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rather than stochastic variation with age (Fig.1). We observed
changes in CHC profiles beginning as early as 23 days of age, with
most of the early trends continuing through to 65days of age.
Changes in cohort density do not appear to be a major influence on
our data because significant mortality does not occur until more
than 40 days of age, which is well after most age-dependent patterns
have been established. Two major unsaturated compounds that have
been documented as pheromones, 7,11-HD (C,7Hs,) and 7,11-ND
(Cy9Hsg), were detected by both GC/MS and LDI-MS (Antony and
Jallon, 1982; Antony et al., 1985; Jallon, 1984). Levels of 7,11-HD
decreased with age in both strains, while levels of 7,11-ND increased
with age. Other compounds that were detected only by either GC/MS
or LDI-MS also showed consistent aging patterns, although little is
known about the functions of most of these compounds (Fig.1).
Total amounts of CHC per female fly (as assessed by GC/MS
analysis) showed on average an increase with age, particularly very
late in life (supplementary material Fig. S4).

Male CHC profiles were also significantly affected by aging. We
found similar age-dependent trends in many CHC from Canton-S
and Fv males, and seven compounds reached statistical significance
in both strains [nC21, 9-C23:1, 7-T, 2-MeC,4 and 2-MeC,g from
GC/MS; Cy0H330; (cVA) and C»3H440 from LDI-MS] (Fig.2). The
compound 7-T is a known pheromone, and we found it to decrease
significantly with age (Ferveur and Sureau, 1996; Grillet et al.,
2006). Another prevalent compound, 7-P, exhibited a significant
increase with age. CHC analysis of the male foreleg region by LDI-
MS revealed that the volatile pheromone cVA (CH330;) (Bartelt
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Fig. 2. Aging robustly alters male CHC
i . profiles in Drosophila. Several male
b | © i hydrocarbons in both (A) Canton-S and (B)
Fv strains were affected by aging. CosHas
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5-C23:1 (GC/MS). The data analysis and
presentation are as described in Fig. 1. Note
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.

C3HasOs
C23H4403

Compound (LDI)

et al., 1985) exhibited a dramatic decrease in level from 7days of
age to 23 days of age with little change thereafter, suggesting that,
in our conditions, only young males release large amounts of this
compound. In contrast, levels of a newly identified pheromone,
CHS503 (C30Hs5603) (Yew et al., 2009), which is only detected by
LDI-MS, were unaffected by aging. Unlike in females, we did not
detect significant changes in total male CHC levels with age
(supplementary material Fig. S4).

Aging leads to an increase in the proportion of longer chain
CHC

The effects of aging on individual CHC levels were distributed
across the profile in a non-random manner such that older females
tended to have relatively more CHC with longer carbon chains
and fewer CHC with shorter chain lengths (Fig. 1). Consistent with
this observation, we found a significant positive correlation
between the percentage change in normalized CHC intensity with
age and carbon chain length (Fig.3A). The same pattern was
observed in male profiles (Fig.2 and Fig.3B), suggesting that
similar molecular mechanisms may be responsible for CHC
changes in the two sexes.

Because of the observed increases in the proportion of longer
chain CHC, we predicted that the expression level of enzymes whose
primary function is to lengthen the carbon chain would be increased
with age. The only known elongase involved in Drosophila CHC
formation, elongaseF’, is female specific and catalyzes the addition
of carbon atoms to the carboxylic ends of CHC (Chertemps et al.,
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Fig. 3. Aging results in an increased proportion of longer chain CHC. Aging resulted in a change in the distribution of CHC leading to lesser amounts of CHC
with a shorter chain length and greater levels of compounds with a longer chain length in old (A) female and (B) male flies. Each data point represents a
single compound from GC/MS measurements. Data are presented as percentage change of normalized CHC intensity in the oldest animal from that in the
youngest animal [(65 days—7 days)/7 days old]. P-values are determined by regression analysis.

2007). Surprisingly, quantitative PCR analysis showed that aging
had no effect on the expression of this gene (supplementary material
Fig.SS5). Therefore, the observed increases in the representation of
CHC with longer chain length are likely due to other unidentified
genes or mechanisms.

The increase in prevalence of CHC with greater chain length
with age prompted us to examine whether compounds that share
other general chemical properties were affected by aging in a
similar way. We noted that aging resulted in significant changes
in the levels of specific dienes, such as 7,11-HD and 7,11-ND,
and asked whether aging impacted the overall levels of
unsaturated compounds, i.e. alkenes and dienes. We found,
however, that aging did not consistently influence the overall
levels of these subgroups (data not presented). In addition, the
mRNA levels of two identified desaturases involved in double
bond formation, desaturasel and desaturaseF (Chertemps et al.,
2006; Dallerac et al., 2000), were also unchanged with age
(supplementary material Fig.SS5). Again, it is likely that other,
unknown genes that function in CHC synthesis are the target of
aging or that modulation of CHC composition occurs post-
transcriptionally.

Aging-related changes in CHC influence sexual attractiveness
Given their putative importance in sexual communication, we next
asked whether the aging-related changes that we observed in CHC
profiles influence animal attractiveness. We first examined female
attractiveness by assessing male preference for young (8 days old)
vs old (52 days old) decapitated females in a two-choice courtship
assay. We found that males devoted significantly more than 50%
of their courtship activity to young females, which suggests that
they are more attractive to males than are old females (Fig.4A).
Video analysis (see Materials and methods), which precisely
quantifies the percentage of time individual males spend in the
proximity of each test female, confirmed the males’ preference for
young females (Fig.4A).

Several lines of evidence implicate aging-related changes in CHC
composition in the observed differences in attractiveness. First, male
discrimination between young and old females disappeared
following a hexane wash, which effectively removes all CHC from
the females (Fig.4A). Second, we repeated the courtship assay under
dim red light, which is undetectable to the flies, and found that the

preference for young females remained, which rules out visual cues
as a major sensory input responsible for the observed differences
(Fig.4A). Finally, we applied CHC extracts from young or old flies
onto same-age, oenocyte-less flies, which do not produce CHC
(Billeter et al., 2009), and tested male preference. We found that
males preferred oenocyte-less females covered with CHC from
young animals over those covered with CHC from old animals
(Fig.4A).

Changes in the levels of known pheromones may be responsible
for the decrease in female attractiveness with age. Although it may
not be sufficient to induce male courtship alone (Billeter et al., 2009),
a pheromonal role for 7,11-HD has been suggested from several
studies (Antony et al., 1985; Antony and Jallon, 1982). We found
that levels of 7,11-HD decreased with age. A second compound,
7,11-ND, may also function to stimulate male courtship (Antony et
al., 1985). However, our data show that older females, who are
significantly less attractive, exhibit relatively high 7,11-ND levels.
It seems likely, therefore, that female attractiveness in our study
results from synergistic effects induced by changes in multiple
compounds rather than additive contributions from individual
compounds.

In males, the observed decreases of 7-T and cVA, both of which
are known pheromones that increase female receptivity, suggested
that aging males may also lose their attractiveness. To determine
whether this was indeed the case, we used video analysis to assess
male attractiveness by quantifying the amount of time individual
females spent in the immediate proximity of test males. This method
avoids potential confounding effects from differences in courtship
behaviors between young and old males. Indeed, we found that even
in the absence of courtship from males, females spent significantly
more time near decapitated, immobilized young males than they
did with old males (Fig.4B). This effect was small (~5% preference)
but significant (P=0.02). However, differences did not persist in the
dark (Fig.4B), suggesting that visual cues are important for female
preference. These results do not, however, rule out a possible effect
of male CHC profiles in female choice. It may be that females rely
on multiple stimuli and sensory modalities to make choices. Vision,
for example, may be necessary for females to remain in the
proximity of a specific male to detect the CHC. Analysis of
preference in mutant females with deficits in specific aspects of
sensory perception would help disentangle such influences.
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Fig. 4. Aging significantly reduces sexual attractiveness in Drosophila. (A) Female attractiveness: males exhibited a strong and highly significant preference
for young females when measured either by direct observation in the light using a live courtship assay (N=29) or by automated video analysis (N=30). This
preference was lost when females were exposed to a hexane wash, which removed CHC (video analysis; N=21). Preferences persisted in the dark (live
observation; N=25) and when oenocyte-less females were covered with CHC extracted from young or old females (video analysis; N=26). (B) Male
attractiveness: females exhibited modest preference for young males (video analysis; N=24), but the preference was lost in the dark (video analysis; N=34).
For all behavior assays, preference is presented as the percentage of time the choosing animals spend either actively courting (live analysis) or in the
vicinity (video analysis) of the young test fly divided by the total time attributed to both test flies [young/(young+old)]. All experiments used Canton-S flies. P-
values represent the results of a Wilcoxon signed-rank test applied to test the null hypothesis of no preference (i.e. the time spent courting either fly=50%).

Together, these data show that aging significantly reduces
attractiveness in both male and female D. melanogaster. While the
effect of aging on female attractiveness can be ascribed to changes
in CHC profiles, its influence on male attractiveness is more subtle
and likely due to alterations in multiple sensory cues.

CHC as honest indicators of reproductive potential
Why are CHC profiles altered by aging? We believe that it is
unlikely that these changes reflect a general deterioration of the
capacity to produce individual CHC. General deterioration would
be expected to manifest in reduced synthesis, increased variance
and inconsistent results from strain to strain. In contrast, the age-
related changes that we observed were highly repeatable and, if
anything, total CHC levels increased with age. It is plausible that
the observed changes in CHC result from mechanisms unrelated
to CHC synthesis. Long-chain compounds, for example, have
lower vapor pressure, which may result in a slow accumulation
over time. Alternatively, the consistent changes across different
genetic backgrounds and the age-dependent increases of long-chain
length species in both sexes is consistent with a model whereby
CHC synthesis is strongly regulated throughout the lifespan.
Although we found no evidence that this regulation was occurring
at the level of gene transcription (mRNA levels of genes involved
in CHC synthesis were unchanged in this study), CHC regulation

could occur post-transcriptionally or through changes in the
expression of other unidentified genes. CHC analysis using
especially long- or short-lived strains of flies would provide insight
into the influence of each of these possibilities.

Aging-related changes in CHC profiles may be adaptive and may
promote specific aspects of stress resistance. Many researchers have
suggested that the ancestral function of CHC in insects involves the
prevention of water loss (Foley and Telonis-Scott, 2011; Gibbs et
al., 1997). Older flies exhibit a higher water loss rate and are less
resistant to desiccation (Gibbs and Markow, 2001). Therefore, it
may be that increases in total CHC or changes in the CHC profile,
specifically increases in long-chain CHC, are initiated to protect
aging flies against increased susceptibility to water loss (Gibbs,
2002).

If changes in CHC composition are driven by challenges
associated with aging physiology, it may be that flies evolved the
ability to recognize them as honest indicators of organism health.
Our data show that aging reduces organism attractiveness and that
CHC composition, at least in females, is a major determinant of
this change. Aging is a process that affects key fitness characteristics,
with most animals experiencing a decline in general health and a
reduction in reproductive output. Therefore, aging-related changes
in CHC could have originated as an adaptive response and have
since evolved to be used by potential mates as indicators of an
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individual’s age or condition. Similar ornamental indicator traits
have been suggested in other systems. Carotenoid and melanin-based
pigments, for example, have been shown to reflect immunity and
the ability to gather resources in birds and fishes (Searcy and
Nowicki, 2005). Most of the evidence, however, is based on
correlations, and molecular connections between the indicator traits
and underlying fitness characteristics have not been established (Hill,
2011). Our data suggest the intriguing hypothesis that molecular
mechanisms that affect animal longevity or reproduction might also
directly affect sexual characteristics and that this may be a common
phenomenon. It will therefore be of interest to determine whether
genetic or environmental manipulations that modulate lifespan or
reproduction influence CHC or other sexually attractive
characteristics in the fly and whether these relationships are
conserved in other species.
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