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Purpose: Drosophila melanogaster and our own species share (Homo sapiens) the history of 

relatively rapid out-of-Africa dispersal. In Eurasia, they had faced a novel adaptive problem of 

adjustment of their circadian rhythmicity and night sleep episode to seasonal variation in day length 

and air temperature. Both species usually respond to heat and a short duration of night by reduction 

of the amount of night sleep and prolongation of “siesta”. To further explore similarities between 

the two species in the ways of adjustment of their sleep–wake behavior to extreme environmental 

factors, this study examined the possibility to distinguish four extreme chronotypes among fruit 

flies and the possibility of the differential response of such chronotypes to light and heat stressors.

Materials and methods: Circadian rhythms of locomotor activity and sleep–wake pattern were 

tested in constant darkness, and four strains of fruit flies originating from three wild populations 

of Africa, Europe, and the USA were selected to represent four distinct chronotypes: “larks” 

(early morning and evening activity peaks), “owls” (late morning and evening peaks), “swifts” 

(early morning and late evening peaks), and “woodcocks” (late morning and early evening 

peaks). The circadian rhythms and sleep efficiency of the selected chronotypes were further 

tested under such extreme conditions as either long day (LD20:4 at 20°C) or a combination of 

LD20:4 with hot temperature (29°C). 

Results: Despite the identity of such experimental conditions for four chronotypes, their circa-

dian rhythms and sleep timing showed significantly distinct patterns of response to exposure to 

heat and/or long days. All two-way repeated measures analysis of variances yielded a significant 

interaction between chronotype and time of the day (P<0.001).

Conclusion: An experimental study of heritable chronotypes in the fruit fly can facilitate a 

search for genetic underpinnings of individual variation in vulnerability to circadian misalign-

ment, maladaptive sleep–wake behavior, and sleep disorders.

Keywords: sleep–wake pattern, morning–evening preference, circadian rhythm, photoperiod, 

temperature, locomotor activity

Introduction
Drosophila melanogaster and our own species (Homo sapiens) share the history of 

relatively rapid out-of-Africa dispersal.1 Eurasian populations had faced the novel 

adaptive problem of adjustment of the circadian rhythms and night sleep episode to 

seasonal variation in day length. Such photoperiodic effects on the circadian rhythms of 

locomotor activity and sleep in D. melanogaster were intensively studied.2–8 It was, in 

particular, shown that, to some extent, the circadian rhythms are capable of adjusting to 

seasonal change in day length by shifting the evening peak of activity and lengthening 
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of daytime “siesta.” For instance, this adaptive response 

was always observed after exposure to the light–dark cycle 

consisting of 16 h of light and 8 h of darkness (abbreviated 

as LD16:8). However, further day lengthening (eg, LD20:4) 

resulted in a response of the circadian clock mechanism 

that might be regarded as maladaptive, due to a failure of 

additional delay of the evening peak for keeping it in synch 

with the clock time of transition from light to darkness.2,3,5

It is also enticing to draw parallels between sleep–wake 

behavior of humans and fruit flies exposed to thermal 

stress.9 The fly’s sleep pattern is too sensitive to heat. In 

particular, it might be reorganized by an increase of ambi-

ent temperature in a way that is very similar to the human 

sleep response, that is, nighttime sleep and daytime activity 

might decrease, whereas “siesta” and early night activity 

might increase.4,9–12 

Therefore, the study of the circadian rhythms in 

D. melanogaster can provide a powerful and rapid platform 

to uncovering the mechanisms responsible for sleep–wake 

disturbances associated with environmental stresses. To 

further explore the similarity between two species in 

respect of their circadian adaptations, maladaptations, 

and disorders, we examined whether four chronotypes 

(diurnal types), nicknamed “larks”, “owls”, “swifts”, and 

“woodcocks”13 might be distinguished among fruit flies, 

and whether they differentially respond to light and heat 

stressors. 

The reason for asking such questions in the present study 

was that, to our surprise, we did not find in the Drosophila 

literature any reports exploring a possibility to divide the 

flies on the basis of their sleep–wake pattern into even only 

two rather than four chronotypes, such as just “larks” and 

“owls”. Although the division into “larks” and “owls” was 

previously explored, it was only in the studies of early and 

late eclosion chronotypes.14 As for the studies of sleep–wake 

typology in D. melanogaster, the previously published 

reports focused on the distinction between the types of 

short and long sleepers15 rather than between the birds of 

different feathers.

Consequently, in four of our Drosophila experiments, we 

tested the following four hypotheses.

1. Can we identify, among the strains from wild popula-

tions, the representatives of four distinct chronotypes, 

nicknamed13 “larks” (early morning and evening activity 

peaks), “owls” (late morning and evening peaks), “swifts” 

(early morning and late evening peaks), and “woodcocks” 

(late morning and early evening peaks)?

2. Can this division into chronotypes persist, despite sea-

sonal changes in the sleep–wake pattern associated with 

circadian phase adjustment, such as the shift of the eve-

ning activity peak that is proportional to change in day 

length at moderate latitudes of Eurasia?

3. Can these chronotypes differ one from another in a pattern 

of their maladaptive response to extreme lengthening of 

day length, such as occurring at high latitudes of Eurasia?

4. Can these chronotypes also differ one from another in 

their maladaptive response to combination of such an 

extremely lengthened day with hot air temperature?

Materials and methods
Prior to the circadian rhythms’ recordings, flies were always 

kept under natural photoperiod and room temperature, rang-

ing between 20°C and 24°C. Only males aged between 4 and 

10 days were recorded. For the circadian rhythms’ recording, 

flies were placed individually for 5 days in glass locomotor-

monitoring tubes with standard cornmeal agar medium (ie, 

50 g of maize meal, 5.6 g of agar, 18 g of dry yeast, and 60 g of 

sugar per liter of water). Locomotor activity was monitored in 

1-min bins using the Drosophila Activity Monitoring System 

(“Trikinetics”. Waltham, MA, USA). The same data sets were 

also used to measure sleep events, defined as 6 consecutive 

minutes of absence of any locomotor activity.16 Parameters 

of locomotor activity and sleep events were calculated using 

a data acquisition software package downloaded from the 

TriKinetics website (www.trikinetics.com). 

Under air temperature of 20°C and in constant darkness 

(DD), the flies were recorded for the first time in June (Experi-

ment 1). The recordings were obtained from flies originating 

from eight strains (eight flies per each strain). From these 

eight strains, four strains were selected as the representatives 

of four distinct chronotypes,17,18 nicknamed “larks,” “owls,” 

“swifts,” and “woodcocks” (early morning and evening activ-

ity peaks, late morning and evening peaks, early morning 

and late evening peaks, and late morning and early evening 

peaks, respectively).13 These selected strains originated from 

wild populations of the USA (U28), Africa (G10, G15), and 

Europe (F30). The strain (#28265) abbreviated here as U28 

was initially maintained in the Bloomington Drosophila Stock 

Center (its ancestors were collected in Raleigh, NC, USA). 

The flies (#10, #15, and #30), abbreviated here as G10, G15, 

and F30, originated from African and French populations. 

Their ancestors were collected by P. Haddrill in Ghana (G10, 

G15) and Montpellier (F30), respectively.

In February, the recordings of winter generation of flies 

from these four selected strains were obtained again in the 
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same photoperiodic and temperature condition (Experiment 

2). Prior and after these recordings (DD at 20°C), the same 

four strains were also recorded during 5-day exposure to a 

long photoperiod (LD20:4 with 4-h darkness interval between 

23:00 and 3:00 of local clock time) and constant temperature 

of 20°C in Experiment 3 and 29°C in Experiment 4. These 

experimental conditions essentially resemble hot and/or long 

summer days in several Eurasian regions above 60°North, 

that is, at the boundaries of modern distribution of wild 

populations of this species.

For each fly, the number of beam breaks and sleep episodes 

were summed on 30-min intervals. Data for the first day were 

excluded. The following 30-min estimates of activity or sleep 

were further averaged over 4 consecutive days to obtain mean 

values for each of 49 time points of the 24-h cycle (Figures 1–3). 

The SPSS statistical software package (IBM, Armonk, 

NY, USA, version 22.0) was used to perform two-way 

repeated measure ANOVAs (rANOVAs) and one-way mul-

tivariate analysis of variances (mANOVAs). Locomotor 

activity and sleep were analyzed using data of each of four 

experiments and each of four strains exposed to LD20:4 at 

20°C and 29°C. The repeated measure in rANOVAs was 

“Time point” (n=49), and the independent factors were 

“Strain” (G10, G15, U28, and F30) and “Temperature” 

(20°C and 29°C). Degrees of freedom were corrected using 

Greenhouse-Geisser correction, controlling for type 1 error 

associated with violation of the sphericity assumption, but the 

original degrees of freedom are reported in Tables 1 and 2. 

Moreover, the estimates of activity and sleep were further 

averaged on six 4-h intervals, corresponding to clock times 

of early morning, late morning, middle of the day, early 

evening, late evening, and middle of the Night (EM, LM, 

MD, EE, LE, and MN; 3:00–7:00, 7:00–11:00, 11:00–15:00, 

15:00–19:00, 19:00–23:00, and 23:00–3:00, respectively, 

Figure 4). MANOVAs for each of four experiments and for 

each of four strains exposed to LD20:4 at 20°C and 29°C were 

run with the independent factor “Strain” (G10, G15, U28, 

and F30) and “Temperature” (20°C and 29°C), respectively. 

The multiple variables were either activity or sleep on the 4-h 

intervals of EM, LM, MD, EE, LE, and MN (Table 3 reports 

results on the factor “Temperature”).

Results
Figure 1 illustrates the ways by which the circadian rhythms 

of locomotor activity and sleep (upper and lower graphs, 

respectively) in the fruit flies were modified by season of 

birth (left graphs) and exposure to hot temperature and/or 

extremely long day (right graphs).
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Figure 1 Twenty-four h time courses in the fruit fly under four experimental conditions. Data of each of four experiments were averaged within and across four strains. 
Notes: Upper and lower graphs: Locomotor activity and sleep, respectively. Left and right graphs: Exposure to constant darkness (DD in winter and summer) and long 
photoperiod (LD20:4 at 20°C and at 29°C), respectively. Black line on the x-axis indicates the interval of darkness, either 24 h for DD or 4 h in the middle of the night 
(between 23:00 and 3:00 of local clock time).
Abbreviations: SEM, standard error of mean; h, clock hour; DD, constant darkness. 
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Figure 2 Twenty-four h time courses in four chronotypes under different lighting conditions. Data of experiments under constant darkness (DD) and long photoperiod 
(LD20:4) were averaged within each of four strains (G10, U28, G15, and F30). Upper and lower graphs: Locomotor activity and sleep, respectively. Left and right graphs: 
Exposure to DD and LD20:4, respectively. 
Note: Black line on the x-axis indicates the interval of darkness, either 24 h for DD or 4 h in the middle of the night (between 23:00 and 3:00 of local clock time).
Abbreviations: SEM, standard error of mean; h, clock hour; DD, constant darkness; EM, early morning; LM, late morning; MD, middle of the day; EE, early evening; LE, late 
evening; MN, middle of the night. 
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Response of flies to the season in 
Experiments 1 and 2
As for the influence of season of birth (photoperiodic history 

of flies’ generation), those flies that were born and studied 

in constant darkness in summer went to sleep relatively later 

and had rather short but more consolidated sleep at night 

compared with the flies of the same strains that were born 

and studied in winter (Figure 1, left). 

Irrespective of the season, the timing of the evening 

peak of locomotor activity shown prior to the experiment 

remained adjusted to the time of naturally occurring sunset, 

for example, the evening peak observed in constant darkness 
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Figure 3 Twenty-four h time courses in four chronotypes at 20°C and 29°C. Data of flies from each of two experiments with exposure to long photoperiod were averaged 
within each of two strains (G10 and U28). Upper and lower graphs: Locomotor activity and sleep in G10 (left graphs) and U28 (right graphs) and in G15 (left graphs) and 
F30 (right graphs), respectively. 
Note: Black line on the x-axis indicates 4 h interval of darkness in the middle of the night (between 23:00 and 3:00 of local clock time).
Abbreviations: SEM, Standard error of mean; h, clock hour.
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in the winter season was phase-advanced relative to that 

observed in summer (Figure 1, left). 

Response of flies to conditions of 
Experiment 3
However, such an adjustment was completely lost in any of 

four strains under a extremely long photoperiod when the 

interval of darkness was further shifted to 23:00 local time. 

Consequently, the position of evening peak was determined 

exclusively by the internal clocks and it was advanced rela-

tive to the time of transition from light to darkness (Figure 1, 

right). 

Instead, the clear masking effects on locomotor activ-

ity and sleep were caused by the transition from light to 

darkness and back from darkness to light (ie, a rapid but 

short-lasting rise of locomotor activity and, consequently, 

a dramatic reduction of sleep episodes during these 

transitions). 

Response of flies to conditions of 
Experiment 4
When an exposure to hot air temperature was combined with 

such an abnormal lighting regimen, further disturbance of 

the sleep–wake cycle was revealed. Namely, flies exposed 

to 29°C used to sleep more during “siesta” than during the 

shortened night interval (Figure 1, right).

The results indicated a partial loss of recovery function 

of night sleep due to the heat-induced sleep disturbances, the 

failure of the evening peak to delay to remain in synch with 

the time of light–dark transition, the replacement of this peak 

by the masking effects of such a transition, the other masking 

effect of the transition back to light in the early morning, etc.

Table 1 Results of two-way rANOVAs with repeated measure “Time” and independent factor “Strain”

Factor Measure DD Light–dark cycle (LD20:4)

Winter Summer 20°C 29°C

Activity Sleep Activity Sleep Activity Sleep Activity Sleep

“Strain” (G10, G15,
U28, F30)

F 39.202 38.245 4.181 21.593 6.891 8.149 14.656 18.818
Df 1/48 1/48 1/26 1/26 1/53 1/53 1/38 1/38
P <0.001 <0.001 0.015 <0.001 0.001 <0.001 <0.001 <0.001

“Time” (49 time
points)

F 33.940 44.490 31.480 51.650 33.940 44.490 26.068 20.035
Df 48/2,304 48/2,304 48/1,248 48/1,248 48/2,544 48/2,544 48/1,824 48/1,824
P <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Interaction: “Strain” 
by “Time”

F 6.407 4.011 7.910 9.500 7.886 7.798 4.121 4.084
Df 144/2,304 144/2,304 144/1,248 144/1,248 144/2,544 144/2,544 144/1,824 144/1,824
P <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Notes: The repeated measure “Time” includes 49 time points, and the independent factor “Strain” includes strains abbreviated as G10, G15, U28, and F30. Data on each 
of four experiments (DD in two seasons and LD20:4 at 20°C and 29°C) were analyzed separately. Activity Measure: Locomotor Activity per 30 min; Sleep Measure: Sleep 
duration per 30 min. F, Df, P: F-ratio, degree of freedom, and level of significance for the main effects and interaction.
Abbreviations: rANOVA, repeated measure ANOVA; DD, constant darkness.

Table 2 Results of two-way rANOVAs with repeated measure “Time” and independent factor “Temperature”

Factor Measure G10 G15 U28 F30

Activity Sleep Activity Sleep Activity Sleep Activity Sleep

“Temperature” (20°C vs 29°C) F 0.206 0.002 0.453 3.811 9.097 4.175 2.289 6.319
Df 1/20 1/20 1/24 1/24 1/22 1/22 1/25 1/25
P 0.655 0.967 0.507 0.063 0.006 0.053 0.143 0.019

“Time” (49 time points) F 5.704 6.575 15.572 14.913 23.783 20.316 20.223 19.421
Df 48/960 48/960 48/1,152 48/1,152 48/1,056 48/1,056 48/1,200 48/1,200
P <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Interaction: “Temperature” by 
“Time”

F 1.278 2.361 11.785 8.799 3.918 5.122 9.081 16.153
Df 48/960 48/960 48/1,152 48/1,152 48/1,056 48/1,056 48/1,200 48/1,200
P 0.274 0.028 <0.001 <0.001 0.008 <0.001 <0.001 <0.001

Notes: The repeated measure “Time” (49 time points) and the independent factor “Temperature” (20°C and 29°C). Data on each of four stains in two long day experiments 
(20°C vs 29°C) were analyzed. Activity Measure: Locomotor Activity per 30 min; Sleep Measure: Sleep duration per 30 min. F, Df, P: F-ratio, degree of freedom, and level 
of significance for the main effects and interaction.
Abbreviation: rANOVA, repeated measure ANOVA.
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Selection of chronotypes and their 
persistence over the seasons in 
Experiments 1 and 2
Surprisingly, we succeeded in identification of the strains that 

can represent all four chronotypes by testing only eight strains 

in the summer experiment (Figure 4). Two-way rANOVAs 

yielded a significant interaction term (Table 1), suggesting 

the difference between the strains (the independent factor) 

in the patterns of locomotor activity and sleep (repeated 

measure “Time”).

The second exposure of the flies from these four selected 

strains to constant darkness suggested the persistence of the 

60

50

A
ct

iv
ity

, b
ea

m
 c

ro
ss

in
gs

 ±
 S

E
M

40

30

20

10

0
4 6 8 10 12 14 16 18 20 22 24 2 h 4 6 8 10 12 14 16 18 20 22 24 2 h

4 6 8 10 12 14 16 18 20 22 24 2 h 4 6 8 10 12 14 16 18 20 22 24 2 h

4 6 8 10 12 14 16 18 20 22 24 2 h 4 6 8 10 12 14 16 18 20 22 24 2 h

4 6 8 10 12 14 16 18 20 22 24 2 h 4 6 8 10 12 14 16 18 20 22 24 2 h

S
le

ep
, m

in
ut

es
 ±

 S
E

M

0

5

10

15

20

25

30

60

50

A
ct

iv
ity

, b
ea

m
 c

ro
ss

in
gs

 ±
 S

E
M

40

30

20

10

0

S
le

ep
, m

in
ut

es
 ±

 S
E

M

0

5

10

15

20

25

30

LD20:4 20°C G10 LD20:4 29°C G10 LD20:4 20°C U28 LD20:4 29°C U28

LD20:4 20°C G10 LD20:4 29°C G10 LD20:4 20°C U28 LD20:4 29°C U28

LD20:4 20°C G15 LD20:4 29°C G15 LD20:4 20°C F30 LD20:4 29°C F30

LD20:4 20°C G15 LD20:4 29°C G15 LD20:4 20°C F30 LD20:4 29°C F30

Figure 4 Locomotor activity and sleep in four chronotypes under four experimental conditions. Data of each of four experiments under constant darkness (DD in summer 
and winter) and long photoperiod (LD20:4 at 20°C and at 29°C) were averaged within each of four strains (G10, U28, G15, and F30). 
Notes: Summer, Winter, 20°C, and 29°C: Four experiments.  Upper and lower graphs: Exposure to DD and LD20:4, respectively. Left and right graphs: Locomotor activity 
and sleep for summer and winter season in constant darkness (upper graphs) and for LD20:4 at 20°C and at 29°C (lower graphs), respectively. Black line on the x-axis 
indicates the interval of darkness, either 24 h for DD or 4 h on MN interval (between 23:00 and 3:00 of local clock time)
Abbreviations: SEM, standard error of mean; DD, constant darkness; EM, early morning (3:00–7:00); LM, late morning (7:00–11:00); MD, middle of the day (11:00–15:00); 
EE, early evening (15:00–19:00); LE, late evening (19:00–23:00); MN, middle of the night (23:00–3:00).
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strain-specific differences between their sleep–wake patterns 

in winter season (Figure 4, upper part). Again, two-way 

rANOVAs revealed a significant interaction term (Table 1).

Chronotypes under long day and its 
combination with heat in Experiments 3 
and 4
We also found that the strains remained to be clearly distin-

guished on their sleep–wake cycle and its response to heat 

in the two other experiments (Figure 4, lower part; Figure 2, 

right graphs; and Figure 3). 

For instance, as is shown in Table 1, the two-way rANO-

VAs with repeated measure “Time” and independent factor 

“Strain” always yielded a highly significant main effect of 

factor “Strain,” as well as a highly significant main effect 

of interaction between this factor and “Time” (eg, P≤0.001 

for sleep measure in any of these rANOVAs). Moreover, the 

results on the two-way rANOVAs with repeated measure 

“Time” and independent factor “Temperature” reported in 

Table 2 and illustrated in Figure 3 statistically supported the 

differences between the strains in response of their sleep–

wake patterns to high temperature.

Response of strain G10 to experimental 
conditions
In more details, the following specific responses to experi-

mental conditions were found in four selected strains. The 

strain G10, representing “woodcocks” (late morning and 

early evening activity peaks) responded by dramatic reduc-

tion of the circadian variation under a long photoperiod 

(Figure 4, lower part, and Figure 3). However, the expected 

deleterious impact of heat on night sleep was not observed 

in this strain, as indicated by nonsignificant main effect of 

factor “Temperature” and nonsignificant interaction of this 

factor with repeated measure “Time” (Table 2). Moreover, 

the results of MANOVAs shown in Table 3 suggested that, in 

fact, only in this strain sleep–wake behavior was not addition-

ally affected by heat on any of six intervals of the 24-h cycle 

(see also Figure 3, left).

Response of strain U28 to experimental 
conditions
In contrast, in the strain U28 representing “swifts” (early morn-

ing and late evening activity peaks), the night sleep episode 

remained undisturbed only at 20°C, whereas the circadian 

Table 3 Results of one-way MANOVAs with independent factor “Temperature”

Interval Measure G10 G15 U28 F30

Activity Sleep Activity Sleep Activity Sleep Activity Sleep

EM F 1.401 3.496 3.796 9.291 10.561 8.074 5.861 9.599
Df 1/20 1/20 1/24 1/24 1/22 1/22 1/25 1/25
P 0.250 0.076 0.063 0.006 0.004 0.009 0.023 0.005

LM F 1.329 2.536 0.579 2.577 4.030 3.295 9.126 9.282
Df 1/20 1/20 1/24 1/24 1/22 1/22 1/25 1/25
P 0.263 0.127 0.454 0.121 0.057 0.083 0.006 0.005

MD F 0.189 1.460 3.390 6.092 0.336 0.051 30.399 49.613
Df 1/20 1/20 1/24 1/24 1/22 1/22 1/25 1/25
P 0.668 0.241 0.078 0.021 0.568 0.824 <0.001 <0.001

EE F 0.130 1.063 2.168 5.043 2.624 0.170 6.719 15.830
Df 1/20 1/20 1/24 1/24 1/22 1/22 1/25 1/25
P 0.722 0.315 0.154 0.034 0.119 0.684 0.016 0.001

LM F 0.735 0.638 1.579 3.758 6.830 1.075 1.713 0.418
Df 1/20 1/20 1/24 1/24 1/22 1/22 1/25 1/25
P 0.401 0.434 0.221 0.064 0.016 0.311 0.202 0.524

MN F 0.112 0.899 37.029 32.116 18.304 20.160 3.561 8.939
Df 1/20 1/20 1/24 1/24 1/22 1/22 1/25 1/25
P 0.742 0.354 <0.001 <0.001 <0.001 <0.001 0.071 0.006

Notes: The independent factor “Temperature” (20°C and 29°C). Data on each of four stains in 2 long day experiments (20°C vs 29°C) were analyzed. Activity Measure: 
Locomotor Activity per 30 min; Sleep Measure: Sleep duration per 30 min. F, Df, P: F-ratio, degree of freedom, and level of significance for the main effects. U28, the strain 
#28265 maintained in the Bloomington Drosophila Stock Center and collected in Raleigh, NC, USA; F30, the strain from P. Haddrill collected in Montpellier; G10 and G15, 
two strains from P. Haddrill collected in Ghana.
Abbreviations: DD, constant darkness; LD20:4, light–dark cycle consisting of 20 h of light and 4 h of darkness; EM, early morning (3:00–7:00); LM, late morning (7:00–11:00); 
MD, middle of the day (11:00–15:00); EE, early evening (15:00–19:00); LE, late evening (19:00–23:00); MN, middle of the night (23:00–3:00).
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pattern observed at 29°C was characterized by dramatic 

reduction of night sleep at the expense of extended “siesta” 

(Figure 4, lower part, and Figure 3, left). Such a disturbance of 

sleep–wake pattern is statistically proved by significant “Tem-

perature” by “Time” interaction (P<0.001) and a significant 

increase of levels of locomotor activity and wakefulness during 

a 4-h interval of darkness at midnight (Table 3). Moreover, only 

this strain demonstrated a significant increase of mean level of 

locomotor activity at 29°C, as indicated by a significant main 

effect of factor “Temperature” (Table 2).

Response of strain G15 to experimental 
conditions
Such a significant increase of locomotor activity (P<0.01) in 

U28 contrasted with a significant decrease of sleep (P<0.05) 

in G15 (Table 2), the strain representing “larks” (early morn-

ing and evening activity peaks). Unlike G10 and similar 

to U28 (Figure 3), G15 responded to the combination of a 

long photoperiod with heat by the disturbance of night sleep 

episode at the expense of deepened “siesta” (Figure 3). As 

a result, the amount of sleep at the midday interval signifi-

cantly increased, while the amount of sleep at the midnight 

interval significantly decreased (Table 3). Due to the early 

time of the evening peak these flies were already very sleepy 

prior to the transition from light to darkness, as sleepy as 

during the darkness interval (Figure 3). However, at 20°C, 

the sleep–wake pattern of this strain was least affected by a 

long photoperiod (Figures 3 and 4). The flies of this strain, 

unlike flies of other strains, succeeded in adjustment of their 

morning peak of activity to the very early time of transition 

from darkness to light, but only at 20°C (Figures 3 and 4). 

At 29°C, the amount of wakefulness during the 4-h early 

morning interval was significantly reduced in this strain, as 

well as in U28 and F30 (Table 3).

Response of strain F30 to experimental 
conditions
The strain F30, representing “owls” (late morning and eve-

ning activity peaks), was different from African strains (G10 

and G15) but similar to U28 in the ability to keep a rather 

high level of activity in the evening hours at 29°C (Figure 3). 

However, the evening peak time at 20°C did not demonstrate 

any delay under a long photoperiod compared with this peak 

time in African strains (eg, Figure 3). On the other hand, the 

preceding episode of “siesta” in F30 was very deep compared 

with night sleep that contrasted with the pattern shown by 

the two African strains (Table 3). Finally, only this strain 

demonstrated a significant increase of total sleep duration 

at 29°C (Table 2), by sleeping more on three 4-h intervals in 

a row, from early morning to midday (Table 3).

Discussion
Given the complexity of the human sleep timing system and 

numerous limitations imposed on human studies, D. mela-

nogaster might serve as an excellent model for addressing 

such kinds of research questions as to whether a heritable 

individual variability contributes to the response of the sleep–

wake cycle to such external sleep-disturbing factors as short 

dark night interval and high air temperature. The following 

results were obtained by testing four hypotheses. We were 

able to identify four distinct chronotypes among the strains 

originating from wild populations (“larks,” characterized by 

early morning and evening peaks; “owls,” with late morn-

ing and evening peaks; “swifts,” with early morning and 

late evening peaks; and “woodcocks,” characterized by late 

morning and early evening peaks). We also found that such 

differences between chronotypes persisted, despite adap-

tive seasonal changes in the sleep–wake patterns. Finally, 

we demonstrated that these four chronotypes differentially 

responded to extreme lengthening of day length, and addi-

tional differences were identified when such lengthening of 

the photoperiod was combined with heat stress.

Notably, despite such profound differences between 

selected strains, the results of the present study also sup-

ported the previously reported findings on the general pattern 

of response of the fly’s sleep–wake cycle to either a long 

photoperiod2–8 or heat.9–12 As was already noted in these 

previous reports, a general way by which this cycle might be 

reorganized by  ambient light and high temperature seems to 

be very similar to that shown by the human sleep–wake cycle. 

Normally, the circadian pattern of locomotor activity in 

the fruit fly is bimodal, and this bimodality seems to be an 

additional attractive feature of this animal model for research 

on heritable differences in four rather than two extreme 

chronotypes. The differences between these types and the 

differences in their response to environmental stressors 

cannot be purely attributed to the fundamental difference in 

circadian phase position. Most likely, these differences can 

be underlined by a complex timing system consisting of cir-

cadian, homeostatic, and allostatic regulators. Human studies 

provided a rationale for distinguishing between, at least, two 

components of morning–evening preference associated with 

morning and evening-early night sleep–wake behavior (see 

Putilov13 for more details). 

For instance, factor analysis of the structure of a 

multidimensional questionnaire for self-assessment of 
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sleep–wake pattern yielded two morningness–eveningness 

dimensions,19,20 and replicability of this division into two 

dimensions has been confirmed, at least twice, by applying 

conventional psychometric procedures for selection of items 

for new chronotypological questionnaires.21,22 It was shown 

that the 24-h time course of alertness–sleepiness level 

significantly differs in the groups of early–early (larks), 

late–late (owls), early–late (swifts), and late–early (wood-

cocks) participants of the sleep deprivation experiment.18 

Importantly, the two components of morningness–evening-

ness demonstrated differential relationships with health,17,23 

somatic dysfunction,17,24 affective state,25–28 seasonality,24,29,30 

etc. Therefore, further research on four chronotypes in fruit 

flies might be, in particular, aimed on testing whether this 

chronotypology is related with lifespan, reproductive suc-

cess, sleep disruption, circadian misalignment, etc, and, if 

yes, what might be the particular mechanisms underlying 

such relations.

On the other hand, fundamental research might be aimed 

at deepening our understanding of the mechanisms under-

lying the variation in phase relationships between timing 

of morning and evening peaks of activity under different 

environmental conditions. Although the existence of two, 

morning and evening, circadian oscillators was proposed 

and experimentally supported, their genetic and neuronal 

underpinnings require further elaboration (see Kistenpfennig 

et al,3, Peschel and Helfrich-Förster,5 Helfrich-Förster,31 and 

Yoshii et al32 for more details).

The major limitation of the present exploratory study is 

the inclusion in our experiments of strains originating from 

populations evolved on three different continents. Our pre-

liminary testing of several other strains (>8) from each of 

these three wild populations showed that much more efforts 

and time would be required to find all four chronotypes in 

each of these populations. Also, it is likely that the directional 

selection of the strains’ breeds might be necessary to obtain 

the representatives of four distinct chronotypes in each of the 

populations. Further research can be aimed at identification 

of the genetic background of the within-population variation 

in the sleep–wake cycle, and its maladaptive response to an 

extremely long day and heat.

Conclusion
An experimental search for heritable chronotypes in the fruit 

fly can facilitate the study of the genetic underpinnings of 

individual variation in vulnerability to maladaptive sleep–

wake behavior, circadian misalignment, and sleep disorders.

Author contributions
LPZ and DVP participated in discussion of the study design 

and in analysis of the collected data sets, and they also 

contributed to the writing this paper. AAP discussed the 

design of the study, participated in statistical analysis of the 

experimental datasets, and made the major contribution to 

the writing this paper.

Disclosure
LPZ and DVP were partially funded by the Federal Research 

Program (project number 0324-2018-0016). AAP was sup-

ported by a grant from the Russian Foundation for Basic 

Research (grant number 16-06-00235-a). The authors report 

no other conflicts of interest in this work. 

References 
 1. Kyriacou CP, Peixoto AA, Sandrelli F, Costa R, Tauber E. Clines in 

clock genes: fine-tuning circadian rhythms to the environment. Trends 
Genet. 2008;24(3):124–132. 

 2. Dubowy C, Sehgal A. Circadian rhythms and sleep in Drosophila 
melanogaster. Genetics. 2017;205:1373–1397.

 3. Kistenpfennig C, Nakayama M, Nihara R, Tomioka K, Helfrich-Förster 
C, Yoshii T. A tug-of-war between cryptochrome and the visual system 
allows the adaptation of evening activity to long photoperiods in Dro-
sophila melanogaster. J Biol Rhythms. 2018;33:24–34. 

 4. Majercak J, Sidote D, Hardin PE, Edery I. How a circadian clock 
adapts to seasonal decreases in temperature and day length. Neuron. 
1999;24:219–230.

 5. Peschel N, Helfrich-Förster C. Setting the clock – by nature: cir-
cadian rhythm in the fruitfly Drosophila melanogaster. FEBS Lett. 
2011;585:1435–1442.

 6. Schlichting M, Menegazzi P, Lelito KR, et al. A neural network underly-
ing circadian entrainment and photoperiodic adjustment of sleep and 
activity in Drosophila. J Neurosci. 2016;36:9084–9096.

 7. Tataroglu O, Emery P. Studying circadian rhythms in Drosophila mela-
nogaster. Methods. 2014;68:140–150.

 8. Zakharenko LP, Petrovsky DV, Putilov AA. Treatments with thousands 
therapeutic doses of meldonium failed to alter the Drosophila’s circadian 
clocks but negatively affected the germination of Pisum’s seeds. Biol 
Rhythm Res. 2018;49. 

 9. Parisky KM, Agosto Rivera JL, Donelson NC, Kotecha S, Griffith 
LC. Reorganization of sleep by temperature in Drosophila requires 
light, the homeostat, and the circadian clock. Curr Biol. 2016;26: 
882–892.

 10. Blau J, Rothenfluh A. Siesta-time is in the genes. Neuron. 1999; 
24:4–5.

 11. Dubruille R, Emery P. A plastic clock: how circadian rhythms respond 
to environmental cues in Drosophila. Mol Neurobiol. 2008;38(2): 
129–145. 

 12. Ishimoto H, Lark A, Kitamoto T. Factors that differentially affect day-
time and nighttime sleep in Drosophila melanogaster. Front Neurol. 
2012;3:24.

 13. Putilov AA. Owls, larks, swifts, woodcocks and they are not alone: A 
historical review of methodology for multidimensional self-assessment 
of individual differences in sleep-wake pattern. Chronobiol Int. 
2017;34:426–437.

 14. Kumar S, Vaze KM, Kumar D, Sharma VK. Selection for early and late 
adult emergence alters the rate of pre-adult development in Drosophila 
melanogaster. BMC Dev Biol. 2006;6:57.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Nature and Science of Sleep 2018:10 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

Nature and Science of Sleep

Publish your work in this journal

Submit your manuscript here: https://www.dovepress.com/nature-and-science-of-sleep-journal

Nature and Science of Sleep is an international, peer-reviewed, open 
access journal covering all aspects of sleep science and sleep medicine, 
including the neurophysiology and functions of sleep, the genetics of 
sleep, sleep and society, biological rhythms, dreaming, sleep disorders 
and therapy, and strategies to optimize healthy sleep. The manuscript 

management system is completely online and includes a very quick 
and fair peer-review system, which is all easy to use. Visit http://www. 
dovepress.com/testimonials.php to read real quotes from published 
authors.

Dovepress

191

Larks, owls, swifts, and woodcocks among fruit flies

 15. Harbison ST, Serrano Negron YL, Hansen NF, Lobell AS. Selection for 
long and short sleep duration in Drosophila melanogaster reveals the 
complex genetic network underlying natural variation in sleep. PLoS 
Genet. 2017;13(12):e1007098.

 16. Donelson NC, Sanyal S. Use of Drosophila in the investigation of sleep 
disorders. Exp Neurol. 2015;274(Pt A):72–79.

 17. Putilov AA. Association of morning and evening lateness with self-
scored health: late to bed and early to rise makes a man healthy in his 
own eyes. Biol Rhythm Res. 2008;39:321–333.

 18. Putilov AA, Donskaya OG, Verevkin EG. How many diurnal types 
are there? A search for two further “bird species”. Pers Individ Diff. 
2015;72:12–17.

 19. Putilov AA. A questionnaire for self-assessment of individual traits 
of sleep-wake cycle. Bull Siberian Branch USSR Acad Med Sci. 
1990;1:22–25. Russian.

 20. Putilov AA. Association of the circadian phase with two morningness-
eveningness scales of an enlarged version of the sleep-wake pattern 
assessment questionnaire. Arbeitswiss betriebl Praxis. 2000;17:317–322.

 21. Randler C, Díaz-Morales JF, Rahafar A, Vollmer C. Morningness-
eveningness and amplitude – development and validation of an improved 
composite scale to measure circadian preference and stability (MESSi). 
Chronobiol Int. 2016;33:832–848.

 22. Roberts RD. The Lark–Owl (Chronotype) Indicator (LOCI). Sydney, 
Australia: Entelligent Testing Products; 1998.

 23. Putilov AA. Patterns of association of health problems with sleep-wake 
timing and duration. J Sleep Disor: Treat Care 2013;2:4. 

 24. Putilov AA. Associations of depression and seasonality with morning-
evening preference: comparison of contributions of its morning and 
evening components. Psychiatry Res. 2018;262:609–617.

 25. Booker JM, Hellekson CJ, Putilov AA, Danilenko KV. Seasonal depres-
sion and sleep disturbances in Alaska and Siberia: a pilot study. Arctic 
Med Res. 1991;50(Suppl 5):281–284.

 26. Jankowski KS. Morningness-eveningness and depressive symptoms: 
test on the components level with CES-D in Polish students. J Affect 
Disord. 2016;196:47–53.

 27. Konttinen H, Kronholm E, Partonen T, Kanerva N, Männistö S, 
Haukkala A. Morningness-eveningness, depressive symptoms, and 
emotional eating: a population-based study. Chronobiol Int. 2014;31: 
554–563.

 28. Putilov AA. State- and trait-like variation in morning and evening 
components of morningness-eveningness in winter depression. Nordic 
J Psychiatry. 2017;71:561–569.

 29. Putilov AA, Booker JM, Danilenko KV, Zolotarev DY. The rela-
tion of sleep-wake patterns to seasonal depression. Arctic Med Res. 
1994;53:130–136.

 30. Jankowski KS. Morningness-eveningness and seasonality. Biol Rhythm 
Res. 2017;48:331–342.

 31. Helfrich-Förster C. Does the morning and evening oscillator model fit 
better for flies or mice? J Biol Rhythms. 2009;24:259–270.

 32. Yoshii T, Rieger D, Helfrich-Förster C. Two clocks in the brain: an update 
of the morning and evening oscillator model in Drosophila. Prog Brain 
Res. 2012;199:59–82.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com

	_Hlk514079168

	Publication Info 4: 


