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ABSTRACT

The field of Drosophila sleep research, which began 25 years ago, has identified more than 200
genes influencing sleep. In this review, | summarize the foundation of the field and the growing
list of genes implicated in sleep regulation. | compare the genetic methods used to identify genes
governing sleep and circadian rhythms and the distinct outcomes of screens for genes regulating
these two highly related processes. Finally, | discuss the ~200 sleep-regulating genes of
Drosophila in the context of recent developments in the field and voice reasons for scepticism
regarding the relevance of these genes to the homoeostatic regulation of sleep. Finally, | spec-
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ulate on the future promise of the fly model system for revealing conserved molecular mechan-

isms of sleep homoeostasis.

Sleep and its importance

Sleep is a basic biological need, and sufficient sleep
is required for physical and mental health.
Reduced sleep contributes to various metabolic,
inflammatory, cardiovascular, and neurological
disorders, reduces productivity and performance,
and threatens public safety [1]. The widespread
and negative consequences of sleep loss are so
profound that the World Health Organization
declared a ‘Global Epidemic of Sleeplessness’ in
2012 [2], and, according to the CDC, human
sleep has not improved since. Understanding
sleep regulation is, therefore, critical for health
and society.

Sleep is primarily regulated by a circadian clock
and a sleep homeostat, which promotes increasing
sleep pressure during wakefulness, eventually for-
cing a transition from wakefulness to sleep. During
sleep, this pressure falls until it reaches sufficiently
low levels, resulting in the transition from sleep to
waking [3]. The circadian clock modulates the
amount of sleep pressure necessary to induce
sleep/wake transitions across the day [3]. A ‘two-
process’ model based on human circadian time-
keeping and sleep homoeostasis produces remark-
ably accurate predictions for sleep duration and

timing under both normal and sleep-deprived con-
ditions [3]. Despite the central importance of
homoeostatic sleep regulation, its underlying
mechanisms are poorly understood. Even the
best-characterized factors hypothesized to mediate
sleep pressure do not fully account for the daily
rise and fall of sleep pressure during regular sleep/
wake cycles [4]. Thus, understanding the mechan-
isms underlying sleep homoeostasis is a central
unmet goal of sleep science. Drosophila melanoga-
ster has become a widely used genetic model for
understanding sleep regulation [5]. Here, I sum-
marize work done on this fly over the last quarter
century to identify genes governing sleep.

A quarter century of Drosophila sleep

Sleep-like states were first established for
Drosophila melanogaster 25years ago [6,7], and
the species has since become a valuable and widely
used model system for understanding sleep regula-
tion [5]. The establishment of sleep in the fly was
built upon the foundation of earlier work on other
arthropod species. The earliest work on daily
rhythms in flies was predominantly conducted on
the rhythm of adult emergence in Drosophilid flies
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[8-10]. Taylor and Kalmus reported daily rhythms
in flight and rest in 1954, describing a crepuscular
flight rhythm in Drosophila subobscura, with rela-
tively brief peaks at dawn and dusk separated by
long bouts of relative inactivity [11]. This bimodal
daily pattern of activity and rest is highly reminis-
cent of the now familiar daily locomotor activity
rhythms of Drosophila melanogaster [12]. Though
Taylor and Kalmus did not speculate on the rela-
tionship between subobscura’s two daily peaks of
rest and sleep in mammals, theirs was the first
observation of what we would now recognize as
two daily windows of sleep in Drosophila.

Though a sleep-like state had been described in
the Mediterranean flour moth (Anagasta kueh-
niella) as early as 1968 [13], the establishment of
sleep-like states in invertebrates was led by Irene
Tobler, who, based on the work of Piéron [14],
summarized four behavioural criteria for the iden-
tification of sleep like states. These were quies-
cence, the assumption of a characteristic posture,
elevated arousal threshold, and rapid reversibility
given sufficient stimulation [15]. Tobler suggested
the addition of a fifth possible criterion for identi-
fying sleep-like states akin to mammalian sleep:
homoeostatic control, proposing that a beha-
vioural state akin to mammalian sleep should dis-
play a rebound after depriving an animal of that
state [15]. Using these criteria, Tobler identified
sleep-like states in cockroaches [16,17] and scor-
pions [18].

In the early 2000s, two studies established that
rest in Drosophila melanogaster met Tobler’s cri-
teria [6,7]. This work independently established
the presence of periods of inactivity accompanied
by a decrease in sensitivity to mechanical stimula-
tion [6,7]. Shaw and colleagues (2000) also showed
that quiescence was rapidly reversible upon deliv-
ery of sufficiently strong vibrational stimuli [7].
Both studies also showed depriving flies of this
quiescent state produced subsequent increases in
rest and that caffeine reduced rest in flies [6,7].
Shaw and colleagues reported that blocking hista-
mine receptors increased rest in flies [7]. These
results indicated that substances known to increase
and decrease sleep in mammals had similar effects
in Drosophila [6,7]. Hendricks and colleagues
(2000) also provided evidence that flies take up
specific postures and positions relative to food

during rest [6]. Together, these two studies firmly
established a sleep-like state in flies, now widely
considered sleep.

The establishment of fly sleep was highly sig-
nificant given the well-established utility of for-
ward genetic screens in Drosophila [19]. A major
strength of such screens is that they are entirely
unbiased, requiring no prior knowledge regarding
the molecular and cellular underpinnings of the
biological process one seeks to understand. Such
screens had already uncovered highly conserved
genes regulating development and behaviour
when fly sleep was first established. For example,
screens successfully identified genes involved in
properly developing the segmental body plan (e.g
[20,21]), and behavioural circadian timekeeping (e.
g [22,23]). In the case of screens for larval cuticle
patterning and adult circadian timekeeping, for-
ward genetic screens approached saturation; that
is, they successfully identified nearly all the genetic
loci that could produce a phenotype when
mutated, as evidenced by repeated isolation of
new alleles of the same loci [21,24]. Remarkably,
for circadian clock screens, these amounted to
only approximately a dozen genes whose gene
products were subsequently shown to interact
within the very same cellular mechanism to create
daily rhythms in gene expression [25]. With the
establishment of fly sleep, it was reasonable for
confidence to be high that genetic screens in
Drosophila would reveal the genetic and, based
on this, the cellular basis of sleep regulation [26].

Effective genetic screens must allow for the
examination of many potential mutant lines. For
this reason, they must be built upon simple meth-
ods to detect phenotypes with high-throughput
assays. Forward genetic screens for sleep mutants
adopted a methodology first developed for the
circadian field that allowed daily sleep to be mea-
sured for thousands of potential mutants: the
Trikinetics ~ Drosophila  Activity = Monitors
(DAMs). DAMs, which track infrared beam cross-
ings by flies housed in single, glass capillary tubes
as a proxy for activity, had been used successfully
by multiple research groups in screens for circa-
dian rhythms mutants [27]. The field defined sleep
as any period of inactivity (i.e. the absence of a
single beam crossing) that was five minutes or
longer [7,28].



In (2003), Chiara Cirelli published a report on
an ongoing large-scale forward genetic screen for
sleep mutants that involved screening ~ 2000 che-
mically mutagenized fly lines and ~ 3000 lines
bearing P-element insertions as potential disrup-
tors of gene function [26]. At the time of this
publication, the examination of these ~ 5000 lines
had vyielded 10 lines displaying significantly
reduced daily sleep [26]. The genes affected by
two of these mutations were identified in subse-
quent publications as Shaker, the alpha subunit of
a voltage-gated potassium channel [29], and
Hyperkinetic, the beta subunit of the same channel
[30]. Another screen of ~ 3500 transposon inser-
tions for short sleeping mutants conducted in the
laboratory of Amita Sehgal identified sleepless (a.k.
a. quiver), a membrane protein required for Shaker
function, as a gene required for normal levels of
sleep [31]. Remarkably, an independent screen of
over 3000 potential mutants in the lab of Michael
Young revealed two additional alleles of Shaker
[32]. The convergent identification of Shaker in
independent screens and the identification of the
Shaker-related Hyperkinetic and sleepless/quiver
was strong evidence that a specific voltage-gated
potassium channel played a significant role in
sleep regulation in Drosophila.

Contemporaneously with the first forward
genetic screens for sleep mutants, a short sleeping
mutant was serendipitously discovered in the
laboratory of F. Rob Jackson. This mutant,
named fumin, displayed less than half the sleep
of normal flies, an effect caused by disrupting the
fly homolog of the mammalian dopamine trans-
porter [33]. A screen of chemically mutagenized
flies was conducted in the laboratory of Amita
Sehgal that isolated another allele of fumin,
which displayed about a two-thirds reduction in
sleep relative to normal flies [34]. Thus, early and
independent work converged on dopamine signal-
ling as a regulator of sleep fly sleep.

Stavropoulos and Young reported a screen of ~
3,500 lines for reduced sleep phenotypes and iden-
tified insomniac as a gene required for the proper
amount of daily sleep [32]. Severely hypomorphic
alleles of the insomniac gene, which encodes an
adaptor protein involved in protein degradation,
resulted in a~75% sleep loss [32]. Additional
screens in the lab of Amita Sehgal identified
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Redeye [35], which encodes nicotinic acetylcholine
receptor alpha subunit, and argus [36], a regulator
of autophagy, as regulators of baseline sleep
amount. Afonso and colleagues identified
Taranis, a cell cycle regulator, in a forward genetic
screen [37]. Finally, Liu and colleagues used a
baseline sleep screen to identify wide awake,
which encodes a regulator of GABA receptor
expression [38]. Dubowy et al. (2016) conducted
an alternative unbiased screening approach to iso-
late mutants that displayed abnormal sleep
rebound following sleep deprivation [39].
However, the two mutants identified in this screen
were not mapped unequivocally to specific genes.
Thus, forward genetic screens for daily sleep
amount have identified nine sleep-regulating
genes, which are involved in a few general
mechanisms of sleep regulation: control of neuro-
nal firing through direct effects on neuronal sig-
nalling (Shaker, Hyperkinetic, fumin, sleepless/
quiver, Redeye, and wide awake) or the cellular
homoeostasis pathways of protein degradation
(insomniac), autophagy (argus), and cell cycle reg-
ulation (taranis). Table 1 summarizes the ‘sleep
genes’ identified by forward genetic screens.

In addition to using forward genetic screens,
investigators have examined mutants discovered
by previous studies of other biological phenomena.
Furthermore, the sequencing and annotation of
the Drosophila melanogaster genome [40], which
was first published in the same year as fly sleep
was first defined, set the stage for using ‘reverse
genetics’ to understand sleep. This approach tar-
gets specific genes for loss of function or over-
expression [41]. Such a reverse genetics approach
was used alongside the forward genetic screens
described above. For example, Hendricks and col-
leagues (2001) established a role for cAMP signal-
ling and the cAMP response element binding
protein in sleep regulation by analysing previously
described mutants and transgenes for the overex-
pression of cCAMP signalling components [42].

One major approach to reverse genetics was the
Drosophila gene disruption project, which estab-
lished large libraries of fly stocks bearing mobile P-
element insertions that can disrupt genes to pro-
duce mutations [43,44]. The first sleep screens
used insertional mutations alongside chemical
mutagenesis (e.g [26,31]. The gene disruption
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project also made a reverse genetic approach pos-
sible by allowing investigators to test mutants for
conserved fly genes hypothesized to be involved in
sleep regulation (e.g [45]. The establishment of
genome-wide libraries of transgenes encoding ele-
ments for targeted RNA interference further
expanded the reverse genetics toolkit [46] and
has been used extensively in the fly sleep field to
knock down identified genes within specific cell
types. Reverse genetics, in addition to comple-
menting forward genetic screens to identify sleep-
regulating genes, also allowed investigators to con-
firm and characterize the function of genes identi-
fied with forward genetics (e.g [32,36]).
Investigators have also incorporated CRISPR/
Cas9 knock-outs as a reverse genetic approach to
identify fly sleep regulators (e.g [36,47,48]).
Though forward genetic screens identified a
small number of sleep-regulating genes acting
via a few cellular mechanisms, reverse genetics
has implicated many more genes acting via
diverse mechanisms. An examination of a Public
Library of Medicine Search for ‘Drosophila Sleep’
conducted in February of 2024 revealed approxi-
mately 200 genes implicated in sleep regulation
using reverse genetics (Figure 1; Table 2;

Supplemental Table S1). These genes were iden-
tified by gene disruption, RNA interference
knockdown, or, in the case of genes encoding
micro-RNAs (miRNA), the expression of domi-
‘sponges’

nant negative mRNA containing
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multiple complementary sequences that result in
miRNA loss of function.

To simplify the summary of this work, sleep-
regulating genes have been classified as promoting
sleep if the mutation (null or hypomorphic) or
knockdown decreases sleep. I have omitted some
categories of genes to focus on the most promising
candidate mediators of sleep homoeostasis.
Circadian clock genes have been omitted from
this list, as the circadian clock is a primary sleep
regulator and is, therefore, expected to produce
strong sleep phenotypes independently of homo-
eostatic control (see below). Only genes that affect
baseline sleep or rebound following deprivation
are included in Table 2. Mutations that affect
sleep bout duration, number, or latency have
been omitted if they do not alter total sleep.
Several genes reported in the sleep literature that
could not be identified or disambiguated on fly-
base.org have not been included. Genetic manip-
ulations affecting sleep only within specific
contexts (e.g. under starvation or genetic disease
model backgrounds) are not included here. Genes
implicated only by over-expression, or the expres-
sion of constitutively active mutant gene forms,
have also been omitted from the tables. Gene
manipulations that produced sleep phenotypes
only when other genes were simultaneously
manipulated are also not included. Genes impli-
cated based only on the excitation or inhibition of
the neurons that express it are also omitted from

Figure 1. The printed results of a February 2024 PubMed search of ‘drosophila sleep’ in which the genes listed in Tables 1-3 were
identified. M. Ashburner’s ‘Drosophila, a laboratory manual’, a 434-page volume, is shown for scale.
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the table. Genes whose loss of function or knock-
down resulted in changes in daytime or night-time
sleep without affecting total sleep have been
omitted from the table. Genes whose knockdown
produces opposing sleep phenotypes in different
cell types, such as the amino acid transporter
Juvenile hormone Inducible-21 [49] or the GABA-
B-R2 receptor [50,51], are not included in Table 2.
When mutated or knocked down, genes that have
displayed opposing sleep phenotypes in different
studies are also not included in Table 2. Finally,
receptor-encoding genes implicated only through
the feeding of receptor agonists or antagonists are
not included in Table 2.

A large and growing list of Drosophila ‘Sleep
genes’

In 2015, Afonso and colleagues provided a compre-
hensive review of sleep-regulating genes in
Drosophila, identifying 73 genes [52]. As of
February 2024, the fly sleep field had identified
over two hundred genes whose mutation or knock-
down affects the daily amount of sleep or the amount
of sleep rebound observed following deprivation
(Tables 1 and 2 and Supplemental Table S1). I have
categorized these genes into three general and some-
what arbitrary categories under the ‘General
Mechanism’ heading in the tables. The first category
consists of genes whose products contribute to cel-
lular homoeostasis. This category includes gene pro-
ducts related to basic cellular processes, such as
biosynthesis (not including the synthesis of neuro-
transmitters), cellular trafficking, metabolism, sec-
ond messenger signalling, cell growth, cell division,
structural proteins mediating tissue integrity, and
others. The second category consists of genes encod-
ing components supporting neural signalling. This
category includes gene products that regulate mem-
brane voltage, action potential firing, and synaptic
function, including ion channels, enzymes necessary
for synthesizing neurotransmitters and neuromodu-
lators, neuropeptides, receptors, and others. The
third category consists of genes whose primary func-
tion is to regulate the expression of other genes.
Included are transcription factors, nuclear hormone
receptors, micro RNAs, gene products governing
chromatin regulation, gene splicing, etc.

Mutations in the nine genes identified by
unbiased genetic screens all produced a decrease
in total baseline sleep, suggesting that they usually
act to promote sleep (Table 1). In only three
instances, the genes fumin [33], sleepless (a.k.a.
quiver) [31], and insomniac [53], did these muta-
tions result in a change in sleep rebound following
deprivation, reducing sleep rebound. For Shaker
[29] and Hyperkinetic [30], no effects on sleep
rebound were observed following deprivation. To
my knowledge, rebound has not been assessed for
the remaining five genes identified in forward
genetic screens. The products of ‘sleep genes’ iden-
tified in forward genetic screens govern either
neural signalling (six genes) or cellular homoeos-
tasis (three genes), with none involved directly in
regulating gene expression.

For the 197 genes identified by reverse genetic
methods, the knockdown or disruption of 110
genes decreased baseline sleep, and the knockdown
or disruption of 74 genes increased baseline sleep.
For the remaining 12 genes, knockdown or disrup-
tion caused no change in baseline sleep but did
produce decreases (9 genes) or increases (3 genes)
in rebound following sleep deprivation (Table 2).
The nearly 200 genes identified by reverse genetic
methods encode gene products involved in all three
general mechanisms, with 75 mediating cellular
homoeostasis, 59 gene regulation, 58 mediating
neural signalling, and five additional genes that
could not be easily placed in these categories.

An examination of the combined list of sleep-
regulating genes (Figure 2a; Supplemental Table
S1) reveals that 120 promote sleep, 74 promote
wakefulness, and 12 are not required for normal
baseline sleep/wake levels. Thus, approximately
two-thirds of the genes identified thus far promote
sleep under baseline conditions, and approxi-
mately one-third promote wakefulness. No assess-
ment of rebound following sleep deprivation has
been reported for most identified sleep-regulating
genes (126 genes). Of the 80 genes for which
rebound experiments have been reported, nearly
half (39 genes) displayed no rebound phenotype,
23 genes were found to promote rebound, and 18
to suppress it. A visual summary of this analysis is
shown in Figure 2.

The list of fly’s sleep-regulating genes includes
many genes whose homologs influence sleep in



LY (& 7

(panuiuo))

SISPISOS0WOH

Buiby ‘uonenbay s1ey UeaH ‘asepndad IEIWIIED) 81£0/21C 1102 aN da3|s selowold paiejai-swAzus BuresAuod-uisualolbuy
uonenbay unewotyd uonenbay susn $959290¢ 010z aN da9|s sajowold ¢ urd04d x9|dwod Jojebuo|]
SISeISO90WOH uoneandaqg
9besois pue wsijoqgelsw pidi] ey 991+780T 010z Buimojjo4 punogay sa10woid JUON z-19|doup abesols pidi
SISR1SO90WOH uoneaudag
9beso1s pue wsijoqgelsw pidi] Jejnjd 991+780T 0L0Z  buimojjo4 punogay sassaiddng SUON Jlswwniq
uoneaudaqg
Buijjeubis ploials ‘101daday suowloH Jesppny uonenbay susn ULYS1LT0T 010z Buimojjo4 punogay ssrowold  d99|s sa10wold 101da331 suosApo3
SSaU|NINeM
Buijjeubis s1bssuIwYy buijjeubis |einanN ¥6E57661 600C anN s910Wo0ld | J01dad3s 9yi-| suiwedoq
Adnseld pue aswdojpasq uoneaudaqg SSau|NeM
|eInaN ‘Buppdiyes] pue uone|suel] yYNY uonenbay auan 05687261 600¢ Huimojjo4 punogay sarowoid saj0wold | udoidoapnuoqu Jabuassaw X 3jibeid
SSaU|NJINeM
buijjeubis spndadoinan Buijjeubis |einanN €7T8E061 8007 anN s910WO0ld 101084 Buisiadsip Juswbid
asuodsay ssai1§ ‘101oe4 uondudsuel) uonenbay susn 85616981 800C dN da9|s salowold Z-101084 uondudsuesy buneandy
SSaU|NINeM
eubis dibssuIwYy Buijjeubis |einan 1/966/81 800C anN sajowold ase|AxoipAy ¢ auiwelf]
SSaU|NINeM
eubis d1bsuIWY buijjeubis |einayn 1£966/81 800¢ aN sajo0wold 7 9se|Axoquedap auisolk]
€TT8E061
buijjeubls d1b1aygyD Buijjeubis jeinaN  ‘/p9€T8L 800 aN  da9)s sajowoid ULIpJBIP 01 uelsisay
SISR1SO90WOH uoneaudag
Buijjeubis 10310e4 yimolo SEIIED) 75076921 £00T Buimo|jo4 punogay sajowold  dad|s sar0wold ploquioys
SISR1SO90WOH uoneaudag (82din
asuodsay ula10id paplosun e 0/£TSSLL £00T Huimojjo4 punogay salowoid SUON pue dig “eye) € 1eubod gz u1eyoid }doys 1eaH
Ayunwuwi/uonewweju)| uone|nbay auan €8/0CS/1 £00T auoN da3|s salowold ysi|ay
€/5¥868¢ £10T
Buijjeubis sibssuIWY buijjeubis |einan '665€5/91 ‘900C suoN do9|S sajowoid V1 101da331 (uju0yo1as) aujwerdLnAxolpAy-g
Buijjeubis SSaUINyANeM
Buyjjeubis dwv> 19bU3sSaY puUOIIS 918/8911 1002 aN sajowold ebeqeins
buijjeubis
Buyjjeubis dwv> 19bU3sSaY puU0odIS 918/8911 1002 aN da3|s sajowold dunp
buijjeubis uoneaudag SENTWENI (g931))
Buijjeubis dwv> 19bU3sSaY| puU0dAS 918/8911 100z  bBuimojjo4 punogay sassaiddng sajowold g uiR10id bulpulg JuswWa|3 dsuodsay dINY2
LEVSS6CE (7414 uoneaudaq
Buijjeubis d1biauiwy Buijjeubis jeanaN  ‘€L€0LZOL ‘000z Bumojjo4 punogay sassaiddng JUON (LLYNVY pue 1eq "ee) ydads
wisiueyday dy1dads WISIUBYIS |eJausD aind 1e9 punogay das|s ul 9|0y da9|s EIVEDD)

aulaseq ul 3|0y

‘souab bunenbai-das|s

JO uoIsSIwo pue ‘uonezuobaled ‘uoneziuebio syl buipiebal s|ieisp 404 1x3} By} pue | d|ge) Joj puabs| 3yl 995 “spoylaw d11uab 3s19A31 buisn payiauspl ssuab bunenbas dagis ‘g sjqel



(panupuod)

ssauInJeM

Buijjeubis spndadoinan Buijjeubis jeinan 9SY96/ET €102 anN sa10Woid J0ydadas 4 apndadoinau uoys
ssau|nyNeM
buljjeubis auiwessiy buijjeubis jeinaN 8L1¥¥8ET €10z an s9l0Wold L 1ungns [auueyd spuojyd> pajeb-aulwelsiy
ssau|nyNeM
bul|jeubis auiwessiy buijjeubis einaN  8/Ly¥8ET €107 an saj0Wold ase|Axoqedap ulpsiH
ssau|nyNeM
Buieubis dibpuIWY Buijjeubis jeinan 061859¢€C €10 3UoN $910WO0.d Jaylodsuely aujweouow Jejndissp
SISR1SO90WOH
JuswdoaA3g MeaH ‘[auuey) wniselod Jen|d €795012¢ €102 anN  da9|s salowold 101da231 eainjAuoyng
SISR1SO90WOH uoneaudag
[013U0) 3PAY |I9D N 0L9L9YTT 10T Buimo|jo4 punogay salowold das|S sazowold v ulpho
SISR1SO90WOH
[o13u0) 3AY 12D eniRd  01919¥TeT 4104 AN da3)s saj0woud LY uIpAd o sorenbal
asuodsay
ssais ‘uonie|nbay adeys |90 ‘buljieubis aseury uone|nbay auao v18/612C 1102 auoN da3|s sajowold 19yseq
SISR1SO90WOH uoneaudag
uonepeibaqg ulloid BN 9¥6550€T 10T Buimo|jo4 punogay sajowold das|s salowold Jejuwosul
6L08LYLE 610C
Buijjeubis d1biazewein|o Buyjjeubis jeinan '€Y8TESTT 710z auoN da3|s sajowold J3WOoH
SISLISO20WOH
uonepeibaq uiaioid Je|nj|eo 7ee96lee 110z AN da3)s sajowoud Jay1pow 1| uninbign gppaN
SISPISO30WOH  9¥6SS0ET 710z uoneaudaq
uonepelbaq u1d10id en|IR)  ‘7E€961TT 1102 Buimojjo4 punogay salowold das|s sar0woid c-und
uoneaudag
VNY Buipoduon uonenbay ausn  O/¥S/Z/LT 110Z Buimojjo4 punogay salowold das|s sar0woid VNY d1uabiaiul a1aeyde-mo|ak
SISe1SO90WOoH L6LL16LT
buijjeubis wnidjed Jejnjed  ‘G550061¢ L0z duoN  da3|§ sar0wold g uunaup|e)
515€1S030WOoH L6LL161T
buijjeubis wnidjed Jenjed  ‘9550061¢ L0z SUON  da3|S sa10Wold dv1 1e Yy ulnaupje)
SISR1SO90WOH
Joineyag diysuno) ‘sisoally ‘buljjeubis wnpjed lejn||a) 55500612 110T aN da9|s salowold yeles
uoneaudsqg
uonenbay aie4 |10 uonenbay auan 6656451 110z bBuimojjo4 punogay sassaiddng JUON yo1oN
uoneaudag
J01oe4 uondudsuel| uonenbay auan 6656451 110T Buimojjo4 punogay sa1owoid JUON paypung
SISR1SO90WOH
Buijeubis uialold 5 i) ¥88SELT L10Z AN da3)s saj0woid 0 jungns eydje uidjoid o
wsjueydspy duads wS|uRYIIN |eIaudn aind J-EY punogay das|s ui 3oy dagjs ENED)

o
w
L
<
I
(%]
=
o

duljaseg ul 3oy

‘(panunuod) ' 9|qeL



FLY &) 9

(panunuo))
uoneaudag
Buyjjeubis spndadoinay Buyjjeubis jeinaN 8¥5506/C 910C Buimojjo4 punogay ssjowold  das|s s10Woid | UIXaInaN
J010e4 Uondudsuel| uone|nbay suan 89€678/T 910T anN  da9js salowold 7-dY Jo1de) uondudsuel|
SSaU|NJINeM
|auuey) wnisejod Buyjjeubis jeinan 912/8%/T 910T anN sajowold uewpues
|auuey) wniseiod Buyjjeubis jeinaN 912/8¥/T 910T anN  da9js sajowold q 91eubod Jaxeys
Ssau[nyINeM
Buijjeubis d1bisuiwy Buijjeubis jeinan 9LT/8Y/T 910T anN saj0woid 7 101dadas ayji|-| suiwedoq
SETIENIN
bunip3 VNY uone|nbay auan 0S££1897 910T SuoN sajowold VNY uo bBuiide aseujweap auisousapy
ssau|nyNeM
|]auueyd wnpjed Buyjjeubis jeinan Y1//%99T 510C anN sajowold 1 uungns |; uRloid [puueydFged
SISe}SO0WOH 0r0€6SLE €¢0C
Buyjjeubis uiold o lenjed  “£€79€S9¢ ‘sL0z AN da3|s sajowold L ulwoiqyoinsN
SSaUINJIeM
Buijjeubis aseury auisolk] 101daday Buyjjeubis jeinaN £ET9E59C 510C SuoN sajowold aseup| ewoydwA| disejdeuy
Buijjeubis uinsu) Buijjeubis jeinan 5161855C 510T AN da9|s sejowoid J103d3d31 Ij-ulnsu|
bujjeubis uinsu buijjeubis [enaN  S§161855C 5102 aN  daals sarowold £ dpndad ax-unsu
buijeubis uinsuj buijjeubis [enaN  §161855C 5102 AN da9|S sar0wold 9 apndad ayi|-ulinsu
£0866Y¢ Leoe
buijjeubis uinsu buijeubis jeinaN  ‘5161855C ‘'SL0z AN da3|s saj0wold S apndad yij-unsu
Buijjeubis uinsu buijjeubis |emnaN 516185S¢ 114 AN da9|s sajowold € apndad ayi-ul|nsu
ulnsuj Buijeubis [eInaN  §161855T S10C AN dasjs sarowold ¢ apndad ay-ulinsu
buijjeubis uinsu buijjeubis [enaN  S§161855C 510¢ AN dadjs sarowold L apndad axi-ulinsu
6/6¥90L€ 610¢
Buijjeubis d1bis1eWeEIN|D Buijjeubis jeinan ‘044£209C ‘S10T AN da9|s sejowoid | Jordadas YQWN
ssau|nyNeM
Buijeubis d1619ygyo Buyjjeubis jeinaN 9TV LEIT SL0C an Sa10Wold aseujwesuely ppe duAingoujwe-A
ssau|nyNeM
Buyjjeubis apndadoinap Buyjjeubis jeinan L£0SSHST 10T anN sajowold LE auowloy dp3Iniqg
uoneaudag
Buyjjeubis apndadoinay Buyjjeubis jeinaN 96/££€5T 10T Buimojjo4 punogay sajowold das|s sa10woid Josindaid apndad bunqiyuioAp
uoneaudaqg
Buijjeubis spndadoinan Buijjeubis jeinan 96/EEEST 10T Buimojjo4 punogay salowold das|S s910WO0ld J101d3d3s spndad xoS
Buijjeubis spndadoinan Buijjeubis jeinan $8£859%C 10T aN das|s selowoid J03dad31 apiwed|s
buijjeubis spidadoinay buijeubis |einaN 48859 v107 AN da3|S saj0wold aplwed|s
juawdolaaaq dndeuAs ‘uoisaypy |90 Buijjeubis jeinan 178890t¢C €102 aN da3|s sa1owoid ¥ uibijoinan
wisiueydID dy1dads wsiueyd3 |eliauan alnd JLEEYR punogay dass ul 3|0y dag|s ENIED)

oauljaseg ul 9|0y

“(Panunuo)) 'z 3|qel



(panupuo))

VNYODIN uone|nbay suao €9/6¥66C 810¢ auoN  da9|s ssyowold doo| wais ze6-41w
VNYODIN uone|nbay auso €9/6¥66C 810¢ suoN de9|S sajowoid doo| wa3s €10L-lw
VNYODIW uone|nbay auso €9/6¥66¢ 810¢ auoN da9|S salowoid doo| wals |g6-lw
VNYODIN uone|nbay susn €9/6¥66¢ 810¢ auoN  da3|s saj0wold dooj wass [-qz-aw
uoneaudag
VNYODIW uone|nbay susn €9/6¥66¢ 8107  bumojjo4 punogay sassaiddng  das|s sajowold doo| wais 956-41w
uoneaudag
VNYODIW uone|nbay susn €9/6¥66¢ 8107z  bumojjo4 punogay sassaiddng  das|s sajowold doo| wals §56-Aw
VNYODIN uone|nbay ausn £9/6¥66¢ 810¢ BuoN  da3|s saj0wold dooj wass pgL-1w
uoneaudag
VNYODIN uone|nbay susn €9/6¥66C 810¢ Buimojjo4 punogay sajowoid das|s sa30Woid doo| wais pgL-41w
VNYODIN uone|nbay ausn £€9/6¥66¢ 810¢ SUON  da3|§ sa10wold (eE9TYHIW "ey'e) Yausq
VNYODIW uone|nbay auso €9/6¥66¢ 810¢ suoN da9|S sajowoid doo| wa3s €00 L-lw
VNYODIW uone|nbay auan €9/6¥66¢ 810¢ auoN da9|S sajowoid wejueq
VNYODIN uone|nbay suao €9/6¥66C 810¢ auoN da3|s sajowold doo| wais //6-11w
VYNYODIW uonenbay ausH  £9/6v¥66¢ 810¢ SUON  da3|§ sa10Wold doo| wa3s 9g6-w
VNYODIW uone|nbay ausn €9/6¥66C 810¢ suoN da9|S salowoid doo| wals $86-11w
VNYODIN uone|nbay ausn €9/6v66¢ 810T auoN  das|s sajowoud JAL]]
SEIIENTI
uone|nbay unewolyd uone|nbay ausn 1S/6E€6T 810¢ anN sajowold gy asejfyrswap auish]
uone|nbay unewotyd uone|nbay susn 1S/6E€6T 8107 anN  das|s sajowold 99 uia3oid IejospnN
uone|nbay unewouy) uorne|nbay ausn 1G/6E€6T 810T AN da3|s sejowold £ bujuieyuod urewop ifuownr
uone|nbay unewolyd uone|nbay ausn 1S/6EE6T 810¢ aN das|s salowoid G buuieluod urewop ifuowny
SISEISO90WOH Ssau[NyeM
uonepelbaq uie10id Jen|?) /88Y/16T /102 anN sajowold  duab 1eadal-you-aupPna| pue xoq 4
uoneaudaqg
Buijjeubis d1bisuiwy Buijjeubis jeinan €/S¥868¢ /10T Huimoljo4 punogay salowold das|S s910WO0Id gg 101dada1 (uluo101as) aujwerdAnAxolpAy-g
uoneaudaqg
Buijjeubis d1bisuiwy Buijjeubis jeinan €/S¥868¢ /10T Buimojjo4 punogay salowold das|S s910WO0Id |euoinau asejAxoipAy ueydordAil
uoneaudaqg
Buijjeubis d1b19ygyD Buijjeubis jeinan 00£0068C /10T Buimojjo4 punogay sessaiddng  dos|S sajowoid ipbou
|]suuey) wniselod Buijjeubis jeinan 8/87898T /102 AN das|s selowoid | [duueyd +)| Jay1das usdQ
buijeubis d1bis1eWeEIN|D Buijjeubis jeinan 0781 1£87 /10T AN das|s salowoid | Jauodsuesy pioe oujwe A1031eHdX3
i ssau[njoyem
W UoI1eDIPOIA UID10MJ |BuOle|SURI|-1S0( Buijjeubis jeinan 07871£8T /102 anN sajowold | ueioid Buipuiq utdloid sosindaud projfwy-g
M Buyjjeubis o1biauljoyd Buyjjeubis jeinaN 8¥5506/C 910C anN  dasis sajowold J9yiodsuesy auljoyd|A1ade Jejndisap
o) wisiueydIS d1y1dads ws|ueyYd3 |elauan alnd JLEEYY punogay dass ul 3oy dagjs EED)

oauljaseg ul 9|0y

“(Panunuo)) z 3|qel

o
—



FLY 1

(panunuo))

SISLISO0WOH

ssau|nyaxeMm

auljaseg Ul 3oy

Modsues| piy oulwy Je|njed 86%79100€ 810C aN sajowold LZ-3[gNpu| suowloy sjlusAnf
SISR1SO90WOH SSaU|NJeM
Modsues| piy oulwy Jen|=> 86%79100€ 8L0¢ aN s9jowold ssipluiw
SISR1SO90WOH uoneaudag
wsijoge pidi] Jepn|Rd 7£79810¢€ 810T Buimojjo4 punogay ssjowold das|s s10Woid Abpnd
suonpuny den Buijeubis |enan €866010¢ 810C AN da35 saj0woid 9 uixauu]
uoneaudag
VNYODIN uone|nbay suan €9/6¥66¢ 8107  Buimojjo4 punogay sassaiddng JUON dooj wa3s ¢10L-Aw
uoneaudag
VNYODIN uone|nbay suan €9/6¥66¢ 8107  Bumojjo4 punogay sassaiddng JUON doo| wais gog-1w
uonealdag
VNYODIN uone|nbay susn €9/6¥66¢ 8107  bumojjo4 punogay sassaiddng JUON doo| wais /5641w
uoneaudag
VNYODIN uone|nbay susn €9/6¥66¢ 8107  bumojjo4 punogay sassaiddng JUON doo| wais gLe-Hw
uoneaudag
VNYODIN uone|nbay susn €9/6¥66¢ 8107  bumojjo4 punogay sassaiddng JUON doo| wals gL g-aw
uoneaudag
VNYODIN uone|nbay suso €9/6V66¢ 8107z  bumojjo4 punogay sassaiddng JUON doo| was |-|8z-w
Ssau|NyeM
VNYODIN uone|nbay susn €9/6V66¢ 810T JUON S910WOold doo| wais gLE-Aw
Ssau|NyeM
VNYODIN uone|nbay suso €9/6V66¢ 810T SUON sal0Wold doo| wa1s Gog-1w
Ssau[nyeM
VNHODIN uone|nbay susn £9/6V66¢ 810T SUON Sa10Wold doo| wa1s qze-lw
Ssau[nyNeM
VNHODIN uone|nbay susn £9/6V66¢ 810T SUON Sa10Wold doo| wa1s 9pg-Aw
Ssau[nyINeM
VNYODIN uone|nbay auao €9/6¥66¢ 810T JUON S910Wold doo| wais ege-liw
SSau[NJINeM
VNYODIN uone|nbay ausn €9/6¥66¢ 810T SUoN sajowold doo| wals G/z-lw
Ssau[NyINeM
VYNYODIN uone|nbay susn £9/6V66¢ 810T SUON Sal0wWold doo| wa1s ySe-A1w
Ssau[NyeM
VNYODIN uone|nbay suao €9/6¥66¢ 810T JUON Sal0Wold doo| wais z/6-41w
VNYODIN uone|nbay auao €9/6¥66¢ 810T auoN da3|s salowold doo| wais z9g-11w
VNYODIN uone|nbay susn €9/6V66¢ 810T auoN dog|s sajowold doo| wais z-18z-w
wsiueydapy diads WISIUeYI3 |eJaUsD aind JLEY punogay dss|S ul 3|0y da9|s EIIED)

‘(pPanunu0d) ‘T 3|qeL



12 O. T. SHAFER

(panunuo))

SISRISOS0WOH

ssau|nyaxem

auosadey) wnndnay dlwsejdopug IENITES) 6765801E 120T aN S910WO0ld (dig “eye) ¢ a1eubod oz uiroid ydoys 1esH
SISR1SO90WOH SSaU|NINeM
Abeydoiny BN 676580VE Lz0T an s910Wold L paiejas-Abeydoiny
SISR1SO90WOH SSaU|NINeM
Buppiyel] dPISIA le|nj|sD 6765801¢ Lzoc aN sajowold 9593Yd aNn|q
uoneaudag SSaUINJINeM
Buijjeubis d1biauiwy eubis |ednap $9Z0L¥EE 1202 Buimojjo4 punogay sassaiddng sajowold J101dada1 €¢ aujwedoldQ
uoneaudag SSaUINJINeM
Buijjeubis s1b1uIWY Buijjeubis |einan $9Z0L¥EE 10T Buimoljo4 punogay sassaiddng s910WO0.d J101dada1 zg suiwedoldQ
uoneaudag SSaUININeM
Buijjeubis s1b1uIWY Buijjeubis |einan $9Z0L¥EE 120C Buimoljo4 punogay sassaiddng s9j0Wo0.d J101dadas |g suiwedoldQ
uone|nbay unewotyd uonenbay auan $9Z0L¥EE 1202 aN da3Is sajowold quiodAjod
SISR1SO90WOH uoneandaq SEVRIENEIN
uonepeibaqg uI0ld N ¥970LYES 1oz Buimojjo4 punogay sassaiddng S910Wo0ld J9UXN3S
ssau[nJaxeM
VYNYODIN uone|nbay ausn €94/€€€¢€ Lzoc an sajowold dooj wajs eg/z-lw
SISL)SO90WOH
Buijjeubis aupoify nRd  /LL0SYLTE 020z aN  da3|S sar0wold z padiedun
SISR1SO90WOH aseury oz-Jjeydje
Buijjeubis aseury SEIIER) 71269128 0202 AN do3IS sajowold HUNGNS g 403de) UOIIRIIUL UOIR|SURI) d130KIR)Nd
Buijjeubis d1b1sreweIn|n eubis [einaN 6108LYLE 610C duoN da3|S sar0wold 101da33y 91ewein|n didosjogeisw
Buijjeubis sejnjja2131u] AP umouy JoN 981ESELE 610C duoN dag|s salowold Joydopjou
SISR1SO90WOH SSaU|NINeM
wsljogeie) pRYy oulwy SENITES) /86ELELE 610C aN S910WO0ld aseusbolpAysp suluoaIy1-]
SSaU|NINeM
buijjeubis 21619ygyD buijeubis jeinaN  /86€LELE 610 an saj0Wold ¢ adfigns J01dada1 g-ygyo didoliogeraw
SISR1SO90WOH
SISSUIUAS pY oulwy IENITES) 6/6190LE 610C duoN da3|S sar0wold asewadel uLdS
SISL)SO90WOH
SISOYIUAS pIdY oulwy SEIIED) 6/6v901E 610C aN da3Is sajowold asesaysuesy [AyrawAxoipAy aunas
bui|jeubls wnije) buijjeubis jenaN  £855980¢€ 610 aN  da9)s sajouoid un|ed0IN3N
SISR1SO90WOH SEVIIENEI
1odsuel] ppy oulwy IENITES) 79091+0§ 810C JUON S910WO0ld 7 Jsuodsues ppe oujwe £101e1dx3
SISR1SO90WOH (zapy ey
sisayiuhsolg auung SEIED) 1S5/6¥20S 8107 auoN da3|s sajowold °e) aseyiuAs auipiweudA|biAwioyAsoquoydsoyd
SISL)SO90WOH uoneaudaq
Buijjeubis aupjoif) SEIED) 0186/£0S 810C Buimo|jo4 punogay salowold das|s sarowolid usbuam
SISL)SO90WOH uoneaudaq
buijjeubis aup0if) len||a) 0186/£0E 810C Buimoljo4 punogay sarowold d9a|s srowold 19619
wsiueydapy dyads WISIUBYIS |eIaudD) aIind 1eaA punogay das|s ul 3|0y dasis EIED)

oul|eseg ul 9|0y

“(panUNUO)D) 7 3|qeL



FLY 13

(panunuo))

uoneaudag ssau|nyNeM
buljjeubis s1619ygyo Buijjeubis jeinan L1¥E0ESE 20T Buimojjo4 punogay s91o0woid sa10wold Jauodsueny ygyo
SISR1SO90WOH SSaUINJINBM
wstjogele) py oulwy Je|nj3d 00cTe6Ye Lzot aN sdl0wold L 9sepixo pide oulwe-qg
SISR1SO90WOH SSaUINJBM
JauodwAs wnipos/a1n|os BEINITES) G85/68Y¢ 1202 aN $910WO0ld [odwini
uoneaudag
Buijjeubis spndadoinan Buyjjeubis jeinan 6/YT8LYE 120T Buimoljo4 punogay sassaiddng  das|s sa1owoid uibny
SISLISO30WOH
Buijjeubis 1abuassaiy puodas N SL6SLSYE Lz0T AN da3|s sajowoid 3¢-¢-yl
SISLISO30WOH J1o1de}
101284 d1ydosyoinaN SEINITES 887999¢¢€ 1202 aN dogis sayowold  diydosroindu panuap-a1kd0aise dljeydaduasaiy
ssau|nyeNeM
101d333y auowloH 3|IusANf uonenbay auan 11€9/EHE 1202 aN $910WO0ld juelI|03-audIdoyIBN
ssau|nyNeM
jnungng [suuey)y wnipos buijjeubis jeinaN 0786181€ 120z an sajowold 6/ pajeulploodun
ssau|nyNeMm
Buijeubis a1b1aulj0yd Buijjeubis jeinan 6VEE6VES 120T anN s9j0Woid GD 101d333Y 3uI|oYyd]A192Y dIUOdIU
Buijeubis d1613uljoyd Buijjeubis jeinapn 6VEE6VES 1202 aN d99|s salowoid Lg 103dad3y auljoyd}£19dy d1unodIu
Buijieubis o1bisurjoyd Buijjeubis jeinan 6VEE6YES 120T AN das9|s sejowoid L0 101d333Y duljoyd}A130Y dIURodIU
Buijjeubis o1biauljoyd Buijjeubis jeinan 6VEE6VES 1202 AN das|s selowoid 79 101d333y suljoyd) 190y dlunodiu
Buijeubis a1b1aulj0yd Buijjeubis jeinan 6VEE6YES 1202 AN da3|s sa1owoid 70 101d333Y 3uljoyd]A19dY dIUnodIU
|]auuey) wnpjed Buyjjeubis jeinan 067SL0VSE 1202 anN  das|s sajowold Auoydooed
uone|nbay unewolyd uonenbay ausn 099880t€ 1202 gN da9js salowoid RENT
SISR1SO90WOH ssau|nyNeM
Abeydoiny BN 676580Y€ 170T an sajowold fpem
SISR1SO90WOH SSaUINJAeM
Abeydoiny BIN)R)  676580%€ 120t an sajowold weig
SSaUINJINBM
101084 uondudsuel| uonenbay ausn 6765801€ 1202 aN $910WO0ld 9y
SISR1SO90WOH SSaUINJINBM
ABeydoiny Je|nj|eo 6765801€ Leoc aN sdl0wold aseupy| jl|-LG-oun ejiydosoiq Jaylouy
SISLISO20WOH ssaujnyNeMm
ABeydoiny N 676580v€ 1207 an saj0Wold 1 paiejpi-Abeydoiny
SISLISO20WOH ssaujnyeNeMm
Abeydoiny fen||ad  6765801E 120z an sajowoid [ parejas-Abeydoiny
SISLISO20WOH ssau|nyNeM
Abeydoiny len||ad  6765801E L20T an saj0wold qg palejas-AGeydoiny
SISLISO20WOH ssau|nyNeM
Abeydoiny N 6765801E (414 an sa10wold 0L pases-Abeydoiny
wisiueydapy diads WISIUBYII |eJaUSD aind JLEY punogay dss|S ul 9|0y da9|s ENIED)

auljaseg Ul 3oy

“(Panunuo)d) z 3|qel



O. T. SHAFER

<
—

(panunuo))

auljaseg Ul 3oy

SISE}SO90WOH ssau|nyYeM W ssep
Joyduy auelquiapy Jen|d 0£18099¢ £70C anN salowold  sisayiuhsolq Joydue uedk|b jousoulApireydsoyd
SISE}SO90WOH ssau|nyNeM D ssep
Joyduy uequidpy Jen|d 0£18099¢ €207 aN sajowold SsIsayiuhsolq Joydue uedk|b jousoulApireydsoyd
SISE}SO90WOH ssau|nyeNeM J ssep
Joyduy uequiapy JenR)  0£18099¢€ €202 an sajowold  SsIsayiuhsolq Joydue uedk|b jousoulApireydsoyd
SISL1SO90WOH SSaUINJeM 0 ssep
Joyduy uequiapy JenR)  0£18099€ €202 an sajowold Ssisayiuhsolq Joydue uedk|b jousoulApireydsoyd
SISL1SO30WOH SSaU|NJeM 7 Ssep
Joyduy auelquidpy Jejn|d 0£18099¢€ £70C SuoN salowold  SIsayiuhsolq Joydue uedk|b jousoulApireydsoyd
SISEISO90WOH SSaU|NJINeM 0 ssep
Joyduy auequiapy Jen|Rd 0£18099¢ €207 anN salowold  SIsayiuhsolq Joydue uedk|b jousoulApireydsoyd
SSaU|NJINeM
Bupyds anneussyy uone|nbay ausn 0£18099¢€ £70C anN sajowold 1915IM)
SISEISO90WOH SEIENIN
buijjeubis uislold o Je|nj|ed 0€18099¢ €20¢ an sajowold 4€1 uungns e33q urz3o0id o
J101oe4 Uondudsuel| uone|nbay susn 0£18099¢€ £70C anN  da9|s sajowold xeloyjowoy
Jo1oe4 uondudsuel| uone|nbay suao 0£18099¢€ €202 anN  dag|s salowold ssaa1ybnep
SISE}SO90WOH
juawdojanaq dndeuAs ‘uoisaypy 19D JenjRd 0£18099¢€ £70C anN  das|s sajowold uid3uu0)
Buijjeubis ssaunjadem
uondadniad sauowoiayd auowoiayd 0£6661SE 20T anN sa10wold 6¢ 1podydid
Buijjeubis SSaUINJMeM
uondaniad sauowoiayd auowoiayd 0£6661SE 20T anN saj0wold €7 13podydid
Buijjeubis SSaUINJMeM
SIS9YuAs uogledolpAH Jeindnn) auowoiayd 056661SE 0T anN sajowold 1By 0S¥d awoiy2014)
Buijeubis SSaU|NyIeM
SIS9YIUAS uogledolpAH Jeindnn)d auowoiayd 0£66615E 20t anN sajowold | 9seiniesaq
SEIENIN
VNY Buipoduon uone|nbay ausn L60LSY9€ [44i14 an sajowold t 9uab 150y YNYoUs N
SEIENIN
Buijjeubis d1bisuIwy Buijjeubis jeinan €8/6019€ 0T anN s9j0Woid Jauodsuesy uluol0Ias
SISEISO90WOH SEIENTI
buijeubis aseury auisoif] IEINITED) /871£09€ 20t anN sajowold (po|qesipreye) uieioid Jordepe geq
SISEISO90WOH Ssau|NyeM
aeydn pidi lenjed  /8%1/09¢ 7ot an sa10Wold ¢ 101dad31 upoydodr
SISE}SO90WOH ssau[nyaNeM
aexdn pidn Jen|=D L8Y1£09¢ [44114 an sajowold L 401dad31 unoydodi
wisiueydII d11dads wisiueyd3 |eJauan aInd JLEYR punoqgay das|s ul 3|0y dag|s ENED)

‘(PenuRuU0)) *T 3|qeL



FLY 15

SISPISO0WOH

L uungns

Bui|jeubis aseury Je|njed (4 7ARS:7AY €20¢ AN da9|s sajowold d1Aezed Juspuadap-diYy> ‘aseuny uIRloid
SISLISO20WOH
juswdolaas( dndeuAs ‘uoisaypy 19D SEINITES) WLLE8LE €202 aN da99js salowoid uelj6oinaN
SISLISO90WOH
suopdunr ajeydas Je|nj|ed [4ZA%2: 74 €20¢ AN da3)s sajowoud uisayoen
SISLISO90WOH
Buyjjeubis uiLioid O Jen||?) WLLE8LE £70C aN da3|s sa1owoid S129J9p UOIIOWO0]
SISLISO20WOH
Bujjjeubis uiLi0id O Jen||?) WLLE8LE £70C aN da3|s sa1owoid 0 1ungns eydje uoid o
SISLISO20WOH
Jallleg uielg poo|g Jen|=o [4 745274 €20t AN da3|S saj0wold Apoow
SISR1SO90WOH
Buijieubis Yol Jen|?) Z1/789/€ €202 AN das|s selowoid upAwedes jo 19b.1e] dnsiueydsW
SISR1SO90WOH
buijeubis 4oL len|3d  Z1/789/€ €20 AN da3|S saj0wold Joydel
SISR1SO90WOH
vodsuel] ppy oulwy Je|nj3d C1LT89L€ €20t AN da9|S saj0wold Sysipluiw
SISR1SO90WOH
yodsues] ppYy oujwy Je|n|Rd 14T89.€ €202 anN  da9is salowold LZ-3|q1PNPU| duowioy d|IudAN[
SISR1SO90WOH
sisauabolg awososA BEINIIES) 21/T789/€ €202 aN da9|s salowoid uipuigsAg
SISR1SO90WOH z wungns ‘| xajdwod
sisauabolg awososA lejn||a) 21/T789/€ €202 gN da9|s salowold sa|jouebio paie[al-awososA| jo sissuabolg
SISR1SO90WOH | Nungns ‘| x3jdwod
sisauabolg awososA lejn||3) 21/T789/€ €202 gN da9|s salowold sajjouebio paie[al-awososk| jo sissuabolg
SISR1SO90WOH
sisauabolg awososAq len|ed  Z1/789/€ €20 AN da3|s sajowold upljjed
ssaujnyeNeMm
uonewlo4 3pnrn) ‘buljjeubis Jibsauiwy Buyjjeubis jeinan GS/695/€ €207 anN sajowold Auoga
SISLISO20WOH
aseunjopnasd Je|nj|ed v8vLlTLE €20¢ AN da3)s sajowoud 121ybiuye
SISLISO20WOH uoneaudag
uone|nbay uoIvRNs0If) SEITIED) 7518089¢ €202 Buimojjo4 punogay salowold das|S sar0woid uiRr04d bunpelsiul YL dwsejdoifd
SISLISO20WOH
Buyjjeubis uieioid o IEINITED) G519859¢ £70C aN da3|s sa1owoid g uonesauabap |eunal
101d333y auowloy JespPnp uone|nbay ausn €8161/9¢ €202 aN da99js salowoid € 101d923J SUOWIOH
101d373y auowloH JesppnN APy uone|nbay auao €8161/9¢ €202 anN  dag|s sajowold | Jo1de} uondudsuely zy
101d229Y duOWIOH Je3PNN uone|nbay auao €8161/9¢ €202 anN  dagis salowold g5/ uR0id pasnpul-auosApd]
101d333y duowloy JesPny uone|nbay auan €8161/9¢ €202 aN d99|s salowoid 101d3331 duosAp]
wisiueydapy didads WISIUBYDI |eJ3USD aind JLEY punogay dss|S ul 9|0y da9|s ENED)

auljaseg Ul 3oy

‘(PanunuO) °Z 3|qeL



16 O. T. SHAFER

mammals. As previously reviewed by Zimmerman
and colleagues, genes involved in growth factor sig-
nalling (e.g. rhomboid), second messenger signalling
(e.g. CrebB), and aminergic signalling (e.g. Dat, a.k.a.
speck or AANATTI) play conserved roles in fly and
rodent sleep regulation and gene products related to
the unfolded protein response display increased
expression following sleep deprivation (e.g. Heat
shock protein 70 cognate 2, aka., Bip) [54].
Furthermore, genes regulating protein ubiquitina-
tion, such as insomniac and Cullin-3, regulate sleep
in both flies and mammals [55]. The conserved
nature of genetic sleep regulation is further illu-
strated by studies identifying sleep-regulating genes
by examining fly homologs of genes implicated in
human GWAS studies. For example, Eiman et al.
(2024) identified genes regulating sleep latency
using this approach [56].

Comparing genetic screens for circadian
timekeeping and sleep regulation

Sleep is primarily governed by two regulatory
mechanisms: a sleep homeostat and a circadian

a
Suppresses rebound Promo(tgss;e)bound
Promotes rebound (6.76%) K
(2.7%) Suppresses rebound
None (75%)
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(72.97%) wakefulness
36% .
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(59.17%)
Suppresses reboun'
(3.33%)
Promotes rebi None
(15.83%) (21.67%)
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clock. The circadian clock genes discovered in
Drosophila are highly conserved [57], and homo-
logs of these genes govern circadian timekeeping
in humans [58]. Homoeostatic regulation of sleep
is likewise thought to be evolutionarily ancient and
conserved [59], and there is every reason to believe
that the identification of genes governing such
sleep regulation in the fly will lead to the identifi-
cation of conserved genetic mechanisms. The
behavioural methods used to measure sleep and
circadian timekeeping are based on the same sim-
ple behavioural metric: infrared beam crossing
data from isolated flies [27]. Despite using the
same behavioural and genetic methods, the out-
comes of genetic screens for circadian and homo-
eostatic sleep regulation have been very different.

One clear difference between clock and sleep
screens is the number of genes identified, with
only approximately a dozen genes implicated in
circadian timekeeping compared to~200 sleep-
regulating genes. A second significant difference
is the primary genetic approach used to identify
sleep and clock genes. Nearly all the clock genes
discovered in Drosophila were identified based on
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Figure 2. (a) a pie-donut chart summarizing the complete list of ‘Sleep genes’ and their relation to baseline sleep amount and rebound
following deprivation. The centre of the chart indicates the breakdown of sleep-promoting genes (dark green), wake-promoting genes (dark
orange), and genes that produced no effect on baseline sleep (black). The outer edge of the chart indicates the breakdown of sleep rebound
effects for each of the three central baseline sleep categories. For the outer chart, ‘ND" indicates no deprivation experiments have been
reported, and ‘None' indicates that such experiments revealed no significant effect on sleep rebound. (b)a pie-donut chart summarizing the
complete list of ‘sleep genes’ and their relation to baseline sleep amount and rebound following deprivation. The centre of the chart indicates
the breakdown of sleep-promoting genes (dark green), wake-promoting genes (dark orange), and genes that produced no effect on baseline
sleep (black). The outer edge of the chart indicates the breakdown of General mechanisms for each of the three central baseline sleep
categories. For the outer chart, ‘Other’ indicates functions that could not be easily assigned to the three main categories used in the tables. One
sleep-promoting gene is of unknown function and is indicated as ‘Not known’ in the outer edge.



unbiased forward genetic screens [24]. In contrast,
only nine of approximately 200 sleep-regulating
genes were identified by forward genetics (Table
1), with the remaining identified based on reverse
genetic methods, typically RNAi-mediated knock-
down of gene expression (Table 2). Thus, the
majority of the genes implicated in sleep regula-
tion were identified through the testing of candi-
date genes, chosen based on their already
established molecular functions. Much of the
reverse genetic screening was also done in cell
types already implicated in sleep regulation.
Consequently, in contrast to circadian genes,
most ‘sleep genes’ were not identified in unbiased
screens but by examining candidate genes chosen
based on a priori assumptions regarding the genes
and cell types likely to mediate sleep regulation.
The sleep and circadian fields’ differential reliance
on reverse genetics is likely a matter of historical
timing. The establishment of fly sleep, decades
after circadian rhythms were first examined, coin-
cided with the rapid and sustained development of
reverse genetic tools that offered an attractive
alternative to the much more labour-intensive for-
ward genetic approach.

A third significant difference is in clock and
‘sleep gene’ cellular/molecular functions. The
clock genes discovered in forward genetic screens
were subsequently found to cooperate within the
selfsame cellular process: rhythmic gene expres-
sion through transcriptional-translational feedback
loops [57]. This is reflected by the fact that the
overwhelming majority of clock genes function via
the regulation of gene expression. In contrast,
genes implicated in sleep regulation play many
distinct biological roles with no apparent conver-
gence on a single molecular/cellular mechanism
(Tables 1 and 2; Figure 2b). Identifying the cellular
and molecular mechanisms underlying homoeo-
static sleep regulation remains a central goal of
sleep science.

One recent and highly compelling model
[60,61] has incorporated the three general biologi-
cal mechanisms used to categorize ‘sleep genes’ in
Tables 1 and 2. According to this model, metabolic
changes within neurons driven by aminergic
inputs signalling wakefulness are coupled with
changes in potassium channels that alter the firing
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of sleep-promoting neurons of the central brain
[60,61]. However, independent studies have
recently called this model into serious question
[62,63]. Thus, despite 25years of genetic studies
and the identification of over 200 sleep-regulating
genes, the field still lacks a widely accepted mole-
cular/cellular model of fly sleep homoeostasis. The
most fundamental difference between the genetics
of circadian timekeeping and sleep regulation,
therefore, is success. Genetic screens for clock
mutants have revealed a widely accepted molecu-
lar/cellular model of circadian timekeeping. In
contrast, the identification of ~200 sleep-regulat-
ing genes has not yet led to a widely accepted
model of sleep homoeostasis. Why have screens
for homoeostatic sleep and circadian clock genes
had such distinct outcomes? The relatively large
number of ‘sleep genes’ identified by the field may
reflect that sleep regulation is distributed across
many molecular processes and cell types. Thus,
unlike circadian timekeeping, homoeostatic sleep
regulation may depend critically on many genes
regulating diverse and redundant molecular/cellu-
lar processes. However, the failure of ‘sleep genes’
to converge on accepted cellular/molecular
mechanisms may indicate that we have not yet
identified bona fide regulators of sleep
homoeostasis.

A salient difference between screens for sleep
and circadian mutants is the environmental con-
dition under which circadian rhythms and sleep
have been observed. The core phenomenon of
circadian timekeeping is assayed under constant
darkness and temperature so that the circadian
clock’s endogenous speed can be measured with-
out environmental time cues or influences [27,64].
Under such conditions, there are few processes
outside of the core circadian clock mechanism
that would change the strength or speed of the
circadian clock. In contrast, sleep has been studied
almost exclusively under light/dark cycles consist-
ing of 12 hours of bright fluorescent light followed
by 12 hours of complete darkness. The stark tran-
sitions associated with such cycles significantly
affect activity and rest [12]. This strong light-
induced modulation of sleep likely masks homo-
eostatic processes, making it challenging to detect
homoeostatic mutants in genetic screens.
Furthermore, the intensity of environmental light
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strongly influences daytime sleep amount [65].
However, the light intensity employed by investi-
gators is not typically reported, which makes it
challenging to eliminate light’s influence as a rea-
son for a given gene’s contribution to total sleep
amount.

Differences in how sleep and circadian rhythms
are measured are also likely to explain, to some
extent, the distinct outcomes of sleep and circa-
dian screens. For circadian timekeeping under
constant conditions, screens have employed time-
series analyses that quantify the endogenous
rhythms’ strength and periodicity (i.e., speed).
These metrics are not strongly dependent on the
number of beam crossings made by any fly strain,
meaning that mutations that caused increases or
decreases in daily activity without eliminating
timekeeping or altering clock speed would not
pass the selection criteria for identifying clock
mutants. This afforded clock screens a powerful
specificity for bona fide changes in circadian time-
keeping. In contrast, sleep screens have relied on
the amount of time spent asleep, defined as the
time spent in bouts of inactivity lasting five min-
utes or longer. Thus, any mutation or genetic
manipulation that significantly increases or
decreases total sleep time will implicate the gene
in question as a sleep-regulating gene, regardless of
whether it mediates sleep homoeostasis or acts via
other sleep-modulating processes, of which there
appear to be many [66]. This difference likely
explains, to a significant degree, why we should
expect to find a significantly larger number of
genes governing sleep regulation than circadian
timekeeping. For reasons described above, creens
for clock mutants were sensitized to reveal changes
in one fundamental process (endogenous time-
keeping), while those for sleep reflect changes in
myriad sleep-regulating and sleep-modulating
pathways. In addition, the genetic background sig-
nificantly affects sleep homoeostasis [67]. Thus,
some ‘sleep genes’ may only manifest their impact
on specific mutant backgrounds.

Closely related to this point is the high like-
lihood that the different outcomes of sleep and
circadian screens reflect fundamental differences
in the two processes. To be useful, clocks need to
be buffered from external factors and should not
weaken, speed up, or slow down in response to

frequently experienced external or internal influ-
ences [68]. Such endogenous timekeeping persists
even in the face of significant changes in external
conditions or internal states, e.g. across a wide
range of temperatures or underfed or starved con-
ditions. In contrast, sleep is notorious for its sen-
sitivity to external and internal influences. In
human subjects, changes in internal states such
as psychological state, discomfort/pain, illness,
hormonal changes, and external states such as
noise, light, temperature, and social interactions
can all influence sleep [69]. The same applies to
fly sleep [66]. Many physiological processes are
expected to modulate sleep without playing a sig-
nificant role in its homoeostatic regulation, and
genetic manipulations in these processes are
expected to produce changes in the amount of
daily sleep. Therefore, many and possibly all of
the ‘sleep genes’ listed in Tables 1 and 2 may
contribute to regulatory pathways that indirectly
influence sleep without contributing directly to
sleep homoeostasis.

In summary, the relatively large number of ‘sleep
genes’ identified over the last 25years is likely
explained by differences in screening methodologies
and the fact that daily sleep amount is influenced by
myriad molecular/cellular processes, of which
homoeostatic control is only one. Future progress
in uncovering the mechanistic basis of sleep homo-
eostasis will depend critically on using methods that
sensitize screens for homoeostatic regulators. Given
the established power of such screens in Drosophila,
developing screening methods that differentiate
changes in homoeostatic processes from changes in
modulatory processes should, therefore, be a central
goal of future work on the genetics of Drosophila
sleep.

Which of the 206 identified ‘Sleep genes’ are
the strongest candidates as mediators of
sleep homoeostasis?

Though many, if not all, of the genes listed in
Tables 1 and 2 may ultimately prove unrelated to
homoeostatic sleep regulation, some may represent
bona fide sleep homoeostasis genes. The two-pro-
cess model of sleep regulation, first proposed by
Borbély, accounts remarkably well for human
sleep under both baseline and deprivation



conditions. A central feature of this model is that
the same process (process S) mediates both normal
daily increases in sleep pressure and the rebound
sleep observed following sleep deprivation [3,70].
Based on this model, we would expect genes
involved in sleep homoeostasis to produce changes
in both baseline sleep and rebound. Furthermore,
based on a straightforward interpretation of this
model, we would expect congruent effects on base-
line and rebound sleep. That is, genes that pro-
mote sleep would also promote rebound following
deprivation, and genes that promote wakefulness
would suppress rebound.

Of the 68 genes that produced baseline sleep
phenotypes also tested for rebound phenotypes,
only 29 displayed rebound phenotypes (Tables 1
and 2 and references therein). Six displayed incon-
gruent effects on baseline sleep and rebound, with
four sleep-promoting genes suppressing rebound
and two wake-promoting genes promoting
rebound. It has been suggested that the failure to
see consistent effects of genes on both baseline
sleep and rebound indicates that distinct processes,
and therefore genes, govern baseline sleep levels
and homoeostatic rebound (e.g [39]). If true, this
would mean that the two-process model does not
hold for Drosophila. However, our recent work
[71] suggests that such a model captures the daily
amount and timing of fly sleep well and makes
remarkably accurate predictions about the effects
of altered circadian clocks on sleep. Until a com-
pelling and widely accepted model of sleep homo-
eostasis emerges, the relationships between the
processes governing baseline sleep and sleep
rebound following deprivation will remain
uncertain.

Despite this uncertainty, the two-process model
can be employed to interpret previous work and
design new approaches to understanding homoeo-
static sleep regulation. Such an approach would
reveal if the model holds for flies. Taking the
model as a framework for prioritizing the 206
genes listed in Tables 1 and 2, I consider the
strongest gene candidates for homoeostatic sleep
regulation to be those that produce effects on both
baseline sleep and sleep rebound when disrupted
and do so with the expected congruence described
above. Of the 206 ‘sleep genes’ listed in Tables 1
and 2, only 23 genes produce the predicted
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congruent effects on baseline sleep and homoeo-
static rebound when manipulated or mutated, with
18 representing sleep-promoting and five repre-
senting wake-promoting genes. An examination
of the gene products encoded by these genes
reveals that three of these candidates encode pro-
ducts related to gene regulation, with the remain-
ing 20 split evenly between genes governing
cellular homoeostasis and neural signalling (Table
3). Throughout the tables, I have also categorized
each gene under the ‘specific mechanism’ heading.
Examining the prioritized genes in Table 3 reveals
that genes governing aminergic signalling repre-
sent the largest group in these strong candidates
for sleep homoeostasis genes. Mechanisms of neu-
ropeptide signalling and protein degradation are
also well represented by these strong candidates.

Homoeostatic control of sleep persists without
circadian timekeeping [7,72], and circadian time-
keeping persists without sleep. For this reason, the
two-process model assumes that homoeostatic and
circadian regulation act independently. However,
growing evidence shows that the two processes
likely influence each other [73]. For example, loss
of function mutations in circadian clock genes
result in changes in homoeostatic sleep rebound
following deprivation [74], and similar genetic
interactions likely exist between the circadian
clock and sleep homoeostasis in rodents [75].
Furthermore, a two-process model of fly sleep
suggests that genetic changes that alter circadian
clock speed may alter homoeostatic sleep processes
[71]. Nevertheless, given that these two processes
persist without one another, they are expected to
be mediated by distinct genetic mechanisms. It is
for this reason that I have not included circadian
clock genes in the tables here.

Challenges, recent developments, and future
screens for genetic regulators of sleep
homeostasis

Several features of fly sleep pose significant chal-
lenges to discovering the mechanisms underlying
homoeostatic sleep regulation. In mammals, sleep
consists of discrete stages with distinct relation-
ships to homoeostatic control [76-78]. Despite
growing evidence for a distinct deep sleep stage
in the fly [79,80], the field has continued treating
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sleep as a unitary state of any inactivity lasting 5
minutes or longer. Recent work in my lab suggests
that sleep homoeostasis more potently regulates
longer, deeper bouts of sleep in flies and that
including shorter bouts of sleep in the analysis of
sleep amount can obscure the homoeostatic regu-
lation of sleep [81]. Thus, future progress in iden-
tifying genes governing homoeostatic sleep
regulation will likely require investigators to exam-
ine specific sleep stages when using sleep amount
and rebound as screening metrics.

Furthermore, as first recognized by Cirelli, meth-
ods used to investigate homoeostatic rebound fol-
lowing sleep deprivation produce relatively small
magnitude rebounds within a narrow time window
[26]. This modest sleep rebound presents a small
dynamic range to examine potential changes in
homoeostatic control. This modest homoeostatic
response in flies is likely due, in large part, to the
methods used to prevent sleep in deprivation experi-
ments, which are confounded by the need to provide
frequent and intense mechanical or neural stimula-
tion for extended periods [81]. Many of the differ-
ences observed between deprived and control flies
are expected to be direct effects of the frequent and
intense mechanical/neuronal stimulation used to
prevent sleep rather than effects of increased sleep
pressure in deprived flies. Progress in identifying
genetic regulators of sleep homoeostasis will likely
require investigators to control for these effects to
ensure that the mutants identified in our screens
have bona fide sleep homoeostasis phenotypes.

Given that many biological processes are expected
to modulate sleep amount, using total daily sleep as
the primary or sole screening metric is likely to
reveal genes not directly involved in sleep homoeos-
tasis that take part in other pathways. Effective
screens for sleep homoeostasis mutants will need to
incorporate means of differentiating mutations med-
iating sleep homoeostasis from mutations that mod-
ify sleep through different processes. These efforts
may benefit from predictions made by a two-process
model of fly sleep [71]. New technologies for the
observation of sleep and sleep-related behaviours,
such as the Ethoscope [82], FlyBox [83], and
FlyVISTA [84], offer increased accuracy in sleep
measurements and the ability to observe sleep-
related behavioural or postural changes, which are
not observable using the beam crossing recordings

typically used in the field. Furthermore, methods for
measuring arousal threshold are now available to the
fly sleep researcher [83,85], as are approaches to
controlling for sleep-independent effects of mechan-
ical sleep deprivation [81]. Finally, computational
approaches now exist to examine sleep stages in the
fly [80]. These new technologies will be indispensa-
ble for confirming that a given gene contributes
significantly to sleep homoeostasis. However, the
traditional beam-crossing approach will likely
remain the tool of choice for high throughput
screening. Though the fly has much more to tell us
about the genetic basis of sleep regulation, continued
progress in the field will require a critical reassess-
ment of current methods and the adoption of new
approaches to validate gene candidates. Such a reas-
sessment will be required if the fly’s enduring pro-
mise for discovering conserved mechanisms
underlying sleep homoeostasis is to be fully realized.
The 25™ anniversary of fly sleep seems as good a
time as any for such a reassessment.
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