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Abstract

How memories of past events influence behavior is a key question in neuroscience. The
major associative learning center in Drosophila, the Mushroom Body (MB), communicates to
the rest of the brain through Mushroom Body Output Neurons (MBONs). While 21 MBON cell
types have their dendrites confined to small compartments of the MB lobes, analysis of EM
connectomes revealed the presence of an additional 14 MBON cell types that are atypical in
having dendritic input both within the MB lobes and in adjacent brain regions. Genetic
reagents for manipulating atypical MBONs and experimental data on their functions has
been lacking. In this report we describe new cell-type-specific GAL4 drivers for many MBONS,
including the majority of atypical MBONs. Using these genetic reagents, we conducted
optogenetic activation screening to examine their ability to drive behaviors and learning.
These reagents provide important new tools for the study of complex behaviors in
Drosophila.

eLife assessment:

This work advances on two Aso et al 2014 eLife papers to describe further resources
valuable for the field. This paper adds more MBON split-Gal4s convincingly
describing their anatomy, connectivity and function.

Introduction

The Mushroom Body (MB) is the major site of associative learning in insects (reviewed in (1 @ -

represented by the sparse activity of 2000 Kenyon cells (KCs) whose parallel axonal fibers form the
MB lobes. The lobes are further divided into compartments by the innervation patterns of
dopaminergic neuron (DAN) axons and mushroom body output neuron (MBON) dendrites. MBONs
provide the convergence element of the MB’s three layer divergent-convergent circuit architecture
and the outputs of the MBONSs drive learned behaviors.

Whereas the dendrites of typical MBONSs are strictly confined to the MB lobes, analysis of the
types, that have part of their dendritic arbors outside the MB lobes, allowing them to integrate
input from KCs with other information (3 2). Some atypical MBONs receive dendritic input from
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other MBONSs. Several provide output onto dopaminergic neurons (DANs) that innervate the MB to
participate in recurrent networks. At least five make strong, direct synaptic contact onto
descending neurons that drive motor action. Three provide strong direct connections to tangential
neurons of the fan-shaped body of the central complex. However, analysis of the behaviors
mediated by atypical MBONs has been limited by the lack of genetic drivers needed to manipulate
their activity.

Here we report the generation and characterization of cell-type-specific split-GAL4 driver lines for
the majority of the atypical MBONs. We also provide driver lines for two typical MBON types for
which cell-type-specific split-GAL4 drivers were not previously available, and improved drivers
for several other MBONs. We demonstrate the use of these new split-GAL4 lines in two behavioral
assays. Using a four-armed olfactory arena equipped with optogenetic LED panels (5, 6(2), we
assessed the ability of the labeled neurons to act as the unconditioned stimulus in an olfactory
learning assay, an indication of their regulation of the acitivity of DANs. We also measured the
effects of their optogenetic activation on kinematic parameters relevant for olfactory navigation.

These reagents provide important new tools for the study of complex behaviors in Drosophila.

Results and Discussion

Generation and characterization of split-GAL4 lines for MBONs
We generated split-GAL4 genetic driver lines corresponding to MBON cell type using well-

microscopic reconstruction, were used to search databases of light microscopic images to identify
enhancers whose expression patterns might yield clean driver lines for that MBON when

experimentally tested to generate the split-GAL4 lines reported here.

Figure 1 shows examples of expression patterns of some of the highest quality split-GAL4 lines.
For many cell types we were able to identify multiple different split-GAL4 lines. The brain and
ventral nerve cord expression patterns of all split-GAL4 lines are shown in Figure supplement 1
for atypical MBONSs and Figure supplement 2 for typical MBONSs. The original confocal stacks from
which these Figures were generated, as well as additional image data, are available for download
at https://splitgald.janelia.org 2. Videos 1 and 2 provide examples of comparisons between light
microscopic images from these lines and neuronal skeletons from the hemi-brain dataset (4 (2)
that were used to confirm the assignment of cell type identity. Figure supplement 3 summarizes
what we consider to be the best available split-GAL4 lines for each of the MBON types identified by

connectomics, based on a combination of the lines presented here and in previous studies.

For typical MBONS, we provide split-GAL4 lines for two cell types for which drivers were not
described in (13(%), MBON21 and MBON23. We also provide improved lines for MBON04 and
MBON19; previous drivers for MBONO04 also had expression in other MBON cell types and our new
line for MBON19 has less off-target expression (see (13 ) for previous lines).

For atypical MBONs we were able to generate multiple, independent driver lines for MBON20,
MBON29, MBON30 and MBON33 that provide strong and specific expression. Several lines for
MBON31 were generated, but they also stochastically express in MBON32. Lines for MBON26 and

MBONS35 have some off-target expression that might compromise their use in behavioral assays,
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Fig. 1.

Selected images of new split-GAL4 lines.

Panels A and C-H show expression (maximum intensity projections) of the indicated split-GAL4 line in the relevant portion of
the brain. In panels A-H, the consensus JFRC2018 unisex brain template is also shown (green). The asterisk in panel H
indicates the position of the esophagus. Images showing the full brain, optic lobe and ventral nerve cord of these lines can be
found in Figure supplement 1 (for E-H) and Figure supplement 2 (for A-D). Panels B, I and ] show images derived from
stochastic labeling that reveal the morphology of individual cells. The original confocal stacks from which these images were
derived are available for download at https://splitgal4.janelia.org/ .
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but they should permit cell-type-specific imaging studies. We failed to generate lines for MBON24,
MBON25, MBON27, MBON32 and MBON34; we identified 2 candidate lines for MBON28 (see Figure
supplement 3).

Activation phenotypes of MBON lines

MBONS are the first layer of neurons that transform memories stored inside the MB into actions.
MBONSs can also provide input to the dendrites of the DANs that innervate the MB lobes, forming a
recurrent network. To investigate these two aspects of MBON function, we used a four-armed
olfactory arena equipped with LED panels for optogenetics (Figure 2A(2). A group of 20 starved
flies that express CsChrimson in a particular MBON cell type was subjected to a series of
optogenetic olfactory conditioning and memory tests, and then to six trials of activation in the
absence of odors but with air-flow (Figure 2B (2). Using the same setup and similar protocols, we
have previously characterized the dynamics of memories formed by optogenetically activating
DAN cell types inneravting different MB compartments (6 @) and analyzed circuits downstream of

behavioral experiments sorted by the mean memory score of each cell type in the final memory
test. When possible, we ran multiple independent split-GAL4 lines for the same MBON cell type.
The concurrence of phenotypes in these cases provides further evidence that the observed effects
are due to the activation of that cell type rather than off-target expression or genetic background
effects.

Training flies by paring odor presentation with activation of MBON21, using either of the two lines
tested (§S81353 and SS81521), resulted in robust aversive memory (Figure 2C(%) as previously
observed with another driver for this cell type that displayed weaker expression (see SS46348 in
Figure supplement 2; (16 %)). Both driver lines for the atypical MBON29 similarly induced
aversive memory. These MBONs are both cholinergic, have dendrites in the y4 and y5
compartments, and synapse onto the dendrites of DANs that respond to punitive stimuli such as
PAM-y3 and PPL1-yl1pedc (Figure 2C(%, Figure supplement 4; (32, 16 (%)). In contrast, training
flies with activation of MBON33 induced appetitive memory. MBON33 is also cholinergic but
preferencially connects with octopaminergic neurons and reward-representing DANs. We noticed
that confocal microscopy images of MBON33 visualized by split-GAL4 driven expression contains
additional branches around the esophagus (Figure 1H @), an area which was outside of EM
between MBON33 and octopaminergic neurons might be more extensive than the previously
described using the hemibrain data (3 @2).

To explore kinematic parameters controlled by MBONSs, we tracked the trajectories of individual
flies during and after a 10-second optogenetic stimulus (Figure 2C ). In these assays we observed
some variability between lines for the same cell type, presumably due to difference in expression
level or off-targeted expression. Nevertheless, the two lines for MBON21 showed similar patterns
of kinematic variables: a low walking speed in the presence of the red activation light, a stimulus
that caused elevated locomotion in genetic control flies, and then orientation toward upwind
when the optogenetic stimulus concluded (Figures 2C and 3A-D (). Similar phenotypes were
observed with a driver for a combination of three glutamatergic MBONs: MBONO01, MBONO3 and
MBONO04 (MBO011B; Figure 2C 2). Despite their common anatomical features and memory
phenotypes, MBON21 and MBON29 modulated distinct motor parameters. Neither of the two lines
for MBON29 changed walking speed or orientation toward upwind when activated, but they both
increased angular motion at the onset of activation, similar to three lines for MBON26 (Figure 3E-
G2).

Finally, we asked if the MBON21, MBON29 and MBON33 lines that were able to serve as the
unconditioned stimulus in memory formation also drove avoidance or attraction of corresponding
valence. Previous studies and the results shown in Figures 2C# indicated that these are not
always shared phenotypes; for example, the set of glutamatergic MBONs in MB011B whose
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Fig. 2.

Behavioral consequences of optogenetic activation.

(A) Diagram of the four-armed olfactory arena. Approximately 20 starved female flies were confined in 10 cm diameter and 3
mm high circular area with a hole at the center for air suction. Odor was introduced through four channels at the corners. (B)
The protocol for behavioral experiments. Flies were trained by pairing 60 s of odor A with 30 1-second pulses of 627 nm LED
light, each separated by 1 s without illumination. A different odor, odor B, was presented without red LED illumination, and
then the preference between two odors was tested. In the reciprocal experiments, odor B was paired with red light and odor
A was unpaired. The same training was repeated twice more and then a second odor preference test was performed. Finally,
six cycles of 10-second 627 nm illumination were applied, spaced by 100 s intervals without odor. Airflow was maintained at
400 mL/min throughout the experiment. (C) Top: The memory scores at the second odor preference test, measured as a
preference index defined as the [(number of flies in the paired odor quadrants)-(number of flies in the unpaired odor
quadrants)]/total number of flies during the last 30 s of the 60 s test period. The red asterisks * and ** indicate p<0.05 or
p<0.01, respectively: Dunn’s multiple comparison tests compared to empty-split-GAL4 control, following Kruskal-Wallis test.
The black * indicates p<0.05 without correction for multiple comparison. N=34 for the empty-split-GAL4 line and N=4-16 for
other lines. All the lines were initially tested in 4 reciprocal experiments; lines with mean preference index above 0.1 or below
-0.1 were subjected to additional tests. Cell types, the MB compartments in which their dendrites lie, their neurotransmitters,
the number of synaptic connections they make with dopaminergic (DANs) and octopaminergic (OANs) neurons, and the split-
GALA4 driver lines used for the behavioral assays are designated. A summary of connections from all MBON subtypes to DANs
thought to signal reward or punishment and to OANs is shown in Figure supplement 4A. Bottom: Z-scores [(values-
mean)/standard deviation] for each parameter: Speed, walking speed; Angular, absolute of angular change relative to the
previous frame at 30 FPS; cos(upwind), cosine of the fly’s orientation toward the upwind direction (that is, facing away from
the center of the arena). ON periods correspond to the first 2 s of the 10 s LED ON periods, whereas OFF periods are the 2 s
immediately after the LEDs were turned off. ADistanceFromCenter is change in fly’'s mean distance from the center of the
arena relative to its position at the onset of LED illumination. Return is a measure of the probability that a fly returns to the
position that it occupied at the end of the LED stimulus. Flies are judged to have returned if they move 10 mm or more from
their original position and then return to within 3 mm of the original position within 15 s.
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Fig. 3.

Additional behavioral consequences of optogentic activation.

(A) Time course of mean cos (upwind angle) for flies that express CsChrimson using the designated MBON21 drivers. The
trace of empty-split-GAL4 is also shown. Red shading indicates the periods of 627 nm LED illumination. The trajectories from
six trials were pooled to calculate a mean for each group of flies. Lines and shadings represent means and SEMs. (B) Mean
cos(upwind angle) during the 2 s immediately after the LED was turned off. (C-D) Time course and mean walking speed
during the 10 s LED On period. (E-F) The mean cumulative turning angles in 5 movie frames (total elapsed time of 150 ms) for
flies expressing CsChrimson in MBON29 and MBON26. (G) The cumulative turning angle during the first 2 s of the LED On
period. (A-G) show data from the experiments described in Figure 2. (H) Preference for quadrants with red light. Flies
expressing CsChrimson in MBON21, MBON29 or MBON33 were tested with 30 s continuous light (627nm LED) in two
quadrants. The test was performed a second time with illumination in opposite quandrants after an 150 s recovery period. (I)
Mean preference index to the quadrants with red light during the last 5 s of the two 30 s test periods. Dunn’s multiple
comparison tests compared to empty-split-GAL4 control, following Kruskal-Wallis test. *, ** and *** indicate p<0.05, p<0.01
or p<0.001, respectively: N=66 for Empty-split-GAL4 and 8-22 for other lines in (A-G). N=16-26 in (H-I).
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dendrites lie in the y5 and B!2 compartments, can drive downwind locomotion and avoidance
behaviors (26 @ -28 2 ) but do not induce aversive memory. We tested if flies expressing
CsChrimson in each of these three MBON cell types prefer quadrants of the arena with red
activating light during the first and second 30 s test periods (Figure 3H,I). When CsChrimson is
expressed in MBON21 or MBON29, flies avoided illuminated quadrants of the arena. Conversely,
CsChrismon activation in a line for MBON33 promoted attraction to illuminated quadrants,
although this effect was observed only at the first test period. Thus, in the case of these three

MBON cell types, memory formation and avoidance/attraction behaviors are correlated.

Concluding Remarks

We generated and anatomically characterized an improved set of genetic driver lines for MBONs
and provide the first driver lines for atypical MBONs. We expect these lines to be useful in a wide
range of studies of fly behavior. We demonstrate the suitability of these lines for behavioral
analyses by showing that multiple independent lines for the same cell type gave consistent results
when assayed for their ability to serve as the unconditioned stimulus in memory formation and to
produce appetitive or aversive movements. MBON21, MBON29 and MBON33, characterized in this
study, have dinstint features compared to well-studied MBONSs that arborize in the same
compartments. MBON21 and MBON29 form cholingergic connections to the dendrites of DANs
known to respond to punishment, whereas other MBONSs from the same compartments form
glutamatergic connections with reward-representing DANs (Figure 4A (%).

While most sensory input to the MB is olfactory, the connectome revealed that two specific classes
of Kenyon cells receive predominantly visual input. MBON19 provides the major output from one
of these classes, KCa/fp, and about half of MBON19’s sensory input is estimated to be visual.
MBONS33 provides a major output from the other class of visual KCs, KCyd, with more than half of
the sensory input to its dendrites in the MB estimated to be visual. The cell-type-specific driver
lines we provide for MBON19 and MBON33 should facilitate studies of the behavioral roles of the
two streams of visual information that pass through the MB.

The MB and the central complex (CX) are thought to play key roles in the most cognitive processes
that the fly can perform including learning, memory, and spatial navigation. Two of the MBONs
for which we generated cell-type-specific driver lines, MBON21 and MBON30, provide the
strongest direct inputs to the CX from the MB (Figure 4B(%), while MBON30 receives over three
percent of its input (450 synapses) from the CX cell type FR1. The genetic reagents we report here
should advance studies of reinforcement signals in parallel memory systems, the role of visual
inputs to the MB, and information flow from the MB to the CX.

Methods and Materials

Flies

cornmeal molasses food at 21-22°C and 50% humidity. For optogenetic activation experiments, flies
were reared in the dark on standard food supplemented with retinal (Sigma-Aldrich, St. Louis,
MO) unless otherwise specified, 0.2 mM all trans-retinal prior to eclosion and 0.4 mM all trans-
retinal post eclosion. Female flies were sorted on cold plates and kept in retinal food vials for at
least 1 day prior to be transferred to agar vials for 48-72 hours of starvation. Flies were 4-10 day
old at the time of behavioral experiments.
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Fig. 4.

Diagrammatic summary of key outputs from selected MBONSs.

(A) MBON21 and MBONZ29 arborize dendrites in the y4 and y5 compartments that are innervated by reward representing
DANs. MBON21 and MBONZ29 are cholinergic and preferentially connect with DANs that innervate other compartments to
represent punishment, whereas other glutamtergic MBONs from these same compartments preferentially form connections
with reward representing DANs going back to the same compartments. In the fly brain, acetylcholine (ACh) is largely
excitatory via nicotinic ACh receptors, although the type A muscarinic ACh receptor can mediate an inhibitory effect (182,

between the MB and CX mediated by MBON21, MBON30, MBON09 and MBONO04; these MBONSs rank first, second, fifth and
seventh, respectively, based on the number of direct synaptic connections to the CX; numbers reflect connections between
right hemisphere MBONSs and right hemisphere FB tangential cells. For circles representing MBONS, the circle diameter
represents the fraction of that MBONSs direct output that goes to the CX. For the downsteam neurons in the CX, circle
diameter represents the fraction of that cell types direct input that comes from MBONSs. Arrow width reflects synapse

connections.
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Immunohistochemistry and imaging

Dissection and immunohistochemistry of fly brains were carried out as previously described
(13 ). Each split-GAL4 line was crossed to the same Chrimson effector used for behavioral
analysis. Full step-by-step protocols can be found at https://www.janelia.org/project-team/flylight
/protocols (2. For single-cell labelling of neurons from selected split-GAL4 lines, we used the
MultiColor FlpOut (MCFO) technique (29%). Video 1 and Video 2 were produced using VVD
Viewer (https://github.com/janeliaSciComp/VVDViewer (%) to generate a video comparing light and
EM data (hemibrain v1.2) for each cell type. Individual videos were then concatenated, and text

added using Adobe Premiere Pro.

Optogenetics and olfactory learning assays

Groups of approximately 20 female flies were trained and tested at 25°C at 50% relative humidity
in a fully automated olfactory arena for optogenetics experiments as previously described (5 &,

paraffin oil (Sigma-Aldrich): Pentyl Acetate (PA; 1:10000) and Etyl Lactate (EL; 1:10000).
Videography was performed at 30 frames per second with a 850 nm LED backlight with a 820 nm
longpass filter and analyzed using the Flytracker (31 ) and Fiji (32 ®).

Statistics

Statistical comparisons were performed using the Kruskal Wallis test followed by Dunn’s post-test
for multiple comparison (Prism; Graphpad Inc, La Jolla, CA 92037). Appropriate sample size for
olfactory learning experiment was estimated based on the standard deviation of performance
index in a previous study using the same assay (6 &®).

Connectomics
Information on connection strengths are taken from neuprint.janelia.org @ (hemibrain v1.2.1).
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Supplemental Videos and Figures

e Video 1: Comparison of light microscopic images of atypical MBONs with hemibrain
skeletons of the corresponding cell types.

e Video 2: Comparison of light microscopic images of typical MBONs with hemibrain
skeletons of the corresponding cell types.
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Fig. S1.

Maximum intensity projections of the brains and ventral
nerve cords of split-GAL4 lines for atypical MBON.
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Fig. S2.

Maximum intensity projections of the brains and
ventral nerve cords of split-GAL4 lines for typical MBON.
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MB Number

Name Transmitter Drivers
Compartments of cells
MBONO1 v5B'2a Glutamate 1 S$S01308, MB011B, MB210B (MB002B)
MBONO02 B2B'2a Glutamate 1 MB399B, SS01337
MBONO3 B'2mp Glutamate 1 S$S01127, MB002B, MB011B, MB210B
MBONO4 B'2mp bilateral ~ Glutamate 1 SS67727, SS67728, SS67755 (MB011B)
MBONO05 va>y1y2 Glutamate 1 MB434B, MB298B, SS01188
MBONO06 B1>a Glutamate 1 MB434B, MB433B
MBONO7 al Glutamate 2 MB310C, MB323B, MB319C
2 MBONO08 v3 GABA Oor1 MBO083C, MB110C
O MBONO09 v3B'1 GABA 1or2 MBO083C, MB110C
m  MBON11 y1pedc>a/B GABA 1 MB112C, MB085C, MB262B
E MBON12 v2a'1 Acetylcholine 2 MBO077B, MB051B, MB090C
§ MBON13 a'2 Acetylcholine 1 MBO018B, MB091C
£ MBON14 a3 Acetylcholine 2 MB082C, MB093C, G0239
=  MBON15 a'l Acetylcholine 4 MB543B, MB618B
MBON 16 a'3ap Acetylcholine 1 MB027B, MB549C, SS01298
MBON17 a'3m Acetylcholine 2 MBO027B, MB618B, SS01298
MBON18 a2sc Acetylcholine 1 S$S01194, MB549C, MB080C, MB050B
MBON19 a2p3p Acetylcholine 2 SS77442, MB542B
MBON21 vay5 Acetylcholine 1 S$S881353, SS81521,5546348
MBON22 calyx Acetylcholine 1 SS01388, MB242A
MBON23 a2sp Acetylcholine 1 SS77424
MBON10 B"1 GABA 3 MBO057B, MB078C
MBON20 y1y2 GABA 1 S$S67741, SS95118
MBON24 B2y5 Acetylcholine 1 none
MBON25 v1y2 Glutamate 1 none
2 MBON26 B'2d Acetylcholine 1 S$S80958, SS95105, SS95109
8 MBON27 v5d Acetylcholine 1 none
E MBON28 a'3a Acetylcholine 1 candidates SS81557, SS86947
8 MBON29 v4v5 Acetylcholine 1 S$S77450, SS67662
£ MBON30 v1v2y3 Glutamate 1 S$S876094, SS97567
< MBON31 a'la GABA 1 $852050, SS76057, SS80896
MBON32 v2 GABA 1 none (SS76057 contains MBON31 & MBON32)
MBON33 v2y3 Acetylcholine 1 S$875199, SS75200, SS77383
MBON 34 V2 Glutamate 1 none
MBON35 V2 Acetylcholine 1 SS80974

Fig. S3.

Summary list of selected split-GAL4 lines for all MBON cell types.

These lines represent what we believe to be the best available split-GAL4 drivers for each cell type. The MB compartments
they innervate and neurotransmitters are shown. The neurotransmitters that are shaded in gray were assigned based solely

SS01337 and SS01388, Aso 2021 release: https://splitgald.janelia.org ™ .
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From To B

Reward Punishment Punishment Reward
DANs DANs DANs DANs

Celltype  transmitter OANs

MBONO1  Glutamate
MBONO02  Glutamate
MBONO3  Glutamate
MBONO04  Glutamate
MBONO5  Glutamate
MBONO6  Glutamate
MBONO7  Glutamate
MBONO09 GABA
MBON10 GABA
MBON11 GABA
MBON12 Acetylcholine
MBON13 Acetylcholine
MBON14  Acetylcholine
MBON15  Acetylcholine
MBON16 Acetylcholine
MBON17  Acetylcholine
MBON18 Acetylcholine
MBON19 Acetylcholine
MBON20 GABA
MBON21 Acetylcholine
MBON22 Acetylcholine
MBON23 Acetylicholine
MBON24  Acetyicholine
MBON25  Glutamate
MBON26 Acetyicholine
MBON27 | Acetylcholine
MBON28 Acetyicholine
MBON29 Acetylcholine
MBON30  Glutamate
MBON31 GABA
MBON32 GABA
MBON33 Acetylcholine
MBON34  Glutamate
MBONS35 | Acetylcholine

v1 PPL101
v3 PAM12
v4 PAMO07, 08

B /5 PAMO1

MBON21 ydy5 ACh
MBON29 ydy5 ACh

MBONO5 y4 Glu
MBONO1 y5p2a Glu [§

S |
IS
IS w 5
o I

ilg)

(o))

o

2
1
2
4
2
9
(0]
2
I
0
(0]
0]
1
2
2

o -~ =

Fig. S4.

Direct connections from MBONSs to DANs and OANs.

(A) Total number of synaptic connections from each MBON type to DANs and OANSs. Based on the valence of memory when
04, 05, 06, 07, 08, 09, 10, 11 and 15 to be Reward DANs and PAM12, 13, 14, PPL101, 103 and 106 to be Punishment DANs. OANs
refer to the four types of octopaminergic neurons that innervate the MB: OA-VPM3, OA-VPM4, OA-VUMa2 and OA-VUMa7. (B)
Number of connections from MBONSs in y4 and y5 to DANSs in the y lobe. PPL103, a DAN in the y2 compartment, has less than
five connections with these MBONs and was not included in this table.
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Senior Editor
Albert Cardona
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Reviewer #1 (Public Review):

In this manuscript Rubin and Aso provide important new tools for the study of learning and
memory in Drosophila. In flies, olfactory learning and memory occurs at the Mushroom Body
(MB) and is communicated to the rest of the brain through Mushroom Body Output Neurons
(MBONS). Previously, typical MBONs were thoroughly studied. Here, atypical MBONs that
have dendritic input both within the MB lobes and in adjacent brain regions are studied. The
authors describe new cell-type-specific GAL4 drivers for the majority of atypical MBONSs (and
other MBONSs) and using an optogenetic activation screen they examined their ability to drive
behaviors and learning.

The experiments in this manuscript were carefully performed and the results are clear. The
tools provided in this manuscript are of great importance to the field.

e https://doi.org/10.7554/eLife.90523.1.sal

Reviewer #2 (Public Review):

In this study, Aso and Rubin generated new split-GAL4 lines to label Drosophila mushroom
body output neurons (MBONSs) that previously lacked specific GAL4 drivers. The MBONs
represent the output channels for the mushroom body (MB), a computational center in the fly
brain. Prior research identified 21 types of typical MBONs whose dendrites exclusively
innervate the MB and 14 types of atypical MBONs whose dendrites also innervate brain
regions outside the MB. These MBONS transmit information from the MB to other brain areas
and form recurrent connections to dopaminergic neurons whose axonal terminals innervate
the MB. Investigating the functions of the MBONSs is crucial to understanding how the MB
processes information and regulates behavior. The authors previously established a
collection of split-GAL4 lines for most of the typical MBONs and one atypical MBON. That
split-GAL4 collection has been an invaluable tool for researchers studying the MB. This work
extends their previous effort by generating additional driver lines labeling the MBON types
not covered by the previous split-GAL4 collection. Using these new driver lines, the authors
also activated the labeled MBONSs using optogenetics and assessed their role in learning,
locomotion, and valence coding. The expression patterns of the new split-GAL4 lines and the
behavioral analysis presented in this manuscript are generally convincing. I believe that
these new lines will be a valuable resource for the fly community.

e https://doi.org/10.7554/eLife.90523.1.sa0
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