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Abstract

Circadian Regulation of Behavior and Physiology in Drosophila melanogaster

Reed Marshall O’Connor

Circadian systems drive daily oscillations in physiology in organisms from bacteria to humans.
These oscillations are coordinated by specific changes in environmental cues, the most important
of which is light. In animals, circadian regulation of brain function creates rhythmic patterns in
behaviors like sleep. Circadian dysregulation is a common feature of many human diseases and
environmental causes of circadian disruption increase susceptibility to many diseases including
cancer. Importantly, circadian disruption is also commonly seen in hospitalized patients, which
could have negative effects on health outcomes. Understanding the basic biology of circadianregulatory systems and their physiological functions is essential for identifying the impact of
circadian rhythms on human health. This dissertation describes a body of work using the fruit fly
Drosophila melanogaster to better understand circadian regulation and its impact on behavior and
physiology.
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Chapter I: Introduction

Circadian rhythms are 24-hour patterns in physiology or behavior that have evolved alongside life
itself to coordinate complex biological processes with the ever-changing yet reliably predictable
environment. These rhythms are yoked primarily to environmental changes in light and
temperature—in other words, biological systems have evolved to compensate for and to take full
advantage of the daily rotation of the Earth relative to the Sun. Sleep behavior is perhaps the
most obvious circadian-regulated process in humans, with our daily sleep-wake patterns causing
divisions in consciousness that form the basic temporal units of our lives. However, as sleep
physiology is limited to the animal kingdom, it does not adequately represent the prevalence of
circadian rhythms across most extant forms of life. Moreover, circadian “clocks” have been found
in the vast majority of cell types in multicellular organisms including humans, implying that
circadian rhythms play an important physiological role even on the level of the individual cell or
tissue.

Life’s First Circadian Rhythms

Roughly 2.5 billion years ago, Earth’s atmosphere contained only trace amounts of oxygen and
primitive life forms subsisted through anaerobic metabolism.1–3 The Great Oxygenation Event,
which allowed the development of aerobic life and is seen as the necessary beginning to the
expansion in biological diversity observed with the development of multicellular life, began when
cyanobacteria developed the ability to photosynthetically decompose water into oxygen.4–7
Because the thereto dominant anaerobic organisms present on earth relied on reducing
conditions to survive, increasing concentrations of atmospheric oxygen were inherently toxic and
provided evolutionary pressure that promoted the shift toward aerobic metabolism in other life
forms.8 While the incorporation of oxygen-based chemistries into biochemical pathways enabled
1

and drove the shift toward aerobic and, eventually, multicellular life, the inherent reactiveness of
oxygen species necessitated the co-evolution within early aerobic organisms of protective
mechanisms to guard against oxidant-mediated damage.8–10 Indeed, superoxide dismutases,
enzymes which are ubiquitous in life and convert highly reactive superoxide radicals into the lessreactive hydrogen peroxide, have been shown through phylogenetic analysis to have arisen
around the time of the Great Oxygenation Event.11–13 However, detoxifying enzymes were not the
only evolutionary innovation that resulted from Earth’s oxygenation.
Cyanobacteria, the original oxygenic organisms that effected the early accumulation of
oxygen in Earth’s atmosphere, did so by harnessing the energy of sunlight to convert water and
carbon dioxide into oxygen and biologically useful carbon-containing compounds. These
photosynthetic organisms are also diazotrophs, meaning they undergo nitrogen fixation, or the
reduction of biologically inert N2 to biologically essential NH3 through the action of the enzyme
nitrogenase.14–16

Importantly,

photosynthesis

and

nitrogen

fixation

are

fundamentally

incompatible processes as oxygen, the byproduct of photosynthesis, irreversibly inhibits the
nitrogenase enzyme.17 Cyanobacterial species solve this problem using one of two strategies:
heterocyst-forming cyanobacteria differentiate themselves from most other prokaryotes with the
formation of membrane-bound, organelle-like structures that physically partition photosynthesis
and nitrogen fixation into separate sub-cellular compartments;17,18 non-heterocyst-forming
cyanobacteria,

by

contrast,

temporally

partition

the

opposing

reactions,

undergoing

photosynthesis during the day and nitrogen fixation during the night.19,20 Thus, cyanobacteria
provide one of the earliest examples of how biological systems can interact with and be regulated
by the day-night cycle.
While daily oscillation and entrainment to environmental cues are fundamental features of
circadian-regulated physiologies, to be considered truly circadian such processes must continue
to oscillate, or free-run, with a similar period when external cues are removed. For example, if a
person has been exposed to daily light-dark cycles and then is placed into constant darkness,
2

they will tend to wake up and go to sleep at roughly the same times as if under the same lightdark schedule.21 Similarly, a heliotropic plant will continue to move its leaves in the same pattern
and with the same period as when under the Sun, even if light cues are removed.22–24 In other
words, underlying circadian-regulated physiologies is an endogenous mechanism—termed the
molecular clock—with built-in time delays that are modified or entrained by specific external cues
such as light or temperature. The molecular clock has two major functions: to keep time through
autonomous rhythms in activity or expression of clock genes and to regulate the rhythmic
expression of non-timekeeping, clock-controlled genes. Seminal work on the cyanobacterial
genus Synecocchus has demonstrated that most genes in its genome are subject to circadian
regulation by an endogenous molecular clock, and that this regulation persists in the absence of
external cues.25–31 Thus, circadian regulation has been a feature of life on Earth for over two billion
years.
Prevailing dogma in the early 1980s (before the observations of circadian rhythms in
cyanobacteria had been fully appreciated and codified) held that circadian regulation was a
phenomenon limited to eukaryotic organisms.19,20 While many researchers were working across
different model organisms to identify the composition of the circadian clock in eukaryotes, the
relatively large genomes of such organisms coupled with the laborious nature of early molecular
genetics meant that progress was slow and painstaking. Indeed, 23 years passed between the
identification of the first circadian clock gene in Drosophila by Konopka and Benzer in 1971 and
the identification of its functional partner by Sehgal and Young in 1994.32,33 Elucidation of the basic
transcriptional-translational negative feedback loop underlying circadian rhythms in Drosophila
(described at length below) followed shortly thereafter, but by that time much progress had been
made in understanding the mechanism of circadian regulation in cyanobacteria. Because the
Synecocchus genome is relatively small at 2.7 Mb,34 saturation-level screens were more feasible
than in genetically complex eukaryotes, enabling rapid genetics that quickly revealed how
rhythmic gene activity was coordinated across the circadian day. Briefly, a cluster of three genes
3

(termed KaiA, KaiB, and KaiC) was identified through chemical mutagenesis screens and genetic
rescue experiments as both necessary and sufficient for rhythmic cycling of the Synecocchus
genome.26,27 In contrast to the mechanism of molecular timekeeping found in Drosophila, rhythmic
gene

expression

in

Synecocchus

occurs

through

sequential

phosphorylation

and

dephosphorylation of the core circadian clock proteins and is not dependent on the rhythmic
transcription or translation of clock genes.28–31 Despite the conservation of circadian regulation
itself between prokaryotes and eukaryotes, there is no molecular or mechanistic conservation of
these processes across these two domains of life.35,36 This seemingly convergent evolution of
circadian rhythms suggests that they might fulfill functions that are fundamental to most forms of
life on Earth. Understanding circadian rhythms and their role in health and disease in humans
requires consideration of the mechanism of molecular timekeeping in an animal model.

The Circadian Clock in Drosophila melanogaster

Prior to 1971, observations in various eukaryotic species had led to defined criteria for circadianregulated physiologies—that they oscillate with roughly 24-hour periodicity, can be entrained by
environmental cues, persist under constant conditions, and are stable under a range of
physiological temperatures—but a molecular framework for how this regulation worked was
almost entirely absent.32,37–39 Early studies using inhibitors of transcription or translation in simple
eukaryotes implicated both of these processes in circadian regulation of gene activity,40,41
however the molecular effectors and substrates of such regulation remained unknown. That year,
Konopka and Benzer published the first screen for genetic elements underlying circadian
regulation in an animal model.32 Through this EMS screen for X-chromosome mutations affecting
the rhythmic eclosion and locomotor activity of adult Drosophila,38,42 Konopka and Benzer, out of
only 2000 mutant lines, remarkably identified three such mutants: one lacked rhythms in both
eclosion and locomotion while the other two mutants showed rhythms with either shortened (~194

hour) or extended (~28-hour) period lengths. These three mutations were shown to map to the
same region of the X-chromosome and, through complementation experiments, were predicted
to affect the same gene, termed period (per ; the individual mutants were named per 01, per s, and
per L, respectively). The studies presented in this foundational paper represent two critical
advances in the study of animal circadian rhythms: first, they accomplished for the first time
identification of a gene responsible for circadian rhythms in animals, and, second, they did so
using a behavior-based screen, underscoring how a single gene can influence animal behavior.
Further work on period by Jeffrey Hall and Michael Rosbash, including the cloning of the
gene itself 43 and rescue experiments proving that a single gene was indeed responsible for the
phenotype observed in Konopka and Benzer’s per 01 null mutant,44 was instrumental in elucidating
how this first-identified clock protein might function to drive circadian rhythms. An early clue to the
mechanism of action of per came with the observation that per RNA levels are regulated by Per
itself.45 While Hall and Rosbash had previously shown that Period protein levels oscillate with the
circadian day,46,47 the implication that Per might inhibit its own activity through a transcriptional
repression-based mechanism suggested a potential negative feedback loop that could
theoretically act as a molecular timekeeper. Moreover, Rosbash and colleagues used biochemical
approaches to characterize the PAS domain of Period, concluding that the protein could act to
modulate transcription through interaction with basic helix-loop-helix (bHLH) transcription
factors.48–51 They further showed that Period undergoes successive phosphorylation events
across the circadian day, raising the possibility that these post-translational modifications could
play an important role in modulation of the clock’s time-keeping.52 While these studies were all
pointing toward a role for Period in regulation of clock-controlled gene transcription, there was no
evidence that could directly explain how the molecular clock worked to keep time in Drosophila.
Identification of other molecular components of the clock would be essential to understanding its
mechanism of action.

5

While Hall and Rosbash were working to characterize the role of Per within the molecular
clock, the laboratory of Michael Young conducted a screen for novel Drosophila clock mutants on
the second and third (autosomal) chromosomes.33 This work led to identification of timeless (tim)
mutants, which, like period null mutants, are arrhythmic for both pupal eclosion and adult
locomotor behavior.32,33 Also similar to per 01 mutants, and in contrast to wild-type, tim flies lacked
rhythmic cycling of per RNA levels, indicating that per and tim likely function together or in the
same pathway to regulate rhythmic per transcription and, thus, rhythmic behavior.33,45,53 Work
from the Young lab published concurrently with the identification of tim showed that Tim is required
for Per nuclear entry, and that specific sequences within the per gene are required for this
interaction.54 Subsequent biochemical work showed that Per and Tim physically associate
through the Per PAS domain and that assembly of a Per-Tim complex in the cytoplasm is
necessary for nuclear entry of both proteins.55–57 Nuclear localization of these proteins further
supported a role for this complex as a regulator of transcription. Moreover, tim RNA was shown
to oscillate with the same period and phase as per RNA and this oscillation was dependent on
the activity of both Per and Tim.45,58 Although the complete clock mechanism was not immediately
clear from these early genetic investigations into both per and tim function, all together they had
effectively identified the negative feedback component of the fly molecular clock: both per and tim
RNA and protein levels oscillate with the circadian day and this oscillation is dependent upon
transcriptional repression by the nuclear Per-Tim complex. Moreover, because Per monomers
are unstable33,54,58 and Tim is degraded in response to light,59–63 a mechanism was proposed
whereby per and tim RNA would accumulate during the day (when nuclear Per-Tim is absent) but
would fail to produce functional heterodimers due to the light-induced degradation of Tim; at the
onset of night, the accumulated per and tim RNA would be translated into proteins which would
heterodimerize, translocate into the nucleus, and inhibit their own transcription.64 Thus, delays
between transcription, translation, and transcriptional repression of the per and tim loci could
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effectively keep time. Lastly, the sensitivity of Tim to light could provide a mechanism whereby
the clock could be set or entrained by environmental light cues.
While it was clear that Per and Tim were capable of negatively regulating their own
transcription, neither protein was predicted to bind DNA and so their direct mechanism of action
remained unknown. Identification through forward genetics of the mouse circadian mClock gene,
which encodes a bHLH-containing transcription factor, added strength to the hypothesis based
on analysis of the Per PAS domain48–51,54 that the Per-Tim complex might inhibit transcription
through repressive interaction with such a transcription factor in the fly.65,66 This hypothesis was
further supported by the observation that mouse homologues for period (mPer1 and mPer2) also
undergo circadian oscillation, suggesting that the core clock mechanism could be conserved
between flies and mammals.67–69 In two papers published concurrently, Hall and Rosbash
reported the identification and characterization of dClock (Clk) and cycle (cyc), two bHLH-PAScontaining transcription factors required for circadian rhythms in Drosophila.70,71 Specifically, Clk
and cyc mutants are arrhythmic, lack rhythmic cycling of per and tim RNA and protein, and show
low basal levels of per and tim expression, indicating that Clock and Cycle function together in
the molecular clock to drive transcription of per and tim. Moreover, both per and tim promoters
contain E-boxes, or the consensus sequence for bHLH transcription factor binding, suggesting
that Clock and Cycle could bind directly to regulatory elements in the per and tim loci to drive
transcription of both genes.72–76 Biochemical evidence followed shortly thereafter showing that
Clock-Cycle heterodimers can drive transcription of per and tim and that this activity is inhibited
by the Per-Tim complex, completing the nearly thirty year search for the core molecular clock.77
Thus, through a combination of behavioral genetics, biochemistry, and molecular biology, the
essential mechanism of animal circadian timekeeping was first described in Drosophila (Figure
1.1). Importantly, this mechanism is fundamentally conserved between flies and humans, though
the name and number of the molecular players involved did change somewhat with evolutionary
time.35,78
7
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Figure 1.1: Schematic of the negative feedback loop driving circadian rhythms in
Drosophila (A) During the daytime, Clock-Cycle (Clk-Cyc) heterodimers drive transcription of
period (per) and timeless (tim) whose RNAs accumulate in the cytoplasm and are translated; Tim
protein is degraded in the presence of light and Per is unstable without Tim. (B) Loss of sunlight
early in the night allows Tim protein to persist, stabilizing Per. (C) At night, Per and Tim heterodimerize in the cytoplasm and transolcate to the nucleus where they inhibit the action of their transcriptional activators, Clock and Cycle. (D) Sunrise triggers degradation of Tim, de-repressing
the Clock-Cycle heterodimer and allowing transcription of per and tim.
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While the core clock mechanism was established by the year 2000, continued
investigations led to a more refined understanding of how the clock works in Drosophila to set
and maintain time on the cellular level. Microarray technology enabled identification of many of
the downstream targets of the clock in the fly and in mammalian systems.79–82 Additional work led
to identification of other feedback loops within the clock mechanism,83–85 to deeper understanding
of how light impinges upon the clock to entrain it to the environment,86–95 and to characterization
of how phosphorylation and dephosphorylation of key clock proteins (and the kinases and
phosphatases that effect those modifications) can modulate circadian timekeeping.96–105 While
these studies were mainly focused on how the clock works on the level of the single cell or
transcriptomic changes within one tissue, it was clear from the earliest observation of animal
circadian rhythms that the cellular activity of the clock must be integrated at higher levels to drive
behavior.

The Neural Basis of Circadian Rhythms

In animals, most cell types outside the brain express the components of the molecular clock and
display rhythmic patterns in physiology.106–109 However, observations of circadian-regulated
behavior (like sleep-wake cycles in humans or locomotor activity patterns in flies) implicate a
neural system for the generation of circadian rhythms. Moreover, early lesion studies in rodent
models identified a specific region of the hypothalamus, the suprachiasmatic nucleus (SCN), as
being absolutely essential for behavioral rhythms.110–112 The roughly 20,000 neurons within this
nucleus exhibit circadian-regulated gene expression and firing patterns, both in intact tissue and
once dissociated in a culture dish.113–116 While other regions of the brain can exhibit rhythmic
patterns of activity, these rhythms are dependent upon the SCN which itself exhibits autonomous
rhythmic firing.112 Together, these observations led to the designation of the SCN as the
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mammalian “master pacemaker,” or the group of neurons that express the molecular clock,
respond to environmental cues to entrain the clock, and govern rhythmic behavior.
How the master pacemaker drives rhythmic behavior has been a central question in the
field of circadian biology. Several studies in rodents have showed that transplantation of a donor
SCN into arrhythmic recipient animals (either genetic mutants or animals with an ablated SCN) is
sufficient to restore behavioral rhythmicity to the recipients, and that, post-transplant, the recipient
rhythms display the period of the donor genotype.117–119 A follow-up study using a physical inhibitor
of neurite outgrowth or ingrowth showed that this effect can be mediated by a diffusible signal
rather than reformed neuronal connections.120 Similarly, abdominal transplantation of a rhythmic
Drosophila brain into an arrhythmic fly was sufficient to restore behavioral rhythms in a small but
appreciable number of animals; again, recipient animals displayed rhythms with the period of the
donor.121 These experiments support a neural basis for the generation of circadian-regulated
behavior, and further suggest that humoral mediators can play a role in the coordination of
circadian rhythms.
While the SCN is considered the master pacemaker, other neuronal populations in the
mammalian brain express the clock and exhibit rhythmic activity, though coordination of these
clocks is dependent upon SCN activity and connectivity.112,122–126 Moreover, it is thought that a
subset of SCN neurons dominate as pacemakers and that these neurons coordinate the activity
of other clock neurons within the nucleus through their release of vasoactive intestinal peptide
(VIP).127–132 Non-SCN clock neurons are important for other circadian-regulated neural functions
such as learning and memory, but are not essential for behavioral rhythms.122–126 Similarly, insects
have groups of clock-expressing neurons distributed in clusters throughout different regions of
the brain: in Drosophila, out of roughly 100,000 neurons in the brain, only ~150 rhythmically
express the molecular clock.133 However, only a subset of these clock neurons are predicted to
act as the master pacemaker.46,47,134
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The Drosophila clock neurons are broadly divided into eight clusters based on function
and anatomical location: the dorsal neurons are separated into three groups (DN1, DN2, and
DN3) while the lateral neurons are further subdivided into lateral posterior (LPN), dorsal lateral
(LNd), and ventral lateral (large LNv or l-LNv, small LNv or s-LNv, and the 5th s-LNv) neurons.135,136
Of these clock neurons, only the l-LNv and s-LNv clusters express the fly homolog of VIP,
pigment-dispersing factor (PDF), a neuropeptide closely related to a family of neuropeptides
shown in other systems to influence circadian rhythms.137–140 Because these neuropeptides were
known to be important for behavioral rhythms in other insect systems, particularly in
cockroaches,133,139 the so-called “PDF neurons” were considered candidate master pacemaker
cells.138 Several lines of evidence supported this hypothesis: first, mutations in Pdf 141–143 or its
receptor, Pdfr,144–146 abolish behavioral rhythms; second, ablation of PDF neurons also abolishes
behavioral rhythms;141,142 and third, expression of per only in PDF neurons in an otherwise per 01
background is sufficient to drive behavioral circadian rhythms.143 Thus, PDF neurons, and more
specifically the eight s-LNv neurons,143 have been considered the master pacemakers in
Drosophila.142,143,147
In the laboratory, circadian rhythms are almost always studied at constant temperature in
animals that have been entrained to a 12 hour:12 hour light:dark (LD) photoperiod. However, one
critically important feature of circadian systems is their ability to adapt to and function across a
range of temperatures and day lengths that oscillate annually with the seasons. Early
observations in birds of two daily activity peaks in the morning and evening148 contributed to the
dual oscillator model formalized by Colin Pittendrigh in 1976.149 In that prevailing model, two
independent but coupled clocks, termed morning (M) and evening (E) oscillators, drive the two
respective peaks of behavioral activity that typically center on dawn and dusk. Importantly, these
oscillators respond differently to light exposure: in response to light the M oscillator accelerates
whereas the E oscillator decelerates. This relationship enables the peaks of activity to move
closer during shorter days (or photoperiods) and vice versa; in other words, the phase angle
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between the two oscillators (YM,E) is smaller when photoperiods are shorter and larger when
photoperiods are longer. Because Drosophila are naturally crepuscular, or primarily active around
dawn and dusk, they represented a perfect model to test the neural basis for the dual oscillator
model.150 In addition, numerous tools exist in the fly to target specific genetic manipulations to
particular clock neuron subpopulations.142,143,151,152
In Drosophila, genetic mutants for the core clock proteins show no rhythmic pattern of
locomotor activity under constant darkness; however, under a regular light-dark schedule, even
flies lacking a functional clock will show peaks of activity after lights-on and lights-off.32,33,70,71
These activity peaks are considered startle responses and are not indicative of circadian behavior.
By contrast, flies with an intact molecular clock will show an increase in activity prior to lights-on
and lights-off; this behavior, termed anticipation, is dependent on clock function. Within the
framework of the dual oscillator model, the M oscillator is thought to control morning anticipation,
or increased locomotion prior to lights-on, and the E oscillator is thought to control evening
anticipation, or increased locomotion prior to lights-off. In the first characterization of the Pdf 01
null mutant, it was noted that, in addition to being arrhythmic under constant darkness, these flies
showed a lack of morning anticipation while evening anticipation remained intact under 12:12 LD
conditions.141 Similar results were obtained when PDF neurons were ablated through
overexpression of the pro-apoptotic gene reaper, suggesting that the M oscillator could reside
within PDF neurons. Twin follow-up studies using cell-specific ablation and per rescue
approaches confirmed that PDF neurons comprise the M oscillator and further showed that the E
oscillator resides in a distinct subset of clock neurons, namely 3-4 of the 6 LNd neurons and the
5th s-LNv (though the contribution of the latter group was only recognized later).142,143,153 These
results provided the first evidence supporting the existence of separate M and E oscillators,
housed within distinct neuronal groups, which previously had only been theorized to exist and to
drive behavioral rhythms in animals.
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While PDF neurons and PDF itself are clearly essential for behavioral rhythms,141–143 it
was unclear whether one of the two distinct but coupled oscillators within the clock neuron network
might function as the master pacemaker. In mice, VIP is important for the coordination of neurons
with different intrinsic periods within the SCN and mice lacking VIP or its receptor VPAC2 show
rhythms with multiple period components in constant darkness.131 These results suggest that VIP
neurons synchronize multiple oscillators with distinct periods within the mouse clock neuron
network and could indicate that this is a conserved function of PDF. In flies, rescue of per
expression only in PDF cells is sufficient to drive behavioral rhythms in per 01 mutants, but this
does not address how the M and E oscillators might interact when both clocks are intact.142,143
Similar to cell ablation experiments, electrical silencing of PDF neurons causes flies to become
arrhythmic, indicating that neuronal output from the M oscillator is required for behavioral
rhythmicity.154,155 Inhibition or hyperexcitation of PDF neurons was also shown to be sufficient to
phase-shift clock oscillations in downstream neurons, suggesting that PDF neuron activity directly
coordinates clock activity in other clock neuron subsets.156,157 Moreover, direct recording from
PDF neurons in dissected brains showed that the electrophysiological activity of those neurons
oscillates over the course of the circadian day in a clock-dependent manner.158 Lastly, firing of
PDF neurons causes degradation of Tim in downstream E neurons, acting as a phase-resetting
signal from the M oscillator to the E oscillator.159 These results suggest that activity of M oscillator
neurons is necessary for behavioral rhythmicity and is sufficient to set the period of the E oscillator
in certain contexts.
Cell ablation, genetic rescue in mutant backgrounds, and neuronal inhibition and
hyperexcitation experiments can be informative insofar as they can reveal effects on behavioral
rhythms under specific, non-physiological conditions. However, those conditions may not be
reflective of how the clock neuron network operates in nature. In an effort to perturb the network
with finer tools, several groups took the approach of expressing period-altering kinases in subsets
of an otherwise intact, functional clock neuron network to assess how discordant periods within
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the different oscillators would manifest in overall behavioral rhythms. Overexpression of shaggy,
a kinase that phosphorylates Tim and causes the clock to run faster,96 exclusively in PDF neurons
shortened the period of flies under constant darkness, suggesting that the period of the molecular
clock’s oscillation in the M oscillator is dominant to that of the E oscillator.160 In addition, shaggy
overexpression in PDF cells was sufficient to accelerate cycling of the clock within the E cells
under constant darkness, suggesting that M cells dominate and comprise the master
pacemaker.160 Interestingly, this relationship held true under a short photoperiod (10:14 LD) but
was reversed under a long photoperiod (14:10 LD), suggesting that the role of the master
pacemaker might shift with seasonal variation in day length.161,162 Despite these nuances, it was
rapidly accepted in the field that, under 12:12 LD-entrained conditions and under constant
darkness, PDF neurons act as the master pacemaker, setting the period of behavioral rhythms
through their action on other oscillators within the clock neuron network.
More recent work has challenged the notion of a strict hierarchy within Drosophila clock
neurons whereby activity of the M oscillator dominates over the E oscillator and other components
of the network. Different alleles of the clock-modifying kinases shaggy (Sgg) and doubletime (Dbt)
have graded effects on the period of oscillation of the molecular clock.96,105 For example,
overexpression of the DbtS allele in all clock neurons results in behavioral rhythms with a period
of 18 hours, whereas overexpression of DbtL drives rhythms with a period of 27 hours.163 By
overexpressing wild-type shaggy in PDF neurons, Yao and Shafer confirmed previously published
results that the period of clock oscillation in these neurons dominates over other neurons in the
network to set the period of behavioral rhythms.160,163 However, by using other alleles of both
shaggy and doubletime, they showed that this relationship was dependent upon the discrepancy
in period length between PDF and non-PDF neurons: when the period of PDF neurons differed
by >2.5 hours, flies displayed rhythms with two discernable periods, one corresponding to the
period of the PDF neurons and one around 24 hours corresponding to the non-PDF neurons.163
Contrary to the previously held model, these results suggest that non-PDF clock neurons are able
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to exert control over behavioral rhythms independent of PDF neurons, even when PDF signaling
is still intact. Lastly, Yao and Shafer showed that only specific subsets of non-PDF clock neurons
synchronize their clocks to the period of PDF neurons, and that this property is not purely
dependent upon expression of Pdfr. Together, these results suggest that, rather than consisting
simply of a dominant M and submissive E oscillator, the Drosophila clock neuron network is
composed of multiple collaborative oscillators that synergize to generate rhythmic behavior. While
the M oscillator may dominate under specific environmental or experimental conditions, this
dominance is context-dependent and may not be broadly generalizable.
As with most simple models that explain ancient and complex biological processes, the
dual oscillator model provided a useful framework for conceptualizing the neural basis of
behavioral rhythms but, as the nuances and intricacies of circadian regulation have been
discovered in greater and greater detail, it has proven to be incomplete. Work presented in
Chapter II of this dissertation supports an update to this model where circadian oscillators within
the brain work cooperatively as a network, rather than a strict hierarchy, to drive behavioral
rhythms.164 Evidence of collaboration between multiple oscillators within the fly brain does not
contradict earlier evidence from multiple groups showing that specific neurons drive morning and
evening activity, nor that these neurons respond differently to light to accommodate seasonal
changes in photoperiod. It is clear that these oscillators are capable of functioning within the clock
neuron network to robustly generate behavioral rhythms across a range of environmental
conditions. While understanding circadian regulation of behavior is a central goal of chronobiology
research, the expression and oscillation of the molecular clock in most cell types outside the brain
indicates that circadian regulation likely plays a role in most animal physiologies, not just behavior.
How peripheral clocks work to promote tissue function and how those clocks are coordinated with
the central clock in the brain are crucial questions in the understanding of circadian biology.
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Functions of Circadian Clocks in Health and Disease

The long evolutionary history of circadian regulation implies that circadian rhythms play an
adaptive role in physiology and the maintenance of organismal homeostasis. In animal models,
as in humans, one of the broadest markers of such homeostasis is lifespan. Several studies in
mice165–168 and in Drosophila169–171 have shown, using genetic or environmental perturbations,
that misregulation of the circadian clock can shorten lifespan. Some work, including from our own
lab, has expanded these findings, showing that circadian mutants can exhibit extended lifespans
in specific contexts.172,173 For example, our lab has shown that loss of period function restricts the
division of intestinal stem cells, delaying their overproliferation and misdifferentiation—a feature
of aging and major limiting factor for lifespan in the fly.174–177 Thus, period mutants are long-lived
under carefully maintained laboratory conditions; however, these mutants are highly sensitive to
various environmental stressors.178 Interestingly, both the extended lifespan and increased
sensitivity to intestinal stressors we observed were due not to behavioral effects of loss of per in
the brain, but rather to cell-autonomous effects in intestinal stem cells. These results suggest that,
while clock mutations can promote animal lifespan in the lab, they are almost certainly
maladaptive in the wild, and further suggest that clocks in peripheral tissues can play a significant
role in maintaining tissue function and organism health.
Oscillation of the molecular clock has been identified in most non-neuronal Drosophila
tissues, including the gut,46,179 reproductive organs,179–181 endocrine glands,182 fat body,183,184
Malpighian tubules,185,186 olfactory organs,109,187,188 gustatory organs,189 cuticle,190 and
oenocytes.191,192 While the fruit fly has been an indispensable model system for the discovery of
the core clock mechanism and how it functions in neural systems to regulate behavior,
characterization of fly peripheral clocks has been almost entirely limited to their regulation and
interaction with the central brain clock. Functional studies of how peripheral clocks affect
physiology and promote tissue function have been largely lacking. It is clear that circadian
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regulation of chemosensory organs functions to alter those organs’ responsiveness to odorant or
gustatory stimuli, and in the latter case this regulates appetitive behavior (and therefore food
intake).187–189 Rhythmic changes in responsiveness to environmental stimuli in peripheral sensory
organs could serve to reinforce centrally-driven rest-activity patterns. Most other research on the
functional implications of peripheral circadian oscillations has focused on metabolism.
In Drosophila, the fat body is a clock-expressing metabolic and immune tissue that is most
analogous to the mammalian liver.183,193,194 In the fat body, many genes are rhythmically
expressed under control of the molecular clock, including genes involved in metabolism, the
immune response, and detoxification.184 Interestingly, the cycling of certain fat body genes is not
dependent on cell-autonomous clock function, suggesting that other factors, perhaps regulated
by the central clock in the brain, can affect function of a subset of rhythmic genes in this peripheral
tissue.184,195 Disruption of clock function specifically in the fat body through over-expression of
dominant-negative forms of Clock or Cycle changes the phase of rhythmic feeding patterns and
increases overall food intake.183 Despite their increased feeding, flies with disrupted fat body
clocks have decreased energy stores and starve faster than controls, suggesting that the
molecular clock is required in the fat body for proper energy homeostasis.183 Because metabolic
rate, energy stores, and feeding behavior are influenced by the function of non-neuronal tissues
but are integrated in the brain, it remains unclear whether the observed effects on these
physiologies are due to cell-autonomous functions of the clock in the fat body itself or rather due
to homeostatic responses in other tissues such as the brain. Interestingly, restricting food
availability to specific times of day is sufficient to entrain the fat body clock, and if food is available
only at a time of day when flies are normally not eating, this shifts the phase of the clock’s
oscillation relative to the central clock (and, presumably, other peripheral clocks).184 Under this
phase-shifted paradigm, female flies lay fewer eggs than controls, suggesting that
synchronization of clocks in different tissues (e.g. the fat body, ovaries, and/or brain) is important
for reproductive fitness.184 Together, these results provide examples of how clocks in peripheral
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phasic coordination between clocks in disparate tissues can play an important role in maintaining
homeostasis even when clocks are intact and functional throughout the body.
While the fat body is a critical regulator of fly metabolism, it also plays an important role in
the fly immune system. Specifically, the fat body is known to respond to invading pathogens
through the immune-sensing Toll and IMD pathways by secreting small anti-microbial peptides
(AMPs) into the circulating hemolymph.196–201 Aside from this humoral response, Drosophila also
rely on macrophage-like hemocytes, which phagocytose and kill pathogens, to fight off microbial
infections.202–206 Several lines of evidence have suggested a link between circadian rhythms and
immunity. First, wild-type flies become arrhythmic when infected with bacterial pathogens.207 This
suggests that proper circadian regulation is dependent upon an aseptic internal state and further
that immune activation can directly regulate the clock. Second, timeless mutants are sensitive to
some, but not all, bacterial pathogens and this sensitivity is due to defects in phagocytosis by
hemocytes.208 This indicates that the molecular clock regulates specific components of the
immune response, possibly in specific peripheral cell types. Lastly, work presented in Chapter III
of this dissertation shows that period mutants have increased tolerance of specific infections and
that this tolerance is likely a result of altered metabolism in those mutants.209 Together, these
observations suggest a complex interrelationship between circadian rhythms, immunity, and
metabolism. An open question and area for future investigation is whether peripheral clocks in
specific tissues like the fat body or hemocytes might directly regulate these aspects of the immune
response.
While functional studies of peripheral clocks in Drosophila have been somewhat limited,
the relative accessibility of larger mammalian organs has facilitated these studies in model
systems like the common lab mouse. In mammals, peripheral clocks that drive rhythmic gene
expression have been identified in the liver,80,210,211 lung,210 skeletal muscle,210 heart,80 intestine,212
pancreas,213 kidney,214–216 skin,217 bone,218 immune cells,219 and adipose tissue.220 Many of the
transcripts that are subject to regulation by the circadian clock differ between peripheral tissues,
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indicating that the oscillation of different cell types’ circadian transcriptome is dependent upon the
function of the given cell type. However, of the genes that are commonly regulated by the clock
in multiple tissues, many serve a metabolic function.221 In other words, peripheral clocks have
evolved to support the specific functions of peripheral tissues, but metabolic oscillations are a
fundamental component of circadian regulation. Interestingly, similar to the effects seen in the fly
fat body,184 disruption of the clock only in the mouse liver abrogated cycling of most, but not all,
rhythmic transcripts, suggesting that rhythmic gene transcription can be driven by the intracellular
clock and extracellular cues in mammals as in flies.222 Also similar to the fly, restricting food
availability is sufficient to set the phase of clock cycling in the mouse liver.223–225 Together, these
observations suggest that, at least in metabolic tissues like the fat body and liver, commonalities
exist in the regulation of peripheral clocks between flies and mammals.
Animal models have been invaluable in our understanding of how circadian rhythms
function on the molecular, cellular, tissue, and organismal levels. In addition to these pursuits of
basic science, studies in humans with dysregulated circadian systems have provided correlative
evidence showing the health importance of circadian rhythms. In humans, as in animal models,
behavioral rhythms dampen with age, raising the question of whether this circadian dysregulation
contributes or is epiphenomenal to the many co-morbidities that accompany increased age.226
Circadian dysregulation is also seen in patients with neurodegenerative diseases such as
Alzheimer’s; because behavioral rhythms are generated by the brain and dependent on its proper
function, this could suggest a bidirectional relationship between circadian function and neuronal
health or neurodegeneration.227–229 Dysfunction of circadian systems is also a hallmark of younger
patients with neurodevelopmental disorders such as Fragile X syndrome (FXS).230 Fly and mouse
models of FXS exhibit defective circadian rhythms231–234 and work presented in Chapter IV of this
dissertation shows that the fly model of FXS also exhibits defects in phagocytosis by glia and
hemocytes. This could suggest that cell-autonomous clocks in innate immune cells regulate
phagocytosis of both microbial pathogens and necrotic or apoptotic host cells.
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It is perhaps unsurprising that diseases that affect the brain are associated with defects in
behavioral rhythms; however, other associations implicate circadian regulation in many nonneural disease processes. For example, known circadian-regulated changes in cardiovascular
parameters likely underly the strong daily oscillation in the incidence of angina pectoris,
hemorrhagic stroke, and myocardial infarction.235–237 While these associations are likely due to
normal physiological changes in circadian-regulated processes, chronic circadian dysregulation,
as is seen in shift workers, has been shown to be detrimental to human health across a variety of
contexts. Shift work is strongly associated with coronary artery disease, peptic ulcer disease, and
poor pregnancy outcomes, and has even been classified as a carcinogen by the International
Agency for Research on Cancer.238,239 Numerous other links between the circadian clock and
cancer have been identified across diverse tissues and therapeutic approaches that target these
biological connections have been tested and proven effective.240–243 mClock polymorphisms are
associated with obesity and metabolic syndrome and BMAL1 (the homologue of Drosophila cycle)
polymorphisms are associated with hypertension and type 2 diabetes, underscoring the health
importance of circadian regulation of metabolism.244 These examples likely represent only a
fraction of the influence of the circadian system on health and disease. More basic, clinical, and
translational work is needed to understand how clocks regulate cellular and tissue function, how
circadian disruption affects the health of humans, and how to harness circadian rhythms to
improve treatment strategies and to prevent disease.

Conclusion

Understanding how operative and aberrant circadian rhythms affect health and disease in humans
requires a comprehensive understanding of how circadian clocks function and are regulated. After
over four decades of research into the molecular machinery underlying these rhythms, still more
work is needed to unravel how circadian-regulated circuits in the brain drive rhythmic behavior,
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both in the fly and in more complex organisms. In addition, while a large portion of chronobiology
research focuses on the central pacemaker and control of rhythmic behavior, the discovery of
broadly distributed peripheral clocks suggests that circadian rhythms likely play a fundamental
role in most physiologies. It is clear that central pacemakers are important for the synchronization
of these body clocks, and it seems that clock coordination between different tissues can mutually
promote their functions. Because circadian rhythms have evolved with life for over 2 billion years
and are found across functionally disparate cell types in organisms from plants to flies to humans,
they almost certainly underly the most fundamental aspects of biology. Working to understand
how circadian systems function in the maintenance of organism homeostasis will enable
researchers and clinicians to harness this information to improve understanding and treatment of
human disease.
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Chapter II: Dissection of central clock function in Drosophila through cell-specific
CRISPR-mediated clock gene disruption

Work presented in this chapter is adapted from an article published in eLife in 2019.164 In addition
to design and planning of experiments, I contributed all immunofluorescence data and analysis
validating the efficiency of our CRISPR-based gene disruption approach and some analysis of
behavioral data. Together with Dr. Julie Canman, I produced the figures for this manuscript. I
wrote sections of the text pertaining to my results and methods and helped to edit the full text of
the manuscript.
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ABSTRACT
In Drosophila, ~150 neurons expressing molecular clock proteins regulate circadian behavior.
Sixteen of these neurons secrete the neuropeptide Pdf and have been called “master
pacemakers” because they are essential for circadian rhythms. A subset of Pdf+ neurons (the
morning oscillator) regulates morning activity and communicates with other non-Pdf+ neurons,
including a subset called the evening oscillator. It is assumed that the molecular clock in Pdf+
neurons is required for these functions. To test this, we developed and validated Gal4-UAS based
CRISPR tools for cell-specific disruption of key molecular clock components, period and timeless.
While loss of the molecular clock in both the morning and evening oscillators eliminates circadian
locomotor activity, the molecular clock in either oscillator alone is sufficient to rescue circadian
locomotor activity in the absence of the other. This suggests that clock neurons do not act in a
hierarchy but as a distributed network to regulate circadian activity.
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INTRODUCTION
Circadian rhythms are 24-hour oscillations in physiological functions and behaviors, including
locomotor activity, immune system function, metabolism, and sleep.173,207–209,245–247 Disruption in
circadian regulation is a common feature of aging and is associated with a variety of adverse
health outcomes such as diabetes and cancer.248–251 Circadian rhythms are driven by “molecular
clocks,” or proteins that regulate rhythmic gene expression. Work in Drosophila has been crucial
for understanding the molecular clock, a transcriptional negative feedback loop with four core
proteins: Clock, Cycle, Period, and Timeless (Fig. 2.1A).33,54,58,59,70,71 In brief, Clock and Cycle
activate transcription of period and timeless which, once translated, dimerize and translocate into
the nucleus where they bind to Clock and Cycle, thereby inhibiting their own transcription; this
molecular feedback loop repeats with a 24-hour periodicity (Fig. 2.1A). Importantly, the core
components of the molecular clock in Drosophila are conserved in humans.252
In Drosophila, ~150 neurons in the brain have molecular clocks and control circadian
locomotor activity (Fig. 2.1E).136 These clock neurons cluster in eight subgroups defined by their
anatomical locations: small and large ventral lateral neurons (s-LNvs and l-LNvs), the 5th s-LNv,
dorsal lateral neurons (LNds), lateral posterior neurons (LPNs), and three separate clusters of
dorsal neurons (DN1s, DN2s, and DN3s) (Fig. 2.1E). Cell ablation and cell-specific rescue
experiments identified two sets of clock neurons that control circadian locomotor activity: Pdf+ sLNvs comprise the “morning oscillator” and control the morning peak of activity, while the 5th sLNv and LNds comprise the “evening oscillator” and control the evening peak of activity.142,143,253
In the classic paradigm of circadian neuronal circuitry, the morning oscillator neurons are thought
to be master regulatory neurons that synchronize molecular clocks in other neurons via rhythmic
release of the neuropeptide Pigment-dispersing factor (Pdf).136,138,141,254,255 However, a subset of
Pdf mutants (~25%) were reported to retain rhythmic activity with a shortened period143 and more
recent experiments involving cell-specific expression of period-lengthening and shortening genes
have suggested that circadian neurons interact through a complex network, rather than a
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Figure 2.1: Toolbox for cellspecific,
CRISPR-mediated
disruption of core circadian
regulators. (A) Schematic of the
transcriptional/translational negative feedback loop that drives
rhythmic expression and activity
of the four core circadian regulators: Period (Per), Timeless (Tim),
Clock (Clk), and Cycle (Cyc). (B)
Diagram of CRISPR-Cas9 mediated DNA damage and repair
pathways. (C) Diagram of plasmid (pCFD6, adapted from Port
and Bullock 2016) used to generate UAS-sgRNA4x transgenic
flies. D.m. = Drosophila melanogaster. O.s. = Oryza sativa, Asian
rice. (D) Diagram showing sgRNA
target sites for acp98AB (acp,
gray), period (per, orange), and
timeless (tim, blue), numbered in
order of 5’-3’ position in the
respective
UAS-sgRNA4x
construct. Arrows = exons;
shaded rectangles = promoters
and UTRs. *tim sgRNA 1 has a
single base pair deletion in the
Cas9-binding scaffold region (see
Methods). (E) Diagram of ~150
clock neurons organized into the
following anatomical and functional clusters in the Drosophila
brain: dorsal neurons (DN1, DN2,
DN3), lateral posterior neurons
(LPN), dorsal lateral neurons
(LNd), and small and large
ventral lateral neurons (s-LNv,
5th s-LNv, l-LNv).

strict hierarchy, to regulate circadian behavior.163,253 The precise role of molecular clock
components in these circadian-regulatory neurons remained unclear.
To assess the role of molecular clock components in specific clock neurons, researchers
have typically used the Gal4-UAS system for cell-specific RNAi-knockdown of clock genes and
cell-specific rescue in a null mutant.256,257 While instrumental in understanding neuronal control of
circadian behaviors, these strategies have limitations. RNAi can be inefficient: Martinek and
Young observed only ~50% reduction in per RNA levels with eye-specific RNAi knockdown of
per.256 Moreover, unlike per null mutants, which are 100% arrhythmic, flies with per RNAi
knockdown in all Tim+ cells were shown to be only 45% arrhythmic258 or rhythmic with lengthened
period.256 Similarly, cell-specific rescue experiments sometimes do not reproduce wild-type
rhythmic behavior, possibly due to constitutive expression of normally rhythmic genes. Panneuronal or ubiquitous rescue of per or tim in a null mutant background caused variable
rhythmicity (~50-95%), depending on the UAS transgene insertion and Gal4 driver lines used;
even overexpression of per and tim in a wild-type background sometimes resulted in a partial loss
of rhythmicity.259 Thus, while cell ablation experiments have shown the necessity of specific
neurons for regulation of circadian locomotor activity, the function of the molecular clock within
those neurons remains unclear.
Recent advances in CRISPR technology in Drosophila provided an opportunity to create
new tools for circadian research.260,261 One key advance was the generation of loss of function
(LOF) mutations in somatic cells via biallelic gene-targeting, using UAS-driven expression of the
Cas9 enzyme under Gal4 control.262 Briefly, an sgRNA (Cas9 scaffold plus guide RNA) directs
Cas9 to the complementary target DNA sequence and catalyzes a double-strand break (DSB)
(Fig. 2.1B). Repair of this DSB occurs either by precise homology-directed repair (HDR) or more
error-prone non-homologous end joining (NHEJ) (Fig. 2.1B). If the targeted sequence is repaired
correctly, the CRISPR machinery will target it for DSB again. If it is repaired incorrectly, this could
result in small insertions or deletions (Fig. 2.1B), which can cause frame-shift mutations, early
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stop codons, and loss of function.262 Additionally, placing tRNA sequences between multiple
sgRNAs in a single transcript allows their release by endogenous tRNA excision machinery and
improves the efficiency of gene disruption.263 For example, when Port and Bullock used this
strategy to express four unique sgRNAs together, ~100% of the eye area exhibited the LOF sepia
phenotype, compared with only 11-58% from each individual sgRNA expressed alone. Thus,
targeting multiple unique sgRNAs to the same gene increases the likelihood of achieving a LOF
mutation in that gene.263 Finally, expressing both the Cas9 enzyme and the sgRNA sequences
from two separate UAS-transgenes reduced gene disruption in non-target tissues, likely due to
the low probability of having sufficiently leaky expression of both UAS transgenes without a Gal4
present.263
Here we generated UAS transgenes expressing multiple sgRNAs that target either
timeless, period, or a control gene (acp). We validated these constructs by showing that CRISPRmediated gene disruption of tim or per recapitulates null mutant phenotypes when driven in all
clock neurons (Tim+ cells), but not in glia, and further confirmed gene disruption by qRT-PCR over
the circadian cycle and brain immunostaining. We then disrupted the molecular clock in both the
morning and evening oscillators (Mai179+), only in the morning oscillator (Pdf+), or only in the
evening oscillator (Mai179+Pdf-). These experiments showed that, while loss of the molecular
clock in both Pdf+ neurons (which include the morning oscillator) and the evening oscillator
neurons caused profound loss of circadian locomotor activity, loss of the molecular clock in either
subset of neurons alone did not. This challenges the assumption that an internal molecular clock
in the morning oscillator is required to synchronize the activity of other clock neurons and further
suggests that circadian neurons act in a distributed network that can compensate for loss of the
molecular clock in specific subsets.
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RESULTS
UAS-sgRNA constructs target circadian gene expression in a tissue-specific manner.
We generated CRISPR tools for cell-specific gene disruption of period (per) and timeless (tim)
(Fig. 2.1A), based on previous work.262,263 UAS-driven constructs with multiple scaffold-guide
RNAs (sgRNAs) were paired with a Gal4 expression driver and a UAS-Cas9 construct to induce
cell-specific LOF mutations (Fig. 2.1B). We refer to this combination of Gal4-driven UAS-sgRNA
and UAS-Cas9 expression as “(target gene)CRISPR”. In addition to tim and per, we also targeted
the control gene acp98AB (acp). Because acp is expressed exclusively in male accessory gland
cells and the testes,264,265 CRISPR-mediated mutation of this gene in neurons serves as a control
for any nonspecific effects due to double-strand DNA break events, such as cell death. To clone
the UAS-sgRNA lines, we used the pCFD6 plasmid designed by Port & Bullock (Fig. 2.1C).263
The cassette contains four unique gRNA sequences (see Methods) that target the first four exons
of the gene of interest to ensure efficient and specific gene disruption (Fig. 2.1D).
To determine which circadian neurons require per and tim expression to influence
behavioral rhythmicity, we used three previously characterized Gal4 drivers that express in clock
neurons. Tim-Gal4 drives expression in all clock gene-expressing cells in the body, including all
~150 clock neurons (Fig. 2.1E).266 Mai179-Gal4 drives expression in a distinct subset of clock
neurons that include both morning and evening oscillator neurons: s-LNvs, 5th s-LNv and 3 CRY+
LNds with weak and variable expression in DN1s and l-LNvs.267 Pdf-Gal4 drives expression in the
s- and l-LNvs, which express the circadian neurotransmitter Pdf268 and include the morning
oscillator.142,143,159

CRISPR-mediated disruption of per or tim in all tim-expressing cells causes complete loss
of behavioral and molecular rhythmicity.
To test our UAS-sgRNA constructs, we expressed each with UAS-Cas9 in all Tim+ cells using the
tim-Gal4 driver and measured circadian locomotor activity. Flies were entrained in light/dark (LD)
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conditions and then shifted to constant darkness (DD) to monitor endogenous circadian locomotor
activity. We found that CRISPR-targeting per or tim in Tim+ cells (tim-Gal4>perCRISPR or timGal4>timCRISPR) led to complete loss of rhythmic behavior in DD (0% rhythmicity, Fig. 2.2.1A-D;
loss of rhythm power, Fig. 2.2.2), though the flies still display rhythmic behavior in LD (Fig. 2.2.3).
Thus, CRISPR-mediated disruption of tim or per in Tim+ cells, which includes all clock neurons,
faithfully recapitulated tim and per null mutant phenotypes.32,33 Control flies (tim-Gal4>acpCRISPR)
maintained circadian locomotor activity (94% rhythmic, 24.48 hr period; Fig. 2.2.1B, C), indicating
that nonspecific effects from UAS-Cas9 expression or CRISPR-induced double stranded breaks
in Tim+ cells did not cause loss of rhythms. Control flies carrying individual components of the
CRISPR-mediated deletion (tim-Gal4 driver, UAS-gRNA, and UAS-Cas9 lines) were also highly
rhythmic (Fig. 2.2.4). Together, our results suggest that CRISPR-targeting of tim and per results
in complete functional ablation of the molecular clock, in contrast to the lengthened rhythms
sometimes observed with RNAi, which are thought to reflect incomplete reduction of gene
expression.64,256
To confirm that rhythmic transcription of circadian clock genes is disrupted by CRISPRtargeting tim or per in Tim+ cells, we analyzed mRNA from fly heads collected over the circadian
cycle. In wild-type fly heads, clock gene mRNA levels oscillate with approximately 24-hour
periodicity in constant darkness.33,45,58 We found that control flies (tim-Gal4>acpCRISPR) also
displayed robust and statistically significant oscillation of timeless, period, and clock transcripts
(Fig. 2.2.1E, grey). In contrast, CRISPR-targeting of tim or per in Tim+ cells resulted in arrhythmic
transcription of all three molecular clock genes (Fig. 2.2.1E, orange and blue), consistent with the
behavioral arrhythmicity caused by these manipulations (Fig. 2.2.1B). Furthermore, tim transcript
levels in tim-Gal4>timCRISPR flies and per transcript levels in tim-Gal4>perCRISPR flies were reduced
to levels similar to the lowest baseline levels for these transcripts in control flies. We note that tim
transcripts, though arrhythmic, were elevated after disruption of per (tim-Gal4>perCRISPR flies) and
vice versa for per transcripts after disruption of tim. These results are consistent with earlier
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Figure 2.2.1: Cell-specific disruption of per or tim in circadian (Tim+) cells causes loss of
behavioral rhythmicity. (A) Diagram of clock neurons targeted for CRISPR-mediated gene
disruption using tim-Gal4. (B) Disruption of per or tim in all clock neurons caused complete loss
of behavioral rhythmicity. (C) Scatter plot showing the period of rhythmic flies with tim-Gal4-driven
disruption of acp, per, or tim. (D) Actograms showing average activity in constant darkness of flies
with tim-Gal4-driven disruption of acp, per, or tim. Activity data is double-plotted, with six days of
activity displayed. Dark grey rectangles = subjective day, black rectangles = subjective night. (E)
Relative mRNA levels, measured by qRT-PCR over a 24-hour period, of the core circadian genes
timeless (left), period (middle), and clock (right) in heads of tim-Gal4 CRISPR flies.
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(blue). Significance determined by Kruskal-Wallis nonparametric ANOVA (to account for non-normality of
samples) followed by Dunn’s multiple comparisons
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findings indicating that loss of either Per or Tim, inhibitors of Clock/Cycle, causes constitutive
activity of the Clock/Cycle transcription complex and elevated levels of per or tim transcripts.70,77
To

further

confirm

the

efficiency

of

our

gene

disruption,

we

performed

immunofluorescence analysis on the brains of CRISPR-targeted flies (tim-Gal4>geneCRISPR) for
Per and Tim at ZT0, along with per01 null mutants (Fig. 2.2.5A, B). At ZT0, Per and Tim proteins
are highly expressed and localized to the nucleus in wild-type flies.53,54,77 Consistent with this,
control flies (tim-Gal4>acpCRISPR) exhibited high levels of Per and Tim protein expression,
colocalized in the nucleus. In contrast, in flies CRISPR-targeted for per or tim in Tim+ cells (timGal4>perCRISPR and tim-Gal4>timCRISPR), we observed loss of nuclear Per or Tim staining, similar
to per01 null mutants (Fig. 2.2.5A, B). CRISPR-targeting of per led to loss of Per signal and only
cytoplasmic Tim signal; CRISPR-targeting of tim led to loss of both Tim and Per signal,
presumably because Per is unstable without Tim (Fig. 2.2.5C).53,98 Taken together, these results
show that CRISPR-mediated, Gal4-driven disruption of per and tim in Tim+ cells is highly efficient
on both the mRNA and protein levels and is sufficient to block locomotor activity rhythms.

CRISPR-mediated disruption of per or tim in glia (Repo+ cells) does not disrupt behavioral
rhythmicity.
As a second control for the effect of CRISPR-induced DNA damage and to confirm that this
CRISPR gene targeting is Gal4-specific, we CRISPR-targeted tim and per in Repo+ glia, using
the glial driver repo-Gal4.269,270 Glia are not predicted to control circadian locomotor activity via
circadian clock gene expression.258 We found that nearly all flies, whether CRISPR-targeted for
tim, per, or acp, were highly rhythmic (100% of repo-Gal4>acpCRISPR and 97% of repoGal4>perCRISPR and timCRISPR) (Fig. 2.3.1). CRISPR-targeting per or tim in Repo+ cells did not
reduce rhythm strength or affect rhythmic behavior in LD relative to the acp-targeted control (Fig.
2.3.2). We also confirmed through immunofluorescence analysis that the CRISPR-mediated
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Figure 2.3.3: Average actograms for repo-Gal4 targeted flies under 12h:12h light:dark conditions.
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deletion was both efficient in (Fig. 2.3.4A) and specific to (Fig. 2.3.4B) glial cells. These results
demonstrate that there is no leaky or non-Gal4-mediated expression of both the UAS-Cas9 and
UAS-sgRNA that affects rhythmicity. These results further confirm previously published results
that, while circadian locomotor activity requires intact glial cells, it does not require glial expression
of clock genes.258

Disruption of per or tim in both morning and evening oscillators (Mai179+ neurons) causes
complete loss of circadian locomotor activity.
To test the effect of disrupting per or tim in both the morning and evening oscillators, we expressed
our UAS-sgRNA constructs in the s-LNvs (including the 5th s-LNv) and 3 CRY+ LNds, with weak
or variable expression in l-LNvs, DN1s, and non-clock neurons, using the Mai179-Gal4 driver
(Fig. 2.4.1A).143,147,253,267 We found that 100% of flies CRISPR-targeted for per and tim in Mai179+
cells (Mai179-Gal4>perCRISPR and Mai179-Gal4>timCRISPR) were arrhythmic, while 91% of control
flies (Mai179-Gal4>acpCRISPR) remained rhythmic (Fig. 2.4.1A-D; Fig. 2.4.2). Thus, the molecular
clock is required in Mai179+ neurons for circadian locomotor activity.
To confirm the loss of protein after gene disruption, we measured Per and Tim protein
levels in Mai179+ neurons. We co-immunostained brains for Per and Tim and quantified nuclear
fluorescence intensity at ZT0. We found that control flies showed robust nuclear staining of both
Per and Tim at ZT0 (Fig. 2.4.1E-H in grey; Fig. 2.4.4), whereas per disruption in Mai179+ neurons
caused near-complete loss of Per protein, as measured by the number of Per-positive nuclei per
brain and average Per fluorescence intensity per brain (Fig. 2.4.1E and G, orange dots). In pertargeted flies, Tim protein remained mostly cytoplasmic (Fig. 2.4.4).53,54 These results suggest
near-complete CRISPR-mediated per gene disruption in Mai179-Gal4>perCRISPR flies, consistent
with the observed complete loss of behavioral rhythmicity (Fig. 2.4.1A-D). For Mai179-specific
tim-targeted flies (Mai179-Gal4>timCRISPR), only a small number of nuclei displayed Tim intensity
levels close to the levels observed in control nuclei (Fig. 2.4.1F, compare blue to gray), while the
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high-magnification views of the same projections; scale bar = 5 um. Arrowheads indicate Repo+
nuclei; asterisks indicate Repo- (likely neuronal) nuclei. (B) Full-thickness MIPs of samples shown
in (A) with immunohistochemistry for Period (grayscale); scale bar = 50 um.
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Figure 2.4.4: Period and Timeless immunohistochemistry in Mai179-Gal4-driven CRISPR
flies. Maximum intensity projections of Mai179-Gal4-driven GFP+ dorsal lateral (LNd, top) and
ventral lateral (LNv, bottom) neurons with immunohistochemistry for GFP (yellow), Period (green)
and Timeless (magenta); scale bar = 10 um. Arrowheads indicate GFP+ (CRISPR-targeted) cells.
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average nuclear fluorescence of Tim is near zero (Fig. 2.4.1H). Further analysis of these brains
revealed that most of the minority of neurons with incomplete loss of Tim/Per protein were large
ventral lateral neurons (l-LNvs); deletion was highly efficient in s-LNvs and LNds (Fig. 2.4.5).
Additionally, Per nuclear staining is nearly eliminated in tim-targeted flies (Fig. 2.4.1E, G). Thus,
our results support robust disruption of molecular clock function in these neurons, consistent with
the observed complete loss of behavioral rhythmicity.

Disruption of per or tim in the morning oscillator (Pdf+ s-LNv neurons) does not cause loss
of circadian locomotor activity.
To investigate the role of the circadian clock in morning oscillator neurons alone, we next induced
CRISPR-mediated gene disruption of tim and per in Pdf-expressing cells using Pdf-Gal4.
Pigment-dispersing factor (Pdf) is a neuropeptide expressed and secreted by the l-LNv and s-LNv
neurons, which form the morning oscillator (Fig. 2.5.1A).138,141,142,147 While Pdf+ neurons are
thought to be essential for circadian locomotor activity, we found that CRISPR-targeting of per
and tim in Pdf+ neurons did not cause complete loss of rhythmicity. 74% of Pdf-specific, pertargeted flies (Pdf-Gal4>perCRISPR) and 83% of Pdf-specific tim-targeted flies (Pdf-Gal4>timCRISPR)
were rhythmic, as compared to 100% of controls (Pdf-Gal4>acpCRISPR) (Fig. 2.5.1B). Qualitatively,
activity rhythms of individual flies often appeared more ambiguous, and therefore some were
scored as “weakly rhythmic” (Fig. 2.5.1B; Fig. 2.5.4); indeed the rhythm strength is significantly
reduced, relative to acp-targeted controls, though not completely abolished as seen in tim-Gal4and Mai179-Gal4-driven CRISPR targeting (Fig. 2.5.2). We confirmed the results for overall
rhythmicity by an automated scoring method, Lomb-Scargle periodogram analysis (see Methods).
Again, Pdf-specific targeting of per or tim resulted in mostly rhythmic flies (87% and 92%,
respectively), similar to controls (95% rhythmic, Table 1.1). All flies were tracked for 9-10 days
after shifting to constant darkness, because Pdf mutants and Pdf receptor (Pdfr) mutants lose
their rhythms only after 1-3 days in constant darkness.141,144 We classified flies as rhythmic if they
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0.00

0.00

105.68

96.77

per

31

23.53

96.77

0.00

3.23

128.90

93.55

tim

32

23.43

96.88

0.00

3.12

97.45

87.85

acp

33

23.68

84.85

6.06

9.09

109.68

93.94

per

64

n/a

0.00

0.00

100.00

7.09

3.13

tim

61

n/a

0.00

0.00

100.00

13.62

0.00

acp

41

24.14

93.37

2.63

0.00

238.51

95.12

per

31

23.90

61.29

12.90

25.81

146.25

87.10

tim

48

24.00

81.25

2.08

16.67

165.43

91.67

acp

56

23.64

75.00

14.29

10.71

99.08

92.86

per

62

23.28

66.13

16.13

17.74

89.37

93.55

tim

56

23.97

50.00

32.14

17.86

66.64

89.29

Parental Control Genotype

n

Period
(χ2)

%
Rhythmic

% Weakly
Rhythmic

%
Arrhythmic

Rhythm
Strength (χ2)

% Rhythmic
(Lomb-Scargle)

tim-Gal4/+

37

24.11

81.08

10.81

8.11

176.01

100.00

Driver

tim-Gal4

repo-Gal4

Mai179-Gal4

Pdf-Gal4

Mai179-Gal4;
Pdf-Gal80

UAS-Cas9/+

36

23.92

100.00

0.00

0.00

241.91

100.00

tim-Gal4>UAS-Cas9

28

24.38

100.00

0.00

0.00

254.40

100.00

UAS-acpgRNA/+; UAS-Cas9/+ 46

23.55

84.78

8.70

6.52

215.52

100.00

UAS-pergRNA/+; UAS-Cas9/+ 48

23.64

87.50

8.33

4.17

181.13

100.00

UAS-timgRNA/+; UAS-Cas9/+ 46

23.70

97.83

2.17

0.00

206.71

100.00

Table 1.1: Summary of all rhythmicity parameters for all experiments.
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maintained activity rhythms for the entire 9-10 days. Finally, though the morning oscillator is
thought to delay the evening peak of activity and thus control period length,253 the average period
length of Pdf-specific per or tim-targeted flies (23.87 and 23.42 hours, respectively) was similar
to controls (23.88 hours) (Fig. 2.5.1C). These results suggest that the molecular clock is not
required in the morning oscillator (Pdf+ s-LNv neurons) for overall circadian locomotor activity nor
to control the pacing of the evening oscillator.
Pdf+ s-LNv neurons also regulate “morning anticipation,” or increased activity just before
the transition to lights-on.142,143 The evening oscillator neurons regulate “evening anticipation,” or
increased activity just before the transition to lights off. To determine whether loss of the molecular
clock in Pdf+ neurons specifically affects morning anticipation, we analyzed both types of
anticipation in Pdf-specific per and tim-targeted flies relative to controls. While evening
anticipation was intact after CRISPR-targeting of tim or per in Pdf+ neurons, morning anticipation
was absent or diminished (Fig. 2.5.1E). To quantify this, we calculated morning and evening
anticipation indices (MAIs and EAIs) for each genotype (see Methods). The MAI in DD day 2 was
significantly reduced after targeting of per or tim in Pdf+ neurons (Pdf-Gal4>perCRISPR and PdfGal4>timCRISPR) relative to controls (Pdf-Gal4>acpCRISPR) (Fig. 2.5.1F), whereas EAI was not
reduced (Fig. 2.5.1G). In LD, while the overall activity pattern appears normal (Fig. 2.5.3), the MAI
was reduced in Pdf-Gal4>perCRISPR flies, though not in Pdf-Gal4>timCRISPR flies, and the EAI was
unaffected (Fig. 2.5.5A-C). These phenotypes were similar on days 3-9 in DD (Fig. 2.5.5D-F).
These results suggest that, while the molecular clock in Pdf+ neurons is not required for locomotor
rhythmicity, it is required for morning anticipatory behavior.

CRISPR-mediated disruption of per or tim in Pdf+ neurons causes near-complete loss of
Per and Tim protein.
If the Pdf-Gal4 driver is not strong enough to fully disrupt per or tim in Pdf+ neurons, this could
result in an incomplete behavioral phenotype. To confirm that per and tim disruption in Pdf+ cells
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Figure 2.5.5: Cell-specific disruption of per or tim in Pdf+ neurons causes loss of the morning anticipatory peak under constant conditions. (A and D) Average hourly activity counts for
one day under a 12h:12h light-dark schedule (A; white bars = ZT 0-11, black bars = ZT 12-23) or
averaged over days 3-9 of complete darkness (D; gray bars = CT 0-11, black bars = CT 12-23);
mean number of beam breaks per hour is shown ± SEM. (B and E) Morning Anticipation Index
(MAI) calculated by dividing the average hourly activity for ZT (B) or CT (E) 21-23 by the average
hourly activity for ZT or CT 18-23. (acp n=42; per n=31; tim n=48). (C and F) Evening Anticipation
Index (EAI) calculated by dividing the average hourly activity for ZT (C) or CT (F) 9-11 by the average hourly activity for ZT or CT 6-11. For scatter plots, each point represents an individual fly and
mean ± SEM is shown. Significance determined by one-way ANOVA followed by Tukey’s multiple
comparisons test (for normally distributed samples; B and F) or Kruskal-Wallis nonparametric
ANOVA (to account for non-normality of samples; C and E) followed by Dunn’s multiple comparisons test; reported p-values are multiplicity adjusted to account for multiple comparisons. *:
p<0.05; ****: p<0.0001; n.s.: not significant, p>0.05.
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is as efficient as observed with Tim-Gal4 and Mai179-Gal4, which caused arrhythmicity, we
performed quantitative immunofluorescence analysis of Per and Tim protein levels (Fig. 2.6.1).
Control flies (Pdf-Gal4>acpCRISPR) displayed the expected robust nuclear staining of Per and Tim
in both the s-LNvs and l-LNvs (Fig. 2.6.1A, D-G, in grey). In contrast, Pdf-specific per-targeted
flies (Pdf-Gal4>perCRISPR) exhibited a near-complete absence of nuclear Per immunofluorescence
signal in both s-LNvs and l-LNvs (Fig. 2.6.1A, D, F; Fig. 2.6.2). Similar to what we observed in the
Mai179-specific per disruption, any remaining Tim signal was localized to the cytoplasm (Fig.
2.6.1A). In Pdf-specific tim-targeted flies (Pdf-Gal4>timCRISPR), we observed a similar nearcomplete reduction in Tim protein levels in LNvs, with relatively few Tim+ nuclei remaining and an
average fluorescence intensity per brain near zero (Fig. 2.6.1A, E, G). CRISPR-targeting of tim
also resulted in near-complete loss of Per protein, indistinguishable from loss of Per in pertargeted flies (Fig. 2.6.1F).53,98 These results suggest that the persistence of circadian locomotor
activity seen in Pdf-specific per and tim-targeted flies is not due to incomplete disruption of the
targeted gene. Taken together, our behavioral and quantitative immunofluorescence analysis
suggest that the molecular clock in Pdf+ clock neurons is not required for circadian locomotor
activity.
We also used a UAS-myr-GFP to label the membranes of Pdf+ neurons and counted the
number of GFP+ cells in each brain to confirm that the CRISPR-induced DNA damage in our
system does not cause cell death. There are 8 Pdf+ LNvs in each hemisphere, totaling 16 neurons
in each fly brain.271 We found no significant difference in the number of GFP+ LNvs in each brain
between experimental flies and controls (Fig. 2.6.1C). This result indicates that CRISPR-mediated
gene disruption in Pdf+ neurons does not cause significant cell death.

Restriction of CRISPR-mediated disruption of per or tim to evening oscillator (Mai179+ Pdf)
neurons by blocking disruption in Pdf+ neurons restores behavioral rhythmicity
To determine whether the molecular clock is required in evening oscillator neurons, we paired the
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Figure 2.6.1: CRISPR-mediated disruption of per or tim in Pdf+ neurons leads to efficient
loss of the targeted protein. (A) Projections of Pdf-Gal4-driven GFP+ small and large ventral
lateral neurons with immunostaining for GFP (yellow), Period (green) and Timeless (magenta) at
ZT0. Scale bar = 10 um; arrows = targeted nuclei with residual protein. (B) Pdf-Gal4 expresses in
the 4 large and 4 small ventral lateral neurons (l- and s-LNv), bilaterally. (C) Count of number of
GFP+ neurons per brain (acp n=14; per n=15; tim n=13 brains). (D, E) Nuclear fluorescence intensity of Per (D) or Tim (E) at ZT0 in GFP+ neurons, grouped by brain with mean ± SEM shown. (F
and G) Mean nuclear fluorescence intensity of Per (G) or Tim (H) at ZT0 in GFP+ neurons, averaged per brain (acp n=14; per n=16; tim n=14 brains). ****: p<0.0001; n.s.: not significant, p>0.05.
Significance was determined by one-way ANOVA followed by Tukey’s multiple comparisons test;
reported p-values are multiplicity adjusted to account for multiple comparisons.
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Figure 2.6.2: Cell-specific disruption of per or tim in Pdf+ neurons has similar efficiency in
small ventral lateral (s-LNv) and large ventral lateral (l-LNv) neurons. Background-subtracted nuclear fluorescence intensity of Per (A, C) or Tim (B, D) at ZT0 in GFP+ neurons, grouped by
brain and separated by cell type (A, B: small ventral lateral neurons; C, D: large ventral lateral
neurons) with mean ± SEM shown. Individual brains are shown in the same order in all graphs
(acp n=14; per n=16; tim n=14 brains).
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Mai179-Gal4 driver with Pdf-Gal80, blocking CRISPR-targeting of tim or per in Pdf+ neurons. This
Gal80-mediated inhibition of Gal4 restricts CRISPR-targeting to the evening oscillator (Mai179+
Pdf- neurons): the 5th sLNv, CRY+ LNds, and a small subset of DN1s (Fig. 2.7.1A). We found that
overall locomotor rhythmicity is maintained; 82% of per-targeted and tim-targeted flies (Mai179Gal4/Pdf-Gal80>perCRISPR and Mai179-Gal4/Pdf-Gal80>timCRISPR) were rhythmic, similar to 89%
of control flies (Fig. 2.7.1B-D). The rhythm strength of tim-targeted flies was slightly reduced
relative to acp controls, whereas rhythm strength in per-targeted flies was unaffected (Fig. 2.7.2).
We also verified the efficiency and specificity of the deletion in Mai179+ Pdf- neurons through
immunofluorescence analysis (Fig. 2.7.1E, F; Fig. 2.7.4). The CRISPR deletion is highly efficient
in RFP+ LNds and the 5th s-LNv, representing the minimal evening oscillator (Fig. 2.7.1E; Fig.
2.7.4). We found that the PdfGal80 construct largely protected Pdf+ neurons from CRISPR
targeting, as evidenced by wild-type levels of Per signal in the majority of Pdf+ cells. There were
a minority of LNvs that lost Per expression; this incomplete protection was slightly more prevalent
in tim-targeted flies (Fig. 2.7.1F; Fig. 2.7.4), which may explain the slightly reduced rhythm
strength in tim-targeted but not per-targeted flies (Fig. 2.7.2). The result that restoring molecular
clock expression in Pdf+ neurons rescues overall rhythmicity is consistent with previous studies
in which rhythmicity is restored by expression of UAS-per in Pdf+ neurons of per null mutant
flies.143 Thus, while per and tim expression are not necessary in Pdf+ neurons for rhythmicity (Fig.
2.5.1), their expression in Pdf+ and Mai179- neurons is sufficient for circadian locomotor activity.
Taken together, our results suggest that the molecular clock may be sufficient in either the
morning oscillator or evening oscillator for circadian locomotor activity and that the molecular
clock must be disrupted in both oscillators to disrupt circadian locomotor activity.
Because Mai179+ Pdf- neurons comprise the minimal evening oscillator, we also measured
“evening anticipation,” or increased activity just before the transition to lights off. Similar to our
observation that per or tim disruption in the Pdf+ morning oscillator led to a loss of morning
anticipation, per or tim disruption in the Mai179+ Pdf- evening oscillator neurons led to a loss of
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Figure 2.7.2: Cell-specific disruption of tim, but not per, in
Mai179+Pdf- cells causes a slight reduction in rhythm strength. χ2
peak height values (rhythm strength) for Mai179-Gal4; Pdf-Gal80
targeting of acp (grey), per (orange), or tim (blue). Significance determined by Kruskal-Wallis nonparametric ANOVA (to account for
non-normality of samples) followed by Dunn’s multiple comparisons
test; reported p-values are multiplicity adjusted to account for multiple
comparisons. *: p<0.05; n.s.: not significant, p>0.05.
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Figure 2.7.3: Average actograms for Mai179-Gal4; Pdf-Gal80 targeted flies under 12h:12h
light:dark conditions. Average actograms for the first day in LD for Mai179-Gal4; Pdf-Gal80
targeting of acp (grey), per (orange), or tim (blue).
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Figure 2.7.4: Mai179-Gal4; Pdf-Gal80-driven CRISPR targeting protects PDF+ cells from
gene disruption. MIPs of Mai179-Gal4; Pdf-Gal80-driven RFP+ dorsal lateral (LNd, top) and
ventral lateral (s-LNv, 5th s-LNv, l-LNv; bottom) neurons with immunohistochemistry for RFP
(yellow), Period (green) and PDF (magenta); scale bar = 10 um. Arrowheads indicate RFP+
(CRISPR-targeted) cells; arrow indicates rare PDF+ cell that has escaped Pdf-Gal80 protection
and undergone CRISPR-mediated gene disruption.
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evening anticipation activity (Fig. 2.7.5). The EAI was significantly reduced in evening oscillatorspecific per-targeted flies and the EAI of tim-targeted flies was trending, but not significantly
reduced (p<0.10), relative to controls. The morning anticipation indices (MAI) remained intact and
were not significantly different from controls (Fig. 2.7.5), further demonstrating that per or tim
expression in Pdf+ s-LNv morning oscillator neurons is both necessary and sufficient for morning
anticipatory activity.

DISCUSSION
Our understanding of how circadian neurons communicate with each other to control locomotor
rhythmicity is still evolving. Over a decade ago, some of the first evidence was presented to
support a “dual oscillator” model in which Pdf+ s-LNvs are classified as “morning cells” that control
morning anticipation and drive the maintenance of overall rhythmicity. This model also suggests
that Pdf+ s-LNvs dominate over other circadian neurons, such as “evening cells”.136,142,143,159 More
recent evidence has questioned this hierarchical model and instead suggests a complex network
in which the control of circadian behavior is distributed among many subgroups of
neurons.160,163,253,272,273 Most of these recent studies utilized proteins known to alter period length
when expressed ubiquitously (mutant kinases, mutated kinase targets, or dominant negative
constructs). When these proteins were overexpressed in specific clock neurons such as Pdf+
neurons or evening oscillators, they exerted varying levels of control over the molecular clocks in
other neurons and overall circadian locomotor activity. While these studies were elegantly done
using available tools, overexpression studies carry the potential problem of gain of function.
Moreover, proteins that regulate the core molecular clock have significantly different roles in
different clock neurons.103,274 The best genetic tools are those that cause loss of function. Here
we developed and validated tools for CRISPR-mediated disruption of the molecular clock in
targeted subsets of circadian neurons.
Our results demonstrate the efficacy and utility of genetic constructs that mediate tissue57
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Figure 2.7.5: Cell-specific disruption of per in Mai179+Pdf– neurons causes loss of the evening anticipatory peak under constant conditions. (A) Average hourly activity counts during
the second day of complete darkness (DD Day 2; gray bars = CT 0-11, black bars = CT 12-23).
Mean number of beam breaks per hour is shown ± SEM. (acp n=58; per n=63; tim n=55) (B)
Morning Anticipation Index (MAI) was calculated by dividing the average hourly activity for CT
21-23 by the average hourly activity for CT 18-23. (C) Evening Anticipation Index (EAI) calculated
by dividing the average hourly activity for CT 9-11 by the average hourly activity for CT 6-11. For
scatter plots, each point represents an individual fly and mean ± SEM is shown. Significance
determined by Kruskal-Wallis nonparametric ANOVA (to account for non-normality of samples)
followed by Dunn’s multiple comparisons test; reported p-values are multiplicity adjusted to
account for multiple comparisons. ***: p<0.001; n.s.: not significant, p>0.05.
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specific CRISPR-targeting of two key circadian clock genes: timeless and period. We showed that
these constructs recapitulate known mutant phenotypes, such as complete loss of locomotor
activity rhythms when driven in all tim-expressing cells (Fig. 2.2.2). We validated the extent of
gene disruption at both the mRNA and protein levels (Fig. 2.2.1, 2.4.1, 2.6.1, 2.7.1) and showed
that gene targeting effects are Gal4-dependent, as there is no effect on locomotor rhythmicity
when tim or per are disrupted in glia, nor any effect of the CRISPR tools in the absence of a Gal4
driver. We then used these lines to dissect the molecular clock requirements in different subsets
of circadian regulatory neurons. In summary, loss of per or tim expression in both the morning
and the evening oscillators (Mai179+) causes arrhythmicity. In contrast, loss of per and tim
expression in only Pdf+ cells (which include the morning oscillator) or the evening oscillator
neurons (Mai179+ Pdf-) does not cause arrhythmicity. Thus, in contradiction of the previous
paradigm, per and tim expression in Pdf+ neurons is not necessary for circadian locomotor activity.
It should be noted that while the molecular clock in Pdf+ neurons is sufficient for rhythmicity in the
context of Mai179-Gal4/Pdf-Gal80 CRISPR-targeting, Mai179- clock neurons other than Pdf+
neurons still express per and tim and may also be required for rhythmicity. Moreover, while PdfGal80 efficiently protected against CRISPR disruption driven by Mai179-Gal4, future experiments
utilizing Gal80 protection should take into account the relative developmental timing of the Gal4
and Gal80 constructs because the CRISPR disruption event is irreversible.
While this manuscript was in preparation, we became aware of a similar study examining
the requirement of the molecular clock in different subsets of clock neurons. Schlichting et al. also
used a tissue-specific CRISPR-mediated mutagenesis strategy to target period with three gRNAs
and obtained similar results. Consistent with our results, they found that disruption of per
expression in Pdf+ cells did not cause loss of circadian locomotor activity. Moreover, loss of Clock
protein cycling in Pdf+ neurons due to Pdf-specific neuronal silencing did not cause loss of
circadian locomotor activity. Taken together, our results and those from the Rosbash lab
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demonstrate that the molecular clock is not required in Pdf+ neurons for circadian locomotor
activity and suggests that rhythmicity is a network property.
Our evidence supports a model of independent morning and evening oscillators that
control their respective anticipatory behaviors and can compensate for each other to maintain
overall locomotor rhythmicity. CRISPR targeting per or tim in Pdf+ neurons, which contain the
morning oscillator, led to a loss of morning anticipatory behavior (Fig. 2.5.1). This is consistent
with previous reports demonstrating that ablation of Pdf-expressing cells or loss of function of Pdf
itself or its receptor Pdfr caused loss of morning anticipation.141 This suggests that this specific
aspect of circadian behavior, morning anticipatory activity, requires the molecular clock in Pdf+
neurons. However, while Pdf mutants and Pdf+ cell ablation led to a loss of overall
rhythmicity,141,254,257,268 disruption of the molecular clock (tim or per) in Pdf+ neurons did not. These
results suggest that locomotor rhythmicity, while dependent on Pdf expression and Pdf+ neurons,
is not dependent on the function of the molecular clock within Pdf+ neurons. Similarly, disruption
of per or tim in just the evening oscillator neurons (Mai179-Gal4/Pdf-Gal80), led to a loss of
evening anticipatory behavior, but not locomotor rhythmicity (Fig. 2.7.1). This also demonstrated
that while an intact molecular clock in morning oscillator neurons was not necessary for overall
rhythmicity, it was sufficient to restore the rhythmicity lost with Mai179-Gal4-driven disruption of
per or tim. These results are consistent with recent work suggesting that interactions between
clock neurons create multiple independent oscillators that regulate locomotor activity rhythms.163
Our results further suggest that the molecular clock needs to be disrupted in both the
morning and evening oscillator neurons to disrupt locomotor rhythmicity. When we drove perCRISPR
or timCRISPR with Mai179-Gal4, which expresses in a subset of clock neurons that include both
morning oscillator neurons (s-LNvs) and evening oscillator neurons (primarily 3 CRY+ LNds, and
the 5th s-LNv), we saw a complete loss of overall rhythmicity. Previous research has shown that
rescuing the circadian clock with UAS-per expression in a per null background in Mai179-Gal4
cells was not sufficient to fully restore rhythmicity,143,147,162 but it is possible that UAS-driven
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expression of per did not fully recapitulate endogenous, cyclical expression levels. In contrast,
our results demonstrate that the molecular clock in one or more of the Mai179-Gal4 expressing
neurons is necessary for behavioral rhythms. Perhaps the morning and evening oscillators
function with some redundancy, coordinating rhythmicity in a distributed, complex network, that
only requires a cell-intrinsic molecular clock in one subset of neurons to generate behavioral
rhythms. In other words, an intact molecular clock in one subset of clock neurons is able to
compensate for loss in another subset, suggesting that clock neurons do not rely entirely on a
cell-intrinsic molecular clock to generate behavioral rhythms.
Our results highlight how cell-specific CRISPR-mediated gene disruption can be used to
better understand the role the molecular clock plays in specific subsets of circadian neurons to
control behavioral rhythmicity. Our work also demonstrates the immense potential of the approach
engineered by Port & Bullock to produce cell-specific, CRISPR-mediated gene disruption in
somatic cells. These tools provide a new standard for the field and can now be used to investigate
the tissue-specific function of circadian genes in both neuronal subsets and “peripheral clocks”
outside the brain that control other circadian-regulated physiologies.
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METHODS
Drosophila strains and maintenance
UAS-sgRNA lines (w;UAS-sgRNA-tim3x; w;UAS-sgRNA-per4x; and w;UAS-sgRNA-acp98AB4x;)
were cloned as described below. The w;;UAS-Cas9.2 line was obtained from Bloomington
Drosophila Stock Center (#58986). Two different UAS-myr-GFP lines were used (2nd
chromosome: Bloomington #32198 and 3rd chromosome: Bloomington #32197). per01 nulls were
a gift from Jaga Giebultowicz.
Gal4/Gal80 lines: w;tim-Gal4; (Bloomington #7126), w;;repo-Gal4 (Bloomington #7415),
w;Mai179-Gal4; (Helfrich-Förster Lab), w;Pdf-Gal4; (Bloomington #6900), w;;Pdf-Gal80 (Rosbash
Lab). All Gal4 driver lines were outcrossed at least six generations to w-CS (white-eyed CantonS strain).
All flies were grown and maintained on standard yeast-cornmeal-agar media (Archon
Scientific, Glucose recipe: 7.6% w/v glucose, 3.8% w/v yeast, 5.3% w/v cornmeal, w/v 0.6% agar,
0.5% v/v propionic acid, 0.1% w/v methyl paraben, 0.3% v/v ethanol) in a humidity controlled (5565%) 12:12 Light:Dark incubator at 25ºC. Males were collected at 1-3 days old and allowed to
mate for 1-2 days before being separated from females. Male flies were 7-11 days old at the start
of all behavioral and immunohistochemistry experiments.

Cloning
Multiple gRNAs targeting per, tim, or acp98AB were constructed as previously described.263 gRNA
sequences were selected for predicted target specificity and efficiency according to
http://chopchop.cbu.uib.no/.275 pCFD6 (Addgene #73915) was digested with BbsI-HF (NEB
#R3539S) and gel purified. For each construct, inserts were generated in three separate PCR
reactions using pCFD6 as the template and the primers listed in Table 1.2. The resulting three
inserts and the pCFD6 backbone were then assembled by NEBuilder HiFi DNA Assembly (NEB
#E2621L) for each construct. Each construct was integrated at the Su(Hw)attP5 site276 (Bestgene,
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Construct

UASt:gRNAacp98AB 4x

UASt:gRNA-per 4x

UASt:gRNA-tim 3x

Insert

Primer

acp98AB_PCR1fwd
GCGGCCCGGGTTCGATTCCCGGCCGATGCAGTGTCCCCTTATT
acp98AB_PCR1 CGTGCGGGTTTTAGAGCTAGAAATAGCAAG
acp98AB_PCR1rev
CGTCATCCTTTGATAGTGTGTGCACCAGCCGGGAATCGAACCC
acp98AB_PCR2fwd
CACACTATCAAAGGATGACGGTTTTAGAGCTAGAAATAGCAAG
acp98AB_PCR2
acp98AB_PCR2rev
TTGATAGTGTGTCCCCTTATTGCACCAGCCGGGAATCGAACCC
acp98AB_PCR3fwd
ATAAGGGGACACACTATCAAGTTTTAGAGCTAGAAATAGCAAG
acp98AB_PCR3 acp98AB_PCR3rev
ATTTTAACTTGCTATTTCTAGCTCTAAAACCACGAATAAGGGGAC
ACACTTGCACCAGCCGGGAATCGAACCC
per_PCR1fwd
GCGGCCCGGGTTCGATTCCCGGCCGATGCAGCTTTTCTACACA
CACCCGGGTTTTAGAGCTAGAAATAGCAAG
per_PCR1
per_PCR1rev
CCGGGATCATATCGCACGTGTGCACCAGCCGGGAATCGAACCC
per_PCR2fwd
CACGTGCGATATGATCCCGGGTTTTAGAGCTAGAAATAGCAAG
per_PCR2
per_PCR2rev
TGGTGTTGTGTGTGGACTCCTGCACCAGCCGGGAATCGAACCC
per_PCR3fwd
GGAGTCCACACACAACACCAGTTTTAGAGCTAGAAATAGCAAG
per_PCR3
per_PCR3rev
ATTTTAACTTGCTATTTCTAGCTCTAAAACGCGTGGTCTATGGAC
GAGTATGCACCAGCCGGGAATCGAACCC
tim_PCR1fwd
GCGGCCCGGGTTCGATTCCCGGCCGATGCATCTGCTGAAGGA
ATTCACCGGTTTTAGAGCTAGAAATAGCAAG
tim_PCR1
tim_PCR1rev
CACGGATGTGGGTCGCCACATGCACCAGCCGGGAATCGAACCC
tim_PCR2fwd
TGTGGCGACCCACATCCGTGGTTTTAGAGCTAGAAATAGCAAG
tim_PCR2
tim_PCR2rev
CAGTTGTACAGCGCGTTCTCTGCACCAGCCGGGAATCGAACCC
tim_PCR3fwd
GAGAACGCGCTGTACAACTGGTTTTAGAGCTAGAAATAGCAAG
tim_PCR3
tim_PCR3rev
ATTTTAACTTGCTATTTCTAGCTCTAAAACCGTCATATCGCTGGC
CTCTTTGCACCAGCCGGGAATCGAACCC

Table 1.2 Primers to clone inserts for UAS-sgRNA construct assembly.
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Inc.) and Sanger sequenced (Genewiz). Sequenced flies revealed a polymorphism in one of the
four sgRNA scaffolds in the UAS-t:sgRNA-tim flies and thus the line is denoted as UAS-t:sgRNAtim3x.
transgene
UAS-t:sgRNA-per4x

gRNAs expressed (orientation of target sequence)
1. GCTTTTCTACACACACCCGG (5’à3’)
2. CACGTGCGATATGATCCCGG (3’à5’)
3. GGAGTCCACACACAACACCA (5’à3’)
4. TACTCGTCCATAGACCACGC (5’à3’)

UAS-t:sgRNA-tim3x

1. *TCTGCTGAAGGAATTCACCG (5’à3’)
2. TGTGGCGACCCACATCCGTG (3’à5’)
3. GAGAACGCGCTGTACAACTG (3’à5’)
4. AAGAGGCCAGCGATATGACG (5’à3’)

UAS-t:sgRNA-

1. GTGTCCCCTTATTCGTGCGG (3’à5’)

acp98AB4x

2. CACACTATCAAAGGATGACG (5’à3’)
3. ATAAGGGGACACACTATCAA (5’à3’)
4. AGTGTGTCCCCTTATTCGTG (3’à5’)

*sgRNA scaffold for gRNA 1 of timeless has a one bp deletion (GTTTA... instead of GTTTTA...)

Circadian locomotor activity
Male flies entrained on a 12:12 LD cycle during development and post-eclosion were placed in
individual 5mm tubes in TriKinetics, Inc. Drosophila Activity Monitors (DAMs) to record their
locomotor activity for two days in 12:12 LD, then for 7-11 days in constant darkness (DD). Activity
data from the DD period was summed into 15 min bins using DAM file scan software. Clocklab
software (Actimetrics) was used to generate actograms and period measurements. Actograms
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were blindly scored as rhythmic, weakly rhythmic, or arrhythmic; percentages of each category
are reported, except when “weakly rhythmic” was less than 10% of the population, then it was
included with “rhythmic.” Activity data from the LD day 1 was summed into 15 min bins and
Clocklab software was used to generate average actograms.
• Automated Circadian Analysis: After binning the data exactly as described above, we used
Clocklab to generate Lomb-Scargle periodograms with a statistical cutoff of p<0.001. The
difference between the amplitude of the peak and the value of the threshold line was calculated
and flies were classified as rhythmic if the difference was >150. The % rhythmicity results for all
genotypes are reported in Table 1.1.
• Rhythm Power Analysis: After binning the data as described above, we used Clocklab to
generate Chi-square periodograms with a statistical cutoff of p<0.001. The peak height value
relative to the threshold line is reported as the “rhythm power.” Additionally, since an animal
cannot display negative rhythmicity, all negative values are represented as “0”. The original
values, however, are available in Table 1.1. A Kruskal-Wallis with a Dunn’s multiple comparison
post-hoc test was performed to determine statistical differences in rhythm power between perand tim-targeted flies and acp-targeted controls.
• Anticipation Index (MAI or EAI) Analysis: DAM file scan activity for individual flies was summed
into 1-hour bins. An anticipatory index was calculated by dividing the sum of the beam breaks 3
hours immediately preceding “lights on” (MAI) or “lights off” (EAI) by the sum of the beam breaks
6 hours preceding “lights on” (MAI) or “lights off” (EAI), in LD day 2, DD day 2, and DD days 3-9.
All circadian data is representative of at least three biological replicates of at least 8-10 flies each
per genotype. A Kruskal-Wallis with a Dunn’s multiple comparison post-hoc test was used to
compare significance between groups.
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Immunohistochemistry and Confocal Microscopy
After 6-9 days of entrainment, flies were decapitated at ZT0 and heads were fixed in 4%
paraformaldehyde (Electron Microscopy Sciences #RT15710) in PBS + 0.1% Triton X-100 (PTX)
for 40 minutes at room temperature. Heads were washed in PTX and subsequently incubated on
ice. Brains were dissected in PTX and blocked with 4% normal donkey serum (NDS, Jackson
ImmunoResearch #017-000-121) in PTX for 90 minutes at room temperature or overnight at 4ºC.
After blocking, brains were incubated overnight at 4ºC in primary antibody: chicken a-GFP
(1:1000, Abcam #ab13970), rabbit a-Per (1:1000, gift of Michael Rosbash277), rat a-Tim (1:1000,
gift of Amita Sehgal and Michael Young59), chicken a-RFP (1:200, Rockland 600-901-379),
mouse a-repo (1:20, DSHB 8D12), and/or mouse a-PDF (1:10, DSHB C799) in PTX + 2% NDS.
Rabbit a-Per was pre-adsorbed on dechorionated per01 embryos overnight in PTX + 2% NDS
prior to use. Brains were washed in PTX and incubated overnight at 4ºC in secondary antibody:
Alexa Fluor 488–conjugated donkey a-chicken (1:200, Jackson ImmunoResearch #703-545155), Alexa Fluor 594–conjugated donkey a-rabbit (1:200, Jackson ImmunoResearch #711-585152), Alexa Fluor 647–conjugated donkey a-rat (1:200, Jackson ImmunoResearch #712-605153), Cy3–conjugated donkey a-chicken (1:200, Jackson ImmunoResearch #703-165-155),
and/or Alexa Fluor 647–conjugated donkey a-mouse (1:200, Jackson ImmunoResearch #715605-151) in PTX + 2% NDS. Brains were washed in PTX then PBS and were mounted on
coverslips coated with Poly-L-Lysine (0.1 mg/mL, Advanced BioMatrix #5048) and PhotoFlow 200
(0.36%, Kodak #1464510). Coverslips were serially dehydrated with increasing concentrations of
ethanol (30, 50, 75, 95, 100, 100%) and cleared with two washes in 100% xylenes. Coverslips
were mounted onto slides with DPX (Electron Microscopy Sciences #RT13510) and dried at room
temperature overnight before imaging.
Images were acquired on a Zeiss LSM 800 Axio Observer 7 inverted confocal microscope
(ZEISS) using 488-, 561-, and 647-nm lasers and a Plan-Apochromat 63x/1.40 oil immersion lens
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(Figs. 2.4.1, 2.4.4-5, 2.6.1-.2, 2.7.1, and 2.7.4), 40x/1.2 water lens (Fig. 2.3.4), or 20x/0.8 dry lens
(Fig. 2.2.5). Z-stacks were taken using Zeiss LSM confocal software Zen 2.3 (1.5 µm slice
thickness except for Figs. 2.7.1 and 2.7.4 where 1.0 µm slice thickness was used). Image analysis
was performed in FIJI278; mean fluorescence intensity of GFP-positive nuclei (Figs. 2.4.1, 2.6.12) or RFP- or PDF-positive nuclei (Fig. 2.7.1) was measured, normalized by subtracting a
measurement of mean background intensity, and analyzed using GraphPad Prism software. For
Pdf-Gal4 experiments (Fig. 2.6.1), the number of GFP+ neurons in each brain was counted and
analyzed to assess potential CRISPR-driven cytotoxicity. For Mai179-Gal4; Pdf-Gal80
experiments (Fig. 2.7.1), neurons were visually scored as RFP- and/or PDF-positive for analysis.

Quantitative real-time PCR (qRT-PCR)
14-day old male flies previously entrained to 12:12 LD were placed in constant darkness (DD) for
24 hours, after which 7 circadian timepoints were taken at CT-1, 5, 9, 13, 17, 21 and 25, snapfrozen in liquid nitrogen, and stored at -80ºC. RNA was extracted from 60 heads for each of 4
biological replicates per genotype/timepoint with TRIzol (Invitrogen) following the manufacturer’s
protocol. Samples were treated with DNaseI (Invitrogen), then heat inactivated. cDNA was
synthesized by Revertaid First Strand cDNA Synthesis Kit (Thermo Scientific). PowerUp SYBR
Mastermix (Applied Biosystems) was used to perform qRT-PCR using a CFX-Connect thermal
cycler (BioRad). Primer efficiency and relative quantification of transcripts were determined using
a standard curve of serial diluted cDNA. Transcripts were normalized using Actin5C as a
reference gene. A repeated measures ANOVA between values within each genotype and
between adjacent timepoints on the curve was conducted. Only acp-targeted flies displayed
significant differences of p<0.0001 indicating oscillation similar to wild-type tim, per, and clk
RNA cycling over the circadian day. While tim-Gal4>perCRISPR did not result in significant
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measures of per, tim, or clk transcript, tim-Gal4>timCRISPR did result in minor significant difference
in repeated measures ANOVA values of p<0.05 for the cycling of tim and clk transcripts. Though
the p-values were slightly significant, the peaks are not consistent with those of wild-type animals,
indicating arrhythmic expression at the RNA level.

Primer sequences:
clock-fwd-GGATAAGTCCACGGTCCTGA
clock-rev-CTCCAGCATGAGGTGAGTGT

period-fwd-CGAGTCCACGGAGTCCACACACAACA
period-rev-AGGGTCTGCGCCTGCCC

timeless-fwd-CCGTGGACGTGATGTACCGCAC
timeless-rev-CGCAATGGGCATGCGTCTCTG

Actin5C-fwd-TTGTCTGGGCAAGAGGATCAG
Actin5C-rev- ACCACTCGCACTTGCACTTTC
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Chapter III: period-regulated feeding behavior and TOR signaling modulate survival of
infection
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ABSTRACT
Most metazoans undergo dynamic, circadian-regulated changes in behavior and physiology.
Currently it is unknown how circadian-regulated behavior impacts immunity against infection. Two
broad categories of defense against bacterial infection are resistance, control of microbial growth,
and tolerance, control of the pathogenic effects of infection. Our study of behaviorally arrhythmic
Drosophila circadian period mutants identified a novel link between nutrient intake and tolerance
of infection with Burkholderia cepacia, a bacterial pathogen of rising importance in hospitalacquired infections. We found that infection tolerance in wild-type animals is stimulated by acute
exposure to dietary glucose and amino acids. Glucose-stimulated tolerance was induced by
feeding or direct injection; injections revealed a narrow window for glucose-stimulated tolerance.
In contrast, amino acids stimulated tolerance only when ingested. We investigated the role of a
known amino acid-sensing pathway, the TOR (Target of Rapamycin) pathway, in immunity.
TORC1 is circadian-regulated and inhibition of TORC1 decreased resistance, as in vertebrates.
Surprisingly, inhibition of the less well-characterized TOR complex 2 (TORC2) dramatically
increased survival, through both resistance and tolerance mechanisms. This work suggests that
dietary intake on the day of infection by B. cepacia can make a significant difference in long-term
survival. We further demonstrate that TOR signaling mediates both resistance and tolerance of
infection and identify TORC2 as a novel potential therapeutic target for increasing survival of
infection.
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INTRODUCTION
Evolutionarily conserved circadian mechanisms regulate daily, dynamic changes in animal
behavior and physiology.81 The core circadian clock is composed of four transcriptional regulators
paired as two heterodimers in an auto-regulatory transcriptional negative feedback loop.279 In
Drosophila, Clock and Cycle form one heterodimer and Timeless (Tim) and Period (Per) form the
other. Clock and Cycle are transcriptional activators, promoting the expression of tim and per as
well as hundreds of tissue-specific target genes.81,280,281 Circadian oscillations in gene expression
are thought to cause circadian oscillations in physiological function and ultimately organismal
behavior.
We previously found that Drosophila innate immunity against S. pneumoniae infection is
circadian-regulated.207,208 For both flies and vertebrates, innate immunity is the first line of defense
against infection. Drosophila lack adaptive immune components such as T cells and B cells and
rely on innate immune responses to survive infection.282 Evolutionary conservation extends to the
two primary Drosophila immune signaling pathways, the Toll and Imd pathways.205 Flies and
vertebrates employ several similar innate immune mechanisms to kill bacteria, including
phagocytosis by immune cells, reactive oxygen species generation (melanization in flies), and
secretion of antimicrobial peptides (AMPs).
Resistance is only one type of defense against bacterial infection. Resistance
mechanisms such as the immune functions listed above control bacterial proliferation, reducing
pathogenesis by decreasing the host’s pathogen burden. A second distinct, complementary type
of defense is termed tolerance.283,284 Tolerance physiologies allow the organism to survive the
pathological effects of infection—caused by microbes or the host immune response—without
necessarily decreasing bacterial load.285,286
Tolerance physiologies are not well understood but include feeding and metabolism. In
Drosophila, decreased survival of infection for two bacterial pathogens, M. marinum or L.
monocytogenes, is associated with decreased metabolic stores.287,288 The effect of feeding
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behavior on infection is pathogen-specific: decreased feeding increases survival of S.
typhimurium, E. coli, and E. caratova infections, but decreases survival of L. monocytogenes
infection.289,290 In most cases, the precise nutrients important for survival and underlying molecular
signaling pathways have not been identified.
Both feeding behavior and metabolic gene expression are circadian-regulated, and both
fly and mouse circadian mutants exhibit metabolic disorders and altered feeding behavior.183,221
While we and others have shown previously that host resistance against specific pathogens is
circadian-regulated, it is not clear whether loss of circadian-regulated metabolism and feeding
behavior affect immunity against infection.207,208,291
Here we exploit a rapid, lethal infection of Drosophila with the human pathogen
Burkholderia cepacia to examine how acute differences in feeding behavior and diet impact
infection tolerance. B. cepacia is a significant cause of hospital-acquired infection and tolerance
mechanisms increasing survival of this infection are currently unknown.292 We found that per01
circadian mutants have increased tolerance to infection with B. cepacia and that increased
tolerance is dependent on increased nutrient intake. In wild-type flies, infection tolerance is
stimulated by influx of dietary glucose and amino acids at the time of infection. Because the TOR
pathway is a classic amino-acid sensor, we asked whether TOR kinase mediates infection
tolerance.293 TOR associates with two related but distinct complexes, TOR complex 1 (TORC1)
and TOR complex 2 (TORC2), which in some contexts have opposite effects.294,295 We found that
TORC1 activity is circadian-regulated and that TORC1 activates resistance, as observed in
vertebrates.296 In contrast, the less well-characterized TORC2 had the opposite effect on survival
and inhibits both resistance and tolerance. This work suggests that specific pharmacological
TORC2 inhibitors could provide novel host-directed therapeutics for survival of infection.
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RESULTS
period (per01) mutants are more tolerant of B. cepacia infection than wild type.
We found that arrhythmic Drosophila per01 mutants survived longer than isogenic wild-type
controls when infected with the human pathogen Burkholderia cepacia, a previously described
infection model (Figure 3.1A-B, p<0.0001).297–299 To determine whether this increased survival
was due to altered resistance or tolerance, we measured bacterial loads of individual flies during
infection. Whether the kinetics of survival were slow (over days, 18ºC) or fast (over hours, 29ºC),
wild type and per01 mutants carried equivalent bacterial loads (Figure1C-D, p>0.05 for each time
point). This result suggests that the enhanced survival of per01 mutants is not due to greater
resistance, but due to greater host tolerance.

Known resistance mechanisms do not explain increased survival of infection.
To confirm that per01 mutants are more tolerant of B. cepacia infection, we analyzed three wellcharacterized resistance mechanisms following infection: antimicrobial peptide (AMP) induction,
melanization, and phagocytosis. We found no significant differences between wild type and per01
mutants in B. cepacia-induced AMP expression (Figure 3.1E-F, Figure S1A-E) or systemic
melanization, typically not induced by B. cepacia (Figure 3.1G).300 While inhibition of phagocytosis
by bead pre-injection decreased survival of both per01 and wild-type controls (both p<0.0001),
per01 mutants still survived significantly longer than wild type (Figure 3.1H, p<0.0001), suggesting
that phagocytosis is not responsible for the increased survival of per01 mutants. Taken together,
these results suggest that per01 mutants have increased tolerance, not resistance, during B.
cepacia infection.

per01 mutants have decreased energy storage.
We hypothesized that increased metabolic stores underlie the increased tolerance of per01
mutants. Metabolic gene expression is circadian-regulated,183,221 and increased metabolic stores
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Figure 3.1.1: period mutants exhibit greater tolerance than isogenic controls during
infection with B. cepacia. per01 mutants
(blue) survived longer than wild type (dark
grey) during A) a long infection (low dose at
low temperature, 18ºC; per01, n=78; WT,
n=77, p<0.0001) and B) a short infection
(high dose at high temperature, 29ºC; per01,
n=57; WT, n=64, p<0.0001) with B. cepacia.
per01 mutants and wild type flies had similar
bacterial loads over time following a C) long
infection (n≥4 flies/time point, all n.s.) and D)
short infection (n=6 flies/time point, all n.s.)
with B. cepacia. Consistent with a tolerance
phenotype, antimicrobial peptide (AMP)
induction via the Toll and imd pathways did
not differ between per01 mutants and wild type
flies after B. cepacia infection as shown by: E)
Drosomycin and F) Diptericin (n=3 samples of
6 flies each, all n.s.). Other AMPs are shown
in Figure S1 (n=3 samples of 6 flies each, all
n.s.). G) per01 mutants and wild type flies did
not exhibit differences in systemic and injection wound site melanization after B. cepacia
infection (3 trials, n=17-22 flies/trial/genotype,
all n.s.). H) Inhibition of phagocytosis by bead
pre-injection did not block the per01 mutant
survival advantage over wild type after B.
cepacia infection (per01, n=76 with beads,
n=81 with buffer; wild type, n=81 with beads,
n=80 with buffer; p<0.0001 for all pair-wise
curve comparisons except WT buffer vs.
per01 with beads, n.s.). p-values for survival
curve comparisons were obtained by log-rank
analysis; p-values for bacterial load comparisons were obtained using unpaired t tests for
0 hour time points, while subsequent time
points were tested with non-parametric
Mann-Whitney U tests; p-values for AMP and
melanization comparisons were obtained
using unpaired t tests; error bars represent
the mean ± S.E.M.; n.s.=not significant
(p>0.05).
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Figure 3.1.2: per01 mutants do not have increased AMP induction following infection with
B. cepacia. Consistent with a tolerance phenotype, antimicrobial peptide (AMP) induction did not
differ between Per01 mutants and wild-type flies after B. cepacia infection as shown by qRT-PCR
of: A) Attacin; B) Cecropin; C) Defensin; D) Drosocin; and E) Metchnikowin. (3 samples of n=6
flies, n.s. for all time points). Error bars represent the mean ± S.E.M.; n.s.=not significant
(p>0.05).
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underlie increased survival during infection with two other facultative intracellular bacterial
pathogens, M. marinum and L. monocytogenes.287,288 If per01 mutants have increased metabolic
reserves, they should be less susceptible to starvation. In contrast, we found that per01 mutants
starve more quickly than wild-type controls (Figure 3.2A, p<0.0001), suggesting that per01 mutants
have fewer metabolic reserves than wild type. To test this, we measured three major types of
energy storage: fat (triglycerides), glycogen, and circulating sugars (trehalose and glucose).
Consistent with sensitivity to starvation, uninfected per01 mutants had significantly lower levels of
triglycerides (p=0.0004) and glycogen (p=0.0007), while trehalose and glucose levels were similar
to wild type (p=0.7065) (Figure 3.2B).
Although per01 mutants have lower metabolic reserves than wild type before infection,
per01 mutants may have higher metabolic reserves during infection. To test this, we measured
metabolic reserves during B. cepacia infection. Both per01 mutants and wild type lost energy
stores during infection, but per01 mutants maintained the same or lower energy stores than wild
type (Figure 3.2C). At 16 hours post-infection, just before flies begin to die, triglyceride levels in
per01 mutants were still lower than wild type (~70% of wild type, p=0.0001), with levels of
circulating sugars and glycogen similar to wild type (p=0.9314 and 0.4804, respectively). These
data indicate that the increased tolerance of per01 mutants is not due to greater energy stores up
until the lethal phase of infection.

per01 mutants exhibit increased feeding behavior.
Because per01 mutants have low metabolic reserves, we hypothesized that they eat more than
wild type and that this increased feeding itself enhances infection tolerance. To test this, we
measured the consumption of 32P-labeled, solid food301,302 (Figure 3.2D) and liquid food using the
Capillary Feeder (CAFE) assay301,303 (Figure 3.2E). In the

32

P-labeled food assay, per01 mutants

ate 14% more than wild type; in the CAFE assay, per01 mutants ate 23% more than wild type
(Figure 3.2D, p=0.016; Figure 3.2E, p=0.034). These results resemble those of Xu et al. with flies
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Figure 3.2: per01 mutants have lower metabolic resources and eat more than wild type flies.
A) Uninfected per01 mutants were more sensitive to starvation than uninfected wild type flies (per01
n=15; WT n=12; p<0.0001). B) Quantification of metabolic storage levels comparing uninfected
per01 mutants and wild type flies (n=12 for both) revealed that per01 mutants had lower levels of
triglycerides (p=0.0004) and glycogen (p=0.0007) and similar levels of primary circulating sugars
(n.s.). C) 16 hours after infection with B. cepacia, per01 mutants relative to wild type (n=12 for both)
had lower levels of triglycerides (p=0.0001) and similar levels of glycogen and primary circulating
sugars (both n.s.). D) In the radioactive food assay, per01 mutants ate ~14% more than wild type
(per01 n=9; WT, n=9, p=0.016). E) In the CApillary FEeder (CAFE) assay, per01 mutants ate ~23%
more than wild type (per01, n=24; WT, n=21; p=0.034). p-values were obtained by unpaired t-test;
error bars represent the mean ± S.E.M.; n.s.=not significant (p>0.05); *=p≤0.05; ***=p≤0.001.
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expressing a dominant-negative form of Clock (another core circadian regulator) in metabolic
tissues.183 Thus per01 mutants exhibit significantly greater food intake than wild type.

Nutrient availability enhances infection tolerance of per01 mutants.
If the increased survival of per01 mutants is due to increased feeding, then decreasing nutrient
intake by dietary restriction should abolish the enhanced survival time of per01 mutants after B.
cepacia infection. To restrict dietary intake, flies were fed a low sugar, protein-free diet containing
only water, agar, and 1% glucose ~24 hours before and during infection and compared to flies on
standard diet (Figure 3.3A). We found that this restricted diet decreased survival time after highdose infection for both wild type (Figure 3.3B, p<0.0001) and per01 mutants (Figure 3.3D,
p<0.0001). per01 mutants survived significantly longer than wild type flies when fed standard food
(20/20 experiments), with an average of 22% increased median survival time. In contrast, dietrestricted per01 mutants either had no survival advantage over wild type (4/12 experiments),
survived significantly less well than wild type (2/12 experiments), or survived an average of only
7% longer than wild type (6/12 experiments) (Figure 3.3F). Bacterial loads remained unchanged
under all feeding conditions (Figure 3.3C,E,G; p>0.05 for all time points). Thus dietary restriction
decreases host tolerance of infection. While we cannot exclude the possibility that dietary
restriction overrides differences between per01 mutants and wild type by a different mechanism
than that causing increased tolerance in per01 mutants, these results suggest that the increased
feeding behavior of per01 mutants on the day of infection contributes to their increased tolerance
of B. cepacia infection.

Dietary glucose and amino acids enhance infection tolerance in wild type flies.
To identify specific dietary components contributing to tolerance of infection, we supplemented
the restricted diet with defined nutrients (Figure 3.4.1A). Because per01 mutants display pleiotropic
defects in metabolism and other circadian-regulated physiologies280, we focused on wild-type
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Figure 3.3: Dietary restriction does not
increase infection tolerance of either
per01 mutants or wild type. A) Schematic
of dietary conditions: wild-type flies and
per01 mutants were raised on standard food
(Std) and then transferred to fresh Std food
or subjected to dietary restriction on 1%
glucose (DR) for 24 hours prior to and
during B. cepacia infection. Dietary restriction decreased survival time after infection
for both B) wild type (Std food n=66, DR
n=63, p<0.0001) and D) per01 mutants (Std
food n=59, DR n=62, p<0.0001). F) Dietary
restriction eliminated the consistent survival
advantage of per01 mutants over wild-type
flies (per01 n=62, WT n=63, n.s.). Dietary
restriction did not alter bacterial load for C)
wild type (n≥5 flies/time point) or E) per01
mutants (n≥5 flies/time point, n.s., all time
points); moreover, G) diet-restricted wild
type and per01 mutants had similar bacterial
loads (n≥5 flies/time point, n.s.). p-values
were obtained by unpaired t-test (0h) and
non-parametric Mann-Whitney test (other
time points). p-values for survival curve
comparisons were obtained by log-rank
analysis; p-values for bacterial load comparisons were obtained using unpaired t tests
for 0 hour time points, while subsequent
time points were tested with non-parametric
Mann-Whitney U tests. Error bars represent
the mean ± S.E.M.; n.s.=not significant
(p>0.05).

flies. We first tested if increased dietary glucose complements the restricted diet, which contains
1% glucose, by comparing the effects of titrating dietary glucose (1%, 5%, 10%, or 15% glucose,
no protein) with standard food (5-10% sugar, plus yeast extract). Wild-type flies exhibited shortest
survival time when switched to 1% dietary glucose 24 hours before infection and survived longest
on standard food (Figure 3.4.1B, p<0.0001 comparing standard food or 1% glucose with any other
condition). While increasing dietary glucose from 1% to 5% increased survival time (Figure 3.4.1B,
p<0.0001), further increases in dietary glucose did not (4B, p>0.05 for any pair-wise comparison
of 5%, 10%, and 15% glucose). Despite the survival benefit conferred by 5% glucose relative to
1% glucose, bacterial load was unchanged (Figure 3.4.1D, p>0.05 for all time points). Moreover,
no glucose-only diets increased survival time to that observed on standard food (p<0.0001). Thus
glucose enhances infection tolerance, but glucose alone is not sufficient for optimal survival of
infection. This result suggests that other components in standard food also contribute to survival
of B. cepacia infection.
In addition to sugar, standard food contains a complex mixture of lipids, proteins, vitamins,
and other nutrients derived from yeast and cornmeal ingredients. We tested whether 5% glucose
supplemented with amino acids was sufficient to substitute for standard food. A diet of 5% glucose
plus amino acids 24 hours before infection significantly increased survival time relative to 5%
glucose alone (Figure 3.4.1C, p<0.0001, Figure 3.4.2A), with no change in bacterial load (Figure
3.4.1E, all time points p>0.05). In fact, 5% glucose plus amino acids was sufficient to increase
survival time to that observed with standard food (Figure 3.4.1C, p>0.05). The survival benefit of
amino acids was not dependent on high glucose and was also observed with 1% glucose diet
(Figure 3.4.2B). Thus both dietary glucose and amino acids contribute to tolerance of infection,
and acute exposure to both nutrients ~24 hours before B. cepacia infection is necessary for
optimal survival.
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Glucose is required at the time of infection for increased host tolerance.
We set out to more precisely characterize the required timing of the glucose contribution to
infection tolerance. We found that a 50 nL injection of 5% glucose administered into the circulatory
system of diet-restricted flies could significantly increase infection survival time relative to buffer
injection (Figure 3.4.1F, p=0.0007). This dose of glucose is equivalent to the quantity ingested by
a single fly in 1 hour (calculated from feeding experiments; Figure 3.2D-E). Glucose injection most
often promoted survival when administered within 2 hours before or at the time of infection (Figure
3.4.1F, 5/8 experiments). In contrast, glucose injected more than 2 hours before infection or after
infection rarely provided any survival benefit (Figure 3.4.2C-D, 1/11 experiments). Thus, with our
infection protocol, the effective time window for glucose-induced survival is unexpectedly narrow,
consistent with an acute rather than chronic effect of diet upon infection tolerance. These results
suggest that acute glucose intake stimulates specific signaling pathways that increase immune
tolerance when activated around the time of infection.
Injection of amino acids at two different concentrations at different time points before or
during infection did not improve survival time (Figure 3.4.1G, amino acids vs. buffer injection,
p>0.05; also Figure 3.4.2E-G). Flies injected with buffer were still able to respond to dietary amino
acids (Figure 3.4.1G, p<0.0001). Thus, in contrast to glucose, amino acids appear to stimulate
infection tolerance only when ingested and not when injected.

Increased TORC1 signaling correlates with increased survival for per01 mutants and flies
with greater nutrient availability.
Since transient exposure to nutrients enhances infection tolerance, we next wanted to determine
whether molecular pathways stimulated by these nutrients play a role in survival of B. cepacia
infection. The role of insulin-like signaling during infection has been characterized in
Drosophila.287,304–307 We focused instead on the less well-characterized role of the kinase TOR in
innate immunity, as TOR complex 1 (TORC1) is the canonical sensor of amino acid availability.293
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We first set out to determine if TORC1 kinase activity is circadian-regulated by monitoring
phosphorylation of its downstream target S6K over the circadian cycle in wild type and per01
mutants. We found that TORC1 activity oscillates over the circadian cycle in wild-type flies, with
a peak of activity at ZT9-13 (Figure 3.5.1A). This peak of TORC1 activity correlates with low Per
protein levels in wild type.32 Consistent with this, TORC1 activity did not oscillate in per01 mutants
and exhibited high, equivalent levels at both ZT9 and ZT21 (Figure 3.5.1B). Thus TORC1
activation is circadian-regulated and increased in per01 mutants during the time course of
infection, suggesting that increased TORC1 activation may contribute to per01 mutants' increased
survival of infection.
We next tested TORC1 activity of wild-type flies in dietary conditions associated with
increased survival of infection. We found that TORC1 activity was higher in flies fed food
containing amino acids than in flies fed food without amino acids (Figure 3.5.1C, all p≤0.0163).
Thus both wild-type flies on nutrient-rich diets and per01 mutants exhibit increased TORC1 kinase
activity. Interestingly, TORC1 activity is higher in flies fed 5% glucose plus amino acids than those
fed standard food (p=0.0014), suggesting that TORC1 activity may not solely mediate differences
in survival.

Decreased TORC1 signaling causes decreased resistance.
To directly test the role of TORC1 in survival of infection, we inhibited TORC1 activity in two ways.
First, we injected flies with rapamycin, a TORC1-specific inhibitor (9.6 ng per fly, equivalent to the
mammalian dose of 16 mg/kg).308,309 Injection of rapamycin inhibited survival of infection relative
to injection of buffer alone (Figure 3.5.1D, p<0.0001). Unexpectedly, we found that rapamycininjected flies had increased bacterial load, indicating decreased resistance (Figure 3.5.1E,
p>0.05, p=0.0049, p=0.0198). Second, we inhibited TORC1 activity using a temperature-driven
system to over-express Tsc1 and Tsc2, proteins forming a TORC1-inhibitory complex.310 Tsc1/2
over-expression was confirmed by qRT-PCR (Figure 3.5.2A-B).
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mutants exhibit increased levels of phospho-S6K at ZT21, as determined by Western blot analysis (n=10, ZT21 p=0.0027, ZT9 n.s.). WT flies exhibit reduced levels of phospho-S6K at ZT21
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TORC1 by co-injection of rapamycin at the time of infection reduces resistance, as shown by: D)
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subsequent time points were tested with non-parametric Mann-Whitney U tests; error bars represent the mean ± S.E.M; ZT=zeitgeber; aa=amino acids; n.s.=not significant (p>0.05); *=p≤0.05;
**=p≤0.01; ***=p≤0.001.
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genetic inhibition of TORC1 reduced survival after B. cepacia infection (Figure 3.5.1F, p<0.0001
for both controls) and caused increased bacterial loads (Figure 3.5.1G, p>0.05, p=0.0367,
p=0.0022). Taken together, these results suggest that in flies, as in vertebrates,311,312 TORC1
mediates resistance against B. cepacia infection. While inhibition of TORC1 in per01 mutants with
rapamycin injection decreased their survival after infection (Figure 3.5.2C), rapamycin injection
did not abolish per01 mutants’ survival advantage over wild-type controls (Figure 3.5.2D),
suggesting that increased TORC1 activity is not solely responsible for their increased survival.

Increased resistance is correlated with decreased TORC2 signaling.
TOR kinase associates with another, less well-understood complex, TORC2. Since TORC1 and
TORC2 might compete for limited TOR kinase and these complexes appear to have opposing
roles in cell growth and T cell differentiation294,295, we next asked whether TORC2 activity
underlies infection tolerance. TORC2 is not known to play a role in survival of infection. To test
this, we reduced TORC2 signaling in two ways.
First, we examined the survival of mutants lacking Rictor, an essential molecular
component of TORC2 but not TORC1, after B. cepacia infection.313 rictor∆1/∆2 mutants had the
opposite survival phenotype as that seen with TORC1 inhibition: they lived dramatically longer
than isogenic controls (Figure 3.6.1A, p<0.0001). We also found that rictor∆1/∆2 mutants carried
decreased bacterial load relative to wild type (Figure 3.6.1B, p>0.05, p=0.0087, p=0.0022). These
results suggest that, while TORC1 activates resistance, TORC2 inhibits resistance.
To confirm this, we examined mutants lacking Sin1, another TORC2-specific
component.314 Similar to rictor∆1/∆2 mutants, Sin1e03756 mutants exhibited increased survival time
after infection and decreased bacterial load relative to wild type (Figure 3.6.1C, p<0.0001, Figure
3.6.1D, p>0.05, p>0.05, p=0.0043). Thus, inhibition of TORC2 by loss of either Rictor or Sin1
increased both survival and resistance against B. cepacia infection.
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Figure 3.6.1: TORC2 activity decreases
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Figure 3.6.2: Inhibition of TORC2 leads to changes in both tolerance and resistance of
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Because increased tolerance is defined functionally as increased survival without
decreased bacterial load, increased resistance due to dietary TORC1 activation might mask
increased tolerance due to genetic TORC2 inhibition. We therefore tested Sin1e03756 mutants for
survival of infection and bacterial load in the absence of dietary amino acids. Consistent with
TORC2 inhibition of tolerance, Sin1e03756 mutants survived infection longer than wild type with no
decrease in bacterial load (Figure 3.6.1E, p=0.0051, Figure 3.6.1F, all p>0.05). Interestingly,
Sin1e03756 mutants without amino acids had identical survival kinetics and bacterial load as wild
type flies fed amino acids, suggesting that amino acids had an equivalent effect on tolerance as
loss of Sin1 (Figure 3.6.2A-B). These results suggest that Sin1, an essential component of
TORC2, inhibits both resistance and tolerance of B. cepacia infection.

DISCUSSION
By examining a circadian mutant with increased infection tolerance against B. cepacia, we
identified increased feeding as a circadian-regulated behavior contributing to increased tolerance.
Increased feeding by per01 mutants was not associated with increased energy stores, suggesting
that their increased tolerance does not depend on metabolic reserves. Two specific nutrients,
glucose and amino acids, fully substitute for standard food in promoting optimal tolerance after B.
cepacia infection. Our data suggest a narrow window for glucose’s contribution to survival—with
this rapid infection, an increase in circulating glucose in the two hours before infection can
increase overall survival time. This is consistent with the hypothesis that nutrient sensing leads to
an acute activation of infection tolerance (Figure 3.7). Thus what and how much a fly ingests near
the time of infection has a significant effect on its survival of infection.
To explore the effects of dietary amino acids on survival of infection, we investigated the
role of TORC1 signaling, a canonical amino acid sensing pathway. We found that TORC1 kinase
activity oscillates with circadian rhythm, likely through circadian-regulated feeding behavior as
seen in vertebrates.167,315 We also uncovered a role for TORC1 in resistance against infection in
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Drosophila. In vertebrates, TORC1 is known to mediate resistance and rapamycin is a wellcharacterized immunosuppressant; however, these immunosuppressive effects are thought to
result primarily from inhibiting the growth and maturation of dendritic cells and T-cells,296 adaptive
immune cell types with no clear functional analogs in Drosophila. Our data now suggest a role for
TORC1 in innate immunity against infection (Figure 3.7). It remains to be seen whether rapamycin
acts as an immuno-suppressant for Drosophila infected with other pathogens besides B. cepacia.
These results potentially open the genetically tractable system of Drosophila to investigating
TORC1 interactions with innate immune components.
We further found a novel role for the less well-known TOR complex 2 as a potent inhibitor
of immunity—that is, loss of TORC2-specific components Rictor or Sin1 caused dramatic
increases in survival time after infection and impacted both resistance and tolerance (Figure 3.7).
Loss of Sin1 increases resistance in the presence of amino acids and increases tolerance in the
absence of amino acids. Because there exists a resistance phenotype, possibly due to amino
acids-stimulation of TORC1, we cannot say whether loss of Sin1 increases tolerance in the
presence of amino acids, as host tolerance is functionally defined as changes in survival in the
absence of correlated changes in bacterial load. rictor∆1/∆2 mutants in the presence or absence of
amino acids exhibit increased resistance to infection (Figure 3.6.2C-D). The disparity between
Sin1e03756 and rictor∆1/∆2 mutants could be due to differences in the distribution of TOR between
TORC1 and TORC2 lacking one component or the other. Our results suggest that TORC1 and
TORC2 act in opposition during immunity and we speculate that these complexes may be
oppositely circadian-regulated--that is, per01 mutants have high TORC1 and low TORC2 activity.
The finding that TORC2 inhibition increases survival of infection is surprising but not
completely without precedent. TORC2 is mainly thought to play a role in tissue-specific
morphology, stimulated by growth factors and PI3K and acting on downstream targets such as
cytoskeletal components, Akt, and SGK1.309,316,317 In Drosophila, TORC2 has been implicated in
tolerance of heat stress,318 cell and tissue growth,319,320 and neuronal outgrowth.321,322 While most
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immune effects of TOR are thought to act through TORC1, recent evidence suggests that, in
mouse embryonic fibroblasts, Rictor inhibits Toll-like receptor-stimulated cytokine expression.323
Thus Rictor may have conserved immune-suppressive effects in both vertebrates and
invertebrates. While the direct targets of TORC2 relevant for infection resistance and tolerance
remain unknown, their identification will be an important goal of future studies.
The cellular and molecular mechanisms that promote host tolerance of infection are not
well-understood.284,324 B. cepacia is a significant opportunistic bacterial pathogen, particularly in
hospital settings with susceptible patients.292 This hospital-acquired infection can be associated
with high rates of mortality, up to 50% for severe strains, and is often antibiotic-resistant.325,326
Understanding the tolerance mechanisms stimulated by acute glucose and dietary amino acids
will help to identify targets for pharmacological treatments. Here we have identified TORC2 as a
potential pharmacological target to increase host survival time after infection, as TORC2 mutants
are able to survive infection up to 59% longer than wild type. The potential therapeutic value of
TORC2 inhibition has not been explored, as there are currently no known small molecule
inhibitors specific to TORC2 and not TORC1. The Drosophila model of infection described here
may therefore prove useful in screening for such TORC2-specific inhibitors and for further
dissection of acute, nutrient-stimulated, TOR-mediated host defenses against bacterial infections
such as B. cepacia.

METHODS
Fly Strains
w1118per01 (null) mutants32 were outcrossed with a w1118 Canton S strain, used as isogenic
controls.178 Wild-type Oregon R flies were used to test effects of dietary components and
rapamycin. UAS-Tsc1/Tsc2 (from Marc Tatar327) homozygous males were crossed to
w1118;tub>Gal80-ts;tub>Gal4/TM6c virgins and maintained at 18ºC until 29ºC transgene induction

93

24 or 48 hours before infection. rictor null mutants (imprecise p-element excision alleles rictor∆1
and rictor∆2) and precise excision controls were obtained from Stephen Cohen.320 Experiments
used trans-heterozygous rictor∆1/rictor∆2 flies. Sin1e03756 (SAPK-interacting protein 1) mutants are
null piggyBac transposon insertion mutants from Bloomington Drosophila Stock Center, stock
#18188.320 5-10 day-old males raised on standard molasses food were used for all experiments.

Infections
Infections were performed as described298 with Burkholderia cepacia (ATCC strain #25416).
Death was assayed visually the next day every hour or more frequently as needed. Survival
curves are plotted as Kaplan-Meier graphs and log-rank analysis performed using GraphPad
Prism. All infection experiments were performed with a minimum of 3 independent trials and
yielded statistically similar results, except where noted. Graphs and p-values in figures are
representative trials.

Bacterial load quantitation
Bacterial load was quantified as described298 and analyzed by unpaired t-tests for 0 hour time
points; subsequent time points were analyzed with non-parametric Mann-Whitney tests, which
does not assume normal distribution as bacteria grow exponentially. Data are plotted with SEM.

qRT-PCR, melanization, and phagocytosis assays
Assays were performed as described, using B. cepacia for infection.206,208 p-values for AMP
induction and melanization were obtained by t-tests for three independent trials; data are
represented as mean ± SEM. p-values for phagocytosis assays were obtained by log-rank
analysis. See Supplement for primer sequences.
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Starvation assay
Using the DAM5 system (TriKinetics), 5-7 day old male flies were incubated on agar alone. Time
of death was determined by complete loss of movement. p-values were obtained by log-rank
analysis.

Metabolic storage assays
Samples consisted of 8 male flies (5-10 days old) homogenized in buffer. Metabolic storage levels
were measured by enzyme-based colorimetric assays as described.287,328 Values were
normalized to the average weight for that genotype and to the mean value for wild type, then
plotted with the normalized SEM. p-values were obtained by unpaired t-test.

Feeding assays
CAFE assays and 32P feeding assays were performed as described.301–303 p-values were obtained
by unpaired t-test; data are represented as mean ± SEM.

Protein extraction and Western blotting
Western blot analysis of whole-fly homogenates was performed by standard methods using
1:1000 anti-phospho-S6K (Thr398) (Cell Signaling #9209), 1:10,000 anti-Actin-HRP (Sigma
A3854), and 1:2000 anti-rabbit-HRP (Cell Signaling #7074). p-values were obtained by unpaired
t-test; data are represented as mean ± SEM.
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Chapter IV: A Drosophila model of Fragile X syndrome exhibits defects in phagocytosis
by innate immune cells
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ABSTRACT
Fragile X syndrome (FXS), the most common known monogenic cause of autism, results from
loss of FMR1, a conserved, ubiquitously expressed RNA-binding protein. Recent evidence
suggests that FXS and other types of autism are associated with immune system defects. We
found that Drosophila Fmr1 mutants exhibit increased sensitivity to bacterial infection and
decreased phagocytosis of bacteria by systemic immune cells. Using tissue-specific RNAimediated knockdown, we showed that Fmr1 plays a cell-autonomous role in phagocytosis of
bacteria. Fmr1 mutants also exhibit delays in two processes that require phagocytosis by glial
cells, the immune cells in the brain: neuronal clearance after injury in adults and development of
the mushroom body, a brain structure required for learning and memory. Delayed neuronal
clearance is associated with reduced recruitment of activated glia to the site of injury. These
results suggest a previously unrecognized role for Fmr1 in regulating the activation of phagocytic
immune cells both in the body and the brain.
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INTRODUCTION
The most common known monogenic cause of intellectual disability and autism in humans is
Fragile X syndrome.330 In Fragile X syndrome, expansion of repeated DNA sequences in the
genome induce transcriptional silencing of the highly conserved FMR1 gene and lead to loss of
FMR1 protein, an mRNA-binding protein and translational inhibitor that is ubiquitously expressed
throughout the body, with a strong enrichment in neurons.331,332 Loss of FMR1 function in humans
and animal models is associated with excessive growth of dendritic spines333–335 and defects in
synaptic plasticity,336,337 symptoms also associated with other forms of autism.338,339 Although the
defects in animal models of Fragile X syndrome are typically attributed to functions of FMR1 in
neurons, the function of other cell types such as circulating immune cells in the body or glia,
immune cells in the brain that could also play a role in neurological function, is less well
understood.
It is increasingly appreciated that increased incidences of autism are strikingly correlated
with maternal autoimmune diseases and infection during pregnancy.340,341 As a result,
neurological symptoms of autism have been proposed to arise from defects in immune system
function, perhaps due to prenatal immune challenge.342 Consistent with this idea, Fragile X
syndrome is also associated with altered immune system functions, including elevated
proinflammatory cytokine levels in the blood and gastrointestinal inflammation.341,343 However, it
remains unclear whether defects in immune system functions actively contribute to the
progression of Fragile X syndrome or if they arise independently of the neuronal defects in this
disorder. Moreover, the precise defects in other cellular immune functions in Fragile X syndrome
models have not been widely investigated.
An essential conserved function of specialized immune cells in Drosophila and mammals
is phagocytosis, or the engulfment of extracellular material generated by foreign pathogens and
dying cells.344 Phagocytosis by immune cells is a multistep process that requires an external
signal (e.g. pathogenic bacteria), activation of phagocytic receptors at the cell surface (e.g. CED99

1/Draper), rearrangement of the cytoskeleton, and internalization of target material into a
subcellular vesicle called the phagosome. Phagosomes undergo subsequent maturation through
fusion with endosomes and lysosomes to become the acidic phagolysosome, which degrades the
engulfed material. Drosophila have several types of phagocytic cells, including primitive
macrophages (or hemocytes) in the circulatory system and phagocytic glia in the brain, which
play critical roles in defense against bacterial pathogens such as S. pneumoniae and S.
marcescens, the scavenging of dead cellular debris, and active pruning of neuronal axons and
dendrites during development.
Recent research has implicated misregulation of astrocytes, or a type of vertebrate glia,
in mouse models of Fragile X syndrome345,346 and Rett syndrome, another cause of autism
spectrum disorder in humans.347,348 For example, astrocytes from Fmr1 mutant mice co-cultured
in vitro with neurons from either wild type or Fmr1 mutant mice caused excessive dendritic
branching, a pathological morphology observed in Fragile X syndrome patients.345 Wild-type
astrocytes co-cultured in vitro with neurons from wild type or Fmr1 mutant mice did not cause this
phenotype. Other common neuroanatomical features of Fragile X syndrome patients and animal
models include increased dendritic spine density and decreased axonal pruning.333,334,349–351 Both
of these defects, increased dendritic spine density and defects in axonal pruning, are also
associated with defects in glia-mediated phagocytosis.352 Though glia-mediated phagocytosis is
required for neuronal structure and function,353–355 defects in phagocytosis by glia or other immune
cells have not previously been demonstrated in any model of Fragile X syndrome.
In this study, we set out to examine immune system function in Fmr1 mutants, a wellestablished Drosophila model of Fragile X syndrome.233,356 We found that Fmr1 mutants are highly
sensitive to infection by two specific bacterial pathogens, S. pneumoniae and S. marcescens,
defense against which requires phagocytosis by hemocytes. We found that hemocytes in Fmr1
mutants exhibit reduced bacterial engulfment, an early step in phagocytosis. Using tissue-specific
RNAi-mediated knockdown, we further showed that Fmr1 plays a cell-autonomous role in
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phagocytosis by hemocytes. In addition, we demonstrate that Fmr1 mutants exhibited delays in
two different processes dependent on phagocytosis by immune cells in the brain: axonal
clearance after neuronal wounding in the adult brain and pruning of neurons during development
of the mushroom body, a brain structure required for learning and memory. We further found that
delayed axonal clearance in the adult was associated with a delay in recruitment of activated,
phagocytic glia to the site of wounded neurons. Because glia-mediated phagocytosis is critical in
shaping neuronal structure and function,353–355 these results raise the possibility that delayed
phagocytosis by glia may contribute to the neurological symptoms of Fragile X syndrome.

RESULTS AND DISCUSSION
To investigate immune system function in Fmr1 mutants, we first analyzed animal survival in
response to infection with bacterial pathogens. Defense against bacterial pathogens can be
divided into resistance and tolerance mechanisms: resistance mechanisms are conventional
immune mechanisms that extend survival by controlling microbial growth, while tolerance
mechanisms are thought to be physiologies such as metabolic effects that ameliorate the
pathogenic effects of infection and do not necessarily alter bacterial load.209 We found that Fmr1
mutants had resistance phenotypes during infection with Streptococcus pneumoniae or Serratia
marcescens compared to wild type. In both cases, Fmr1 mutants died more quickly (Figure
4.1.1A-B, p<0.0001 for both) and had significantly higher bacterial loads relative to wild type 18
hours after infection (Figure 4.1.1C-D, p<0.01 for both). This result suggests that Fmr1 mutants
are less able to control microbial growth of these two bacterial pathogens. Fmr1 mutants also
exhibited wild-type immunity against L. monocytogenes and sensitivity to P. aeruginosa infection
(Figure 4.1.2). In contrast to S. pneumonia or S. marcescens infection, we found no differences
in bacterial load after infection with P. aeruginosa (Figure 4.1.2A-B), suggesting that Fmr1
mutants have a tolerance, not resistance, phenotype with this infection. These results suggest
that Fmr1 affects a resistance mechanism specific to defense against S. pneumoniae and S.
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marcescens rather than a general immunity defect. To test this, we asked whether Fmr1 mutants
have defects in the Toll and imd pathways, which are well-characterized general mechanisms of
immune defense in Drosophila. We tested whether the antimicrobial peptides (AMPs) Drosomycin
and Diptericin, canonical outputs of the immune signaling Toll and imd pathways, are disrupted
in Fmr1 mutants. While basal expression of these AMPs was increased in Fmr1 mutants,
consistent with basal levels of hyperactivated immune function, levels of Drosomycin and
Diptericin expression induced by infection were similar to wild type (Figure 4.1.1E-F). Thus Fmr1
mutants do not display defects in Toll and imd signaling pathways. These results together suggest
that Fmr1 mutants are defective in an immune mechanism that specifically compromises the
clearance of S. pneumoniae and S. marcescens.
In Drosophila, reduction of bacterial load and survival of infection by S. pneumoniae or S.
marcescens require phagocytosis by systemic immune cells or hemocytes.206,208 Phagocytosis
involves bacterial engulfment into a vesicle called the phagosome, which fuses with endosomes
and eventually the acidic lysosome. To directly assay the acidic lysosome step of phagocytosis,
we performed an in vivo phagocytosis assay by injecting live Fmr1 mutants and isogenic controls
with a well-characterized, commercially available bacterial substrate: heat-inactivated
Staphylococcus aureus bacteria labeled with a pH-sensitive dye (pHrodo). pHrodo fluorescence
increases in acidic environments, and quantification of this signal in phagocytic hemocytes allows
quantification of the number of bacteria incorporated into the lysosomal compartment.208 We
found that Fmr1 mutants exhibited reduced pHrodo fluorescence in hemocytes compared to wildtype controls, indicating decreased phagocytic activity (p<0.01, Figure 4.2.1A). To determine
whether this decrease in bacterial engulfment results from decreased phagocytic activity per
phagocyte or a decrease in the number of phagocytes, we genetically labeled hemocytes with
GFP using a hemocyte-specific expression driver (Figure 4.2.1B-C). Fmr1 mutants again had
lower levels of phagocytosis than control flies (p<0.01) but had similar levels of hemocyte GFP
expression in the field of view (p>0.05). Thus when pHrodo fluorescence was normalized to
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hemocyte GFP expression, Fmr1 mutants had significantly lower phagocytic activity per hemocyte
than controls (p<0.01). To distinguish whether phagocytosis is disrupted in Fmr1 mutants at the
late step of lysosome acidification or at an earlier step, we performed the in vivo phagocytosis
assay with Alexa594-labeled S. aureus. This fluorescence probe tests engulfment, an early step
of phagocytosis: the fluorescence signal from extracellular, nonengulfed bacteria was quenched
with Trypan Blue, resulting in fluorescence emission only from intracellular, engulfed bacteria. We
found that Fmr1 mutants exhibit decreased intracellular Alexa594 fluorescence relative to wildtype controls, indicating that the loss of Fmr1 results in a defect in bacterial engulfment (Figure
4.2.1D, 4.2.12A-B). To confirm that this defect in phagocytosis is due to loss of Fmr1, we
compared Fmr1 null mutants with Fmr1 null mutants containing a transgenic genomic rescue
construct of Fmr1 driven by its endogenous promoter (Figure 4.2.2C). We found that this
transgenic genomic rescue construct was sufficient to increase phagocytic activity. Taken
together, these results demonstrate that Fmr1 is required for phagocytosis of bacteria by
hemocytes.
Fmr1 is expressed ubiquitously throughout the body and hemocyte function is regulated
by many extracellular factors, such as enzymes that process bacteria products and soluble
signals from other tissues. To test whether Fmr1 plays a cell-autonomous role in phagocytosis by
hemocytes, we performed hemocyte-specific Fmr1 knockdown by RNAi. We found that flies in
which the hemocyte-specific heml -Gal4 expression driver was combined with a UAS-RNAi
construct against Fmr1 exhibited less phagocytic activity than flies containing either the heml Gal4 driver or RNAi construct alone (Figure 4.3.1A-B). Consistent with our results for Fmr1 null
mutants, when hemocytes were genetically labeled by GFP expression, we found that hemocytespecific knockdown of Fmr1 did not alter the number of hemocytes (Figure 4.3.1C). Moreover,
similar to Fmr1 null mutants, hemocyte-specific knockdown of Fmr1 caused sensitivity to infection
by S. pneumoniae (Figure 4.3.1D). Thus, RNAi-mediated knockdown of Fmr1 specifically in
hemocytes does not alter the number of hemocytes but causes a defect in their phagocytic activity
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594-labeled dead S. aureus by hemocytes relative to wild type (grey), as shown by quantification
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that results in defective immunity, indicating that Fmr1 plays a cell-autonomous function in
phagocytosis by hemocytes.
Because the cellular process of phagocytosis relies on many common molecular
components in different cell types, we set out to test whether Fmr1 mutants also exhibit defects
in phagocytosis mediated by immune cells in the brain, or glia. We used a neuronal severing (or
axotomy) assay357 to monitor the glia-mediated clearance of neuronal debris in adult animals
(Figure 4.4.1). In this assay, the cell-type specific OR85e::GFP marker was used to label a subset
of olfactory receptor neurons that extend axons deep into the brain and synapse on olfactory
glomeruli (Figure 4.4.2A). When these axons are severed, the axonal remnants emit an “eat me”
signal that activates a subset of phagocytic glia, termed ensheathing glia.358 Activated glia
upregulate expression of the conserved phagocytic receptor Draper and extend membranous
processes to the glomeruli to phagocytose neuronal debris.359,360 Clearance of the GFP-labeled
neuronal remnants can be quantitatively monitored by loss of GFP signal in the glomeruli.357 In
control animals, the GFP signal from severed neurons was strongly reduced 18 hours after
axotomy. In contrast, in Fmr1 mutants, the GFP signal persisted at significantly higher levels 18
hours after axotomy (Figure 4.4.1A, p<0.05). The initial volume of glomeruli was not significantly
different between Fmr1 mutants and controls in unwounded animals (Figure 4.4.2B, p>0.05).
These results indicate that Fmr1 mutants display defects in the clearance of neuronal remnants
after axotomy and suggest that glia-mediated phagocytosis is delayed in these mutants.
Neuronal clearance is dependent on activation and extension of phagocytic glia to the
glomeruli. To determine whether there is a defect in recruitment of phagocytic glial extensions,
we examined the localization of Draper-expressing glia in the region of the glomeruli. Draper, a
transmembrane receptor protein of the CED-1 family, is a marker for activated glia that is
upregulated in response to neuronal injury.360,361 Both Fmr1 mutants and controls exhibited low
levels of Draper protein in the glomeruli of unwounded animals (Figure 4.4.2C). In control animals,
a robust upregulation of the number of Draper-expressing glia in the glomeruli was observed 18
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Figure 4.4.1: Glial response to axonal injury is delayed in adult Fmr1 mutants. (A) Fmr1
mutants (red, n=10) showed reduced clearance of GFP+ olfactory neurons 18 hours after axotomy relative to controls (gray, n=11), p<0.05. (Unwounded controls: Ctrl n=12, Fmr1 n=14, p>0.05).
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hours after axotomy. In contrast, Fmr1 mutants exhibited significantly lower levels of Draperexpressing glia in the glomeruli at this time point (Figure 4.4.1B, p<0.0001). To extend these
results, we then performed experiments to examine the full time course of neuronal clearance
(neurons marked by GFP) and Draper expression in Fmr1 mutants and control animals at 0, 12,
18, 24, and 48 hours post-axotomy. Both neuronal clearance and levels of Draper protein were
significantly delayed but not completely inhibited in Fmr1 mutants (Figure 4.4.1C). Though
activation of Draper expression is thought to be required for recruitment of activated glial
extensions to the site of wounding, it is possible that glial recruitment is normal but that these glia
do not express Draper normally in Fmr1 mutants. To test this, we quantified the ratio of Draper
protein per glia by genetically labeling the subset of glia required for clearance of olfactory neurons
with RFP. The ratio of Draper to RFP fluorescence was similar between Fmr1 mutants and control
animals post-axotomy, indicating that Draper expression is not impaired in these glia of Fmr1
mutants (Figure 4.4.1D, Figure 4.4.2D-E). That is, the decrease in Draper levels at the glomeruli
in Fmr1 mutants is not due to decreased Draper expression per glia but due to decreased
numbers of activated phagocytic glia at the glomeruli. Taken together, these results demonstrate
that Fmr1 mutant adults exhibit defects in recruitment of activated phagocytic glia that lead to
delayed neuronal clearance after axotomy.
Because Fragile X syndrome is a neurodevelopmental disease, we investigated whether
Fmr1 mutants exhibit delays in glia-mediated pruning of neurons during development. One stage
of neurodevelopment dependent on glia-mediated phagocytosis is the pruning of gamma neurons
of the Drosophila mushroom body (γ-MB) (Figure 4.5.2), a brain structure important for learning
and memory.362 Consistent with previous work, we observed a stereotyped developmental pattern
in wild-type animals by immunostaining with anti-Fasciclin II antibodies (Figure 4.4.1.5.1A).
FasII-positive γ-MB neurons of the dorsal lobe are rapidly pruned in wild- type animals following
pupation, with a peak in advanced pruning typically occurring approximately 12 hours after pupal
formation (APF); advanced pruning is followed by the appearance of FasII-positive a lobe neurons
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in the same plane.362–364 We compared the pruning of FasII-positive γ-MB axons in wild type and
Fmr1 mutants over time (Figure 4.4.1.5.1A). After images were blinded using custom software,
the extent of pruning was graded by assignment to one of four morphological classes (examples
shown in Figure 4.4.1.5.1A and described in Methods “Developmental glial phagocytosis assay”).
Although Fmr1 mutants showed similar morphology of FasII-positive γ-MB neurons at 6 hours
APF, we found that Fmr1 mutants exhibited a delay in pruning (Figure 4.4.1.5.1B). At 12 hours
APF, ~75% of wild-type brains exhibited advanced pruning (Class III morphology) of FasII-positive
γ-MB neurons. In contrast, only ~30% of Fmr1 brains exhibited advanced pruning (Figure
4.4.1.5.1C, p=0.01). By 24 hours APF, both wild type and Fmr1 mutants exhibited similar levels
of FasII-positive γ-MB neuronal pruning and FasII-positive

lobe formation. These results

suggest that, similar to neuronal clearance after axotomy in adults, development of the mushroom
body, a second process that is dependent on glia-mediated phagocytosis, may be delayed in
Fmr1 mutants. As a note, overall development is delayed in Fmr1 mutants so the delay at this
specific stage of mushroom body development may simply reflect a more general delay.
Alternatively, delays in glia-mediated phagocytosis may contribute to overall developmental delay
in Fmr1 mutants.
In summary, our results demonstrate that Fmr1 mutants exhibit delays in phagocytic
immune cells of the brain (glia) and defects in a developmentally independent lineage of blood
immune cells in the body (hemocytes). These results provide the first in vivo demonstration of
altered immune cell-mediated phagocytosis in a model of Fragile X syndrome. Our results indicate
that, in hemocytes, Fmr1 has a cell-autonomous function, but this does not rule out additional
non-cell autonomous roles. Fmr1 is a broadly expressed translational regulator, with hundreds of
known mRNA targets, controlling multiple functions such as cytoskeletal function, cytokine
production, and extracellular matrix structure, that could regulate phagocytic immune cells. For
example, Fmr1 could act cell-autonomously in hemocytes to regulate the expression of specific
mRNAs required for rearrangement of the actin and/or microtubule cytoskeleton; Fmr1 could also
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play a non-autonomous role in processing of bacterial products or immune signaling. In glia, Fmr1
could act cell-autonomously as it does in hemocytes, or it could act non-cell autonomously. While
mRNA targets of Fmr1 specific to glia have not been identified, targets of Fmr1 in whole brain
extracts include small GTPase regulators, microtubule binding proteins, receptor kinase signaling
components, and actin itself.331 Fmr1 could also act in neurons to regulate signals that promote
phagocytosis by glia or in non-phagocytic glia to modulate the extracellular matrix and inhibit
recruitment of activated glia to severed axons.365–367 Extension of glial processes is known to be
dependent on changes in the extracellular matrix such as those stimulated by secretion of matrix
metalloproteinases (MMPs), which have been implicated in Fragile X syndrome.368 Fmr1 might
also act either at the time of phagocytic activation or much earlier during development. Both the
timing and tissue-specific location of Fmr1 activities required for phagocytosis by immune cells,
particularly glia, remain important questions for future investigation.
It remains to be investigated whether phagocytic defects could also contribute to the
neurological and immunological symptoms associated with Fragile X syndrome in human patients
and whether phagocytic defects exist in other types of autism spectrum disorder. While early
detection of autism spectrum disorder has been shown to be critical for effective therapeutic
intervention, autism spectrum disorders that are not attributed to monogenic causes such as
Fragile X syndrome or Rett syndrome can be extremely difficult to diagnose at a young age. If the
neuroanatomical pruning defects common to many types of autism spectrum disorder are due in
part to defects that manifest both in phagocytic immune cells of the brain and blood, these shared
features could provide a strategy to screen for phagocytic biomarkers or bioactivities in easily
obtainable blood immune cells from young patients at risk.
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METHODS
Fly lines
Fmr1 trans-heterozygous null mutants were generated by crossing two heterozygous mutant
lines, each containing a well-characterized Fmr1 null mutation, Fmr1Δ50M (from D. Zarnescu369)
and Fmr13 (from Tom Jongens233). Both Fmr1 mutant lines were outcrossed to their wild-type
controls (Oregon R and iso31b, respectively) for at least six generations. For all experiments with
Fmr1 null mutants, wild-type controls were generated by crossing Oregon R and iso31b lines and
collecting the heterozygous progeny. Hemocytes were labeled with GFP using a heml -Gal4
construct paired with UAS-GFP. For hemocyte-specific RNAi of dFMR1, the heml -Gal4 driver
was used to drive expression of UAS-Fmr1-RNAi (VDRC identification #8933). The heml -Gal4
and UAS-Fmr1-RNAi constructs were outcrossed to W1118 Canton-S (CS) for 10 and 6
generations, respectively, and W1118 CS flies were used as controls. Olfactory neurons were
labeled using the OR85e::mCD8-GFP construct (from Marc Freeman358). Ensheathing glia were
labeled with an mz0709-Gal4 construct (from Marc Freeman358) paired with UAS-RFP. These
transgenic constructs were also outcrossed for 6-8 generations with appropriate wild-type control
strains to maintain proper genetic backgrounds for experimental use.

Fly rearing conditions
Flies were raised at 25ºC, 55% humidity on yeasted, low-glutamate food in a 12h:12h light:dark
cycle.370 Flies collected for survival and hemocyte phagocytosis experiments were maintained on
standard dextrose food. The recipe for standard dextrose food is as follows: 38 g/L cornmeal,
20.5 g/L yeast, 85.6 g/L dextrose, and 7.1 g/L agar. Infection experiments were performed with
age-matched male flies, 5-7 days post-eclosion. Glial phagocytosis experiments were performed
with age-matched females 5-10 days post-eclosion that were maintained on low-glutamate food
before and after maxillary palp excision.
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Bacterial strains
Bacterial infections were performed with four types of bacteria: Streptococcus pneumoniae strain
SP1, a streptomycin-resistant variant of D39 from Stan Falkow371; Serratia marcescens strain
DB1140 from Man Wah Tan372; Listeria monocytogenes strain 10403S from Julie Theriot373;
Pseudomonas aeruginosa (from Brian Lazzaro).

Statistical analysis
Statistical analyses were performed using GraphPad Prism. When comparing two groups of
quantitative data, unpaired, two-tailed t-test with Welch's correction was performed if data showed
a normal distribution (determined using D'Agostino & Pearson omnibus normality test) and MannWhitney test if data distribution was non-normal. Survival data was analyzed using log-rank
analysis.

Infections
Infection experiments were performed as previously described.208 Briefly, flies were grown at
25ºC, anesthetized on CO2 pads, and injected using a custom microinjector (MINJ-Fly, Tritech)
and glass capillary needles pulled with a Sutter Instrument P-30. 50 nL of liquid were injected into
each fly, calibrated by measuring the diameter of the expelled drop under oil. S. pneumoniae
cultures were grown to an OD600 of 0.40 at 37ºC in shaking BHI (Bovine Heart Infusion) media
and frozen in 5% glycerol at -80ºC. For infection, bacteria were pelleted upon thawing,
supernatant removed, resuspended in fresh BHI, and diluted to a final OD600 of 0.10-0.12 for
injection. S. marcescens was grown in shaking BHI overnight at 37ºC and diluted to OD600 ranging
from 0.1 to 0.6 for injection into flies. L. monocytogenes was grown in standing BHI overnight at
37ºC and diluted to a final OD600 of 0.1 for injection. P. aeruginosa was grown in shaking LB
overnight at 37ºC and diluted to a final OD600 of 1.0 for injection. After injection, flies were
incubated at 29ºC in a 12h:12h light:dark cycle for the duration of the infection.
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Survival assays
Between 60 and 85 flies per genotype per condition were assayed for each survival curve and
placed in three vials of standard dextrose food with approximately 20 flies each. In each
experiment, 20-40 flies of each line were also injected with sterile media as a control for death by
wounding. Survival proportions were assayed by counting the number of dead flies at various time
points post-infection. Data was converted to Kaplan-Meier format using custom Excel-based
software called Count the Dead (from Joel Shirasu-Hiza).208 Survival curves were plotted as
Kaplan-Meier plots and statistical significance is tested using log-rank analysis with GraphPad
Prism software. All experiments were performed at least three times and yielded similar results.

Bacterial load quantitation
Six individual flies were collected at each time point following microbial challenge. These flies
were homogenized, diluted serially and plated on tryptic soy blood agar plates (S. pneumoniae)
or lysogeny broth agar plates (S. marcescens). Statistical significance was determined using
unpaired, two-tailed t-tests for 0-hour time points and non-parametric Mann-Whitney tests for all
other time points to account for exponential growth. All experiments were performed at least three
times and yielded similar results.

Assay of phagocytosis by immune blood cells
Male flies 5-7 days old were injected with 50 nL of 20 mg/mL pHrodo-labeled S. aureus in PBS
(Molecular Probes, A10010) or Alexa 594-labeled S. aureus in PBS (Molecular Probes, S23372).
The flies were allowed to phagocytose the particles for 35-45 minutes. Using a thin layer of Loctite
superglue, the dorsal surfaces of the flies were glued onto coverslips; for experiments using Alexa
594-labeled bacteria, non-phagocytosed bacteria were quenched by Trypan blue injection (~100
nL) into the circulating hemolymph. Fluorescence images were taken of the dorsal surface using
epifluorescence illumination with a Nikon Eclipse E800 microscope fitted with a Photometrics Cool
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Snaps HQ2 camera with 10x or 20x objectives. Images were captured and quantified with Nikon
Elements software. To quantify, all of the images within an experiment were thresholded using
the same pixel intensity value to define ROIs; the sum and average intensities of the ROIs were
then calculated. Experiments were repeated three times with 6-14 flies for each treatment. For
determination of the number of pHrodo-labeled positive hemocytes, the local maxima tool was
used for particle counting in FIJI software suite. Assays examining total phagocyte number were
performed using flies expressing a UAS-GFP construct with the hemocyte-specific promoter
heml -Gal4. Statistical significance was determined using unpaired, two-tailed t-tests.

Glial phagocytosis assay and immunohistochemistry
Glial phagocytosis assays were conducted as previously described357 with some modifications.
The maxillary palps of age-matched 5- to 10-day-old OR85e::mCD8-GFP (from Marc Freeman);
Fmr13/Δ50M mutants and wild-type controls were excised to sever the olfactory neurons. Flies were
collected and decapitated at various time points after wounding, and the fly heads were fixed for
40 minutes at room temperature in 4% paraformaldehyde in PBS + 0.1% Triton X-100 (PTX). Fly
heads were washed five times in PTX and brains were dissected in ice-cold PTX. Brains were
blocked in 4% normal donkey serum (NDS) in PTX for one hour and incubated in primary
antibodies at 4ºC overnight. Primary antibody was diluted in PTX with 2% NDS. The following
primary antibodies and dilutions were used: rabbit anti-Draper (from Marc Freeman357, 1:500);
chicken anti-GFP (Abcam 13970, 1:1000); mouse anti-RFP (Abcam 65856, 1:500). Brains were
then washed five times over the course of 1 hour at room temperature in PTX and incubated in
secondary antibodies at 4ºC overnight. Secondary antibodies were diluted in PTX with 2% NDS.
The following secondary antibodies and dilutions were used in this study: Rhodamine Red-Xconjugated donkey anti-rabbit IgG (Jackson Immunoresearch 711-295-152, 1:200), Alexa 488conjugated donkey anti-chicken IgY (IgG) (Jackson Immunoresearch 703-545-155, 1:200), and
Rhodamine Red-X-conjugated donkey anti-mouse IgG (Jackson Immunoresearch 715-295-151,
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1:200. Brains were washed and mounted onto coverslips that had been coated with poly-L-lysine
(Advanced BioMatrix 5048) and Kodak Photo Flo 200 (0.36%, 1464510), dehydrated by
incubating in increasing concentrations of ethanol for 5 minutes (30%, 50%, 75%, 95%, 100%,
100%), and incubated in two different solutions of 100% xylenes for 10 minutes each. Coverslips
were mounted onto slides with distyrene plasticizer xylene (DPX) and dried overnight before
imaging. Brains were imaged using a Zeiss LSM 510 Meta with AxioImager Z1 upright confocal
microscope using 488, 561, and 633 nm lasers. Images were taken with a PlanNeoFL 40x/1.3
N.A. lens, and the Zeiss LSM confocal software was used for 3D reconstruction. Fiji (ImageJ) was
used to quantify the total fluorescence intensity of the three middle slices in a region traced around
each glomerulus, normalizing to background fluorescence for each sample. For the glial extension
assay, fluorescence of ensheathing glia and Draper was quantified using a standard circular
region of interest placed over the glomerulus, normalizing to background fluorescence for each
sample. All experiments were performed at least three times and yielded similar results. Statistical
significance was determined using unpaired, two-tailed t-tests.

Developmental glial phagocytosis assay
Fmr13/Δ50M mutants and wild-type controls were raised as above (“Fly lines” and “Fly rearing
conditions”) and collected at various time points following pupal formation. The pupae were fixed
in two 15-minute washes in 4% paraformaldehyde in PTX. They were then washed, stained, and
imaged as above. Antibodies used were mouse anti-Fasciclin II (DSHB 1D4, 1:5) and Alexa 488conjugated donkey anti-mouse IgG (Jackson Immunoresearch 715-545-151, 1:200). Maximum
intensity projections were generated and images blinded with a randomized numbering system
using a custom-built blinding script developed by Thomas Khan (Columbia University), then
scored based on the following criteria: no pruning (Class I); partial pruning (Class II); advanced
pruning (Class III); and

lobe growth (Class IV). Examples for each class are shown in Figure

4.4.1.5.1A as the wild-type images for the 6 hours after pupation (Class I), 12 hours (Class III),
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and 18 hours (Class IV), as well as the Fmr1 image for 12 hours (Class II). Samples were unblinded and results recorded. Percentages in each category were calculated for each genotype
at each time point; average percentages were then calculated with three independent trials.
Statistical significance was determined using unpaired, two-tailed t-tests.
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Chapter V: Discussion

Work presented in Chapter II of this dissertation describes the development and validation of tools
that combine the CRISPR-Cas9 and Gal4-UAS systems to generate cell-specific circadian gene
knockouts in Drosophila.164 We harnessed a published technique that allows simultaneous
expression of four unique gene-targeting guide RNA (gRNA) sequences, a strategy that increases
the efficiency of target gene disruption.263 Through immunostaining and qPCR, we showed that
our manipulations were highly efficient and caused complete gene disruption in nearly all targeted
cells. Using these tools, we also showed that disruption of the molecular clock in neurons of both
the morning and evening oscillators abolished rhythmic locomotor activity; however, when the
clock is functional in either of these two groups of neurons, flies remain rhythmic. These results
challenge the long-held dogma in the field that morning oscillator neurons exert a hierarchical
dominance over other oscillators in the Drosophila clock neuron network; rather, our work
suggests that the network can compensate to generate behavioral rhythms when the clock is
disrupted in either the morning or evening oscillator. It remains unclear how disruption of the
molecular clock in specific neurons affects electrical activity in those neurons, nor how it affects
the electrical activity and cycling of the clock in other cells within the network. This work also
represents the first use of coordinate expression of multiple gRNAs to assay the effects of gene
disruption on behavior in Drosophila.
Chapter III of this dissertation details work showing that circadian period mutants have
increased tolerance to infection with the human pathogen Burkholderia cepacia.209 Through
studying this infection phenotype, we found that per mutants have significantly altered markers of
metabolism, including sensitivity to starvation, decreased metabolic stores, and increased feeding
rate. Our results show that increased nutrient availability, which promotes infection tolerance,
increases signaling of the TORC1 complex in a canonical nutrient-sensing pathway. We also
showed that TORC1 signaling is subject to circadian regulation in wild-type flies and upregulated
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in per mutants, suggesting that the increased feeding behavior exhibited by per mutants promotes
their tolerance of infection through modulation of the TOR pathway (or TOR activity). These
results established a link between circadian-regulated metabolism and infection tolerance, which
has been a historically underutilized process in the treatment of infections and represents a
necessary area for further basic and translational research.374 Understanding how the circadian
clock functions to regulate infection tolerance, and why this tolerance is only seen with particular
infectious pathogens, could help to identify fundamental pathways and driving factors in the
tolerance of different infections.
Fragile X syndrome (FXS), the most common monogenic cause of autism and intellectual
disability in humans, is caused by loss of function of the protein FMRP. Chapter IV of this
dissertation contains work showing that Drosophila lacking the fly homolog of FMRP (dFMR1)
exhibit defective phagocytosis both by circulating immune cells in response to bacterial infection
and by glia in response to neuronal injury. Human FXS patients and animal models of FXS show
signs of circadian dysregulation and previously published work from our laboratory indicates that
circadian rhythms can directly regulate phagocytosis by innate immune cells.208,231–234 It remains
unclear whether the phagocytic defects we observed in dFMR1 flies are related to the circadian
dysregulation caused by loss of dFMR1 function.
Thus, the work presented here reflects our progress in understanding of circadianregulated behavior and physiology across different clinically relevant contexts, in addition to
reporting significant advances in our methods to study circadian rhythms in the fruit fly. In the near
future, these tools will be applied to our larger research questions, enabling deeper investigation
of: a) the systems regulating circadian behavior, such as the interactions between oscillators in
the Drosophila clock neuron network; b) the interaction between central and peripheral clocks, by
identifying tissue-specific, circadian-regulated mechanisms of resistance and tolerance to
bacterial infection; and c) how clocks regulate cell biological processes such as phagocytosis by
innate immune cells, whether cell-autonomously or non-autonomously.
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Interactions Between Oscillators in the Drosophila Clock Neuron Network

Our results established that the molecular clock in PDF neurons is not necessary for circadian
locomotor activity but did not explain how this result fits into the context of two decades of work
demonstrating the requirement of molecular clocks and PDF neurons for circadian locomotor
activity. Three major lines of evidence suggest that the morning oscillator, consisting of the small
and large ventral lateral neurons (s- and l-LNv) that uniquely express the neuropeptide PDF,
dominates over other oscillators in the network. First, PDF function is necessary for behavioral
rhythms, as indicated by arrhythmicity in flies bearing loss of function mutations in Pdf or its
receptor, Pdfr.141,144–146 Second, functional PDF neurons are necessary for behavioral rhythms,
as indicated by arrhythmicity in flies where PDF neurons have been ablated or electrically
silenced.141,142,154,155 Third, modulation of PDF neuron firing or expression of period-altering
kinases within PDF neurons is sufficient to alter the period of the molecular clock in other
oscillators as well as the period of overall behavioral rhythms,155–157,160,161 though more recent
work has complicated earlier kinase overexpression studies.163,253,375–377 Investigations directly
assessing the necessity of the molecular clock within intact neurons in the clock network have
been limited by poor efficiency of RNAi-mediated knockdown of clock genes.256
In simplified terms, the previous model of the field held that the molecular clock in PDF
neurons regulates rhythmic changes in axonal morphology, rhythmic secretion of PDF, and cellautonomous rhythms in electrophysiological activity. In this way, the molecular clock in PDF
neurons was thought to rhythmically activate downstream neurons, thus modulating and
synchronizing the molecular clocks, if present, in those downstream neurons. Our results,164
together with a growing body of evidence that oscillators within the clock neuron network may
function more cooperatively, and less as a strict hierarchy, to drive behavioral rhythms,163,253,375–
377

raise the question of how this distributed neuronal network cooperatively drives behavioral

rhythms in the absence of a seemingly dominant subset of its neurons. At least two possibilities
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exist: 1) a cell-autonomous molecular clock is not required for the rhythmic activity of PDF
neurons, perhaps because other clock neurons can impose rhythms on PDF neurons; and 2)
circadian locomotor activity requires functional PDF neurons but they do not need to be
rhythmically active. We can distinguish between these two possibilities by determining whether
PDF neurons lacking a molecular clock retain rhythmic function. To test this, we would test three
measures of rhythmic PDF neuron function: changes in axonal morphology, accumulation of PDF
in axonal arbors, and electrophysiological activity.
PDF abundance does not seem to be circadian regulated, though expression of Pdf is
dependent on clock.83,268 Rather, it is thought that the function of PDF within the morning oscillator
is driven by rhythmic release of the neuropeptide during the day (or subjective day) from the dorsal
terminals of s-LNv neurons.83,268,271,378 Moreover, these axon terminals remodel across the
circadian day, changing both post-synaptic contacts and number of active zones; importantly, this
remodeling is abolished in arrhythmic per and tim mutants.254,379,380 Many neurons in the clock
neuron network are capable of responding to PDF, and because PDF neurons do not contact
every receptive group, it has been suggested that the neuropeptide may exert some signaling
effects through diffusion.255,257 It remains unclear how loss of clock function in PDF neurons alone
would affect their axonal remodeling or PDF signaling more broadly. Adult-specific silencing of
PDF neurons blocks the rhythmic changes in s-LNv axon structure and also causes behavioral
arrhythmicity before any effects on the PDF neuron clock are observed; eventually this silencing
dampens oscillation of the PDF neuron clock.155 Together with the observation of behavioral
arrhythmicity in Pdf null mutants, these results highlight the importance of PDF signaling in the
generation of behavioral rhythms, and further suggest that the molecular clock in some group of
neurons may regulate the activity or intrinsic excitability of PDF neurons across the day, which in
turn regulates structural changes in the axon terminals that are important for the circadian effects
of PDF signaling.
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Our results indicate that the molecular clock is not required in PDF neurons for behavioral
rhythmicity, which raises the possibility that the clock in upstream neurons might drive rhythmic
activity in PDF neurons and thus, axonal remodeling and rhythmic PDF release. Morning
anticipation is lost both in Pdf null mutants and when the clock is disrupted in PDF neurons,
suggesting that these neurons may have distinct output pathways that separately regulate
morning anticipation and overall behavioral rhythmicity. To address the relationship between
oscillator clocks and PDF neuron function, we can assay PDF neuron arborization and
accumulation of PDF across the circadian day after disrupting the clock in PDF neurons or other
clock neuron clusters. If either arborization or PDF accumulation is unaffected by the cellautonomous loss of clock function, this would suggest that clock function in other neurons is
upstream of rhythmic PDF neuron activity. This could be assessed by performing the same
genetic manipulations and assaying neuronal activity in PDF neurons and other clock neurons
across the circadian day.
Direct electrophysiological recording from clock neurons in live Drosophila is limited by
their relatively deep position within the brain and has thus far only been accomplished in intact,
dissected brains.158,381–383 While these experiments have shown that the electrical properties of
clock neurons are subject to circadian regulation, they are temporally cross-sectional and cannot
address how clock neuron properties dynamically change across the circadian day. Advances in
light microscopy techniques and in genetically-encoded voltage and calcium sensors have
enabled the investigation of clock neuron dynamics within living flies.375,384–389 Though technically
demanding, these approaches can be used to directly characterize how loss of the molecular
clock within one or more oscillator/s might affect dynamics of specific other clock neuron clusters
and of the network as a whole. When combined with behavioral observations, these studies could
provide valuable insight into how emergent properties of the clock neuron network function to
generate behavioral rhythms in the absence of the clock in specific oscillators. It may be more
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informative to perform these experiments after temporally defined loss of clock function in flies
that have developed with intact clocks throughout the network.
In the current model for clock neuron regulation of locomotor activity, PDF neurons exert
control over the clock neuron network by synchronizing and modulating the molecular clocks in
other neurons. Our data do not address how loss of the clock within specific oscillators affects
properties of other oscillators within the network, nor the network as a whole. It has long been
appreciated that different components of the clock neuron network run with different intrinsic
periods, and models suggest that one role of PDF neuron activity is to slow down or speed up
other oscillators to set the period at 24 hours.253,390 If the clock is knocked out in the morning or
evening oscillator alone, this could affect the phase and/or period of the clock’s cycling in other
neurons, as has been suggested by period-altering kinase overexpression studies.160,161,253,377
This can be assayed through time course immunostaining across successive circadian days
under constant darkness. It could take several days under constant conditions for drift in either of
these parameters to become evident, which should be taken into account in the design of these
experiments.
It is unclear from our results whether acute loss of the molecular clock in specific oscillators
that have already been entrained would have a different effect on behavioral rhythms than loss of
the clock early in development. Our published experiments relied on Gal4 expression drivers that
are constitutively active after they turn on, which presumably occurs during nervous system
development. It is therefore unclear when the Cas9-mediated DNA damage events that result in
gene disruption occur, though it is likely that the clock is disrupted before the network has fully
developed which could affect interpretation of our results. To address this, the Gal4 drivers we
used can be combined with a temperature-sensitive allele of Gal80 that, at permissive
temperature, blocks Gal4 activity and prevents transcription of UAS-linked genetic elements.
Temperature upshift inactivates Gal80ts, allowing transcriptional activation by Gal4 to occur. This
approach can be used to restrict the gene disruption events to adulthood which would allow
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normal development and entrainment of the clock neuron network; this approach can also be
used in the experiments outlined above addressing the molecular oscillation of the clock and the
neuronal activity dynamics throughout the network. Moreover, while we were able to show that
the molecular clock is not necessary in PDF neurons for behavioral rhythms, when we tried to
assess the sufficiency of the clock by inducing gene disruption in all non-PDF clock neurons, we
found that our Pdf-Gal80 construct was not protective against deletion in PDF neurons when
combined with tim-Gal4 (data not shown). We concluded that tim-Gal4 is likely turned on before
Pdf-Gal80 in development, meaning that irreversible gene disruption events occurred before
transcription of the Cas9 and gRNA constructs could be inhibited by Gal80. Limiting the Gal4
activity to adulthood by incorporating a tubulin-Gal80ts construct would circumvent this problem,
assuming that our gene disruption approach is efficient in adult neurons.
As a technical point, it could be useful in other contexts to more completely understand
the efficiency of our gene disruption approach in post-mitotic cells. Any studies that examine the
role of the molecular clock in adult physiologies should confirm that the effect of the Cas9mediated gene disruption is specific to adulthood and not an effect of loss of clock function in
development. Our article provides a template for validation of the gene disruption efficiency in
neuronal or glial cell types using molecular and behavior-based techniques. The molecular
approaches, namely immunostaining and qPCR, are also applicable to validation in non-neural
tissues. Temperature upshifts of varying durations can be used to titrate the efficiency of the gene
disruption, and this efficiency would likely also depend on the strength of the given expression
driver. Because the gene disruption is irreversible, unlike RNAi-mediated knockdown, this system
is less useful for determining precise developmental windows of requirement for gene function.
However, it could still be used for developmental studies if durable gene inactivation is desired.
Techniques have been developed that utilize catalytically dead Cas9, which can specifically home
to DNA sequences but cannot induce double-strand breaks, that are fused to activators or
inhibitors of transcription to regulate gene activity with high specificity and precision.391–394
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Combining these fusion Cas9 proteins with gRNAs that target the promoters of target genes under
the control of an inducible Gal4 system could be used for temporally restricted control of gene
activity both in development and in adulthood.
The tools we developed and validated represent a substantial technical improvement that
will add power to studies of how the molecular clock operates within the Drosophila clock neuron
network to generate rhythmic patterns in behavior. However, circadian regulation is not limited to
behavior, and circadian clocks are found in most tissues and cell types. The ability to induce loss
of clock function in a cell- or tissue-specific manner will promote a deeper understanding of how
peripheral clocks influence physiology.

Circadian Regulation of Innate Immune Function

Two distinct but related physiological processes protect animals from infection: resistance and
tolerance.283 Resistance mechanisms sequester or kill microbial pathogens to clear infection;
tolerance mechanisms enable the host to withstand the deleterious effects of infection, including
those induced by the host response itself.284,374 An animal with defective resistance will succumb
to lethal infections faster and with higher microbial loads than controls, whereas an animal with
defective tolerance will succumb faster despite having similar microbial loads as controls. Along
with the work presented in Chapter III of this dissertation, previous work from our lab has
demonstrated a role for the circadian clock in regulation of both resistance and tolerance
mechanisms in Drosophila.207–209 It remains unclear whether the relationship between the clock
and systemic immunity is due to central clock function in the brain, to autonomous clocks in
peripheral tissues, or both.
We showed that period mutants survive longer than controls after infection with the Gramnegative bacteria Burkholderia cepacia, and that this survival benefit was due to tolerance rather
than resistance.209 We also showed that tolerance of this infection is promoted by increased
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access to nutrients in wild-type animals. Moreover, per mutants exhibit increased feeding and
increased TORC1 activity, which could explain their increased tolerance of B. cepacia infection.
In contrast, tim mutants are sensitive to infection with a different, Gram-positive bacteria,
Streptococcus pneumoniae, and this sensitivity is due to defective resistance.208 Because per and
tim function together, these results suggest that the clock regulates both resistance and tolerance
and further suggest that different mechanisms are important for defense against different
pathogens. It has been difficult to assess whether per and tim function is important in particular
tissues for infection resistance or tolerance, but we now have the tools to test this directly using
our CRISPR-based approach. Specifically, we hypothesize that circadian-regulated infection
tolerance is due to molecular clock function in neurons, regulating feeding behavior, or in the fat
body, regulating metabolism, or both; similarly, we hypothesize that circadian-regulated infection
resistance is due to regulation of hemocyte phagocytosis by cell-autonomous clocks, or due to
molecular clock function in neurons that may coordinate hemocyte clocks to affect phagocytic
function. Alternatively, circadian-regulated changes in hemocyte function could be modulated by
cross-talk between hemocytes and non-neuronal distal tissues such as the fat body.395–397
Our results suggest that the increased feeding observed in per mutants is upstream of
TORC1 signaling.164 Inducing cell-specific loss of clock function in neurons would disrupt
behavioral rhythms, including in feeding behavior, while leaving peripheral clocks intact. If
circadian-regulated feeding behavior regulates infection tolerance through the TOR pathway, loss
of per or tim in neurons alone should be sufficient to increase feeding, modulate TOR activity, and
increase survival of infection of B. cepacia. If circadian-regulated tolerance mechanisms are
important for survival of infections with Gram-negative bacteria generally, this same relationship
should apply to infection with similar other pathogens such as Salmonella typhimurium. It is also
possible that per and tim could promote tolerance of other infections through increased feeding
behavior, but that this phenotype is masked by defective resistance due to ubiquitous loss of gene

131

function in whole-body mutants. This would suggest that per and tim exert differential effects on
resistance and tolerance mechanisms in different tissues.
Phagocytosis by hemocytes is particularly important in the fly’s defense against S.
pneumoniae, and previous work from our lab suggests that this process is defective in tim
mutants.206,208 Cell-specific ablation of per or tim in hemocytes could affect resistance through
changing expression either of immune signaling molecules that enable pathogen recognition, or
of factors that enable the phagocytic response and maturation of the phagolysosome. We have
previously used injection of fluorescently-labeled dead bacteria to monitor the phagocytic
response in vivo.208,329 Depending on the fluorescent tag, this assay can test either phagocytic
engulfment or phagolysosome maturation, though defects in the latter can be obscured by defects
in the former. Prior work showed that, while phagocytosis of the Gram-positive bacteria
Staphylococcus aureus is circadian regulated and defective in tim mutants, neither is true of
phagocytosis of the Gram-negative Escherichia coli, raising the possibility that the clock regulates
phagocytosis

through

differential

expression

of

gram-specific

pathogen

recognition

receptors.205,208,398–400 To assay cell-autonomous effects of hemocyte clock gene disruption on
immune or phagocytic gene expression, hemocytes can be isolated from larvae or adults and
subjected to RNAseq, though some evidence suggests that larval hemocytes differ substantially
from those found in adults.401–403 These experiments would characterize the role of the molecular
clock in phagocytosis by circulating immune cells and would further identify potential targets of
the clock that affect hemocyte function.
In addition to acting as an important metabolic tissue in the fly, the Drosophila fat body
also secretes anti-microbial peptides (AMPs) into the hemolymph to aid the killing and clearance
of pathogens.193,194,404 Importantly, metabolic functions of the fat body are subject to cellautonomous circadian regulation that is influenced by non-autonomous neuropeptide
signaling.183,184,195 We have shown that neither per nor tim mutants exhibit defective AMP
induction after infection with different pathogens, suggesting that the clock in the fat body likely
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does not regulate infection survival through resistance mechanisms.208,209 The fat body clock
could promote infection tolerance through effects on metabolism, possibly through increased
TORC1 activity. It has been shown that clock function in the fat body can regulate feeding
behavior,183 which could be upstream of pro-tolerance TORC1 signaling.
Numerous studies in mammals suggest that immune function is circadian regulated,405
and in particular the circadian clock has been shown to regulate the function of innate immune
cells like macrophages.406–411 Drosophila lack an adaptive immune system, however they
represent an excellent model for the study of innate immunity.194,324 Work from our lab suggests
that hemocyte phagocytosis is circadian regulated, and further investigations could help identify
the molecular mediators downstream of the clock that modulate the phagocytic response.208
Moreover, we have established a link between circadian regulation and infection tolerance, and
our work has further shown that specific metabolic pathways can promote tolerance.209 Further
understanding of how circadian regulation and metabolism interact to regulate tolerance will help
develop translational principles that can inform tolerance-based treatment strategies for infectious
diseases.
Circadian dysregulation is a feature of many neurological diseases, including both
neurodevelopmental and neurodegenerative processes.228–230 For example, disrupted behavioral
rhythms are found in Fragile X syndrome patients as well as in fly and mouse models of the
disease.231–234 In the fly, it seems that these disorganized rhythms are not a result of molecular
clock disruption, but rather are due to defects on the level of circadian circuits.234 We found that
FXS flies exhibit defective phagocytosis by hemocytes in response to bacterial infection and also
by glia in response to axonal severing.329 Interestingly, data from a recent preprint shows that
sleep behavior regulates glial phagocytosis through the phagocytic receptor Draper, induction of
which is delayed in FXS flies.329,412 Because sleep behavior is circadian-regulated, this raises the
possibility that the phagocytic defects we observed are downstream of the aberrant behavioral
rhythms seen in FXS flies. To test this, we could disrupt the clock specifically in neurons and
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assay the effect on glial phagocytosis. We can also develop a UAS-gRNA construct targeting
dFMR1 to assess whether the defects in glial phagocytosis that we observed are due to effects
of loss of dFMR1 function in glia, neurons, or both; our results in hemocytes suggest that dFMR1
can directly regulate phagocytosis in a cell-autonomous manner. Because over-arborization of
dendrites is a hallmark of FXS that may be pathological,413 factors that promote glial phagocytosis
and are inhibited by loss of dFMR1 could serve as potential therapeutic targets for this disease.
Phagocytosis plays a critical role both in the immune system and in the development and
refinement of neural circuits. We have shown a link between the circadian system and immune
cell phagocytosis, and further that circadian-regulated processes can also influence tolerance of
infection. These findings are significant for two reasons: first, healthcare-acquired infections
represent a major cause of morbidity and mortality in hospitalized patients;414–417 and second,
many hospitalized patients experience environmentally-induced circadian dysregulation.418–420
Thus, management of inpatients’ circadian dysregulation, for example through light therapy,421
could improve health outcomes through improved infection resistance and tolerance.

Conclusion

Circadian regulation is found in organisms as diverse as bacteria, plants, flies, and humans. The
broad conservation and seemingly convergent evolution of such processes implies that circadian
regulation is a fundamental feature of life itself. Thus, understanding how circadian systems work
to regulate behavior and physiology is critical to the understanding of biology itself. This
dissertation highlights progress made and continuing gaps in our knowledge of how the circadian
clock produces rhythmic patterns in behavior in Drosophila, and also provides examples of how
the circadian system can interact with other processes, such as metabolism and immunity, to
regulate physiology. More work is needed to identify therapeutic substrates and to devise potential
disease treatment strategies that integrate and harness circadian regulation of physiology.
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Appendix

This Appendix contains unpublished data that is loosely focused on the bidirectional relationship
between sleep and oxidative stress that we previously identified.245 Briefly, we showed that a
diverse group of short-sleeping mutants were sensitive to oxidative stress. We further showed
that increasing sleep through genetic or pharmacological approaches increased oxidative stress
resistance. These results suggest that sleep is both necessary and sufficient for defense against
oxidative stress. We also showed that neuronal overexpression of antioxidant enzymes
decreases sleep. Together, these results support a model whereby sleep functions to resolve
oxidative stress, and oxidative stress feeds back to regulate sleep.

This Appendix is organized into the following sections:
1. Expression of stress response genes in short-sleeping fumin mutants
2. Using hyperoxia to study sleep regulation
3. The relationship between sleep function, oxidative stress, and tissue homeostasis
4. Regulation of lifespan by insomniac
5. Antioxidant effects on sleep and confounds with the Geneswitch system
6. Role of uncoupling proteins in regulating sleep
7. Attempted metabolic interventions for sleep regulation
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Figure 5.1: Altered expression of stress-responsive genes in fumin mutants. Short-sleeping elav>incRNAi flies show increased expression of certain stress response genes, including
SOD1 and pink1, raising the possibility that this is a common feature of short-sleeping flies.245
(A-E) In contrast to elav>incRNAi flies, fumin mutants show no difference in SOD1 expression (A)
and decreased expression of SOD2 (B) and pink1 (D).
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Figure 5.2.1: Short-sleeping mutants are sensitive to oxidative stress induced by
persistent hyperoxia. We previously showed that short-sleeping mutants are sensitive to oxidative stress induced by paraquat injection and hydrogen peroxide feeding.245 (A-D) Here we show
that insomniac (A), fumin (B), redeye (C), and hyperkinetic (D) mutants, all of which exhibit short
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Figure 5.2.2: Overnight, sub-lethal hyperoxia treatment has variable effects on subsequent
sleep behavior. Redox balance directly regulates sleep245,422 and our previous results suggest
that sleep functions to resolve oxidative stress.245 Inducing oxidative stress while flies are asleep
could act as functional sleep deprivation and induce rebound sleep in subsequent sleep periods.
(A) OregonR flies show increased sleep in the 12 hours following 12 hour nighttime hyperoxia
treatment. (B) iso w+ flies show no changes in sleep in the 12 hours following 12 hours of nighttime hyperoxia treatment.
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(A, C). With Figures 5.1.2 and 5.1.3, these results suggest that overnight hyperoxia may not be
robust method of sleep induction across experiments.
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Figure 5.4.2: insomniac-targeting gRNA construct does not shorten sleep. Similar to work
presented in Chapter II, we generated insomniac-targeting UAS-gRNA flies based on a previously published approach.164,263 (A,B) crossing our UAS-incgRNA; UAS-Cas9 line to elav-Gal4 did not
cause short sleep in two independent repeats. While the first repeat includes a low n for the
elav>incCRISPR condition, it is included here to show that efficacy of the elav-Gal4 was tested in
parallel by crossing the driver to our incRNAi construct.
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Figure 5.6.3: Cell-specific overexpression of Ucp4C does not affect sleep. (A-D) Overexpression of Ucp4C in sensory neurons using using pain-Gal4 (A) orTrpA1-Gal4 (B), glia using
repo-Gal4 (C), or the sleep-promoting dorsal Fan-shaped body using 23E10-Gal4 (D) had no
effect on sleep parameters.
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Figure 5.6.4: Ubiquitous, adult-specific overexpression but not knockdown of Ucp4C may
increase sleep. (A,B) Ubiquitous, adult-specific overexpression of Ucp4C causes increased
sleep, though this is not dependent on RU administration, possibly suggesting that the DaGS
expression driver may leaky and driving transcription even in the absence of RU. (C,D) Ubiquitous, adult-specific knockdown of Ucp4C does not affect sleep.
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