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Study Objectives: To determine the effect of different genetic backgrounds on demographic and environmental interventions that affect
sleep and evaluate variance of these measures; and to evaluate sleep and variance of sleep behaviors in 6 divergent laboratory strains
of common origin.

Design: Assessment of the effects of age, sex, mating status, food sources, and social experience using video analysis of sleep behavior in 2
different strains of Drosophila, white™"® (w'""%x) and white Canton-S (w®s). Sleep was also determined for 6 laboratory strains of Canton-S and 3
inbred lines. The variance of total sleep was determined for all groups and conditions.

Measurements and Results: The circadian periods and the effects of age upon sleep were the same between w®* and w°S" strains. However,
the w'® and wCS™ strains demonstrated genotype-dependent differences in the effects upon sleep of sex, mating status, social experience, and
being on different foods. Variance of total sleep was found to differ in a genotype dependent manner for interventions between the w'"®* and wes*
strains. Six different laboratory Canton-S strains were found to have significantly different circadian periods (P < 0.001) and sleep phenotypes
(P <0.001). Three inbred lines showed reduced variance for sleep measurements.

Conclusions: One must control environmental conditions in a rigorously consistent manner to ensure that sleep data may be compared between
experiments. Genetic background has a significant impact upon changes in sleep behavior and variance of behavior due to demographic factors

and environmental interventions. This represents an opportunity to discover new genes that modify sleep/wake behavior.
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INTRODUCTION

While some demographic factors have been consistently re-
ported to affect sleep in Drosophila, such as age'? and sex,?
other factors such as the mating status of female flies, have been
reported to either affect® or not affect sleep.” The different re-
sponses of mated females from the 2 different Canton-S strains
used in these studies may be due to the accumulation of dis-
similar genetic elements. However, this could also be because
sleep was measured in these studies using the single infrared
beam break system, the Drosophila Activity Monitoring Sys-
tem (DAMS). We have previously shown that video analysis
is more accurate in determining sleep and wake than DAMS,
which substantially overestimates sleep.® We have also ob-
served that the magnitude of these errors in estimation of sleep
with the DAMS system is dependent on genotype.

In the study reported here, video analysis was used to com-
pare the changes in sleep phenotype due to demographic and en-
vironmental factors that have been reported to affect sleep. We
were particularly interested in determining the effect of different
genetic backgrounds on demographic and environmental inter-
ventions that affect sleep. Therefore, we used two strains with
different genetic backgrounds, white Canton-S and white''’5*,
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We assessed the effects of age, sex, and mating status and
the following environmental influences: (a) the type of food the
flies were fed”!'?; and (b) the social environment of the fly during
the period before behavioral recording.” We also determined,
for each of these demographic and environmental interventions,
the variance of total sleep in an effort to ascertain if particular
interventions would reduce variance in both genotypes. Identi-
fication of an intervention that reduces variability in sleep quan-
tity in multiple strains would be beneficial to the discovery of
new genes and characterization of mutants. We also examined
sleep behavior of divergent laboratory populations of the com-
monly used wild-type strain Canton-S to determine whether ap-
parently identical strains from different laboratories had similar
or dissimilar sleep and whether some of these strains demon-
strated more variability in sleep/wake variables than others. We
also assessed circadian rhythm in these divergent populations
to determine whether the marked differences in sleep behavior
we observed in these strains were also found in their circadian
behavior. And finally we assessed sleep behavior and its vari-
ance in 3 highly inbred lines derived from a single wild-type
population found in Raleigh, NC."

Our results show that the response to environmental influ-
ences on sleep in flies differs between genotypes. Therefore,
the response to particular environmental changes is geneti-
cally determined. Moreover, there are substantial differences
in sleep amounts and other characteristics of sleep and wake
in different Canton-S strains used in different laboratories,
while only minor differences are found in the circadian period
of activity in these strains. We propose that studies of sleep
in Drosophila need to adopt strategies to minimize effects of
genetic background.
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Table 1—Experimental variables for each experimental group

Experimental Groups Food Age
Male vs Female Mo-Mo 10 days
Young vs Old Mo-Su 8-10 days, 38 days (w''"8),
or 56 days (W)
Mated vs Virgin Mo-Su 10 days
Molasses vs Dextrose Mo-Mo or Dx-Dx 10 days
Switching to Sucrose Mo-Su or Dx-Su 10 days
Group vs Isolation Mo-Mo 10 days
Canton-S Mo-Mo 10 days
Inbred Raleigh Strains Mo-Mo 10 days

The different variables we used for each of the experimental groups are summarized in this table. Mo-Mo = molasses-based food for entire study including
behavioral recording, Mo-Su = flies kept on molasses-based food from eclosion and then switched to sucrose food for behavioral recording, Dx-Dx = dextrose-based
food for entire study including behavioral recording, and Dx-Su = flies kept on dextrose-based food from eclosion and then switched to sucrose food for behavioral
recording. Age = the flies’ age in days at the start of the behavioral recording. Social Experience is the condition the flies were kept in before sleep recording, grouped
=8 to 10 flies, grouped* = 30 flies and isolated = 1 fly. Mating status is the condition of the fly when recorded. Sex is the sex of the flies used in the experiment.

Social Experience Mating Status Sex
Grouped Virgins Males or Females
Grouped Virgins Females
Grouped Virgins or Mated Females
Grouped Virgins Females
Grouped Virgins Females

Grouped* or Isolated Virgins Females
Grouped Virgins Females
Grouped Virgins Females

METHODS

Drosophila Stocks and Culture Media

The Canton-S isogenized (CSiso) and w'’# lines® and
white-eyed Canton-S (w®'?)!? line were described previously.
The w''% strain was isogenized from a w'’¢ strain found in
the Bloomington Stock Center (Indiana),'* while the w®’ strain
was created by crossing the same w'/’® white allele into a CS
strain for 10 generations.'”” We chose these 2 w'/’® strains be-
cause previous sleep studies have used strains containing the
w'¥ allele as an experimental control.''* The other Canton-S
lines used in these studies were gifts from Amita Sehgal (desig-
nated H), Daniel Marenda (designated DM), Amanda Crocker
(designated QAC and EK), and Felice Elefant (designated FE).
The isofemale inbred Raleigh lines (RAL-208, RAL-301, and
RAL-303) were obtained from the Bloomington Stock Cen-
ter and were described previously."! We used 3 different food
sources in this study: molasses media containing molasses,
cornmeal, yeast and agar; dextrose media containing dextrose,
cornmeal, yeast and agar; and sucrose media, which contains
only sucrose and agar (Table S1 in supplement). The molasses
and dextrose media were prepared by the Cell Center at the
University of Pennsylvania Perelman School of Medicine.

Standard Behavioral Recording Procedure

Newly eclosed flies were collected under CO, anesthesia,
placed into vials with the appropriate food, and placed into an in-
cubator on the same day. Flies were kept at 25°C on a 12 h light:
dark cycle. Fly food vials were changed every 2-3 days. When
flies were 9 days old, animals were removed from the incubator
during the light period, anesthetized using CO,, and individually
transferred into glass tubes with the appropriate food placed in
one end and yarn in the other end to allow gas exchange. These
individual tubes containing flies were then placed into trays of up
to 28 tubes. Each tray was transferred to an incubator set at 25°C
into the field of view of a Retiga 2000R digital camera (QImag-
ing, Surrey, BC, Canada). Flies were acclimated overnight, and
recordings were started at lights on (ZT0) when flies were 10
days old (see outline of experimental procedures in Table 1).
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Effects of Age

We selected ages for each strain which had < 50% of surviv-
ing flies based upon lifespan data: 38 days for w/’% (40.5%
survival) and 57 days for w®'? (27.9% survival). Newly eclosed
flies were placed in groups of 8 to 10 flies on molasses media,
transferred into new vials containing molasses media every 2 to
3 days until day 36 (w'*) or day 55 (Ww""?), when they were
individually transferred into glass tubes containing sucrose me-
dia. Aged flies were then acclimated in the monitor tube over-
night as described above for a single day and behavior recorded
for 5 days starting at ZTO on day 38 (w'//5) or day 57 (*517).
For this study, young controls were recorded starting at ZT 0 on
day 8-10 for 5 days (Table 1).

Effects of Sex

To study the effects of sex, newly eclosed males and females
were anesthetized using CO,, sorted by sex into groups of 8-10
flies and aged to day 9 as above on molasses media. Flies were
then individually transferred into monitor tubes containing molas-
ses media and recorded as described above for 5 days (Table 1).

Effects of Mating Status

We next studied the effect of mating in female flies. For both
the virgin and mated groups, newly eclosed female flies were
collected into groups of 10 and placed into a vial with molasses
food, as described above. Flies in the virgin group were then
recorded following the standard procedure as described above.
For the mated group, one male was added to each vial of 10
females. All flies were then transferred to glass tubes containing
sucrose media, followed by the standard procedure for record-
ing at 10 days of age. After 3 days of recording, each female
was removed from the glass tube and placed into a vial with
molasses-based food to verify the fly had mated. The mated sta-
tus of females was considered confirmed if larvae were observed
in the vial after several days. The behavioral data of females in
which the mated status could not be confirmed were eliminated
from our analysis. Only 3 days of behavior were recorded in this
aspect of our study to prevent the possibility of mated females
sharing the monitor tube with actively moving larvae (Table 1).
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Effects of Different Foods

Newly eclosed female flies were raised in groups of 10 with
either the molasses or dextrose food (Table S1), using the stan-
dard behavioral protocol as described above. On day 9 when
virgin females were anesthetized with CO, and placed in indi-
vidual tubes before behavioral recording, the tubes contained
the same food females were raised upon, i.c., either molasses or
dextrose food (Table 1).

Effects of Switching Foods to Sucrose

Newly eclosed females were raised in groups of 10 as above,
but when transferred on day 9 the virgin flies were placed indi-
vidually into tubes containing sucrose food, instead of the mo-
lasses or dextrose food upon which they had been raised from
eclosion (Table 1).

Effects of Social Isolation versus Group-Raised Flies

We compared the effects of keeping flies in social isolation
to being raised in groups. To do so, late stage pupae that had
darkened wings were wetted using a small paintbrush and then
gently removed with blunt forceps. The sex of each pupa was
determined under a dissecting scope by determining the pres-
ence of sex combs. Pupae that lacked sex combs were sexed
as females. Each female pupa was then placed in a 1.5 mL
micro-centrifuge tube containing 150 uL. molasses food on the
bottom and a pierced lid that allowed for air exchange. Each
of these tubes were placed so that they were physically and
visually isolated from each other and kept at 25°C overnight.
On the following day, each newly eclosed fly was anesthetized
using CO, and the sex was verified. For the isolated condi-
tion each individual female fly was transferred to a vial with
molasses food. For flies kept in grouped conditions, newly
eclosed female flies were combined into sets of 30 flies in vials
containing molasses food. Upon reaching 9 days of age, flies
from both conditions were transferred individually into moni-
tor tubes containing molasses media for behavioral monitoring
as described above (Table 1).

Behavior and Variance of Different Canton-S and Raleigh
Inbred Lines

Newly eclosed females from the 6 Canton-S and 3 Raleigh
inbred lines described above were collected into groups of 8-10
flies and raised upon molasses media for 9 days as described
above. On day 9, flies were individually transferred into moni-
tor tubes containing molasses media and their behavior record-
ed for 5 days beginning on day 10 (Table 1).

Determination of Circadian Period

Newly eclosed flies were collected and placed into vials of
dextrose-based food in groups of > 10 flies and kept at 25°C
on a 12:12 L:D cycle. The vials were changed every 2-3 days.
Flies were transferred into individual monitor tubes containing
sucrose food during the light part of the L:D cycle at 6 days
old and placed in DAMS monitors (Trikinetics, Waltham, MA),
which were then transferred into an incubator set at 25°C on the
same L:D cycle. The lights were disconnected when the flies
were 8 days old, and the activity of the flies recorded using the
DAMS monitor for an additional 7 days in D:D. The last 5 days
of D:D data (ages 10 days to 14 days old) were used to calculate
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the period of activity using the Lomb-Scargle method® in the
Clocklab software package (Actimetrics, Wilmette, IL).

Statistical Analysis

Six variables describing sleep and wake were determined
separately for daytime (ZTO to ZT12) and nighttime (ZT12 to
ZTO) for each group using our custom software®: total sleep, to-
tal wake, sleep bout number, wake bout number, median sleep
bout duration, and median wake bout duration. The effects of
specific interventions on sleep parameters within each fly strain
was tested, using mixed effects linear regression, with day fixed
effects and animal random effects. Mixed effects models are
analogous to linear regression models for repeated measure-
ments. The interventions examined in each of the fly strains were
as follows: effects of age (young compared to old); effects of
sex (male compared to female); effects of mating status (virgin
compared to mated); and effects of social isolation (isolated com-
pared to group-raised). For the food experiments, between food
media group comparisons were conducted for the following food
groups: molasses only (Mo-Mo), molasses switched to sucrose
(Mo-Su), dextrose only (Dx-Dx), and dextrose switched to su-
crose (Dx-Su). P-values reported for post hoc comparisons were
Bonferroni adjusted for the following comparisons; Mo-Mo to
Dx-Dx, Mo-Mo to Mo-Su, and Dx-Dx to Dx-Su. The sleep/wake
variables in the 6 CS strains and 3 Raleigh inbred lines studied
were also compared using the mixed effects linear regression
with day fixed effects and fly random effect. No post hoc com-
parisons were made for the CS strains or the Raleigh inbred lines.
We have chosen to show only the total sleep data in the figures
for clarity. The remaining values are discussed in the text where
appropriate, and all data can be found in the supplemental tables.

The variance of each sleep/wake variable was estimated for
each intervention group by specifying models with unequal
group variance. Significant differences in variance between
genotypes and interventions were determined using a likeli-
hood ratio test comparing models fitted with equal and unequal
intervention group variances. The variance and significance of
differences in variance for total sleep is presented as the sole
measure of whether an intervention or demographic factor re-
duced or increased variance. Variance and the significance of
differences in variance for other sleep and wake measures were
determined but were found to lead to the same conclusion as to-
tal sleep alone and are not further described for sake of clarity.

As these parametric models assume normal distributions,
the distribution of individual sleep/wake measures per group
was critically examined for satisfaction of a normal distribu-
tion. Wake bout durations during the day exhibited an extreme
right skew. However, this was considered somewhat artifactual,
in that this resulted from a small number of flies having a few
wake bouts of very long duration during the day. Therefore, the
data for wake bout duration was log transformed to allow use
of parametric modeling. In addition to log transformation of
bout length values, in order to include data from flies with very
few bouts, data from these flies were modified using a “Win-
sorising” technique.?' In brief, The Winsorising process simply
replaced the largest observed value bout length (durations of
> 360 min of wake) with the second largest value (durations of
360 min of wake). Analyses were conducted in SAS Version
9.2, The SAS Institute (Cary, NC).
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Figure 1—Effects of age on total sleep and variance due to age. Age effects total sleep both in the daytime and nighttime and affects variance of total sleep
in a time of day dependent manner. Upper Panels: The amount of total sleep for daytime and nighttime is shown for w®s'® and w®* strains. Average total
sleep in minutes plus standard deviation is shown. Lower Panels: The amount of variance for daytime and nighttime is shown for w®s"® and w'""®* strains.
Young animals = gray bar. Older animals = white bar. w®" young n = 30, wS" old n = 35. w'""® young n = 29, w'® old = 33. Asterisks indicate significant
differences between young and old groups; *P < 0.05, **P < 0.01, ***P < 0.001.
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We report our variance data as minutes squared, as the unit of
variance is the average of the squared deviations of the variable.
Variance was chosen rather than standard deviation because the
standard deviation is an aggregate measure of the distribution of
variance (i.e., standard deviation has no distribution of its own
by definition), while the variance can be computed for each fly
per day and has a distribution. These properties of variance make
it ideal for testing variability, as variance is a direct measure of
variability. We determined variance by subtracting the individual
fly’s sleep values from the mean of all flies’ sleep measurements
and squared it. The variance is reported as a single number, which
is the average of all these squared deviations for total sleep for
each genotype (W™, w!'% 6 Canton S, and 3 Raleigh strains)
and each condition, i.e., male, female, old, young.

RESULTS

Circadian Period of the w®" and w'""® Strains Are the Same

To evaluate whether the differences in the circadian clock of
w10 and w!% strains contribute to observed differences in the
sleep phenotypes, we determined the circadian period of activ-
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ity for both males and females of these 2 strains. The periods
for w!” and w''"** males were not significantly different, 24.46
+ 0.26 h and 24.21 + 0.58 h, respectively (P = 0.64, student ¢-
test). The circadian period for females was also not significantly
different (P = 0.21, student #-test) between the w™'? and the
whldestraing, 24.63 + 0.72 h and 24.82 + 0.42 h, respectively.

Sleep and Wake in Old Versus Young Flies of the w'""®* and
wes0 Genotypes

We have previously shown the effects of age on sleep as
determined by video within the w///%" strain.® In the current
study we repeated the examination of the effect of age on
sleep measures in w'/’% as well as studied the effect of age in
an additional wild-type strain, i.e., w™'°. We also determined
the variance in total sleep measures of old and young flies in
these 2 strains. We replicated our observation of significantly
less total sleep for old flies than young flies both during the
day (P < 0.001) and night (P < 0.001) in the w'//% strain; we
saw the same result for the w™'’ strain (P < 0.001 daytime and
P =0.003 nighttime; Figure 1). Older flies of both strains have
long consolidated wake bouts with fewer shorter sleep bouts
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Figure 2—Effect of sex on total sleep and variance due to sex. Sex affects total sleep and variance of total sleep in a strain dependent manner. Upper
Panels: The amount of total sleep for daytime and nighttime is shown for wCS™ and w'""®* strains. Average total sleep in minutes plus standard deviation
is shown. Lower Panels: The amount of variance for daytime and nighttime is shown for w®" and w'"® strains. Females = gray bar. Males = white bar.
weS10 females n = 55, wCS™ males n = 48. w''"® females n = 51, w'"®* males = 50. Asterisks indicate significant differences between male and female flies;
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than young flies (Table S2). Although older flies of both strains
have reduced nighttime sleep, age affects sleep architecture in
each strain differently. Aged w'/’# flies do not have more bouts
than young flies but have longer wake and shorter sleep bouts,
whereas older w™'’ flies have more but significantly shorter
sleep bouts (Table S2)

We next examined the effects of age of both strains upon
the variance of total sleep. Age affected variance of daytime
total sleep differently than nighttime total sleep in both of these
strains (Figure 1). Younger flies had greater variance of total
sleep during the day, while older flies had greater variance of
total sleep at night. Therefore, for the w®™'? and w'/’% strains,
although the effect of age upon total sleep was the same for
both nighttime and daytime, the effect of age upon variance of
total sleep was dependent upon time of day.

Effects of Sex on Sleep in the w''®* and w®" Genotypes

As reported previously in other strains,*> males slept signifi-
cantly more than females during the daytime in both the w'//%*
and w'? strains (P < 0.001 for both) (Figure 2). This was due to
males of both strains having a greater number and longer dura-
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tion of sleep bouts than females (Table S3). During the nighttime,
however, the 2 strains show different effects of sex upon sleep. As
we have previously shown,® w'//* males slept significantly more
at night than w'//% females (P < 0.001). In contrast, w™’’ males
slept significantly less at night than w™'? females (P < 0.001; Fig-
ure 2). Males of both strains had fewer sleep bouts than females,
but w'"%* males had significantly longer bouts, while w™’’ males
had shorter sleep bouts than females of the same strain (Table S3)

Variance of total sleep also differed between sexes but the
patterns of differences in variance were different between gen-
otypes. For the w™'? strain, female variance of daytime total
sleep was significantly less than male variance, but nighttime
total sleep variance was not significantly different (Figure 2).
The opposite occurs in the w'//%" strain, as female w'//* flies
had significantly more variance than males in total sleep during
both daytime and nighttime (Figure 2).

Thus, sex differences in sleep behaviors were very similar
for sleep behavior between the 2 strains in the daytime, but total
sleep time differed between sexes in a strain specific way dur-
ing the nighttime (Figure 2). There were no common male or
female sex differences in the variance of total sleep, given that
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Figure 3—Effects on total sleep and variance due to mating status in females. Mating status of females affects total sleep and variance of total sleep in
a strain dependent manner. Upper Panels: The amount of total sleep for daytime and nighttime is shown for wCS'® and w'"® strains. Average total sleep
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females = 18. Asterisks indicate significant differences between virgin and mated females; *P < 0.05, **P < 0.01, ***P < 0.001.

the direction of the differences observed between males and fe-
males was strain specific (Figure 2).

Sleep in Mated Versus Virgin w'"®* and w®"° Females

We also examined whether mating affected female sleep/
wake behavior and the variance of these behaviors. The trends
in daytime sleep behavior were in the same direction for mated
females versus virgins in both w5 and w'? strains; i.e., less
total sleep (Figure 3), fewer bouts, and longer wake bout dura-
tions (Table S3). However, only longer wake bout duration was
significantly different for mated versus virgin females of the
whide strain (P = 0.006), whereas all of these behaviors were
significantly different for w™'’ mated females (all P < 0.001;
Table S3). During the nighttime, the only significant difference
in sleep/wake parameters between mated and virgin females
was that mated w'//* females slept longer than virgins of the
same strain (P = 0.021; Figure 3).

The patterns of variance in total sleep between mated and vir-
gin females were different between the 2 strains. Mated w<’
females had greater variance in nighttime total sleep than virgin
females (Figure 3). In contrast, mated females of the w//% strain
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had no significant differences in the variance of either daytime
total sleep or nighttime total sleep than virgin flies (Figure 3).

Thus the effects of mating previous to behavioral recording
were strain specific. As with age and sex, the pattern of differ-
ences in variance in total sleep were also strain specific

Effect of Food upon Sleep and Wake in w""®* and w¢s"

It has previously been reported that the composition of the
food being fed during behavioral recording affects sleep behav-
ior in female flies of a w/'/® strain when 2% yeast extract is
added to 5% sucrose without yeast.” We examined the effects
on sleep behavior and variance of sleep of 2 different foods,
molasses- and dextrose-based (Table S1), in females of the
w%and w!% genotypes. In addition, the effects upon sleep
phenotype and variance of switching from either dextrose- or
molasses-based food to 5% sucrose were examined.

Effects of Molasses versus Dextrose-Based Foods upon Sleep
in WCS10 and W1118ex

Comparisons of specific food differences reveal that the 2
genotypes show a very similar behavioral response to being on
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Figure 4—Effects on total sleep and total sleep variance due to food. Different food regimens affect total sleep and variance of total sleep. Upper Panels:
The amount of total sleep for daytime and nighttime is shown for weS" and w'"®* strains. Average total sleep in minutes plus standard deviation is shown.
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n =54 and Dx-Su n = 51. For w'""®*: Mo-Mo n = 56, Mo-Su n =45, Dx-Dx n = 48 and Dx-Su n = 51. *P < 0.05, **P < 0.01, ***P < 0.001. Arrows indicate which
groups are significantly different from each other.

dextrose versus molasses food during the daytime. Both w!’
and w''% females had increased total sleep (P < 0.001 and
P =10.036, respectively; Figure 4), increased sleep bout number
(P=0.004 and P =0.016, respectively), and shorter wake bouts
(P<0.001 and P = 0.009, respectively) on dextrose media than
on molasses media (Tables S5, S6). Both strains also had longer
median sleep bout durations on dextrose versus molasses media
(Table S5), but only the bout durations of w™'? females were
significantly longer (P < 0.001; Table S6).

During the nighttime, differences between the sleep pheno-
types on the molasses and dextrose-based foods were depen-
dent on strain. The w®"? females had fewer (P < 0.001) and
longer duration sleep bouts (P = 0.001) on dextrose rather than
on molasses, whereas in the nighttime, w'//%* females did not
display significantly different behavior when on dextrose or
molasses-based food (Tables S5, S6).

The effect of food upon variance of total sleep was affected
by time of day in both strains. During the daytime on molas-
ses- and dextrose-based foods no significant differences in the
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variance of total sleep were found in either genotype (Figure 4),
whereas during the nighttime, flies kept on dextrose food had
significantly decreased variance in total sleep compared to flies
kept on molasses food in both the w™'? (P < 0.01) and w'/5
strains (P < 0.05) (Figure 4).

Thus, the differences in sleep and wake of flies kept on 2 dif-
ferent food types were most profound on daytime sleep behav-
ior for both strains, but neither strain showed a significant effect
of the different foods upon variance of total daytime sleep. In
contrast, while the nighttime total sleep behavior was not sig-
nificantly different between foods, variance of total sleep on the
dextrose-based food was decreased compared to flies kept upon
molasses-based food for both the w'? and w'/’% strains.

Switching to Sucrose Food

Strain differences were also observed comparing the ef-
fects of flies being switched from either molasses- or dex-
trose-based food to sucrose-based food (Table S1) versus
flies kept on the same food during acclimation and behavioral
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recording. In general, switching from either complex food to
sucrose tended to consolidate sleep in these 2 strains (Table
S5, S6); however, the time of day in which this happened
was dependent on genotype. The w®? flies significantly con-
solidated nighttime sleep when switched from dextrose to su-
crose (Tables S5, S6). The w'/'* strain showed significantly
more total daytime sleep (Figure 4) and more consolidated
daytime sleep (Tables S5, S6) when switched from either
food to sucrose.

The effect upon variance of total sleep when changing
to sucrose media from either molasses- or dextrose-based
food also differed between the 2 genotypes. The w™'? strain
showed a significant increase in daytime total sleep variance
when switched from dextrose food to sucrose food during re-
cording, while the w’//* strain showed a significant increase
in the variance of daytime total sleep when switched to su-
crose from molasses-based food (Figure 4). Neither strain
showed any significant changes in variance of total nighttime
sleep when switched to sucrose from molasses- or dextrose-
based foods.

SLEEP, Vol. 35, No. 4, 2012

Effects of Social Isolation upon Sleep Behavior and Variance of
Sleep Behavior

Newly eclosed flies kept in isolation for 4 days before their
behavior was recorded have been reported to have less daytime
sleep and shorter daytime sleep bout durations than flies kept in
groups of > 4 flies.” Flies kept in groups also had less variance
in their total sleep across the day (Figure 1, Panel b).” There-
fore, we wanted to ascertain the effects of social isolation upon
sleep/wake behavior and variance of these behaviors as deter-
mined by video analysis in the w™'? and w'//%" strains.

We observed the same loss of total daytime sleep with social
isolation in both the w'//% (P = 0.001) and w"? (P < 0.001)
strains, although to a lesser degree than reported previously
(Figure 5). No significant differences in sleep bout duration be-
tween isolated and grouped flies were observed, but there was
a significant decrease in the number of daytime bouts of sleep
for isolated flies of the w'//% (P = 0.022) and w'? (P = 0.001)
strains (Table S7). During the nighttime, there was a signifi-
cant decrease in total sleep (P < 0.001; Figure 5), a decrease in
median sleep bout duration (P < 0.001), and an increase in the
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median wake bout duration (P < 0.001) in isolated flies of the
wlde strain (Table S7). However, no effects of social isolation
upon nighttime sleep/wake parameters were observed in the
w1 strain.

The effects of social isolation upon variance of sleep/wake
parameters were strain dependent (Figure 5). For w®'’ flies, the
variance of both daytime and nighttime total sleep for group-
raised flies was not significantly different from isolated flies,
whereas the group-raised w'//** flies had significantly greater
variance in their daytime sleep than flies of the same strain
raised in isolation.

CS Strains from Different Sources Have Very Different
Sleep Behaviors

We next assessed differences in sleep from Canton-S strains
originating from different laboratories. The Canton-S strain is
a commonly used wild-type strain that was originally collected
in the 1920s.> We determined sleep amounts and compared this
and the variance of sleep between flies of 6 different Canton-S
strains—35 from other laboratories and an isogenized strain of
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Canton-S that we described previously.® These studies were
done using 10-day-old females raised in groups of 10 flies upon
molasses-based food and kept on molasses food when trans-
ferred into their individual monitor tubes (see Table 1). There
were highly significant differences between strains for all sleep
and wake characteristics both during the daytime and nighttime
(Table S8). There was a significant overall effect of genotype
for each of the characteristics (P < 0.001 for all, except median
nighttime sleep bouts, which was P = 0.003). Total nighttime
sleep varied between these laboratory strains from a minimum
0f 246.4 + 186.7 min in the FE strain to a maximum of 487.9 +
88.5 min in the Is020 strain (Figure 6).

Circadian Period Differs Between Strains

We next assessed whether the strain differences in sleep were
also found in another related behavior—the period of circadian
rhythm (Table 2). The circadian periods were found to be signif-
icantly different between strains by ANOVA (P <0.001). While
the differences in period between strains were significant, the
differences were not large (of the order of 4.3%); whereas the
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Table 2—Circadian period of activity in the six Canton-S strains is different

Activity Period Post Hoc
CS Strain (hours * SD) Comparisons

H 25.07 £0.85 ac
DM 25.55 +0.60 ab
QAC 25.07 £0.25 ac
EK 24.73+£0.74

FE 25.31+0.44 ab
Is020 2449 £0.42

The circadian period was calculated using the Lomb-Scargle method
(Clocklab). The Canton-S lines were from Amita Sehgal (designated H),
Daniel Marenda (designated DM), Amanda Crocker (designated QAC
and EK) and Felice Elefant (designated FE) and our own laboratory
(designated 1s020).The period of activity + standard deviation is shown in
hours. The significance of Tukey pair-wise post hoc comparisons are as
follows: a = P < 0.005 versus 1s020; b = P < 0.005 versus EK; c=P < 0.05
versus DM.

differences seen in sleep and wake behaviors are more extreme
exceeding 2-fold for a number of parameters.

Variance of Total Sleep Differs Greatly Between
Canton-S Strains

The 15020 strain has the lowest variance of total sleep dur-
ing the nighttime and second least variance in total sleep in the
daytime (Figure 6). The generally lower variance seen in the
15020 strain may be due to the strain having been sib-mated
for 20 generations previous to the study®; although this strain
has been maintained as a population without selection or main-
tenance of isogeny since that time. Variance of daytime sleep
was independent of nighttime variance of the same variable;
for example, the QAC strain had the least variable daytime total
sleep but the third highest amount of variance in nighttime total
sleep (Figure 6).

Sleep Phenotypes and Variance of Three Isofemale Derived
Inbred Lines

To further investigate the possibility that isogenization re-
duces variability of measures of sleep behavior, we recorded
sleep and determined variance of sleep measures in 3 inbred
lines, Ral-208, Ral-301, and Ral-303. These 3 lines are part of
a collection of lines derived from individual fertilized females
collected from the Raleigh, NC, area and then inbred for 20
generations." This is the same level of inbreeding that the CS-
[s020 strain underwent. These strains are likely to have a differ-
ent genetic background than the Canton-S strains, which have
been a laboratory strain for over 90 years; therefore, we did not
analyze them in a single ANOVA. These strains showed very
different sleep phenotypes, but tended to have reduced daytime
variance in total sleep and middling variance of total nighttime
sleep when compared to the Canton-S strains (Figure 6). These
strains were inbred in 2003 and therefore predate the isogeniza-
tion of the CS-I1s020 line, yet they have relatively less variance
than the Canton-S, for which no inbreeding has been noted
since the 1920s. Therefore, our data suggests that isogeniza-
tion reduces variance of sleep measures and that this effect may
persist for some time.
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DISCUSSION

The factors of age,'? sex,*’ and mating status in females®
have all been shown to affect sleep behavior in Drosophila.
We have confirmed using video analysis the general changes in
sleep behavior previously reported for these factors. However,
which specific sleep behaviors and what time of day these ef-
fects are observed differ between the w™'? and w'//% strains.
While we did find significant differences in sleep phenotypes
between these two strains, we did not find significant differ-
ences in their circadian periods. The w®™'? strain was derived by
crossing a w'// strain for multiple generations into a Canton-S
strain. It is possible that the w™'? and w'/% strains have the
chromosomal region immediately proximal to the white gene
of their genomes in common, because they were both derived
from an ancestral strain carrying the original white’"’* allele iso-
lated in 1984.2 However, the original w'/’¢ allele, and therefore
the w'/'%" strain in these studies, was found as a spontaneous
mutation in a stock derived from an entirely different wild-type
Drosophila strain from Canton-S, Oregon-R.*** Therefore, dif-
ferences in sleep/wake behavior observed between the w™'? and
wldex strains are most likely because these strains have differ-
ent genetic backgrounds.

Both Food and Social Experience Prior to Behavioral Recording
Profoundly Affect Sleep Phenotype

In this study both w®!? and w!/%* strains raised on two dif-
ferent foods had significantly different sleep/wake behaviors,
although the effects varied between genotype (Figure 4, Tables
S5, S6). Adding 2% yeast to sucrose food (same formula as this
study, see Table S1) has been reported to lead to increases in
total sleep (only in the daytime), increases in sleep bout num-
ber, and decreases in wake bout duration relative to females of
a w''"® strain kept on sucrose food without added yeast.” Like-
wise, increasing the yeast concentration fivefold while keeping
the sucrose concentration constant is reported to increase day-
time sleep with no effect on nighttime sleep.'® It has been pro-
posed that the addition of yeast affects sleep behavior through
alteration of ratios of dietary amino acids.” The differences we
observed between the w™'? and w!/%* strains is unlikely to be
due to differences in yeast content of the food, since the mo-
lasses and dextrose foods do not significantly differ in yeast
amounts, 3.2% and 2.9%, respectively. Molasses is a mixture
of compounds containing a small amount of protein,” and the
molasses recipe used in this study also has a higher concentra-
tion of cornmeal, which also contains amino acids®® than the
dextrose-based food (Table S1). Therefore, it is possible that
differences in the amino acid content of the two foods we stud-
ied lead to alterations in sleep behavior. We conclude that the
different genetic backgrounds of the w™’? and w'/’# strains de-
termine the strain-dependent manner in which the two foods
affect sleep and wake.

Another environmental factor that affects sleep is the degree
of social isolation during early adulthood. Ganguly-Fitzgerald
et al.” observed that flies kept in groups of at least four flies for
four days before behavioral recording, slept significantly longer
than flies raised in isolation from the pupae stage. In our stud-
ies social isolation also profoundly reduced the daytime total
sleep of both strains we examined (Figure 5). We also observed
a decrease in the nighttime sleep of isolated w'//5* females but
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not in w'%; i.e., the effect of social isolation on nighttime sleep
is dependent on genotype. We did not observe a significant
decrease in daytime sleep bout duration as previously report-
ed,” but we did find a reduction in the number of sleep bouts
(Table S7). The lack of a significant decrease in daytime sleep
bout duration may be because of differences in genetic back-
grounds of the CS strain used in the previous study versus the
w10 and w!'% strains used in this study. Also video analysis
estimates daytime sleep more accurately than DAMS, which
we have shown to overestimate sleep bout duration.®

The effect on sleep and wake of social experience and the
type of food the flies are exposed to indicates that these and
other environmental conditions need to be controlled in a rigor-
ously consistent manner to ensure that sleep data may be com-
pared between experiments and between laboratories.

Dextrose-Based Food Reduced Variance in Nighttime
Sleep Measures

This study also ascertained the impact of demographic and
environmental factors on variance of sleep behavior of two
white-eyed strains of Drosophila melanogaster. Any interven-
tion that reduces variance consistently will be of value because
reduced variance in sleep measures enables investigators to
more readily detect the effects of genetic mutations or experi-
mental interventions upon sleep. In all cases, however, the vari-
ance observed in daytime behavior did not predict the variance
observed in the same behavior in the nighttime. Variance of to-
tal sleep was affected by sex and mating status of females in a
strain-dependent manner. The amount of variance observed due
to the environmental parameters of food source and extent of
social interactions during early adult stage were also found to
be strain dependent. However, both the w®'? and w'//% strains
kept on dextrose food had less variance in nighttime total sleep
than when kept on molasses-based food. This was also true for
other nighttime sleep/wake parameters (data not shown). Vari-
ance in daytime sleep was not significantly affected by either
molasses or dextrose-based foods (Figure 4). Therefore, we
conclude that the dextrose-based food generally reduces vari-
ance of nighttime sleep behavior.

Canton-S Strains from Different Laboratories Are Not Equal

A somewhat surprising result was the very large differ-
ences in all aspects of sleep/wake behavior between different
Canton-S strains kept in different laboratories. The original
wild type CS strain was collected in Canton, Ohio, by Calvin
Bridges in the 1920s. This strain has been kept for many gen-
erations separately in different laboratories since that time. We
examined the sleep and wake behavior of six CS lines which
came from different laboratories, one of which had recently
been isogenized for twenty generations.® Every sleep and wake
behavior examined in this study was significantly different
among the six CS lines, during both the daytime and the night-
time (Table S8). This demonstrates that for determining sleep,
one laboratory line of CS is not the equivalent of another CS
line from a different source. The impact of this non-equivalency
can be seen in recent studies of the effect of aging upon sleep
phenotype in Drosophila. We have found in this study that age
has a consistent effect upon sleep and wake between w'!'* and
w10 strains. Older flies of both strains slept less and had shorter
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sleep bout durations than young flies (Figure 1, Table S2). This
phenotype is very similar to the aging phenotype seen in a pre-
vious study in two CS-strains' and a more recent study which
examined sleep phenotype across the lifespan in a CS strain.”
These findings are in contrast to another study, which observed
that total sleep amounts increased and sleep bout duration did
not change with age.” In this study all of the mutant and wild-
type sibs were crossed in to a single Canton-S strain.”® The
authors attributed the discrepancy between their study and the
previous study to differences in genetic background and rearing
conditions.” We agree that genetic background differences are
the likely explanation for the different results in these studies.

Our findings of large differences in sleep between CS strains
from different laboratories suggest that these strains have ac-
cumulated differences in their genetic backgrounds over time.
There are a number of mechanisms which could account for
these differences, which are not mutually exclusive. Over time,
different strains maintained in different laboratories can end up
with different alleles for multiple genes that would lead to sig-
nificant effects upon sleep and wake behavior, through either
mutation events (which would generate new alleles) or the ex-
clusion of specific alleles through genetic drift. Another mecha-
nism of genetic variation, copy number variation, has recently
been shown to be more common than initially believed and
conserved across numerous species, including Drosophila.**-!
Therefore, copy number variation could also account for dif-
ferences in genetic background between Canton-S strains. It is
also possible that epigenetic modifications which have become
fixed and heritable would lead to the differences we observe
in sleep behavior between CS-strains.”? Recently, it has been
shown that stress-induced epigenetic modifications have been
passed down for several generations from a single event and
that repeated events increased the number of generations these
modifications persisted in the populations.*

There are also differences in the circadian period for these
six CS strains, although the maximum difference in period seen
between these six strains is only 4.3% (Table 2), whereas the
maximum difference seen between strains for daytime total
sleep is greater than 600%, and nighttime sleep maximum dif-
ference is approximately twofold. Therefore, although the cir-
cadian periods for these strains were different from one another,
the magnitude of the difference was small compared to the large
differences seen in sleep/wake behaviors. The magnitude of
sleep behavior differences versus the magnitude of differences
in circadian period likely reflects that sleep may be determined
by more genes than circadian period. Evidence for as many as
1,659 genes determining sleep in Drosophila was found in a
quantitative trait loci analysis of 40 inbred lines derived from
individual female flies, all collected from Raleigh, NC.**

Strategies to Address Background Issues

This effect of genetic background is not unique to sleep, as
evidenced by the recent controversy about whether sirtuins af-
fect longevity in Drosophila.*>3¢ Results from one laboratory
may not be replicated in another laboratory using a seemingly
identical strain. It is conceivable that a particular mutation
could have distinctive effects upon sleep when crossed into
different strains of Canton-S because of different sets of mod-
ifier genes. This background issue is not unique to Drosophila
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since it also occurs in mice.*” Investigators who routinely used
mouse mutants convened to discuss the issue and developed
recommendations to address genetic background issues.*® One
strategy in Drosophila to avoid this issue is to conduct for-
ward genetic screens looking for mutants with extreme altera-
tions in sleep that are likely to be less sensitive to modifier
genes. This strategy has led to the identification of mutants
with a loss of function of the Shaker K channel* and the gene
sleepless,*® both of which have profound reductions in sleep
as well as other neurological abnormalities. But evaluating
only extreme phenotypes limits the identification of many of
the genes altering sleep.

An additional solution to this issue is to demonstrate that
a particular environmental change or altered expression of a
gene produces the same phenotype in at least two unrelated
strains; this would strengthen the case for the effect of specific
mutations or genetic interventions (such as overexpression or
knockdown) as not being dependent on genetic background.
Crossing all mutations or genetic constructs into the same well
characterized wild-type strain is also a method to reduce ge-
netic background within an experiment. For behavioral stud-
ies using knockdown or overexpression, the lines containing
the expression and driver constructs (UAS and GAL4, for ex-
ample) should ideally have as similar a genetic background
as practical. This entails a minimum of 8 backcrossings into a
common background strain.*> Our data also suggest that isog-
enization may reduce the amount of variance in sleep. This
needs to be confirmed in other studies. Use of an inbred line for
backcrossing could reduce the background issue for mutations
and/or genetic constructs of interest while reducing variability
in behavioral measures as well. Lastly the development of the
site-specific phiC31 integrase system in the fly*"** allows the
opportunity to create gene expression lines (containing con-
structs for overexpression or RNA1), which will all have the
same genetic background without backcrossing and addition-
ally prevent variability due to random insertion of the construct
in the genome.

In one sense this major effect of genetic background repre-
sents a challenge to studying sleep in Drosophila. An alternative
view is that differences in the amount of sleep/wake in different
strains found in different laboratories are not a problem but an
opportunity. As the cost of genome sequencing decreases due
to new technologies, identification of modifier genes in these
divergent strains from different laboratories becomes feasible,
which will likely lead to discoveries of new genes that modify
sleep/wake behavior.

CONCLUSION

Our data demonstrate that relatively minor differences in
environmental conditions have major impacts upon sleep be-
havior. Therefore, investigators must control environmental
conditions in a rigorously consistent manner to ensure that
sleep data may be compared between experiments and labora-
tories. Genetic background also has a significant impact upon
changes in sleep behavior in response to environmental and de-
mographic factors. There are a number of strategies which can
be implemented to address the effect of genetic background,
such as: demonstrating that the effects of mutations or interven-
tions are the same in multiple unrelated backgrounds, crossing
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all constructs and mutations for a minimum of 8 generations
into the same strain, and using site specific integration, such
as the phiC31 system, to ensure constructs are in an identi-
cal genetic background. As new sequencing technologies are
developed the differences in sleep/wake behavior observed in
different backgrounds becomes an opportunity to discover new
genes involved in sleep and wake regulation. An important first
study would be to discover the contribution of genetic back-
ground to the differences observed by different laboratories of
the effect of age upon sleep.
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