2 is absent. Not all vertical lobe-projecting
MBON dendrites were redirected to other zones when the MB
vertical lobes were missing. For example, MBON-o/3m/ap den-
drites densely innervate the o3 zone in the wildtype brain (S/
Appendix, Fig. S6G), and loss of MB vertical lobes resulted in
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Fig. 3. Loss of MB vertical lobes results in mistargeted PPL1-o/2a2 axons and MBON-o'2 dendrites. (A-B') Single-cell multicolor flip-out clones of PPL1-o/2a2
DANSs (green) in wild-type (WT; A) and alaf’? (B-B') brains from which the MB has lost its vertical lobes on the contralateral (B) or ipsilateral (B') side to the
clones, whose cell bodies are marked by asterisks. The yellow arrowheads indicate the misguided neurites near their missing targets. The brains were coun-
terstained with anti-Trio and anti-Fasll antibodies to label all MB lobes (magenta). (C) Innervation pattern of MBON-o'2 dendrites labeled with UAS-mCD8::GFP
driven by MB091C-splitGAL4 (green) in an ala®’® brain in which the vertical lobes are missing in one hemibrain. The yellow arrowheads indicate the mistar-
geted dendrites in the p'2 and o’ 1-like zones. (D) As for (C), but semala was additionally knocked down in MBON-«’2. Insets in (C, D) are single-focal plane
images of the p'2 zone. (E) Innervations of MBON-o«'2 dendrites, indicated as green fluorescence intensity, in the p'2 zone are significantly different between
control (MB091C only) and semala knockdown (MB091C > UAS-semaTa-i) brains (two-tailed unpaired t test, P < 0.0001, n = 11). Innervations of MBON-a'2
dendrites in the o'1-like zone are not different between control and sema7a knockdown brains (Fisher's exact test, P > 0.9999, n = 11). (F, G) GRASP signals
(magenta) indicating synaptic reconstitution of GFP1-10 and GFP11 expressed in MBON-o'2 (by MB091C-splitGAL4) and PAM-DANs (by R48B04-LexA), respec-
tively, were only detected in the ala brains where MBON-o/2 dendrites were mistargeted to the tip of the §’ lobe. (H, /) Innervation patterns of MBON-o'2
dendrites labeled with UAS-mCD8::GFP driven by MB091C-splitGAL4 (green) in the control (H) and HU-ablated (/) MBs. The yellow arrowheads in (/) indicate the
misguided neurites extending toward the putative positions of «'1-like zone. Scale bars, 25 um.
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sparse arborization of these dendrites in areas posterior to their
missing target (SI Appendix, Fig. S6H).

To examine if the horizontal lobes can potentially provide
guidance to the misrouted MBON-o'2 dendrites in the alz
brain, we ablated all but a few embryonic-born KCs by feeding
newly hatched larvae 50 mg/mL hydroxyurea (HU) for 4 h (1,
41). This treatment ablated all «'f’, ap, and most y KCs, so
only a slender y lobe was observed in the respective adult MB
(Fig. 3 H and J). Under this condition, no MBON-«'2 neurite
was found in either the f'2 or o2 zone, indicating that the f/
lobe is critical for zonal innervation of MBON-o'2 dendrites in
the p'2 zone. Interestingly, when we ablated the MB by means
of HU treatment, MBON-o'2 still extended ectopic neurites
toward the position of the o'1-like zone, but did not form
zonal arborization there. Hence, long-distance orientation of
these neurites is likely directed by other cells, whereas their
zonal innervation is promoted by the MB lobes. Taken
together, our data indicate that MB lobes play an important
role in guiding the innervation of MBON dendrites, and
MBON-«'2 dendrites can respond to diverse guidance cues
that direct them to different MB lobe zones.

To gain insights into the guiding mechanisms that direct the
MBON-o/2 dendrites to different MB lobe zones, we searched
for molecules whose expression in MBON-/2 affect its den-
dritic targeting. Semala is a transmembrane protein that has
been shown to mediate both axonal and dendritic guidance
(42-46). Therefore, we tested if Semala may play a role in
guiding MBON-o/2 dendrites. Interestingly, when we knocked
down semala in MBON-/2, although its normal dendritic
innervation in the o2 zone was unaffected (S7 Appendix, Fig.
S7 E and B), its dendritic mistargeting in the 2 zone of ala
mutant brains was disrupted (Fig. 3 D and E). The efficiency
of the semala RNAI line, UAS-semala-RNAZ™37 that we
used in the knockdown experiments has been demonstrated
previously (47). To assess if MBON-o/2 expresses semala, we
used a genetically modified semald™" allele that allows condi-
tional V5-tagging of endogenous Semala in neurons expressing
flippase (FLP) (SI Appendix, Fig. S8 O-O) (48). Using MB091C
to drive FLP in MBON-o'2, we observed clear expression of
V5-tagged Semala in these neurons during early pupal stages (S7
Appendix, Fig. S8 A—~C'). In contrast to semala-dependent rerout-
ing of the P'2-projecting dendrites, semala is dispensable for
MBON-o'2 dendrites to innervate the of1-like zone (Fig. 3 D
and F). Taken together, these experiments show that distinct MB
lobe zones use semaladependent and -independent mechanisms
to guide the MBON-o/2 dendrites.

Sema1ta Is Required for Dendritic Targeting of p'2-Innervating
MBONSs. Since MBON-o/2 dendrites used a semala-dependent
mechanism to innervate the }'2 zone of #/z mutant brains, we
reasoned that semala may also play a role in MBON dendrites
that normally target to this zone. The }'2 zone can be further
subdivided into anterior (a), medial (m), and posterior (p)
regions, which are innervated by the dendrites from several
MBON types, including MBON-y5f/2a, MBON-p2f'2a, and
MBON-B"2mp (ST Appendix, Fig. S1 G-1") (3, 18). Consis-
tently, RNA interference (RNAi) knockdown of semala in
MBON-B2p/2a using MB399C-splitGAL4 resulted in mistar-
geting of the dendrites that normally innervate the (}'2a zone.
Instead of innervating the ('2a zone, these dendrites projected
upwards to regions near the central complex (Fig. 4 A and B
and S7 Appendix, Fig. S9 A and B). The MBON-p2p'2a den-

drites innervating the P2 zone were less affected by semala
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knockdown, suggesting that semala regulates dendritic target-
ing of MBON-P2f/2a in a zone-specific manner.

To confirm the specificity of RNAi knockdown, we overex-
pressed full-length semala (42) together with semala RNAI in
MBON-f2f/2a. The semala RNAI targets the 5-UTR of the
semala transcript and thus will not affect the overexpressed
semala that contains only the coding sequence (49). Overex-
pression of semala proved sufficient to rescue the dendritic mis-
targeting phenotype (Fig. 4C), supporting that the phenotype
specifically arose from semala knockdown. Semala functions as
a ligand or receptor in a context-dependent manner. When
functioning as a ligand, Semala binds to receptors in the
receiving cells to activate canonical “forward signaling” (45,
50). In contrast, when serving as a receptor, Semala is activated
by membrane-bound or secreted ligands, and its cytoplasmic
domains are required to transduce reverse signaling via the Rho
family small GTPase Pebble and RhoGAPp190 (42, 51, 52). To
test if the intracellular domain of Semala is important for guid-
ance of MBON-B2f'2a dendrites, we overexpressed Semala lack-
ing the intracellular domain [Semala.mEC-myc and Semala.
mEC.Fe-myc (42)] and found that they failed to rescue the
RNAi-induced dendritic mistargeting phenotype (Fig. 4 D-G).
These results indicate that Semala functions as a receptor in
MBON-f2f}'2a to direct their dendrites to the '2a zone.

We have not identified GAL4 lines that are expressed during
early development of MBON-f'2mp and MBON-y5p'2a.
Therefore, we tested the role of semala in these neurons using
mosaic analysis with a repressible cell marker (MARCM), a
genetic method for generating homozygous mutant cells in a
heterozygous mutant background (53). Similar to our observa-
tions for MBON-B2p'2a, semald’?”> MARCM clones for
MBON-y5['2a lost their dendritic innervation in the f'2a zone
and had misguided neurites around the distal part of the hori-
zontal MB lobes (SI Appendix, Fig. S9 C-D'). Their dendritic
innervation to the y5 zone was unaffected. The semala *%7%
MARCM clones for MBON-B'2mp labeled with DenMark and
DSyd-1-GFP also exhibited dendritic targeting defects. In these
mutant clones, dendritic innervation in the p'2mp zone became
sparser, and ectopic neurites were observed around the zone (Fig. 4
H-K"). Taken together, these results indicate that semala is
required for the dendritic targeting of MBON:s to the 3’2 zone.

Next, we examined semala expression in MBON-B2f'2a
and MBON-§'2mp using the semald™" allele. V5-tagged
Semala was observed in both MBON-p2p'2a and MBON-
f'2mp at early pupal stages, indicating that these neurons
express semala endogenously (SI Appendix, Fig. S8 D-I).
However, Semala appeared to be uniformly distributed in the
neurites of these MBONSs. Therefore, the differential effect of
semala knockdown on the MBON-B2f'2a dendrites projecting
to the (¥'2a and P2 zones cannot be explained by Semala distri-
bution (87 Appendix, Fig. S8 D-F). Instead, the guidance cues
that attract Semala-positive dendrites may mainly be present in
the p'2a zone. We could not examine expression of semala in
MBON-y5p'2a during development because GAL4 lines to drive
FLP expression sufficiently early are currently not available. How-
ever, when we drove FLP expression with MB210B-splitGAL4
and examined the adult brains, V5-tagged Semala was also
observed in MBON-y5[3'2a (SI Appendix, Fig. S8 M and N).

Overexpression of sema7a in DANs Drives Their Dendrites to
Specific MB Lobe Zones. Next, we tested if overexpression of
semala can direct dendrites that normally do not innervate the
2 zone to that zone. In all the brains we have examined,
when semalawas overexpressed in PPL1-o/2a2 DANs, some of
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Fig. 4. Semala is required for MBON dendrites to innervate the p'2 zone. (A, B) Wild-type (A) and semaTa knockdown (B) MBON-B2p'2a labeled with UAS-
mCD8::GFP driven by MB399C-splitGAL4 (green). The yellow arrowhead in (B) indicates the misguided dorsally-projecting neurites. (C-£) Full-length Sema1ta (C)
or Sema1la lacking its intracellular domain (D, E) was coexpressed with sema7a RNAi in MBON-B2p'2a (green). All brains were counterstained with anti-Trio
and anti-Fasll antibodies to label all MB lobes (magenta). The Insets show single focal planes covering the p'2a (outlined by white dashed lines) and p2 zones.
The yellow arrowheads in (D) and (£) indicate the misguided dorsally-projecting neurites. (F) Full-length Semala but not that lacking its intracellular domain res-
cues the neurite innervation defects in the p'2a zone caused by sema7a knockdown (Fisher's exact test, *P < 0.05, ***P < 0.001, ns: P > 0.7, n = 14-16). Represen-
tative images for the three neurite innervation categories are shown on the left. (G) Full-length Sema1a but not that lacking its intracellular domain rescues the
misguided neurite phenotype caused by semaTa knockdown (Fisher's exact test, ****P < 0.0001, ns: P > 0.9999, n = 14-16). The letters below the bars in (F, G)
correspond to panels A-E. (H-K") Wildtype (H-/") and sema7d*’37% (j-k"") MARCM clones for MBON-B'2mp labeled with UAS-DenMark (magenta) and UAS-DSyd-1-
GFP (DSyd-GFP; green) driven by VT41043-GAL4. Brains were counterstained with anti-Trio antibody to label «, p’, and y lobes (blue). *Eleven wild-type and 11
sema1d’37%? clones were imaged. All wild-type clones show normal p'2mp innervations (H-/"), and all sema1d*’37%? clones exhibit loose or no f'2mp dendritic
innervation (as indicated by white arrowheads; K and K"’). Furthermore, of the 11 semala*’37%? clones, 4 show ectopic dendritic innervations in the y5 zone (as
indicated by yellow arrowheads; / and /), 3 show ectopic dendritic innervations in the p2 zone (as indicated by orange arrowheads; K and K’), and 7 show
misguided neurites labeled by both DenMark and DSyd-1-GFP (as indicated by green arrowheads; K-K"’). Scale bars, 25 pm.

their dendrites that normally arborize in brain areas posterior to performed functional GRASP (54), in which synaptobrevin-
the MB vertical lobes were rerouted to the f'2 zone, mostly in ~ fused GFP1-10 (Syb::GFP1-10) was expressed in all KCs, and
the posterior domain (i.e., f'2p zone) (Fig. 5 A and B). Intrigu- the complementary CD4::GFP11 was expressed in PPL1-o/20:2

ingly, semala overexpression also sent some PPL1-o/202 den-  together with UAS-semala. Synaptic GRASP signals were
drites to o'l and o3 zones, suggesting that these zones also  detected in the p'2, &'1, and o3 zones (SI Appendix, Fig. S10
have the ability to attract semala-positive dendrites. We con-  A-B’). Strong GRASP signals were also observed in the o'2/a2

firmed that these misguided neurites are dendrites by labeling  zones, which is consistent with functional studies and electron
PPL1-o/202 with DenMark and DSyd-1-GFP (Fig. 5 E-H).  microscopy-based connectome data showing the existence of
Consistent with Semala functioning as a receptor in MBON- KC-to-DAN synapses in the MB lobes (18, 55, 56). Therefore,
B2p'2a, overexpression of Semala lacking its intracellular  overexpression of semala in PPL1-o/202 neurons appears to
domain in PPL1-o'202 DANs had no effect on their dendrites  reconfigure the MB circuit by misconnecting PPL1-o/2a2 den-
(Fig. 5 Cand D). drites to the KC axons.

To test if the redirected PPL1-0'202 dendrites caused by Overexpression of semala in PPL1-y2a’'l DANs using
semala overexpression form synapses with KC axons, we  MB296B-splitGAL4 also caused mistargeted dendrites, but they
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Fig. 5. Overexpression of sema7a redirects PPL1-o/202 dendrites to specific MB lobe zones. (A-D) Wildtype PPL1-o/2a2 DANSs (A) and PPL1-o'2a2 DANS over-
expressing normal Semaia (B) or Sema1a lacking the intracellular domain (C, D). PPL1-o/2a2 DANs were labeled with UAS-mCD8::GFP driven by MB058B-split-
GAL4 (green). Brains were counterstained with anti-Trio and anti-Fasll antibodies to label all MB lobes (magenta). The yellow arrowheads in (B) indicate the
misguided dendrites in three MB lobe zones. (E-F’) Wildtype (E-E”) and semaTa-overexpressing (F-F') PPL1-o’2a2 DANs labeled with UAS-DSyd-1-GFP (DSyd-
GFP; green) and UAS-DenMark (magenta) driven by MB058B-splitGAL4. Brains were counterstained with anti-Trio and anti-Fasll antibodies to label all MB lobes
(blue). The yellow arrowheads in (F) and (F’) indicate the misguided dendrites in three MB lobe zones. *Note that although all the brains examined had Den-
Mark signals in the «/1 and «'3 zones, only 40% of them showed DenMark signals in the §'2 zone. This outcome could be due to insufficient transportation
of the DenMark proteins or expression of sema7a was lower in the presence of too many UAS-transgenes. Alternatively, some of those p'2-projection den-
drites might be immature. (G, H) Illustrative summaries of the results in (E-F’). Scale bars, 25 pm. (/) A conceptual model for how the positional cues in the
MB lobes might be hierarchically organized and work in combination to guide the zonal innervations by MBON dendrites and DAN axons. Broadly expressed
lobe-specific cues provide general attraction for MBONs innervating each of the three major lobe types. Zone-specific guidance is then instructed by combi-
nations of diverse guidance cues, which can be clustered at specific zones or distributed as concentration gradients along the lobes.
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innervated all three domains of the f'2 zones (i.e., f'2m, p'2p,
and P'2a zones) (SI Appendix, Fig. S10 C-E"). Therefore, over-
expression of semala in different DANSs targets their dendrites
to distinct domains of the 2 zones. These results indicate that
Semala may work with other guidance molecules to refine
innervating regions for different dendrites. Overexpression of
semala cannot always outcompete the endogenous dendritic
targeting program, as is evident for MBON-a'2 in which over-
expression of semala did not lead to dendritic retargeting to
the 2, o1, or o3 zones (S7 Appendix, Fig. S7G).

The ectopic innervation of semalaoverexpressed PPLI1-
o'202 in the o'l and o3 zones prompted us to examine the
role of sermala in dendritic targeting of the MBONs normally
innervating these zones. The o3 zone is innervated by
MBON-o'3m/ap dendrites, and when semala activity was
removed from MBON-o'3m/ap, its dendrites failed to concen-
trate in the o3 zone but instead arborized sparsely around the
vertical MB lobes (SI Appendix, Fig. S9 E and F). Moreover,
endogenously-expressed Semala-V5 was detected in MBON-
o'3m/ap during development (S Appendix, Fig. S8 J-L').
Therefore, semala is required cell autonomously for the den-
dritic targeting of MBON-o/3m/ap.

The o'l zone is innervated by dendrites from several
MBONSs, including MBON-o'1 (or MBON15) and MBON-
y2o'1 (3, 18). Dendritic innervation in the o1 zone was unaf-
fected in semald*’?’%> MARCM clones for MBON-y2/1 (S/
Appendix, Fig. 89 Iand )). In contrast, semala k13702 MJARCM
clones for MBON-a'1 exhibited a severe dendritic targeting
defect. We induced clones at 4-8 h after egg laying (AEL) and
labeled the MBON-a'1 dendrites using R24H08-GAL4, which
also labels MBON-o/'3m/ap dendrites. In wild-type clones,
MBON-a'1 dendrites were always accompanied by those of
MBON-o'3m/ap, suggesting that these two neuron types are
from the same neuronal lineage (SI Appendix, Fig. S9G). In
semala *¥7%? mutant clones, we identified the mistargeted
MBON-a'3m/ap based on its residual dendritic innervation in
the o3 zone. However, in these clones (7 = 23), we observed
no (78%) or sparse (22%) neurite innervation in the o'l zone
(8 Appendix, Fig. S9H). The R24H08-labeled wildtype
MBON-a'3m/ap/a’1 clones mostly had five cells (S7 Afpendix,
Fig. S9K). There were fewer cells in the semala kI3702" ones,
but in some of those containing five cells, we still did not
observe innervation in the o1 zone. These results support that
dendritic targeting of MBON-a'1 is semala-dependent and
that MBON-o’1 might die during development if its dendrites
fail to find the correct presynaptic partners. Taken together,
these experiments show that semala is necessary for most
MBON:s to target their dendrites to three specific zones of the
MB lobes (f'2, o'l, and o'3), and that overexpression of
semala in some DANS is sufficient to direct their dendrites to
these zones.

Discussion

The MB is one of the most intensively studied structures in the
fly brain. Its complex and organized circuit architecture has
provided important clues to its operational logic (3, 4). How-
ever, in contrast to the extensive investigations of its functions,
how the MB circuit architecture is established during develop-
ment has been little explored. In this study, we provide an ini-
tial characterization of MB circuit assembly and identify
Semala as an important guidance molecule that directs den-
dritic innervations of multiple MBONs in three MB lobe

zones. Below, we discuss several implications of our study
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relating to the wiring principles of the MB circuit and propose
a hypothetical model for how DAN axons and MBON den-
drites are modularly assembled into the MB lobes.

The Independence of DANs and MBONs. The most intriguing
feature of the organization of the MB circuit is the zonal inner-
vation of the MB lobes by DAN axons and MBON dendrites.
The borders of the zones are distinct, with minimal overlap
between DAN axons or MBON dendrites in the neighboring
zones. Given such a highly organized neural network, elaborate
interactions among the extrinsic neurons might be expected.
For example, dendritic tiling, as observed between dendritic
arborization (da) neurons in fly larvae, might be required for
the formation of zonal borders between MBON dendrites (34),
and match-ups between DAN axons and MBON dendrites in
the same zone might be important for these neurites to estab-
lish proper zonal innervation patterns. However, our results
suggest that the targeting and elaboration networks of DAN
axons and MBON dendrites are largely independent, at least
for those projecting to the MB vertical lobes. In the o2 zone,
where innervation by DAN axons precedes that by MBON
dendrites, ablation of DANs does not affect zonal elaboration
of the MBON dendrites. Moreover, upon ablation of one type
of DAN or MBON in a given zone, morphologies of the neigh-
boring neurites appear to be normal. Therefore, the extent and
location of zonal network elaboration by DAN axons and
MBON dendrites in the vertical lobes do not depend on inter-
actions between these extrinsic neurons.

The importance of the KCs. In each MB lobe zone, the DAN
axons and MBON dendrites form synapses with each other and
the KC axons (18, 55, 56). Given that DANs and MBONs do
not depend on each other to form zonal networks, could KCs
be responsible? Our results support the importance of the KCs
in the zonal organization of the DAN axons and MBON den-
drites. Aberrant branching of KCs in #/z mutant brains resulted
in some MBs lacking the vertical lobes. When this occurred,
most DAN axons and MBON dendrites that normally inner-
vate these lobes do not form zonal arborization (Fig. 3). With-
out the MB vertical lobes, MBON-o/2 dendrites are rerouted
to other zones in the horizontal lobes and form potential synap-
tic connections with the local DAN axons (Fig. 3 C-G).
Importantly, this reorganization of the MBON dendrites
requires the presence of the KCs (Fig. 3 Hand J).

It is still possible that the KC axons and the lobes they form
simply provide an anchoring point on which DAN axons and
MBON dendrites grow, and that the extent of their arboriza-
tion is determined cell-autonomously as an intrinsic property.
However, the axonal innervation pattern of PPL1 DANSs argues
against this possibility. PPL1-o’3 and PPL1-o/202 axons enter
the MB vertical lobes at almost the same location but specifi-
cally occupy distinct zones on opposite sides of the entry point
(ST Appendix, Fig. S6 K—K'), suggesting the existence of local
positional cues in the lobes to guide the innervation of DAN
axons. Furthermore, overexpression of semala in DANs directs
their dendrites to specific MB lobe zones, and importantly, the
arborization of these rerouted dendrites is confined to their
respective zones (Fig. 5 A-H). Since these DAN dendrites nor-
mally do not innervate the MB lobe, there likely exist local
positional cues that interact with Semala-expressing dendrites
to guide their zonal arborization.

What could be the sources of these positional cues? KCs are
good candidates because they synapse with DAN axons and
MBON dendrites and are essential for zonal arborization of
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these neurites. However, since KCs provide the main frame-
work of the MB lobes, their manipulation may affect the orga-
nization of other cell types in the MB lobes that could also be
potential sources of the positional cues. Electron microscopy-
based reconstructions of the MB circuit have provided a com-
prehensive catalog for the neurons that innervate the MB lobe
(18, 56). In addition to KCs, DANs, and MBONSs, the MB
lobes are innervated by one dorsal paired medial (DPM) neu-
ron, one anterior paired lateral (APL) neuron, two SIFamide-
expressing neurons, and two octopaminergic neurons. These
neurons do not exhibit zonal innervation patterns in the MB
lobes; the SIFamide- and octopamine-expressing neurons only
sparsely innervate the MB lobes, and the neurites of APL and
DPM ramify the entire MB lobes. The MB lobes are also popu-
lated by glia, which is another potential source of the positional
cues (57). Although their sources remain undetermined, our
results suggest that the MB lobes are likely prepatterned with
positional cues to guide the zonal elaboration of the MBON
and DAN neurites.

Sema1a and Wiring of the MB Circuit. Semala is an evolution-
arily conserved guidance molecule that functions as a ligand or
receptor depending on the cellular context (28, 42, 45, 50-52,
58). Our data suggest that Semala functions as a receptor in
MBON:s to regulate dendritic targeting in a zone-specific man-
ner. Loss of semala activity preferentially affects MBON den-
drites in the o3, o'l, and f'2 zones. Even for MBONSs that
innervate multiple zones, such as MBON-B2f'2a and MBON-
v5p'2a, reducing semala activity in these neurons selectively
impacts their dendrites in the p'2a zone (Fig. 4 A and Band S/
Appendix, Fig. S9 C-D'). Since Semala is not differentially
localized in the dendrites of these MBONSs (SI Appendix, Fig.
S8 D-F, M, and N), the guidance cues that Semala responds
to might primarily be present in the $'2a zone, with additional
guidance signals working collaboratively to sort the dendrites
from these MBONs into Semala-sensitive and -insensitive
zones. Not all MBONSs innervating these Semala-sensitive
zones require Semala. For MBON-y2a'1 and MBON-o'1 that
both innervate the o'l zone, loss of semala only affects den-
dritic innervation by MBON-o'1 but not MBON-y2a'l (S/
Appendix, Fig. S9 G—J). Therefore, how Semala functions is
also cell-type-specific. Taken together, these results imply that
multiple positional cues may be present in each MB lobe zone,
with each MBON being equipped with multiple sensors that
work in concert to respond to those cues. Moreover, given that
Semala is broadly expressed in many neurons in the developing
brain, including the KCs, Semala likely acts with other pro-
teins or signaling molecules to determine guidance specificity
(S Appendix, Video S1) (59).

Semala has been shown to mediate both neurite attraction
and avoidance (60). Currently, it is unclear which of the two
mechanisms underlies its guidance of MBON dendrites. For
MBONs whose zonal dendritic innervation requires semala,
their dendrites can still project to areas nearby their target zones
when semala activity was removed (Fig. 4 and SI Appendix,
Fig. §9). Hence, the cues that guide these MBON dendrites are
likely to be short-ranged. However, overexpression of semala in
PPL1-o'202 DANSs can redirect their dendrites to innervate
zones far away from their original location, suggesting that the
guidance cues may also exert long-distance functionality. Our
data indicate that Semala functions as a receptor in MBON:E.
Identification of Semala ligands and determining their distri-
butions in the MB lobes are critical steps toward understanding
how Semala instructs the zonal innervation of MBON
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dendrites. Plexin A (PlexA) or secreted Semaphorin 2a and 2b
(Sema2a and Sema2b) are known ligands for the Semala recep-
tor (42, 51, 52). We have tested if these canonical ligands of
Semala are required for the dendritic innervations of (}'2- and
o 3-projecting MBONSs. However, dendritic innervations by
these MBON’s were minimally affected in homozygous sema2a/
2b double mutant flies or when we knocked down PlexA either
pan-neuronally or in glia (87 Appendix, Fig. S11). Therefore,
the canonical Semala ligands do not seem to play a role in
MBON dendritic targeting. However, it remains to be deter-
mined if PlexA and Sema2a/2b function redundantly in this
system or if an unidentified noncanonical ligand is involved.

A Working Model for Combinatorial Coding of Guidance Cues
in MB Assembly. Although the molecular nature of the posi-
tional cues in the MB lobes that organize the zonal patterns of
DAN and MBON neurites awaits discovery, our data suggest
that these cues likely work in a combinatorial manner. Support-
ing evidence for this notion comes from our observation that
MBON-a'1 and MBON-y2a'1 use semala-dependent and
-independent mechanisms to innervate the o 1 zone, indicating
that this zone may present at least two different guidance cues
(ST Appendix, Fig. S9 G-)). Furthermore, semala is expressed
in multiple MBONSs that innervate distinct MB lobe zones.
This pattern could potentially be explained if the positional
cues attracting Semala-positive neurites appear sequentially in
these zones (i.e., so that the zone an MBON innervates is deter-
mined by the developmental timing of the MBON). However,
our finding that the ectopic innervations of MBON-/'2 in the
(2 and o'1-like zones of the alz brain occur simultaneously
argues against that possibility (ST Appendix, Fig. S7 D-D).
Therefore, the Semala-sensitive zones likely harbor additional
zone-specific guidance cues that work in combination with
Semala to diversify guidance specificity.

Our observation that the mistargeted MBON-o'2 dendrites
in alz mutant brains innervate other zones in the o/ p’ lobe, but
not those in the aff and y lobes (Fig. 3C), has also prompted us
to hypothesize that there might be general attraction cues ema-
nating from the o’ lobes for all op’ lobe-projecting MBONSs,
separating them from MBONSs targeting aff and 7y lobes. There-
fore, herein we propose a hypothetical model whereby multiple
hierarchically-organized positional cues are presented in the
MB lobe zones, with these cues acting in concert to pattern
zonal innervation by DAN axons and MBON dendrites in the
MB lobes (Fig. 51).

Materials and Methods

Fly Strains and Husbandry. Fly lines used in this study are shown in S/
Appendix, Table S2. The genotypes of the flies used in each figure are shown in
SI Appendix, Table S3. All flies were reared at 23 °C with 60% relative humidity,
undera 12:12 h light:dark cycle. All our data are derived from male flies.

MARCM and Flip-Out. Flies of desired genotype were heat-shocked at 37 °C at
different developmental stages for different durations (see SI Appendix, Table S3
for each of these parameters used in each figure). For flip-out clones induced at
the adult stage, we waited for at least 3 d after heat-shock to ensure proper
expression of the marker proteins. Brains were then dissected for immunofluo-
rescence staining.

Immunofluorescence Staining. Fly brains were dissected and stained follow-
ing the procedure in our previous study (13). See detailed information in S/
Appendix, Supplementary Methods.

Hydroxyurea Feeding. Fly larvae within 1 h of hatching were fed with 50 mg/
mL hydroxyurea mixed with heat-inactivated yeast for 4 h. The larvae were then
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transferred to normal food vials until they became 3- to 4-d-old adults. The flies
were dissected to examine their MB neurons. See a more detailed protocol in S/
Appendix, Supplementary Methods.

Statistics. Statistical analysis was performed in Prism 8 (GraphPad, CA, USA).
All data were tested for normality using the Shapiro-Wilk normality test. No data-
points were excluded from our analyses. Since all our data are normally distrib-
uted, we used two-tailed unpaired Student's ¢ test when comparing two datasets
and one-way ANOVA with Tukey's multiple comparisons test when comparing
three or more datasets. To compare categorical data, we used Fisher's exact test.
All' hemibrains were considered independent samples.
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