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Abstract

The circadian system produces ~24-hr oscillations in behavioral and physiological pro-
cesses to ensure that they occur at optimal times of day and in the correct temporal order.
At its core, the circadian system is composed of dedicated central clock neurons that keep
time through a cell-autonomous molecular clock. To produce rhythmic behaviors, time-of-
day information generated by clock neurons must be transmitted across output pathways to
regulate the downstream neuronal populations that control the relevant behaviors. An
understanding of the manner through which the circadian system enacts behavioral rhythms
therefore requires the identification of the cells and molecules that make up the output path-
ways. To that end, we recently characterized the Drosophila pars intercerebralis (PI) as a
major circadian output center that lies downstream of central clock neurons in a circuit con-
trolling rest:activity rhythms. We have conducted single-cell RNA sequencing (scRNAseq)
to identify potential circadian output genes expressed by PI cells, and used cell-specific
RNA interference (RNAI) to knock down expression of ~40 of these candidate genes selec-
tively within subsets of Pl cells. We demonstrate that knockdown of the slowpoke (slo)
potassium channel in PI cells reliably decreases circadian rest:activity rhythm strength.
Interestingly, slo mutants have previously been shown to have aberrant rest:activity
rhythms, in part due to a necessary function of slo within central clock cells. However, res-
cue of sloin all clock cells does not fully reestablish behavioral rhythms, indicating that
expression in non-clock neurons is also necessary. Our results demonstrate that s/o exerts
its effects in multiple components of the circadian circuit, including Pl output cells in addition
to clock neurons, and we hypothesize that it does so by contributing to the generation of
daily neuronal activity rhythms that allow for the propagation of circadian information
throughout output circuits.

Introduction

Behavioral circadian rhythms depend on dedicated clock neurons in the brain that track time

of day through the function of a molecular circadian clock. In the fruit fly, Drosophila melano-
gaster, there are ~150 central clock neurons in the brain, as determined by expression of com-
ponents of the molecular clock. These clock neurons include the large and small ventral lateral
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neurons (ILNv and sLNv, respectively), the dorsal lateral neurons (LNd), the lateral posterior
neurons (LPN), and three groups of dorsal neurons (DN1, DN2 and DN3) [1]. In addition to
clock cells in the brain, molecular clocks have been identified in numerous peripheral tissues,
where they are thought to regulate circadian control of tissue-specific functions [2, 3].

It is hypothesized that central clock neurons modulate behavior through neuronal connec-
tivity with downstream output regions. Thus, an understanding of circadian control of behav-
ior necessitates identification of output cell populations. We recently demonstrated that the
pars intercerebralis (PI), functional equivalent of the mammalian hypothalamus, comprises a
major circadian output center in Drosophila [4, 5]. The PI can be divided into several distinct
neuronal subtypes that differ in terms of neuropeptide expression, projection patterns, and
function [6]. Interestingly, these subtypes contribute differentially to circadian control of
behavior and physiology. PI neurons that express the neuropeptide SIFamide (SIFa) project
broadly throughout the brain and ventral nerve cord [5, 7, 8], and manipulations of these cells
affect circadian rest:activity and feeding:fasting rhythms [4, 5]. A distinct subset expressing the
neuropeptide diuretic hormone 44 (DH44), a homolog of the mammalian corticotropin-
releasing factor, has a more circumscribed projection pattern [5, 6] and appears to selectively
regulate rest:activity but not feeding:fasting rhythms [5, 9]. Finally, a third subset known as the
insulin-producing cells (IPCs), which is defined by expression of the Drosophila insulin-like
peptides (DILPs), is dispensable for both rest:activity and feeding:fasting rhythms [4, 5], and
may instead mediate interactions between central and peripheral clock tissues [10].

A major question is how circadian information generated by clock cells is conveyed across
output circuits to ultimately control behavioral and physiological processes. Because PI cells
lack molecular clocks, their ability to transmit circadian information likely relies on cyclic
inputs from central clock cells. Consistent with this idea, PI output cells have been shown to
receive synaptic inputs from clock neurons [5, 10]. In flies and mammals, central clock neu-
rons exhibit rhythms of cell excitability that result from oscillations in gene expression under
control of the molecular clock [11-17], thus translating the ticking of the molecular clock into
cyclic neuronal outputs. More recently, several groups have reported oscillations in neuronal
activity in multiple putative circadian output cell populations in Drosophila, including
DH44-expressing PI cells [10, 18-20]. Notably, these oscillations are under control of the cen-
tral brain clock [19, 20], which supports a model in which neuronal activity rhythms are first
generated in clock cells via molecular clock mechanisms and then propagated to downstream
output cells to impose circadian modulation on behavioral processes. This model is consistent
with the fact that constitutive activation or inhibition of different output cell populations,
which would abrogate clock-driven neuronal activity rhythms in these cells, drastically
decreases rest:activity rhythm strength [4, 5, 9, 19].

In addition to pinpointing output cell populations and tracing circuits controlling distinct
behaviors, it is also essential to understand the molecular mechanisms that confer upon output
cells the ability to transmit circadian information. This includes identification of circadian out-
put genes that contribute to circadian rhythms without affecting molecular clock function. To
date, few circadian output genes have been linked to regulation of behavioral rhythms, and
most of these act within core clock neurons themselves, rather than downstream output areas
[21, 22]. Identification of output genes will enhance our understanding of the function of out-
put circuits, and furthermore will provide insight into the health consequences associated with
circadian disruption and aging. For example, the fragmentation of sleep-wake cycles that
occurs with aging is associated with a gradual reduction in circadian rhythm strength that
results in part from decreased coupling between the central clock and output pathways [23,
24]. Output genes likely play an important role in this process.
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Here, we sought to identify circadian output genes that function in PI cells to control
behavioral rest:activity rhythms. We predicted that the ability of PI cells to propagate circadian
information depends on the expression in output cells of 1) receptors for neuropeptides and
neurotransmitters that are released from central clock cells, 2) ion channels and intracellular
signaling molecules that regulate neuronal excitability, and 3) neuropeptides and neurotrans-
mitters that are released from output neurons to communicate with downstream components
of the output circuit. We therefore performed scRNAseq to identify candidate neuronal signal-
ing molecules expressed by PI output cells, and conducted behavioral rest:activity monitoring
following PI-specificRNAi-mediated knockdown of these molecules. Through these experi-
ments, we identify a role for the slowpoke potassium channel in specific PI cell subsets as a crit-
ical regulator of circadian rest:activity outputs.

Materials and methods
Fly lines

We ordered the following fly lines from the Bloomington Drosophila Stock Center (BDSC):
C767-GAL4 (RRID:BDSC_30848), UAS-Dicer2 (RRID:BDSC_24650 and RRID:
BDSC_24651), UAS-nlsGFP (RRID:BDSC_7032), UAS-mCD8::GFP (RRID:BDSC_5130), and
DILP2-GAL4 (RRID:BDSC_37516). We ordered DH44-GAL4 (VT ID 039046) from the
Vienna Drosophila Resource Center (VDRC) [25]. SIFa-GAL4 [8], kurs58-GAL4
(FBti0017957) [26] and Dilp2mCherry (FBti0202307) [5] were gifts from Amita Sehgal.
C929-GAL4 (FBti0004282) [27] was a gift from Paul Taghert. We obtained RNAi lines for
behavioral screening from the VDRC and the BDSC (see S1 File for a complete list of RNAi
lines) [28, 29].

Single-cell RNA sequencing

We used a single-cell transcriptional profiling approach to identify potential circadian output
genes expressed by relevant PI cell populations. The PI is comprised of ~30 cells, but only spe-
cific subsets have been implicated in control of rest:activity rhythms. Because the 14 DILP-
expressing PI cells do not appear to contribute to rest:activity regulation [4, 5], we sought to
target non-DILP-expressing PI cells for single-cell sequencing following GFP-guided cell cap-
ture. To identify the cells of interest, we drove GFP expression with either of two GAL4 lines,
kurs58-GAL4 or C767-GAL4, which are both active in non-DILP-expressing PI cells [5]. Nota-
bly, constitutive neuronal activation under the control of either kurs58-GAL4 or C767-GAL4
compromises rest:activity rhythm strength, confirming the relevance of these cells [5]. The
flies used for single-cell capture also included a Dilp2mCherry construct, which selectively
labels the DILP-expressing PI cells. This served two purposes: first, Dilp2mCherry acted as a
landmark to aid in PI localization; second, it allowed us avoid selecting DILP-expressing cells,
which could be easily identified based on their mCherry fluorescence (see Fig 1A-1C).

We performed single-cell sequencing analysis on a total of 5 PI cells that were labeled by
either kurs58-GAL4 or C767-GAL4. Following analysis, one cell was excluded due to indis-
criminate mapping of reads. Kurs58-GAL4/Dilp2mCherry; UAS-mCD8::GFP/+ or UAS-
nlsGFP /Dilp2mCherry; ¢767-GAL4/+ flies were anesthetized briefly with CO,, glued down
onto a 35mm tissue culture dish (Falcon), and head cuticle was dissected off to expose the
brain. Flies were submerged in HL3.1 [30] during cell harvesting. PI cells were visualized with
an inverted microscope (Olympus BX61WI) with LUMPlanFl immersion objectives (20 x
/0.50W and 40 x /0.80W). Since other cell types, in addition to PI cells, are labeled by GFP in
both kurs58-GAL4 and C767-GAL4 flies, we used mCherry fluorescence to locate the PI, and
only selected GFP-expressing cells adjacent to mCherry cells.
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Fig 1. Single PI cell harvesting for RNA sequencing analysis. (A) Fluorescence microscopy image of a UAS-nlsGFP
/Dilp2mCherry; C767-GAL4/+ fly prepared for PI cell harvesting. Head cuticle between eyes has been removed,
revealing the dorsal surface of the brain. Arrow points to PI region. (B) Schematic showing different PI cell types. On
the left, one hemisphere of the fly brain is depicted. kurs58-GAL4 and C767-GAL4 (green circles) are largely restricted
to the non-DILP-expressing PI neurons. DILP-expressing neurons are depicted in orange. The neurochemical makeup
of the different PI cells is detailed on the right. In each hemisphere, there are ~7 DILP-expressing PI cells (orange
cirlces) and ~10 kurs58/C767-GAL4-expressing PI cells (green circles). The neuropeptides DH44 and SIFa are present
in non-overlapping populations of the kurs58/C767-GAL4-expressing cells. 3 of these cells express DH44 (green circles
with blue interior); 2 express SIFa (green circles with magenta interior). (C) Closeup of the PI region showing two
GFP-expressing PI cells (top) that were harvested for single-cell sequencing. Sequential images were taken before and
after harvesting each cell. Nearby Dilp2mCherry-expressing cells were unaffected (bottom).

https://doi.org/10.1371/journal.pone.0249215.9001

We used a fine-tipped glass micropipette for cell harvesting. The micropipette was inserted
into a pipet holder and connected by flexible tubing to a 1 mL syringe. Using a micromanipu-
lator, we slowly advanced the micropipette towards the PI region. To avoid collecting cellular
debris while advancing through brain tissue, we maintained light positive pressure by blowing
through the syringe. Once the micropipette was just touching the soma of the cell of interest,
we applied gentle mouth suction until the cell entered the pipet tip. We then broke off the tip
containing the harvested cell into a 1.7 mL microcentrifuge tube and immediately processed
the contents for antisense RNA amplification.

Single-cell RNA was processed through three rounds of antisense RNA amplification [31],
and libraries were made from the amplified material using Illumina Truseq v2 reagents. 100
base pair, single-end RNA sequencing was performed by the Institute for Diabetes, Obesity
and Metabolism Functional Genomics Core at the University of Pennsylvania. Approximately
10 million raw reads were obtained per sample. PolyA, adapter and low quality sequences were
trimmed with Trim Galore (https://github.com/FelixKrueger/TrimGalore) and PRINSEQ
[32]. Following filtering >90.42% of reads remained for each sample.
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Reads were mapped to Dmel Reference Genome (dmé6) with RNA Star [33] in Galaxy
(using the public Galaxy server at usegalaxy.org). Drosophila_melanogaster. BDGP6.87.gtf was
used for the annotation file. ~60-85% of reads were uniquely mapped across all samples.
Mapped reads were normalized to reads per million (RPM) for each sample (based on total
unique mapped reads that could be unambiguously assigned to a gene), and log2 transformed
(RPM +1). For identification of candidate signaling genes, we defined significant expression
as > 1 RPM. This relatively low threshold reflects the fact that many signaling genes, in partic-
ular receptor molecules, are expressed at comparatively low levels [34].

Because the aRNA amplification process results in extreme 3’ bias of reads (due to the use
of oligo(dT) primers for first-strand cDNA synthesis) and because our libraries were
unstranded, mapping was ambiguous if genes on different strands had overlapping 3’ ends.
Ambiguous reads are not assigned to either gene, resulting in potential underestimate of abun-
dance of such genes. We therefore manually inspected each gene of interest for 3’ overlap, and
additionally used MMQuant [35] to identify reads that ambiguously mapped to multiple
genes. Tables 1-3 indicate any potential underestimation of gene expression by italicizing gene
expression values of genes for which there were ambiguously mapped reads due to 3’ overlap.

Rest:Activity rhythm analysis

Flies were raised on cornmeal-molasses medium and were entrained to a 12:12 Light-Dark
(LD) cycle at 25°C prior to behavioral experiments. Following entrainment, individual ~7 d
old male flies were loaded into glass tubes containing 5% sucrose and 2% agar for locomotor
activity analysis with the Drosophila Activity Monitoring (DAM) System (Trikinetics, Wal-
tham MA). DAMS monitoring was conducted at 25°C in constant dark (DD) conditions and
data were acquired every minute. For each individual fly, rest:activity rhythm period and
strength (power) were determined for days 2-7 of DD with ClockLab software (Actimetrics,
Wilmette IL) using chi-square periodogram analysis. Rhythm power was calculated as the
amplitude of the periodogram line at the dominant period minus the chi-square significance
line (at a significance of p < 0.01). Flies that died during the course of behavioral monitoring
were identified via visual inspection of activity records and removed from analysis. All flies
that survived through the end of the one-week monitoring period were included in mean rest:
activity power determination. Because rhythm strength cannot be negative, flies with a calcu-
lated power < 0 were assigned a power of 0 for subsequent analysis. Representative individual
activity records displayed in figures were selected to have a rhythm power that fell within the
95% confidence interval of the mean for a given genotype. Only rhythmic flies (defined as a
power > 100), were included in period estimation.

The SIFa/DH44-GAL4 line used for behavioral screening contains a combination of SIFa-
GAL4 and DH44-GAL4 to drive RNAIi expression selectively in 10 cells of the PI, and also
includes UAS-Dicer2 to increase RNAi efficiency. The full genotype of this line is SIFa-GAL4,
UAS-Dicer2; DH44-GAL4. All components of this line were created in or outcrossed > 5
times to the iso>! (isogenic w''®) stock [36]. In our initial screen, SIFa/DH44-GALA4 flies were
crossed to UAS-RNAI flies to create experimental lines. Controls consisted of the DH44/SIFa-
GAL4 line crossed to the iso”" stock. We conducted two independent behavioral experiments
for each experimental line (each experiment with ~16 flies per genotype), and pooled results
for analysis. Because GAL4 control flies were run alongside experimental lines in each run, the
n for this group is substantially larger than that of the experimental groups. For retests with the
sss and slo RNAI lines, we conducted ~5 independent behavioral experiments for each geno-
type (each experiment with ~16 flies per genotype), and pooled results for analysis. In rescreen
experiments, we compared each experimental to two genetic controls: in addition to the GAL4
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Table 1. Circadian receptor gene expression in PI output cells.

Gene Name | Flybase Gene Number (FBgn) | Cell 1 | Cell 2 | Cell 3 Cell 4 Tested in RNAi screen?
- -Acetylcholine Receptors- -
nicotinic Acetylcholine Receptor al (96Aa) FBgn0000036 6.16 ’ 1.37 X
nicotinic Acetylcholine Receptor a2 (96Ab) FBgn0000039
nicotinic Acetylcholine Receptor o3 (7E)* FBgn0015519 X
nicotinic Acetylcholine Receptor o4 (80b) FBgn0266347 X
nicotinic Acetylcholine Receptor o5 (34E) FBgn0028875 X
nicotinic Acetylcholine Receptor a6 (30d) FBgn0032151 X
nicotinic Acetylcholine Receptor a7 (18C) FBgn0086778 X
nicotinic Acetylcholine Receptor B1 (64B) FBgn0000038 X
nicotinic Acetylcholine Receptor 2 (96A) FBgn0004118
nicotinic Acetylcholine Receptor B3 (21C)* FBgn0031261
muscarinic Acetylcholine Receptor, A-type (60C)* FBgn0000037
muscarinic Acetylcholine Receptor, B-type FBgn0037546
muscarinic Acetylcholine Receptor, C-type FBgn0029909
RIC3 acetylcholine receptor chaperone FBgn0050296
- -Glutamate Receptors- -
DmGIuRA FBgn0019985
dNR1/ NMDAR-I FBgn0010399
dNR2/ NMDAR-II FBgn0053513
GluRI/GIuRIA FBgn0004619
GIuRIB FBgn0264000
GIluRITA FBgn0004620
GluRIIB FBgn0020429
GIuRIIC/GIuRIII FBgn0046113
GIuRIID FBgn0028422
GIuRIIE FBgn0051201 X
clumsy/GluR39B FBgn0026255
KaiR1C/Grik FBgn0038840
KaiR1D FBgn0038837
CG11155 FBgn0039927 529 X
Ekar/CG9935 FBgn0039916 | 314 | X
GluCl FBgn0024963 288 | x
Neto FBgn0265416
Nmdal* FBgn0013305 X
--Glycine Receptors- -
Grd* FBgn0001134 -
CG12344" FBgn0033558 e
CG7589 FBgn0036727 671 |
- -Peptide Receptors- -
AStCRI FBgn0036790
AstC-R2 FBgn0036789
CCHal-R FBgn0050106
CCHa2-R FBgn0033058
Dh31-R1 FBgn0052843
Dh44-R1 FBgn0033932
Dh44-R2* FBgn0033744
Lkr FBgn0035610
(Continued)
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Table 1. (Continued)

Gene Name Flybase Gene Number (FBgn) Tested in RNAi screen?
NPFR FBgn0037408
Pdfr FBgn0260753 X
PK2-R1 FBgn0038140
PK2-R2 FBgn0038139
SIFaR FBgn0038880
sNPF-R FBgn0036934 X

Numbers are log2-transformed reads per million.

* indicates mapping ambiguity due to overlapping 3’ region. Italics indicates a potential underestimation of actual read number due to this ambiguity. Shading indicates

relative gene expression level, with hotter colors representing higher expression levels.

https://doi.org/10.1371/journal.pone.0249215.t001

control used in the initial screen, we also included a UAS control, which consisted of each
UAS-RNAi line crossed to the iso®" stock.

For other behavioral experiments, we assessed the effect of RNAi-mediated knockdown in
subsets of PI cells using the ¢929-GAL4 and DILP2-GAL4 drivers. These GAL4 lines were
combined with a third chromosome UAS-Dicer2 line to create the following stocks:
€929-GAL4; UAS-Dicer2; and DILP2-GAL4; UAS-Dicer2. The resultant stocks were crossed
with UAS-RNAI lines to create experimental flies that were compared with GAL4 and UAS
controls, which consisted of the GAL4 or UAS-RNAi lines crossed to the iso”" stock. For these
experiments, we ran 2-4 independent behavioral experiments for each genotype (each experi-
ment with ~16 flies per genotype), and pooled results for analysis.

Immunohistochemistry

Adult (~7d old) fly brains were dissected in phosphate-buffered saline with 0.1% Triton-X
(PBST) and fixed in 4% formaldehyde for 20-35 min. Brains were rinsed 3 X 15 min with
PBST, blocked for 60 min in 5% normal donkey serum in PBST (NDST), and incubated for 24
hrs at RT in rabbit anti-GFP (Molecular Probes A-11122) diluted 1:1000 in NDST. Brains were
then rinsed 3 X 15 min in PBST, incubated for 24 hrs in FITC donkey anti-rabbit (Jackson
711-095-152) diluted 1:1000 in NDST, rinsed 3 X 15 min in PBST, cleared for 5 min in 50%
glycerol in PBST, and mounted in Vectashield. Immunolabeled brains were visualized with a
Fluoview 1000 confocal microscope (Olympus).

Statistical analysis

Statistical analysis was performed with GraphPad Prism 8.4.3 software (La Jolla, CA). One-
way ANOVA with Dunnett’s multiple comparisons test was used to compare each experimen-
tal line to the common GAL4 control in our initial screen. One-way ANOVA with Tukey’s
multiple comparisons test was used to compare each experimental line with both GAL4 and
UAS controls in subsequent behavioral experiments. For all analyses, p < 0.05 was considered
significant.

Results

PI cell expression of receptors for neuropeptides and small molecular
neurotransmitters implicated in circadian rhythm regulation

We previously demonstrated that non-DILP-expressing PI cells comprise essential compo-
nents of a circadian output circuit controlling rest:activity rhythms [4, 5]. To better understand
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Table 2. Non-circadian receptor gene expression in PI output cells.

Gene Name Flybase Gene Number (FBgn) | Cell 1 Cell 2 Cell 3 Cell 4 Tested in RNAi Screen?
--Dopamine Receptors- -
DoplR1 FBgn0011582 4.76 4.60
DoplR2 FBgn0266137
Dop2R FBgn0053517
DopEcR FBgn0035538
--GABA Receptors- -
Rdl FBgn0004244
GABA-B-R1 FBgn0260446
GABA-B-R2 FBgn0027575
GABA-B-R3 FBgn0031275
--Histamine Receptors- -
HisCl1 FBgn0037950
ort FBgn0003011
--Octopamine Receptors- -
oamb FBgn0024944
OctB1R FBgn0038980
OctB2R FBgn0038063
OctB3R FBgn0250910
Oct-TyrR FBgn0004514
Octo2R FBgn0038653 3.20 6.71 5.10 6.33
AdoR* FBgn0039747
AKkhR FBgn0025595
AstA-R1 FBgn0266429
AstA-R2 FBgn0039595
capaR FBgn0037100
CCAP-R FBgn0039396
CCKLR-17D1 FBgn0259231
CCKLR-17D3 FBgn0030954
CNMaR FBgn0053696
CrzR FBgn0036278
ETHR FBgn0038874
FMRFaR FBgn0035385
InR FBgn0013984
LpR1 FBgn0066101
LpR2 FBgn0051092
PK1-R FBgn0038201
Proc-R FBgn0029723
rk* FBgn0003255
RYa-R FBgn0004842
SPR* FBgn0029768
TakR86C FBgn0004841
TkR99D FBgn0004622
--Serotonin Receptors--
5-HT1A FBgn0004168
5-HT1B FBgn0263116
5-HT2A FBgn0087012
(Continued)
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Table 2. (Continued)

Gene Name Flybase Gene Number (FBgn) ‘ Cell 1 Cell 2 Cell 3 Cell 4 Tested in RNAi Screen?

5-HT2B FBgn0261929

5-HT7 FBgn0004573

- -Tyramine Receptors- -

TyR FBgn0038542 |
TyRIT FBgn0038541 |

--Other- -
E75 FBgn0000568 8.32 8.32 X
E78 FBgn0004865 2.88 3.19
EcR FBgn0000546 6.99 6.88 8.11 X
Egfr FBgn0003731 3.07 6.51 4.82 X

Numbers are log2-transformed reads per million.

* indicates mapping ambiguity due to overlapping 3’ region. Italics indicates a potential underestimation of actual read number due to this ambiguity. Shading indicates

relative gene expression level, with hotter colors representing higher expression levels.

https://doi.org/10.1371/journal.pone.0249215.t1002

the genetic and molecular mechanisms through which these cells regulate circadian behavioral
rhythms, we harvested individual non-DILP-expressing output cells from intact Drosophila
brains (Fig 1A-1C), and performed scRNAseq to determine their transcriptional profile. In
initial studies (reported in [4, 5]), we investigated the role of neuropeptides in rhythmic behav-
iors, and found two peptides whose expression in PI cells is necessary for robust rest:activity
rhythms: DH44 and SIFa. Here, we further analyzed our sequencing results to identify other
signaling molecules expressed by PI output cells that could underlie their ability to transmit
circadian information.

Because PI cells lack molecular clocks, they must receive time-of-day information from
core clock cells. We previously demonstrated that both DH44- and SIFa-expressing PI cells are
anatomically connected to DN1 clock cells [5], however, it is unclear whether these connec-
tions constitute functionally significant synaptic inputs. Furthermore, it is unknown to what
extent other clock cell populations provide inputs to PI cells, though it has long been appreci-
ated that multiple groups of clock cells extend neuronal processes in close proximity to PI cell
bodies and dendrites [37, 38]. Since many clock cells signal via release of neuropeptides, it is
also possible that communication with PI cells could result from long-distance diffusion from
processes not in close apposition to PI cells. To better understand potential clock cell regula-
tion of PI output cells, we therefore mined our RNA sequencing dataset to look for expression
of receptors for the major neuropeptides and small molecule neurotransmitters known to be
released by central clock cells.

Central clock neurons use a variety of peptide neurotransmitters, including pigment dis-
persing factor (Pdf), which is expressed by sSLNvs [39, 40], neuropeptide F (NPF), short neuro-
peptide F (sNPF) and ion transport peptide (ITP), which are expressed by subsets of LNvs and
LNds [41], and DH31, Allatostatin-C and CCHlamide, which are expressed by subsets of DN1
cells [42-44]. We found limited evidence for expression of receptors for most of these peptides
within PI output cells (Table 1). Notably, however, we did record substantial expression of the
gene encoding for the Pdf receptor (Pdfr) in 3 out of 4 cells analyzed, demonstrating the poten-
tial for direct signaling between sLNv clock cells and PI output cells. We also found that 2 of 4
cells expressed the sNPF receptor gene at significant levels, providing additional support for the
possibility of sSLNv to PI cell communication. Interestingly, both PDF and sNPF were recently

PLOS ONE | https://doi.org/10.1371/journal.pone.0249215 March 25, 2021 9/23


https://doi.org/10.1371/journal.pone.0249215.t002
https://doi.org/10.1371/journal.pone.0249215

PLOS ONE Slowpoke regulates circadian outputs

Table 3. Ion channel gene expression in PI output cells.

Gene Name | Flybase Gene Number (FBgn) | Cell 1 | Cell 2 | Cell 3 | Cell 4 | Tested in RNAi Screen?
--sodium channels- -
para | FBgn0264255 | 102 7.51 715
- -potassium channels- -
eag FBgn0000535 2.48 X
elk FBgn0011589
Hk FBgn0263220 X
Th FBgn0263397
Irkl FBgn0265042
Irk2 FBgn0039081 X
Irk3* FBgn0032706
KCNQ* FBgn0033494
Orkl FBgn0017561
sand* FBgn0033257
sei* FBgn0003353
Shab FBgn0262593
Shal FBgn0005564
Shaw FBgn0003386
Sh FBgn0003380 X
slo FBgn0003429 X
slo2 FBgn0261698
SK FBgn0029761 X
14-3-3zeta FBgn0004907 X
qvr (sss) FBgn0260499 3.11 6.36 X
slob FBgn0264087 6.89 6.09 X
- -calcium channels- -
Ca-ol1D FBgn0001991 1.45 2.73 5.99
Ca-alT FBgn0264386 6.37 3.39
cac FBgn0263111 1.61 5.04 6.75 7.55
Ca-B FBgn0259822 3.06 6.65
CG4587 FBgn0028863 4.52 6.51 5.47
stj FBgn0261041 3.29
- -chloride channels- -
ClC-a FBgn0051116 4.67 4.15
CIC-b* FBgn0033755 5.57 4.65
CIC-c* FBgn0036566 3.48 X
subdued FBgn0038721 3.65 1.57 5.02
- -cation channels- -
bib FBgn0000180
na FBgn0002917

Numbers are log2-transformed reads per million.
* indicates mapping ambiguity due to overlapping 3’ region. Italics indicates a potential underestimation of actual read number due to this ambiguity. Shading indicates
relative gene expression level, with hotter colors representing higher expression levels.

https://doi.org/10.1371/journal.pone.0249215.t1003

shown to act on nearby DILP2-expressing PI cells, indicating that the sSLNvs may directly com-
municate with multiple PI cell subsets [45].

In addition to peptides, core clock cells are also thought to release small molecule neuro-
transmitters, including glutamate (Glu) by DN1s [46] and acetylcholine (Ach) by LNds [34,
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41]. In contrast to peptide receptors, we observed significant expression across multiple PI out-
put cells of genes encoding for several Glu and Ach receptor subtypes (Table 1). Glutamate
receptors are broadly divided into metabotropic and ionotropic types. Drosophila has a single
functional metabotropic glutamate receptor (DmGIuRA), which was expressed in 1 of 4 cells
we analyzed. We also observed expression of the ionotropic GIuRI1A, GluR1B, GIuRIIE, and
CG9935 subunits in 2 of 4 cells, and expression in 3 cells of CG11155 and GluCl, the latter of
which forms an inhibitory glutamate-gated chloride channel [47]. For ACh, we found signifi-
cant expression in multiple PI cells of most of the nicotinic acetylcholine receptor (nAchR) o
subunits, as well as a single B subunit (nAchRB1). We found comparatively little expression of
muscarinic AchRs. Taken together, these results indicate that PI cells possess the molecular
substrates to receive circadian signals from both LNd and DNT1 cells, via the small molecule
neurotransmitters Glu and Ach.

We also determined expression of receptors for several additional neuropeptides that have
been implicated in regulation of circadian rhythms, but which are not expressed by central
clock cells. We observed low levels of expression in PI cells of the receptors for leucokinin
(Lkr) [19], DH44 (DH44-R1 and DH44-R2) [5], SIFa (SIFaR) [4], and hugin (PK2-RI and
PK2-R2) [9] (Table 1), suggesting that these peptides do not strongly regulate PI cell function.

PI cell expression of non-circadian receptors. PI output cells likely integrate other inputs
in addition to those provided by circadian clock neurons, for example, signals involved in the
communication of metabolic, mating, or sleep status [6]. We therefore analyzed our RNA
sequencing results to determine expression of receptors for common neurotransmitters in the
fly that are not thought to be released by neuronal populations that contribute to circadian cir-
cuits (Table 2). Multiple small molecule receptor types were highly and consistently expressed
among analyzed cells, including the dopamine receptors Dop2R and DopEcr, the ionotropic
GABA receptor Rdl, and the Octf32R octopamine receptor. We additionally observed substan-
tial expression of several neuropeptide receptors, including the insulin-like receptor (InR), the
adipokinetic hormone receptor (AkhR), and the lipophorin receptors LpRI and LpR2.

PI cell expression of ion channels that regulate cell excitability. Finally, we determined
the expression of ion channels within PI output cells (Table 3), as these are important regula-
tors of cell excitability and may contribute to the neuronal activity cycles that have been
observed in PI cells [10, 18, 19]. Not surprisingly, we found evidence for expression of most
major voltage-gated ion channels involved in action potential generation and propagation. We
also observed expression of ion channels previously implicated in sleep and circadian rhythm
regulation, including the Shaker (sh) [48] and slo [49, 50] potassium channels as well as associ-
ated subunits Hyperkinetic (Hk) [51], sleepless (sss) [52], and slowpoke binding protein (Slob)
[53].

A screen for circadian output genes. The expression of genes encoding for receptors and
ion channels within PI output cells does not guarantee a role for those genes in regulating cir-
cadian outputs; it merely suggests the possibility of such regulation. Therefore, to test for a
functional contribution to circadian outputs, we undertook a behavioral screen in which we
measured rest:activity rhythm strength following PI-cell specific RNAi-mediated knockdown
of candidate signaling molecules identified through our single-cell sequencing analysis. To
restrict knockdown to relevant PI output cells, we used a combination of the SIFa-GAL4 and
DH44-GAL4 lines to drive UAS-RNAI expression. We call this combined GAL4 line (which
also includes UAS-Dicer2 to increase RNAi efficiency) SIFa/DH44-GAL4. In the brain, SIFa/
DH44-GALA4 is restricted to 10 PI cells (Fig 2A), with additional sparse expression in a handful
of presumptive neurons in the ventral nerve cord (not shown).

We screened 80 RNAI lines targeting a total of 38 genes (Fig 2B; S2 File). In most cases, this
included multiple RNAi lines targeting a given gene. For 12 of these lines (targeting 10 unique
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Fig 2. A screen for circadian output genes that function in PI cells. (A) Representative maximum projection confocal images
of a fly brain in which a combination of SIFa-GAL4 and DH44-GAL4 lines were used to drive expression of a nuclear-localized
GFP (SIFa/DH44-GAL4>GFPn). GFP expression in the brain is limited to 10 cells in the PI. The PI region (delineated by the
dashed rectangle on the top image) is shown in a magnified view below. (B) Experimental design of our behavioral screen. We
used the SIFa/DH44-GAL4 line to drive expression of 80 different RNA lines (targeting a total of 38 genes) specifically in PI
output cells. Through screening and validation, we identified the slo potassium channel as a circadian output gene in the PL (C)
Screen results depict rest:activity rhythm power (mean + 95% confidence interval) for all 80 experimental lines (in which SIFa/
DH44-GAL4 was used to drive UAS-RNAI expression) as well as for GAL4 control flies (black bar). *p <0.01, **p < 0.001,
***p < 0.0001 compared to GAL4 control flies, Dunnett’s multiple comparisons test. Genes for which multiple independent
lines targeting the same gene resulted in reduced rest:activity rhythm strength are labeled in red (slo) and yellow (sss). See S2
File for detailed information on rest:activity rhythm power, period and # for each line.

https://doi.org/10.1371/journal.pone.0249215.9002

genes), knockdown resulted in a significant reduction in rhythm strength compared to control
SIFa/DH44-GALA4 flies (Fig 2C). These “hit” lines targeted an array of genes, including both
receptors and ion channels. Among receptors were those encoding for 3 nicotinic AchR o sub-
units (nAChRal, nAChRa3, and nAChRa6), 2 ionotropic glutamate receptor subunits
(CG9935/Ekar and CG11155), and the 5-HT2A serotonin receptor. We additionally observed
decreased rest:activity rhythm strength associated with PI-specific knockdown of the potas-
sium channel genes sss and slo, as well as 14-3-3(, which regulates slo activity [54]. In contrast
to these changes in rhythm strength, we found little evidence for alteration of period length
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associated with PI-selective knockdown of any of our candidate genes (S1 Fig; S2 File). This is
consistent with the idea that PI cells regulate circadian outputs, rather than directly affecting
the core pacemaker.

Given the potential for false positives associated with large screens, we conducted several
additional analyses to confirm a role for these genes in the circadian output function of SIFa-
and DH44-expressing PI cells. First, we assessed for effects on rest:activity rhythms of gene
knockdown using the same UAS-RNAI lines, but instead drove expression in the IPCs of the
PI with a highly specific DILP2-GAL4 line (Fig 3A). As the IPCs have not been implicated in
regulation of behavioral rhythms, we reasoned that knockdown in these cells should not affect
rest:activity rhythm strength, thus allowing us to identify any potential non-specific effects on
rhythmicity. We observed reduced rest:activity rhythm strength in 2 of 12 “hit” lines when
tested with DILP2-GAL4: one targeting CG9935, and another targeting nAChRal (Fig 3B).
For the remaining 10 lines, we saw no effect of IPC-specific knockdown on rest:activity
rhythms. We interpret these results as indicative of non-specific effects associated with the
CG9935 and nAChRal-targeting lines (though we cannot rule out an indirect consequence of
IPC manipulation on rest:activity rhythm strength). In contrast, the lack of effect in the
remaining 10 lines supports an output function of these genes and furthermore demonstrates
cellular specificity of action, especially because the IPCs constitute a nearby population of cells
in the same brain region as those expressing SIFa and DH44.

Second, to address the issue of possible off-target effects associated with RNAi, we looked
for evidence of consistent effects across multiple, independently generated RNAI lines target-
ing different regions of a gene. Somewhat surprisingly, we observed consistent behavioral
effects for only 2 of the 10 genes identified in our screen: slo and sss. For the remaining 8
genes, we failed to replicate our findings with additional RNAi lines targeting the same genes.
Thus, we cannot rule out the possibility that the reduced rest:activity rhythm strength in these
8 lines is due to off-target RNAI effects. In contrast, the similar phenotypes observed in multi-
ple RNAi lines targeting slo and sss argue against off-target effects as accounting for the
observed phenotype, thereby providing support for a role for these genes in regulating rest:
activity rhythm outputs.

Importantly, for these two genes, we confirmed the findings of our initial screen in a set of
follow-up experiments with increased sample size. For slo, we found a significant reduction in
rest:activity rhythm strength for 2 of 3 RNAI lines (with a non-significant trend towards reduc-
tion with the third line) when driven by SIFa/DH44-GAL4 (Fig 4A). In general, these flies
retained some residual rhythmicity following PI selective slo knockdown, but activity patterns
were messier, with more activity occurring during times of normal quiescence as compared to
controls (Fig 4B). Although reduction in rest:activity rhythm strength tended to be subtler fol-
lowing sss knockdown in PI output cells as compared to slo, we recorded significant effects in
all 3 sss-targeting RNAi lines (Fig 4C). As was the case with slo knockdown, most of these flies
retained some semblance of rhythmicity, but with less consolidated periods of rest and activity
(Fig 4D).

As a final test of specificity, we drove expression of sss and slo RNAi constructs with
C929-GAL4, which labels the vast majority of PI cells (Fig 5A), including those expressing
SIFa and DH44 peptides [55]. Outside of the PI, C929-GAL4 is also expressed in a number of
other peptide-expressing cells in the brain. Given the common expression in the PI cells of
interest, we reasoned that knockdown using this GAL4 line should recapitulate findings with
SIFa/DH44-GAL4. Interestingly, we observed divergent effects of slo and sss knockdown using
C929-GAL4. Whereas C929-GAL4-mediated expression of all 3 slo targeting RNAi constructs
significantly decreased rest:activity rhythm strength (Fig 5B and 5C), none of the sss-targeting
lines produced a significant effect (Fig 5D). We note, however, that even in the case of slo
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Fig 3. Effect of RNAi-mediated knockdown of candidate output genes in IPCs. (A) Representative maximum
projection confocal images of a fly brain in which DILP2-GAL4 was used to drive expression of a nuclear-localized
GFP (DILP2-GAL4>GFPn). GFP expression is limited to ~14 cells in the PI region. The right panel shows a magnified
view of the boxed region on the left panel. (B) Rest:activity rhythm power is displayed for the genotypes listed. Lines are
means + 95% confidence intervals. Dots represent individual flies. “p <0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001,
Tukey’s multiple comparisons test for experimental line compared to GAL4 or UAS controls. To simplify
nomenclature, DILP2-GAL4>xxx refers to flies in which DILP2-GAL4 has been used to drive expression of an RNAi
construct targeting gene xxx. + represents a wildtype chromosome. Graphs labeled in red indicate experiments for
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which we observed significantly reduced rest:activity rhythm strength in experimental flies compared to both GAL4
and UAS controls. Only CG9935- and nAchRal- targeting RNAi constructs produced significant effects compared to
both controls. See S2 File for detailed information on rest:activity rhythm power, period and # for each line.

https://doi.org/10.1371/journal.pone.0249215.9003

knockdown, the phenotype was milder than that observed with the SIFa/DH44-GAL4 driver
(Fig 5B and 5C). Thus it is possibility that SIFa/DH44-GAL4 drives more robust expression
than C929-GAL4, accounting for the lack of effect of sss manipulations using the latter driver.
Conservatively, however, we conclude that, among all genes tested, slo is the only gene for
which we have unequivocally demonstrated a role as a circadian output gene within PI output
cells.

Discussion

Core clock neurons in the brain modulate behavior through circadian output circuits that ulti-
mately connect the clock cells to downstream neuronal populations that control overt behav-
iors. Output pathways are among the least well understood aspects of circadian rhythm
regulation. To better characterize output circuits governing the generation of circadian rest:
activity rhythms, we took a twofold approach. First, we used scRNAseq to identify potential
circadian output genes expressed by cells in the PI region of the fly brain. We focused on genes
with known roles in neuronal communication and excitability with the idea that such genes
would be involved in receiving circadian information from clock cells and transmitting it to
downstream components of the output circuit. Second, we assessed the behavioral conse-
quences of RNAi-mediated knockdown of these genes within PI output cells. Because it is
likely that many output molecules are essential to other important cell functions, global elimi-
nation of these genes, such as occurs in mutant lines, may result in pleiotropic effects or even
developmental lethality. Our strategy therefore offers benefits compared to traditional
approaches used to identify gene function in Drosophila, such as forward genetic screens,
because it allows us to assess a specific function of these genes in PI neurons.

We hypothesized that this approach would inform our understanding of the manner
through which circadian information is transmitted out of the clock cell network to down-
stream output cells. For example, it is currently unknown whether distinct clock cell groups
give rise to multiple parallel downstream pathways or whether circadian information is first
consolidated in select clock cell populations before being transmitted to output cells. By target-
ing receptors in PI cells of neurotransmitters and neuropeptides known to be used by specific
clock cells, we reasoned that we would be able to pinpoint clock cell populations whose input
to the PI is necessary to maintain robust circadian rhythms. Importantly, because PI manipula-
tions do not alter clock cell function [5], such an approach should allow for isolation of the
contribution of specific clock cells to behavioral and physiological outputs without disrupting
the overall function of the clock cell network. Surprisingly, however, though we observed PI
cell expression of genes encoding for multiple neurotransmitters and neuropeptides expressed
by clock cells, we found no consistent effect of RNAi-mediated downregulation of those recep-
tors on rest:activity rhythms. This lack of effect could result from molecular redundancy, espe-
cially in the case of the neurotransmitters glutamate and acetylcholine, for which multiple
receptor subtypes were expressed by the same PI cells. This issue could be circumvented by
simultaneously targeting multiple receptor subtypes, although this is an experimentally diffi-
cult undertaking.

One limitation of this study was that our scRNAseq analysis was conducted on a relatively
small number of PI cells. Increasing the sample size would help to better understand the poten-
tial heterogeneity of gene expression between cells. When determining targets for our RNAi
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Fig 4. PI-specific knockdown of slo or sss reduces rest:activity rhythm strength. (A) Rest:activity rhythm power is
displayed for flies in which SIFa/DH44-GAL4 was used to drive expression of 3 independent RNAi constructs
targeting the slo gene. Lines are means + 95% confidence intervals. Dots represent individual flies. *p <0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001, Tukey’s multiple comparisons test for experimental line compared to GAL4
or UAS controls. (B) Representative single fly activity records over 6 days in DD for the genotypes listed. Activity in
infrared beam breaks/min is plotted for each minute. Activity records are double plotted, with 48 hours of data on each
line and the second 24 hours replotted at the start of the next line. Gray and black bars above each plot represent
subjective day and night, respectively. (C) Rest:activity rhythm power is displayed as described in (A) for flies in which
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SIFa/DH44-GAL4 was used to drive 3 independent RNAi constructs targeting the sss gene. (D) Representative single
fly activity records over 6 days in DD are displayed as described in (B) for the genotypes listed. Graphs labeled in red
indicate experiments for which we observed significantly reduced rest:activity rhythm strength in experimental flies
compared to both GAL4 and UAS controls. We noted significant reduction in rest:activity rhythm strength following
SIFa/DH44-GAL4-mediated expression of 2 of 3 slo-targeting RNAi constructs, and 3 of 3 sss-targeting constructs. See
S2 File for detailed information on rest:activity rhythm power, period and n for each line.

https://doi.org/10.1371/journal.pone.0249215.g004

screen, we sought out signaling genes with significant expression in multiple analyzed cells
because we thought that such genes would be more likely to play an important output role.
However, it is possible that we have missed relevant genes that are expressed heterogeneously
within the PI. For example, several glutamate receptor subunits were expressed by only 1-2
cells out of the 4 that we analyzed, and these were not tested for a functional role in circadian
rhythm regulation.

We also note that sequencing analysis revealed expression of genes that are thought to selec-
tively label non-neuronal cells, including glial and fat body cells. We also observed expression
of a number of genes typically associated with eye photoreceptors, including several rhodopsin
genes and the glutamate receptor subunit CG9935/Ekar [56]. This unexpected gene expression
could result from contamination, for example if debris from non-PI cells entered the pipet
during cell harvesting, and we cannot rule out this possibility. Because of this, we caution that
gene expression patterns suggested by our scRNAseq analysis should be independently
confirmed.

Despite these limitations, our approach successfully uncovered an essential function of the
slo gene in regulating the circadian output function of SIFa- and DH44-expressing PI neurons.
Slo knockdown with multiple distinct RNAi constructs significantly attenuated rest:activity
rhythm strength. Furthermore, this effect was cell specific, as expression of the same RNAi
constructs in nearby IPCs had no impact on rest:activity rhythms. Slo is a member of the “Big
K” family of voltage-gated calcium-dependent potassium channels [57, 58], which regulate cell
excitability in part through effects on repolarization following action potentials. Interestingly,
previous studies suggested a role for slo in the generation of rest:activity rhythms, as neuron-
specific slo mutants are largely arrhythmic [49, 50]. “Big K” potassium channels perform a sim-
ilar function in mammals, and mutations in Kcnmal, which encodes for a mammalian “Big K”
channel, degrade rest:activity rhythms in mice [59].

Slo functions in part as an output molecule within circadian neurons. Although molecular
clock cycling is intact in sLNv clock cells of slo mutants, clocks in dorsal clock neurons become
desynchronized, suggesting a role for slo in communication between sLNvs and other parts of
the clock network. However, rescue of slo in all clock cells does not fully reestablish behavioral
rhythms, which indicates that expression in non-clock neurons is also necessary [49]. In con-
junction with these previous results, our findings demonstrate that slo exerts it effects in multi-
ple components of the circadian circuit, including PI output cells in addition to clock neurons.

Interestingly, such an arrangement, in which an output molecule acts in multiple nodes of
the circadian output circuit, has also been proposed for other previously identified output mol-
ecules, including neurofibromin, the protein product of the disease-related Neurofibromatosis
I gene [18], Dyschronic, which regulates Slowpoke expression [60], and the RNA binding pro-
tein, LARK [61]. It is unclear whether these genes play a specific role in regulating circadian-
relevant neurons, or whether they underlie more general aspects of neuronal physiology, such
that their loss impacts any functions subserved by the neurons in which knockdown or muta-
tion occurs. In the case of slo, the conserved circadian function in flies and mammals argues
for an important and specific contribution to circadian rhythm regulation, likely by

PLOS ONE | https://doi.org/10.1371/journal.pone.0249215 March 25, 2021 17/23


https://doi.org/10.1371/journal.pone.0249215.g004
https://doi.org/10.1371/journal.pone.0249215

Slowpoke regulates circadian outputs

PLOS ONE

C929-GAL4>GFPn

B slo RNAi' slo RNAij? slo RNA®
3000— 3000_ 3000— Fekdk
- .2, 2 Fekkk %*
g %* k% o
3 2000 2000 2000
o
£ +
£ 10004 EF F 1000~ + 1000 >
S, ¥
x
=TT T
R
OQ~é
N\ A\
x,,% g%
vy (9]
©
of
P
|| Hmh
1l
c929>slo RNA' c929>slo RNAi? c929>slo RNA;® 929>+
D sss RNAi" sss RNAi? sss RNAi®
3000— P=0964 3000— P=05% 3000
i p=0.075 p=0.270 dekkk
g p.=0.999
3 2000 2000 20004 —
o
£ T F
£ 100 F £ F  1000- + 1000 =
> = F
o
0=—TTT =TT T =T
SR SN N
I~ W W
S & S & S &
2 L O L L O L Lo O
%° _& ,f}' 2° 42 O 2° 2 o2
*7 b7 éb *7 b7 éb *7 bf’ &
N 4 W
© © ©
O’ O’ ,‘9
S & &

Fig 5. Confirmation of slo as a circadian output gene. (A) Representative maximum projection confocal images of a
fly brain in which C929-GAL4 was used to drive expression of a nuclear-localized GFP (C929-GAL4>GFPn). GFP is
expressed in all PI cells plus a number of peptidergic neurons outside the PI. The right panel shows a magnified view of
the boxed region on the left panel. (B) Rest:activity rhythm power is displayed for flies in which C929-GAL4 was used
to drive expression of 3 independent RNAi constructs targeting the slo gene. Lines are means + 95% confidence
intervals. Dots represent individual flies. *p <0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, Tukey’s multiple
comparisons test for experimental line compared to GAL4 or UAS controls. (C) Representative single fly activity
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records over 6 days in DD for the genotypes listed. (D) Rest:activity rhythm power is displayed as described in (A) for
flies in which C929-GAL4 was used to drive 3 independent RNAIi constructs targeting the sss gene. Graphs labeled in
red indicate experiments for which we observed significantly reduced rest:activity rhythm strength in experimental
flies compared to both GAL4 and UAS controls. C929-GAL4-mediated expression of all 3 slo-targeting RNAi
constructs significantly reduced rest:activity rhythm strength, but expression of sss-targeting RNAi constructs was
without effect. See S2 File for detailed information on rest:activity rhythm power, period and # for each line.

https://doi.org/10.1371/journal.pone.0249215.g005

contributing to rhythmic neuronal excitability that allows for circadian information to propa-
gate across output circuits.

Supporting information

S1 File. List of RNAI lines used in behavioral screening.
(XLSX)

S2 File. Rest:activity rhythm power and period data for all experimental manipulations.
(XLSX)

S1 Fig. Lack of effect of PI-specific knockdown of candidate circadian output genes on
rest:activity rhythm period. Screen results depict rest:activity rhythm period (mean + 95%
confidence interval) for all 80 experimental lines (in which SIFa/DH44-GAL4 was used to
drive UAS-RNAI expression) as well as for GAL4 control flies (black bar). Only two lines—
nAchRo3 RNAi! (red bar) and EcR RNAj! (yellow bar)—exhibited a statistically significant
difference in period compared to control flies, and even in these cases, the effect sizes were
small and inconsistent across other RNAi lines targeting these same genes. *p <0.05,

***p < 0.0001 compared to GAL4 control flies, Dunnett’s multiple comparisons test.
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Acknowledgments

We thank Drs. Julian Wooltorton, Ana Lia Obaid, Jennifer Spaethling, James Eberwine and
Amita Sehgal for assistance with PI cell harvesting, imaging, RNA amplification and library

prep.

Author Contributions
Conceptualization: Daniel J. Cavanaugh.

Data curation: Daniela Ruiz, Saffia T. Bajwa, Naisarg Vanani, Tanvir A. Bajwa, Daniel J.
Cavanaugh.

Formal analysis: Daniela Ruiz, Saffia T. Bajwa, Naisarg Vanani, Tanvir A. Bajwa, Daniel J.
Cavanaugh.

Funding acquisition: Daniel ]. Cavanaugh.

Investigation: Daniela Ruiz, Saffia T. Bajwa, Naisarg Vanani, Tanvir A. Bajwa, Daniel J.
Cavanaugh.

Methodology: Daniel J. Cavanaugh.
Project administration: Daniel J. Cavanaugh.
Supervision: Daniel ]. Cavanaugh.

Writing - original draft: Daniel J. Cavanaugh.

PLOS ONE | https://doi.org/10.1371/journal.pone.0249215 March 25, 2021 19/23


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0249215.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0249215.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0249215.s003
https://doi.org/10.1371/journal.pone.0249215.g005
https://doi.org/10.1371/journal.pone.0249215

PLOS ONE

Slowpoke regulates circadian outputs

Writing - review & editing: Daniela Ruiz, Saffia T. Bajwa, Naisarg Vanani, Tanvir A. Bajwa,

Daniel J. Cavanaugh.

References

1.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

Dubowy C, Sehgal A. Circadian Rhythms and Sleep in Drosophila melanogaster. Genetics [Internet].
2017; 205(4):1373-97. Available from: http://proxy.library.upenn.edu:4742/content/205/4/1373 PMID:
28360128

Dibner C, Schibler U, Albrecht U. The mammalian circadian timing system: organization and coordina-
tion of central and peripheral clocks. Annu Rev Physiol. 2010; 72:517—-49. https://doi.org/10.1146/
annurev-physiol-021909-135821 PMID: 20148687

Ito C, Tomioka K. Heterogeneity of the Peripheral Circadian Systems in Drosophila melanogaster: A
Review. Front Physiol. 2016; 7:8. https://doi.org/10.3389/fphys.2016.00008 PMID: 26858652

Dreyer AP, Martin MM, Fulgham CV, Jabr DA, Bai L, Beshel J, et al. A circadian output center control-
ling feeding:fasting rhythms in Drosophila. PLoS Genet. 2019 Nov; 15(11):e1008478. https://doi.org/10.
1371/journal.pgen.1008478 PMID: 31693685

Cavanaugh DJ, Geratowski JD, Wooltorton JRA, Spaethling JM, Hector CE, Zheng X, et al. Identifica-
tion of a circadian output circuit for rest: Activity rhythms in drosophila. Cell [Internet]. 2014; 157(3):689—
701. Available from: http://dx.doi.org/10.1016/j.cell.2014.02.024 PMID: 24766812

Nassel DR, Zandawala M. Recent advances in neuropeptide signaling in Drosophila, from genes to
physiology and behavior. Prog Neurobiol. 2019 Aug; 179:101607. https://doi.org/10.1016/j.pneurobio.
2019.02.003 PMID: 30905728

Martelli C, Pech U, Kobbenbring S, Pauls D, Bahl B, Sommer MV, et al. SIFamide Translates Hunger
Signals into Appetitive and Feeding Behavior in Drosophila. Cell Rep. 2017 Jul; 20(2):464—78. https:/
doi.org/10.1016/j.celrep.2017.06.043 PMID: 28700946

Terhzaz S, Rosay P, Goodwin SF, Veenstra JA. The neuropeptide SIFamide modulates sexual behav-
ior in Drosophila. Biochem Biophys Res Commun. 2007 Jan; 352(2):305—10. https://doi.org/10.1016/j.
bbrc.2006.11.030 PMID: 17126293

King AN, Barber AF, Smith AE, Dreyer AP, Sitaraman D, Nitabach MN, et al. A Peptidergic Circuit Links
the Circadian Clock to Locomotor Activity. Curr Biol. 2017 Jul; 27(13):1915-1927.e5. https://doi.org/10.
1016/j.cub.2017.05.089 PMID: 28669757

Barber AF, Erion R, Holmes TC, Sehgal A. Circadian and feeding cues integrate to drive rhythms of
physiology in Drosophila insulin-producing cells. Genes Dev. 2016; 30(23):2596—606. https://doi.org/
10.1101/gad.288258.116 PMID: 27979876

Colwell CS. Linking neural activity and molecular oscillations in the SCN. Nat Rev Neurosci. 2011 Sep;
12(10):553-69. https://doi.org/10.1038/nr3086 PMID: 21886186

Welsh DK, Takahashi JS, Kay SA. Suprachiasmatic nucleus: cell autonomy and network properties.
Annu Rev Physiol. 2010; 72:551-77. https://doi.org/10.1146/annurev-physiol-021909-135919 PMID:
20148688

Flourakis M, Kula-Eversole E, Hutchison AL, Han TH, Aranda K, Moose DL, et al. A Conserved Bicycle
Model for Circadian Clock Control of Membrane Excitability. Cell. 2015 Aug; 162(4):836—48. https://doi.
org/10.1016/j.cell.2015.07.036 PMID: 26276633

Sheeba V, Gu H, Sharma VK, O’Dowd DK, Holmes TC. Circadian- and light-dependent regulation of rest-
ing membrane potential and spontaneous action potential firing of Drosophila circadian pacemaker neu-
rons. J Neurophysiol. 2008 Feb; 99(2):976-88. https://doi.org/10.1152/jn.00930.2007 PMID: 18077664

Cao G, Nitabach MN. Circadian control of membrane excitability in Drosophila melanogaster lateral
ventral clock neurons. J Neurosci. 2008 Jun; 28(25):6493-501. https://doi.org/10.1523/JNEUROSCI.
1503-08.2008 PMID: 18562620

Alpert MH, Frank DD, Kaspi E, Flourakis M, Zaharieva EE, Allada R, et al. A Circuit Encoding Absolute
Cold Temperature in Drosophila. Curr Biol. 2020 Jun; 30(12):2275-2288.e5. https://doi.org/10.1016/].
cub.2020.04.038 PMID: 32442464

Liang X, Holy TE, Taghert PH. Synchronous Drosophila circadian pacemakers display nonsynchronous
Ca2+ rhythms in vivo. Science (80-). 2016; 351(6276):976-81.

Bail, Lee Y, Hsu CT, Williams JA, Cavanaugh D, Zheng X, et al. A Conserved Circadian Function for
the Neurofibromatosis 1 Gene. Cell Rep. 2018 Mar; 22(13):3416—26. https://doi.org/10.1016/j.celrep.
2018.03.014 PMID: 29590612

Cavey M, Collins B, Bertet C, Blau J. Circadian rhythms in neuronal activity propagate through output
circuits. Nat Neurosci [Internet]. 2016; 19(4):587-95. Available from: http://www.nature.com/doifinder/
10.1038/nn.4263 PMID: 26928065

PLOS ONE | https://doi.org/10.1371/journal.pone.0249215 March 25, 2021 20/23


http://proxy.library.upenn.edu:4742/content/205/4/1373
http://www.ncbi.nlm.nih.gov/pubmed/28360128
https://doi.org/10.1146/annurev-physiol-021909-135821
https://doi.org/10.1146/annurev-physiol-021909-135821
http://www.ncbi.nlm.nih.gov/pubmed/20148687
https://doi.org/10.3389/fphys.2016.00008
http://www.ncbi.nlm.nih.gov/pubmed/26858652
https://doi.org/10.1371/journal.pgen.1008478
https://doi.org/10.1371/journal.pgen.1008478
http://www.ncbi.nlm.nih.gov/pubmed/31693685
http://dx.doi.org/10.1016/j.cell.2014.02.024
http://www.ncbi.nlm.nih.gov/pubmed/24766812
https://doi.org/10.1016/j.pneurobio.2019.02.003
https://doi.org/10.1016/j.pneurobio.2019.02.003
http://www.ncbi.nlm.nih.gov/pubmed/30905728
https://doi.org/10.1016/j.celrep.2017.06.043
https://doi.org/10.1016/j.celrep.2017.06.043
http://www.ncbi.nlm.nih.gov/pubmed/28700946
https://doi.org/10.1016/j.bbrc.2006.11.030
https://doi.org/10.1016/j.bbrc.2006.11.030
http://www.ncbi.nlm.nih.gov/pubmed/17126293
https://doi.org/10.1016/j.cub.2017.05.089
https://doi.org/10.1016/j.cub.2017.05.089
http://www.ncbi.nlm.nih.gov/pubmed/28669757
https://doi.org/10.1101/gad.288258.116
https://doi.org/10.1101/gad.288258.116
http://www.ncbi.nlm.nih.gov/pubmed/27979876
https://doi.org/10.1038/nrn3086
http://www.ncbi.nlm.nih.gov/pubmed/21886186
https://doi.org/10.1146/annurev-physiol-021909-135919
http://www.ncbi.nlm.nih.gov/pubmed/20148688
https://doi.org/10.1016/j.cell.2015.07.036
https://doi.org/10.1016/j.cell.2015.07.036
http://www.ncbi.nlm.nih.gov/pubmed/26276633
https://doi.org/10.1152/jn.00930.2007
http://www.ncbi.nlm.nih.gov/pubmed/18077664
https://doi.org/10.1523/JNEUROSCI.1503-08.2008
https://doi.org/10.1523/JNEUROSCI.1503-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18562620
https://doi.org/10.1016/j.cub.2020.04.038
https://doi.org/10.1016/j.cub.2020.04.038
http://www.ncbi.nlm.nih.gov/pubmed/32442464
https://doi.org/10.1016/j.celrep.2018.03.014
https://doi.org/10.1016/j.celrep.2018.03.014
http://www.ncbi.nlm.nih.gov/pubmed/29590612
http://www.nature.com/doifinder/10.1038/nn.4263
http://www.nature.com/doifinder/10.1038/nn.4263
http://www.ncbi.nlm.nih.gov/pubmed/26928065
https://doi.org/10.1371/journal.pone.0249215

PLOS ONE

Slowpoke regulates circadian outputs

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Liang X, Ho MCW, Zhang Y, Li Y, Wu MN, Holy TE, et al. Morning and Evening Circadian Pacemakers
Independently Drive Premotor Centers via a Specific Dopamine Relay. Neuron. 2019 May; 102(4):843—
857.e4. https://doi.org/10.1016/j.neuron.2019.03.028 PMID: 30981533

Allada R, Chung BY. Circadian organization of behavior and physiology in Drosophila. Annu Rev Phy-
siol. 2010; 72:605—24. https://doi.org/10.1146/annurev-physiol-021909-135815 PMID: 20148690

King AN, Sehgal A. Molecular and circuit mechanisms mediating circadian clock output in the Dro-
sophila brain. Eur J Neurosci. 2020 Jan; 51(1):268-81. https://doi.org/10.1111/ejn.14092 PMID:
30059181

Mattis J, Sehgal A. Circadian Rhythms, Sleep, and Disorders of Aging. Trends Endocrinol Metab. 2016
Apr; 27(4):192-208. https://doi.org/10.1016/j.tem.2016.02.003 PMID: 26947521

Luo W, Chen W-F, Yue Z, Chen D, Sowcik M, Sehgal A, et al. Old flies have a robust central oscillator
but weaker behavioral rhythms that can be improved by genetic and environmental manipulations.
Aging Cell. 2012 Jun; 11(3):428-38. https://doi.org/10.1111/j.1474-9726.2012.00800.x PMID:
22268765

Tirian L, Dickson BJ. The VT GAL4, LexA, and split-GAL4 driver line collections for targeted expression
in the &lt;em&gt;Drosophila&lt;/em&gt; nervous system. bioRxiv [Internet]. 2017 Jan 1;198648. Avail-
able from: http://biorxiv.org/content/early/2017/10/05/198648.abstract

Siegmund T, Korge G. Innervation of the ring gland of Drosophila melanogaster. J Comp Neurol. 2001
Mar; 431(4):481-91. PMID: 11223816

Hewes RS, Schaefer AM, Taghert PH. The cryptocephal gene (ATF4) encodes multiple basic-leucine
zipper proteins controlling molting and metamorphosis in Drosophila. Genetics. 2000 Aug; 155
(4):1711-23. PMID: 10924469

Perkins LA, Holderbaum L, Tao R, Hu Y, Sopko R, McCall K, et al. The Transgenic RNAi Project at Har-
vard Medical School: Resources and Validation. Genetics. 2015 Nov; 201(3):843-52. https://doi.org/
10.1534/genetics.115.180208 PMID: 26320097

Dietzl G, Chen D, Schnorrer F, Su K-C, Barinova Y, Fellner M, et al. A genome-wide transgenic RNAi
library for conditional gene inactivation in Drosophila. Nature. 2007 Jul; 448(7150):151-6. https://doi.
org/10.1038/nature05954 PMID: 17625558

FengY, Ueda A, Wu C-F. A modified minimal hemolymph-like solution, HL3.1, for physiological record-
ings at the neuromuscular junctions of normal and mutant Drosophila larvae. J Neurogenet. 2004;
18(2):377-402. https://doi.org/10.1080/01677060490894522 PMID: 15763995

Morris J, Singh JM, Eberwine JH. Transcriptome analysis of single cells. J Vis Exp. 2011 Apr;(50).
https://doi.org/10.3791/2634 PMID: 21540826

Schmieder R, Edwards R. Quality control and preprocessing of metagenomic datasets. Bioinformatics.
2011 Mar; 27(6):863—4. https://doi.org/10.1093/bioinformatics/btr026 PMID: 21278185

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: ultrafast universal RNA-
seq aligner. Bioinformatics. 2013 Jan; 29(1):15-21. https://doi.org/10.1093/bioinformatics/bts635
PMID: 23104886

Abruzzi KC, Zadina A, Luo W, Wiyanto E, Rahman R, Guo F, et al. RNA-seq analysis of Drosophila
clock and non-clock neurons reveals neuron-specific cycling and novel candidate neuropeptides. PLoS
Genet. 2017 Feb; 13(2):e1006613. https://doi.org/10.1371/journal.pgen.1006613 PMID: 28182648

Zytnicki M. mmquant: how to count multi-mapping reads? BMC Bioinformatics. 2017 Sep; 18(1):411.
https://doi.org/10.1186/s12859-017-1816-4 PMID: 28915787

Ryder E, Blows F, Ashburner M, Bautista-Llacer R, Coulson D, Drummond J, et al. The DrosDel collec-
tion: a set of P-element insertions for generating custom chromosomal aberrations in Drosophila mela-
nogaster. Genetics. 2004 Jun; 167(2):797-813. https://doi.org/10.1534/genetics.104.026658 PMID:
15238529

Helfrich-Foérster C, Yoshii T, Wilbeck C, Grieshaber E, Rieger D, Bachleitner W, et al. The lateral and
dorsal neurons of Drosophila melanogaster: new insights about their morphology and function. Cold
Spring Harb Symp Quant Biol. 2007; 72:517-25. https://doi.org/10.1101/sgb.2007.72.063 PMID:
18419311

Kaneko M, Hall JC. Neuroanatomy of cells expressing clock genes in Drosophila: Transgenic manipula-
tion of the period and timeless genes to mark the perikarya of circadian pacemaker neurons and their
projections. J Comp Neurol. 2000; 422(1):66—-94. PMID: 10842219

Helfrich-Forster C. The period clock gene is expressed in central nervous system neurons which also
produce a neuropeptide that reveals the projections of circadian pacemaker cells within the brain of Dro-
sophila melanogaster. Proc Natl Acad Sci U S A. 1995 Jan; 92(2):612—6. https://doi.org/10.1073/pnas.
92.2.612 PMID: 7831339

PLOS ONE | https://doi.org/10.1371/journal.pone.0249215 March 25, 2021 21/23


https://doi.org/10.1016/j.neuron.2019.03.028
http://www.ncbi.nlm.nih.gov/pubmed/30981533
https://doi.org/10.1146/annurev-physiol-021909-135815
http://www.ncbi.nlm.nih.gov/pubmed/20148690
https://doi.org/10.1111/ejn.14092
http://www.ncbi.nlm.nih.gov/pubmed/30059181
https://doi.org/10.1016/j.tem.2016.02.003
http://www.ncbi.nlm.nih.gov/pubmed/26947521
https://doi.org/10.1111/j.1474-9726.2012.00800.x
http://www.ncbi.nlm.nih.gov/pubmed/22268765
http://biorxiv.org/content/early/2017/10/05/198648.abstract
http://www.ncbi.nlm.nih.gov/pubmed/11223816
http://www.ncbi.nlm.nih.gov/pubmed/10924469
https://doi.org/10.1534/genetics.115.180208
https://doi.org/10.1534/genetics.115.180208
http://www.ncbi.nlm.nih.gov/pubmed/26320097
https://doi.org/10.1038/nature05954
https://doi.org/10.1038/nature05954
http://www.ncbi.nlm.nih.gov/pubmed/17625558
https://doi.org/10.1080/01677060490894522
http://www.ncbi.nlm.nih.gov/pubmed/15763995
https://doi.org/10.3791/2634
http://www.ncbi.nlm.nih.gov/pubmed/21540826
https://doi.org/10.1093/bioinformatics/btr026
http://www.ncbi.nlm.nih.gov/pubmed/21278185
https://doi.org/10.1093/bioinformatics/bts635
http://www.ncbi.nlm.nih.gov/pubmed/23104886
https://doi.org/10.1371/journal.pgen.1006613
http://www.ncbi.nlm.nih.gov/pubmed/28182648
https://doi.org/10.1186/s12859-017-1816-4
http://www.ncbi.nlm.nih.gov/pubmed/28915787
https://doi.org/10.1534/genetics.104.026658
http://www.ncbi.nlm.nih.gov/pubmed/15238529
https://doi.org/10.1101/sqb.2007.72.063
http://www.ncbi.nlm.nih.gov/pubmed/18419311
http://www.ncbi.nlm.nih.gov/pubmed/10842219
https://doi.org/10.1073/pnas.92.2.612
https://doi.org/10.1073/pnas.92.2.612
http://www.ncbi.nlm.nih.gov/pubmed/7831339
https://doi.org/10.1371/journal.pone.0249215

PLOS ONE

Slowpoke regulates circadian outputs

40.

M.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Renn SC, Park JH, Rosbash M, Hall JC, Taghert PH. A pdf neuropeptide gene mutation and ablation of
PDF neurons each cause severe abnormalities of behavioral circadian rhythms in Drosophila. Cell.
1999 Dec; 99(7):791-802. https://doi.org/10.1016/s0092-8674(00)81676-1 PMID: 10619432

Johard HAD, Yoishii T, Dircksen H, Cusumano P, Rouyer F, Helfrich-Forster C, et al. Peptidergic clock
neurons in Drosophila: ion transport peptide and short neuropeptide F in subsets of dorsal and ventral
lateral neurons. J Comp Neurol. 2009 Sep; 516(1):59-73. https://doi.org/10.1002/cne.22099 PMID:
19565664

Diaz MM, Schlichting M, Abruzzi KC, Long X, Rosbash M. Allatostatin-C/AstC-R2 Is a Novel Pathway
to Modulate the Circadian Activity Pattern in Drosophila. Curr Biol. 2019 Jan; 29(1):13—-22.e3. https://
doi.org/10.1016/j.cub.2018.11.005 PMID: 30554904

Kunst M, Hughes ME, Raccuglia D, Felix M, Li M, Barnett G, et al. Calcitonin gene-related peptide neu-
rons mediate sleep-specific circadian output in Drosophila. Curr Biol. 2014 Nov; 24(22):2652—64.
https://doi.org/10.1016/j.cub.2014.09.077 PMID: 25455031

Fujiwara Y, Hermann-Luibl C, Katsura M, Sekiguchi M, Ida T, Helfrich-Forster C, et al. The CCHamide1
Neuropeptide Expressed in the Anterior Dorsal Neuron 1 Conveys a Circadian Signal to the Ventral Lat-
eral Neurons in Drosophila melanogaster. Front Physiol. 2018; 9:1276. https://doi.org/10.3389/fphys.
2018.01276 PMID: 30246807

Nagy D, Cusumano P, Andreatta G, Anduaga AM, Hermann-Luibl C, Reinhard N, et al. Peptidergic sig-
naling from clock neurons regulates reproductive dormancy in Drosophila melanogaster. PLoS Genet.
2019 Jun; 15(6):1008158. https://doi.org/10.1371/journal.pgen.1008158 PMID: 31194738

Hamasaka Y, Rieger D, Parmentier M-L, Grau Y, Helfrich-Forster C, Nassel DR. Glutamate and its
metabotropic receptor in Drosophila clock neuron circuits. J Comp Neurol. 2007 Nov; 505(1):32—45.
https://doi.org/10.1002/cne.21471 PMID: 17729267

Cully DF, Paress PS, Liu KK, Schaeffer JM, Arena JP. Identification of a Drosophila melanogaster gluta-
mate-gated chloride channel sensitive to the antiparasitic agent avermectin. J Biol Chem. 1996 Aug;
271(33):20187-91. https://doi.org/10.1074/jbc.271.33.20187 PMID: 8702744

Cirelli C, Bushey D, Hill S, Huber R, Kreber R, Ganetzky B, et al. Reduced sleep in Drosophila Shaker
mutants. Nature. 2005 Apr; 434(7037):1087-92. https://doi.org/10.1038/nature03486 PMID: 15858564

de la Fernandez M P, Chu J, Villella A, Atkinson N, Kay SA, Ceriani MF. Impaired clock output by altered
connectivity in the circadian network. Proc Natl Acad Sci U S A. 2007 Mar; 104(13):5650-5. https://doi.
org/10.1073/pnas.0608260104 PMID: 17369364

Ceriani MF, Hogenesch JB, Yanovsky M, Panda S, Straume M, Kay SA. Genome-wide expression
analysis in Drosophila reveals genes controlling circadian behavior. J Neurosci. 2002 Nov; 22
(21):9305-19. https://doi.org/10.1523/JNEUROSCI.22-21-09305.2002 PMID: 12417656

Bushey D, Huber R, Tononi G, Cirelli C. Drosophila Hyperkinetic mutants have reduced sleep and
impaired memory. J Neurosci. 2007 May; 27(20):5384—-93. https://doi.org/10.1523/JNEUROSCI.0108-
07.2007 PMID: 17507560

Koh K, Joiner WJ, Wu MN, Yue Z, Smith CJ, Sehgal A. Identification of SLEEPLESS, a sleep-promoting
factor. Science. 2008 Jul; 321(5887):372—6. https://doi.org/10.1126/science.1155942 PMID: 18635795

Jaramillo AM, Zheng X, Zhou Y, Amado DA, Sheldon A, Sehgal A, et al. Pattern of distribution and
cycling of SLOB, Slowpoke channel binding protein, in Drosophila. BMC Neurosci. 2004 Jan; 5:3.
https://doi.org/10.1186/1471-2202-5-3 PMID: 15005796

Zhou Y, Schopperle WM, Murrey H, Jaramillo A, Dagan D, Giriffith LC, et al. A dynamically regulated 14-
3-3, Slob, and Slowpoke potassium channel complex in Drosophila presynaptic nerve terminals. Neu-
ron. 1999 Apr; 22(4):809-18. https://doi.org/10.1016/s0896-6273(00)80739-4 PMID: 10230800

Park D, Veenstra JA, Park JH, Taghert PH. Mapping peptidergic cells in Drosophila: where DIMM fits in.
PLoS One. 2008 Mar; 3(3):e1896. https://doi.org/10.1371/journal.pone.0001896 PMID: 18365028

Xu H, Lee S-J, Suzuki E, Dugan KD, Stoddard A, Li H-S, et al. A lysosomal tetraspanin associated with
retinal degeneration identified via a genome-wide screen. EMBO J. 2004 Feb; 23(4):811-22. https://
doi.org/10.1038/sj.emb0j.7600112 PMID: 14963491

Atkinson NS, Robertson GA, Ganetzky B. A component of calcium-activated potassium channels
encoded by the Drosophila slo locus. Science. 1991 Aug; 253(5019):551-5. https://doi.org/10.1126/
science.1857984 PMID: 1857984

Salkoff L, Butler A, Ferreira G, Santi C, Wei A. High-conductance potassium channels of the SLO fam-
ily. Nat Rev Neurosci. 2006 Dec; 7(12):921-31. https://doi.org/10.1038/nrn1992 PMID: 17115074

Meredith AL, Wiler SW, Miller BH, Takahashi JS, Fodor AA, Ruby NF, et al. BK calcium-activated potas-
sium channels regulate circadian behavioral rhythms and pacemaker output. Nat Neurosci. 2006 Aug;
9(8):1041-9. https://doi.org/10.1038/nn1740 PMID: 16845385

PLOS ONE | https://doi.org/10.1371/journal.pone.0249215 March 25, 2021 22/23


https://doi.org/10.1016/s0092-8674%2800%2981676-1
http://www.ncbi.nlm.nih.gov/pubmed/10619432
https://doi.org/10.1002/cne.22099
http://www.ncbi.nlm.nih.gov/pubmed/19565664
https://doi.org/10.1016/j.cub.2018.11.005
https://doi.org/10.1016/j.cub.2018.11.005
http://www.ncbi.nlm.nih.gov/pubmed/30554904
https://doi.org/10.1016/j.cub.2014.09.077
http://www.ncbi.nlm.nih.gov/pubmed/25455031
https://doi.org/10.3389/fphys.2018.01276
https://doi.org/10.3389/fphys.2018.01276
http://www.ncbi.nlm.nih.gov/pubmed/30246807
https://doi.org/10.1371/journal.pgen.1008158
http://www.ncbi.nlm.nih.gov/pubmed/31194738
https://doi.org/10.1002/cne.21471
http://www.ncbi.nlm.nih.gov/pubmed/17729267
https://doi.org/10.1074/jbc.271.33.20187
http://www.ncbi.nlm.nih.gov/pubmed/8702744
https://doi.org/10.1038/nature03486
http://www.ncbi.nlm.nih.gov/pubmed/15858564
https://doi.org/10.1073/pnas.0608260104
https://doi.org/10.1073/pnas.0608260104
http://www.ncbi.nlm.nih.gov/pubmed/17369364
https://doi.org/10.1523/JNEUROSCI.22-21-09305.2002
http://www.ncbi.nlm.nih.gov/pubmed/12417656
https://doi.org/10.1523/JNEUROSCI.0108-07.2007
https://doi.org/10.1523/JNEUROSCI.0108-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17507560
https://doi.org/10.1126/science.1155942
http://www.ncbi.nlm.nih.gov/pubmed/18635795
https://doi.org/10.1186/1471-2202-5-3
http://www.ncbi.nlm.nih.gov/pubmed/15005796
https://doi.org/10.1016/s0896-6273%2800%2980739-4
http://www.ncbi.nlm.nih.gov/pubmed/10230800
https://doi.org/10.1371/journal.pone.0001896
http://www.ncbi.nlm.nih.gov/pubmed/18365028
https://doi.org/10.1038/sj.emboj.7600112
https://doi.org/10.1038/sj.emboj.7600112
http://www.ncbi.nlm.nih.gov/pubmed/14963491
https://doi.org/10.1126/science.1857984
https://doi.org/10.1126/science.1857984
http://www.ncbi.nlm.nih.gov/pubmed/1857984
https://doi.org/10.1038/nrn1992
http://www.ncbi.nlm.nih.gov/pubmed/17115074
https://doi.org/10.1038/nn1740
http://www.ncbi.nlm.nih.gov/pubmed/16845385
https://doi.org/10.1371/journal.pone.0249215

PLOS ONE

Slowpoke regulates circadian outputs

60. Jepson JEC, Shahidullah M, Lamaze A, Peterson D, Pan H, Koh K. dyschronic, a Drosophila homolog
of a deaf-blindness gene, regulates circadian output and Slowpoke channels. PLoS Genet. 2012; 8(4):
e€1002671. https://doi.org/10.1371/journal.pgen.1002671 PMID: 22532808

61. SundramV, Ng FS, Roberts MA, Millan C, Ewer J, Jackson FR. Cellular requirements for LARK in the

Drosophila circadian system. J Biol Rhythms. 2012 Jun; 27(3):183-95. https://doi.org/10.1177/
0748730412440667 PMID: 22653887

PLOS ONE | https://doi.org/10.1371/journal.pone.0249215 March 25, 2021 23/23


https://doi.org/10.1371/journal.pgen.1002671
http://www.ncbi.nlm.nih.gov/pubmed/22532808
https://doi.org/10.1177/0748730412440667
https://doi.org/10.1177/0748730412440667
http://www.ncbi.nlm.nih.gov/pubmed/22653887
https://doi.org/10.1371/journal.pone.0249215

