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General evolutionary theory predicts that individuals in low condition should
invest less in sexual traits compared to individuals in high condition. Whether
this positive association between condition and investment also holds
between young (high condition) and senesced (low condition) individuals
is however less clear, since elevated investment into reproduction may be ben-
eficial when individuals approach the end of their life. To address how
investment into sexual traits changes with age, we study genes with sex-
biased expression in the brain, the tissue from which sexual behaviours are
directed. Across two distinct populations of Drosophila melanogaster, we find
that old brains display fewer sex-biased genes, and that expression of both
male-biased and female-biased genes converges towards a sexually inter-
mediate phenotype owing to changes in both sexes with age. We further
find that sex-biased genes in general show heightened age-dependent
expression in comparison to unbiased genes and that age-related changes in
the sexual brain transcriptome are commonly larger in males than females.
Our results hence show that ageing causes a desexualization of the fruit fly
brain transcriptome and that this change mirrors the general prediction that
low condition individuals should invest less in sexual phenotypes.

1. Introduction

Organisms commonly experience a decline in their physiological functioning with
age [1]. This phenomenon, referred to as ageing or senescence, has a negative
impact on the overall performance of organisms, reduces their ability to access
and metabolize resources and results in elevated mortality and/or reduced repro-
ductive rate [2-4]. Ageing, consequently, represents a degenerating somatic state
that entails a shrinking pool of energy available for somatic maintenance and
reproduction, and can hence be viewed as a decline in organismal condition [5].
Condition plays a central part in how life-history theory predicts organisms
should allocate resources between current reproduction (through sexual traits)
and somatic maintenance (investment in future reproduction) to maximize fitness
[6,7]. In general, theory predicts that low-condition individuals should invest less
than high-condition individuals into sexual traits, since condition determines
an individual’s ability to pay the viability costs associated with sexual trait
exaggeration [8,9]. Empirical tests largely support this prediction (e.g. [10-14]).
When ageing reduces condition, the relative investment of low (old) and high
(young) condition individuals in sexual traits becomes more difficult to predict,
since the elevated risk of dying associated with ageing may select for increased
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investment at old age [15-17]. Predicting how investment
will change with age is potentially also complicated by con-
straints, since (i) individuals may not be able to discriminate
between a reduction in condition caused by inadequate
access to resources and low condition owing to ageing, (ii)
the weakening force of selection with age may prevent optim-
ization of investment at old age, and (iii) the degenerate soma
of old individuals may no longer fully respond to elevated
investment.

To address how the reduction in condition that follows
from ageing influences investment into sexual traits, we
study changes in the sexual brain transcriptome (SBT, i.e.
genes with sex-biased expression in the brain) between
young and old Drosophila melanogaster males and females.
The size of the SBT should provide an unbiased estimate of
the current investment level into sexual traits (sexual and
reproductive behaviours), since sex-biased gene expression
is the first step by which energy is channelled towards
sexual traits, gene expression can rapidly change in response
to the environment, and because a degenerate soma (owing
to age) should not limit its expression. Our results show a dis-
tinct reduction in the SBT with age owing to desexualization
of gene expression in both sexes, and hence support the
prediction from general condition dependence theory.

2. Results

We compare the SBT of young (5 days) and moderately old
(25 days) flies in two populations of D. melanogaster (LHpm
and Dahomey). On adult day 5 flies are fully sexually
mature [18] and by adult day 25 they have typically clearly
senesced [19,20]. Further, on adult day 25, most flies are
still alive, limiting the opportunity for selective deaths to
influence the mean phenotype of old individuals [21,22].
We verified that ageing (in terms of reproductive output)
occurs by this age in the populations we study (electronic
supplementary material, file S1, figure S1), and that mortality
until adult day 25 is relatively low in both populations
(electronic supplementary material, file S2, figure S2).

(a) Sex-biased gene expression declines with age

The SBT evolves rapidly in Drosophila [23] and frequently
shows substantial differences between D. melanogaster strains
([24] and references therein). Accordingly, we find that LHy
and Dahomey, which are differentiated with respect to both
origin and culturing protocol (see Methods), share relatively
few sex-biased genes (electronic supplementary material,
file S2, figure S3). This difference between the populations
may, at least partly, also result from that samples from the
Dahomey population were more variable than those from
the LHy; population, giving us less statistical power to ident-
ify sex-biased genes in Dahomey (electronic supplementary
material, file S2, figure S4). The populations also differ with
respect to how sex and age influence genetic variation, as
shown by how these two factors associate to the 10 first prin-
cipal components from a principal components analysis
(electronic supplementary material, file S2, figures S5-57).
To test for changes in the SBT with age, we first compare
the number of male-biased (MB) and female-biased (FB)
genes between young and old flies in each population separ-
ately. Independently of adjusted p-value cut-off, we find
significantly fewer MB and FB genes in old compared to

young flies in both populations (except for Dahomey MB [ 2 |

genes at adjusted p-value cut-off of 0.001, which left few sig-
nificant MB genes at both ages), suggesting a general
desexualization of the SBT with age (electronic supplementary
material, file S2, table S1a-S1c). These results corroborate ear-
lier findings, where the number of sex-biased genes, in general,
have declined when condition has been experimentally
reduced either through resource limitation [25-28] or muta-
tional load [29]. When comparing the coefficient of variation
for gene expression between young and old flies, we find
that it is lower in old LHy, females, while it is higher in old
LHy; males and in both sexes of old Dahomey flies (electronic
supplementary material, file S2, figure S4). The reduced
detected number of sex-biased genes in old flies could thus,
in Dahomey, but presumably not in LHy, at least partly
result from elevated variance in gene expression at old age.
To study how the SBT changes with age within each sex
separately, we next analyse how the expression level of
genes identified as MB and FB in young flies changes with
age in each sex. In males from both populations, expression
of MB genes on average declines with age in comparison to
unbiased (UB) genes, while expression of FB genes on aver-
age increases with age compared to UB genes (electronic
supplementary material, file S2 table S2a-52b). In females,
we find the opposite pattern in both populations. Here, the
expression of FB genes on average declines with age in
comparison to UB genes, while expression of MB genes on
average increases with age compared to UB genes (electronic
supplementary material, file S2 table S2a-S2b). We note that
these results are not influenced by changes in expression vari-
ation in genes with age, since such expression changes are
adjusted for in our analyses (see Methods for details). These
results thus show that desexualization of gene expression
occurs in both sexes of both populations with respect to
MB as well as FB genes (figure 1), and thus confirms that
there are fewer sex-biased genes in old brains. Somewhat unex-
pectedly, but largely in line with Malacrino et al. [29], we find
that desexualization of FB genes is larger than that of MB
genes in LHy, males and in Dahomey females. There is no
difference in response between FB and MB genes in LHy
females and in Dahomey males (figure 1; electronic supplemen-
tary material, file S2, table S2a-52b). We find similar results if
we include the genes that are significantly sex-biased only at
old age (electronic supplementary material file S2, table S2c—
52d), and if we take the tissue specificity of genes into account
(electronic supplementary material, file S2, table S2e-S2f).
Collectively, these results consistently indicate that ageing
causes reduced, rather than increased, investment into the SBT.

(b) Desexualization with age depends on the degree of
sex-biased expression

Traits experiencing strong sexual selection are expected to
evolve exaggerated sexual dimorphism and therefore elev-
ated condition-dependent expression [11,12]. We test this
prediction and find that the desexualization (i.e. reduced
expression of FB MB genes and elevated expression of MB
FB genes in females males) of gene expression with age
increases with increasing level of sex-bias, a pattern that
holds for both FB and MB genes, in both sexes and popu-
lations (all eight p <0.02; electronic supplementary material,
file S2, table S3a—S3Db; figure 2). These findings align with ear-
lier results, where condition was manipulated either through
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Figure 1. Differential gene expression between old and young flies in LHy, and Dahomey, with genes grouped on the x-axis according to their sex-bias in young flies
(FB = female biased, MB = male biased, UB = unbiased), in each sex separately. Values on the y-axis represent log, fold changes with age. Pairs of boxes are
labelled with asterisks whenever their absolute distances from the 0-axis differ significantly. This was tested with a Bayesian linear model (***pMCMC <
0.001; **pMCMC < 0.01; *pMCMC < 0.05; n.s. pMCMC > 0.05). Note that graphs are on different scales. (Online version in colour.)

access to resources [25] or genetic quality [29]. In LHy; males,
the association between the degree of sex-bias and desexuali-
zation with age was stronger for FB than MB genes
(p <0.0001; electronic supplementary material, file S2, table
S3a). There was no difference in association with degree of
sex-bias between FB or MB genes in LHy, females, or in
either sex in Dahomey (all p > 0.21; electronic supplementary
material file S2, table S3a-S3b).

() Sex-biased genes show heightened age-dependent
expression

The theory of condition-dependent expression of sexual traits
predicts they should evolve heightened sensitivity to changes
in condition [6,7]. To test if the SBT shows heightened age-
dependent expression, we compared the change in absolute
expression of FB and MB genes to UB genes. We used absol-
ute change since there is no prediction with respect to
direction of expression changes for individual UB genes
with age, and since above analyses show that their expression
increases as often as it decreases with age (figure 1; electronic
supplementary material file S2, table S2a-S4f). We find that
both MB and FB genes change significantly more than UB
genes with age in both sexes and populations, except for
MB genes in Dahomey females (figure 3; electronic sup-
plementary material, file S2, table S4a-S4b). These results
thus show that sex-biased genes in general are more sensitive
than UB genes when condition is reduced through ageing. In
accordance with above analyses, we also find that the absolute
change of FB genes is larger than that of MB genes in LHy
males and in Dahomey females, and that there is no difference
in change between FB and MB genes in LHy, females. In
contrast to the above results, there is a larger absolute
change in MB than FB genes in Dahomey males (figure 3;
electronic supplementary material, file S2, table S4a—S4b).

(d) Sex-biased genes are in general more sensitive to
ageing in males

Since sexual selection in general acts stronger on males than
females [30,31], sexual traits are expected to evolve higher
condition dependent expression in males. We use three
approaches to test this prediction: (i) by taking direction of
change into account with UB genes as reference; (ii) by

comparing absolute change; and (iii) by comparing the
slopes by which desexualization of expression occurs with
increasing sex-bias. In Dahomey, we find that both MB and
FB genes are more sensitive in males than MB and FB
genes in females (in all four possible comparisons), both
when taking direction into account and when analysing
absolute change (all pMCMC <0.001; figures 1 and 3; elec-
tronic supplementary material, file S2, tables S2b, S4b). In
Dahomey, we also find that desexualization with age
increases faster with increasing level of sex-bias for FB
genes in males compared to both FB and MB genes in females
(both p < 0.05), while there is no significant difference in slope
between MB genes in males and either MB or FB genes in
females (both p>0.10; figure 2; electronic supplementary
material, file 52, table S3b). Taking direction into account,
in LHy we find that expression of FB genes in males is
more sensitive to age than both FB and MB genes in females
(both pMCMC < 0.001), while there is no difference between
MB genes in males and FB or MB genes in females (both
pMCMC > 0.29; figure 1; electronic supplementary material,
file S2, table S2a). When focusing on absolute change for
LHy;, we again find that FB genes in males are more sensitive
than both FB and MB genes in females (both pMCMC =
0.003), while MB genes in males are less sensitive to age
than both FB and MB genes in females (both pMCMC <
0.007; figure 3; electronic supplementary material, table
S4a). We further find that desexualization with age increases
faster with increasing sex-bias in males for FB genes than
both MB and FB genes in females (both p <0.0001), while
there is no difference between MB genes in males and FB
genes in females (p=0.09), and MB genes show increased
desexualization in females compared to males (p=0.0003;
figure 2; electronic supplementary material, file S2, table
S3a). While not true for all comparisons, these results largely
support that the size of the SBT is more sensitive to ageing in
males than in females.

(e) Ageing and expression changes in the sex
determination and nutrient sensing pathways

Condition-dependent sex-specific changes of gene expression
are presumably regulated by an interaction between genes in
the sex-determination pathway and genes in the nutrient sen-
sing (insulin/insulin-like signalling and target of rapamycin
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Figure 2. Changes in expression with age for female-biased (FB) and male-biased (MB) genes in each sex in relation to the degree of sex-bias. The x-axis shows the
degree of sex-bias for MB and FB genes and the y-axis their log, fold changes in expression with age. Note that graphs are on different scales. (Online version in

colour.)

(IIS/TOR)) pathway [32-34]. We therefore tested if genes in
these pathways, as well as a subset of genes acting down-
stream of the IIS/TOR pathway (following [32]), change
their expression with age. Since double-sex (dsx), a transcrip-
tion factor at the tip of the sex determination pathway with
sex-specific isoforms that regulate much of the sexual tran-
scriptome, has the capacity to change gene expression in
the opposite direction in the sexes [24,35-37], we hypoth-
esized this gene could play an important part in generating
the patterns we observe. Point estimates support this scen-
ario, since males and females from both populations have
lower expression of this gene when old, but in no case was
the difference significant (electronic supplementary material,
file S3). Along these lines we find relatively few significant
changes with age across sexes and populations in the set of
candidate genes we test. Significant changes were primarily
limited to the ISS/TOR pathway and downstream genes in
Dahomey males, a result in line with the generally larger
change in expression of sex-biased genes with age in this
sex and population (figure 1; electronic supplementary
material, file S3). This is also consistent with the fact that
direct manipulation of this pathway has a larger effect on
the male than the female transcriptome [32].

3. Discussion

Our analyses of the Drosophila SBT in young and moderately
old flies show that (i) old brains have fewer sex-biased genes
than young brains, (ii) in both sexes expression of male- and
female-biased genes show desexualization as they converges
toward an intermediate sexual phenotype with age, (iii) sex-
biased genes in general show heightened age-dependent
expression that scales with the degree of sex-bias, and
(iv) sex-biased genes are commonly more sensitive to
ageing in males than females. These results align closely to
predictions from the condition dependence theory of sexual
trait expression [6,7,38—41] and to results obtained when con-
dition of flies and beetles has been experimentally reduced
through manipulation of resource availability [25,26] or gen-
etic quality [29,42]. Our study hence supports the idea that
ageing reduces investment into sexual phenotypes in a simi-
lar manner to reduced condition. At the same time, our
results are incompatible with the idea that flies increase
their investment into sexual phenotypes when they grow
old, although a caveat with this conclusion is that terminal

investment may be limited to the very last period before
death, an age that varies between individuals and was not
investigated here.

The populations we study differ with respect to both their
ancestry and how they, for many hundreds of generations,
have been selected to perform according to their different lab-
oratory culturing protocols (see Methods for details). Since
sex-biased genes evolve rapidly in Drosophila [23], it is thus
not surprising that the populations differ with respect to
the genes we identify as sex-biased. The fewer sex-biased
genes identified in the Dahomey population, as well as
their higher sex-bias, presumably also results from the Daho-
mey samples showing higher variability in gene expression,
and thus, are associated with lower statistical power. The
higher variability of the Dahomey data is potentially
explained by this population hosting more genetic variation
(its culturing protocol is less controlled), but it may also
result from these samples showing lower complexity in
terms of unique sequence reads. The fact that we, across
populations and statistical power, find the same general pat-
terns with respect to how expression in sex-biased genes
change with age is nevertheless reassuring.

Our study provides no answer to what molecular mechan-
ism downregulates the SBT with age since few candidate genes
in the sex determination and the nutrient sensing pathways
changed expression significantly with age and no consistent
patterns across populations were found. A possible explanation
for this result is that the regulatory signal supressing the SBT is
smaller in magnitude than we had power to detect here. This
interpretation aligns with the fact that most sex-biased genes
individually show a rather small change in expression with
age, although they show a consistent pattern as a group. An
alternative possibility is that sexualization of the SBT is regu-
lated through titres of juvenile hormone (JH). In Drosophila
females, JH regulates allocation into reproductive activities
and influences lifespan [43], and in males, it influences court-
ship activity [44]. In stag beetles, JH has further been shown
to interact with dsx to produce sexually dimorphic structures
during development [45]. It is, therefore, possible that JH
modulates the effect of dsx, and that this molecular mechanism
regulates the size of the SBT. Because JH is produced in the cor-
pora allata, a gland located outside the brain, our current data
does not allow testing for expression changes of genes involved
in the biochemical pathway that produces JH.

The general desexualization of the SBT with age we docu-
ment in Drosophila presumably extends to other species and
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somatic tissues [46]. In mice, it has been observed that the
number of sex-biased genes in the hippocampus is lower in
old individuals compared to young adults [47], and in
humans, genes involved in energy metabolism have a femin-
ized expression pattern in old males across brain regions [48].
In terms of other tissues, studies show that the mouse liver
transcriptome is feminized in old males [49,50] and that
this also is the case after a short-term restriction of calorie
intake [51], supporting the idea that ageing and reduced gen-
eral condition regulate sex-biased gene expression through a
common mechanism.

The weakening force of selection with age is expected to
result in idiosyncratic changes in gene expression with age
in different species, but a few general patterns have been
observed across taxa [52]. Future analyses on sexualized tis-
sues in other species will answer if desexualization belongs
to the short list of gene expression hallmarks of cellular
ageing.

In our experiments, we used two laboratory-adapted populations
of D. melanogaster (Dahomey and LHy,) that differ with respect to
both their origin and laboratory culturing protocol. Dahomey
originates from flies collected in Benin (Africa) over 50 years
ago. Ever since, it has been kept in cages as a large, outbred
population, with overlapping generations and in constant con-
ditions (at 25°C on a 12 L :12 D cycle, 60% relative humidity,
and on a standard yeast-sugar medium) [53]. Flasks with food
are cycled into the cages every week and cycled out after four
weeks. Larval densities are not controlled, and flies can contrib-
ute with offspring until their natural death. LHy, originates from
California (United States) and has for the last approximately 700
generations been cultured at a large, fixed population size (1792
breeding adults) on a strict 14 day discrete generation cycle and
in constant conditions (at 25°C on a 12 L:12 D cycle and standard
cornmeal-molasses-yeast medium, and at 60% relative humidity
the last approximately 200 generations) [54]. At the start of each
generation, 56 vials are adjusted to each contain 150-200 eggs. In
these vials, larvae compete over food, pupate and spend their
early adult stages. On day 11, a randomized sample of 1792
adults from these vials are transferred in groups of 16 pairs
into 56 fresh vials with a prescribed amount of live yeast on
top of the culture medium. In these vials, males compete for

fertilization opportunities and females compete for a limited
supply of live yeast. On day 13, the adult flies are transferred
into fresh vials where eggs are laid over an 18 hour period, com-
pleting the 14 day lifecycle. As a result of these differences in
ancestry and laboratory selection regimes, we expect the LHy
and Dahomey populations to differ substantially, both with
respect to reproductive schedules and how sexual selection has
formed them.

To reduce phenotypic variation induced by larval condition and
maternal effects, flies from the Dahomey population were taken
out from the cages and reared in vials (20 vials with 16 pairs,
eggs adjusted to 180 per vial) for several generations before the
experiments were started. A similar procedure was not needed
for LHy,, since larval density is controlled every generation in
this population. Experimental flies from each population were
generated four months apart.

To produce experimental flies, 20 vials with 180 eggs were set
up per population (on their respective food source). Ten days
later we collected 80 vials with 15 adult males and females,
separately for each population. After two days the flies were
transferred into fresh vials. After two more days we collected
the samples of young flies by flash-freezing flies from 15 ran-
domly selected vials per population in liquid nitrogen. Because
most flies emerge after nine days as juveniles, this sampling cor-
responded to adult day 5 for most flies. The remaining 65 vials
with Dahomey flies were randomly grouped into five sets of 13
vials, and flies from each set were then placed in one of five plas-
tic cages (390 flies per cage). LHy, flies remained in vials (density
of 30 flies per vial). Every other day, cups with food were
replaced in the cages with Dahomey flies, and LHy flies were
transferred into fresh vials. We scored for dead flies every time
food was replaced. Twenty-four days after emergence, 45 pairs
of Dahomey flies were aspirated out from each cage and sorted
into three vials with 15 pairs each under light CO, anaesthesia.
The following day (25 after emergence), we collected the samples
of old flies. The three vials from each of the Dahomey cages, and
in total 15 vials with LHy, flies, were flash-frozen in liquid nitro-
gen. Any dead flies were removed without anaesthesia before
freezing and freezing was conducted at the same time (14.00)
for both young and old samples. All samples were stored at
—80°C after collection. Brains were dissected under a stereomi-
croscope in RNAlater and stored at —80°C for less than 24 h
before RNA extraction. In total we collected five independent
biological replicates per population, sex and age (40 in total).
Each replicate was made by pooling brains from 20 flies.
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(c) Library preparation and sequencing

Total RNA was extracted using an Agencourt RNAdvance Tissue
kit (Beckman Coulter, US) following the producer’s instructions.
RNA samples were quantified using a Nanodrop 2000c spectro-
photometer (Thermo Scientific, USA) and RNA quality and
integrity were checked on a Bioanalyzer 2100 (Agilent, USA)
using an RNA 6000 Nano kit. Immediately after quality control,
RNA samples were used for library preparation using SENSE
mRNA-Seq Library Perp Kit V2 (Lexogen, Austria), and dual-
indexed with the i5 Dual Indexing Add-on Kit (Lexogen,
Austria). Libraries were quantified using a Qubit 3.0 fluorometer
(Thermo Scientific, USA), quality checked on a Bioanalyzer 2100
(Agilent, USA) using a DNA High Sensitivity kit, and pooled in
equimolar ratios. The final pool was then sequenced on a single
lane of an Illumina Novaseq 6000 S2 flow cell (50PE).

(d) Bioinformatics and statistical analysis

Raw data was quality filtered and adaptors were trimmed using
TriM GALORE (v. 0.6.6 https:// github.com /FelixKrueger/TrimGa-
lore). Less than 0.4% of reads were lost on average during this
step. Reads were mapped to the D. melanogaster reference
genome (BDGP6) using STAR aligner (v. 2.6.1, [55]) and gene
counts were extracted using FEATURECOUNTs (v. 1.6.2, [56]). Details
about parameters used throughout data pre-processing are avail-
able on GitHub (see: ‘Data and code availability’). All
subsequent analyses were performed in the R statistical environ-
ment (v. 4.0.5) [57]. We used the DESeq2 package (v. 1.30.0) [58]
to normalize the raw counts, fit a model (separately for each
population) using the formula group where the metafactor
group includes all combinations of the two factors Sex (Male,
Female) and Age (A1 in young flies, A2 in old flies), and perform
subsequent contrasts. So, when contrasting by sex for young flies
(age: Al), the contrast will be FemaleAl versus MaleAl. To con-
trast by age for a given sex (e.g. female), the contrast will be
FemaleA2 versus FemaleAl. In order to get more accurate log,
fold change (log2FC) values, we enabled DESeq2’s default
shrinkage method (by setting the parameter betaPrior = TRUE),
which puts a zero-mean normal prior on the non-intercept
coefficients in the model.

(i) Classification of sex-biased genes and test for changes in their

numbers with age

We classified genes as sex-biased in young flies if they were dif-
ferentially expressed between males and females (p < 0.05, false
discovery rate corrected), and as FB or MB depending on if
they were expressed more in brains dissected from female or
male flies. Genes showing an absolute log2FC between males
and females greater than or equal to 3.5 were removed in order
to exclude genes with sex-limited expression [25,29]. Only two
genes in the Dahomey population were affected by this filter,
none in the LHy; population. All other genes were classified as
UB, excluding from the analyses those that were not detected
(zero counts) in any sample. We then repeated this classification
separately for old flies to quantify the number of sex-biased
genes for this group. These classifications were done separately
for each population since sex-biased genes in brain tissue evolves
rapidly in Drosophila [23] and often differ substantially between
strains [24]. The number of sex-biased genes (FB and MB) in
old flies was compared to the respective class in young flies
using a x> test. The p-values from the y* tests were adjusted for
multiple testing with Bonferroni correction.

(ii) Bayesian tests for changes in gene expression with age

To test whether sex-biased genes change their expression in
relation to age, we first performed the contrast Old/Young with
DESeq2 for each population and sex and obtained the

corresponding log2FC values. In order to assess whether distri-
butions of log2FC values change with respect to both sex and
bias classification (MB, FB, UB), we then fitted a linear model
using  Bayesian = Hamiltonian ~Markov  chain  Monte
Carlo MCMQ) in the package rstanarm [59] using the formula
log2FC(Old/Young) ~ group, where group is a metafactor contain-
ing all unique combination of sex and bias class. We used the
default weakly informative normally distributed priors for both
the intercept (mean=0, scale=2.5) and coefficients (mean =0,
scale=2.5), with autoscaling turned on, running four chains
with 2000 iterations each and discarding the first 1000 as
warm-up, for a total of 4000 observations. Comparisons between
classes of genes were performed using the function hypothesis of
the brms package [60], the equivalent of a two-tailed p-value
(pMCMC) was estimated by calculating and doubling the
frequency at which any of the 4000 observations was in
disagreement with (had opposite sign to) the posterior estimate.

(iii) Accounting for tissue specificity when analysing changes in

gene expression with age
In order to correct our results for tissue specificity, we fetched
from FlyAtlas2, fragments per kilobase million (FPKM) values
for each gene in different tissues in male and female flies.
These values were sourced from 7-day-old adult flies (www.flya-
tlas2.org; [61]). We then used the FPKMs to calculate each gene’s
tissue specificity index 7 [62]:

e

~ N-1 7
where N is the number of tissues in which the gene is expressed
and x; is the FPKM value for the ith tissue normalized by its
highest FPKM in any tissue. For each population, two linear
models were then fitted separately for males and females with
formula log2FC(Old/Young) ~t and the residuals of the two
models were used to perform the same Bayesian tests as above.

(iv) Tests for associations between degree of sex-bias and

expression changes with age

We tested for a relationship between a gene’s degree of sex-bias
and its expression sensitivity to age by fitting a linear model with
the Im function separately for FB and MB genes in each sex with
the formula Ilog2FC(Old/Young) ~ |10g2FC(Young Male/Young
Female)|. The p-value associated with the regression coefficient
was used to determine if this relationship is statistically signifi-
cant. In order to test whether FB or MB genes decline at
different rates in a given sex and population, we fit a separate
linear model to the union of FB and MB genes using the formula
log2FC(Old/Young) ~ Bias* | 1og2FC(Young Male/Young Female)|.
Similarly, in order to test whether genes decline at different
rates in females or males for a given bias class (FB/MB) and
population, we fit a linear model to all FB genes (either in
males or females), and one to all MB genes, using the formula
log2FC(Old/Young) ~ Sex*|log2FC(Young Male/Young Female)|.
In each of these last two tests, the p-values for the corresponding
interaction terms were used to determine if two slopes (either
MB/FB or Female/Male) are significantly different.

(v) Test for age-related changes in expression in the sex
determination and the IIS/TOR pathways

When testing the effects of ageing on certain pathways, we redo
the contrasts to calculate log2FC(Old/Young) as described above
on a model with the formula ~ Age separately by sex. In this
case, the p-values are FDR-corrected only based on the number
of tests performed in each given pathway.
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Raw sequencing data are available at NCBI SRA under
the BioProject PRINA759759. R code for all analyses and conda
environment with package requirements are available on GitHub
(See https://github.com/urbfr20/aging brain/). Data is available
in the electronic supplementary material [63].

AMa.: conceptualization, data curation, formal
analysis, funding acquisition, investigation, visualization, writing—orig-
inal draft, writing—review and editing; M.L.B.: conceptualization, formal
analysis, investigation, visualization, writing—original draft, writing—
review and editing; C.M.K.: conceptualization, investigation, writing—
review and editing; A.Mi.: investigation, writing—review and editing;
V.N.S.: investigation, writing—review and editing; C.M.: data curation,
formal analysis, visualization, writing—original draft, writing—review
and editing; U.F.: conceptualization, funding acquisition, supervision,
writing—original draft, writing—review and editing.

All authors gave final approval for publication and agreed to be
held accountable for the work performed therein.

We declare we have no competing interests.

The study was financially supported by Stiftelsen Langmanska
Kulturfonden (A.Ma) and the Swedish Research Council (U.F). A Ma.
and V.N.S. were financially supported by personal scholarship from
Sven and Lilly Lawski’'s Fond, AMi by Olle Enqvist Stiftelse and
CM. by the Knut and Alice Wallenberg Foundation as part of the
National Bioinformatics Infrastructure Sweden at ScilifeLab. The
authors acknowledge support from the National Genomics Infrastruc-
ture in Stockholm funded by Science for Life Laboratory, the Knut
and Alice Wallenberg Foundation and the Swedish Research Council,
and SNIC/Uppsala Multidisciplinary Center for Advanced Compu-
tational Science for assistance with massively parallel sequencing and
access to the UPPMAX computational infrastructure. The computations
and data handling were enabled by resources in project SNIC 2018/8-
206 and SNIC 2020/16-112 provided by the Swedish National Infra-
structure for Computing (SNIC) at UPPMAX, partially funded by the
Swedish Research Council through grant agreement no. 2018-05973.

We thank Nikolay Oskolkov for advice on plotting
and interpreting high dimensional data.

1. Lépez-Otin C, Blasco MA, Partridge L, Serrano M, 13. Punzalan D, Cooray M, Rodd FH, Rowe L. 2008 24.  Arbeitman MN, New FN, Fear JM, Howard TS,
Kroemer G. 2013 The hallmarks of aging. Cell 153, Condition dependence of sexually dimorphic Dalton JE, Graze RM. 2016 Sex differences in
1194-2017. (doi:10.1016/j.cell.2013.05.039) colouration and longevity in the ambush bug Drosophila somatic gene expression: variation and

2. Finch CE. 1990 Longevity, senescence, and the Phymata americana. J. Evol. Biol. 21, 1297-1306. regulation by doublesex. G3 6, 1799-1808. (doi:10.
genome. Chicago, IL: The University of Chicago (doi:10.1111/j.1420-9101.2008.01571.x) 1534/93.116.027961)

Press. 14. Bellamy L, Fowler K, Pomiankowski A. 2014 The use ~ 25. Wyman M), Agrawal AF, Rowe L. 2010 Condition-

3. Rose MR. 1991 Evolutionary biology of aging. of inbreeding to assess the genetic component of dependence of the sexually dimorphic transcriptome
New York, NY: Oxford University Press. condition underlying GEIs in sexual traits. In in Drosophila melanogaster. Evolution 64,

4. Ricklefs RE. 1998 Evolutionary theories of aging: Genotype-by-environment interactions and sexual 1836-1848. (doi:10.1111/j.1558-5646.2009.00938.x)
confirmation of a fundamental prediction, with selection (eds J Hunt, DJ Hosken), pp. 213-240. 26. Kijimoto T, Snell-Rood EC, Pespeni MH, Rocha G,
implications for the genetic basis and evolution of life Hoboken, NJ: John Wiley & Sons Ltd. Kafadar K, Moczek AP. 2014 The nutritionally
span. Am. Nat. 152, 24-44. (doi:10.1086/286147) 15. Williams GC. 1966 Natural selection, the costs of responsive transcriptome of the polyphenic beetle

5. Hill GE. 2011 Condition-dependent traits as signals reproduction and a refinement of Lack’s principle. Onthophagus taurus and the importance of sexual
of the functionality of vital cellular processes. Ecol. Am. Nat. 20, 687—-690. (doi:10.1086/282461) dimorphism and body region. Proc. R. Soc. B 281,
Lett. 14, 625-634. (doi:10.1111/].1461-0248.2011. 16.  Gadgil M, Bossert WH. 1970 Life historical 1-10. (doi:10.1098/rsph.2014.2084)

01622.x) consequences of natural selection. Am. Nat. 104, 27. Ledon-Rettig CC, Moczek AP. 2016 The

6. Nur N, Hasson 0. 1984 Phenotypic plasticity and the 1-24. (doi:10.1086/282637) transcriptomic basis of tissue- and nutrition-
handicap principle. J. Theor. Biol. 110, 275-297. 17. Clutton-Brock TH. 1984 Reproductive effort and dependent sexual dimorphism in the beetle
(doi:10.1016/50022-5193(84)80059-4) terminal investment in iteroparous animals. Am. Onthophagus taurus. Ecol. Evol. 6, 1601-1613.

7. Rowe L, Houle D. 1996 The lek paradox and the Nat. 123, 212-229. (doi:10.1086/284198) (doi:10.1002/ece3.1933)
capture of genetic variance by condition dependent ~ 18. Flatt T. 2020 Life-history evolution and the genetics of ~ 28. Zinna R, Emlen D, Lavine LC, Johns A, Gotoh H,
traits. Proc. R. Soc. Lond. B 263, 1415-1421. fitness components in Drosophila melanogaster. Niimi T, Dworkin I. 2018 Sexual dimorphism and
(doi:10.1098/rspb.1996.0207) Genetics 214, 3—-48. (doi:10.1534/genetics.119.300160) heightened conditional expression in a sexually

8. Grafen A. 1990 Sexual selection unhandicapped by ~ 19. Brengdahl M, Kimber CM, Maguire-Baxter J, selected weapon in the Asian rhinoceros beetle.
the fisher process. J. Theor. Biol. 144, 473-516. Malacrind A, Friberg U. 2018 Genetic quality affects Mol. Ecol. 27, 5049-5072. (doi:10.1111/mec.14907)
(doi:10.1016/50022-5193(05)80087-6) the rate of male and female reproductive aging 29. Malacrino A, Kimber CM, Brengdahl M, Friberg U.

9. lwasa Y, Pomiankowski A, Nee S. 1991 The differently in Drosophila melanogaster. Am. Nat. 2019 Heightened condition-dependence of the
evolution of costly mate preferences II. The 192, 761-772. (doi:10.1086/700117) sexual transcriptome as a function of genetic quality
‘handicap” principle. Evolution 45, 1431-1442. 20. Klepsatel P, Galikova M, De Maio N, Ricci S, in Drosophila melanogaster head tissue. Proc. R. Soc.
(doi:10.1111/}.1558-5646.1991.th02646.x) Schldtterer C, Flatt T. 2013 Reproductive and post- B 286, 20190819. (doi:10.1098/rsph.2019.0819)

10. Cotton S, Fowler K, Pomiankowski A. 2004 Do reproductive life history of wild-caught Drosophila 30. Janicke T, Haderer IK, Lajeunesse MJ, Anthes N.
sexual ornaments demonstrate heightened melanogaster under laboratory conditions. J. Evol. 2016 Darwinian sex roles confirmed across the
condition-dependent expression as predicted by the Biol. 26, 1508—1520. (doi:10.1111/jeb.12155) animal kingdom. Sci. Adv. 2, €1500983. (doi:10.
handicap hypothesis? Proc. R. Soc. Lond. B 271, 21. Forslund P, Pért T. 1995 Age and reproduction in 1126/sciadv.1500983)

771-783. (doi:10.1098/rsph.2004.2688) birds - hypotheses and tests. Trends Ecol. Evol. 10,  31. Singh A, Punzalan D. 2018 The strength of sex-

11. Bonduriansky R, Rowe L. 2005 Sexual selection, 374-378. (doi:10.1016/50169-5347(00)89141-7) specific selection in the wild. Evolution 72,
genetic architecture, and the condition dependence ~ 22. Vaupel JW, Yashin Al. 1985 The deviant dynamics of 2818-2824. (doi:10.1111/ev0.13625)
of body shape in the sexually dimorphic fly death in heterogeneous populations. Sociol. 32.  Graze RM, Tzeng RY, Howard TS, Arbeitman MN. 2018
Prochyliza xanthostoma (Piophilidae). Evolution 59, Methodol. 15, 179-211. (doi:10.2307/270850) Perturbation of IIS/TOR signaling alters the landscape
138-151. (doi:10.1111/j.0014-3820.2005.tb00901.x)  23. Khodursky S, Svetec N, Durkin SM, Zhao L. 2020 The of sex-differential gene expression in Drosophila. BMC

12. Bonduriansky R. 2007 The evolution of condition- evolution of sex-hiased gene expression in the Genomics 19, 893. (doi:10.1186/512864-018-5308-3)
dependent sexual dimorphism. Am. Nat. 169, 9-19. Drosophila brain. Genome Res. 30, 874—-834. 33. Rideout EJ, Narsaiya MS, Grewal SS. 2015 The sex

(doi:10.1086/510214)

(doiz10.1101/9r.259069.119)

determination gene transformer regulates male-


https://github.com/urbfr20/aging_brain/
https://github.com/urbfr20/aging_brain/
http://dx.doi.org/10.1016/j.cell.2013.05.039
http://dx.doi.org/10.1086/286147
http://dx.doi.org/10.1111/j.1461-0248.2011.01622.x
http://dx.doi.org/10.1111/j.1461-0248.2011.01622.x
http://dx.doi.org/10.1016/S0022-5193(84)80059-4
http://dx.doi.org/10.1098/rspb.1996.0207
http://dx.doi.org/10.1016/S0022-5193(05)80087-6
http://dx.doi.org/10.1111/j.1558-5646.1991.tb02646.x
http://dx.doi.org/10.1098/rspb.2004.2688
http://dx.doi.org/10.1111/j.0014-3820.2005.tb00901.x
http://dx.doi.org/10.1086/510214
http://dx.doi.org/10.1111/j.1420-9101.2008.01571.x
http://dx.doi.org/10.1086/282461
http://dx.doi.org/10.1086/282637
http://dx.doi.org/10.1086/284198
http://dx.doi.org/10.1534/genetics.119.300160
http://dx.doi.org/10.1086/700117
http://dx.doi.org/10.1111/jeb.12155
http://dx.doi.org/10.1016/S0169-5347(00)89141-7
http://dx.doi.org/10.2307/270850
https://doi.org/10.1101/gr.259069.119
https://doi.org/10.1534/g3.116.027961
https://doi.org/10.1534/g3.116.027961
http://dx.doi.org/10.1111/j.1558-5646.2009.00938.x
http://dx.doi.org/10.1098/rspb.2014.2084
http://dx.doi.org/10.1002/ece3.1933
http://dx.doi.org/10.1111/mec.14907
http://dx.doi.org/10.1098/rspb.2019.0819
http://dx.doi.org/10.1126/sciadv.1500983
http://dx.doi.org/10.1126/sciadv.1500983
http://dx.doi.org/10.1111/evo.13625
https://doi.org/10.1186/s12864-018-5308-3

Downloaded from https://royal societypublishing.org/ on 10 August 2022

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

female differences in Drosophila body size. PLoS
Genet. 11, e1005683. (doi:10.1371/journal.pgen.
1005683)

Lavine L, Gotoh H, Brent CS, Dworkin I, Emlen DJ.
2015 Exaggerated trait growth in insects. Annu. Rev.
Entomol. 60, 453—472. (doi:10.1146/annurev-ento-
010814-021045)

Coschigano KT, Wensink PC. 1993 Sex-specific
transcriptional regulation by the male and female
doublesex proteins of Drosophila. Genes Dev. 7,
42-54. (doi:10.1101/gad.7.1.42)

Williams TM, Selegue JE, Werner T, Gompel N, Kopp
A, Carroll SB. 2008 The regulation and evolution of
a genetic switch controlling sexually dimorphic
traits in Drosophila. Cell 134, 610-623. (doi:10.
1016/j.cell.2008.06.052)

Leddn-Rettig CC, Zattara EE, Moczek AP. 2017
Asymmetric interactions between doublesex and
tissue- and sex-specific target genes mediate sexual
dimorphism in beetles. Nat. Commun. 8, 14593.
(doi:10.1038/ncomms 14593)

McAlpine DK. 1979 Agonistic behavior in Achias
australis (Diptera, Platystomatidae) and the
significance of eyestalks. In Sexual selection and
reproductive competition in insects (eds MS Blum, NA
Blum), pp. 221-230. New York, NY: Academic Press.
Andersson M. 1982 Sexual selection, natural
selection and quality advertisement. Biol. J. Linn.
Soc. 17, 375-393. (doi:10.1111/j.1095-8312.1982.
th02028.x)

Andersson M. 1986 Evolution of condition-
dependent sex ornaments and mating preferences:
sexual selection based on viability differences.
Evolution 40, 804—816. (doi:10.1111/j.1558-5646.
1986.th00540.x)

Houle D. 1998 How should we explain variation in
the genetic variance of traits? Genetica 102/103,
241-253. (doi:10.1023/A:1017034925212)

Dean R, Hammer C, Higham V, Dowling DK. 2018
Masculinization of gene expression is associated
with male quality in Drosophila melanogaster.
Evolution 72, 2736-2748. (doi:10.1111/ev0.13618)
Yamamoto R, Bai H, Dolezal AG, Amdam G, Tatar M.
2013 Juvenile hormone regulation of Drosophila aging.
BMC Biol. 11, 85. (doi:10.1186/1741-7007-11-85)

45.

46.

47.

48.

49.

50.

51.

52.

53.

Lin H-H et al. 2016 Hormonal modulation of
pheromone detection enhances male courtship
success. Neuron 90, 1272-1285. (doi:10.1016/j.
neuron.2016.05.004)

Gotoh H, Miyakawa H, Ishikawa A, Ishikawa Y,
Sugime Y, Emlen DJ, Lavine LC, Miura T. 2014
Developmental link between sex and nutrition;
doublesex regulates sex-specific mandible growth
via juvenile hormone signaling in stag beetles. PLoS
Genet. 10, 1004098. (doi:10.1371/journal.pgen.
1004098)

Tower J. 2017 Sex-specific gene expression and life
span regulation. Trends Endocrinol. Metab. 28,
735-747. (doi:10.1016/j.tem.2017.07.002)
Mangold CA et al. 2017 Sexually divergent
induction of microglial-associated
neuroinflammation with hippocampal aging.

J. Neuroinflammation 14, 141. (doi:10.1186/s12974-
017-0920-8)

Berchtold NC et al. 2008 Gene expression changes in
the course of normal brain aging are sexually
dimorphic. Proc. Nat/ Acad. Sci. USA 105, 15
605—15 610. (doi:10.1073/pnas.0806883105)
Kwekel JC, Desai VG, Moland (L, Branham WS, Fuscoe
JC. 2010 Age and sex dependent changes in liver gene
expression during the life cycle of the rat. BMC
Genomics 11, 675. (doi:10.1186/1471-2164-11-675)
Lee JS et al. 2012 Meta-analysis of gene expression
in the mouse liver reveals biomarkers associated
with inflammation increased early during aging.
Mech. Ageing Dev. 133, 467-478. (doi:10.1016/j.
mad.2012.05.006)

Estep Il PW, Warner JB, Bulyk ML. 2009 Short-term
calorie restriction in male mice feminizes gene
expression and alters key regulators of conserved
aging regulatory pathways. PLoS ONE 4, e5242.
(doi:10.1371/journal.pone.0005242)

Frenk S, Houseley J. 2018 Gene expression
hallmarks of cellular ageing. Biogerontology 19,
547-566. (doi:10.1007/510522-018-9750-2)
Chapman T, Partridge L. 1996 Female fitness in
Drosophila melanogaster: an interaction between
the effect of nutrition and of encounter rate with
males. Proc. R. Soc. Lond. B 263, 755-759. (doi:10.
1098/rspb.1996.0113)

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Rice W, Linder J, Friberg U, Lew T, Morrow E,
Stewart A. 2005 Inter-locus antagonistic
coevolution as an engine of speciation: assessment
with hemiclonal analysis. Proc. Nat/ Acad.

Sci. USA 102, 6527-6534. (doi:10.1073/pnas.
0501889102)

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski
C, Jha S, Batut P, Chaisson M, Gingeras TR. 2013
STAR: ultrafast universal RNA-seq aligner.
Bioinformatics 29, 15-21. (d0i:10.1093/
bioinformatics/bts635)

Liao Y, Smyth GK, Shi W. 2014 featureCounts:

an efficient general purpose program for
assigning sequence reads to genomic features.
Bioinformatics 30, 923-930. (doi:10.1093/
bioinformatics/btt656)

R Core Team 2021 R: a language and environment
for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing. version 4.0.5.
See https:/www.R-project.org/.

Love MI, Huber W, Anders S. 2014 Moderated
estimation of fold change and dispersion for RNA-
seq data with DESeq2. Genome Biol. 15, 550.
(doi:10.1186/513059-014-0550-8)

Goodrich B, Gabry J, Ali 1, Brilleman S. 2020
rstanarm: Bayesian applied regression modeling via
Stan. R package version 2.21.1. See http:/mc-stan.
org/.

Biirkner PD. 2017 brms: an R package for Bayesian
multilevel models using Stan. J. Stat. Softw. 80,
1-28. (doi:10.18637/js5.v080.i01)

Leader DP, Krause SA, Pandit A, Davies SA, Dow JAT.
2018 FlyAtlas 2: a new version of the Drosophila
melanogaster expression atlas with RNA-Seq,
miRNA-Seq and sex-specific data. Nucleic Acids Res.
46, D809-D815. (doi:10.1093/nar/gkx976)

Yanai | et al. 2004 Genome-wide midrange
transcription profiles reveal expression level
relationships in human tissue specification.
Bioinformatics 21, 650-659. (doi:10.1093/
bioinformatics/bti042)

Malacring A, Brengdahl MI, Kimber (M, Mital A,
Shenoi VN, Mirabello C, Friberg U. 2022 Ageing
desexualizes the Drosophila brain transcriptome.
Figshare. (doi:10.6084/m9.figshare.c.6125280)


https://doi.org/10.1371/journal.pgen.1005683
https://doi.org/10.1371/journal.pgen.1005683
http://dx.doi.org/10.1146/annurev-ento-010814-021045
http://dx.doi.org/10.1146/annurev-ento-010814-021045
https://doi.org/10.1101/gad.7.1.42
http://dx.doi.org/10.1016/j.cell.2008.06.052
http://dx.doi.org/10.1016/j.cell.2008.06.052
http://dx.doi.org/10.1038/ncomms14593
http://dx.doi.org/10.1111/j.1095-8312.1982.tb02028.x
http://dx.doi.org/10.1111/j.1095-8312.1982.tb02028.x
http://dx.doi.org/10.1111/j.1558-5646.1986.tb00540.x
http://dx.doi.org/10.1111/j.1558-5646.1986.tb00540.x
http://dx.doi.org/10.1023/A:1017034925212
http://dx.doi.org/10.1111/evo.13618
https://doi.org/10.1186/1741-7007-11-85
http://dx.doi.org/10.1016/j.neuron.2016.05.004
http://dx.doi.org/10.1016/j.neuron.2016.05.004
http://dx.doi.org/10.1371/journal.pgen.1004098
http://dx.doi.org/10.1371/journal.pgen.1004098
http://dx.doi.org/10.1016/j.tem.2017.07.002
http://dx.doi.org/10.1186/s12974-017-0920-8
http://dx.doi.org/10.1186/s12974-017-0920-8
http://dx.doi.org/10.1073/pnas.0806883105
http://dx.doi.org/10.1186/1471-2164-11-675
http://dx.doi.org/10.1016/j.mad.2012.05.006
http://dx.doi.org/10.1016/j.mad.2012.05.006
http://dx.doi.org/10.1371/journal.pone.0005242
http://dx.doi.org/10.1007/s10522-018-9750-z
http://dx.doi.org/10.1098/rspb.1996.0113
http://dx.doi.org/10.1098/rspb.1996.0113
http://dx.doi.org/10.1073/pnas.0501889102
http://dx.doi.org/10.1073/pnas.0501889102
http://dx.doi.org/10.1093/bioinformatics/bts635
http://dx.doi.org/10.1093/bioinformatics/bts635
http://dx.doi.org/10.1093/bioinformatics/btt656
http://dx.doi.org/10.1093/bioinformatics/btt656
https://www.R-project.org/
https://www.R-project.org/
http://dx.doi.org/10.1186/s13059-014-0550-8
http://mc-stan.org/
http://mc-stan.org/
http://mc-stan.org/
http://dx.doi.org/10.18637/jss.v080.i01
http://dx.doi.org/10.1093/nar/gkx976
http://dx.doi.org/10.1093/bioinformatics/bti042
http://dx.doi.org/10.1093/bioinformatics/bti042
http://dx.doi.org/10.6084/m9.figshare.c.6125280

	Ageing desexualizes the Drosophila brain transcriptome
	Introduction
	Results
	Sex-biased gene expression declines with age
	Desexualization with age depends on the degree of sex-biased expression
	Sex-biased genes show heightened age-dependent expression
	Sex-biased genes are in general more sensitive to ageing in males
	Ageing and expression changes in the sex determination and nutrient sensing pathways

	Discussion
	Methods
	Fly populations
	Experimental procedures
	Library preparation and sequencing
	Bioinformatics and statistical analysis
	Classification of sex-biased genes and test for changes in their numbers with age
	Bayesian tests for changes in gene expression with age
	Accounting for tissue specificity when analysing changes in gene expression with age
	Tests for associations between degree of sex-bias and expression changes with age
	Test for age-related changes in expression in the sex determination and the IIS/TOR pathways
	Data accessibility
	Authors' contributions
	Conflict of interest declaration
	Funding


	Acknowledgements
	References


