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Circadian behavioral rhythms in Drosophila melanogaster are regulated by about 75
pairs of brain neurons. They all express the core clock genes but have distinct functions
and gene expression profiles. To understand the importance of these distinct molecu-
lar programs, neuron-specific gene manipulations are essential. Although RNAi based
methods are standard to manipulate gene expression in a cell-specific manner, they are
often ineffective, especially in assays involving smaller numbers of neurons or weaker
Gal4 drivers. We and others recently exploited a neuron-specific CRISPR-based method
to mutagenize genes within circadian neurons. Here, we further explore this approach to
mutagenize three well-studied clock genes: the transcription factor gene vrille, the pho-
toreceptor gene Cryptochrome (cry), and the neuropeptide gene Pdf (pigment dispersing
factor). The CRISPR-based strategy not only reproduced their known phenotypes but
also assigned cry function for different light-mediated phenotypes to discrete, different
subsets of clock neurons. We further tested two recently published methods for temporal
regulation in adult neurons, inducible Cas9 and the auxin-inducible gene expression
system. The results were not identical, but both approaches successfully showed that the
adult-specific knockout of the neuropeptide Pdfreproduces the canonical loss-of-function
mutant phenotypes. In summary, a CRISPR-based strategy is a highly effective, reliable,
and general method to temporally manipulate gene function in specific adult neurons.
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Organismal behavior involves sensing the environment, internal processing, and motor
actions. In multicellular organisms, this process is regulated largely by cells of the nervous
system which often have defined roles as parts of bigger networks and circuits. One
behavior that is almost ubiquitous to organisms on earth is aligning activity bouts to the
daily rotations of the earth. The underlying mechanism is circadian rhythmicity.

In Drosophila, circadian clocks tick away in about 75 pairs of central brain clock neurons.
These neurons all express the core circadian machinery, which includes the transcription
factors CLOCK/CYCLE and the circadian inhibitory proteins PER/TIM. Rhythmic
expression of these genes is important for maintaining circadian rhythmicity, and together
they form a core transcription—translation feedback loop whose activity can be entrained
by environmental cues such as light (1-3). Clock neurons also express several other pro-
teins, such as the transcription factors VRILLE (VRI) and PAR-domain Protein 1 (PDP1);
their rhythmic expression is important for circadian behavior (4, 5).

Many additional genes are specifically expressed within clock neurons and also con-
tribute to rhythmic behavior. Pigment dispersing factor (P4f) encodes a circadian neuro-
peptide expressed exclusively within the small and large LNvs (sLNvs and ILNvs); Pdf
mutants are arthythmic and show increased sleep (6, 7). Another gene expressed by roughly
half the clock neurons coding for the photoreceptor cryptochrome is cry (8—11). Wild-type
flies are arrhythmic in constant light, whereas ¢ry mutants are rhythmic in this condition
(12). Despite the specificity in expression and probably function, few studies have explored
the cell type-specific functions of these genes (13), and the cellular focus of many of
circadian genes remains unknown.

Functional roles of specific circadian neurons have been broadly associated with the
7 to 8 subgroups based on anatomical location. For example, the PDF-positive sSLNvs are
key regulators of rhythmicity under constant darkness and regulate morning activity.
Another group of neurons, the six LNds along with the 5th sLNv, regulate evening activity
and thus were labeled evening cells (14-17). Yet, other clock neuron subgroups play
accessory roles in regulating rhythmicity and even sleep. They include the PDF-positive
ILNvs, the DN1s, the DN2s, the LPNs and the mysterious DN3s (18-22).

Recent single-cell sequencing indicates at least 17 distinct subgroups, about twice as
many as originally identified based on anatomical location (23). It is likely that many
of these new subgroups are also functionally distinct. Fortunately, many of them can
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Significance

Most animals have specific brain
neurons that regulate sleep-wake
cycles and other aspects of
circadian behavior. Drosophila
has only about 150 of these clock
neurons. Despite their small
numbers, they have remarkably
diverse anatomy and gene
expression profiles. To address
the different functions of these
neurons, we used highly specific
and efficient CRISPR-based
methods to create cell type-
specific disruptions of three
traditional circadian genes. We
were able to assign the function
of the photoreceptor
cryptochrome to two tiny subsets
of clock neurons. In addition, two
independent methods assigned
the neuropeptide PDF (pigment
dispersing factor) to the adult
stage. In summary, we find that
the CRISPR-based methods are
very efficient at studying adult-
specific functions of genes in
small, discrete sets of neurons.
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now be accessed through judicious use of the Gal4/Upstream
Activating Sequence (UAS) system (24, 25), which allows for cell
type—specific perturbations. This is because there are multiple
Gal4 and split Gal4 drivers available to access specific circadian
neurons (26, 27).

These drivers can be combined with the standard method of
UAS-RNA interference (RNAI) to knockdown gene expression.
Although this approach works well in many cases and has been
invaluable for cell type—specific perturbations, it is often variable and
usually induces partial knockdown (28, 29). Fortunately, it is now
possible to disrupt genes completely and in the same cell-specific
manner using Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR)-Cas9-based gene editing (30, 31). Cas9 is an
enzyme that induces a double-stranded break at a specific genomic
location determined by the guideRNA (gRNA) sequence (32). The
error prone repair machinery endogenous to all cells usually leads to
mutations known as indels (insertions-deletions). These range from
amissense mutation to a small addition or deletion causing frameshift
mutations, often disrupting protein function (31).

Earlier adaptations of this method achieved cell specificity by
expressing the Cas9 protein in a Gal4-dependent manner while
ubiquitously expressing a single-gRNA against a gene of interest.
The method was found to be more consistent and effective than
RNAI in inducing loss of function phenotypes (29, 33). More
recent developments such as multiplexing guides against a gene
in an array under UAS control further improved both the efhi-
ciency and cell type specificity (33, 34). This improved method
worked well for disrupting the functions of the core clock genes
period (per) and timeless (tim) in circadian neurons (35, 36), and
it was more recently extended to the disruption of genes encoding
G-protein-coupled receptors in these neurons (37).

Here, we implement this method to further understand the
roles of three circadian behavior-associated genes: vri, cry, and Pdf.
We chose to generate a CRISPR-based line against vri because
there are no successful RNAi data in the literature, and we chose
cry and Pdf'to address precise cell type—specific functions. Lastly,
the CRISPR/Cas9 strategy was combined with two recent meth-
ods for temporal regulation, which successfully restricted gene
editing and the resulting phenotype to specific neurons in just the
adult stage. The results taken together substantially add to previous
circadian analyses and identify specific subsets of clock neurons
within which these genes function to regulate behavior.

Results

CRISPR-Mediated Loss of VRI from Clock Neurons Leads to a Short
Circadian Period. Circadian behavioral rhythms are primarily
regulated by a molecular program operating in clock neurons.
One component of this program is the transcription factor VRI
encoded by the essential gene vrille (vri). Homozygous mutants are
developmentally lethal (38), and hemizygous mutants are strongly
rthythmic but with a shorter free-running circadian period (4).
Cycling of VRI in clock neurons is likely important as constant
overexpression in clock-expressing cells causes arrhythmicity and
a longer circadian period (4). However, an RNAI against v7i in
clock neurons did not affect circadian behavior (39). We therefore
developed a line with CRISPR/Cas9-based 3x-gRNAs targeting
the vri gene under UAS-control (UAS-vri-g). When expressed
along with the reduced expression UAS-Cas9.P2 (29) in clock
neurons and the CLK856-Gal4 driver, there was potent cell type—
specific loss of VRI-staining (Fig. 1 A and B and S/ Appendix,
Fig. S1A). Importantly, the effect was shown to be specific as only
VRI levels in Gal4-labeled cells were impacted; VRI levels in the
DN3 neurons were unaffected (S Appendix, Fig. S1A) as expected

https://doi.org/10.1073/pnas.2303779120

since most of them are not labeled by the CLK856-Gal4 driver
(23). These flies had normal behavior under 12-h light:12-h dark
(LD) conditions, but with a small evening peak advance compared
to the control strains (S Appendix, Fig. S1 B and C). Consistent
with this phenotype, the flies were completely rhythmic in constant
darkness (DD) but with a significantly shorter circadian period
(Fig. 1 C-G). These phenotypes are identical to those of a recent
vri mutant (40) indicating that they derive from the clock neurons.

CRY Functions Independently in Two Subsets of Clock Neurons.
We next addressed the circadian gene crp which encodes the
photoreceptor Cryptochrome (CRY). Wild-type flies are arrhythmic
under constant bright light conditions, ¢#y mutants in contrast
remain rhythmic in constant light (12). This classic phenotype
is reproduced when ¢7y was mutated with UAS-Cas9.P2 and
3x-gRNA against cry (UAS-cry-g) specifically in clock neurons using
the CLK856-Gal4 driver, which also led to loss of nearly all CRY
staining from all clock neurons (S Appendix, Fig. S3). Whereas
only about 10 percent of the control flies were rhythmic in constant
light (rhythmicity index > 0.25), 90 percent of the ¢ry-mutated
flies were rhythmic (Fig. 2 A-Cand G and SI Appendix, Table S1).
These flies were also rhythmic in constant darkness, like the controls
(81 Appendix, Fig. S2) and like traditional ¢y mutants (12).

As CLK856-Gal4 is expressed in most clock neurons, we then
asked if the constant light phenotype could be assigned to a more
specific subset of circadian neurons. CRISPR-mediated cell type—
specific mutagenesis of ¢ry led to loss of CRY staining from specific
neurons (SI Appendix, Fig. S3). All PDF neurons are CRY positive
(8, 11), but disrupting ¢ry in PDF cells with the Pdf-Gal4 (7) had
only a very small effect on constant light arrhythmicity (Fig. 2 D
and G and S/ Appendix, Table S1). In contrast, flies in which cry
was mutated in the cells marked by the dvPdf-Gal4 were fully rhyth-
mic, indistinguishable from CRY loss in all circadian neurons
(Fig. 2G and ST Appendix, Table S1). This is interesting because the
dvPdf-Gal4 labels only 5 more cells per hemibrain than Pdf-Gal4,
and only 2 of these 5 cells are CRY positive: the 5th sLNv and the
one I'TP-positive LNd (41, 42).

Ongoing work in our lab has characterized two Janelia split-Gal4
drivers, $s00639-GAL4 and ss00773-Gal4. They both specifically
label one CRY" LNd and the 5th sLNv in addition to very few
additional cells (87 Appendix, Fig. S4). Expression of CRISPR
reagents against ¢y with the ss00639-Gal4 driver also caused com-
plete rhythmicity in constant light; more than 90% of the flies
were rhythmic (Fig. 2 £'and G and S7 Appendix, Table S1). Similar
but less strong results were seen with ss00773-Gal4 (Fig. 2G and
SI Appendix, Table S1). A third Gal4 driver, MBI122B-Gal4, also
expresses in these same two cells along with two additional LNd
cells (43, 44), and mutating cry in cells labeled by this driver
resulted in about 80% rhythmic flies in constant light (Fig. 2G
and S/ Appendix, Table S1).

In addition to the lateral cells, CRY is expressed in the DN1p
neurons labeled by the CLK4. I-Gal4 driver (19, 45). Mutating cry
in cells labeled by this driver also resulted in potent rhythmicity;
nearly 75% of these flies were rhythmic in constant light (Fig. 2
and G and ST Appendix, Table S1). These data taken together iden-
tify two sets of circadian neurons that can regulate rhythmicity
independently under constant light in the absence of CRY: two
evening cells consisting of the 5th sSLNv and the single I'TP-positive
LNd as well as the DN1p neurons.

To address possible mechanisms underlying the different groups
of clock neurons and their regulation of constant light rhythmic-
ity, we examined the circadian period of all rhythmic genotypes.
Interestingly, ¢y mutants in all clock neurons have a circadian
period of 24.7 + 0.7 h in constant light, about an hour longer
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Fig. 1. Loss of VRI from clock neurons leads to a shorter circadian period. (A) Representative images of ILNV neurons stained for GFP and VRI at ZT19. There is
loss of (nuclear) VRI staining in cells expressing both UAS-Cas9 and UAS-3x-guides against vri (UAS-vri-g). Some nonnuclear staining is visible in both control and
mutant cells, which could be due to background reactivity of the antibody. (The scale bar represents 10 pm.) (B) Quantification of VRI staining intensity from ILNv
neurons represented as a boxplot, n = 36 cells from at least 12 hemibrains per genotype, letters represent statistically distinct groups; P < 0.001, Kruskal-Wallis
test followed by a post hoc Dunn’s test. (C-£) Actograms represent double-plotted average activity of flies from an experiment across multiple days. Yellow panel
indicates lights ON. (F) Rhythmicity index for individual flies plotted as a boxplot, n = 62 per genotype from at least two independent experiments. No statistical
difference was observed among the groups tested (P = 0.6, Kruskal-Wallis test). (G) Free running period under constant darkness for individual rhythmic flies
(RI'>0.25) plotted as a boxplot, letters represent statistically distinct groups; P < 0.01, Kruskal-Wallis test followed by a post hoc Dunn'’s test.
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Fig.2. CRY function in two discrete subsets of clock neurons can regulate rhythmicity under constant light conditions. (A-F) Actograms represent double-plotted
average activity of flies from an experiment across multiple days in constant light. Flies expressing both UAS-Cas9 and UAS-3x-guides against cry (UAS-cry-g) in
clock neurons are rhythmic in constant light conditions. (G) Rhythmicity index of individual flies quantified for LL2-7 represented by a boxplot, n > 51 per genotype
from at least two independent experiments. Letters represent statistically distinct groups; P < 0.001, Kruskal-Wallis test followed by a post hoc Dunn’s test.
(H) Period under constant light for individual rhythmic flies (rhythmicity index > 0.25) quantified for LL2-7 represented by a boxplot, letters represent statistically
distinct groups; P < 0.01, Kruskal-Wallis test followed by a post hoc Dunn's test. (/ and /) Phase shifts in hours in response to a 60-min light pulse at indicated
times (n = 26). Phase difference plotted as means + SEM of differences from DD3-5. Same control flies are plotted in (/ and J).
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than their constant darkness period of 23.6 + 0.08 h (Fig. 2H and
SI Appendix, Fig. S2E). Mutating CRY in the evening cells with
any of the three Gal4s gave rise to a similar period length of greater
than 24 h, ~25 h (8] Appendix, Table S1, green boxes in Fig. 2H).
Surprisingly, mutating CRY only in the DN1ps caused a dramat-
ically shorter constant light period of ~22 h (S/ Appendix, Table S1
and Fig. 2H). These data indicate that specific clock neurons
mediate the constant light effect and that there are interesting
differences between the two discrete sets of relevant neurons
(Discussion).

In addition to being rhythmic under constant light, cry mutants
are also deficient in their response to light pulses (46, 47). Control
flies experience a delay phase shift in response to a light pulse in
the early night at ZT15, an advance phase in response to a light
pulse in the late night at ZT21 but little change with a light pulse
in the middle of the night at ZT'18 (46). The unresponsive cry
mutant phenotype was reproduced by loss of CRY function spe-
cifically in clock neurons (Fig. 21). Interestingly, flies with loss of
CRY from PDF neurons were also completely deficient in the
ZT15 light pulse-mediated phase delay but still maintained some
phase advance induced by the ZT21 light pulse. In addition, when
CRY function was perturbed in both PDF neurons and evening
cells using the dvPDF-Gal4, the phase advance as well as the phase
delay response was abolished (Fig. 27). However, loss of CRY
cither in the evening cells alone or in the DN1p neurons did not
affect the phase response (Fig. 2/). These data further indicate that
CRY functions in discrete sets of clock neurons to mediate diverse
light responses (Discussion).

PDF Regulates Activity and Sleep from Both the ILNvs and
sLNvs. A key circadian molecule beyond the core clock is the
neuropeptide pigment dispersing factor (PDF); it is encoded
by the gene Pdf. Null mutants of the gene (Paﬁ‘o ') are largely
arrhythmic in constant darkness (7). PDF is expressed in only 8
pairs of lateral neurons in the adult brain, four sLNvs and four
ILNvs ventral lateral neurons per hemibrain. The ILNvs express
very high levels of PDE which can be easily visualized within their
long arborizations. They extend to the optic lobes and to the other
side of the brain. The sLNvs extend a long dorsal process, which
is also marked by PDF staining [SI Appendix, Fig. S5A, (48)].

A UAS-3x-gRNA line against Pdf (UAS-Pdf-g) in combination
with the PdfGal4 driver that labels all PDE-producing neurons
caused loss of PDF from the cell bodies and projections of most PDF
neurons (Fig. 3 A and Band SI Appendix, Fig. S5B). There was how-
ever residual staining in some ILNvs (Fig.3 A, Bortom and
SI Appendix, Fig. S5B), which likely reflects some residual PDF due
to its very high levels in these cells prior to the mutagenesis.
Nonetheless, this strain was completely arrhythmic in constant dark-
ness whereas the parental control strains had normal rhythms
(81 Appendix, Fig. S6 A—C and F). The very few rhythmic flies also
had a shorter period phenotype (S Appendix, Fig. S61).

We then used previously described split-Gal4 lines generated
by the Rubin lab at Janelia (36) to specifically target only sLNvs
or only ILNvs. The CRISPR-Cas9-based method was again highly
effective in targeting PDF levels only in the cells targeted by the
respective  Gal4s. Expression of the gRNA and Cas9 in
sLNv-specific driver (ss00681-Gal4) led to near complete loss of
PDF staining from 100% of the sSLNvs examined and their dorsal
processes, with no effect on the ILNv cell bodies or on their pro-
cesses. Similarly, expressing the CRISPR reagents using the
ILNv-specific driver (ss00645-Gal4) significantly reduced PDF
expression from ILNv cell bodies and processes, without affecting
PDF levels in the sLNvs or their dorsal process (Fig. 3 A and B
and ST Appendix, Fig. S5B). However, the effect on the ILNvs was
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not as strong: about 20% of the neurons (1 to 2 neurons from
about half the hemibrains) still had unchanged PDF staining. This
is very likely because the $s00645-Gal4 variably labels 3 to 4 [LNvs
per hemisphere. Notably however, there remains some residual
staining in the ILNvs even with Pdf-Gal4 (Fig. 34 and Fig. 3 B,
Bottom), probably due to the higher levels of PDF in the ILNvs
(Discussion). As expected based on earlier studies (13), loss of PDF
from the sSLNvs but not from the ILNvs caused arrhythmicity in
constant darkness (S Appendix, Fig. S6 D-H).

Loss of PDF from both small and large PDF neurons also
caused substantially increased sleep under constant darkness
(Fig. 3 Cand F), and targeting the guides specifically to the small
cells caused a similar sleep increase (Fig. 3 D and G). This increase
in sleep is not because of a lack of the ability to move as these flies
are even more active than the controls when awake (S7 Appendix,
Table S2). Although a role for PDF neurons in sleep and arousal
has been described (6, 49), CRISPR-mediated loss of PDF specif-
ically from the sLNvs here is the most direct evidence that the
sLNvs regulate sleep. Loss of PDF from only the large cells also
increased sleep but to a much smaller extent (Fig. 3 £ and H).
Although the difference between the small and large cells may be
due to the residual large cell PDF that escapes knockdown, or
perhaps to the few ILNvs not labeled by the split-Gal4 driver, the
very significant reduction in PDF signal from ILNv cell bodies
and processes in most brains (Fig. 3 A and B, Bottom and
SI Appendix, Fig. S5B) makes it more likely that the ILNvs have
a smaller role in regulating sleep than the sLNvs in constant
darkness.

An analysis of sleep structure indicated a substantial decrease in
p-wake (the instantaneous probability that the flies will awaken from
sleep), but no effect on p-doze [the instantaneous probability that
awake flies will fall asleep (50)] (Fig. 3 /=K and SIAppendix,
Table S2). These data are consistent with a wake-promoting role of
PDF (6) and identify PDF from the sLNvs as the primary

regulator.

Temporally Regulated CRISPR-Cas9 Mutagenesis Assigns PDF
Function to Adult Neurons. The function of several circadian
genes has not yet been definitively assigned to the adult fly,
so some of them might have a substantial developmental role.
Traditional methods of temporal regulation of Gal4 activity such
as GeneSwitch (51) or the temperature-sensitive Gal80 system
(52) are not ideal for behavior experiments as they either involve
toxic drugs or dramatic shifts in temperature, both of which
severely impact the standard locomotor behavior assay (53, 54).
Pairing with the temperature sensitive Gal80 system also resulted
in leaky mutagenesis (33). We therefore assessed two more recently
developed methods, one specific to CRISPR and the other more
general, to mutagenize genes of interest adult-specifically.

The first was the inducible Cas9 method developed by Port et al.
(33). It is a UAS-based method: The Cas9 sequence is preceded by
a Green Fluorescent Protein (GFP) cassette, which is followed by a
STOP codon flanked by FRT sites (hereafter called STOP-Cas9).
Pairing with a heat-shock induced flp transgene allows for temporal
control of mutagenesis as Cas9 expression occurs only post heat
shock (87 Appendix, Fig. S7A). We adapted this method for
adult-specific induction by using three consecutive heat shocks
(referred to below as “heat shock”; see Materials and Methods). Since
these heat shocks are temporally separated by several days from the
behavior analyses, the heat shocks are not expected to alter circadian
behavior. The STOP-Cas9 transgene was combined with Pdf-Gal4,
UAS-Pdf-g, a UAS-mRFP transgene to label the PDF cells as well
as a heat shock-induced flp encoding hsFLPG5 (SI Appendix,
Fig. S7A).
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Fig. 4. Adult-specific loss of PDF using an inducible Cas9 system results in loss of rhythmicity and increased sleep. (A) Representative images of sLNvs stained
for GFP, mRFP and PDF. 2 wk post heat shock, there is loss of PDF staining in cells expressing both UAS-Cas9 and UAS-Pdf-g. In about 60% of the hemibrains
analyzed, PDF staining was lost from all sSLNvs, whereas in the remaining 40% hemibrains, some mosaicism was observed as PDF staining was unchanged in
1to 2 sLNvs. (The scale bar represents 10 pm.) (B) Quantification of PDF staining intensity from sLNvs represented with boxplots, n = 39 cells from at least 12
hemibrains per genotype/condition. There is a significant effect of both variables on the staining intensity and a significant interaction when CRISPR reagents
for inducible CRISPR for Pdf were combined with 3x heat shock (Two-way ANOVA; *** Interaction P < 0.001). (C) Actograms represent double-plotted average
activity of flies from an experiment across multiple days. Yellow panel indicates lights ON. Panels in dotted boxes indicate heat-shocked flies. (D) Rhythmicity
index for individual flies quantified (from DD2-7) represented by a boxplot, n = 29 per genotype. There is a significant effect of both variables on rhythmicity
and a significant interaction when CRISPR reagents for inducible CRISPR for Pdf were combined with 3x heat shock (Two-way ANOVA; *** Interaction P < 0.001).
(E) Total sleep duration in a day for individual flies quantified for DD1-4 represented by a boxplot. For the group expressing both UAS-Cas9 and UAS-Pdf-g with
heat-shock, only data from the arrhythmic flies are shown and used for statistics (indicated by AR). Also see S/ Appendix, Fig. S5D. There is a significant effect of
both variables on sleep duration and a significant interaction when CRISPR reagents for inducible CRISPR for Pdf were combined with 3x heat shock (Two-way
ANOVA; *** nteraction P < 0.001). (F) p-wake over a 24-h period for individual flies quantified (from DD1-4) represented by a boxplot. For the group expressing
both UAS-Cas9 and UAS-Pdf-g with heat-shock, only data from the arrhythmic flies are shown and used for statistics (indicated by AR). Also see S/ Appendiix,
Fig. S5D. Only heat-shock had a significant effect on p-wake and there was no interaction between the variables (Two-way ANOVA; N.I. = No Interaction, p = 0.31).

In control flies without UAS-Pdf-g, heat shock did not affect
the levels of PDF (Fig. 4 A and B and S/ Appendix, Fig. S7B) and
did not negatively impact rhythmic behavior (Fig. 4 C and D).
Importantly, flies expressing all the transgenes including the
UAS-gRNA but without heat shock showed no loss of PDF signal
(Fig. 4 A and B and SI Appendix, Fig. S7B) and no defects in
behavior (Fig. 4 C-F); this indicates no leaky expression without

heat shock. In the same flies two weeks post heat shock, PDF
staining was lost from all sSLNvs in ~60% of the hemibrains ana-
lyzed, whereas some mosaicism was observed in the remaining
40% of the hemibrains; 1 to 2 neurons still expressed both GFP
and PDF (Fig. 4 A and B and S/ Appendix, Fig. S7B). A similar
fraction of the heat shocked mutant flies, about 38 percent, were
thythmic in constant darkness (Fig. 4D and S/ Appendix,
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Fig. S7C), indicating an adult-specific requirement of PDF for
rthythmicity. The ca. 60 percent arrhythmic flies also showed an
adult-specific effect of PDF on sleep (Fig. 4E).

The remaining rhythmic flies likely reflect mosaicism, as PDF
from 1 to 2 neurons might be sufficient to maintain some level of
rthythmicity. This is supported by the fact that the rhythmicity
and sleep phenotypes were correlated in the mutant flies
(SI Appendix, Fig. S7D). Surprisingly, heat shock alone had a
strong effect on the sleep structure and lowered p-wake signifi-
cantly in the controls. Therefore, no conclusions could be drawn
about the adult-specific effect of PDF in maintaining p-wake
(Fig. 4F). These data indicate that the heat-shock-based methods
are compatible with studying circadian behavior but may be less
suitable for studying sleep behavior.

We also combined CRISPR-Cas9 mutagenesis with a more
general method of temporal regulation that affects the Gal4 and
therefore controls all UAS-based strategies, the recently developed
auxin-inducible gene expression system [AGES, (55)]. It uses the
traditional Gal4 repressor Gal80, which has been engineered to
be regulated by auxin. Auxin is nontoxic and does not affect fly
lifespan at the required concentrations (55). We combined the
AGES system with the regular Cas9, UAS-Cas9.P2, along with
UAS-Pdf-g and UAS-mREP to label the LNvs with the PdfGal4
driver (81 Appendix, Fig. S8A).

AGES sequesters GAL4 and thus inhibits expression from all
UAS-transgenes without auxin feeding [S7 Appendix, Fig. S84, (55)].
Indeed, there is no to very low mRFP expression in cell bodies or
processes without auxin feeding (Fig. 54 and SI Appendix, Fig. S8B).
However, expression must be nonzero, as some PDF mutagenesis is
observed without auxin feeding (~twofold reduction in PDF levels,
Fig. 5 A and B). Not surprisingly, auxin feeding leads to a much
bigger effect—near loss of all PDF from cell bodies (>10-fold reduc-
tion) as well as processes (Fig. 5 A and Band S/ Appendix, Fig. S8B).

The small-scale leaky mutagenesis without auxin feeding had only
aminor effect on rhythmicity and sleep (Fig. 5 C-E). However, auxin
feeding caused a very strong effect on both rhythmicity and sleep
just like the effect on PDF staining (Fig. 5 D and Eand SI Appendix,
Fig. S8C), and adult-specific loss of PDF lowered p-wake (Fig. 5F).
Auxin feeding alone in control flies had a very minor effect on PDF
staining (20% reduction in cell bodies) and no effect on circadian
behavior and sleep duration (Fig. 5 A~F and SI Appendix, Fig. S8 B
and C). There was also a significant interaction between auxin feeding
and expression of CRISPR reagents against PDF on p-wake
(P < 0.001, Two-way ANOVA; Fig. 5F). Combining AGES with
the CRISPR system therefore indicate that most if not all aspects of
PDF function on circadian behavior and sleep are adult specific.

We then assayed the time required for adult-specific-
CRISPR-mediated mutagenesis. Flies expressing UAS-Cas9.P2 and
UAS-Pdf-g along with AGES were fed 10 mM auxin for 2, 4, and 7
d before testing for behavior on food without auxin. Two days of
auxin feeding did not significantly alter thythmicity of the controls,
but there was a gradual reduction in rhythmicity from 4 to 7 d of
auxin feeding (Fig. 5G). To further tease apart the required time for
CRISPR mutagenesis from the effects of protein turnover, we used
the same paradigm to test two proteins that undergo daily degrada-
tion—CRY and PER. For both proteins, 2 d of auxin feeding was
sufficient to cause a phenotype indistinguishable from the perturba-
tions through development (Fig. 5 H and J), indicating that no more
than 2 d are required for mutagenesis.

Discussion

In this study we generated UAS-3x-gRNA lines for neuron-
specific perturbation of three key circadian genes and combined

80f 12 https://doi.org/10.1073/pnas.2303779120

them with defined Gal4 drivers to assay their function in specific
subsets of clock neurons. We could reproduce the mutant pheno-
types of vri, cry, and Pdfin known neurons and additionally iden-
tified some cell type-specific functions of these genes. The
approach worked very well with specific and weak Gal4 drivers,
which allowed the identification of two subsets of circadian neu-
rons, within which CRY acts independently to regulate rhythmic-
ity under constant light conditions. Finally, these reagents were
compatible with existing tools and shown to be highly effective
with two independent methods for temporal regulation. The
results and lines described here will be of use to the circadian
community, but we hope that the detailed validation of the
method will appeal to a much wider population of fly neurosci-
entists and encourage them to switch from the standard but less
dependable RNAi methodology to this more effective and con-
sistent method for the spatial and temporal knockout of genes in
adult fly neurons.

Our data show that this cell type-specific CRISPR method works
well with highly expressed genes like Pdf and even with weak
split-Gal4 drivers. It is also ideal for addressing the adult function of
essential genes such as v, by perturbing their expression levels and
function in inessential cells as we show here for circadian neurons.
In this context, the functions of many Drosophila genes are defined
only in developmental contexts, even though these same genes are
expressed again in adults. For example, we recently found that genes
encoding GPCRs, transcription factors, and cell surface molecules
are broadly yet specifically expressed in clock and dopaminergic neu-
rons. Studying their function in these specific adult neurons is begin-
ning to help define the molecular underpinnings of neural circuits
and behavior (23, 56). Toward these goals, we have generated and
begun to use a library of gRNA lines against all GPCRs expressed
in Drosophila (37). Moreover, several lines with 2x-gRNA generated
by Port and Boutros (33) are now publicly available. Such resources
should also make this method a good choice for tissue and cell type—
specific reverse genetic screens.

Combining multiple RNAi lines is not common, perhaps
because of the suspected dilution effects of multiple UAS lines.
In contrast, this CRISPR-Cas9 method does not require high
expression levels, so combining gRNAs against multiple genes,
for example to study enhancer and suppressor phenotypes, should
be possible and would extend the approach in an interesting
direction.

Another Application of This Method Should Be Cell-Specific
Gene-Interaction Studies. VRI operates as a part of the molecular
transcription—translation feedback loop that operates in clock
neurons (57). Hemizygous mutants of v7i are rhythmic with a
short circadian period (4). Concurrently, a recent study generated
a new homozygous mutant that has normal rhythms with a short
circadian period despite dramatically reduced VRI levels in the
clock neurons (40). These results are in complete agreement with
ours (Fig. 1 C-G). It is also possible that very low levels of VRI in
clock neurons is sufficient to maintain rhythms like in the
whole-body mutant (40). Although unlikely in our view, this inter-
pretation is consistent with an earlier study (58) that used
cell-specific flip outs of a rescue transgene in a mutant v77 back-
ground and found that VRI in PDF neurons regulates rhythmicity.
Although overexpression of VRI also results in considerable loss
of thythms (4), simple loss of function via these CRISPR-Cas9-based
methods is less prone to misinterpretation than gain-of-function
experiments. In the future, guides can be targeted to specific sub-
sets of circadian and non-circadian cells to further define the func-
tion of VRI in the regulation of development and behavior.

The CRY photoreceptor along with the compound eyes and
H-B eyelets are the three pathways through which flies entrain to
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Fig. 5. Adult-specific loss of PDF with AGES leads to loss of rhythmicity and wakefulness. (A) Representative images of sSLNvs stained for mRFP and PDF. Upon
feeding 10 mM auxin for 2 wk, there is loss of PDF staining in cells expressing both UAS-Cas9 and UAS-Pdf-g. (The scale bar represents 10 pm.) (B) Quantification
of PDF staining intensity from sLNvs is represented with boxplots, n > 39 cells from at least 11 hemibrains per genotype/condition. There is a significant effect
of both variables on PDF staining intensity and a significant interaction when AGES and CRISPR reagents for Pdf were combined with auxin feeding (Two-way
ANOVA; *** |nteraction P < 0.001). (C) Actograms represent double-plotted average activity of flies from an experiment across multiple days. Yellow panels
indicate lights ON. Panels in dotted boxes indicate auxin feeding. (D) Rhythmicity index for individual flies quantified (from DD2-7) represented by a boxplot,
n > 31 per genotype. There is a significant effect of both variables on rhythmicity and a significant interaction when AGES and CRISPR reagents for Pdf were
combined with auxin feeding (Two-way ANOVA; *** |nteraction P < 0.001). (E) Total sleep duration in a day for individual flies quantified (from DD1-4) represented
by a boxplot. There is a significant effect of both variables on sleep duration and a significant interaction when AGES and CRISPR reagents for Pdf were combined
with auxin feeding (Two-way ANOVA; *** Interaction P <0.001). (F) p-wake over a 24-h period for individual flies quantified (from DD1-4) represented by a boxplot.
There is a significant effect of both variables on p-wake and a significant interaction when AGES and CRISPR reagents for Pdf were combined with auxin feeding
(Two-way ANOVA; *** Interaction P < 0.001). (G-/) Rhythmicity index for individual flies quantified (from DD2-6) represented by a boxplot, n = 30 per genotype.
Flies of the indicated genotypes were fed auxin for either 2, 4 or 7 d and compared with flies that were fed no auxin, or with flies with mutagenesis throughout
development (NO AGES). Letters represent statistically distinct groups; Kruskal-Wallis test followed by a post hoc Dunn'’s test, P < 0.003.
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environmental light cues (59). It is therefore not surprising that
cry mutants are still able to light entrain normally. However, these
mutants are rhythmic under constant bright light conditions,
indicating a special role for CRY under prolonged light exposure
conditions (12). CRY is expressed in several different clock neu-
rons; they include the PDF neurons, a subset of evening cells (5th
sLNv+3 LNds) and a subset of the DN1ps (8). Interestingly, we
find that CRY only functions in the evening cells and the DN1ps
to regulate the response to constant light. This conclusion agrees
with previous results indicating that evening cells (60, 61) and
dorsal neurons (60, 62) are the principal drivers of rhythmicity
under constant light conditions. QUASIMODO (QSM) is
another protein that mediates light input to the circadian clock,
and flies mutant for QSM in dorsal neurons maintain rhythmicicy
in constant light (63), further emphasizing the role of dorsal neu-
rons in mediating rhythmicity under constant light conditions.

Our results also agree with earlier results that PDF-positive
LNvs have no more than a minor role in responding to constant
light (61, 62). Because the sLNvs are directly downstream of
the light responsive H-B eyelets (64), these neurons may be
constantly electrically stimulated and their molecular clock
therefore poisoned by constant light even without CRY. In con-
trast, loss of CRY in either of the two other major subsets of
CRY-positive neurons, the two evening cells (5th sLNv, CRY"
and ITP" LNd) as well as the DN1ps, is sufficient to maintain
rhythmicity in constant light. These data indicate that CRY may
be the primary source of light information in these neurons;
perhaps they are critical for adapting to altered photoperiods
such as longer summer days.

Interestingly, CRY functions in a different subset of clock neu-
rons, the PDF neurons, to effect light pulse-mediated phase delays
in the early night. Phase delays induced by a light pulse in the late
night also requires CRY in PDF neurons but additionally requires
CRY in evening neurons (Fig. 2/). A CRY requirement for phase
responses in PDF neurons has been previously described (65), and
a role for the evening neurons in phase response behavior has also
been suggested (60). As neuronal activation of PDF neurons at
different times of day can mimic a light-mediated phase response
curve in a CRY-independent manner (66), CRY photon capture
may impact neuronal firing, a result consistent with direct observa-
tion (67), so altered electrical properties of the CRY mutants might
also contribute to the observed light-mediated phenotypes.

Expression of UAS-Cas9 and UAS-Pdf-g with Pdf-Gal4 resulted
in complete loss of PDF from sLNvs but only partial loss from the
ILNvs (Fig. 3 A and B). The higher levels of PDF in ILNvs than in
sLNvs is one possible explanation, but persistent PDF in [LNvs
might also reflect the duration of expression of the CRISPR tools in
the different cells. The sLNvs have an early larval origin, well before
the ILNvs appear in the mid-late pupal stage (48). This temporal
pattern is recapitulated by Pdf-Gal4 (7), allowing sLNvs a much
longer time for mutagenesis and subsequent protein turnover.

PDF is a key circadian neuropeptide in Drosophila, and the small
PDF neurons (sLNvs) are critical for circadian behavior (14, 15).
This is because PDF from the sLNvs is a key regulator of rhyth-
micity in constant darkness (13). The results here show that loss
of PDF from these neurons also has a major effect on sleep struc-
ture, namely, a decrease in p-wake. Loss of PDF from the ILNvs
has a qualitatively similar but much smaller quantitative decrease
in p-wake (Fig. 3 /-K). This indicates that PDF from both sources
is wake-promoting, consistent with the fact that activation of ILNvs
mediates arousal (18, 49). A greater role for ILNvs has been
described in promoting wake through GABA signaling under
light—dark conditions (68, 69). It is therefore possible that the
ILNvs play a larger role in maintaining wakefulness under LD
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conditions, whereas rhythmic PDF release from the sLNvs in con-
stant darkness promotes wake as well as maintains rhythmicity.

Two independent methods indicate that PDF functions adult
specifically to regulate rhythmicity and sleep. Although both worked
effectively, the two strategies have distinguishing features. The induc-
ible Cas9 system was very robust, i.c., there was no leaky expression,
which provides high confidence in the adult-specific conclusion.
However, the induction was incomplete, leading to some mosaicism
and considerable variability in the resulting phenotypes (S Appendix,
Fig. S7A). Perhaps this could be solved by further altering the heat
shock regimen, especially for rhythmicity as this assay is insensitive
to the brief heat shock. Effects on sleep were more problematic, as
even sleep in the control flies was impacted by heat shock (Fig. 4£).
It is presently uncertain if the effect of heat shock alone on sleep
structure is strain-specific or a more general effect.

In contrast to heat shock, the AGES system was highly eflicient
but exhibited some background mutagenesis in the absence of auxin
at least with the PDF-Gal4 driver. As the AGES system was highly
effective at inhibiting expression of a fluorescent protein marker
(Fig. 5A and SI Appendix, Fig. S8B), the background mutagenesis
likely reflects the ability of even very low levels of Cas9 and gRNA
expression to induce mutagenesis as well as the sensitivity of this
assay. The lack of a similar leaky phenotype with the CLK856-Gal4
driver (Fig. 5G) suggests that it is Gal4-specific. Perhaps the
CLK856-Gal4 driver only labels the PDF neurons at a later devel-
opmental stage, allowing less time to affect the leaky phenotype.
Although mutagenesis sensitivity is a potential liability in this specific
context, it is a generally positive feature of the CRISPR-based system:
it does not require that drivers be highly expressed to mediate efh-
cient mutagenesis. In the context of AGES, the use of lower expres-
sion Cas9 variants (33) might circumvent this issue. Importantly,
auxin exposure alone had no detectable effect on circadian or sleep
behavior (Fig. 5 E'and F). Thus, we find auxin exposure to be a less
disruptive perturbation than heat shock and hence a mode of
CRISPR induction more compatible for behavior analyses. Moreover,
temporal regulation via AGES allows combining with other UAS
transgenes for experiments like complementation analysis. Although
the current version of AGES is incompatible with the many
Gal80-insensitive split-Gal4 lines (25), it can be used with new
Gal80-sensitive split-Gal4 lines (70). In summary, both temporal
methods are effective, and we hope this exploration of their differ-
ences will help researchers choose the one best suited to their needs.

Materials and Methods

Fly Stocks and Rearing. All flies were raised on a standard cornmeal media
supplemented with yeast in a temperature-controlled incubator at 25 °Cin 12:12
Light:Dark cycles. The genotypes of all fly strains used in this study are listed in
Sl Appendix, Table S3. Details on fly lines generated in this study are described
in S/ Appendix, Materials and Methods, Generation of Fly Lines.

Locomotor Activity and Sleep Behavior. For behavior analysis of flies with
throughout (not adult-specific) perturbations, 0 to 3-d-old male flies of the
appropriate genotype were collected and aged till they were about 2 wk old at
25°Cin 12:12 LD, with food changes every 3 to 4 d. The flies were then loaded
into behavior tubes containing food (4% sucrose and 2% agar) and loaded onto
Drosophila Activity Monitors (DAM; TriKinetics Inc., Waltham, MA). These DAMs
were placed in light boxes with programmable Light-emitting Diode (LED) inten-
sities inside a temperature-controlled incubator setto 25 °C. Flies were entrained
for 2 to 3 d with 12-h:12-h lights ON (500 Ix): lights OFF before being switched
to either constant darkness or constant light (500 Ix). Circadian rhythmicity and
sleep analysis was performed using the 2020 version of Sleep and Circadian
Analysis MATLAB Program (SCAMP) developed by Christopher G. Vecsey (71).
Details of locomotor behavior analysis are described in S/ Appendix, Materials
and Methods, Locomotor Activity and Sleep Behavior.
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Immunohistochemistry. Whole flies of the same genotype and age as the
behavior experiment cohort were fixed in 4% paraformaldehyde. Dissected
brains were washed and blocked with 10% Normal Goat Serum (Jackson labs).
The following primary antibodies were used diluted in blocking buffer- chicken
anti-GFP (Abcam ab13970; 1:1,000), mouse anti-PDF (DSHB-PDF C7; 1:1,000),
guinea pig anti-VRI [gift of Paul Hardin; 1:3,000 (72)], rat anti-TIM (Rosbash
lab; 1:250), rabbit anti-dsRed (Takara Bio- 632393; 1:300), rabbit anti-PER
(Rosbash lab, 1:1,000), rat anti-CRY (Rosbash lab, 1:200) and rat anti-RFP
(Proteintech-5f8; 1:1,000). Further details on image acquisition and analysis
can be found in S/ Appendix, Materials and Methods, Immunohistochemistry
and Image Analysis.

See also, S| Appendix, Materials and Methods, Data Representation and Statistics.
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