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The metronome-like circadian regulation of sleep timing must still adapt to an uncer-
tain environment. Recent studies in Drosophila indicate that neuromodulation not only
plays a key role in clock neuron synchronization but also affects interactions between
the clock network and brain sleep centers. We show here that the targets of neuromo-
dulators, G Protein Coupled Receptors (GPCRs), are highly enriched in the fly brain
circadian clock network. Single-cell sequencing indicates that they are not only enriched
but also differentially expressed and contribute to clock neuron identity. We generated
a comprehensive guide library to mutagenize individual GPCREs in specific neurons and
verified the strategy by introducing a targeted sequencing approach. Combined with a
behavioral screen, the mutagenesis strategy revealed a role of dopamine in sleep regula-
tion by identifying two dopamine receptors and a clock neuron subpopulation that gate
the timing of sleep.
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Animal function requires communication between different brain centers. An important
part of this communication is neurotransmission, which takes place at synapses and leads
to the excitation and/or inhibition of downstream neurons. Recent studies stress the impor-
tance of a second means of communication, namely, neuromodulation, in the central ner-
vous system. In contrast to classical neurotransmission, neuromodulators do not directly
lead to the opening of ion channels but alter second messengers, which then affect electro-
physiological responsiveness (1, 2).

Most neuromodulators interact with G Protein Coupled Receptors (GPCRs) (3). This
class of receptors is located within the plasma membrane, has seven transmembrane
domains, and reacts to a variety of stimuli, including neuropeptides, biogenic amines,
and even light. In an inactive state, many receptors are coupled to a heterotrimeric G
protein consisting of alpha, beta, and gamma subunits. Depending on their identity,
these proteins dissociate upon receptor activation and lead to increases in Ca** or cAMP
or to the activation of transcription via the rho pathway (3, 4). Given these broad ways
in which neuromodulators can influence a cell, it is not surprising that they can influence
different events. For example, reduced dopamine levels lead to hypoactivity, extended
sleep time, or learning deficits, which are phenotypes that often become more extreme
with age (5). Notably, the action of dopamine depends on the expression of different
GPCRs. DoplRI1 and DoplR2 are coupled to Gs and lead to increases in cAMP,
whereas Dop2R is coupled to an inhibitory G protein (G;) (6). Similarly, most GPCRs
directly influence the molecular properties of individual neurons and are therefore impor-
tant for the function of many brain circuits.

The circadian clock neuron network (CCNN) of Drosophila melanogaster is an ideal
model to study the contribution of GPCR signaling to a single adult brain circuit. This
network forms a unit controlling locomotor activity in both light-dark (LD) and cons-
tant dark (DD) conditions. In LD, the clock generates a bimodal locomotor activity
with activity peaks in the morning and the evening and little activity during midday
(siesta) and at night. Although this behavior continues in DD, it is less pronounced
and has a circadian period that deviates slightly from the normal 24 h.

The fly brain CCNN only consists of 150 neurons, and diverse modes of interac-
tions and distinct functions have been assigned to specific cells. Moreover, several stud-
ies emphasize the abundance of circadian neuropeptides and their importance to the
functions of this network (7-12). Pigment dispersing factor (PDF) is a key clock neu-
ropeptide and is expressed in two sets of lateral neurons, namely, the four large-
ventrolateral neurons (ILNvs) and the four small ventrolateral-neurons (sLNvs) (13);
they are important for arousal and morning activity, respectively (14-17). PDF is
believed to synchronize its downstream targets, and a loss of the peptide leads to
arrhythmicity in DD (7, 18). Three of the six dorso-lateral neurons (LNds) and the
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fifth sLNv serve a different function and are important for eve-
ning activity (14, 15). A pair of dorsal neurons (DN2s) are essen-
tial for temperature preference rthythms (19). No function has
been assigned to the DN3s, perhaps due to the lack of a specific
driver. The DN3s are the most numerous clock neuron group
(35 to 40 neurons/hemisphere).

The second most numerous clock neuron group is the DNI
cluster, which consists of ~15 neurons per hemisphere (19).
Under DD conditions, accelerating or decelerating the clock in
these cells has no effect on rhythmic behavior, and DN1p output
is even dispensable for rhythmic DD behavior (20-23). However,
changing the speed of these cells under LD cycle conditions shifts
the timing of the evening activity peak, indicating DN1p neurons
have a conditional role in circadian timing. Moreover, several
groups have shown that specific DN1p neurons affect morning as
well as evening activity and influence fly sleep, both the amount
of sleep and when sleep occurs (24-26). Consistent with a role in
sleep promotion and/or maintenance, imaging and tracing experi-
ments identified physiological pathways connecting specific
DN1ps to fly brain sleep regions like the ellipsoid body (24).

Despite a general agreement on the variety of functions car-
ried out by DN1ps, there are discrepancies in assigning specific
behavioral roles to specific DN1p subgroups. For example, gluta-
matergic DN1ps have been identified as controlling the morning
component of behavior, whereas another study suggests that
these same neurons control evening activity (25, 26). A likely
explanation is that the DN1ps are even more diverse than previ-
ously thought, i.e., there may be multiple glutamatergic DN1p
subgroups. Indeed, a recent single-cell sequencing study found
that there are at least 5 different glutamatergic DN1p subgroups,
which is consistent with the notion that different DN1p func-
tions might derive from different neuron subpopulations (27).
The physiological and anatomical heterogeneity of the CCNN
neuron population is probably due to its striking transcription
factor specificity as well as to other differences in gene expression
between individual neurons (27).

To address the contribution of DN1ps and neuromodulation to
sleep behavior as a specific physiological process, we combined the
power of single-cell RNA sequencing(scRNAseq) data with cell-
specific CRISPR-Cas9-mediated gene mutagenesis. The scRNAseq
results not only show that GPCRs are strongly enriched in the
CCNN but also that they are highly differendally expressed.
Indeed, clustering the clock neurons only based on GPCR expres-
sion shows that each subcluster expresses a unique combination of
receptors, suggesting that it enables specific network nodes to inte-
grate and respond to different stimuli. To mutate specific receptors
in a cell-specific manner, we generated a CRISPR-Cas9-based
guide library for all GPCRs following the pioneering work of Port
and Bullock (28). We and others had previously demonstrated
that this strategy efficiently removes PER or TIM expression from
the clock network in a cell-specific manner (29, 30). Here, we also
added an adapted targeted genomic sequencing approach to
show that the library effectively mutates GPCRs in a cell-
specific manner, indicating that the library and strategy consti-
tute a key asset for investigating neuromodulation. Indeed, we
used the library in a behavioral screen that identified several
GPCRs that promote sleep from within the CCNN. In addi-
tion to already known sleep-promoting GPCRs, we discovered
that two dopamine receptors (DoplR1 and DoplR2) in the
DN1ps prolong daytime sleep. Moreover, combining transsy-
naptic tracing techniques with scRNAseq data shows that dif-
ferent subsets of DN1ps contribute differentially to sleep. The
results taken together indicate that dopamine regulates sleep
timing via a novel cellular subcircuit within the CCNN that is
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highly context specific. These findings and methods will facili-
tate investigating the complex contribution of dopamine as well
as other neuromodulators and neurotransmitters to many other
physiological processes.

Results

Circadian Neurons Show Enriched Expression of Signaling
Molecules. Recent work implicates clock neuron interactions as
essential for molecular and behavioral rhythms. For example,
manipulating clock neuron subpopulations can affect behavioral
timing, and residual clock protein expression in only a few circa-
dian neurons is sufficient to retain some circadian functions (11,
23, 29-31). To identify molecules within the clock network that
contribute to the implied network synchrony, we isolated and
sequenced fluorescence-activated cell sorting (FACS)-sorted clock
neurons (c/k856 > EGFP) under LD conditions at two times,
namely, Zeitgeber time 2 (Z12) and ZT14, and compared the
transcriptomes to those from panneuronal adult head samples
(nSyb > EGEFD).

We first compared clock gene expression between the time
points in the clock neurons. Consistent with expectation (32), c/k
mRNA levels were ~6X higher at ZT2 than at ZT14, whereas
tim mRNA levels were 22X higher at ZT14 compared to ZT2
(Fig. 1A). Housekeeping genes such as Acz5C and Rp/32 were not
different between time points (Fig. 14). Not surprisingly, clock
gene expression was dramatically lower in the #Syb dataset (aver-
aged reads of all #Syb libraries show 1,428% reduced c/k and a
27X reduced #im expression compared to sorted ¢/£856-neurons;
SI Appendix, Fig. S1), demonstrating highly efficient enrichment
of clock neurons by c/k856 > EGFP purification.

To address clock neuron gene enrichment more generally, we
used edgeR (33) to perform differential gene expression analysis.
It identified a total of 1,719 genes as differentially expressed with
a false discovery rate of <0.05 between 7nSyb and clock neurons.
Of these, 704 genes were significantly up-regulated, and 305
genes were significantly down-regulated in the clock network
with at least a twofold change in amplitude (Fig. 1B). A Gene
Ontology (GO)-term analysis of clock-enriched genes resulted in
enrichment in expected categories like the circadian regulation of
temperature homeostasis (27-fold), positive regulation of circa-
dian sleep/wake cycle (16-fold), and circadian regulation of gene
expression (11-fold). Interestingly, genes associated with signaling
pathways were also found to be comparably enriched among the
clock-enriched genes and include the octopamine and tyramine
signaling pathways (16-fold), the serotonin receptor signaling
pathway (16-fold), and the GPCR signaling pathway (12-fold).
Other unrelated pathways are enriched in the #Syb neurons rela-
tive to the clock neurons (for an example, see Fig. 1C). The
increased expression of genes involved in intercellular signaling
pathways, including serotonin signaling and GPCRs, strongly
implicate neuronal communication in clock network function.

GPCRs Are Differentially Expressed within the Clock Neuron
Network. The enrichment of GPCR signaling pathways inspired
a focus on quantitative features of GPCR expression. Surpris-
ingly, more than two-thirds of the 124 GPCR mRNAs encoded
by the Drosophila genome are expressed in the clock neurons
(reads per million [RPM], >3; Fig. 1D) with an almost 100X
difference between the least and most expressed of these 86
mRNAs. The 78yb data had similar differences in GPCR expres-
sion levels (81 Appendix, Fig. S2). A direct comparison with the
nSyb dataset indicates that 22 GPCRs are at least twofold
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Fig. 1.

B %

Normalized Expression [RPM] Relative enrichment in clock neurons

Clock neurons show an enriched expression of GPCRs. (A) Plots show normalized expression levels of indicated genes from sorted clock neurons

(clk856 > EGFP) at ZT2 and ZT14. As expected, Clk expression is significantly higher at ZT2 than at ZT14, whereas tim expression is significantly higher at ZT14
compared to ZT2. Housekeeping genes such as Rp/32 and Act5C were not significantly different between those timepoints. (B) Heatmap of differentially
expressed genes between clock neurons (c/k856 > EGFP) and randomly chosen neurons (nSyb > EGFP) at ZT2 (2 repeats, R1 and R2) and ZT14 (2 repeats,
R1 and R2) with an at least twofold difference in expression at a false discovery rate of <0.05. Relatively high expression is displayed in red and relatively
low expression is displayed in blue (Z-scores indicated on top of the graph). (C) Examples of up- or down-regulated genes representing enriched GO terms.
Pdf is significantly up-regulated in the clock network (GO: Circadian control of sleep wake cycle) as are tbh (GO: Octopamine and tyramine signaling pathway)
and 5-HT1A (GO: G protein coupled receptors). br on the other hand is significantly down-regulated in the clock network (GO: Antennal development). Both
timepoints were combined for this analysis. (D) Normalized expression (RPM) of GPCR genes in the clock network. GPCR gene expression varies dramatically
between receptors from being not expressed (<3 RPM, red line) to being highly expressed. Both timepoints were combined for this analysis. (E) Relative
expression of GPCRs in clock neurons (c/k856 > EGFP) relative to randomly chosen neurons (nSyb > EGFP). Reads for individual GPCRs were pooled across
timepoints and replicates and a ratio was calculated. A total of 22 GPRs are at least twofold higher expressed in the clock cells (red bars) compared to only
2 GPCRs being at least twofold down-regulated in the clock cells (blue bars). The x-axis is log2 scaled. Both timepoints were combined for this analysis.

up-regulated in the clock network, whereas only 2 receptors are
down-regulated (Fig. 1£).

The RNA expression data suggest that many individual GPCRs
are either expressed at significantly higher levels in all clock neu-
rons or are predominantly expressed in a few neuronal subpopula-
tions. To address these alternatives, we analyzed previous scRNAseq
data for GPCR expression and focused on the 17 high-confidence
clock neuron clusters (Fig. 2A4); these clusters are missing most of
the enigmatic DN3 clock neurons but include most if not all well-
characterized clock neurons including all lateral and most dorsal
clock neurons.

The dopamine receptor DopEcR transcript is highly expressed
in the nSyb as well as the c/k856 dataset with high transcript lev-
els in all clock neuron clusters (Fig. 2B). The differential expres-
sion patterns of more poorly expressed GPCR transcripts within
the clock neuron population were similarly impressive. For
example, CNMaR appears to be almost exclusively expressed in
one DN1p and the DN2 cluster, whereas Gaba-B-R3 is highly
enriched in the sLNv cluster. SNPFR is expressed more broadly
but still mostly in the clusters defining the DN1ps, the ILNvs,
and the DN3s (Fig. 2B). A differential GPCR expression pattern
is also apparent when comparing all GPCR expression using
scRNAseq despite dramatic variation in expression levels (87
Appendix, Fig. S3).

To confirm this cell specificity in an independent way, we used
GAL4 lines in which the GAL4 sequence was integrated into
endogenous GPCR-expressing loci and used to express nuclear
GEFP (UAS-stinger) (34). The overall expression levels of individual
GPCRs correlated nicely with the nSyb sequencing data
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(81 Appendix, Fig. S2). For example, some GPCRs such as the
aforementioned DopEcR appear to be expressed almost panneuro-
nally within the brain, whereas others are not expressed in the
brain or only in one to two cells per hemisphere (S/ Appendix;
Fig. S2).

To detect the expression of specific GPCRs within the clock
neuron network, we focused on GPCRs with striking expression
patterns from our single-cell data and determined the overlap of
PER and GFP by costaining knock-in lines with anti-PER. The
single-cell data indicate that DH3I-R is highly enriched in
the ILNvs and slightly enriched in the sLNvs and the DN1ps.
The GAL4-knock-in line is strikingly consistent with this pat-
tern; three out of four ILNvs were GFP-positive, whereas only
one out of four sLNv neurons was labeled, explaining the dif-
ferences in expression levels. As predicted, no LNds were
labeled, but we could also not detect GFP expression in the
DNI1 neurons in most brains. Similar cell type specificity was
also observed with sNPFR, which mainly labeled DN1 neurons
and one out of four ILNvs (Fig. 2C). The data taken together
suggest that GPCRs are strongly differentially expressed within
the clock network. Notably, differences appear even between
individual cells within an anatomically mostly uniform cluster
like the ILNvs (SI Appendix, Fig. S4).

Might these GPCR expression differences be sufficient to
define clock cell identity within the clock network? We originally
identified 17 high-confidence clock neuron clusters based on
common highly variable genes across different time points and
conditions (27). Here, we first used Seurat, an unsupervised clus-
tering method, and reproduced the previously published 17
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Fig. 2. GPCRs are differentially expressed and can define clock neuron identity. (A) sScRNAseq of clock neurons (c/k856 > EGFP) identifies 17 bona-fide clock
neuron clusters. DN1 neurons can be separated into six different clusters (1, 4, 6, 7, 15, and 18, labeled in red). For details on clustering see ref. 27.
(B) Expression of different GPCRs within these 17 clusters. DopEcR is highly expressed in all clock neuron clusters, whereas CNMaR, GABA-B-R3, and sNPF-R
are more differentially expressed. For details see "GPCRs are differentially expressed within the clock neuron network" section. (C) Immunohistochemistry
of whole-mount brains stained against GFP (green) and PER (magenta). Nuclear GFP (UAS-stinger) was expressed under the control of GAL4-knock-in lines.
Dh31-R-GAL4 drives expression in three out of four ILNvs and one sLNv, and does not express in DN1s, DN2, or LNds. SNPFR-GAL4 is expressed in 1 ILNv, 2
DNT1s, and the DN2 neurons. (D) Seurat clustering of individual neurons included in 17 high-confidence clusters. Unsupervised clustering (Top Left) recapitu-
lates previously published results. Similarly, clustering only based on GPCR expression generated 17 different clusters (Top Right). Bottom row: Analysis of
retained (red) or newly assigned (blue) clock neuron identities when plotted only based on GPCRs. Most neurons in clusters 1 (Bottom Left) and cluster 2 (Bot-
tom Right) are assigned the same clusters (red dots), whereas only a few cells were assigned to different clusters (blue dots) based on GPCR-only clustering

of clock cells.

high-confidence clock neuron clusters (Fig. 2D). We then used
GPCR expression alone for clustering, omitting the contribution
of all other genes expressed in the individual cells. This unsuper-
vised GPCR-based clustering also identified 17 distinct clusters
(Fig. 2D). To our surprise, many of these newly generated clus-
ters could be mapped onto the previously published dataset
(27), indicating that the GPCR-generated clusters are of biologi-
cal and anatomical significance. For example, the newly identi-
fied cluster 1 includes ~90% of this previously identified sSLNv
cluster. This is also the case for other clock clusters like the
DN1s (Fig. 2D). The data therefore indicate that GPCR expres-
sion alone is sufficient to define the identify of most clock
neurons and also suggest that each cluster may exhibit a unique
neuropeptide response pattern.

A Guide Library Allows for Cell-Specific Manipulations of All
GPCRs. The likely contribution of GPCRs to clock neuron iden-
tity and the neuropeptide requirement for clock neuron syn-
chrony inspired the development of a general strategy to eliminate
any GPCR in a neuron-specific manner. Relevant to this goal, we
and others recently showed that CRISPR-Cas9-based mutagenesis
is superior to RNA interference (RNAi)-mediated gene expression
knockdown in the fly brain (29, 30). As the former also does not
require strongly expressing driver lines, it is much more amenable
to highly neuron-specific split-GAL4 lines.

The Drosophila genome encodes 124 GPCRs. They are like
mammalian GPCRs and react to a variety of stimuli, including
biogenic amines, neurotransmitters, neuropeptides, and even light
(Fig. 3A4) (4). To mutate these receptors, we generated UAS-guide
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lines, each of which expresses three guides targeting the coding
sequence of an individual GPCR. Three guides have previously
been shown to efficiently mutate eye tissue and provide high
mutagenesis efficiency by compensating for potential noncutting
guides (28); this strategy also worked well to remove PER and
TIM from the clock system (29, 30). We used c/k856-GAL4 to
drive the expression of GFP, Cas9, and the guides of interest to
mutate individual GPCRs in most of the clock network. The goal
was to generate double-strand breaks within the coding sequences
of GPCR genes. Given that repair is error prone, this strategy
should generate small deletions of variable sizes and frame shifts,
resulting in nonfunctional GPCRs.

As there are no reliable antibodies for many of the receptors, we
verified the strategy with a targeted genomic sequencing approach.
As the clock neurons were simultaneously labeled with GFP as
well as mutated by the CRISPR-Cas9 system, we FACS sorted
and analyzed 2,000 GFP-positive cells, which should have been
mutated, and 2,000 GFP-negative cells, which should remain wild
type (Fig. 3B). We designed three sets of primers flanking each of
the guide binding sites to allow for gene-specific amplification. As
three guides are being used at the same time, there can either be
small deletions in the area of guide binding (Fig. 3C, PCRI to 3)
or larger deletions if multiple guides cut at the same time, resulting
in different DNA fragment combinations (Fig. 3C, PCR4 to 06).
We analyzed five randomly chosen target genes on three different
chromosomes (PDFR and Trel on the X-chromosome, mAchR-A
and CGI15614 on the second chromosome, and CrzR on the third
chromosome) to avoid possible biases from chromosome location.
PDFR served as a positive control; guide-mediated mutagenesis of

pnas.org



B Express GFP, Cas9 and Guide

C

v ot in clkB56-GAL4 D‘Sf:i:nl:m :,AICSI sort [ GI1 bl Ge:omiflil i(;-r|1 r Gi3 ] |
_,Qﬂ _’—Ji;"; PCR1 I
¥ & PCR2 I
orosopnia PCR3 I

Class B: Secretin-like

. DNA isolation
Not assigned 3

Family C: Glutamate ¢

2000 GFP- l 2000 GFP+
cells
=

PCR4 —\/—
=*_—  PCR5 R/’//J
|

Library Prep —— | =
Class F: Frizzled \J | \/ PCRe _\_//J
b o o
D Guide 1 Guide 2 Guide 3
+ CTGTCGAACATTCTCGACTGCGGAG CTCTGCTGGCCACCCACTCCGGCTGGA AGGCCTACATAGACATTGCCAGGAGG
. SgRNA sgRNA RNA
,‘- CTCTGCTGGCCACC
CTCTGCTGGCCACC
x CTCTGCTGGCCACC
L CTCTGCTGGCCACC
E CTCTGCTGGCCACC
CTCTGCTGGCCACC
.‘_h(AGTTGTCiT(]TTGTG(TCT‘CG GGTGGCTCGCTGCATCATTGTTGTGGC CTCCCAGCCATATTTCTGGTCATCGG
1 SgRNA sgRNA sgRNA
< 6 G ¢ GICHEIC GICH G ICIEECIRETET GHET GG GIC T bold  Substitutions
= G GG GEaR e S 6 GG cH O Insertions
[{e} GGTGGCTCGCTGC TTG GGC cT .
ﬁ GGTGGCT TTGTGGC c Deletions
w GGTGGCTCGCT TGTGGC C . e
o G GhIG GICERC GICHT G ICIRmE | TGTGGC CTccclGe CATIMTTTC . - . .\cRATege |~ Predicted cleavage position
DI_ALAvaIblbLTLTITbTbL‘C'\ALE GGTGGCTCGCTGCATCATTGTTGTGGC CTCCCAGCCATATTTCTGGTCATCGG
5 sgRNA sgRNA sgRNA
cCTC
b chic
[(e} CTC
0 cmc
cCTC
O €T cC
(&
E clk4. 1M>Cas9 F
% dede dedk dedke
30 1650| 360 g~ = - 7z YA A ~ VA A - 4
T***"F*““"’éé z 57 %
= 330- 1 ! ¢ 7 g T 5452
= - ¥ : i 2 : ] 14 E: - T
E £ 300-| . & i o B f : : 5 F 5
= 204 E | $ : : 3
= = . . . . . " s
g 2270 H s L 8w = .
§, = * . . ) 2
= = 240~ : .
2 %
Z10 H
= @ 210
180
T T - T 150 150 61 48 28 41 64 60 63 63 53 57 64 64 61 62 583 63 55 63 62 63 63
3 6 9 12 15 18 21 T T T T T T T T T T T T T T \)
Zeitgeber-Time [ZT] @, H W Q. B, Oy G N N, G G N, G G % T S, B 9 9 %
\, s, S 2 e vy G B G, Gy Ry, s 8, 8,
%, Yy %P "z,? %, e /PC%%, > e, %, P gy O A %o, e,

Fig. 3. A guide RNA library for all GPCRs of the fly genome allows for cell-specific mutagenesis. (A) Drosophila GPCRs can be categorized into 5 distinct groups
(reviewed in ref. 4) (B) Workflow of the targeted genomic sequencing assay. Clock neurons were labeled with EGFP (c/k856 > EGFP) while expressing Cas9 and
the guide RNA of interest which allows for cell-specific manipulations. GFP-positive cells were analyzed for possible mutagenesis. GFP-negative cells were used
as controls for cell specificity. (C) Schematic of genomic sequencing approach. Each genomic region was targeted by three independent guide RNAs (G1 to G3)
that led to double-strand breaks (DSBs) at the desired locations (indicated in red). We simultaneously used three sets of primers for each reaction amplifying
~250 bp. Depending on the timing of guide-RNA-mediated DSBs, we expect either short deletions (PCR1 to 3) or big deletions (PCR4 to 6) in the event of two
guides cutting at the same time. (D) Genomic sequencing results of targeted genomic sequencing. Top panel: Sequences of GFP-positive cells of c/k856 > EGFP,
Cas9, PDFR-g flies. All three guides are able to cause small deletions at the expected site of DSB. Middle panel: Sequences of GFP-positive cells of c/k856 > EGFP,
Cas9, CG15614-g flies. All three guides are able to cause small deletions at the expected site of DSB. Lower panel: Sequences of GFP-negative cells of c/k856 >
EGFP, Cas9, CG15614-g flies. No deletions were detected in GFP-negative cells. (E) Sleep behavior of control flies + SEM expressing Cas9 in DN1 clock neurons
(clk4.TM > Cas9). The flies showed the expected sleep pattern with low sleep in the morning and evening and high levels of sleep at night and during the siesta
indicating that expressing Cas9 in the dorsal neurons does not affect normal sleep behavior. n = 150. (F) Sleep amount of flies with mutated GPCRs during the
siesta (ZT3 to 9) in LD. Clk4.TM > Cas9 flies were used as controls, for experimental flies, C/k4.7M > Cas9 flies were crossed to UAS-guide-RNA lines as indicated
on the x-axis. Four guide RNAs significantly reduced sleep during the siesta. Numbers indicate the number of flies used for the behavioral screen. Statistical
analysis was performed using a one-way ANOVA followed by a post hoc Tukey pairwise comparison. *P < 0.05 and **P < 0.01 compared to control flies.

the clock network with its guides completely reproduced PDFR
full body mutant (han™>%% phenotypes (35, 36).

All three PDFR guides generated deletions of variable sizes at
the predicted cut sites in GFP-positive cell DNA (Fig. 3D).
Moreover, there were large deletions as indicated by a genomic
fragment representing a deletion of several thousand base pairs
(Fig. 3C, PCR5). GFP-negative cells in contrast showed no dele-
tions in the investigated area, suggesting that there is no back-
ground mutagenesis due to leaky expression in nontarget cells.
We then assayed CG15614. Like for PDFR, all three guides gen-
erated deletions, whereas GFP-negative cells were unaffected
(Fig. 30). Trel and CrzR had similar results, whereas only two
out of the three guides for mAchR-A created deletions (57
Appendix, Fig. S5).

PNAS 2022 Vol. 119 No.34 2206066119

The efficacy of the three individual guide sequences to generate
small deletions varied substantially, from between 0.7% (as men-
tioned above for one guide of mAchR-A) to more than 50%, with
no evident chromosome or location bias. When an individual
guide failed to generate mutations, the other two guides efficiently
mutated the gene of interest; this indicates the importance of using
several guides to compensate for potential noncutters. There was
also a reduced frequency of bigger deletions of coding sequences.
For example, two genes (CrzR and mAchR-A) did not show big
deletions, whereas 2% to 6% of the reads from other genes
reflected big deletions. It is important to note that these percentage
are based on the sequencing of pooled neurons from several ani-
mals and therefore do not reflect a single, mutated neuron. None-
theless, the collective data support the original assertion based on
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eye color essays (28), namely, that combining three guides per
gene is an effective strategy to manipulate genes of interest.

DN1p Modulation Alters the Sleep Structure of Male Flies. To
exploit this functional library, we focused on the DN1ps. This
specific group of dorsal neurons influences several aspects of Dro-
sophila behavior. This is because manipulating these cells affects
activity in the morning and during the siesta as well as in the eve-
ning. In addition, DN1ps affect sleep and connect to sleep cen-
ters within the central complex (24-26). Recent work also
showed that this group of neurons can be subdivided into six
independent clusters with functions that are not yet clearly under-
stood. The molecules that affect sleep within these neurons are
also mostly unknown. To address this question, we used c/k4. IM-
GAL4, which expresses in 8 to 12 of the 15 DNlps per hemi-
sphere. We first reproduced previous experiments; activating these
neurons significantly altered sleep in the middle of the day, the
prominent siesta of male flies (S7 Appendix, Fig. S6).

To identify candidate DN1p GPCRs, we turned to our single-
cell data and identified 21 GPCRs enriched in DN1ps compared
to the other clock cells. We then performed a behavioral screen
in which we compared the behavior of control flies with flies har-
boring mutated GPCRs in their DNI1ps. The control flies
expressed Cas9 but no guides in these neurons (c/k4. IM > Cas9).

As expected, Cas9 expression in the DN1ps did not affect fly
behavior; they showed the canonical sleep pattern with consoli-
dated sleep at night and during the siesta with almost no sleep in
the morning and the evening; this reflects the standard bimodal
activity pattern (Fig. 3E). We then focused on the siesta and
quantified sleep levels between ZT3 and ZT9. Male flies sleep
extensively during this time, leading to a median of ~5.5 h of
siesta sleep in control flies. Of the 21 mutated strains, 4 signifi-
cantly reduced their siesta sleep compared to the control group by
one-way ANOVA followed by a post hoc Tukey test (Fig. 3F).
One GPCR is 757, which reproduces known whole-body mutant
phenotypes (37). Another is TrissinR, which reduced sleep by half
an hour. Its relevant ligand, Trissin, is expressed in two LNds,
suggesting that intraclock neuron communication, LNd to
DN1p, is relevant to sleep regulation (27). Eliminating two differ-
ent dopamine receptors, namely, DopIR1 and DoplR2, also
reduced siesta sleep, each by approximately half an hour.

Dopaminergic Input to DN1 Neurons Reduces Siesta Sleep.
The sleep reduction by mutating DoplR1 and DoplR2 in the
DN1ps was surprising, as dopamine is traditionally activity pro-
moting (38-40). We therefore addressed this sleep effect in more
detail by dividing the 24-h day into four equal sections of 6 h each,
as follows: ZT21 to 3 for morning sleep, ZT3 to 9 for siesta sleep,
ZT9 to 15 for evening sleep, and ZT15 to 21 for nighttime sleep
(Fig. 4A). As expected, flies slept more during the siesta and at
night compared to morning and evening (Fig. 45). Quantifying
sleep with DopIR2 mutated in DN1ps showed that sleep was
only significantly reduced during the siesta in the experimental
flies (P < 0.01) compared to the Cas9 (clk4. 1M > Cas9) and
guide (clk4.1M > DopIR2-g) control flies. Mutating DopIRI in
the DN 1ps had very similar effects (S Appendix, Fig. S7).

Will mutating both DopIRI and DopIR2 at the same time
have an even stronger effect on sleep? Although siesta sleep is still
significantly reduced compared to both control strains with no
effect at any other time of day, we did not observe any additive
effect; the double-mutated strain had a similar effect compared
to the single mutant strains. (Fig. 4Cand D).

To provide further support for this approach, we expressed
Cas9 and guides against DoplR2 in the dorsal fan-shaped body
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and reproduced the increased siesta sleep phenotype observed by
Pimentel et al. (41) using the same dFSB driver 23E10 and
RNAI knockdown of DopIR2 (SI Appendix, Fig. S8). The results
taken together indicate that the target receptors and cells dic-
tate the effect of dopamine, which can promote sleep as well
as wake.

The sleep patterns indicate that the siesta is terminated earlier
in flies with mutated dopamine receptors compared to controls,
suggesting that dopaminergic input contributes to timing the end
of the siesta. Notable in this context is the traditional per’ mutant
strain; it has a very short free-running period with a similar LD
phenotype, e.g., the evening peak occurs during the daytime (41,
42). Yet there was no effect of removing both dopamine recep-
tors from the DN1ps on period length or rhythmicity; experi-
mental groups as well as controls were identical to wild-type flies
(Fig. 4F and F), suggesting that changes in clock speed are not
responsible for the sleep phenotypes. The data indicate that dopa-
minergic input onto DN1p neurons enhances sleep during the
siesta, likely caused at least in part by delaying the onset of eve-
ning activity.

Subclustering of DN1 Neurons Allows the Differentiation of
Neurons Controlling Evening Activity. How might dopaminer-
gic modulation of DN1ps impact the siesta? To address this ques-
tion, we first used the #ramsTango technique to label target
neurons through its anterograde transsynaptic circuit tracing (43).
We applied this technique to the dopaminergic system (7H-GAL4)
and labeled downstream neurons with GFP. Because there were
many GFP-positive neurons, we costained with anti-PER and
investigated colocalization of GFP and PER immunoreactivity. The
dopaminergic system appears to contact a variety of clock cells
including PDF cells, 3 out of 6 LNds, 2 of 2 DN2s and on average
4 of 15 DNl1ps, confirming that the DN1s are indeed among the
direct downstream partners of TH cells (S Appendix, Fig. S9).

Examining the 6 DN1p RNA expression clusters in more
detail indicated that DopIRI and DopIR2 are primarily expressed
in 4 clusters, numbers 6, 7, 15, and 18 (Fig. 5A4). Intriguingly,
four is identical to the number of tyrosine hydroxylase neurons
targeting DN1ps. Importantly, the size of these four clusters is
rather small, indicating that several of them may only contain a
single cell (27). We also considered the two remaining DNI1p
clusters, namely, clusters 1 and 4. The biggest cluster (#1) is the
only one that expresses AstC. We showed previously that AszC is
expressed in four DN1 neurons, which fits well with the size of
this cluster (10, 27). Knockdown of As:C affected the timing of
the evening peak in summer or winter days, suggesting that these
neurons also contribute to evening activity, at least as a function
of different seasons (10). In addition, this is the only cluster
expressing T7issinR, which also produced a siesta phenotype in
our behavioral screen (SI Appendix, Fig. S7). The data taken
together indicate that several and perhaps most DN1 clusters
contribute to evening activity.

We exploited the striking difference in Vglur expression
between morning and evening DN1p cells to further address
how the DN1ps regulate evening activity (Fig. 54). Combining a
per-AD with VglurDBD labeled on average seven to eight DN1s
per hemisphere, consistent with the expected number of neurons
in these clusters (SI Appendix, Fig. S10). Trans-Tango experi-
ments with this split-GAL4 revealed that these seven to eight
DN1p neurons primarily target neurons in the dorsal part of the
brain (Fig. 5B). They include DN1s, DN2s, and DN3s, and this
split-GAL4 also targets all LNds in the lateral part of the brain;
they are a major controller of evening activity. These data rein-
force previous results (25) indicating that the glutamatergic
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Fig. 4. Modulation of DN1ps by dopamine enhances sleep. (A) Average sleep profile of male flies in which Dop7R2 was mutated in the DN1ps (red) and con-
trols (gray and black). Error bars represent SEM. Background colors indicate 4x 6-h periods that were quantified in B. (B) Quantification of sleep separated
into four different time zones, as follows: morning (ZT21 to ZT3), siesta (ZT3 to ZT9), evening (ZT9 to ZT15), and night (ZT15 to ZT21). Removing Dop1R2 in
the DN1ps significantly reduced sleep during the siesta (one-way ANOVA followed by post hoc Tukey test shows significant differences between EXP and
both controls, P < 0.01 each), whereas other times of day were not affected. (C) Average sleep profile of male flies in which Dop7R2 and Dop1R1 were
mutated in the DN1ps (red) and controls (gray and black). Error bars represent SEM. Background colors indicate 4x 6-h periods that were quantified in D.
(D) Quantification of sleep separated into four different time zones. Removing Dop7R2 and Dop1R1 in the DN1ps significantly reduced sleep during the siesta
(P < 0.01), whereas other times of day were not affected. n.s., not significant. (£ and F) Flies with mutated Dop7R7 and Dop7R2 in the DN1ps (Exp) have rhyth-
micity the same as controls (E) and no effect in free-running period (F) when recorded in DD compared to both controls (c/k4.7M > Cas9 [black] and c/k4.1M >

DopiR1-g, Dop1R2-g [gray]).

subset of DN 1ps likely controls evening activity and sleep at least
in part through their interactions with other clock neurons.
Importantly, the upstream influence of dopamine on these cells
and their functions widens the influence of the environment and
brain state over the siesta and evening cell timing (see Discussion).

Discussion

We show here that GPCRs are strongly expressed in the fly
brain CCNN and are capable of identifying individual clock
neurons. To identify individual receptors that contribute to specific
neuron function, we combined a behavioral-sleep screen with a pre-
viously validated CRISPR-Cas9-specific neuron-mutagenesis strat-
egy that exploited comprehensive Drosophila GPCR guide library.
The strategy was verified with a targeted sequencing approach and
revealed a role of dopamine in sleep maintenance during the siesta.
Dopamine generally inhibits sleep by stimulating locomotor activ-
ity, in flies as well as mammals (38-40, 44). For example, com-
pounds like amphetamine increase synaptic dopamine levels, which

PNAS 2022 Vol. 119 No.34 2206066119

enhance fly activity and inhibit sleep (45). However, a specific
sleep-promoting subpopulation of DN1ps uses this neurotransmit-
ter for the opposite purpose, namely, to prolong sleep during the
siesta. This surprising conclusion resulted from the identification of
the two dopamine receptors DoplR1 and DoplR2 as well as a
clock neuron subpopulation, within which the two receptors gate
the timing of daytime sleep.

The CCNN is an ideal platform to study neuromodulation,
as genetic studies underscore the importance of neuropeptides to
circadian behavior and even to circadian neuron subtype identifi-
cation (11, 23, 32). This is also true for the mammalian brain
and its CCNN, the suprachiasmatic nucleus (46). Notably, most
neuropeptides act through GPCRs, and 22 of the GPCRs
expressed within the fly brain are at least 2X up-regulated in the
CCNN (Fig. 1E). This result is even more striking in light of
our scRNAseq data, which show that many GPCRs are differen-
tially expressed among clock neurons (Fig. 2).

To verify expression patterns, we costained relevant GAL4
knock-in lines with an anti-PER antibody and thereby determined

https://doi.org/10.1073/pnas.2206066119 7 of 11



8 of 11

A DN1 clustering

Rh7

sNPFR

AstC
TrissinR

PDFR

Vglut

- Dopw i

Group.4
Group.6
Group.7

Group.1
Group.15
Group.18

- i

Fig. 5. Subclustering of DN1ps indicates their function in controlling evening activity. (A) Clustering of DN1ps using key molecules expressed in these cells.
(B) trans-Tango experiment of the Vglut-DBD, per-AD split-GAL4 driver line stained with anti-GFP (trans-Tango positive neurons), anti-PER, and anti-RFP (GAL4-
expressing neurons). Several neurons in the dorsal and lateral part of the brain are downstream of the Vglut-positive DN1 neurons. Notably, all LNds are
included, indicating an anatomical connection of siesta behavior with cells controlling evening activity. For details see discussion.

the overlap between receptor and clock protein gene expression.
Despite some minor differences, the knock-in lines were broadly
consistent with the RNAseq data and reinforced the notion of cell-
specific GPCR expression (Fig. 20). Importantly, individual GPCRs
appeared to be expressed in only some cells of supposedly uniform
clusters. For example, only one cell of cluster 1 stains for DH31-R
(Fig. 20), suggesting even more clock neuron diversity than previ-
ously indicated (27).

The data underscore more generally the importance of GPCR
expression to the CCNN. To investigate this further, we ana-
lyzed our single-cell data based only on GPCR expression. There
were only marginal changes in cluster formation, i.e., we were
still able to generate 17 clusters which were similar to those pre-
viously published (27). This surprising result indicates that
GPCRs can identify individual neuron subpopulations, at least
within the clock system, and suggests that they can define func-
tional identity. This likely includes subtle contributions to phe-
notype beyond defining cell-specific ligand responses.

GPCRs are difficult to study genetically in mammals. This is
because there are usually multiple genes encoding a single GPCR.
The situation is simpler in flies where there is usually only one
gene that encodes each of the 124 GPCRs encoded in the fly
genome. Our guide library targets each of these GPCRs and uses
three independent guides for each receptor, a strategy shown to
be highly efficient in previous studies (28-30). As there are no
available antibodies for GPCRs, we validated the strategy with a
targeted genomic sequencing approach from isolated neurons. It
can directly characterize the molecular consequences of the guide-
mediated mutagenesis on the clock network. Like the guide strat-
egy previously used to eliminate PER (29, 30), the GPCR guides
can reliably delete GPCR-encoding genomic DNA from GFP-
positive cells with no detectable deletions in GFP-negative cells.
This further supports the notion that the UAS constructs impact
minimally if at all cells outside of the canonical GAL4 expression
pattern (Fig. 3).

We focused on DN1ps because of their molecular complexity
as well as their known contributions to morning activity, the

siesta, and even nighttime sleep (47). Of the 21 DN1p-enriched
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GPCRs, 4 promote sleep based on the knockdown results. One
of them, 757, reproduced previously published results of whole-
body mutations, suggesting that it contributes to the siesta at least
in part via DN1p expression (37). To our surprise, two dopa-
mine receptors, namely, DopIRI and DopIR2, also promote
siesta sleep via the DN1ps and do so by gating the timing of
siesta termination. This role resembles previous results indicating
that Vglur and AstC are expressed in the DN1 neurons and influ-
ence the siesta and/or evening activity under conditions that
mimic seasonal regulation (10, 25, 48).

There are four different clusters of DN1 neurons that show an
elevated expression of DopIRI or DopIR2, suggesting that one or
more of these clusters are responsible for the siesta phenotype.
Unfortunately, the lack of more narrow drivers precludes more
precise identification.

How can dopaminergic input influence the circadian gating
of siesta sleep? The putative downstream targets of dopaminer-
gic neurons correlate nicely with previously published imaging
data; lateral as well as dorsal clock neurons increase their cAMP
levels in response to bath-applied dopamine (49). Bath applica-
tion of the neuropeptide PDF causes a similar cAMP increase
(50). Notably, this increase stabilizes PER, which is thought to
delay the timing of the molecular clock (51). A similar mecha-
nism might apply to dopamine and the DN1ps, which would
then delay clock timing within these cells. Removing dopamine
receptors would then lead to a decrease in cAMP levels and a
consequent advance in timing, thereby explaining the early ter-
mination of the siesta in our experiments. Independent of such
mechanistic speculation, our data add to our view of how the
clock system works to regulate sleep; dopaminergic input pre-
sumably reflects the monitoring by the CCNN of brain and
environmental status, which then adjusts circadian timing. This
change in CCNN properties likely leads to altered release of
neuropeptides and/or neurotransmitters, which will then alter
whole animal physiology. (Fig. 6). This complexity could even
be part of a resilience and plasticity neuropeptide and neuro-
transmitter system similar to that described in the crustacean
stomatogastric ganglion.
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Fig. 6. Diversity of GPCR expression among clock neurons as a mechanism for tuning physiology and behavior. The clock neuron network expresses RNAs for
~two-thirds of all GPCRs encoded by the fly genome. This allows the network to constantly assess the outside environment as well as the state of other networks
in the brain that can then signal to the clock center. These signals can then alter the physiology of the clock and lead to changes in clock-controlled output.

We have found this mutagenesis strategy and guide library to
be highly effective and far superior to and more reliable than
RNAI. There are no background issues, and weak expression is
still sufficient to generate mutations. Given the broad role of
neuropeptides, transmitters, and GPCRs in most aspects of
brain function and behavior, we anticipate that this GPCR
mutagenesis strategy and library will be of use to a broad range
of fly brain neuroscientists, well beyond the circadian system
and the few other researchers who have already used them (52).

Materials and Methods

Fly Strains and Rearing. Flies used in this study are listed in S/ Appendix,
Table S1. All flies were raised at 25 °C in a temperature-controlled incubator in
LD 12:12 h.

Generation of Fly Lines. To generate UAS-guideRNA flies, we used the pCFD6
vector (addgene #73915, described in ref. 28). In short, we generated three
guides targeting the coding sequence of each GPCR. To identify possible target
sites and avoid off-target effects, we used the optimal target finder developed by
C. Dustin Rubinstein, Ed 0'Connor-Giles, and Kate M. O'Connor-Giles (53). Gene-
specific guide sequences were then incorporated into the primers (S Appendix,
Table S2), and the protocol described in ref. 28 was followed. Correct clones were
identified by colony PCR followed by Sanger sequencing. Plasmids were injected
into the attP1 site on the second chromosome (Bloomington Drosophila Stock
Center [BDSC]: 8621) by Rainbow Transgenic (Rainbow transgenic flies Inc.). Indi-
vidual flies were crossed to w’"™® (BDSC: 3605) and screened for red eye color.
Red eyed flies were balanced using w;Cy0/Sco; MKRS/TM6B (BDSC: 3703).

FACS Sorting of Drosophila Neurons. Neurons of interest were genetically
labeled with eGFP using nSyb-GAL4 (for all neurons) or clk856-GAL4 (for clock
neurons). About 2-wk-old male flies were entrained to the appropriate LD cycles.
Brains of flies of the appropriate genotypes were dissected at ZT02 and ZT14 in
ice-cold Schneider's medium (SM) and stored on ice until all dissections were
completed (about 10 for nSyb and 30 for clk856). Brains were incubated with an
enzyme solution (SM with 0.75ug/ul collagenase and 0.04 pg/ul dispase) at
room temperature (RT) for 30 mins and then washed with SM, and triturated in
SM. The volume was then brought up to ~1 mL and filtered through a 40-um
filter fitted on a FACS tube. GFP+ neurons of interest were isolated using the
FACS Melody instrument (BD) with sorting gates set by comparing to a GFP-
negative neuron sample. A total of 500 clock neurons or 1,000 nSyb neurons
were collected per sample in 100 pL lysis buffer (Dynabeads mRNA direct kit)
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and frozen on dry ice immediately after collection. Two sets of neurons were col-
lected from each dissociated sample.

cDNA Synthesis and Library Preparation for Bulk Sequencing. PonA
mRNA was isolated from the frozen cell samples using the Dynabeads mRNA
direct kit (Thermo fisher 61011). Subsequently, complementary DNA (cDNA) was
prepared using the method described in Picelli et al. (54). cDNA integrity and
concentration were assessed using a High Sensitivity DS000 ScreenTape (Agilent
5067-5592). A total of ~500 pg of (DNA was used as the input to make
sequencing libraries with the Illumina Nextera XT DNA Library Preparation Kit
(FC-131-1096) with nine PCR cycles. Final libraries were quantified on a High
Sensitivity D1000 ScreenTape on the TapeStation (5067-5584).

Libraries were run on the Illumina NextSeq 550 sequencing system. Reads
were aligned to the dmé version of the Drosophila genome using STAR (55).
PCR duplicates were removed using Picard Tools (Picard Toolkit 2019. Broad
Institute, GitHub Repository, https://broadinstitute.github.io/picard/; Broad Insti-
tute). Differential expression analysis between nSyb neurons and clock neurons
was performed using the Bioconductor package edgeR (33). Raw data were sub-
mitted to the Gene Expression Omnibus (GEO) repository and are available using
the accession number GSE202407.

scRNAseq Analysis. For details on scRNAseq procedures, refer to Ma et al.
(27). In order to identify differentially expressed GPCRs in clock neurons, we first
computed all marker genes in each cluster using the FindAlIMarkers function of
the Seurat package. Using a negative binomial generalized linear model, the
batch effect from sequencing depth and conditions was regressed out. We next
used an adjusted P value significance of 0.05 and fold change cutoff of 1.25.
GPCRs matching these criteria are regarded as differentially expressed in clock
neurons. Their expression was plotted by the ComplexHeatmap package.

Annotated single-cell clustering data were used as the basis for GPCR-based
reclustering using Seurat V4 in R (56). For the downstream analysis, only cells
from the 17 high-confidence annotated clusters were used. GPCR-based reclus-
tering was done by restricting the variable features to GPCRs by setting the fea-
tures argument of the ScaleData Seurat function to all genes identified as GPCRs
from Hanlon and Andrew (4) that were detectable in all timepoints. For the stan-
dard clustering, the FindVariableFeatures function with default settings was used
to determine variable genes.

For both approaches, principal components (PCs) were determined using the
RunPCA function, and the first 20 PCs were selected for clustering based on
visual inspection of the ElbowPlots. Communities were generated using the stan-
dard workflow functions FindNeighbors, FindClusters, and RunUMAP with default
settings. The resolution argument of the FindClusters argument was set at the
default of 0.8 after experimentation with resolutions as low as 0.5. Higher values
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for resolution and increased numbers of PCs did not improve clustering results
separately or in combination for the GPCR clustering.

The cell cluster identities published in Ma et al. (27) were stored in the Seurat
metadata and used to assess the correspondence between the annotated clusters
and the GPCR-based clustering. In general, the GPCR clusters correspond to a
single annotated cluster and vice versa. There are two exceptions, as follows: the
fusion of the two LNd clusters 9 and 12 into a single cluster and the fission of
the DN1p cluster 4 into two similarly sized clusters. The split of the DN1p cluster
is characterized by a nearly twofold difference in average levels of FMRFaR,
which is expressed in subsets of DN1p neurons.

Targeted Genomic Sequencing. To analyze the potency of our guide library,
we established a targeted genomic sequencing approach similar to the 16S
metagenomic sequencing library preparation protocol (lllumina 15044223). In
short, we generated three pairs of primers for each gene (S/ Appendix, Table S3).
Each pair of primers was designed to amplify 230- to 270-bp-long genomic
regions centered around the predicted guide cut sites. To analyze the potency of
our guide library to mutate genes in a cell-specific manner, we labeled the clock
network with GFP (c/k856 > EGFP) and expressed Cas9 along with the guide of
interest. We FACS sorted (see above) 2,000 GFP+ and 2,000 GFP— cells and
extracted DNA using a DNA extraction buffer. We then used this extract and per-
formed a PCR with all six primers for a gene of interest using an ExTaq polymer-
ase. After Dynabeads mediated cleanup, adapters were ligated followed by
another round of cleanup. Final libraries were quantified on a High Sensitivity
D1000 ScreenTape on the TapeStation (5067-5584). Libraries were then pooled
and sequenced using the miseq platform (Genewiz Inc.). Libraries were analyzed
using Crispresso2 (57).

Behavioral Analysis. Two- to 7-d-old male flies were individually placed into
glass tubes with food (2% agar, 4% sucrose) on one end and a plug to close the
tube on the other end. These tubes were subsequently placed into Drosophila
Activity Monitors (DAMs; Trikinetics Inc.), and a computer recorded the number
of infrared light beam interruptions in 1-min intervals. Flies were recorded for
1 wk in LD 12:12 followed by DD for another week. Each experiment was per-
formed at least twice.

To allow for proper entrainment to the LD cycle, we used the last 4 d of LD to
analyze sleep, defined as 5 min of inactivity (58, 59). We then created average
sleep profiles by averaging the amount of sleep across days and flies for each
genotype in half-hour bins. To analyze sleep in more detail, we split the sleep
amount into four sections of 6 h each, as follows: moring (ZT21 to Z13), siesta
(213 and Z19), evening (ZT9 and ZT15), and night (ZT15 to Z121). Individual val-
ues were plotted as scatter plots, and statistical analysis was performed using a
one-way ANOVA followed by a post hoc Tukey test (http://www.astatsa.com). P <
0.05 compared to all control groups was considered significant.
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To analyze changes in rhythmicity, we performed a y° analysis for thythmicity
and analyzed the speed of the clock. Individual values were compared using a
one-way ANOVA followed by a post hoc Tukey test (astatsa.com); P < 0.05 com-
pared to all control groups was considered statistically significant.

Immunohistochemistry. Two- to 7-d-old male flies were fixed for 2 h 45min
in 4% PFA in PBST (phosphate buffered saline including 0.5% TritonX). After rins-
ing 5% for 10 min each in PBST, brains were dissected and blocked for 2 h in
5% normal goat serum in PBST. Primary antibodies were applied overnight at
RT. Primary antibodies were the following: chicken anti-GFP (1:1,500, abcam),
rabbit anti-PER (1:1,000; 60), mouse anti-PDF (1:1,000, DSHB), and rat anti-RFP
(1:500, chromotec). After rinsing 5x with PBST, secondary antibodies (1:200,
Alexa Fluor, Fisher Scientific) were applied for 2 h at RT followed by rinsing 5x
for 10 min each with PBST. Brains were subsequently mounted on glass slides
using Vectashield mounting medium (Vector laboratories) and imaged using the
Leica SP5 confocal microscope. For PER quantification we used a 3x3-pixel area
to determine the staining intensity of neurons and corrected by measuring three
different background intensities as previously described (61).

Neuronal Tracing using trans-Tango. The trans-Tango technique allows for
anterograde transsynaptic tracing (43). UAS-RFP, transTango, QUAS-GCaMP flies
were crossed to either TH-GAL4 (SI Appendix, Fig. S9) or per-AD Vglut-DBD split
GAL4 (Fig. 5B) flies to identify the respective downstream targets. The upstream
neurons (TH-GAL4 or per-AD Vglut-DBD) were labeled with RFP, whereas their
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flies were stained using anti-GFP (to visualize GCaMP) and anti-period (to iden-
tify clock neurons) using the immunostaining protocol described above.

Data Availability. RNAseq data have been deposited in GEO (GSE202407) (62).

ACKNOWLEDGMENTS. We want to thank Dr. R. Stanewsky, Dr. Y Rao, Dr.
R. Allada, and Dr. C. Helfrich-Forster for their fly lines and antibodies. We also
want to thank Dr. P. Ganrity, Dr. D. Rogulja, and Dr. E. Levitan for comments on
an earlier version of this manuscript. A special thank you to Dr. K. Clement for
the help with setting up Crispresso2 on our server. The PDF antibody developed
by Dr. J. Blau was obtained from the Developmental Studies Hybridoma Bank,
created by the National Institute of Child Health and Human Development
(NICHD) of the NIH and maintained at The University of lowa, Department of
Biology, lowa City, 1A 52242. The pCFD6 plasmid was generated by Dr. F. Port
and Dr. S. Bullock. Stocks obtained from the Bloomington Drosophila Stock Cen-
ter (NIH P400D018537) were used in this study. M.S. was funded by a Research
Fellowship of the German Research Foundation (DFG). This study was further
funded by the Howard Hughes Medical Institute.

14. B.Grima, E. Chélot, R. Xia, F. Rouyer, Morning and evening peaks of activity rely on different clock
neurons of the Drosophila brain. Nature 431, 869-873 (2004).

15. D. Stoleru, Y. Peng, J. Agosto, M. Rosbash, Coupled oscillators control morning and evening
locomotor behaviour of Drosophila. Nature 431, 862-868 (2004).

16. Y. Shang, L. C. Griffith, M. Rosbash, Light-arousal and circadian photoreception circuits intersect
at the large PDF cells of the Drosophila brain. Proc. Natl. Acad. Sci. U.S.A. 105, 19587-19594
(2008).

17. V. Sheeba et al., Large ventral lateral neurons modulate arousal and sleep in Drosophila. Curr. Biol.
18, 1537-1545(2008).

18. T.Yoshii et al., The neuropeptide pigment-dispersing factor adjusts period and phase of
Drosophila’s clock. J. Neurosci. 29, 2597-2610 (2009).

19. H. Kaneko et al., Circadian rhythm of temperature preference and its neural control in Drosophila.
Curr. Biol. 22, 1851-1857 (2012).

20. S.Veleri, C. Brandes, C. Helfrich-Forster, J. C. Hall, R. Stanewsky, A self-sustaining, light-
entrainable circadian oscillator in the Drosophila brain. Curr. Biol. 13, 1758-1767 (2003).

21. E. A Nettnin, T.R. Sallese, A. Nasseri, S. Saurabh, D. J. Cavanaugh, Dorsal clock neurons in
Drosophila sculpt locomotor outputs but are dispensable for circadian activity rhythms. iScience
24,103001 (2021).

22. A Klarsfeld et al., Novel features of cryptochrome-mediated photoreception in the brain circadian
clock of Drosophila. J. Neurosci. 24, 1468-1477 (2004).

23. Z.Yao, A.J. Bennett, J. L. Clem, 0.T. Shafer, The Drosophila clock neuron network features diverse
coupling modes and requires network-wide coherence for robust circadian rhythms. Cell Rep. 17,
2873-2881(2016).

24. F.Guo, M. Holla, M. M. Diaz, M. Roshash, A circadian output circuit controls sleep-wake arousal in
Drosophila. Neuron 100, 624-635.e4 (2018).

25. F.Guo etal, Circadian neuron feedback controls the Drosophila sleep-activity profile. Nature 536,
292-297(2016).

26. A Lamaze, P. Kratschmer, K.-F. Chen, S. Lowe, J. E. C. Jepson, A wake-promoting circadian output
circuit in Drosophila. Curr. Biol. 28, 3098-3105.e3 (2018).

pnas.org


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2206066119/-/DCSupplemental
http://www.astatsa.com
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2206066119/-/DCSupplemental
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE202407

N

28.
29.
30.

31

32.
33
34.
35.
36.
37.
38.
39.
40.

41.

43.

44,

PNAS 2022 Vol.119 No. 34

7.

D. Ma et al., Atranscriptomic taxonomy of Drosophila circadian neurons around the clock. eLife 10,
€63056(2021).

F. Port, S. L. Bullock, Augmenting CRISPR applications in Drosophila with tRNA-flanked sgRNAs.
Nat. Methods 13, 852-854 (2016).

R. Delventhal et al., Dissection of central clock function in Drosophila through cell-specific
CRISPR-mediated clock gene disruption. eLife 8, ¢48308 (2019).

M. Schlichting, M. M. Diaz, J. Xin, M. Rosbash, Neuron-specific knockouts indicate the importance
of network communication to Drosophila thythmicity. eLife 8, 48301 (2019).

N. Bulthuis, K. R. Spontak, B. Kleeman, D. J. Cavanaugh, Neuronal activity in non-LNv clock cells is
required to produce free-running rest: Activity thythms in Drosophila. J. Biol. Rhythms 34,
249-271(2019).

K. C. Abruzzi et al., RNA-seq analysis of Drosophila clock and non-clock neurons reveals neuron-
specific cycling and novel candidate neuropeptides. PLoS Genet. 13, €1006613 (2017).

M. D. Robinson, D. J. McCarthy, G. K. Smyth, edgeR: A Bioconductor package for differential
expression analysis of digital gene expression data. Bioinformatics 26, 139-140 (2010).

B. Deng et al., Chemoconnectomics: Mapping chemical transmission in Drosophila. Neuron 101,
876-893.e4 (2019).

S. Hyun et al., Drosophila GPCR Han is a receptor for the circadian clock neuropeptide PDF. Neuron
48,267-278(2005).

M. Schlichting et al., Light-mediated circuit switching in the Drosophila neuronal clock network.
Curr. Biol. 29, 3266-3276.e3 (2019).

C. Kistenpfennig et al., A New rhodopsin influences light-dependent daily activity patterns of fruit
flies. J. Biol. Rhythms 32, 406-422 (2017).

K. Kume, S. Kume, S. K. Park, J. Hirsh, F. R. Jackson, Dopamine is a regulator of arousal in the fruit
fly. J. Neurosci. 25, 7377-7384 (2005).

M. N. Wu, K. Koh, Z. Yue, W. J. Joiner, A. Sehgal, A genetic screen for sleep and circadian mutants
reveals mechanisms underlying regulation of sleep in Drosophila. Sleep 31, 465-472 (2008).

T. Riemensperger et al., Behavioral consequences of dopamine deficiency in the Drosophila central
nervous system. Proc. Natl. Acad. Sci. U.S.A. 108, 834-839 (2011).

D. Pimentel et al., Operation of a homeostatic sleep switch. Nature 536, 333-337 (2016).

R.J. Konopka, S. Benzer, Clock mutants of Drosophila melanogaster. Proc. Natl. Acad. Sci. U.S.A.
68,2112-2116 (1971).

M. Talay et al., Transsynaptic mapping of second-order taste neurons in flies by trans-tango.
Neuron 96, 783-795.e4 (2017).

W.-M. Qu et al., Essential role of dopamine D2 receptor in the maintenance of wakefulness, but not
in homeostatic regulation of sleep, in mice. J. Neurosci. 30, 4382-4389 (2010).

€2206066119

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

57.

58.
59.

60.

61.

62.

C. S. Karam, B. L. Williams, S. K. Jones, J. A. Javitch, The role of the dopamine transporter in the
effects of amphetamine on sleep and sleep architecture in Drosophila. Neurochem. Res. 417,
177-189 (2021).

D. Ono, K-I. Honma, S. Honma, Roles of neuropeptides, VIP and AVP, in the mammalian central
circadian clock. Front. Neurosci. 15, 650154 (2021).

A. Lamaze, R. Stanewsky, DN1p or the “Fluffy" cerberus of clock outputs. Front. Physiol. 10, 1540
(2020).

A. Chatterjee et al., Reconfiguration of a Multi-oscillator Network by Light in the Drosophila
Circadian Clock. Curr. Biol. 28, 2007-2017.¢4 (2018).

F. Fernandez-Chiappe et al., Dopamine signaling in wake promoting clock neurons is not required
for the normal regulation of Sleep in. J. Neurosci. 40, 9617-9633 (2020).

0.T. Shafer et al., Widespread receptivity to neuropeptide PDF throughout the neuronal
circadian clock network of Drosophila revealed by real-time cyclic AMP imaging. Neuron 58,
223-237(2008).

Y. Li, F. Guo, J. Shen, M. Rosbash, PDF and cAMP enhance PER stability in Drosophila clock
neurons. Proc. Natl. Acad. Sci. U.S.A. 111, E1284-E1290 (2014).

K. Vogt et al., Internal state configures olfactory behavior and early sensory processing in larvae. Sci
Adv7(2021).

S.J. Gratz et al., Highly specific and efficient CRISPR/Cas9-catalyzed homology-directed repair in
Drosophila. Genetics 196, 961-971(2014).

S. Picelli et al., Full-length RNA-seq from single cells using Smart-seq2. Nat. Protoc. 9, 171-181
(2014).

A. Dobin et al., STAR: Ultrafast universal RNA-seq aligner. Bioinformatics 29, 15-21(2013).

Y. Hao et al., Integrated analysis of multimodal single-cell data. Cell 184, 3573-3587.629 (2021).
K. Clement et al., CRISPResso2 provides accurate and rapid genome editing sequence analysis.
Nat. Biotechnol. 37, 224-226 (2019).

J. C. Hendricks et al., Rest in Drosophila is a sleep-like state. Neuron 25, 129-138 (2000).

P.J. Shaw, C. Cirelli, R. J. Greenspan, G. Tononi, Correlates of sleep and waking in Drosophila
melanogaster. Science 287, 1834-1837 (2000).

R. Stanewsky et al., The cryb mutation identifies cryptochrome as a circadian photoreceptor in
Drosophila. Cell 95, 681-692 (1998).

P. Menegazzi et al., Drosophila clock neurons under natural conditions. J. Biol. Rhythms 28, 3-14
(2013).

M. Schlichting et al., Dopamine and GPCR-mediated modulation of DN1 clock neurons gates the
circadian timing of sleep.GEO. https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE202407.
Deposited 6 May 2022.

https://doi.org/10.1073/pnas.2206066119

11 of 11


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE202407

