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Organisms use endogenous clocks to adapt to the rhythmicity of the environment and to synchronize social activities.

Although the circadian cycle is implicated in aging, it is unknown whether natural variation in its function contributes

to differences in lifespan between populations and whether the circadian clock of specific tissues is key for longevity. We

have sequenced the genomes of Drosophila melanogaster strains with exceptional longevity that were obtained via multiple

rounds of selection from a parental strain. Comparison of genomic, transcriptomic, and proteomic data revealed that chang-

es in gene expression due to intergenic polymorphisms are associated with longevity and preservation of skeletal muscle

function with aging in these strains. Analysis of transcription factors differentially modulated in long-lived versus parental

strains indicates a possible role of circadian clock core components. Specifically, there is higher period and timeless and lower

cycle expression in the muscle of strains with delayed aging compared to the parental strain. These changes in the levels of

circadian clock transcription factors lead to changes in the muscle circadian transcriptome, which includes genes involved in

metabolism, proteolysis, and xenobiotic detoxification. Moreover, a skeletal muscle-specific increase in timeless expression
extends lifespan and recapitulates some of the transcriptional and circadian changes that differentiate the long-lived

from the parental strains. Altogether, these findings indicate that the muscle circadian clock is important for longevity

and that circadian gene variants contribute to the evolutionary divergence in longevity across populations.

[Supplemental material is available for this article.]

Aging is a multifactorial process governed by environmental,
behavioral, genetic, and epigenetic factors (López-Otín et al.
2013). Research over the past decades has led to the identification
of longevity-regulating genes and has demonstrated a role in aging
for several evolutionarily conserved signaling pathways and phys-
iological processes (DiLoreto and Murphy 2015).

The circadian cycle underlays the daily oscillation ofmany bi-
ological functions and has emerged as one of the important pro-
cesses that regulate aging (Mattis and Sehgal 2016; Giebultowicz
2018). Many cellular and systemic homeostatic functions are al-
tered when the circadian cycle is perturbed, including metabolic
homeostasis (Xu et al. 2011; Barber et al. 2016; Harfmann et al.
2016; Paschos and FitzGerald 2017), regeneration (Karpowicz
et al. 2013;Dierickxet al. 2018), thehost response tobacterial infec-
tions (Stoneet al. 2012), andxenobiotic detoxification (Zhanget al.
2018). Moreover, several age-related human diseases have been
linked to defects in the circadian cycle, such as cancer (Masri and
Sassone-Corsi 2018) and neurodegeneration (Krishnan et al.
2009, 2012; Musiek et al. 2013; Musiek and Holtzman 2016;
Hood and Amir 2017).

In addition to the central clock in the suprachiasmatic nucle-
us, clocks in peripheral tissues have emerged as important regula-
tors of systemic circadian functions (Xu et al. 2008). In skeletal
muscle, many genes involved in glucose and lipid metabolism
are regulated in a circadian manner (Hodge et al. 2015; Harfmann
et al. 2016; Dyar et al. 2018; Perrin et al. 2018). Moreover, the skel-
etalmuscle circadian clock has important roles in systemic homeo-
stasis (Harfmann et al. 2015; Hodge et al. 2015, 2019; Schroder
et al. 2015), as demonstrated by the finding that disruption of cir-
cadian rhythms in muscle leads to derangement of systemic glu-
cose homeostasis and altered sleep in mice (Harfmann et al.
2016; Ehlen et al. 2017).

Similar to the pivotal role of skeletal muscle in regulating sys-
temic metabolic homeostasis and circadian functions (Harfmann
et al. 2015, 2016; Ehlen et al. 2017), skeletal muscle has also
emerged as an important tissue for lifespan determination in mul-
tiple species (Gates et al. 2007; Hanson andHakimi 2008; Pedersen
and Febbraio 2008; Demontis and Perrimon 2010; Vrailas-
Mortimer et al. 2011; Demontis et al. 2013a, 2014; Keipert et al.
2013; Stenesen et al. 2013; Rai and Demontis 2016). The
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progressive functional deterioration of skeletal muscle starts
from an early age and precedes the age-related systemic decline
in proteostasis and tissue integrity in Drosophila (Demontis and
Perrimon 2010) and Caenorhabditis elegans (Herndon et al. 2002),
suggesting that skeletal muscle aging precedes and influences the
aging of other tissues. Moreover, epidemiological studies in hu-
mans have established that age-related skeletal muscle weakness
is the best predictor of mortality and morbidity (Metter et al.
2002; Ruiz et al. 2008), further confirming the importance of skel-
etal muscle for systemic aging. However, despite its importance,
the genetic and environmental/behavioral mechanisms that
govern skeletal muscle aging are incompletely understood
(Demontis et al. 2013b; Piccirillo et al. 2014).

As for human centenarians (Milman and Barzilai 2015), the
analysis of natural variation in aging across diverse populations
of simple model organisms has led to important insights into the
genetic determinants of aging and sarcopenia (Barzilai et al.
2012). In the fruit fly Drosophila melanogaster, in addition to com-
paring differences in aging and lifespan across natural populations
(Mackay 2002; Geiger-Thornsberry and Mackay 2004; Durham
et al. 2014;Carbone et al. 2016), the short
generation time and ease ofmaintenance
has allowed the laboratory evolution of
strains that diverge in aging traits from
the parental population (Rose 1984;
Rose and Graves 1989; Arking 2001). For
example, the O (Old) Drosophila strains
have been established via several rounds
of laboratory selection for delayed senes-
cence from the parental B (Base) strain
(Rose 1984; Rose and Graves 1989).

Although such experimental selec-
tion in the lab may not recapitulate the
evolution of aging traits in wild popula-
tions (Sgrò and Partridge 2001), the use
of O lines and other lab-evolved strains
has led to important insights into genetic
determinants of aging (Wilson et al.
2006, 2013; Carnes et al. 2015; Sujkowski
et al. 2015; Parkhitko et al. 2016). Howev-
er, most of these studies have focused on
whole organism analyses and have not
investigated tissue-specific aging.

On this basis, we have examined
whether skeletal muscle function is bet-
ter preserved during aging in strains ex-
perimentally selected for longevity and
whether analyses of the molecular
changes that have occurred in the skele-
tal muscle of such strains can provide in-
sight into anti-aging signaling pathways
relevant for sarcopenia.

Results

Drosophila O strains selected for

longevity have reduced muscle

functional decay with aging

We have employed Drosophila strains
with extended lifespan generated
through artificial selection for postponed

senescence (Rose 1984; Rose and Graves 1989) to test whether lon-
gevity associates with delayed skeletal muscle aging in these
strains. As previously shown (Rose 1984; Rose and Graves 1989),
O1 and O3 flies live longer than parental B3 flies (Fig. 1A). O lines
also have decreased age-related skeletalmuscle functional decay, as
indicated by negative geotaxis (climbing), spontaneous locomo-
tion, flight, and jumping assays (Fig. 1). Specifically, the percent-
age of flies with climbing capacity decreases with aging in B3
flies but is better preserved in theO lines (Fig. 1B).Moreover, spon-
taneous locomotion does not differ at 1 wk of agewhen comparing
the O lines with B3 flies (Fig. 1C). However, it decreases with aging
in B3 flies but not in O lines (Fig. 1D). Similarly, at 6 wk of age
(equivalent to the median lifespan of B3 flies), ∼50% of B3 flies
are not capable of flying, while the remainder show poor flight ca-
pacity. However, at the same age, the O1 and O3 lines show only
few nonflyers, whereas more than 50% of flies retain moderate
to good flight capacity (Fig. 1E). This is also reflected in theweight-
ed average flight index, a score indicating the extent of flight per-
formance (Fig. 1F; see Methods). Lastly, the jumping ability of old
B3 flies decreases to 40% relative to young B3 flies, while the O1

Figure 1. Drosophila long-livedO lines are protected fromage-related skeletalmuscle functional decay.
(A) Lifespan extension in the O lines versus B3. B3 flies had a median lifespan of 42 d (n=180), whereas
O1 (n=273) and O3 (n=213) flies had amedian lifespan of 72 and 76 d, respectively (P<0.05). (B) With
aging, the B3 line displays a progressive increase in the ratio of flies unable to climb, as estimated with
negative geotaxis assays (P<0.05), whereas the O lines are partly protected. (C,D) Analysis of spontane-
ous locomotion indicates that, although there is no substantial difference in young age (1 wk old) (C), O
lines have increased spontaneous locomotion and rhythmicity in old age (6 wk old) (D), compared with
the parental B3 strain (P<0.05; n[batches of 10 flies] = 10). (E,F) Flight defects arise with aging in B3 but
less so in the O lines, as also demonstrated by the flight index (F), which is calculated considering all clas-
ses of flyers shown in E; n=100–102, SEM, (∗∗∗) P<0.001. (G) Jump ability declines with aging in B3 flies
but not in O1 and O3 flies; n=25, SEM, (∗∗∗) P<0.001.
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and O3 genotypes have no significant decline in jumping perfor-
mance at old age compared to young adults (Fig. 1G).

These assays probe the function of distinct sets of skeletal
muscles, i.e., the leg muscles for climbing and spontaneous loco-
motion, the direct and indirect flight muscles for flight, and the
tergal depressor of trochanter muscle for jumping. On this basis,
these assays indicate a general preservationof skeletalmuscle func-
tion with aging in the O lines when compared to the parental B3
parental strain (Fig. 1).

In addition tomuscle functional decline,musclemass loss is a
prominent feature of aging in humans (Nair 2005). However, mea-
surement of the cross-sectional area of indirect flight muscles indi-
cates that age-related decline in skeletal muscle mass is highly
variable in Drosophila and that the O lines do not differ in this as-
pect from the B3 line (Fig. 2A).

Several molecular derangements occur during aging in
Drosophila and human skeletal muscle (Demontis et al. 2013b). A
prominent one consists of the decline of proteostasis and the con-
sequent accumulation of dysfunctional proteins, which negatively
impacts muscle contractile functions (Demontis and Perrimon
2010; Jiao and Demontis 2017). To examine whether O1 and O3
flies are protected from age-related proteostatic defects, we utilized
immunostaining for polyubiquitinated protein aggregates and
confocal microscopy. In B3 flies, there was age-related accumula-
tionof polyubiquitinatedRef(2)P (also knownas p62)-positive pro-
tein aggregates, which was reduced in O flies (Fig. 2B,C). Similar
results were obtained via the analysis of detergent-soluble and -in-
soluble fractions of skeletalmuscles,which also revealed an age-de-
pendent increase in the levels of insoluble polyubiquitinated
proteins, corresponding to protein aggregates (Demontis and
Perrimon 2010), in the B3 line but less so in the O lines (Fig. 2D).

Together, these data indicate that, in agreement with human
epidemiological studies (Metter et al. 2002; Ruiz et al. 2008), pres-
ervation of skeletal muscle protein quality and function is associ-
ated with longevity. On this basis, we next sought to determine
the genetic basis for longevity and decreased muscle functional
senescence in the O line by performing genomic and transcrip-
tomic analyses.

Numerous genetic polymorphisms differentiate the O from

the parental B strain

To identify the genetic mutations that differentiate the O lines
from the parental B3 strain, whole-genome sequencing was per-
formed, and the B3, O1, and O3 genotypes were compared against
the Drosophila reference genome. From this analysis, there were
many genomic variants that were discovered (Fig. 3A), with the
largest class consisting of single nucleotide polymorphisms
(SNPs, ∼1 million/genotype). A few large variants (>400 bp)
were also identified and attributed to deletions, insertions, inver-
sions, and interchromosomal translocations (Fig. 3A; Supplemen-
tal Table S1).

To identify genomic variants associated with lifespan, we se-
lected those occurring with differential frequency in O1/O3 (con-
sidered jointly) versus B3. This analysis identified 173,869
genomic variants unique to the B3 genotype and therefore poten-
tially having a negative impact on lifespan, and 67,681 variants
that occurred both in O1 and O3 and that are therefore putative
longevity regulators (Fig. 3B). Genomic variants associated with
lifespan appeared to be distributed throughout the chromosomes
(Fig. 3A), albeit with lower density on the 4th and X Chromo-
somes, likely owing, respectively, to the significantly smaller size

Figure 2. Modulation of muscle cross-sectional area and protein quality
control in O and B lines during aging. (A) Changes in muscle size are var-
iable and typically not significant during Drosophila aging. Sections of
Drosophila thoraces from B3 flies at 1 and 6 wk stained with phalloidin,
to detect F-actin (green), and with Alexa555-WGA (wheat germ aggluti-
nin), to detect the extracellular matrix (red). Age-related changes in the
cross-sectional area of the 12 longitudinal indirect flightmuscles (IFM; out-
lined) are not statistically significant due to high variability (SD, n=9–16).
These findings indicate that muscle mass loss is not a robust feature of ag-
ing in Drosophila and that it does not differ between O and B lines.
(B) Immunostaining of indirect flight muscle from the O and B lines reveals
an age-related accumulation of Ref(2)P-positive (green) poly-ubiquitin
(red) protein aggregates in the muscles of B3 flies, whereas this does not
occur to the same extent in the O lines, as demonstrated by the quantifi-
cations shown in C, which report the number and total area of particles
(protein aggregates) normalized by tissue area; (∗) P<0.05; n =10–25;
SEM. (D) Western blots of skeletal muscle fractions similarly indicate that
there is a lower increase with aging of poly-ubiquitin protein aggregates
in themuscles of theO lines compared to the B3 (ubiquitin and Ref[2]P sig-
nals detected in detergent-insoluble fractions), whereas there is no change
in the ubiquitin and Ref(2)P levels detected in the detergent-soluble
fractions.
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of the 4th chromosome and to the reduced recombination rate of
the X Chromosome (Schaffner 2004).

Analysis of the genomic distribution of the 241,550 geno-
type-specific variants differentially associated with lifespan indi-
cated that 64.93% are within gene boundaries (genic), whereas
the rest (35.07%) are intergenic (Fig. 3C). However, the majority
(61.69%) of variants within a gene were not within coding se-
quences but rather in intervening untranslated regions, including
5′ and 3′ UTRs and introns. Missense mutations within the coding
region accounted for 3.14% of variants, while frameshift (FS) and
nonsense (NS)mutations accounted for only 0.05% and 0.01%, re-
spectively. Most of the FS and NS mutations occurred toward the
end of the coding sequence, suggesting that protein function
may not be overtly affected. Moreover, of the 129 FS mutations
and 30 NS mutations detected, only two FS and one NS mutations
are enriched in the O lines compared to B3. Of these, the FS muta-
tions occurred in two genes not previously implicated in aging,
i.e.,Magi, amolecular scaffolding protein involved in the organiza-
tion of adherens junctions, and CG15705, of unknown function.

The NS mutation truncated the four C-terminal amino acid
residues of REPTOR (CG13624), a transcription factor that modu-
lates gene expression in response to Tor (Target of rapamycin) ac-
tivity (Tiebe et al. 2015), which is a prominent regulator of aging
and lifespan across species (Zoncu et al. 2011). Because the C ter-
minus of REPTOR displays a putative type II binding motif (FVL)
for PDZ domains (Demontis et al. 2006), which is missing in the
truncated REPTOR expressed by the O lines (Supplemental Table
S1), REPTOR’s function may be affected and contribute to the dif-
ferences in longevity observed between the B and O lines.

However, because most mutations occurred in noncoding
genic regions, we hypothesized that these may have a more perva-
sive role in regulating the lifespan of theO lines versus B3 by affect-
ing transcriptional regulatory sequences and, consequently, by

modulating gene expression. We therefore examined the distribu-
tion of genomic variants relative to transcription start sites (TSSs)
(Fig. 3D) and transcription end sites (TESs) (Fig. 3E), as previously
done (Massouras et al. 2012). Therewas a sharp increase in the den-
sity of variants within 1 kb from the TSS (Fig. 3D), suggesting that
these genomic variants affect the proximal promoter and conse-
quently gene expression. Therewas an enrichment also in proxim-
ity of the TES (Fig. 3E), a region that can regulate transcription by
interacting with enhancers, silencers, and insulators.

Overall, these studies suggest that genomic variants poten-
tially associated with lifespan determination may primarily act
via themodulation of gene expression rather than by affecting pro-
tein sequence and function.

Changes in muscle gene expression differentiate the O lines

from the parental B3 strain

Because of the possibility that genomic variants associated with
lifespan affect transcriptional regulatory sequences (Fig. 3), we
next examined the skeletal muscle transcriptomes of the B3, O1,
and O3 flies in young (1 wk old) and old (6 wk old) age (Fig. 4;
Supplemental Table S2). Principal component analysis (PCA) of
RNA-seq data indicated that theO1 andO3 strains are highly inter-
related, as they cluster together in both young and old age, sepa-
rately from the B3 genotype (Fig. 4A). Consistently, the gene
expression changes induced in O1 versus B3 and in O3 versus B3
are similar (r2 = 0.4705), indicating a shared pattern of transcrip-
tional regulation in long-lived lines (Fig. 4B).

Several genes are up-regulated in the O lines versus B3 (Fig.
4C–F), some of which are known to extend lifespan when overex-
pressed. These include takeout, which regulates juvenile hormone
activity (Flatt and Kawecki 2007; Bauer et al. 2010; Yamamoto et al.
2013), and the cytoplasmic chaperone Hsp26 (Wang et al. 2004).

Figure 3. Whole-genome sequencing identifies genetic variants associated with longevity and protection from age-related skeletal muscle functional
decay. (A) Circos plot representing the distribution of genomic variants across the euchromatic genome in 20-kb bins. Large intrachromosomal and inter-
chromosomal rearrangements are shown in green and blue, respectively. (B) The distribution of the number of variants by the nucleotide length for the B3,
O1, and O3 genotypes relative to the dm3 Drosophila reference genome shows a relatively large proportion of short, in particular single nucleotide poly-
morphisms. The Venn diagram shows variants that have significantly different allelic frequencies and that are not overlapping between genotypes. Variants
unique to the long-lived (O1 and O3) or control (B3) genotypes are shown in cyan and red, respectively, and account for a total of 241,550 variants po-
tentially associated with delayed aging. (C ) The proportion of the 241,550 genotype-unique variants and their genomic localization relative to gene se-
quences. While a large proportion, 64.93%, of total variants are present within a gene sequence, only 3.24% of longevity-associated variants are present
within the coding sequence and therefore could potentially affect translation as eithermissense, nonsense, or frameshift mutations. (D,E) Genotype-unique
variants within ±10 kb of either the transcription start site (TSS) and the transcription end site (TES). There is a large increase in variant density immediately
prior to the TSS and immediately following the TES.
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Beyond the role of individual genes and consistent with the find-
ing that all chromosomes of the O strains contribute to their lon-
gevity (Hutchinson et al. 1991), hierarchical clustering of RNA-seq
data indicates that multiple genes and biological processes are dif-
ferentially regulated in a strain-specific manner and by aging.
Specifically, secreted proteins, proteasome components, peptidas-
es, chaperones, and genes involved in innate immunity and mito-
chondrial functionwere among thosemost differentially regulated
in the O lines versus B3 (Fig. 4E,F). The expression of peptidases

and proteases (which cooperate with the proteasome in protein
degradation [Bhutani et al. 2007]) declines during aging in the
B3 line, but it is well maintained in the O lines (Fig. 4E).
Conversely, there is a strong age-induced up-regulation of protea-
some gene expression in muscles of B3 flies but not in O lines (Fig.
4E). This presumably represents a stress response to declining pro-
teostasis (Girardot et al. 2006) which is not induced in the O lines.
Moreover, whereas the expression of genes involved in mitochon-
drial respiration declines with aging in the B3 line, it is well
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Figure 4. RNA-sequencing identifies gene expression changes associated with protection from skeletal muscle aging. (A,B) PCAmapping identifies clus-
tering of O1 andO3, comparedwith B3, suggesting that there are genomic variants that affect gene expression consistently in O1 andO3 versus B3, as also
indicated by the comparison of the log ratios of O1 versus B3, and O3 versus B3 (B). (C,D) Several genes are differentially regulated, including some already
implicated in longevity in Drosophila, such as Hsp26 and takeout. (E) Genes differentially expressed include: genes involved in glutathione transferase ac-
tivity (red cluster), which are down-regulated in O genotypes; genes involved in innate immunity, secreted factors, the proteasome, and chaperones (yel-
low cluster), which are induced by aging in the B3 but not in the O lines; genes necessary for proteolysis and peptidase and lipase activity (green cluster),
which are down-regulated in B3 with aging; and genes that are up-regulated in O lines at all ages (blue cluster), which include genes necessary for mito-
chondrial ATP synthesis, oxidative phosphorylation, and cytochrome P450 activity. (F ) Similar gene categories are also identified by hub analysis of the
most regulated genes that differentiate the O lines from the parental B3.
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maintained in the O lines (Fig. 4E), sug-
gesting that improved mitochondrial
function could contribute to longevity
and proteostasis (Musci et al. 2018).

Altogether, the regulated expression
of many gene categories relevant for ag-
ing likely contributes to the longevity
of O lines.

Distinct proteomic changes occur in the

skeletal muscle of O and B3 lines

To examine whether transcriptional
changes detected by RNA-seq lead to cor-
responding proteomic changes, TMT
mass-spectrometry was used to analyze
skeletal muscle from the O and B lines
in young and old age (Supplemental Ta-
ble S3). In young age, therewas similarity
in the proteomic changes induced in O1
and O3, compared with B3 (Fig. 5A), as
observed for transcriptional changes
(Fig. 4). Consistent with different aging
trajectories of O and B lines (Figs. 1–3),
the proteomic changes thatwere induced
by aging in theO lineswere largely differ-
ent fromthose induced in theparental B3
line (Fig. 5A). Specifically, proteins in-
volved in innate immunity/inflamma-
tion, the proteasome, and glutathione
metabolism were induced in the B3 line
during aging, presumably as part of a
stress response to declining proteostasis
(Fig. 2), whereas this did not occur in
theO lines (Fig. 5B). Conversely, proteins
involved in mitochondrial translation
and respirationhadhigher levels inOver-
sus B lines (Fig. 5B), similar to the modu-
lation of the corresponding mRNA levels
(Fig. 4).

Disconnect of the muscle transcriptome

and proteome with aging

Previous studies in different model
organisms have shown that the correla-
tion between mRNA and protein levels
is lower than generally assumed (Gygi
et al. 1999;Ghazalpour et al. 2011; Yeung
2011). In addition to technical differ-
ences in the coverage, dynamic range,
and substrate bias of proteomic versus ge-
nomic approaches, posttranscriptional
mechanisms have been suggested to re-
duce the correlation between the tran-
scriptome and the proteome (Gygi et al.
1999; Ghazalpour et al. 2011; Yeung
2011).

To determine whether gene ex-
pression changes that differentiate the
O lines from the B3 line correspondingly
lead to proteomic changes, we compared
the mRNA and protein levels in the

Figure 5. Changes in the muscle proteome differentiate the B3 from the O lines. (A) TMT mass-spec-
trometry indicates that there is similarity in the regulation of muscle protein levels in O1 andO3 versus B3
in young age. Proteomic changes induced by aging differ in O1 andO3 versus B3, consistent with O lines
having different aging trajectories than B3 (Figs. 1–4). (B) Proteins differentially regulated in the skeletal
muscle of O and B lines with aging are represented by similar categories as in Figure 4. (C,D) In line with
previous studies, there is limited correlation between mRNA and protein levels in young age, and this is
largely lost with aging in all strains (D). This finding suggests a possible preponderance of post-transcrip-
tional mechanisms in the determination of proteome composition in old age. r2 correlation coefficients
are indicated.
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O lines to the B3 (Supplemental Table S4). In line with studies in
other organisms (Gygi et al. 1999; Ghazalpour et al. 2011; Yeung
2011), in young age there is an overall limited correlation (r2 =
0.239 and 0.317) between the transcriptional and proteomic
changes that are present in the O lines versus the B3 (Fig. 5C).
However, there is an increasing discon-
nection (i.e., worse r2 values, r2 = 0.001–
0.016) betweenmRNA and protein levels
in old age, as inferred from the analysis of
age-induced transcriptional and proteo-
mic changes in the muscle of O1, O3,
and B3 flies (Fig. 5D). Because technical
limitations should equally impact both
young and old samples, it is unlikely
that technical differences between prote-
omics versus genomics are the sole expla-
nation for the wider gap between the
transcriptome and the proteome that is
observed in old versus young age. This
suggests that posttranscriptional mecha-
nisms such as mRNA splicing, protein
translation, and protein degradation,
which are known to be deranged during
skeletal muscle aging (Demontis et al.
2013b), may progressively widen the dis-
crepancy between the transcriptome and
the proteome during aging. Although
the disconnect between the transcrip-
tome and the proteome may represent
an important component of aging, both
the B3 and O lines are affected (Fig.
5D), suggesting that it is not responsible
for the increased lifespan and reduced
muscle functional decay seen in the O
lines versus the B3 line.

In summary, mass-spectrometry
studies suggest that proteomic changes
correlate with gene expression changes
more in young age than in old age. On
this basis, gene expression changes ob-
served in young age may more likely be
responsible for the different aging trajec-
tories of the O lines versus B3.

Differential expression of circadian clock

core components in the muscle of O and

B lines

Considering that transcriptional changes
differentiate the O lines from the B3 and
contribute to proteomic changes (Figs. 4,
5), we next examined whether there are
transcription factors that could contrib-
ute to the observed gene expression
changes. For these analyses, the differen-
tial expression of all 613 transcription
factors and transcriptional regulators de-
tected by RNA-seq was examined.

Ets21C, a transcription factor previ-
ously implicated in the response to infec-
tion (Chambers et al. 2012) and gut
regeneration (Mundorf et al. 2019), is

the most down-regulated transcription factor in the O lines com-
pared with the B3 (Fig. 6A). However, homozygous Ets21C null
flies have a maximum and median lifespan similar to that of iso-
genic controls (Supplemental Fig. S1), suggesting that it is not a
determinant of longevity under standard housing conditions.

Figure 6. Core components of the circadian clock are differentially expressed in the skeletal muscle of
long-lived O lines. (A) Differential expression of transcription factors and transcriptional regulators in the
skeletal muscle of O1 versus B3. The x-axis shows the log ratio of gene expression changes, whereas the
y-axis indicates the significance score, which is equivalent to the −log10(P-value). Ets21C has low expres-
sion in O1 compared with B3. Core components of the circadian clock are the transcription factors that
aremost highly regulated. (B) Expression profile of circadian clock components at different time points in
the day (zeitgeber ZT 0, 6, 12, 18, 24). In the O lines, there is increased expression of timeless (tim), period
(per), and PAR-domain protein 1 (Pdp1) at ZT12. Conversely, cycle (cyc) expression is reduced at all time
points in O lines. n=3, SD, (∗) P<0.05, (∗∗) P<0.01, (∗∗∗) P<0.001. (C) O lines have higher Timeless pro-
tein levels at ZT18 compared to B3.
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There was divergence in the expression of transcriptional reg-
ulators that constitute the circadian clock (Fig. 6A). Specifically,
timeless (tim) and period (per) were themost up-regulated transcrip-
tion factors in the O lines (Fig. 6A). Further testing confirmed that
there is higher timeless (tim), period (per), and PAR-domain protein 1
(Pdp1) expression in the O lines at ZT12, compared with the B3
line, and lower cycle (cyc) expression (Fig. 6B). Moreover, western
blots with anti-Timeless antibodies indicate that there are higher
Timeless protein levels at ZT18 in the O lines, compared to the
B3 parental line (Fig. 6C).

A complex formed byCycle andClock normally induces time-
less and period expression, which in turn form a complex that re-
duces Clock-Cycle activity (scheme in Fig. 6A). However, because
cycle has overall reducedmRNA levels inO versus B3, it is not likely
to be responsible for the increased timeless and period expression
that is found in the O lines. Examination of genomic regions
for circadian core clock components indicates the presence of sev-
eral genetic polymorphisms in proximal promoters, UTRs, and
intronic regions of timeless and other circadian core clock genes
(Supplemental Table S5). These polymorphisms may underlie
the differential expression of timeless and other circadian core
clock components in O versus B lines.

Adjustment of the circadian muscle transcriptome

in O versus B lines

Because of the profound changes in the expression of circadian
clock components (Fig. 6), we next examined the circadian tran-
scriptome of O and B3 lines (Fig. 7A; Supplemental Table S6).
Identification of cyclic genes (adjP<0.05) with the JTK_CYCLE
algorithm (Hughes et al. 2010) revealed differences between the
O3 and the B3 lines (Fig. 7B–D; Supplemental Table S7).
Specifically, 808 genes are cyclic in B3 but not in O3 (Fig. 7B),
such as genes involved in the function of mitochondria, Rab
GTPases, and DNA repair (Fig. 7C).

A common set of 563 genes cyclically oscillates in both the B3
and O3 lines (Fig. 7B), including genes involved in proteolysis
(peptidase M13), endocrine signaling (juvenile hormone bind-
ing), and metabolism of xenobiotics, glutathione, carbohydrates,
and lipids (Fig. 7D).

Conversely, 2161 acquired de novo rhythmicity in the O3
line (Fig. 7B,E). The Gene Ontology categories that describe these
genes include oxidoreductase activity, amino acid transport, tran-
scription, and metabolism (Fig. 7E,F). In summary, the O3 and B3
lines display divergent circadian muscle transcriptomes, which
may causally contribute to differences in their lifespan.

Lifespan extension and circadian adaptations by muscle-specific

timeless overexpression

Because the circadian muscle transcriptome and timeless expres-
sion are differentially regulated in O versus B lines (Figs. 6, 7), we
next tested whether these contribute to the longevity of the O
lines.

For these studies, the UAS/Gal4 system and the skeletal mus-
cle-specific Mhc-Gal4 (Schuster et al. 1996) were employed to
increase the expression of timeless in Drosophila muscles (Fig. 8A,
B). An approximately sixfold increase in timeless gene expression
was obtained at 29°C (Fig. 8A), whereas an approximately twofold
increase was seen at 25°C (Fig. 8B), similar to the change in timeless
expression between the O lines and B3 (Fig. 6A,B).

Survival analysis indicated that timeless overexpression ex-
tends lifespan compared to isogenic controls, both at 25°C and

29°C (Fig. 8A,B). Lastly, the gene expression changes induced by
muscle-specific overexpression of timeless were analyzed and re-
vealed that a subset of genes were significantly and consistently
modulated in Mhc> timOE and O flies (Fig. 8C; Supplemental
Table S8). These included Hsp26, a chaperone that regulates life-
span (Wang et al. 2004), and genes involved in xenobiotic detox-
ification (Cyp12d1-d) and DNA repair (mre11). Conversely, the
antimicrobial peptides CecA1 and CecA2 were down-regulated
upon timeless overexpression and inO lines (Fig. 8C). This suggests
that higher timeless expression partially contributes to the tran-
scriptional changes that differentiate the O lines from B3.

Because there is divergence in the circadianmuscle transcrip-
tomes of the O and B lines, we next asked whether increased time-
less levels contribute to such changes. To this purpose, we used the
JTK_CYCLE algorithm (Hughes et al. 2010) to define cyclic genes
in Mhc> timOE and control Mhc>+ flies (Fig. 8D; Supplemental
Table S9). There were 1229, 902, and 1837 genes that were cyclic
(adjP<0.05) only in control flies, in both conditions, and only
upon timeless overexpression, respectively (Fig. 8D–G). There
were some genes with de novo rhythmicity in O3 versus B3 (Fig.
7E) that also acquired rhythmicity upon timeless overexpression
(Fig. 8G). These included genes involved in transcription, modula-
tion of Rho GTPases, inositol phosphate metabolism, amino acid
transport, and helicases (Fig. 8G). Conversely, genes encoding
for SH3-domain-containing proteins were cyclic in the muscle of
B3 but not ofO3 lines and, similarly, theywere cyclic in themuscle
of control Mhc>+ but not of Mhc> timOE flies (Fig. 8E). Together,
these findings indicate that higher timeless expression contributes
to shape the circadian transcriptome and to determine the longev-
ity of O lines.

On this basis, we next asked whether increased timeless ex-
pression andmodulationof circadian clock component expression
is commonly observed in long-lived versus short-lived strains. For
these qRT-PCR analyses, we first compared the long-lived La
strains with the parental Ra strain (Arking 2001; Sujkowski et al.
2015). As observed for the O versus B lines (Fig. 6), we find that
long-lived La lines have increased timeless and period expression
at ZT12, compared to the parental Ra stock (Fig. 9A).

Secondly, we compared the expression levels of timeless and
other circadian cycle core components across 12 Drosophila
Genetic Reference Panel (DGRP) fly stocks with different lifespans.
Among the six long-lived stocks, there were two stocks with signif-
icantly higher timeless expression at ZT6 (Fig. 9B). Together, these
findings suggest that changes in timeless expression frequently as-
sociate with lifespan extension but that longevity can also be
achieved via other pathways, independently of changes in timeless.

Discussion

We have found that experimental selection of Drosophila strains
for exceptional longevity is associated with changes in the expres-
sion of circadian clock components (Figs. 6, 9), altered circadian
gene expression in skeletal muscle (Fig. 7), and the maintenance
of robust circadian activity patterns in old age (Fig. 1C,D).
Specifically, muscle of the O lines show decreased cycle expression
and higher timeless and period mRNA levels, which associate with
changes in the rhythmicity of several circadian genes and with
the acquisition of rhythmic expression for some genes that are
normally not circadian (Figs. 6–8). These findings suggest that
the O lines developed a variant pattern of circadian expression
that impacts only some genes, rather than the overall circadian
transcriptome. Consistent with a contribution of timeless to this
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Figure 7. Adaptation of the muscle circadian transcriptome in long-lived O lines. (A) Hierarchical clustering of the muscle gene expression changes oc-
curring at different time points (ZT) in the day. All genes that are statistically defined as cyclic (adjP<0.05) in at least one JTK analysis were included.
(B) Comparison of cyclic genes detected in the muscle of B3 versus O3 lines reveals distinct gene sets that are strain-specific or shared across strains.
GO categories that describe rhythmic genes that are B3-specific (C ), that cycle in both B3 and O3 (D), and that cycle only in O3 (E) are shown.
(F ) Examples of genes with increased rhythmicity in the O lines, compared with B3. SD is shown with (∗) P<0.05, (∗∗∗) P<0.001. In A–F, n=3 for each
time point and genotype.
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regulation, overexpression of timeless to levels similar to those
seen in theO lines leads to changes in the circadian transcriptome.
In particular, some of the genes with de novo rhythmicity that
differentiate muscles with timeless overexpression from controls
similarly oscillate in the O lines but not in the parental B3 strain
(Figs. 7, 8).

Changes in the pattern of gene rhythmicity have been ob-
served also in other contexts. For example, aging and exposure
to oxidative stress increase or promote de novo rhythmicity for
some stress-response genes in Drosophila heads (Kuintzle et al.
2017). Therefore, adaptations in circadian gene expression that af-
fect only limited gene sets may represent a common and context-
tailored response to homeostatic challenges.

On this basis, an adaptation of the circadian cycle (Figs. 7, 8)
is possibly involved in the longevity of O lines, as well as circadian-
independent functions of clock components that are differentially
modulated in O versus B lines (Fig. 6). In particular, the higher
transcriptional oscillation of timeless in the O lines versus the B3
line (Fig. 6) may contribute to lifespan extension. This hypothesis
is based on the observation that the amplitude of timeless expres-
sion increases upon DR (Katewa et al. 2016) and declines with ag-
ing (Luo et al. 2012; Rakshit et al. 2012) and that loss of timeless
shortens lifespan and accelerates age-related locomotor decline
in Drosophila (Vaccaro et al. 2017). Moreover, our study indicates
also that constantly higher levels of timeless are sufficient for

longevity and for inducing rhythmic expression of some genes
(Fig. 8), consistent with the observation that timeless overexpres-
sion in the whole organism and in some peripheral tissues (fat
body, gut, and malpighian tubules) extends lifespan (Katewa
et al. 2016).

In addition to lifespan, timeless has been reported to be neces-
sary for the response to dietary restriction (Katewa et al. 2016), al-
though this dependency appears to be variable and context-
specific (Ulgherait et al. 2016). Moreover, Timeless regulates
diverse processes relevant for aging that occur in several tissues
(Young et al. 2015; Tsoumtsa et al. 2017; Shen et al. 2018). On
this basis, the longevity of O lines likely depends on the action
of Timeless in multiple tissues (Katewa et al. 2016; Solovev et al.
2019). In this respect, our findings indicate also that skeletal mus-
cle timeless contributes to longevity (Fig. 8), in line with previous
studies that have defined an important role for the skeletal muscle
clock in mice (Harfmann et al. 2015, 2016; Hodge et al. 2015,
2019; Schroder et al. 2015; Ehlen et al. 2017).

In addition to providing insight into the link between aging
and the muscle circadian clock in Drosophila, our study suggests
that longevity may co-evolve with circadian cycle variants.
Typically, variations in the circadian cycle emerge as specific adap-
tations to the environment and to social clues, such as avoiding
predators or working with peers (Tauber et al. 2007; Bulla et al.
2016; Kaiser et al. 2016). On this basis, it is possible that the

Figure 8. Muscle-specific timeless overexpression extends lifespan and reshapes the muscle circadian transcriptome. (A) Lifespan extension with muscle-
specific timeless overexpression (Mhc> timOE) compared to isogenic controls (29°C; P<0.05;Mhc> timOE n=70; +/timOE n=43;Mhc>+ n=52; +/+ n=40).
(B) Similar results are obtained at 25°C by comparingMhc> timOEwith flies withmCherry overexpression (Mhc> cherryOE) andUAS transgene-alone controls
(P<0.05;Mhc> timOE n=276; +/timOE n=255;Mhc> cherryOE n=381; +/cherryOE n=315). The level of timeless overexpression obtained with UAS/Gal4 in
shown in A,B. (C) Analysis of gene expression changes induced by timeless overexpression reveals that there are some genes significantly and consistently
regulated in Mhc> timOE and O flies versus their respective controls (n=3; genes with P<0.05 in both genotypes are shown). (D) Comparison of cyclic
genes detected in the muscle of Mhc> timOE versus Mhc>+ flies reveals distinct gene sets that are genotype-specific or shared. GO categories describing
the cyclic genes that are specific for Mhc>+ are shown (E), as well as the GO categories for genes that cycle in both Mhc>+ and Mhc> timOE (F ), and
that cycle only inMhc> timOE (G). Genes that similarly oscillate in O3 versus B3 andMhc> timOE versusMhc>+ are identified by double arrows (<<) whereas
single arrows (<) highlight GO categories that are shared by multiple gene sets in (E–G).
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modulation of aging is a by-product of circadian variants that pro-
vide an advantage for coping with environmental and social chal-
lenges. In the case of the O lines, these fly stocks were established
via the selectivemating of late survivors within the parental B pop-
ulation (Rose 1984). Therefore, it is possible that changes in the ex-
pression of circadian core components were selected in the O lines
because of their capacity to preserve activity levels, social interac-
tions, and reproduction during aging.

In summary, our findings indicate that variation in the mus-
cle circadian clock contributes to shaping aging traits and to the
evolutionary divergence in longevity across individuals and
populations.

Methods

Fly stocks and survival analysis

The Drosophila melanogaster strains experimentally selected for de-
layed senescence (O1 and O3) and the parental B3 strain were
maintained as previously described (Rose 1984; Wilson et al.
2006; Parkhitko et al. 2016). The normal-lived progenitor Ra strain
and the long-lived La strain were previously described (Arking
2001) and were validated according to the expression of genes
(Mal-B1 and Pepck2) known to be regulated in these strains

(Sujkowski et al. 2015). In addition, the following Bloomington
stock center DGRP lines were also examined, for which lifespan
data are available (Ivanov et al. 2015): #25199, #28189, #28142,
#28138, #55017, #28243, #28200, #28218, #28150, #28226,
#28278, #28276.

Fly stocks used in lifespan experiments are Mhc-Gal4
(Schuster et al. 1996), UAS-timeless (2nd chromosome insertion;
from Dr. Amita Sehgal), and UAS-mCherry (BL#35787).

For all experiments,male flieswere collectedwithin 24h from
eclosion and reared at standard density (25 per vial) on cornmeal/
soy flour/yeast fly food at 60% humidity, 12 h:12 h light:dark cy-
cles, and 25°C. For one survival experiment in Figure 8A, flies were
kept at 29°C, as indicated. Survival analysis was done as before
(Demontis et al. 2014) and is described in detail in the Supplemen-
tal Methods.

Assays for muscle function (flight, negative geotaxis, jumping,

and spontaneous locomotion)

Assays for muscle function were done as previously described
to probe flight (Drummond et al. 1991), negative geotaxis
(Demontis and Perrimon 2010), jumping (Wells et al. 1996), and
spontaneous locomotion (Katewa et al. 2012), and are described
in detail in the Supplemental Methods.

Figure 9. Analysis of clock component gene expression in skeletal muscle fromDrosophila strains with different lifespans. (A) Analysis of long-lived La flies
and parental Ra flies and of (B) DGRP lines with distinct median lifespan indicates that the expression of timeless and of other circadian clock components
sometimes correlates with increased lifespan; SEM with n=3; (∗) P<0.05. This suggests that increased timeless expression in muscle correlates with but is
not a strict prerequisite for lifespan extension. Increased vri expression also correlates with lifespan extension in both La and Ra lines (A) and DGRP lines (B).
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Skeletal muscle immunostaining and confocal microscopy

Fly thoraces were dissected, fixed, and immunostained as
described previously (Demontis and Perrimon 2010; Hunt and
Demontis 2013) with rabbit anti-poly-ubiquitin (FK2; Enzo Life
Sciences, #BML-PW8810-0100) and Anti-Ref(2)P antibodies
(Abcam, #178840). Alexa635-phalloidin was used to detect
F-actin. Supplemental Methods report detailed information on
the analysis of confocal images and of skeletal muscle size.

Genomic sequencing

Thewhole-genome sequencing of nine pooled DNA samples, each
from four individual flies, was performed on an Illumina HiSeq
2000 according to the manufacturer’s instructions (Illumina).
The 101-bp paired-end reads were trimmed for adapters, filtered
against quality (Phred-like Q20 or greater) and length (50 bp or
longer), and aligned to a Drosophila melanogaster assembly
BerkeleyDrosophilaGenome Project (BDGP) Release 5 reference se-
quence (dm3), with Release 5.46 annotation (July 2012) from
FlyBase (http://flybase.org). The genotypes were called at all posi-
tions for each sample where there were high-quality sequence bas-
es (Phred-like Q25 or greater) at a minimumvariant allele coverage
of two paired-end reads, using CLC Genomics Workbench v7.5.1
(CLC Bio). The statistically significant (P<0.05) variants between
longevity and control groups, but not between two longevity
groups, were selected using a t-test on the variant frequencies
among three replicates from each of the three sample groups.
Each variant was annotated either with a relative position within
a gene or to the transcription start site or the transcription end
site of a gene, whichever is the closest, using an in-house script
(Supplemental Code S1). The numbers of variants in every 10-bp
window were further summarized for variant density relative to
the position of TSSs and TESs. For each missense mutation, the
protein sequence divergence leading to potential damage of pro-
tein function was evaluated using the BLOSUM matrix (Henikoff
and Henikoff 1992). Circular visualization of genomic data was
done with Circos (Krzywinski et al. 2009).

qRT-PCR

qRT-PCR was performed as previously described (Demontis et al.
2014). Total RNA was extracted with the TRIzol reagent (Life
Technologies) from Drosophila thoraces, consisting primarily of
skeletal muscle, from >20 male flies/replicate, followed by reverse
transcription with the iScript cDNA synthesis kit (Bio-Rad).
qRT-PCR was performed with SYBR Green and a CFX96 apparatus
(Bio-Rad). Three biological replicates were used for each genotype
and time point. α-Tubulin at 84B was used as a normalization ref-
erence. The comparative CTmethodwas used for relative quantita-
tion of mRNA levels. The oligos used are listed in Supplemental
Table S10.

RNA-sequencing

Total RNA was extracted from Drosophila thoraces, which consist
primarily of skeletal muscle, as described above. Three or more bi-
ological replicates were prepared for RNA-seq with the TruSeq
stranded mRNA library preparation kit (Illumina) and sequenced
on the Illumina HiSeq 4000 platform, with six samples in each
lane.Multiplexingwas done on a per flowcell basis. Approximately
100million readswere obtained for each sample. FASTQ sequences
derived frommRNA paired-end 100-bp sequences weremapped to
theDrosophila melanogaster genome (BDGP5) with the STAR align-
er (version 2.5.3a) (Dobin et al. 2013). The percentage of readmap-
ping was on average 92.39%, with a range of 84.41%–99.11%.

Transcript level data were counted using HTSeq (version
0.6.1p1) (Anders et al. 2015) based on the BDGP5 GTF release
75. The TMMmethod (Robinson et al. 2010) was used to calculate
the normalization factors. Then, linear modeling was carried out
on the log2(CPM) (count per million) values where the mean-var-
iance relationship is accommodated using precisionweights calcu-
lated by the voom function (Law et al. 2014) of the limma package
in R 3.2.3 (R Core Team 2013; Ritchie et al. 2015). A q-value (FDR)
was calculated for multiple comparison adjustments of RNA-seq
data. The lmFit, eBayes, and contrasts.fit functions from the limma
package were used for the linear modeling. The UAS/Gal4 system
analyses were done by limma package in R 3.2.3. Statistical analy-
ses for O and B strains at 1 and 6 wk of age, correlations, and PCA
visualizations were performed using log2(FPKM) values in Partek
Genomic Suite 6.6 (www.partek.com/partek-genomics-suite/).

Network hub genes were identified from selected genes (P<
0.05 of interaction of age and genotype in two-way ANOVA and
fold change>2 by genotype comparison) (Supplemental Table
S11) using a STATA MP/11.2 (www.stata.com) script that returns
pairwise correlations where |rho| >0.7 (Supplemental Code S2).
The script then further selects hub genes with link count >50
and average absolute rho> 0.8 for the hub gene visualization
(Fig. 4F), which was obtained with STRING (Szklarczyk et al.
2019) by visualizing only high-confidence interactions (minimum
interaction score >0.7), and color coded based on GO terms. The
gene sets were analyzed by DAVID (Database for Annotation
Visualization and Integrated Discovery) (Huang da et al. 2009) to
identify enriched functional classes of genes.

Computational analyses of cyclic genes

Circadian transcriptomes were obtained frommuscles of 1-wk-old
flies. Cyclic genes were identified by using log2(FPKM) values
transformed after the addition of 2 to prevent negative numbers
and reduce the effect of low-expressing genes. The JTK_CYCLEv3.1
code (Hughes et al. 2010) for R (3.2.3) was applied to log2(FPKM)
data for each genotype separately, adjusting for uneven cohorts
to account for excluded outliers as needed. The statistically signifi-
cant genes were determined by the Benjamini–Hochberg adjusted
P-values.

For hierarchical clustering, the mean of log2(FPKM) was ob-
tained for each strain (O1, O3, and B3) and time point (ZT0,
ZT6, ZT12, ZT18). Statistically significant genes in at least one
JTK analysis (adjP<0.05) were included. These means were then
hierarchically clustered by gene while preserving the order of
time and strain using Partek 6.6 Genomic Suites.

Proteome profiling by TMT-LC/LC-MS/MS

This analysis was performed essentially following our previously
optimized method (Bai et al. 2017) and is described in detail in
the Supplemental Methods.

Western blotting

Western blots for monitoring Timeless protein levels were done
according to standard procedures (Hunt et al. 2015) by using
anti-TIM (Garbe et al. 2013; Jang et al. 2015) and anti-tubulin an-
tibodies (Cell Signaling Technologies, #2125). The band corre-
sponding to Timeless protein (∼150 kDa) was confirmed to be
specific via the analysis of positive controls (Supplemental Fig. S2).

Statistical analyses

All experiments were performed with biological triplicates unless
otherwise indicated. The unpaired two-tailed Student’s t-test was
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used to compare the means of two independent groups to each
other. A one-way ANOVA with Tukey’s post hoc test was used for
multiple comparisons ofmore than twogroups of normallydistrib-
uted data. A two-way ANOVAwas used when two treatments were
applied. Survival data was analyzed with OASIS2 (Han et al. 2016)
using Fisher’s exact test at 50% mortality (medial lifespan). The
“n” for each experiment canbe found in the figure legends and rep-
resents independently generated samples, including individual
flies for lifespan and muscle function assays, and batches of flies
or fly thoraces for other assays. Bar graphs represent the mean ±
SEM or ±SD, as indicated in the figure legend. Throughout the fig-
ures, asterisks indicate a significant P-value (∗P<0.05). Statistical
analyses were done with Excel and GraphPad Prism.

Data access

All raw and processed RNA sequencing data generated in this
study have been deposited to the NCBI Gene Expression
Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/) under acces-
sion number GSE129922. The genomic DNA sequencing data gen-
erated in this study have been deposited to the NCBI BioProject
database (http://www.ncbi.nlm.nih.gov/bioproject/) under ac-
cessionnumber PRJNA533450. Themass spectrometry proteomics
data generated in this study have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository
(https://www.ebi.ac.uk/pride/archive/) with the data set identifier
PXD014223. These and other primary data are provided in
Supplemental Tables S1–S12.
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