
1

SLEEP, 2022, 1–9

https://doi.org/10.1093/sleep/zsac147
Advance Access Publication Date: 16 September 2022
Perspective

Submitted: 28 April, 2022; Revised: 19 June, 2022

Published by Oxford University Press on behalf of Sleep Research Society (SRS) 2022.  
This work is written by (a) US Government employee(s) and is in the public domain in the US.

Perspective

What have we learned about sleep from selective 
breeding strategies?
Susan T. Harbison

Laboratory of Systems Genetics, National Heart, Lung, and Blood Institute, National Institutes of Health, 
Bethesda, MD, USA

Corresponding author. Susan T. Harbison, Laboratory of Systems Genetics, National Heart, Lung, and Blood Institute, National Institutes of Health, 10 
Center Drive, Building 10, Room 7D13, Bethesda, MD 20892-1654, USA. Email: susan.harbison@nih.gov.

Abstract
Selective breeding is a classic technique that enables an experimenter to modify a heritable target trait as desired. Direct 
selective breeding for extreme sleep and circadian phenotypes in flies successfully alters these behaviors, and sleep and 
circadian perturbations emerge as correlated responses to selection for other traits in mice, rats, and dogs. The application 
of sequencing technologies to the process of selective breeding identifies the genetic network impacting the selected trait 
in a holistic way. Breeding techniques preserve the extreme phenotypes generated during selective breeding, generating 
community resources for further functional testing. Selective breeding is thus a unique strategy that can explore the 
phenotypic limits of sleep and circadian behavior, discover correlated responses of traits having shared genetic architecture 
with the target trait, identify naturally-occurring genomic variants and gene expression changes that affect trait variability, 
and pinpoint genes with conserved roles.
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Introduction
For thousands of years human beings have used selective breeding 
to improve the characteristics of domesticated animals and crops 
[1]. Selective breeding has a prominent role in the history of ex-
perimental biology and genetics: the results of selective breeding 
experiments underlie Darwin’s theory of natural selection [2]. 
Selective breeding involves the active participation of a breeder 

or experimenter with the goal of altering a specific phenotype. 
To alter a target trait, an experimenter uses a three-step process. 
First, the experimenter measures the target trait in an outbred 
population. Second, the experimenter chooses males and females 
with the most extreme (highest or lowest) values of the target trait 
as the parents for the next generation and allows them to mate. 
Third, the experimenter measures the target trait in the resulting 
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progeny to assess the response to selection. Selection continues 
in this fashion each generation. Usually the experimenter chooses 
a consistent proportion of the individuals measured each gener-
ation as the breeding parents, referred to as the intensity of se-
lection [1]. Selective breeding differs from evolved changes that 
occur when populations are exposed to different environments in 
nature, such as the eye loss, reduced pigmentation, and reduced 
sleep observed in the cave-dwelling Mexican tetra (Astyanax 
mexicanus) compared to surface populations [3]. Selective breeding 
is also distinct from laboratory evolution, where an experimenter 
exposes the population to certain conditions (i.e. high temperat-
ures) but does not choose which animals will breed in successive 
generations [4]. Instead, selective breeding relies on the intent of 
an experimenter to “push” the values of a trait to extremes not 
normally observed in nature by choosing a small percentage of 
animals at either end of the phenotypic distribution for breeding.

Virtually any genetically variable trait is amenable to se-
lective breeding, and in fact traits that respond to selective 
breeding confirm the presence of an underlying genetic basis 
[1]. The majority of sleep parameters studied to date, such as 
sleep duration, numbers of naps, average nap length, sleep la-
tency, and day-to-day variability in sleep [5–17] are heritable, as 
are behaviors related to the circadian regulation of sleep such as 
circadian period, chronotype, and rhythmicity index [8, 18–21]. 
Furthermore, sleep characteristics related to human sleep dis-
orders, such as insomnia symptoms, excessive daytime sleepi-
ness, daytime napping, and sleep-disordered breathing [22–26] 
all have a heritable basis. Consequently, these heritable pheno-
types should respond to selective breeding to the extent that 
they can be modeled in nonhuman animals.

Modern selective breeding experiments have a distinct advan-
tage over earlier experiments. Using next-generation sequencing, 
it is now possible to trace the allele frequency changes (i.e. the 
change in the proportion of a given allelic variant in the popu-
lation) and gene expression changes that respond to selective 
breeding. Doing so has led to new insights into the origins of gen-
etic variation in sleep and will ultimately lead to an understanding 
of its function. In this perspective, I discuss what selective breeding 
experiments have discovered about sleep and circadian behaviors 
including some of the advantages and challenges, and outline a 
strategy for the future application of this technique.

Selective Breeding to Discover the Limits of 
What is Possible in Nature
Selective breeding enables the experimenter to explore the 
phenotypic limits of the target trait. Like experimental muta-
genesis and CRISPR strategies, selective breeding modifies the 
underlying genome. However, selective breeding alters the al-
lele frequencies of naturally-occurring polymorphic variants in 
the population rather than engineering synthetic alleles with 
altered function [1]. In this way, selective breeding capitalizes 
on the genetic variation already present in a population [1], pro-
viding a more realistic model of phenotypic potential.

Sleep and circadian parameters respond rapidly and dy-
namically to selective breeding (Table 1). Selection for 30 gen-
erations on a combination of increased sleep latency, reduced 
sleep bout duration, and increased activity produced flies with 
insomnia-like behavior as well as extremely short average sleep 
duration—less than 100 min in a 24-hour day [27], well below 
the average 923 min seen in natural populations [5]. Likewise, 

selection for long and short night sleep duration for 13 gener-
ations in flies produced divergent populations with a 9.97-hour 
difference in this parameter (Figure 1A) [28]. The extreme reduc-
tion in sleep duration achieved by these two studies was similar 
to that of engineered mutations in single genes on sleep dur-
ation [29–33], demonstrating that the combined effects of natur-
ally occurring genomic variants on sleep can be large. Selective 
breeding modified traits under circadian regulation as well. 
Selective breeding changed the timing of adult fly eclosion (i.e. 
the emergence of the adult fly from the pupal stage) to specific 
early and late hourly windows during the day [34]. Furthermore, 
selective breeding produced robust nocturnal and diurnal ac-
tivity patterns in flies [35]. One intriguing application of selective 
breeding is to produce animals sensitive or resistant to the ef-
fects of certain drugs, enabling a detailed understanding of their 
efficacy. For example, selective breeding based on the response 
of rats to γ-hydroxybutyric acid (GHB) created an animal model 
sensitive to the sedating effects of the drug [36]. One oft-noted 
challenge of selective breeding is the many generations required 
to produce populations with extreme phenotypes, making it a 
more favored strategy for species with short generation times. 
This need not be an intractable limitation, however, in some in-
stances, the selective breeding has already been accomplished; 
the key is to recognize the utility of the resulting population in 
the study of sleep. For example, brachycephalic dog breeds—
dogs selectively bred for a shortened muzzle and flattened 
face—have increased sleep disturbances and decreased sleep 
latency compared to other dog breeds, making them a readily 
available model for sleep-disordered breathing [37]. Selective 
breeding is thus a powerful strategy to effect change in sleep 
and circadian-related behaviors, demonstrating the limits of 
what is possible in nature.

Selective Breeding Reveals the Genetic Basis 
of Sleep and Circadian Behavior
It has recently been noted that the term sleep actually refers to a 
set of complex phenotypes, each with a polygenic basis [17, 42]. 
Consequently, genome-wide association studies and systems 
genetics approaches have detected hundreds of genes affecting 
different aspects of sleep and circadian behavior [5–7, 9–17, 19–
26]. Furthermore, mutational screens in mice and flies revealed 
that a striking 14%–16% of mutations tested have quantitative 
effects on some aspect of sleep [42, 43] and 0.1%–0.2% of those 
tested have Mendelian (2–3 standard deviations) effects on sleep 
[29, 44]. As sleep is polygenic, it is likely that a single mutation 
does not act in isolation. At least two mutagenesis studies de-
tected background modifiers to sleep-altering mutations in a 
single gene, for example [29, 45]. Adding to this complexity is 
the effect of circadian rhythms, which are thought to regulate 
sleep [46]. While the canonical molecular circadian clock genes 
are known, modifiers across the genome can alter circadian 
behavior [19–21, 47–49]. Selective breeding coupled with the 
measure of underlying molecular endophenotypes offers a so-
lution to this challenge as outlined below.

As stated previously, selective breeding alters the allele fre-
quencies of naturally occurring polymorphic variants within a 
population [1]. Accordingly, following the trajectories of allele 
frequency change per generation during the selection process 
via whole-genome sequencing facilitates the discovery of gen-
omic variants that affect the target trait. This was done during 
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selection for long and short night sleep duration in flies as ex-
emplified in Figure 1B. The figure shows how allele frequency 
trajectories diverge between long- and short-sleeper popula-
tions for a polymorphism within an intron of the gene ringmaker 
[28]. This strategy uncovered 126 divergent polymorphisms 

tagging 80 genes [28]. Some of these genes had known functions 
in sleep and circadian behavior as well as in classic develop-
mental pathways [EGFR and MAPK (pointed), Wnt (frizzled, dally, 
and shaggy), and Hippo (scribble)] [28]. Adding information from 
known gene–gene and protein–protein interaction databases 

Table 1.  Sleep- and circadian-related characters that respond to selective breeding.

Organism 
Selected 
trait 

Starting 
population 

Selection 
intensity 
(%)b 

No. 
generations 
of selection 

High  
Trait  
Mean 

Low  
Trait  
Mean Trait(s) with correlated response Ref. 

D. melanogaster insomnia-
like 
behaviora

Canton-S – 30–65 – 100 min. sleep 
in 24 h

APS learning; No. falls; DA level; 
triglycerides, free fatty acids, 
cholesterol, lifespan, desicca-
tion, starvation

[27]

D. melanogaster nocturnal/
diurnal 
behavior

Outbred pooled 
from 272 
isofemale 
lines from 
33 regions in 
Europe and 
Africa

8.3 (male 
flies only)

10 1.20c 0.32c Acrophase of morning/evening 
activity, night and day sleep 
duration, circadian period, 
eclosion phase, phase delay of 
per signals;  

female lifespan and no. of 
progenye

[35]

D. melanogaster Early/late 
adult 
emer-
gence

Outbred from B 
populations of  
M. Rose

– 75 17:00–
21:00

5:00–9:00 Circadian period of emergence, 
circadian period of rest/
activity, mRNA expression 
parameters in canonical clock 
genesf, egg to puparium dur-
ation, egg to adult duration, 
fecundity, median longevity

[34, 38, 
39]

D. melanogaster Window of 
emer-
gence

Outbred from B 
populations of  
M. Rose

– 90 ZT 10-11 ZT 01-02 Mid-life fecundity, female life-
span

[40]

D. melanogaster Long/short 
night 
sleep dur-
ation

Outbred created 
by mating 10 
DGRP lines for 
21 generations

25 13 685.0 and 
678.5 min.

111.9 and 
54.8 min.

Day sleep duration, night avg. 
bout length, sleep latency, day 
bout number, day sleep CVE, 
night avg. bout length CVE, 
sleep latency CVE, day bout 
number CVE

d

[28]

aInsomnia-like behavior includes reduced sleep time, increased sleep latency, reduced sleep bout duration, and elevated levels of waking activity. APS, aversive 

phototaxic suppression; DA, dopamine level.
bHere selection intensity refers to the proportion of flies selected as parents for the next generation.
cNumbers refer to ND ratio, which is the ratio of the activity during the 12-hr dark phase to the activity during the 12-hr light phase.
dCVE, coefficient of environmental variation.
eFemale lifespan and numbers of progeny were tested after selection was relaxed.
fDifferences observed included phase and mean of per mRNA expression, phase of tim mRNA expression, phase and amplitude of Clk mRNA expression, amplitude 

and mean of cry mRNA expression, phase and amplitude of vri mRNA expression, phase, amplitude, mean of PDF mRNA expression.
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Figure 1.  Response to selective breeding for night sleep followed by relaxed selection. Flies were selectively bred for 13 generations, followed by relaxed selection for 62 

generations (ending at generation 75). (A) Night sleep duration. (B) Allele frequency for a polymorphism in ringmaker. The y-axis indicates the proportion of alleles that 

are “A” in each population, as opposed to the opposite allele, “G”. Plots created by combining data from references [28, 41], used under CC BY 4.0.

https://creativecommons.org/licenses/by/4.0/


4  |  SLEEP, 2022, Vol. 45, No. 11

suggested a network of predicted interactions among some of 
the genes [28]. This is a key advantage of selective breeding over 
mutagenesis or candidate gene studies: the ability to track gen-
omic modifications over time reveals the entire suite of candi-
date polymorphisms and their modifiers impacting sleep rather 
than identifying genes of interest one at a time.

While selective breeding can reveal changes in the genome 
that are important for sleep, random genetic drift acts simul-
taneously to alter the allele frequencies of polymorphisms not 
relevant to sleep, increasing the potential for false positives. 
Hundreds of thousands of allele frequency changes are possible 
in an unselected control population over several generations of 
selection due to drift [28]. A critical step, therefore, is to simu-
late the effects of random genetic drift to distinguish it from 
the signal of selection [28, 41]. Likelihood simulations of both 
the unselected and selected populations provide an empirical 
threshold eliminating less promising variants [41]. Increasing 
the size of the measured population is another common way to 
mitigate the effects of drift but may be difficult for sleep studies, 
which rely on phenotypic measurements in individual animals. 
Similarly, replicate populations offer a means to avoid false 
positives due to drift. For a given candidate variant, an experi-
menter may conservatively require statistical significance in all 
replicates of selected populations. An additional alternative is 
that statistical significance for a given variant is lacking in un-
selected control populations and/or that the allele frequency of 
the variant diverges between populations selected for high and 
low values of the trait (Figure 1B) [28]. Furthermore, the poly-
morphic variants identified via sequence comparisons often 
map to noncoding regions of the genome [28]. A strategy to dem-
onstrate the causality of these noncoding polymorphic variants 
in sleep is critical to understanding the maintenance of genetic 
variation in sleep (see below). Giving consideration to these fac-
tors will mitigate erroneous interpretation of variant function.

Like allele frequency trajectories, the comparison of the 
transcriptome between diverged selection populations or with 
an unselected control population [27, 35] reveals the entire gene 
network underlying the phenotypic changes brought about by 
selective breeding. RNA-Seq of fly heads revealed differential 
expression among flies with nocturnal, normal, and diurnal 
activity [35]. The expression of one core circadian clock gene, 
PAR-domain protein 1, increased in diurnal flies, but differen-
tially expressed genes were largely novel or had known func-
tions upstream and downstream of the canonical clock circuit 
[35]. Diurnal flies had increased levels of photoreceptor genes 
functioning upstream of the clock such as Rhodopsin 3, Turandot 
A, and Turandot C while nocturnal flies had higher levels of 
Rhodopsin 2 and Photoreceptor dehydrogenase [35]. Nocturnal flies 
also had increased expression of known downstream targets 
of the clock, such as takeout and Pigment dispersing factor [35]. 
Microarray profiling of heads from flies with insomnia-like 
phenotypes identified 1,350 differentially-expressed genes com-
pared to Canton-S control flies [27]. The enriched genes were in-
volved in sensory perception of external stimuli such as light 
and radiation; metabolism, particularly lipid metabolism; cel-
lular signaling; neuronal activity; and locomotor behavior [27]. 
The authors speculated that differential expression of sensory 
genes in particular in the insomnia-like flies may be related to 
a state of hyperarousal [27]. In addition, flies selectively bred for 
eclosion in specific time windows had altered mean, amplitude 
and phase of expression in canonical clock genes [38]. Each of 

these studies measured gene expression at the end of the se-
lective breeding process in selected populations and controls, 
finding altered gene networks underlying sleep and circadian 
processes.

An alternative to this approach is to assess the transcriptome 
in selected populations and controls during each generation of 
selective breeding. In addition to a per-gene differential expres-
sion analysis, Gaussian Process models identified nonlinear 
trends in the data and inferred gene–gene interactions 
facilitating changes in sleep (C. Souto-Maior and S.  Harbison, 
unpublished data). Transcriptomic analyses thus reveal both the 
individual components as well as the combinatorial networks 
responsible for genetic variation in sleep.

Selective Breeding Identifies Variants Under 
Natural Selection
Given that sleep is both complex and polygenic, elucidating the 
functional role of all genes involved in sleep presents a formid-
able task. Is there a way to determine which genes are the most 
crucial to sleep? Selective breeding gives us the opportunity to 
answer this question, provided that natural selection operates 
on the target trait. A procedure known as relaxed selection can 
be used to determine which genomic variants for the target trait 
are under natural selection [50]. These variants are the most 
critical to the maintenance of genetic variation for sleep, and 
thus the top candidates for functional studies. Consider the ex-
ample of night sleep duration [28, 41]. Traits affected by natural 
selection will presumably be maintained at an optimal level 
in an outbred population at the start of selective breeding [1]. 
Selective breeding subsequently alters this optimum, resulting 
in a divergence in night sleep duration (Figure 1A) [28, 41]. If the 
experimenter then allows random mating within the popula-
tion to occur, referred to as relaxing selection, natural selection 
will return the trait values back towards the optimum level, as 
shown by the dashed lines in Figure 1A [1, 51]. This phenotypic 
reversal is a demonstration that natural selection acts on the 
target trait, in this example night sleep duration. Likewise, al-
lele frequency changes that diverge under selective breeding 
and then reverse course under relaxed selection strongly impli-
cate these polymorphisms in the maintenance of genetic vari-
ation for sleep, as shown for the ringmaker variant in Figure 1B 
[41]. Notice the more pronounced response to relaxed selection 
in the short-sleeping population as against the long-sleeping 
population, which suggests that natural selection acts strongly 
against extreme short night sleep. This observation also ex-
plains why genes with severe short-sleeping mutants accrued 
genomic modifiers over time that increased sleep duration in 
flies [29, 45]. Thus, relaxed selection enables the prioritization of 
candidate variants for sleep.

A response to selective breeding that is much greater in one 
direction than the other is another indication that natural selec-
tion acts on the trait [52]. Selective breeding for nocturnal and 
diurnal behavior in flies produced a strong asymmetrical re-
sponse in the direction of increased diurnal behavior [35]. After 
15 generations of relaxed selection, the differences in activity 
patterns between the diurnal population and the control were 
gone, suggesting that natural selection acts against diurnal ac-
tivity patterns in flies [35]. The authors observed increased fe-
male lifespan in the nocturnal population as well as greater 
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numbers of progeny produced by nocturnal females, which 
suggests increased fitness in nocturnal flies (but see the section 
on correlated responses to selection below). The observation 
of asymmetry suggests the action of natural selection on the 
target trait.

One should not expect natural selection to act on every 
phenotype examined. Some traits show little or inconsistent re-
sponses to relaxed selection. Some examples in the literature 
include studies of wing shape [53], sex comb bristle number [54], 
and thorax length [55] in flies, in which one or more replicate 
populations did not change appreciably after selective breeding 
ceased. A lack of response may indicate optimal fitness in the 
population, or it may reflect a loss of genetic variation due to 
inbreeding [54, 55]. Still, in cases where natural selection is 
operating the relaxed selection procedure is an unbiased way to 
identify key variants maintaining genetic variation in sleep and 
circadian behavior.

Selective Breeding Identifies Traits Having a 
Shared Genetic Architecture with Sleep
Selective breeding can establish the genetic relationship be-
tween sleep and other complex traits. If the target trait has a 
shared genetic architecture with a secondary trait, the sec-
ondary trait may also respond to selective breeding for the target 
trait, a phenomenon known as a correlated response to selection [1]. 
Correlated responses to selection may or may not be desirable 
in the selected population. Table 1 shows traits selected for sleep 
and circadian phenotypes where a correlated response to selec-
tion was observed in another trait. Related sleep and circadian 
phenotypes respond to breeding for a target sleep trait, which 
might be anticipated, but correlated responses also include 
metabolic traits, life-history and fitness traits, and other behav-
iors such as learning and memory [27, 28, 34, 35, 38–40]. A correl-
ated response to selection implies a shared genetic architecture 
between sleep and other traits.

Interestingly, animals selected for other phenotypes may 
also have altered sleep due to selective breeding (Table 2). For 
example, flies selected for increased starvation resistance also 
have increased day and night sleep duration [56, 57], while 
flies selected for increased desiccation resistance do not [57]. 
Mice selected for immobility during the tail suspension test, 
a model of depression, had correspondingly longer slow-wave 
sleep and REM sleep [58]. Rats bred for sensitivity to diisopropyl 
fluorophosphate (DFP) had increased REM and advanced cir-
cadian phase [59, 60]. Additionally, young rats selectively bred 
for high alcohol preference had longer sleep–wake stages 
than controls [61]. These studies reveal a previously under-
appreciated shared genetic architecture between sleep and the 
selected trait.

While a correlated response to selection suggests common 
genes between the target trait and the correlated trait, selective 
breeding may alter underlying complex processes involving 
many genes. It is therefore critical to note that the genetic cor-
relation between the two traits will be less than one in the vast 
majority of cases. Thus, some care must be taken in the interpret-
ation of a correlated response as there will not be a one-to-one 
relationship between the genes influencing the target trait and 
those influencing the correlated trait. Furthermore, a correlated 
response observed in one replicate population may not occur in 
a second replicate population or experiment [64].

The relationship between sleep and lipid stores is one ex-
ample of this situation. Selection for insomnia-like symptoms 
in flies greatly reduced sleep duration but produced increases 
in triglycerides, free fatty acid, and cholesterol stores, as well 
as increased starvation resistance [27]. However, selection for 
increased starvation resistance in flies also increased lipid 
stores but increased rather than decreased sleep duration. 
One explanation for these disparate results is that the correl-
ated response is a consequence of inbreeding or random gen-
etic drift, not selective breeding. Masek et  al. demonstrated 
that this was the case for sleep and lipid stores. First, they 
noted that starvation-resistant flies ate more as larvae than 
unselected controls. By restricting feeding in starvation re-
sistant populations, lipid stores decreased, yet sleep remained 
unchanged [56]. Crosses of starvation-resistant populations to 
unselected controls demonstrated that there was no correl-
ation between sleep and the amount of food consumed [56]. 
These experiments demonstrate that sleep duration and star-
vation resistance have a shared genetic architecture, but not 
via lipid stores.

A similar issue emerges in the genetic relationship between 
night sleep duration and lifespan. A  recent evaluation of life-
span in the Sleep Inbred Panel (SIP) showed increased lifespan 
and reduced mortality rate in short sleepers as compared to 
long sleepers [65]. This is in contrast to the similar lifespan ob-
served in long and short sleepers of the progenitor populations 
from which the SIP was derived [28]. Differences in methodology 
for the lifespan measurements, including parameters known to 
affect lifespan such as mating status and diet composition, may 
have unmasked this relationship between lifespan and short 
sleep [65], suggesting a context-dependent relationship between 
the two traits.

Thus, it is important to confirm the relationship between 
the target trait and the trait having the correlated response. 
Crossing divergent populations will enable the experimenter 
to determine whether traits are inherited together [56, 58, 66] 
as replicate populations with similar phenotypic results can be 
constructed from disparate underlying processes [28].

Selective Breeding Facilitates Development 
of Community Resources
If selective breeding coupled with relaxed selection reveals the 
action of natural selection as outlined above, then the extreme 
phenotypes achieved with selective breeding are volatile. The 
selective breeding program must either be maintained con-
tinuously, or the experimenter must take action to preserve 
the phenotypic changes; otherwise, natural selection will act to 
return the trait to optimal levels. One way to preserve the ex-
treme phenotypes achieved with selective breeding is to create 
isogenized or inbred lines from the selected populations. For 
example, Pegoraro et al. used Drosophila balancer chromosomes 
to create a single isogenized line for each of the nocturnal, di-
urnal, and control fly populations they created, which maintains 
the extreme phenotypes in a stable, usable form [35]. Likewise, 
the Sleep Inbred Panel (SIP) is a group of 39 long-sleeping and 
short-sleeping inbred lines created by 20 generations of full-sib 
inbreeding of fly populations selected for long and short night 
sleep duration [67]. These lines form important laboratory and 
community resources for the further study of sleep as outlined 
below [35, 67].
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First, these resources enable more in-depth exploration of 
phenotypes potentially correlated with extreme sleep or cir-
cadian behavior. Several phenotypes have been explored as 
potential correlates with extreme long and short sleep dur-
ation in the SIP. As mentioned previously, lifespan was longer 
in short-sleeping SIP flies than in long sleepers, and their age-
specific mortality rate was lower [65]. Body weight was lower in 
both sexes, and triglycerides and glucose content was lower for 
males of SIP short sleeper lines [65]. In addition, both long and 
short sleeper lines of the SIP exhibited impaired learning [68]. 
Wildtype flies housed in same-sex groups for several days show 
increased sleep, predominantly during the daytime, compared 
to flies isolated during the same period of time [69, 70]. Males of 
the SIP responded to this paradigm largely as expected [68, 71]; 

however, both long- and short-sleeping females were more vari-
able in their response to social exposure [68]. These examples 
demonstrate how extreme lines can identify traits potentially 
having a genetic correlation with sleep and circadian behavior.

Second, underlying molecular pathways contributing to 
the extreme phenotypes can be studied in greater detail using 
stabilized lines. For example, lines isogenized for nocturnal and 
diurnal behavior in flies had phase shifts in PER protein in clock 
neurons associated with the changes in behavior [35]. Likewise, 
immunological staining of the brains of SIP short and long 
sleepers showed the differential effects of social exposure on 
brain morphology [68].

Third, stable lines with extreme phenotypes produced by se-
lective breeding provide a means to demonstrate the causality 

Table 2.  Sleep- and circadian-related characters that emerged as a correlated response to selection.

Organism Selected trait 
Starting 
population 

Selection 
intensity 
(%)a 

No. 
Generations 
of selection 

High  
Trait 

Low  
Trait 

Trait(s) with correlated 
response Ref. 

D. melanogaster Starvation resist-
ance

Wild-
collected 
Terhune 
Orchards, 
Princeton, 
NJ, USA

15 80 18 days – Day and night sleep duration [56]

Mus musculus Immobility in tail 
suspension testb

CD1 mice Fixed cri-
teria: High 
immobility 
(>115 s); 
low im-
mobility 
(<35 s)

14 100% >115s 100%  
< 35s

Light SWS, REM sleep latency, 
wakefulness, sucrose con-
sumption, seric cortico-
sterone and brain 5HT 
levels, 8-OH-DPAT-induced 
hypothermia, DRN firing 
inhibition, response to anti-
depressants

[58]

Mus musculus Stress reactivity 
(corticosterone 
level after re-
straint stress)

CD-1 outbred 
mice

8 7 Median 13.0 
male/26.9 
female (ng/
ml)

Median 1.5 
male/7.2 fe-
male (ng/ml)

Percentage of time in wake, 
REM, and NREM; transition 
frequency between wake 
and sleep states; EEG fre-
quency power

[62]

Rattus 
norvegicus

Sensitivity to 
diisopropyl 
fluorophosphate 
(DFP)d

Sprague–
Dawley

– 9 – – Increased REM, reduced REM 
onset, advanced circadian 
phase, body temperature, 
drinking behavior

[59, 60]

Rattus 
norvegicus

Intake of 10% al-
cohol per body 
weight

Sprague–
Dawley, 
Wistar, 
Long-
Evans

– 8–51 0.48 ± 0.25 
in males; 
0.97 ± 0.34 
in femalesc

0.18 ± 0.13 
in males; 
0.29 ± 0.26 in 
femalesc

Increased time in sleep–wake 
stages

[61, 63]

Rattus 
norvegicus

Righting re-
flex after 
intraperitoneal 
injection of GHB 
1 g/kg

 Ratio of 
sleep 
duration/
onset of 
loss of 
righting 
reflex ≥ 8 
sensitive;  
≤ 2 re-
sistant

10 13.2 in males; 
16.5 in fe-
males

0.2 in males; 
0.5 in females

 [36]

Canis familiaris Brachycephaly – – – – – Sleep-disordered breathing 
index; nadir in O2 saturation

[37]

aHere selection intensity refers to the proportion of flies selected as parents for the next generation.
bImmobility in the tail suspension test is a model for depression. DRN, dorsal raphe nucleus.
cml alcohol consumed per 100 g of body weight.
dSensitivity was defined from a composite score of changes in body temperature, drinking behavior, and body weight.
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of highly conserved candidate variants (Figure 2). CRISPR scar-
less allelic replacement [72, 73] of candidate alleles in a long-
sleeping line with their short-sleeping counterparts enables a 
variant-by-variant comparison of sleep differences between 
the modified line and the long-sleeping line in the same gen-
etic background. If the variant is causal, a full systems genetics 
comparison between the modified line and the long-line is war-
ranted, which may include RNA-Seq, proteomics, metabolomics, 
and an assessment of chromatin structural modifications to re-
veal the underlying changes induced by a single variant change. 
Transgenic approaches could then be applied to assess whether 
the variant directly affects sleep through known sleep-active 
neurons [74]. As mentioned previously, sleep is highly polygenic; 
thus, some interaction among candidate variants should occur. 
Crossing modified lines enables the assessment of combina-
torial effects among polymorphisms (Figure 2) [75]; alternatively, 
polycistronic CRISPR approaches facilitate the assessment of 
combinatorial effects simultaneously [76]. This framework will 
enable the construction of the network of naturally-occurring 
polymorphisms that maintain variation in the target sleep trait.

Future Directions
Selective breeding in nonhuman models offers certain ad-
vantages over conventional mutagenesis and GWAS studies. 
Selective breeding can be used to develop extreme high and 
low phenotypes for heritable traits, within the limits of the 
underlying genetic variation. Like GWAS, selective breeding 
enables the discovery of the suite of genomic variants and cor-
responding genes that modify the target trait. However, the re-
laxed selection procedure unique to selective breeding is an 
unbiased way of picking variants to pursue mechanistically as 
it reveals the variants under natural selection. Preserving ex-
treme phenotypes via breeding creates community resources 
for further study. Importantly, these resources can be used to 
confirm the causality of candidate variants by perturbing ex-
treme phenotypes while maintaining the integrity of the gen-
etic background. A further systems understanding of the trait 
can be gleaned by measuring additional phenotypic and mo-
lecular correlates. Some outstanding challenges in this area 

are to (1) develop new mathematical approaches to the ana-
lyses of multiomic, multigenerational data to derive causal 
genetic networks; and (2) to generate methods that will more 
rapidly verify genomic variants and elucidate their function. 
Advancements in these areas will link this classic technique 
with 21st-century biology.
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