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ABSTRACT

Although intensively studied, the biological purpose of sleep is not known. To identify candidate genes
affecting sleep, we assayed 136 isogenic P-element insertion lines of Drosophila melanogaster. Since sleep has
been negatively correlated with energy reserves across taxa, we measured energy stores (whole-body
protein, glycogen, and triglycerides) in these lines as well. Twenty-one insertions with known effects on
physiology, development, and behavior affect 24-hr sleep time. Thirty-two candidate insertions
significantly impact energy stores. Mutational genetic correlations among sleep parameters revealed that
the genetic basis of the transition between sleep and waking states in males and females may be different.
Furthermore, sleep bout number can be decoupled from waking activity in males, but not in females.
Significant genetic correlations are present between sleep phenotypes and glycogen stores in males, while
sleep phenotypes are correlated with triglycerides in females. Differences observed in male and female
sleep behavior in flies may therefore be related to sex-specific differences in metabolic needs. Sleep thus
emerges as a complex trait that exhibits extensive pleiotropy and sex specificity. The large mutational
target that we observed implicates genes functioning in a variety of biological processes, suggesting that

sleep may serve a number of different functions rather than a single purpose.

NLIKE many behaviors, the biological purpose of
sleep remains elusive. Yet sleep is thought to
serve an important physiological function for two
reasons: it has been observed in a wide variety of taxa
(AMLANER and BALL 1994; HARTSE 1994; ZEPELIN 1994),
and animals deprived of sleep suffer severe physical
consequences, including death (RECHTSCHAFFEN ef al.
1989; RecHTSCHAFFEN and BERGMANN 2002). Diverse
hypotheses have been postulated about the function of
sleep. A number of proposals stem from the negative
correlation observed between sleep and body weight
across mammalian species (ZEPELIN 1994). Since ani-
mals with lower energy reserves tend to sleep more,
sleep might serve the purpose of reducing total caloric
expenditure, thereby conserving energy (ZEPELIN 1994;
BERGER and PHILLIPs 1995). Studies of sleep depriva-
tion in humans tend to support the idea that sleep plays
a role in metabolism: sleep loss results in impaired glu-
cose tolerance (SPIEGEL el al. 1999) and changes in
appetite-stimulating/suppressing hormones such as lep-
tin and ghrelin (SPIEGEL et al. 2004a,b). Furthermore, a
widespread association between short sleep times and
obesity has been observed in humans (reviewed in
Cizza et al. 2005). However, few calories are saved by
sleeping vs. quiet waking (ZEPELIN 1994), implying that
the loss of consciousness is central to the function of
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sleep. A number of hypotheses therefore argue that
sleep is primarily for the benefit of the brain. Sleep may
restore brain glycogen, an importantsource of metabolic
energy (BENINGTON and HELLER 1995). In addition,
sleep may be required for synaptic plasticity (ToNoNIand
CireLLI 2003). Waking activities that result in cellular
changes in the brain increase the strength of wake-active
synapses; slow-wave activity during sleep may serve to
downscale synaptic strength, thus improving perfor-
mance (ToNonNI and CirerLr 2003). Or sleep may sti-
mulate neurons thatwere notsufficiently activated in the
course of waking, as a means of preserving information
(KRUEGER et al. 1995). Sleep has also been associated
with the process of memory consolidation in mammals
(SmrTH 1995); while sleep does not appear to affect all
types of memory, nondeclarative memories such as
motor learning tasks are enhanced by a night of sleep
(SticrkcoLp 2005). Each theory cited above has been
supported to some degree by experimental evidence.
Sleep thus emerges as a complex behavior that may serve
more than one purpose.

Quiescence in the fruit fly Drosophila melanogaster
possesses all of the behavioral characteristics of mam-
malian sleep (HENDRICKS et al. 2000; SHAW et al. 2000).
Flies exhibit a diurnal sleep—wake cycle regulated by the
circadian clock. Videotape analysis shows that flies
sometimes change posture during sleep (standing with
the head drooping down) and prefer to sleep near a
food source (HENDRICKS et al. 2000). Like mammals,
flies that are asleep are less responsive to outside stimuli



2342 S. T. Harbison and A. Sehgal

than normal (HENDRICKS et al. 2000; SHAW et al. 2000).
These observations enable the use of Drosophila, a clas-
sic genetic model organism, to rapidly identify candi-
date genes involved in this elusive behavior.

Thus far, few candidate genes that alter sleep pheno-
types in flies have been identified. The neurotransmit-
ters serotonin and dopamine have been implicated in
sleep. Serotonin appears to promote sleep through the
d5-HT1A receptor, while increased extracellular dopa-
mine lowers the arousal threshold and may promote
waking (KUME et al. 2005; YuaN et al. 2006). Flies bearing
mutations of the molecular circadian clock genes cycle
and Clock sleep less in both standard day/night cycles
and in constant darkness (HENDRICKS et al. 2003). Al-
terations in cAMP signaling in a specific region of the
fly brain affect sleep duration (HENDRICKS et al. 2001;
JOINER et al. 2006). Heterozygous null mutations in the
immune response gene Relish reduce day and night
sleep in females and night sleep in males (WILLIAMS et al.
2007). In addition, mutations in Shaker, the a-subunit of
a voltage-dependent potassium channel, and Hyperki-
netic, the B-subunit of the same channel, reduce sleep
(CIRELLI ¢t al. 2005a; BUSHEY et al. 2007). Intriguingly,
background modifiers mitigated the effect of Shaker
mutant alleles on sleep in older stocks; outcrosses to two
wild-type backgrounds restored the short-sleeping phe-
notype (CIRELLI et al. 2005a).

To minimize genetic background effects when com-
paring across lines, we examined sleep in a collection of
136 P-element insertion lines created in an isogenic
background (BELLEN e/ al. 2004). Theoretically, each
line differs only by the Pelement insertion and can be
compared to the isogenic parentline as a control. A line
carrying a single P-element insertion in the first exon of
Calreticulin showed a reduction in sleep by as much as
289.2 min (4.82 hr) /24 hr. In contrast, aline carrying an
insertion in the third exon of malic enzyme displayed an
increase in sleep of as much as 424.8 min (7.08 hr).
Precise excisions of the P-element tagging Calreticulin
increased the shortsleeping phenotype back to wild
type, while precise excisions of the insertion in malic
enzyme reverted the long-sleeping phenotype. Further-
more, measurements of whole-body energy stores (pro-
tein, triglycerides, and glycogen) in all 136 lines enabled
us to quantify the relationship between sleep and energy
stores. Significant mutational genetic correlations be-
tween sleep and energy storage parameters are present
and sex specific. The wide variety of biological processes
attributed to sleep candidate genes and the extensive
pleiotropy observed in the lines tested suggest that sleep
has more than one function.

MATERIALS AND METHODS

Drosophila stocks: A random subset of 136 P-element lines
previously tested for PNS developmental phenotypes, starva-
tion resistance, and life span, created as part of the Berkeley

Drosophila Genome Disruption Project (BELLEN et al. 2004),
were used to assay sleep and energy storage phenotypes. Each
line has a single transposable P/GT1]insertion in an otherwise
isogenic w'''%; Canton-S background. For the phenotypic
assays, lines were divided into blocks of 20. The isogenic
w'""%; Canton-S parent served as a control line and was assayed
in each block.

Flies were reared and maintained on standard medium in a
25°, 12-hr light/dark cycle incubator. For all assays, adult
virgins were collected and maintained at 30 flies to a single-sex
vial until the time of assay. This protocol ensured that each
insertion line was exposed to identical levels of social en-
richment, which can alter sleep (GANGULY-FITZGERALD et al.
2006). Specifically, flies held in vials containing <30 flies have
lower daytime sleep than when they are held in vials contain-
ing 30 flies or more (GANGULY-FITZGERALD et al. 2006). Since
we were particularly interested in mutations that reduce sleep,
we purposely maintained our flies in groups of 30 to a vial
to bias our study toward finding increased daytime sleep.
Furthermore, maintaining virgins at constant density provided
equal access to food. Sixteen flies of each sex were assayed per
line, which gives a statistical power of 80% to detect a 1.75-hr
difference between the insertion line and the control based on
pilot studies. Flies were 4-7 days old at the time of the sleep
assay. We measured energy stores in a separate group of virgin
flies that were age matched to those in the sleep assay.

Baseline sleep and activity assays: Activity and sleep be-
havior were monitored using the Drosophila Activity Monitor-
ing System (Trikinetics, Waltham, MA) (Ho and SEHGAL 2005).
With this system, each fly is loaded into an activity monitor
tube. An activity count is recorded by a computer each time a
fly crosses an infrared beam that bisects the monitor tube.
Activity counts were recorded at I-min intervals. Seven con-
tinuous days of sleep and activity were recorded for each
P-element insertion line. After 7 days, flies were visually ex-
amined; any flies that died during the course of the experi-
ment were removed from the analysis. Sleep was defined as any
period =5 min without an activity count, as previously de-
termined (HENDRICKS et al. 2000; SHAW et al. 2000; HUBER et al.
2004; Ho and SeHGAL 2005). An in-house C** program was
used to calculate duration of sleep in minutes per day,
numbers of sleep bouts per day, average sleep bout in minutes,
and the number of activity counts per waking minute (or wak-
ing activity). As males sleep more during the day than females
(HUBER et al. 2004), sleep times and bout numbers were
divided into daytime/nighttime sleep and daytime /nighttime
bout number.

Measurement of energy stores: Flies were weighed and
homogenized on ice in 0.01 M KHyPOy, 1 mM EDTA, pH 7.4,
buffer as previously described (CLARK and KerTH 1988), using
25 ul of homogenizing buffer per fly. Homogenates were used
immediately to measure protein, glycogen, and triglycerides.
Each assay is colorimetric; spectrophotometer measurements
were made using a Perkin-Elmer V? plate reader (Waltham, MA).
Protein in micrograms per fly was determined via Bradford’s
method (BRaDFORD 1976) with BSA used for the protein
standard curve. Total glycogen in micrograms per fly was
measured as previously described (CLARK and Kerra 1988).
Briefly, glycogen from the homogenates was broken down into
glucose by adding 0.1 unit/ml amyloglucosidase enzyme slurry
(Sigma, St. Louis) to 1.5-pl samples of homogenate in a 96-well
plate. Total glucose was then determined using the PGO
enzymes kit (Sigma) (CLARK and Kerrna 1988). This measure is
effectively the amount of whole-body glycogen, as free glucose
is estimated at <5% of the amount of glycogen stored (CLARK
and KerrH 1988). Glucose concentrations were determined
using a glucose standard curve run on the same plate. Known
concentrations of glycogen were used to assess the expected
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recovery of glycogen (ZIMMERMAN et al. 2004); if <95% of
glycogen was recovered, the samples were rerun. Triglyceride
measurements were determined using an enzymatic assay kit
(serum triglyceride determination kit, Sigma) (McGowaN
et al. 1983). The true serum triglyceride in micrograms per fly
was determined from blank and glycerol standards run with
each plate. Homogenates were then stored at —80°, and
measurements were repeated the next day.

Statistical analysis of P-element insertion lines: For each fly,
all measures of sleep, activity, and energy stores were first
expressed as a deviation from the contemporaneous w'''%
Canton-S line mean assayed in each experimental block. This
calculation has two benefits. First, the variation between ex-
perimental blocks due to random environmental fluctuations
is mitigated. Second, some measures of sleep and activity (av-
erage sleep bout length and waking activity) are not normally
distributed; however, when computed as deviations from the
control mean, their distribution is normal.

Mutational effects were evaluated using analysis of variance
(ANOVA). Two-way ANOVA models were performed for each
trait using the model y=p + L+ S+ (L X S) + E, where w is
the overall mean, L is the random effect of line, Sis the fixed
effect of sex, and E is the among-fly variance. A reduced
version of this model was also performed for each sex sep-
arately. For glycogen and triglyceride measures, body weight
and protein were added into the ANOVA model as covariates;
for protein measures, body weight was included as a covariate
in the ANOVA model. To account for the removal of dead flies
from the data set, variance components were estimated using
the restricted maximum-likelihood method, which accounts
for unbalanced data. The total variance for each trait was
estimated as the sum of the L, L X S, and £ components in the
combined-sex model and of I and £ in the reduced model.

Broad-sense mutational heritability, H2, was estimated for
each trait as 0/0p, where o is the genetic variance compo-
nent and op is the phenotypic variance (FALCONER and
MACKAY 1996). 0§ was estimated as of, + ofg and o} as of, +
oig + of from the line, line X sex, and environmental variance
estimates of the combined-sex ANOVA, while o, = of and o}
= of + of from the reduced ANOVAS for each sex (SAMBAN-
DAN el al. 2006).

To identify candidate insertions for retesting, confidence
limits were computed as *z,0p/(n)'/?, where z, is the value of
the normal distribution at significance level o (0.05), op is
computed from the total phenotypic variance estimate de-
termined above, and n is the number of flies assayed per line
(Noraca et al. 2003; HARBISON et al. 2004). Confidence inter-
vals were calculated at the 95, 99, and 99.9% level. Candidate
lines of interest were chosen from lines that exceeded these
thresholds.

Twenty-two of the most extreme short- and long-sleeping
lines were retested using the same protocol as for the original
test. Results were pooled for both tests and analyzed using the
ANOVAmodely=p+ G+ S+ T+ (GXS) + (GX T) + (TX
S) + (GX SX T) + E,where G, S,and Tare the fixed effects of
genotype (parental control or P-element insertion), sex, and
experimental test (original screen or retest), and E is the
residual among-fly variance. Insertion lines having significant
(P < 0.05) Gor G X § terms were interpreted as candidate
genes for 24-hr sleep.

Partial Pearson product-moment correlations were deter-
mined for each phenotypic measurement as covye/ (of; X
019)"% where covys is the covariance between traits 1 and 2,
011 is the estimate of line variance for trait 1, and o5 is the
estimate of line variance for trait 2. The SAS CORR procedure
was used to estimate the covariance matrix between traits. The
restricted maximume-likelihood estimate of of;,. from the
ANOVAs described above was used to estimate the line vari-

ance for each trait. The Pvalues in Tables 4, 5, and 7 represent
how significantly different each correlation is from zero. For
correlations involving glycogen and triglycerides, protein and
bodyweightwere included as covariates; correlations involving
protein included body weight as a covariate (CLARK and KEITH
1988). All statistical analyses were carried out using the SAS
software package (SAS Institute, Cary, NC).

Assessment of transcript level in whole flies: Flies from
lines BG02566, BG01628, BG01037, and BG01565 were reared
as described above along with »'''®; Canton-S controls.
Flies were harvested at the “lights on” time of their day—-night
cycle. Three replicate RNA isolations were prepared for each
line and sex. RNA was extracted using Triazol reagent (Sigma-
Aldrich, St. Louis) according to the manufacturer’s instruc-
tions. RNA was converted to cDNA using the Hi Capacity cDNA
archive kit (Applied Biosystems, Foster City, CA). Primer Express
2.0 software (Applied Biosystems) was used to design transcript-
specific primer pairs to ensure that RNA transcripts rather
than genomic DNA would be amplified. RNA levels were
measured using the following primer pairs for each gene:
Calreticulin, 5'-GGATCGTTCACATGATGTGGTG-3" and 5'-CGT
ATCCTCCCAGTTTTCGTTG-3'; malic enzyme isoform A, 5'-
AAACTTTTGGACCCACGCGC-3' and 5'-TTCTCTTCGTGTAA
CAGCCGAG-3'; malic enzyme isoform B, 5'-AAATGGCACG
CCGGTTTATC-3" and 5-CGGCACTTTGCGTTGTGATT-3';
Brintegrin, 5'- TGGTGCACGGACAAGGAATAC-3' and 5'-ACAT
CTAGGACCGGCTGGTTCT-3'; and Defense repressor I, 5'-GGC
CAAAAGATGTGGTGCAT-3" and 5-TGATGTTCATTGCGC
GACA-3'. SYBR Green chemistry (Applied Biosystems) was used
for the quantitative PCR reaction in an ABI 7000 thermal
cycler (Applied Biosystems) under default PCR protocol con-
ditions. Resultant RNA quantities were normalized to actin
measured in each respective sample. Samples were compared
to the contemporaneous »'''®; Canton-S control using the
Kruskal-Wallis nonparametric test (SAS Institute). RNA sam-
ples were also obtained from selected Calreticulin revertant
lines and assayed as described above.

Construction and verification of revertant lines: The
P[GT1] construct was mobilized by crossing w, isoCanton-S;
isoCanton-S; P[GTI] females to w/Y; wg®'/CyO; ry* Splll
Plry[+17.2]1=A2-3]99B/ TM6 males. To maintain background
integrity, third chromosome balancer stock constructed from
the »'""%; Canton-S parent (gift of Akihiko Yamamoto and Trudy
Mackay) was used to create these revertants (w, isoCanton-S;
isoCanton-S; H/ TM3). Male offspring with the genotype w,
isoCanton-S; GyO/isoCanton-S; P[GT1]/ " SBY Plry[+(7.2]=A2-
3]99B were mated to w, isoCanton-S; isoCanton-S; H/ TM3females.
Single males without the P/GT1] insertion were mated to w,
isoCanton-S; isoCanton-S; H/ TM3females, and the resulting prog-
eny were used to make homozygous P|—] excision stock.

PCR was used to identify those P[—] lines that were precise
excisions. Putative Calreticulin precise excisions were verified
with DNA sequencing. Primers were chosen to surround the P
element insertion region and produce a PCR product of ~500
bp. PCR products were run on a 1.5% agarose gel, and PCR
productsizes were verified with a DNA ladder. Primers used for
the Calreticulin revertants were b5'-CCTGGCCGGTGAAAA
AGA-3" and 5'-TCCTTTCGTTATTCATTGAAGG-3' to amplify
a 391-bp region containing the P-element insertion site inside
the first exon. For the malic enzyme revertants, primers 5'-
ATCAGCGCATTTCAAAGGTT-3" and 5'-GTTGCTGTTTCTC
TTCGTGTAA-3' were used to amplify a 497-bp region in the
third exon surrounding the P-element insertion site.

Statistical analysis of revertant lines: The revertant lines
were assayed for sleep phenotypes as described above. A mixed
ANOVA model was used to determine whether the revertant
line sleep was the same as that of the »'''®; Canton-S parent
using y=w + G+ B(G) + E, where p is the overall mean, Gis
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the genotype (Pinsertion or wild type), Bis the random effect
of experimental block, and E represents the within-fly envi-
ronmental variance.

RESULTS

Identification of insertions that impact sleep pheno-
types: High mutational variance was present for sleep
and activity parameters; for the combined-sex ANOVAs,
the main effect of line was highly significant (P <
0.0001) in every case, with the exception of daytime
bout number (P = 0.0580; Table 1). With the exception
of 24-hr sleep time, the main effect of sex was also highly
significant for each trait. Mutational heritability esti-
mates for both sexes combined are presented in Table 1.
Mutational heritability was high for sleep time—0.45,
0.38, and 0.43 for 24-hr, nighttime, and daytime sleep,
respectively (Table 1). Heritability for sleep bout num-
ber was lower: 0.29, 0.24, and 0.33 for 24-hr, nighttime,
and daytime bout number, respectively.

The line X sex interaction term was highly significant
for all sleep traits (PpLinexsex < 0.0001; Table 1), which
indicates that the insertions have sex-specific effects on
each trait. As it has been previously reported that males
and females have different sleep patterns (HUBER et al.
2004), the remainder of our analysis focused on each
sex separately. Reduced ANOVA models for each sex
indicated that the insertions had highly significant ef-
fects on each sleep trait measured (Ppne < 0.0001; Table
2). Furthermore, mutational broad-sense heritabilities
for each sex separately were quite similar to estimates
made with sexes combined (Table 2).

The distribution of mutational effects for 24-hr sleep
time, nighttime sleep, and daytime sleep for each sex is
given in Figure 1, which illustrates the 95, 99, and 99.9%
confidence interval limits for the deviation from the
parental line mean for each trait by sex. Mutations were
more likely to increase 24-hr sleep than decrease it in
both males and females (Figure 1, A and B). However,
when 24-hr sleep is broken into nighttime or daytime
sleep, a different pattern emerges. The effect of mu-
tations on male nighttime and daytime sleep was similar
to the effect seen on 24-hr sleep: mutations tended to
increase sleep (Figure 1, C and E). However, while the
net effect of mutations on 24-hr sleep in females was an
increase overall, nighttime sleep generally decreased,
while daytime sleep increased. This effect may be
partially explained by the fact that females sleep little
during the day (2.9 hr on average in this experiment) as
compared to males (7.0 hr on average in this experi-
ment). A mutation might therefore be more likely to
increase daytime sleep in females. Why the mutations
tended to reduce nighttime sleep in females is unclear,
however. On average, females slept 7.59 hr at night,
which is well below the total 12-hr nighttime period.

The distribution of sleep bout number mutational
effectsis given in Figure 2. Mutations tended to decrease

the number of sleep bouts in a 24-hr period for males,
while increasing it for females (Figure 2, A and B).
Mutations tended to decrease nighttime bout number
in both sexes (Figure 2, C and D). The effect of a mu-
tation on male daytime bout number was equally likely
to be positive or negative, while female daytime bout
number tended to increase (Figure 2, E and F).

The effect of mutation on average bout length and
waking activity is given in Figure 3. Effects were greater
and tended to increase average bout length in males
(Figure 3, A and B). These mutations had a slight ten-
dency to increase waking activity in both males and
females (Figure 3, C and D).

Supplemental Table 1 lists the deviations from sleep
trait means for all lines tested. Our primary interest was
24-hr sleep duration; thus, 22 short- and long-sleeping
were selected lines for retesting. Of the 22 lines re-
tested, only one, BG01635, failed the retest criteria. The
remaining 21 mutations remained significant after re-
test. Table 3 lists the retested lines, the nearest gene and
cytological location of the Pelement where known, and
the effect of the insertion on 24-hr sleep. Supplemental
Table 2 lists 24-hr sleep deviations from the control
mean for the retest. Of the insertions with significant
genotype-by-sex (G X S) effects, one, BG01986, had a
female-specific sleep phenotype, while the effects of the
mutation in lines BG01007, BG01491, and BG02466
were specific to males. The shortest-sleeping line for
both males and females was BG02566, which has a Pele-
mentin the first exon of the gene Calreticulin. Flies from
this line slept 4.8 fewer hours (289.2 min) than the »'''%;
Canton-S control. Male flies with an insertion in the
third exon of malic enzyme had the longest 24-hr sleep:
4.0 hr (240 min) more than »''"®; Canton-S. Sleep also
increased in BG01628 females as compared to the con-
trol: 2.45 hr (147 min). The greatest increase in female
24-hr sleep was in line BG01907: 7.08 hr (424.8 min).
The location of the P element in line BG01907 is un-
known. Eleven of the 22 retested insertions had block
effects (initial vs. retest) that were significant (P <<0.05):
BG01007, BG01277, BG01376, BG01491, BGO01536,
BG01635, BG01744, BG01986, BG02439, BG02565,
and BG02602 (supplemental Table 2). These results
suggest that the effects of some mutations are modi-
fied by changes in the environment (i.e., genotype-by-
environment interaction).

Genetic correlations among sleep phenotypes for
each sex: The genetic correlation between sleep time
and the number of sleep bouts was determined for
males and females separately (Table 4). Sleep time was
strongly correlated with 24-hr bout number in both
males and females. In males, significant negative corre-
lations were observed between 24-hr/daytime sleep and
any measure of sleep bout number (24 hr, nighttime, or
daytime). However, the correlation between nighttime
sleep and nighttime bout number and nighttime sleep
and daytime bout number was not significant. The
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TABLE 1
Analysis of variance and broad-sense mutational heritabilities pooled over sexes

Source d.f. MS F P o Hiy

24-hr sleep (min)
Sex 1 17,367.650 0.26 0.6078 — 0.45
Line 135 392,439.950 5.46 <0.0001 12,091.70
Line X sex 134 72,022.460 3.66 <0.0001 3,891.80
Error 3597 19,680.100 — — 19,678.90

Nighttime sleep (min)

Sex 1 2,789,073.880 95.99 <0.0001 — 0.38
Line 135 127,961.060 4.02 <0.0001 3,657.90
Line X sex 134 31,887.210 3.70 <0.0001 1,673.50
Error 3597 8,615.820 — — 8,615.80

Daytime sleep (min)
Sex 1 2,366,343.690 121.85 <0.0001 — 0.43
Line 135 111,730.850 5.26 <0.0001 3,376.30
Line X sex 134 21,296.810 3.63 <0.0001 1,078.00
Error 3597 5,874.840 — — 5,874.10

24-hr sleep bout number
Sex 1 2,968.426 22.83 <0.0001 — 0.29
Line 135 301.183 2.11 <0.0001 6.19
Line X sex 134 143.289 4.16 <0.0001 8.19
Error 3597 34.445 — — 34.48
Nighttime sleep bout number
Sex 1 834.361 21.2 <0.0001 — 0.24
Line 135 127.700 3.00 <0.0001 3.11
Line X sex 134 42.624 2.71 <0.0001 1.93
Error 3597 15.748 — — 15.77
Daytime sleep bout number
Sex 1 6,944.478 88.49 <0.0001 — 0.33
Line 135 114.519 1.31 0.0580 0.96
Line X sex 134 87.521 6.63 <0.0001 5.46
Error 3597 13.203 — — 13.20
Average bout length (min)
Sex 1 10,043.693 27.13 <0.0001 — 0.35
Line 135 1,546.851 3.83 <0.0001 43.38
Line X sex 134 404.618 3.31 <0.0001 21.93
Error 3597 122.141 — — 122.26
Waking activity (counts/min)

Sex 1 2.326 4.01 0.0472 — 0.32
Line 135 1.711 2.69 <0.0001 0.0413
Line X sex 134 0.064 3.85 <0.0001 0.0358
Error 3597 0.166 — — 0.1655

Glycogen (ng/fly)
Sex 1 1,471.409 14.75 0.0002 — 0.56
Line 135 207.674 1.71 0.0009 38.86
Line X sex 135 121.343 1.91 <0.0001 51.69
Error 256 63.642 — — 69.99

Triglycerides (ng/fly)
Sex 1 9.381 3.61 0.0589 — 0.60
Line 135 5.849 1.92 <0.0001 0.6104
Line X sex 135 3.059 1.73 <0.0001 2.4210
Error 256 1.758 — — 1.9920
Protein (pg/fly)

Sex 1 96.850 10.72 0.0012 — 0.56
Line 135 15.802 1.53 0.0070 2.2238
Line X sex 135 10.332 1.65 0.0003 7.8902
Error 257 6.244 — — 7.9836

MS, mean square.

heritability.

o?, variance component as calculated by restricted maximum-likelihood method. Hy;, broad-sense mutational
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TABLE 2

Analysis of variance and broad-sense mutational heritability for each sex separately

Sex Source d.f. MS F P o* Hyy
24-hr sleep (min)

Female Line 135 283,453.930 12.73 <0.0001 19,131.40 0.46
Error 1780 22,265.960 — — 22,259.10

Male Line 134 187,512.140 10.94 <0.0001 12,822.00 0.43
Error 1817 17,146.930 — — 17,154.60

Nighttime sleep (min)

Female Line 135 98,108.160 9.93 <0.0001 6,375.90 0.39
Error 1780 9,875.890 — — 9,872.30

Male Line 134 64,305.544 8.71 <0.0001 4,265.00 0.37
Error 1817 7,381.420 — — 7,385.20

Daytime sleep (min)

Female Line 135 80,597.200 11.27 <0.0001 5,217.70 0.42
Error 1780 7,153.810 — — 7,152.30

Male Line 134 54,301.430 11.75 <0.0001 3,663.90 0.44
Error 1817 4,621.920 — — 4,622.80

24-hr sleep bout number

Female Line 135 260.946 6.77 <0.0001 17.55 0.31
Error 1780 38.539 — — 38.59

Male Line 134 186.125 6.12 <0.0001 11.33 0.37
Error 1817 30.435 — — 30.43

Nighttime sleep bout number

Female Line 135 102.779 5.41 <0.0001 6.17 0.24
Error 1780 19.008 — — 19.04

Male Line 134 67.816 5.40 <0.0001 3.96 0.24
Error 1817 12.554 — — 12.56

Daytime sleep bout number

Female Line 135 141.624 8.69 <0.0001 9.11 0.36
Error 1780 16.289 — — 16.29

Male Line 134 61.438 6.04 <0.0001 3.73 0.27
Error 1817 10.180 — — 10.18

Average bout length (min)

Female Line 135 618.703 6.97 <0.0001 38.74 0.30
Error 1780 88.828 — — 88.78

Male Line 134 1,393.964 9.01 <0.0001 92.94 0.38
Error 1817 154.775 — — 154.84

Activity per waking minute (counts/min)

Female Line 135 1.005 8.17 <0.0001 0.0692 0.36
Error 1780 0.123 — — 0.1231

Male Line 134 1.388 6.7 <0.0001 0.0840 0.29
Error 1817 0.207 — — 0.2070

Glycogen (ng/fly)

Female Line 135 215.977 3.29 <0.0001 123.224 0.65
Error 128 65.596 — — 67.629

Male Line 135 108.790 1.85 0.0003 57.769 0.44
Error 126 58.884 — — 72.397

Triglycerides (ng/fly)

Female Line 135 7.169 2.93 <0.0001 4.8649 0.66
Error 129 2.446 — — 2.5337

Male Line 135 1.469 1.34 0.0489 1.2004 0.45
Error 125 1.096 — — 1.4578

Protein (pg/fly)

Female Line 135 19.263 2.25 <0.0001 15.870 0.63
Error 130 8.561 — — 9.496

Male Line 135 5.766 1.54 0.0074 4.373 0.40
Error 126 3.746 — — 6.468

MS, mean square. ¢, variance component calculated using restricted maximum-likelihood method. Hy;, broad-sense muta-

tional heritability.
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84.8 min. (B) Female 24-hr sleep time: 99.9% C.I. threshold, 197.9 min; 99% C.I. threshold, 131.0 min; 95% C.I. threshold, 99.7
min. (C) Male nighttime sleep: 99.9% C.I. threshold, 105.0 min; 99% C.I. threshold, 69.5 min; 95% C.I. threshold, 52.9 min. (D)
Female nighttime sleep: 99.9% C.I. threshold, 124.0 min; 99% C.I. threshold, 82.1 min; 95% C.I. threshold, 62.5 min. (E) Male
daytime sleep: 99.9% C.I. threshold, 88.6 min; 99% C.I. threshold, 58.6 min; 95% C.I. threshold, 44.6 min. (F) Female daytime
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negative correlations suggest that the longer a male fly
sleeps, the fewer sleep bouts he will have, meaning that
his increased sleep is more consolidated.

In contrast, the correlation between sleep and bout
number for females tended to be positive. The strongest
correlations were between 24-hr/daytime bout number
and all three measures of sleep time. We observed
nonsignificant negative correlations between sleep and
nighttime bout number in females. Generally, increased
sleep in females implies increased numbers of sleep
bouts, indicating that longer sleep might be less con-

solidated. These observations suggest that mutations
affecting sleep bout number can have opposing effects
on male and female sleep. Furthermore, the relationship
between nighttime sleep and nighttime bout number
may be fundamentally different from the relationship
between bout number and daytime sleep; nighttime
sleep and nighttime bout number are not significantly
correlated in either males or females.

Correlation between sleep parameters and waking
activity: To better examine the genetic relationship be-
tween sleep and activity, we decoupled sleep time from
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activity by calculating waking activity as the number of
beam crossings per minute spent awake (ANDRETIC and
SHaw 2005). Table 5 shows the correlations between
sleep phenotypes and waking activity. Male and female
sleep times were significantly negatively correlated with
waking activity. Thus, in the select group of lines
examined in this study, more active flies tended to sleep
less and less active flies tended to sleep more. Average
sleep bout length was negatively correlated with waking
activity, although the correlation was not significant in
females. While waking activity was not correlated with

bout number in males, it was strongly negatively cor-
related in females. The lack of correlation between
waking activity and sleep bout number indicates that
sleep consolidation can be genetically perturbed in-
dependently of activity in males. Mutations affecting
female sleep bout number, however, may potentially
impact waking activity.

Correlation between male and female sleep pheno-
types: The genetic correlation between males and
females, 7gs (the cross-sex genetic correlation), was
calculated for each sleep trait (supplemental Table 3).
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With the exception of daytime bout number, all male
and female sleep phenotypes were significantly and
positively correlated, but not unity. Thus, some, but not
all, genes that influence sleep in males overlap with
genes that influence sleep in females. The variance due
to the line X sex interaction term from the initial
combined-sex ANOVA was partitioned into two groups
(supplemental Table 3): the contribution due to dif-
ferences in male and female among-line variance
components [(07y — opr)? and the contribution due to
sex-specific effects of the insertions [0y X opf (1 — 155)]
(RoBERTSON 1959). For each sleep phenotype, the
relative contribution due to sex-specific effects of the
insertions accounted for the greatest percentage of
the line X sex variance, underscoring the tendency of
P-element insertions to have sex-specific phenotypic
effects (HARBISON et al. 2004). Effects tended to be
sex specific rather than sex antagonistic (significant
effects in both sexes, but of opposite sign; see sup-
plemental Table 1 for examples of sex-antagonistic
effects).

Transcript expression for selected insertion lines:
Transcript abundance relative to the w'''®; Canton-S
parental line was examined in four insertion lines.

Comparisons were made using age- and sex-matched
lines harvested at the same circadian time of day. Gene
transcript levels were normalized to actin transcript
levels in each sample and compared to w''*;Canton-S
using the nonparametric Kruskal-Wallis test. Transcript
abundance was examined in BG02566 (Calreticulin),
BGO01037 (Bintegrin), and BGO1565 (Defense repressor I),
which had reduced sleep; transcript level was also
assayed in an insertion line that increased sleep,
BGO01628 (malic enzyme). Whole-body Calreticulin ex-
pression was reduced to 21.5% of wild-type levels in
females and to 38.5% of wild-type levels in males (Figure
4A). We assayed transcript abundance in females only
for lines BG01037 (B'integrin), BGO1565 (Defense re-
pressor I), and BGO1628 (malic enzyme). Malic enzyme
has two transcript isoforms, A and B; both were reduced
to near zero in female mutants as compared to the wild-
type parent (Figure 4B). Female B"integrin RNA actually
increased relative to w'''"®; Canton-S by 170% (Figure
4C). Finally, Defense repressor I transcripts were moder-
ately reduced (by 44%) in females as compared to the
wild-type parent (Figure 4D). Thus, transcript levels in
all four insertion lines examined were significantly
different from the »'''"®, Canton-S parent.
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TABLE 3

Effects of significant retested P-element insertion lines on 24-hr sleep time

P[GTI1] Sleep

Cytological position relative effect (min) Significant effect 3 effect
Line Nearest gene location to nearest gene @+ 3) G X §? (min) (min)
BG00080 Unknown — Unknown 222, 6w« Yes** 293 4wk 156.6%#**
BG01007 CG8776 49B9 28 kb in gene (first intron) 30.0 (NS)  Yes** —69.0 (NS)  118.2%**
BGO01037 Bvintegrin 39A1 170 bp in gene (first exon) — 254, 4tk No —282. 0k 98 (kK
BG01245 Sema-5C 68F2 200 bp from 5’-end of gene 108.6%** No 87.0%* 130.2%*
BG01277 CGI11940 18F3-4 500 bp in gene (first exon) 158. 4tk No 192. (et 127.2%%%
BG01376 Chd64 64A7 70 bp in gene (first exon) 215, 4Hwsk® No 198,67 2310w
BGO01491 tramtrack 100D1 12 kb in gene (third exon) 101 .4tk Yes* 30.0 (NS)  158.4%#*#*
BG01536 Beadex 17C3 58 bp from 5’-end of gene 217, 2% k% No 243 6% 194, 4otk
BGO01565 Defense repressor I~ H8E9 22 kb in gene (first intron) —120.6%#%* No —139.2%#%%  —100.8*
BG01628 Malic enzyme 87C7 2.5 kb in gene (third exon) 193, 2tk No 147.0%%% 240. 0w
BG01744 Unknown — Sequence not available —112.8%#%% No —121.8%%* —103.8%%*
BG01907 Unknown — Unknown 293 4wt Yes®* 424 8wk 178.8%%*
BG01986 CGI12477 75D7 185 bp in gene (first exon) 108. 0tk Yes### 198. (et 12.6 (NS)
BG02003 6-phosphofructo-  18C8 2.5 kb in gene (second intron) —130.8%#* No —105.6%* —155.4%*

2-kinase

BG02009 taiman 30A2 10 kb in gene (first intron) 150.0%*** No 187.2%##% 115.8%%**
BG02419  escargot 35D1 1 kb from 5‘end of gene —141.6%#** No —193. 8% —85.8*
BG02439 CG32556 16C1 300 bp from 5'-end of gene —160. 2588 No —183.6%***  —135.6%**
BG02466 Unknown — Sequence not available —115.8%*%* Yes** —60.6 (NS) —165.6%%*%*
BG02565 B4GalNAcTA 50E6 13 bp in gene (first exon) — 77 4k No —81.6%* —73.8%
BG02566 Calreticulin 85E1 100 bp in gene (first exon) —289, 24k No —288.6%HHE 989
BG02602 CGI14782 2B1 75 bp in gene (first intron) 162. 6%k No 184 etk 141.0%%*

Boldface type with underlining indicates that the insertion also has significant effects on energy stores. Underlining indicates
that alleles of this insertion have significant effects on energy stores. See text for details. NS, nonsignificant; *0.01 < P = 0.05;

*#%0.001 < P = 0.01; #**%0.0001 < P = 0.001; ****P < 0.0001.

Reversion lines: A source of transposase was intro-
duced to excise the P-element insertion from BG02566
(Calreticulin) and BG01628 (malic enzyme). Importantly,
the isogenic w'''®; Canton-S background was maintained
through the use of a w'''®; Canton-S third chromosome
balancer stock (see MATERIALS AND METHODS). Three
precise excision lines from the Calreticulin crosses
showed increased sleep that was not significantly differ-
ent from that of the »'"'®; Canton-S parent (Figure 5A).
With the exception of line 15B females, we observed
block effects in these revertant lines, unlike the original
BG02566 insertion line. We assayed transcript levels in
two of these lines and found that they were the same as
wild type (Figure 5B). Furthermore, sequence data from
the region reveal thatall three revertantlines are precise
excisions (data not shown). The P-element insertion
in the malic enzyme gene was also mobilized. Three
revertant lines restored the sleep phenotype to wild-type
levels in both males and females (Figure 5C). Each of
these revertant lines originated from males from the
same culture vial and likely had the same excision. We
did not observe significant block effects in these lines.
The PCR product of the region surrounding the P
element in these three lines was of the expected size
(z.e., identical to wild type), but the region was not se-
quenced nor followed up with RNA assays.

Identification of insertions that impact energy
stores: Like sleep, a high degree of variation among
the P-element insertion lines for protein, glycogen, and
triglycerides was observed; deviations from the parental
mean for each line are provided in supplemental Table
4. Line effects were highly significant for all traits
whether sexes were combined or analyzed separately;
see the ANOVA results in Tables 1 and 2. Broad-sense
mutational heritability (H;) was very high for all three
traits, but it was particularly high in females. For
females, Hyywas 0.65 for glycogen, 0.66 for triglycerides,
and 0.63 for protein. In contrast, Hy for males was 0.44
for glycogen, 0.45 for triglycerides, and 0.40 for protein.
Thus, the genetic variance components (additive, dom-
inance, and/or interaction) were greater in females
than in males. Indeed, females were more sensitive to
the effects of a single-gene perturbation than males.
The distribution of mutational effects for each trait by
sex in Figure 6 shows a more pronounced effect on
females. However, for both sexes, the insertions tended
to decrease rather than increase energy stores. Table 6
shows the putative locations of P-element insertions
having at least one effect greater than the 99% confi-
dence interval in the initial screen and lists the effect of
significant insertions on both males and females. As
Table 6 shows, most of these genes had sex-specific



Sleep in Drosophila 2351

TABLE 4

Genetic correlations between sleep phenotypes
for males and females

TABLE 5

Genetic correlations between sleep and waking activity for
males and females

Nighttime Daytime
24-hr sleep  sleep sleep
(min) (min) (min)

Male correlations

24-hr bout number —-0.2920 —0.1771 —0.3553
(0.0006)  (0.0392) (<0.0001)
Nighttime bout number —0.2989 —0.1629 —0.3835
(0.0004)  (0.0581) (<0.0001)
Daytime bout number —0.1997 —0.1400 —0.2225
(0.0198)  (0.1040)  (0.0092)
Average bout length (min)  0.8505 0.6792  0.8583

(<0.0001) (<0.0001) (<0.0001)

Female correlations

24-hr bout number 0.4544 0.3211 0.5152
(<0.0001)  (0.0001) (<0.0001)

Nighttime bout number —0.1646 —0.1179 —0.1849
(0.0555)  (0.1716) (0.0312)

Daytime bout number 0.7663 0.5428 0.8674
(<0.0001) (<0.0001) (<0.0001)

Average bout length (min) 0.8072 0.8319 0.6260

(<0.0001) (<0.0001) (<0.0001)

Prvalues are listed in parentheses. Correlations significantly
different from zero (P < 0.05) are indicated by italics.

effects on energy stores, and the majority of those effects
were observed in females.

Although this screen was small, two genes were
implicated twice: BG01214 and BG01914, which puta-
tively map to sugarless, had significant effects on energy
stores. The BG01214 Pelement, which is inserted 100 bp
from the 5'-end of sugarless, decreased glycogen by 25.64
wg/fly in females and decreased triglycerides by 3.87
g/ flyin males. The BG01914 insertion, which is 100 bp
within the first exon of sugarless, affected females only,
decreasing triglycerides and protein by 4.74 and 12.11
wg/ fly, respectively. Two alleles of escargot, BG01971 and
BG02297, also had energy storage phenotypes. The
BG01971 insertion, which is located 250 bp from the 5'-
end of escargot, affected glycogen, triglycerides, and
protein in males only, decreasing them by 16.25, 2.63,
and 11.20 pg/fly, respectively. Interestingly, the BG02297
insertion is located 200 bp from the 5'-end of escargot
and decreased glycogen and protein—but only in fe-
males. Triglycerides were significantly decreased in both
sexes. A third insertion putatively affecting escargot,
BG02419, was also tested in this study. This insertion
maps 1 kb from the 5’-end of the gene and exhibited
reduced 24-hr sleep in males and females, but no
significant changes in energy stores were observed for
this insertion.

One insertion listed in Table 6 also had a significant
effect on 24-hr sleep: BG02009, which putatively maps to
the first intron of taiman, had significantly increased
sleep in both males (115.8 min) and females (187.2 min).

Waking activity (counts/min)

Males Females

24-hr sleep (min) —0.3825 —0.4770
(<0.0001) (<0.0001)

Nighttime sleep (min) —0.2854 —0.4141
(0.0008) (<0.0001)

Daytime sleep (min) —0.4076 —0.4556
(<0.0001) (<0.0001)

Average bout length (min) —0.1966 —0.1184
(0.0218) (0.1698)

24-hr bout number —0.0596 —0.5477
(0.4907) (<0.0001)

Nighttime bout number 0.0342 —0.1796
(0.6926) (0.0364)

Daytime bout number —0.1395 —0.6125
(0.1053) (<0.0001)

P-values are listed in parentheses. Correlations significantly
different from zero (P < 0.05) are indicated by italics.

This insertion also resulted in a decrease of 16.68 pg/fly
of glycogen in males and a decrease of 6.12 pg/fly of
triglycerides in females, relative to w'''®; Canton-S.

Genetic correlations between energy stores: The
genetic correlations among glycogen, triglycerides, and
protein were computed for both males and females.
Genetic correlations between the energy storage traits
were positive and significant, but they were not unity,
indicating that some, but not all, genes are common to
all three traits. The correlation between triglycerides
and glycogen was 0.4198 (P < 0.0001) for males and
0.2989 (P = 0.0004) for females. The correlation
between triglycerides and protein was 0.5395 (P <
0.0001) and 0.5561 (P << 0.0001) for males and females,
respectively. In addition, the correlation between glyco-
gen and protein was 0.7348 (P < 0.0001) for males and
0.1873 (P = 0.0290) for females. Interestingly, the cor-
relations tended to be lower in females than in males.
Thus, although mutational heritability was high for
energy storage traits in females, implying high genetic
variation among the insertion lines, the covariance
between traits was relatively low, suggesting that the
genetic variation observed for each trait stems from a
different set of insertions.

The cross-sex genetic correlations for energy stores
were also calculated (supplemental Table 3). Male and
female energy stores were positively correlated, al-
though the correlations were not unity. As with the
cross-sex genetic correlations on sleep phenotypes,
much of the line X sex variance component reflects
sex-specific effects of the insertions on energy stores.

Correlations between sleep and energy stores: To
assess whether genes impacting endogenous sleep also
affect triglyceride and glycogen stores, we calculated the
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mutational genetic correlations among sleep pheno-
types, glycogen, and triglycerides. Table 7 shows the
correlations for both males and females. These correla-
tions show a striking sex-specific pattern. Glycogen
stores were positively correlated with all measures of
sleep duration in males. The significant positive corre-
lation implies that males that sleep longer have higher
levels of glycogen. Glycogen stores were also negatively
correlated with sleep bout number and positively cor-
related with average sleep bout length in males. Thus,
males with fragmented sleep tend to have lower levels of
glycogen.

In female flies, however, the pattern was different.
Neither glycogen nor triglycerides were correlated with
sleep time in females. Instead, triglycerides were nega-
tively correlated with 24-hr and nighttime bout number,
but not with daytime bout number. In addition, trigly-
cerides were positively correlated with average bout
length in females. Females with fragmented sleep,
therefore, would tend to have lower levels of triglycer-
ides. These results indicate that a genetic connection is
present between endogenous sleep and energy stores in
flies and thatitis sex specific. Importantly, neither males
nor females exhibited significant correlations between

energy storage measures and waking activity, indicating
that these correlations are specific to sleep phenotypes.

DISCUSSION

P-element insertional mutagenesis was used to iden-
tify 21 novel candidate genes for 24-hr sleep time.
Twenty-one of the 22 candidate insertions retested had
significant effects on sleep upon retest, owing partly to
the use of a high statistical power assay and partly to the
relatively high broad-sense mutational heritability (Hy)
of 24-hr sleep time (see Tables 1 and 2). In wild-type
lines, broad-sense heritability for sleep phenotypes ap-
pears to be higher than these estimates (S. T. HARBISON
and T. F. C. MAckAY, unpublished results). Furthermore,
human twin studies have estimated the narrow-sense
heritability of 24-hr sleep time as 0.303 (DE CASTRO
2002) and 0.44 (PARTINEN et al. 1983), and heritability
of the number of wake-ups (i.e., 24-hr sleep bout num-
ber) as 0.256 (DE CAsTRO 2002). By definition, however,
the broad-sense mutational heritability estimates in this
study contain dominance and interaction variance
(FALCONER and Mackay 1996) and are likely higher
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than a narrow-sense estimate would be. Thirty-two
candidate insertions that putatively disrupt genes im-
pacting energy stores were also identified. Unlike sleep,
broad-sense mutational heritability for energy stores was
sexually dimorphic: females had much higher H; than
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F1GUre 5.—Sleep and RNA phenotypes of Cal-
reticulin and malic enzyme precise excision lines.
(A) Twenty-four-hour sleep in Calreticulin rever-
tants. (B) Relative transcript abundance in Calre-
ticulin revertants. (C) Twenty-four-hour sleep in
malic enzyme revertants.

males for protein, glycogen, and triglycerides (Table 2).
Thus, high levels of genetic variation for both sleep and
energy storage phenotypes are present; female energy
stores were more sensitive to genetic effects than were
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F1GURE 6.—Distribution of mutational effects on energy stores. Pink, 99.9% C.I. threshold; dark blue, 99% C.I. threshold; light
blue, 95% C.I. threshold. (A) Male glycogen: 99.9% C.I. threshold, 31.39; 99% C.I. threshold, 20.78; 95% C.I. threshold, 15.81. (B)
Female glycogen: 99.9% C.I. threshold, 38.01; 99% CI threshold, 25.16; 95% CI threshold, 19.15. (C) Male triglycerides: 99.9% C.1.
threshold, 4.49; 99% C.I. threshold, 2.97; 95% C.I. threshold, 2.26. (D) Female triglycerides: 99.9% C.I. threshold, 7.48; 99% C.I.
threshold, 4.95; 95% C.I. threshold, 3.77. (E) Male protein: 99.9% C.I. threshold, 9.06; 99% C.I. threshold, 6.00; 95% C.I. thresh-
old, 4.56. (F) Female protein: 99.9% C.I. threshold, 13.86; 99% C.I. threshold, 9.17; 95% C.I. threshold, 6.98.

Candidate insertions identified for 24-hr sleep time
and energy stores have effects on genes involved in
physiology, development, and behavior. Each P-element
insertion is assumed to disrupt the function of the
nearest identified candidate gene. To prove that the
Pelement insertions disrupt sleep phenotypes, they
will need to be excised/reverted, tested by comple-
mentation to deficiencies or mutant alleles, and exhibit
phenotypic rescue when a wild-type construct is intro-
duced. The first step toward this proof has been taken
through the creation of precise excision lines that re-

stored the normal sleep phenotype from two P-element
lines: BG02566 ( Calreticulin) and BG01628 (malic enzyme).

We observed reduced sleep in males and females of
the BG02566 (Calreticulin) line; precise excision of the
P-element insertion restored wild-type sleep. Calreticulin
has many proposed functions, including a role in neural
development (PROKOPENKO et al. 2000; NORGA et al.
2003), protein folding, and calcium signaling and ho-
meostasis (KRAUSE and M1CHALAK 1997; JOHNSON et al.
2001). Calreticulin mutant flies have normal exploratory
behavior and geotaxis (StoLtzFUs et al. 2003), but are
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TABLE 6
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P-element insertion lines having at least one effect >99% C.I. on glycogen, triglycerides, or protein in the initial test

P[GT1I] position
Cytological relative to Q effect 3 effect
Line Nearest gene location nearest gene Phenotype (min) (min)
BG00357 Guanine nucleotide 64B13 1.1 kb from 5'-end Protein 1.38 (NS) —9.1 7k
exchange factor
BG00737  Heat shock protein 27 67B3 10 bp from 5’-end Protein —11.11%* —1.83 (NS)
BG01020  Unknown Glycogen —41.73%%% —19.15%%*
Triglycerides —5.52%% —0.02 (NS)
Protein —12.85%%* 0.67 (NS)
BGO01127  muscleblind 54B1 150 bp in gene (first Triglycerides —6.55%%* —0.42 (NS)
intron)
Protein —7.74% 0.53 (NS)
BGO01130  alan shepard 64C11 15 bp from 5'-end Glycogen —10.22 (NS) 23 .45%%*
Triglycerides 0.46 (NS) —3.83%%*
BG01214  sugarless 65D5 100 bp from 5'-end Glycogen —25.64%%* —0.16 (NS)
Triglycerides —2.57 (NS) —3.87%%
BG01296  CG33691 6E2 300 bp from 5" end Glycogen —28.49%%* —11.00 (NS)
Triglycerides —6.82%%* —0.86 (NS)
BGO01340  Unknown Triglycerides —5.09%* 0.35 (NS)
Protein —9.76%* 1.88 (NS)
BG01420  CGI14709 86E11 85 bp from 5'-end Protein —9.59%* —0.72%
BG01442 Tenascin major 79E3 60 bp from 5-end Glycogen —28.46%* 8.95 (NS)
BG01478 Heat shock RNAw 93D4 600 bp from 5'-end Protein —9.3]%* —3.13 (NS)
BG01575  Unknown Triglycerides —6.64%* —1.34 (NS)
BGO01602  brother of odd with 24C3 10 bp from 5'-end Glycogen —30.71%* —14.43 (NS)
entrails limited Triglycerides —5.79%* —1.33 (NS)
BG01623  bunched 33E7 39 kb in gene (fifth Triglycerides —4.50% 0.11 (NS)
intron)
Protein —9.63%* 1.61 (NS)
BG01635  Unknown Glycogen —22.47% —7.40 (NS)
Triglycerides —6.36%* —0.97 (NS)
Protein —8.92% 1.18 (NS)
BGO01662  Laminin A 65A9 60 bp from 5’-end Glycogen —25.92%% 4.81 (NS)
BG01672 CG14591 42A8 25 bp from 3'-end Glycogen —22.93% —1.89 (NS)
Triglycerides —6.30%* —0.83 (NS)
BGO01822  IGF-II mRNA-binding 9F2 17 kb in gene (seventh Triglycerides —6.527%* —0.43 (NS)
protein intron)
BG01836  CG6854 71B4 600 bp in gene (first Glycogen —21.87* —1.04 (NS)
intron)
Triglycerides —b5.98#* 2.73%
BG01887  Unknown Triglycerides —1.90 (NS) —3.01**
BG01888  mir-279 99A1 1.4 kb from 5'-end Glycogen —27.05%* —9.10 (NS)
Triglycerides —5.32%% —0.19 (NS)
BG01914  sugarless 65D5 100 bp in gene (first Triglycerides —4.74% —2.19 (NS)
exon)
Protein —12.11%%* —3.05 (NS)
BG01916  no ocelli 35B2 300 bp from 5’-end Glycogen —28.96%* —16.79%
Triglycerides —4.77% 0.05 (NS)
BG01971 escargot 35D1 250 bp from 5'-end Glycogen —0.15 (NS) —16.25*
Triglycerides —1.08 (NS)  —2.63*
Protein —4.67 (NS)  —11.20%%*
BG01989  wvisgun 67Ch 30 bp in gene (first Glycogen —35.78%* —17.57*
exon)
Triglycerides —5.02%%* —0.36 (NS)
BG02009  taiman 30A 10 kb in gene (first Glycogen —15.00 (NS) —16.68*
intron)
Triglycerides —6.12%%* —0.90 (NS)

(continued)
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TABLE 6
(Continued)
P[GT1I] position
Cytological relative to Q effect 3 effect
Line Nearest gene location nearest gene Phenotype (min) (min)
BG02077  Rinll 25B10 9.4 kb in gene (fourth intron)  Glycogen —18.44 (NS) —16.48%
Triglycerides —2.67 (NS) —3.32%%*
BG02201  Unknown Glycogen 23.96%* 23.24%%
Triglycerides 4.40* 2.18 (NS)
BG02207  lliputian 23C2 22 kb in gene (third intron) Triglycerides —3.24 (NS) —3.44%%
BG02210  lamina ancestor 64C13 550 bp in gene (first intron) Glycogen —31.43%* —15.35 (NS)
Triglycerides —4.04* —2.79%
Protein —9.03* —4.27 (NS)
BG02297  escargot 35D1 200 bp from 5'-end Glycogen —24.60%* 1.56 (NS)
Triglycerides —4.53% —2.79%
Protein —11.33%%* —4.52 (NS)
BG02491  Unknown Glycogen —28.99%* 1.56 (NS)
Triglycerides —6.11%* —0.35 (NS)

Boldface type with underlining indicates that the insertion also has significant effects on sleep. Underlining indicates that alleles
of this insertion have significant effects on sleep. See text for details. NS, nonsignificant; *significant at 95% C.I.; **significant at

99% C.I., ***significant at 99.9% C.I.

sensitive to ether anesthesia (GaMoO et al. 1998). Fur-
thermore, Calreticulin mutants exhibit impaired olfac-
tory avoidance (STOLTZFUS et al. 2003; SAMBANDAN e al.
2006), yet respond normally to attractants (STOLTZFUS
et al. 2003). Calreticulin transcripts also increase in sleep-
deprived flies relative to flies in recovery sleep after
sleep deprivation (WiLLIAMS et al. 2007). Another mo-
lecular chaperone, BiP, which acts in the same molec-
ular pathway as Calreticulin (JOHNSON et al. 2001), was
recently shown to be involved in sleep homeostasis. BiP
protein increases after sleep deprivation and decreases
with recovery sleep; however, transgenic animals over-
expressing BiP or producing a dominant negative
construct of BiP have wild-type sleep (NAIDOO et al.
2007). The P[GTI1] insertion in the first exon of
Calreticulin reduced, but did not totally eliminate,

whole-body transcript levels in both males and females.
Other mutant alleles of Calreticulin tested in flies are not
null mutations (Gamo et al. 1998; SToLTZFUS el al. 2003);
indeed, it may not be possible to create a Calreticulin null
mutation in flies as homozygous Calreticulin null mice
die in the early embryonic stages (MESAELI ¢t al. 1999).
Future studies will determine what role Calreticulin has
in sleep and waking.

Some of the candidate insertions identified have
previously been implicated in metabolic pathways. We
observed an increase in sleep in males and females of
line BG01628, which has a P/GT'I] insertion in the third
exon of malic enzyme. Malic enzyme encodes a malate
dehydrogenase, which functions in the citric acid cycle
and malate metabolism. In a study of transcript abun-
dance in the heads of wild-type flies, malic enzyme

TABLE 7

Correlations between sleep phenotypes and energy stores in males and females

Glycogen (ug/fly)

Triglycerides (wg/fly)

Sleep parameter Males Females Males Females

24-hr sleep (min) 0.2376 (0.0053) 0.0272 (NS) 0.0431 (NS) 0.0554 (NS)
Nighttime sleep (min) 0.2322 (0.0065) 0.0835 (NS) 0.1132 (NS) 0.1081 (NS)
Daytime sleep (min) 0.2128 (0.0129) —0.0674 (NS) —0.0028 (NS) 0.0532 (NS)
24-hr bout number —0.3861 (<0.0001) —0.0368 (NS) —0.1352 (NS) —0.2096 (0.0143)
Nighttime bout number —0.4321 (<0.0001) 0.0275 (NS) —0.1116 (NS) —0.3088 (0.0003)
Daytime bout number —0.2195 (0.0102) —0.0767 (NS) —0.0587 (NS) —0.0829 (NS)
Average bout 0.3279 (<0.0001) 0.0999 (NS) 0.1152 (NS) 0.3328 (<0.0001)

length (min)
Waking activity —0.0977 (NS) 0.0046 (NS) —0.0412 (NS) —0.0002 (NS)

(counts/min)

Values are listed as the correlation, with the Pvalue given in parentheses. Correlations significantly different from zero (P <

0.05) are in italics.
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TABLE 8

Sleep alleles from this study that also have bristle number, olfaction,
starvation resistance, aggression, and energy storage phenotypes

Effect on sleep Bristle  Olfactory  Starvation Energy stores
Line Nearest gene (this study) no.“  avoidance’ resistance’ Aggression’  (this study)
BG00080 Unknown 1 1
BGO01037  Brintegrin ! i
BG01245  Sema-5C 1 l 13
BGO01491  tramtrack i i l 13
BGO01536  Beadex 7 )
BG02009  taiman ) 1G3, 1 T?
BG02439  CG32556 ! !
BG02566  Calreticulin l l l

1, effect was increased relative to control. |, effect was decreased relative to control. G, glycogen; T, trigly-

cerides.
“NORGA et al. (2003).
"SAMBANDAN et al. (2006).
“HARBISON et al. (2004).
“EDWARDS et al. (2006).

transcript increased significantly during both spontane-
ous wakefulness and sleep deprivation relative to sleep
(CIRELLI et al. 2005b). Malic enzyme whole-body tran-
script expression was essentially zero in BG01628 fe-
males. Sleep was reduced to wild-type levels when this
P element was precisely excised, suggesting that malic
enzyme has a role in sleep and waking. In addition
to malic enzyme, other metabolic pathways were im-
plicated in sleep: glycolysis (HORTON et al. 1996)
(BG02003, 6-phosphofructo-2-kinase), electron trans-
port (BG01007, CG8776, and BG02419, escargot), and
glucosamine metabolism (HaiNes and IrRvINE 2005)
(BG02565, B4GalNAcTA). One insertion line had effects
on both 24-hr sleep and energy stores in this experi-
ment: the insertion in this line, BG02009, is located in
the first intron of taiman. taiman is thought to be in-
volved in signal transduction, activates transcription by
binding to the ecdysone receptor, and is required for
migration of border cells in the developing oocyte
(Starz-GAa1aNnO and MoONTELL 2004). Both males and
females of the BG02009 insertion line had increased 24-
hr sleep; however, males had decreased glycogen, while
females had decreased triglycerides. The observation
that genes involved in metabolism may also have a
function in sleep is intriguing as recent human studies
have linked short sleep times to obesity and diabetes
(reviewed in Cizza et al. 2005), indicating a potential
molecular relationship between the two.

escargot encodes a zinc-finger protein with a role in
the fusion of tracheal tubes (ZELZER and SHi1LO 2000;
GHABRIAL ¢l al. 2003) and PNS development (NORGA
et al. 2003). Line BG02419, which has the P-element
insertion 1 kb from the 5'-end of escargot, had signifi-
cantly reduced sleep in both males and females (Table
3). We also observed a significant decrease in 24-hr sleep
in BG01971 females at the 95% confidence interval; this

insertion maps to 250 bp from the 5’-end of escargot.
However, a significant effect on 24-hr sleep was not
present in BG02297 flies, which have an insertion 200
bp from the 5’-end of escargot. Interestingly, male-
specific decreases were observed in all three energy
storage parameters in line BG01971, and line BG02297
had largely female-specific decreases (Table 6). No
significant energy storage phenotypes were observed
in BG02419. If each of these phenotypes maps to
escargot, this observation would underscore the impor-
tance of the location and orientation of transposable
element insertions in their effects on complex trait
phenotypes (ROLLMANN et al. 2006). Merely changing
the orientation of a single P-element insertion within an
intergenic region can alter behavioral and physiological
traits such as taste preference and life span (ROLLMANN
et al. 2006).

To our knowledge, this is the first study to systemat-
ically analyze the genetic correlation among multiple
sleep measures in flies. Numbers of sleep bouts can be
thought of as the number of transitions from sleeping to
waking states; abnormal numbers of transitions from
waking to sleep are the hallmark of some sleep disorders
in humans, such as sleep apnea and narcolepsy. Signif-
icant correlations between sleep times and sleep bout
number exist in both males and females; however, the
significant correlations were negative in males and
tended to be positive in females. Thus, mutations that
increase sleep bout number in both sexes may decrease
sleep time in males and increase sleep time in females.
Two interpretations of this result are possible. First,
genetic perturbations that affect the transition between
sleep and waking states will have opposing effects in
males and females. Alternatively, the genetic basis of the
forces that promote sleep and stimulate waking might
be different in male and female flies. Interestingly,
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studies of human twins have revealed a positive corre-
lation (0.183) between sleep time and number of wake-
ups (bout number) (DE CasTrO 2002), similar to the
pattern observed in female flies.

We also examined the correlation between waking
activity and sleep phenotypes (Table 5). The negative
correlations that we observed between waking activity
and sleep suggest a genetic relationship between both
measures. The correlations were not unity, however;
thus, mutations affecting sleep will not necessarily affect
waking activity. A recent study of the gene Hyperkinetic
illustrates this point: two separate Hyperkinetic alleles
reduced sleep without affecting waking activity (BUSHEY
et al. 2007). Furthermore, a recent study of EMS-induced
mutants suggests that the correlation between waking
activity and sleep is weak (Wu et al. 2008). Some of the
lines screened in our study have been associated with
effects on starvation resistance (HARBISON et al. 2004);
we speculate that genes affecting a physiological mea-
sure of this sort are more likely to affect both sleep and
waking activity.

The mutational correlation between triglycerides and
glycogen has been previously assessed in male flies and
was high and positive (CLARK et al. 1995). In our study,
high positive correlations between triglycerides and
glycogen were also found for both males and females.
Yet the genetic correlations between males and females
for energy stores were relatively low, implying that genes
affecting energy stores are different in males and fe-
males (supplemental Table 3). Recent QTL studies
support this notion, as sex-specific QTL for triglycerides
(DE Luca et al. 2005) and X-linked QTL for glycogen
(MoNTOOTH et al. 2003) have been identified.

Mutations that affect endogenous sleep affect body
metabolic stores as well. Male flies had positive genetic
correlations between glycogen and sleep time. This
would suggest that genes involved in male sleep behav-
ior impact glycogen synthesis, storage, or expenditure.
Glycogen stores in males were also negatively correlated
with sleep bout number and positively correlated with
sleep bout length. Taken together, these data imply that
genes affecting glycogen levels in males affect total sleep
time and sleep consolidation. This finding contrasts
with that for females, whose glycogen stores were not
correlated with any measure of sleep time; instead, tri-
glycerides were negatively correlated with 24-hr and
nighttime sleep bout number and positively correlated
with average bout length, indicating that triglycerides
are associated with sleep consolidation. For females,
therefore, triglyceride levels may have a more critical
relationship to sleep patterns, while male sleep is linked
to glycogen.

Our correlation data suggest that the differences in
male and female sleep patterns may be related to sex-
specific differences in metabolic needs (MoNTOOTH
et al. 2003; MORGAN et al. 2003; Dx Luca et al. 2005). The
relatively high genetic correlations that we observed

between sleep and energy stores may reflect the fact that
large metabolic changes occur with high probability
with the introduction of single P-element insertions in
flies, implying that large numbers of genes influence
metabolism (CLARK et al. 1995). We found that our cor-
relations were driven by insertions having effects that
were greater than or less than the 95% confidence
interval. Few insertions had large effects on both sleep
and energy stores simultaneously, however. Thus, the
high correlations that we observed may also indicate
that large numbers of genes impact sleep behavior.

Our correlations suggest that increases in whole-body
glycogen and triglycerides are associated with an in-
crease in sleep or sleep consolidation. This is in contrast
to the human association data mentioned previously,
which generally indicate that decreased sleep is associ-
ated with obesity (reviewed in Cizza et al. 2005), al-
though several studies have noted a link between
considerably longer sleep times and obesity (KRIPKE
et al. 2002; TAHERI ¢f al. 2004) and diabetes (PATEL et al.
2004). The decreased sleep in the human data could
have resulted from chronic sleep deprivation rather
than endogenous sleep need. Further studies will de-
termine which genes play a combined role in endoge-
nous sleep and energy stores, and whether or not these
pathways have been conserved across taxa.

Pleiotropy has become a recurring theme in behav-
ioral analyses. Four other studies examined these same
P-elementinsertion lines for bristle number (NORGA et al.
2003), starvation resistance (HARBISON et al. 2004), olfac-
tion (SAMBANDAN ¢t al. 2006), and aggression (EDWARDS
et al. 2006) . Table 8 shows the overlap between candidate
alleles for these traits, energy stores (this study), and the
alleles identified for 24-hr sleep in this study. Table 8
provides clear evidence for pleiotropy as lines bearing the
same mutation (i.e., alleles) have effects on as many as
four different phenotypes. Additional evidence for plei-
otropy stems from the genetic correlation analysis. The
relatively high correlations observed between sleep
phenotypes suggest that many of the same genes will
affect different aspects of sleep. However, none of the
correlations between sleep phenotypes are unity, imply-
ing that multiple molecular pathways impactsleep. Thus,
when considering sleep, specificity of the candidate genes
appears to be the exception, not the rule (GREENSPAN
2001). However, sleep can be dissected from other phe-
notypes in a pleiotropic gene. The escargot insertion
lines suggest that both sleep and energy stores can be
affected by different locations of the Pelement and that
the effects of the insertion location can be sex specific.
Thus, although many genes are pleiotropic, subtle
mutations allow the identification and separation of
polymorphisms that are specific to each phenotype
(SokorLowskr 2001). This separation was previously
achieved for life-history traits in natural populations of
D. melanogaster. independent polymorphisms in the gene
Catsup have effects on life span, bristle number, and lo-
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comotion (CARBONE ef al. 2006) and may be maintained
by balancing selection. A similar situation between sleep
and other important traits in natural populations, if
present, would potentially explain why genetic variation
for sleep exists.

As stated previously, an isogenic background was
employed to study the effects of single-gene mutations.
Although the number of lines surveyed was small (136),
the number of insertions having quantitative effects
(from 0.5 to 1o) (FALCONER and MAckAY 1996) on 24-
hr sleep was quite large—21. This finding suggests the
presence of a large mutational target for sleep; only a
few such mutations of opposite effect would be needed
to mask a more severe mutation, as was observed in
the background of long-standing mutations in Shaker
(CireLLI et al. 2005a). This phenomenon may explain
why the function of sleep, which up until recently was
studied in largely wild-type populations of humans and
mammals, remains elusive.
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the construction of revertant lines, and Mike Magwire for the
annotation of the P-elementlines. S.T.H. is the recipient of a National
Sleep Foundation Pickwick Fellowship and National Institutes of
Health training grant T32 HLO07713. A.S. is an investigator of the
Howard Hughes Medical Institute.
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