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Abstract

Background: Sub-optimal developmental diets often have adverse effects on long-term fitness and health.

One hypothesis is that such effects are caused by mismatches between the developmental and adult environment,
and may be mediated by persistent changes in gene expression. However, there are few experimental tests of this
hypothesis. Here we address this using the fruit fly, Drosophila melanogaster. We vary diet during development and
adulthood in a fully factorial design and assess the consequences for both adult life history traits and gene expression

at middle and old age.

Results: We find no evidence that mismatches between developmental and adult diet are detrimental to either
lifespan or fecundity. Rather, developmental and adult diet exert largely independent effects on both lifespan and
gene expression, with adult diet having considerably more influence on both traits. Furthermore, we find effects of
developmental diet on the transcriptome that persist into middle and old-age. Most of the genes affected show no
correlation with the observed phenotypic effects of larval diet on lifespan. However, in each sex we identify a cluster
of ribosome, transcription, and translation-related genes whose expression is altered across the lifespan and negatively

correlated with lifespan.

Conclusions: As several recent studies have linked decreased expression of ribosomal and transcription related
proteins to increased lifespan, these provide promising candidates for mediating the effects of larval diet on lifespan.
We place our findings in the context of theories linking developmental conditions to late-life phenotypes and discuss
the likelihood that gene expression differences caused by developmental exposure causally relate to adult ageing

phenotypes.

Keywords: Predictive adaptive response, Silver spoon hypothesis, Phenotypic plasticity, Longevity, Ribosome,

Transcription

Background

The quality or quantity of available nutrition is a major
factor affecting the life history of an organism [1, 2]. The
reigning paradigm for studying the effects of nutrition
on life histories has been to manipulate diet quality or
quantity in a single life stage (e.g. [3—5]). However, in
natural settings, organisms are likely to experience
environmental variation across multiple life stages [6].
Furthermore, the phenotypic changes that result from
environmental conditions in an earlier life stage can
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potentially influence the range of possible phenotypic re-
sponses in later stages (reviewed in [7, 8]). Given the
current swift pace of global environmental change, many
organisms, including humans, are likely to encounter
adult environments markedly different to those in which
they developed, highlighting the importance of a more
comprehensive understanding of how developmental
and adult diets interact [9].

Theories that attempt to link developmental and adult
dietary conditions to adult phenotypic variation include
the silver spoon [10], the developmental programming
[11], and the predictive adaptive response hypotheses
[12, 13]. The silver spoon hypothesis proposes that
developmental diet affects the overall quality of an
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individual independent of the adult environment experi-
enced [10]. Thus individuals that develop under poor
conditions become poor quality adults with a disadvan-
tage across adult environments, while the opposite is
true of individuals that develop under good conditions.
For example, water pythons (Liasis fuscus) that hatch in
seasons with abundant available prey maintain higher
growth rates across their lifespan relative to those
hatched when prey was scarce [14]. Similar effects have
been observed across a broad range of taxa including
birds, insects, and mammals [7, 8, 14, 15].

The developmental programming and predictive
adaptive response hypotheses propose that the effect
of developmental conditions will be dependent on
subsequent adult conditions. In the case of develop-
mental programming, individuals make changes to
adapt to the current developmental environment
which persist into adulthood [11]. If such changes are
(largely) irreversible and the adult environment is
markedly different from the developmental environ-
ment, individuals may be maladapted to their adult
environment and have decreased fitness. The PAR
hypothesis differs in that the phenotypic changes
made during development are not made to adapt to
the current environment, but rather in response to
cues about the predicted adult environment. The
most widely cited example comes from the meadow
vole, Microtus pennsylvanius. In response to day
length, pregnant vole dams emit a hormonal signal
that serves as a cue about the season in which the
pups will be born. Short day-length cues induce vole
pups to develop thicker coats, which will presumably
benefit them in winter, while long day-length cues
lead to thinner coats [16]. This is considered a PAR
because while the differences in coat-length exist at
birth, temperatures in utero and in the den remain
largely stable year round, and thus the benefit of a
thicker (or thinner coat) is only realized once the pup
leaves the den [12]. Similar PARs have been proposed
to underlie the increased risk of heart disease and
other unfavorable metabolic traits in humans born
with low birth weight, a proxy for poor nutrition in
utero [17-19]. Proposed adaptations include reduced
muscle mass, insulin resistance, and a predisposition for
storing food as central abdominal fat [20]. It is argued that
such changes would be beneficial in a poor quality adult
environment, but detrimental in a high-quality one (i.e. a
“matched” and “mismatched” environment, respectively).

At a physiological level, developmental conditions
can influence adult phenotypes by changing overall
size [21], by altering relative investment into different
tissues or functions (e.g. [22-24]), and/or by per-
manently modulating patterns of gene expression. In
all cases, these effects are expected to manifest
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themselves as changes in gene expression at the level
of the whole organism. In fact, in the case of predic-
tive adaptive responses (PARs) it is often hypothesized
that gene expression changes per se may be the prin-
cipal cause of long-term phenotypic effects, rather
than just being a read-out of past changes [25, 26].
Despite the potential importance of gene expression
changes in modulating long-term effects of develop-
mental diet, this area is only beginning to be
explored. For example, a restricted-protein maternal
diet strongly induces the expression of the transcrip-
tion factor PPARa at six days of age in rats [27],
while in the fruit fly, Drosophila melanogaster, high
protein larval diets increase the expression of several
immune genes in young adults [28]. Furthermore, the
expression of hundreds of genes is altered in sexually
mature Drosophila mojavensis depending on develop-
mental host cactus species and length of development
[29]. These studies show that developmental condi-
tions can influence gene expression into adulthood,
however, as they focus on gene expression in young
or middle-aged adults and in a single adult environ-
ment without concomitant measures of fitness-related
traits, several open questions remain. These include
whether such effects persist into late-life, whether
they are dependent on adult conditions as predicted

by the PAR and programming hypothesis, and
whether they are related to adult phenotypic
variation.

To address these unanswered questions we used the
fruit fly, Drosophila melanogaster, as a model to
understand how mismatches between developmental
and adult diet influence adult phenotypes and gene
expression. To this end, we varied the caloric content
of both developmental and adult diet 10-fold in a
three-by-three full factorial design (Fig. 1), and
assessed gene expression at middle and old-age. Be-
cause there is considerable evidence that phenotypic
responses to diet tend to be sex-specific (e.g. [30]),
we phenotyped both male and female lifespan, and fe-
male fecundity. This approach had three aims: first,
to classify the nature of the phenotypic relationship
between developmental and adult diet in the fruit fly,
which to our knowledge has not yet been assessed;
second, to determine whether and how much devel-
opmental diet affects gene expression into middle and
old-age, and third, to determine whether there was
any discernible link between developmentally-induced
changes in gene expression and the adult phenotype.
We measured gene expression profiles in whole bod-
ies because there was no a priori hypothesis about
which tissues and functions would be involved and
lifespan is likely determined by more systemic
expression variation.



May and Zwaan BMC Genomics (2017) 18:640

Page 3 of 17

° 0.25SY > (- 623

@wv FSY -] &23

° 2.55Y > (- - 623

/, @ 0.25SY / 0.25SY

0.25SY /1SY
—®
\\ @ 0.258Y / 2.558Y

T
|
|
[
|
|
[
|
|
1SY/0.258Y

/' |
|

H 1SY/1SY
|

|

1

|

|

|

|

|

T

|

|

I

\\@ 1SY /2.558Y

/, ® 2.58Y /0.255Y
1SY/1SY

— @

\\ @ 2.58Y / 2.58Y

10 % 90 %

development

_

Fig. 1 Experimental design. Eggs developed from larvae to adults under three diets, 0.25SY, 1SY and 2.55Y, that differed only in their concentrations of
sugar and yeast. Emerging adults were immediately divided across these same three diets resulting in a total of nine different treatment groups. Gene
expression was measured on virgin flies sampled when 10% (middle age) and 90% (old age) of the treatment cohort had died

adulthood

Results

Phenotypic variation is driven by adult diet, but
consistently modified by larval diet

We first assessed the extent to which developmental and
adult diet affected key adult fitness components. We
measured mated and virgin lifespan (both sexes) and
mated fecundity (females only). To do so we raised
larvae on three diets and randomly distributed the emer-
ging adults across these same three diets in a full factor-
ial design (Fig. 1). The diets were obtained by relative
dilution of the sugar (S) and yeast (Y) of our standard
laboratory diet (1SY: 70 g sugar, 100 g yeast, 20 g agar,
15 mL nipagin solution and 3 mL propionic acid per
liter of water) by 0.25 times (0.25SY) and 2.5 times
(2.55Y) times respectively, representing a 10-fold change
in sugar and yeast concentration. The three diets are
referred to throughout as 0.25SY, 1SY and 2.5SY.

In both sexes, most of the variation in virgin life-
span was attributable to adult diet (Table 1). For fe-
males, lifespan peaked on the 1SY adult diet (Fig. 2a),
while for males, lifespan increased with increasing
adult diet (Fig. 2b). Larval diet, by contrast, explained
a smaller, though still highly significant proportion of
the variation in virgin lifespan (Table 1). The 0.25SY
larval diet tended to increase lifespan across adult di-
ets, while the 2.5SY larval diet decreased it (Fig. 2a,b;
p-values for all pairwise comparisons between larval
diets given in Additional file 1: S1). There was a weak

interaction between larval and adult diet in both
sexes (Table 1) such that on the 0.25SY adult diet,
while the absolute pattern of lifespan differences be-
tween larval diets was similar (i.e. 0.25SY > 1SY > 2.55Y)
the magnitude of the difference was smaller and did
not reach significance for all pairwise contrasts
(Additional file 1: S1).

Mated fecundity also depended primarily on the
adult diet (Table 1), both early (Fig. 2e) and late in
life (Fig. 2f). In the first week of life, adult diet and
larval diet both affected fecundity independently but
with opposing effects: increasing adult diet increased
fecundity across all larval diets (all p values <0.0001),
while increasing larval diet decreased fecundity across
all adult diets (all p values <0.01,Fig. 2e). After the
first week of adult life, however, the differences in
fecundity between larval diets disappeared on the
0.25SY and 1SY adult diets (all p-values >0.05), but
persisted on the 2.5SY adult diet (all p-values <0.02;
Fig. 2f), resulting in a significant interaction between
larval and adult diet in determining late fecundity
(Table 1).

Mated lifespan was much less sensitive to larval and
adult diet and showed considerably more variability than
virgin lifespan, though it is noteworthy that the cohort
size was smaller for the mated flies (100 flies per com-
bination of sex and larval diet for mated lifespan versus
900 flies for mated lifespan; Table 1). In males, adult diet
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Table 1 Analysis of deviance for each phenotype, indicating the relative effect size of adult diet, larval diet and their interaction per

sex relative to the null model with no factor effects

Phenotype Sex Factor Log likelihood X2 df p value
Virgin Lifespan Female Null model —22,555.16
Adult diet (A) —21,754.99 1600.34 2 <0.001
Larval diet (L) —-21,679.02 151.94 2 <0.001
A*L —21,667.75 22.53 4 <0.001
Male Null model -19,930.17
Adult diet (A) —-19,757.87 282.18 2 <0.001
Larval diet (L) —-19,898.96 6242 2 <0.001
A*L —19,747.86 20.01 4 <0.001
Mated Lifespan Female Null model —4927.58
Adult diet (A) —4894.87 65.42 2 <0.001
Larval diet (L) —4893.09 3.55 2 0.171
A*L —4886.69 12.79 4 0.012
Male Null model —3919.84
Adult diet (A) -3916.34 3.77 2 0.151
Larval diet (L) -3918.23 3.23 2 0.200
A*L —3911.46 9.74 4 0.045
Early Fecundity Female Adult diet (A) 3100.10 2 <0.001
Larval diet (L) 94.98 2 <0.001
A*L 449 4 0.343
Late Fecundity Female Adult diet (A) 8461.28 2 <0.001
Larval diet (L) 91.94 2 <0.001
A*L 5353 4 <0.001

For Cox proportional hazard models and GLMs with Poisson distribution the chi-squared test is most appropriate

had no overall effect on lifespan, while in females the
0.25SY adult diet shortened lifespan (Females: Fig. 2c¢;
Males: Fig. 2d). In addition, larval diet affected mated
lifespan in each sex only under particular adult diets
(Additional file 1: S1). Flies raised on the 2.5SY larval
diet and subsequently transferred to the 2.5SY adult diet
(2.5SY / 2.55Y) had decreased mated lifespan relative to
0.25SY / 2.5SY and 1SY / 2.5SY flies in both sexes
(Females: Fig. 2c; Males: Fig. 2d; Additional file 1: S1). In
females they also had decreased lifespan under 1SY adult
conditions (Fig. 2¢; Additional file 1: S1).

Overall, there was no evidence that fitness (as
approximated by lifespan and/or fecundity) was nega-
tively affected by mismatches between developmental
and adult environments, opposing both the PAR and
programming hypotheses. While there were significant
interactions between larval and adult diet for all traits
except early fecundity, these interactions were of
magnitude and not of sign: for example, for virgin
longevity, the interaction between larval and adult
diet is caused by similar, but smaller differences be-
tween larval diet on the 0.25SY adult diet, than on
the other two adult diets. The same is true of the

other phenotypes and interactive effects: when larval diet
has a significant effect, 0.25SY-raised flies perform better
than 2.5SY flies, with 1SY-raised flies intermediate be-
tween the two. This suggests that the low calorie (0.25SY)
diet is beneficial under the range of conditions we tested,
while high calorie (2.55Y diet) is detrimental. This
tendency for the effects of developmental diet to be con-
sistent across adult diets is therefore consistent with the
silver spoon hypothesis [10].

Pervasive transcriptomic signatures of adult diet and age,
and subtle effects of larval diet

We next assessed the relative contributions of larval and
adult diet to transcriptional variation in middle and old-
aged flies. From the same cohort used to measure virgin
lifespan, we sampled flies when 10% (middle-age) and
90% (old-age) of the cohort had died (Fig. 1). We
collected four biological replicates of five flies each per
combination of sex, larval diet, adult diet, and age (3
larval diets * 3 adult diets * 2 ages * 2 sexes * 4 repli-
cates = 144 samples in total) and hybridised them to
Affymetrix Drosophila 2.0 GeneChip microarrays (see
Materials and Methods).
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Fig. 2 Responses of adult life history traits to adult diet (along x-axis) and larval diet (indicated by colour coding). Mean female (a) and male (b)
virgin lifespan. Mean female (c) and male (d) mated lifespan. Mean early (e) and late (f) mated female fecundity. Early fecundity (e) encompasses
total fecundity from days one to seven of adult life, while late fecundity (f) is the total fecundity from day seven to the end of reproduction. All

To identify the most important contributors to global
transcriptional variation we used principal component
analysis (PCA; [31]) and principal variance components
analysis (PVCA; [32]). PVCA is a supervised version of
PCA that estimates the proportion of global transcriptional

variation explained by treatment factors. To identify the
individual transcripts affected by larval diet, adult diet, and
age we fitted an ANOVA model following Ayroles et al.,
[33]. For each transcript the model partitioned the variation
in expression between larval diet (L), adult diet (A), and age
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(T), as well as the interactions between these factors (L * A;
L*T; AXT; L*T*A). We then filtered the data to obtain
lists of genes affected by each of these factors at a false
discovery rate of 0.05 (FDR; [34]).

Plotting PC1 against PC2 (Females: Fig. 3a; Males
Fig. 3d) and PC1 versus PC3 (Females: Fig. 3b; Males
Fig. 3e), samples could clearly be grouped by age
(middle and old-age) and adult diet, but not by larval
diet (Females Fig. 3c; Males Fig. 3f). In females, PC1
divided flies living on the 0.25SY adult diet from
those on 1SY, while flies living on the 2.5SY adult
diet fell in between and did not form a distinct
cluster (Fig. 3a). PC2 separated middle-aged females
(circles) from old females (Fig. 3a), and PC3 separated
females living on the 2.5SY adult diet from those on
0.25SY and 1SY (Fig. 3b). In males, the largest
component of variation (PC1) separated young males
(circles) from old males (triangles) and within these
age-classes also separated males roughly by their adult
diet (Fig. 3d). PC2 further separated males living on
the 0.25SY adult diet from the rest (Fig. 3d). No clear
pattern emerged when plotting PC1 against PC2 and
coloring samples by larval diet (females: Fig. 3c;
males: Fig. 3f), suggesting that while age and adult
diet have relatively global effects on the transcrip-
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The ANOVA and PVCA analyses broadly confirmed the
patterns observed in the PCA (Table 2). In both sexes, most
of the variation in expression overall (PVCA) and at a
per-transcript level (ANOVA) was due to adult diet and
age. PVCA attributed 32.5 and 22.7% of the total observed
variation in females to adult diet and age respectively, and
15.5 and 35.6% in males. ANOVA identified 4504 and 3589
transcripts affected by adult diet and age in females and
2688 and 6111 transcripts in males (Table 2). Thus the rela-
tive importance of adult diet and age is reversed between
the sexes, the transcriptome being more strongly affected
by adult diet in females and age in males (Table 2). How-
ever, in females there were considerably more transcripts
showing an interaction between adult diet and age (TA;
3832 transcripts) than in males (TA; 806 transcripts).

ANOVA analysis also identified effects of larval diet
on the transcriptome, both as a main effect and in
interaction with the other treatments. In both sexes
these factors affected fewer transcripts than the
factors adult diet or age (Table 2). In total, there were
2667 and 1725 transcripts affected by larval diet,
either as a main effect or in interaction with other
factors, in males and females respectively. In males,
the majority of transcripts showed a main effect of
larval diet (1999 transcripts), while in females, the lar-

tome, the same is not true of larval diet. gest group of transcripts had expression patterns
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Table 2 Overall effects of larval diet, adult diet, age, and their interaction on global patterns of transcriptional variation as
determined by principal variance components analysis (PVCA) and ANOVA analysis

Male Female
Factor PCAV (%) Probes % of probes PCAV (%) Probes % of probes
Larval diet(L) 44 1999 19.7 1.1 321 27
Adult diet(A) 155 2688 266 325 4504 385
Age(T) 356 6111 604 22.7 3589 30.7
LA 1.1 140 14 1.5 770 6.6
LT 0.8 240 24 0.7 170 1.5
TA 4.1 806 80 8 3832 328
LTA - 288 28 - 464 4.0
Residual 386 - - 335 - -

The “% of probes” category shows the percentage of probes affected as a fraction of the total number of probes affected by any factor in each sex and sums to
more than 100% because many probes show effects of several factors (Males: 10,164 probes; Females: 11,695)

reflecting an interaction between larval and adult diet
(770 transcripts; Table 2).

Identifying links between longevity and transcriptional
variation

After quantifying the relative effect of larval versus
adult diet on the transcriptome, our next aim was to
address whether we could link the observed effects of
larval diet on virgin lifespan to the gene expression
changes identified in the ANOVA analysis. We ap-
plied K-means clustering to identify groups of tran-
scripts affected by larval diet and showing similar
expression profiles. We then compared the expression
profiles of these clusters to the observed effects of
larval diet on lifespan.

Because the effects of larval diet on virgin lifespan
were similar in each sex and across adult diets, the
simplest hypothesis is that the genes involved would
also have similar expression profiles across adult diets
and across ages. Indeed, given the consistent pheno-
typic responses it is difficult to envision how such
main effects could be attributable to interactions be-
tween larval diet and adult diet and/or age (though
this possibility cannot be definitively excluded). Thus
we focus on the transcripts showing a main effect of
larval diet (L), and provide the results for the
transcripts showing an interaction (LT, LA, LTA) in
Additional file 2: S4, Additional file 3: S5, and
Additional file 4: S6 respectively. It is noteworthy that
most of the interactive effects are due to flies raised
on the 0.25SY larval diet showing distinct responses
to adult diet, age or both. Thus, while these interac-
tions may potentially explain the increased lifespan of
0.25SY-raised flies, it is unlikely that they account for
the lifespan differences observed between 1SY and
2.5SY-raised flies.

The expression of ribosome-related transcripts is posi-
tively correlated with larval diet in females

K-means clustering of the relatively small list of genes
showing a main effect of larval diet in females (321
genes, “L” list) identified four clusters, none of which
were enriched for genes with tissue-specific expression
profiles (Fig. 4a; Additional file 5: S3). Clusters 1 and 4
were not associated with any significant enrichment of
gene ontology (GO) terms or tissue-specific genes
(Additional file 5: S3 and Additional file 6: S2). Cluster 1
had variable expression in 0.25SY, low expression in 1SY,
and high expression in 2.5SY-raised flies, while cluster 4
had roughly the opposite expression pattern (Fig. 4a).
The expression of genes in the two remaining clusters,
Clusters 2 and 3, increased with increasing larval diet, a
pattern particularly evident for cluster 3 (Fig. 4a). Both
clusters were enriched for genes annotated with GO
terms relating to ribosomes. Cluster 2 (83 transcripts)
was solely annotated with the term cytosolic ribosome
while cluster 3 (76 transcripts) was annotated with the
terms RNA modification, ribonucleoprotein complex,
non-coding (nc) RNA metabolic process, non-coding (nc)
RNA processing, ribosome biogenesis, ribonucleoprotein
complex biogenesis, and cytosolic large ribosomal subunit
(Table 3), and contained several sub-units of the 60s large
ribosomal sub-unit (RpL3, RpL18, RpL7-like, RpL22 and
RpL34a).

Larval diet affects expression of testes-specific genes in
males

In males we identified 11 clusters of genes in the “L” list.
These grouped into three different expression profiles
(Fig. 4b). The first group (Clusters: 1, 3, 5, 6, and 11)
contained more than 50% of the transcripts affected by
larval diet (1081 transcripts) and was characterized by
high expression in 0.25SY-raised flies, low expression in
1SY-raised flies, and intermediate expression in 2.5SY-
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relating to ribosomes. In males (b), clusters can be roughly classified into three different groups showing similar expression profiles. Clusters in the first
group (Group 1) are most highly expressed in 0.255Y-raised flies and least expressed in 1SY-raised flies, while 2.55Y-raised flies fall in between. They
differ primarily in the tightness of co-expression, with 2.5SY-raised flies showing the most variation. Clusters 1, 3 and 5 in Group 1 are very significantly
enriched for genes with testes-specific expression, and for testes-specific GO terms and contain nearly half of all probes affected by larval diet in males.
The second group (Group 2) shows the inverse expression profile of Group 1 and clusters also differ primarily in the tightness of co-expression, especially
in 2.55Y-raised flies. The last group (Group 3) consists of one cluster whose expression is positively correlated with increasing larval diet. This cluster
significantly overlaps in cluster composition with female cluster 3 (@) as well as sharing a similar expression profile and GO enrichment for terms related to
ribosomes and transcription and translation. Clusters of probes with similar expression profiles were identified using K-means clustering. * indicates number

of GO terms with Benjamin-corrected p-value <0.05 associated with a cluster *:1 term, **: 2 to 9 terms***: 10 or more terms

raised flies (Fig. 4b). The clusters differed primarily in
the tightness of co-expression, especially in 2.5SY-raised
flies. The second group (Clusters 10, 7, 8, 4 and 2) was
notable for having the inverse expression profile of
Group 1 (Fig. 4b). These clusters also differed primarily
in the tightness of co-expression, again, especially in
2.5SY-raised flies. The third group consisted of only a
single cluster (Cluster 9), which was the only cluster to
show a (positive) expression correlation with increasing
larval diet (Fig. 4b).

Comparing the male clusters to tissue-specific gene ex-
pression data from the FlyAtlas database [35] showed that
three of the male clusters (C1, C3, and C5 - all in Group
1) were highly enriched for (1) transcripts exclusively
expressed in the testes (hypergeometric test: all p-values
<0.0001; Additional file 6: S2), (2) transcripts most differ-
entially expressed in the testes relative to the whole body,
and (3) transcripts most highly expressed in the testes in

the FlyAtlas data set (all p-values <0.01). The GO terms
associated with these clusters also overlap with those
enriched for transcripts highly expressed in the testes in
FlyAtlas (C1: 100% overlap, C3: 67% overlap, C5: 96%
overlap; Additional file 6: S2). Thus a substantial amount
of the long-term effect of larval diet on the transcriptome
in males is in genes with testes-specific expression and
function, and may explain why we identified considerably
less genes affected by larval diet in females (that have no
testes). The two remaining clusters in Group 1 (Clusters 6
and 11) show no evidence of tissue-specific expression
and are solely annotated with the GO terms neurological
system process (C6) and intracellular non-membrane
bound organelle (C11; Additional file 1: S1). The second
group of clusters (Clusters 10, 7, 8, 4 and 2; Fig. 4b), in-
cluded most of the remaining transcripts (818 transcripts).
None of these clusters showed any significant overlap with
genes with testes-specific expression (all p-values >0.94),



May and Zwaan BMC Genomics (2017) 18:640

Page 9 of 17

Table 3 Gene ontology term annotation of male Cluster 9 and female Cluster 3. Italics indicate GO terms that are significant in both
clusters. BP: Biological process; CC: Cellular component; MF: Molecular function. Benjamini-corrected p-value

Cluster Category GO ID Term P-value

(@) BP GO:0006396 RNA processing <0.001

Male BP GO:0034660 nNcRNA metabolic process <0.001
BP GO0:0034470 NncRNA processing <0.001
MF GO:0000166 nucleotide binding <0.001
cC G0:0031981 nuclear lumen <0.001
MF G0:0001882 nucleoside binding <0.001
BP GO:0016071 MRNA metabolic process <0.001
MF GO:0005524 ATP binding <0.001
MF G0:0032559 adeny! ribonucleotide binding <0.001
BP GO:0006397 MRNA processing <0.001
MF GO:0030554 adenyl nucleotide binding <0.001
MF G0:0001883 purine nucleoside binding <0.001
BP GO:0006399 tRNA metabolic process <0.001
cC GO:0070013 intracellular organelle lumen <0.001
CcC G0:0043233 organelle lumen <0.001
cC G0:0031974 membrane-enclosed lumen <0.001
MF G0O:0017076 purine nucleotide binding <0.001
MF G0:0032553 ribonucleotide binding <0.001
MF GO:0032555 purine ribonucleotide binding <0.001
BP GO:0022613 ribonucleoprotein complex biogenesis 0.002
MF GO:0003723 RNA binding <0.001
BP GO:0008380 RNA splicing 0.004
BP GO:0042254 ribosome biogenesis 0.004
MF GO:0004386 helicase activity 0.001
cC GO:0005730 nucleolus 0.003
MF G0:0008186 RNA-dependent ATPase activity 0.003
MF GO:0004004 ATP-dependent RNA helicase activity 0.003
BP GO:0006364 rRNA processing 0.012
BP GO:0016072 rRNA metabolic process 0012
BP G0:0006360 transcription from RNA polymerase | promoter 0.021
cC GO:0005654 nucleoplasm 0011
BP GO:0006418 tRNA aminoacylation for protein translation 0.022
BP GO:0043039 tRNA aminoacylation 0.022
MF GO:0016875 ligase activity, forming carbon-oxygen bonds 0.007
MF GO:0016876 ligase activity, forming aminoacyl-tRNA 0.007
MF G0:0004812 aminoacyl-tRNA ligase activity 0.007
BP GO:0043038 amino acid activation 0.023
MF GO:0016779 nucleotidyltransferase activity 0.007
MF GO:0034062 RNA polymerase activity 0.006
MF G0:0003899 DNA-directed RNA polymerase activity 0.006
MF GO:0003724 RNA helicase activity 0.006
BP G0:0035196 gene silencing by miRNA, production of miRNAs 0.026
BP GO:0035195 gene silencing by miRNA 0.028
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Table 3 Gene ontology term annotation of male Cluster 9 and female Cluster 3. Italics indicate GO terms that are significant in both
clusters. BP: Biological process; CC: Cellular component; MF: Molecular function. Benjamini-corrected p-value (Continued)

MF GO:0008026
MF GO:0070035
BP GO0000398
BP GO:0000377
BP GO:0000375
MF GO0003729
MF GO:0042624
MF GO:0004540
MF GO0032549
MF GO:0003677
MF GO:0000287
MF GO0016887
& BP GO0009451
Female cC GO:0030529
BP GO0034660
BP GO:0034470
BP GO0042254
BP GO0022613
CcC GO:0022625

ATP-dependent helicase activity 0013
purine NTP-dependent helicase activity 0013
nuclear mMRNA splicing, via spliceosome 0.047
RNA splicing, via transesterification reactions with 0.047
RNA splicing, via transesterification reactions 0.047
mRNA binding 0.015
ATPase activity, uncoupled 0018
ribonuclease activity 0.021
ribonucleoside binding 0.029
DNA binding 0.031
magnesium ion binding 0.038
ATPase activity 0.040
RNA modification 0.002
ribonucleoprotein complex 0.001
NcRNA metabolic process 0.004
ncRNA processing 0.003
ribosome biogenesis 0.006
ribonucleoprotein complex biogenesis 0.027
cytosolic large ribosomal subunit 0.020

nor with any other tissue. They were enriched for GO
terms related to mitochondrial ribosomes (C4), serine-
type peptidase activity (C7), transcription (C8), and the
break-down of peptidoglycan bonds and immune function
(C10; all terms in Additional file 6: S2). The lack of over-
lap in GO terms among these clusters suggests that they
represent an array of different processes.

The third expression profile we identified consisted of
one cluster (Cluster 9; Fig. 4b) that contained transcripts
whose expression increased with increasing larval diet
(Cluster 9; 232 transcripts, Fig. 4b). It was not enriched
for tissue-specific transcripts (Additional file 6: S2) and
was annotated with 56 GO terms related to ribosome
structure, function, and regulation, as well as to other as-
pects of transcription and translation including tRNA
metabolic activity and RNA polymerase activity (Table 3).
Furthermore, it contained sub-units of all three eukaryotic
RNA polymerases’ (RpII140, RpI135, RpIlI128 and RpIl).
The probe composition of this cluster overlapped signifi-
cantly with that of female cluster 3 (Hypergeometric test;
p < 0.0001), which showed a similar response to larval
diet. The overlapping genes were CDKALI-like, CG32409,
CG6769, Notchless (nle) and Elongator complex protein 2
(elp2). All five of these genes are either annotated with
GO terms related to ribosome biogenesis and function
(ribosome biogenesis: CG32409; ribosomal large subunit
biogenesis: CG6769) or are known to play crucial roles in
ribosome biogenesis (nle; [36, 37]) or in transcription and

translation (elp2; [38, 39]) (CDKAL-1; [40]). Furthermore,
of the seven GO terms associated with female Cluster 3,
four were also associated with male Cluster 9. These terms
were ncRNA metabolic process, ncRNA processing,
ribosome biogenesis, and ribonucleoprotein complex
biogenesis (Table 3). Taken together, these results suggest
that the up-regulation of genes involved in ribosome
biogenesis and transcription and translation is an effect of
increasing larval diet shared by both sexes.

Discussion

Phenotypic responses to developmental diet in Drosophila
melanogaster follow the silver spoon hypothesis

Our first aim in this study was to determine the nature
of the relationship between developmental and adult diet
in fruit flies, particularly with respect to the silver spoon
[10], programming [41], and predictive adaptive re-
sponse hypotheses [12]. The former predicting that
developmental diet will have a similar effect on adult
phenotypes across environments, while the two latter
hypotheses predict that the effect will depend on the de-
gree of mismatch between the predicted and actual adult
conditions. Our finding that all larval diets show a
similar response to adult dietary conditions, particularly
in terms of virgin lifespan and early fecundity, is most
consistent with the predictions of the silver spoon hy-
pothesis. In fact, we see that flies raised on the different
larval diets differ only in their average performance, with
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0.25SY-raised flies tending to live longer (Fig. 2a,b) and
reproduce more in early life (Fig. 2e), than those raised
on the 2.5SY larval diet.

Importantly, adult diet explained considerably more
variation than larval diet for both phenotypes (Fig. 2) and
gene expression (Fig. 3; Table 2). Thus while larval diet
does result in long-term changes in phenotypes and gene
expression, extensive plasticity is maintained into
adulthood. This suggests that there is no evolutionary ad-
vantage to inflexibly “setting” a phenotype to predicted
adult conditions in D. melanogaster, especially because en-
vironmental conditions may be unpredictable throughout
the life course of individuals. Rather, it is more likely that
the effect of developmental diet on adult phenotypes is
due to the persistence of changes that either increased
fitness during development, or were unavoidable conse-
quences of a (sub-optimal) developmental environment.
Such explanations have also been proposed as alternatives
to the PAR hypothesis as applied to humans [42, 43], and
are supported by several studies in human cohorts (e.g.
[44, 45]). In any case, the absence of PARs in flies does
not give any direct information about their plausibility in
humans, however, the mechanisms underlying the effect
may be similar, even if the adaptive significance of the
response differs.

Long-term effects of larval diet on the transcriptome
Despite the lack of evidence for PARs, we identified
long-term effects of larval diet on the transcriptome
(Table 2). Given our use of whole flies such effects could
be due to any combination of changes in the relative size
or function of tissues (e.g. [22-24]), and/or long-term
changes in gene expression regulation [46]. Changes in
relative tissue size seem especially plausible in the case
of the genes we identify with testes-specific expression
(Fig. 4b; Clusters C1, C3 and C5). The relative size of
the genital arch in Drosophila melanogaster is known to
decrease as the quality of developmental diet increases
[24, 47]. If such effects extend to internal sexual organs
such as the testes, this could give rise to the changes in
whole-body gene expression we observe. Because we
used whole bodies, a relative up-regulation of testes-
specific genes would by definition mean a relatively
smaller proportion of non-testes mRNA in the whole
body pool. This is one potential explanation for the
nearly perfect inverse expression profile of the Group 2
clusters relative to Group 1 (which contains C1, C3 and
C5; Fig. 4b). These clusters may simply reflect the
“down-regulation” of other processes as a result of
up-regulation of testes specific genes or relatively lar-
ger testes. This is supported by the lack of similarly
in GO annotation between the Group 2 clusters,
suggesting that they represent a variety of functions
(Additional file 6: S2).
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The holometabolous nature of D. melanogaster sug-
gests another potential mechanism that could translate
developmental diet into late-life changes in gene expres-
sion: the carry over of larval tissues into adulthood.
While it was long thought that all larval tissues were his-
tolysed during development, it is becoming increasingly
clear that certain tissues survive pupation and are
carried over into adulthood. These tissues include the
visceral musculature of the gut [48], the larval fat body
[49-51], the malpighian tubules [52], and some neurons
[53, 54]. While the larval fat body dissociates and does
not persist past the first week of adulthood [50, 51], it is
possible that the other tissues or (stem) cells of those tis-
sues are maintained across the lifespan and thus their
gene expression and size may depend on developmental
conditions. It bears further enquiry to see whether the
carry over of larval tissues plays a role in mediating the
long-term effects on gene-expression. If so, this provides
a potentially more useful parallel to the human case,
where tissues are constructed during development and
persist throughout the lifespan.

While the effect of larval diet on adult phenotypes was
consistent in sign across adult environments and across
sexes, most of the transcripts affected by larval diet show
no linear relationship with the phenotypes, either be-
cause they were involved in an interaction with adult
diet, age or both (Additional file 2: S4 to Additional file
4: S6), or because they showed a main effect of larval
diet, but not in a direction consistent with the
phenotypic effect of diet. For example, ten of the eleven
transcript clusters affected by larval diet in males were
characterised by intermediate expression in flies raised
on the rich larval diet, while in terms of phenotypes,
these flies were both most short-lived (males and fe-
males) and least fecund (females). This suggests that if
the expression of these transcripts is related to lifespan
then the relationship between their expression and
lifespan is non-linear and complex (e.g. [55-57]).

The ability to infer that the relationship between
these 10 transcript clusters and lifespan must be non-
linear, if such a relationship exists at all, is a conse-
quence of including three diets in our design. Had we
included only two in a classical case-control analysis
we would have reached contrasting conclusions on
the relationship between gene expression and lifespan
for these ten clusters. For example if we used 0.25SY
and 1SY-raised flies only, it would have been logical
to infer that the genes up and down-regulated in
0.25SY-raised flies relative to 1SY contribute to the
phenotypic differences observed between the two,
however, had we compared 1SY to 2.5SY, we would
have concluded that the relationship between expres-
sion levels and phenotypic values was in the opposite
direction. The risk of such misguided interpretation
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in a two-factor design strongly warrants the inclusion
of three or more environments, especially when
attempting to establish a causal relationship between
measures of molecular and/or genetic variation and
life history traits (e.g. lifespan, ageing).

We chose to analyze the transcriptomes of virgin, ra-
ther than mated females in order to maximize our
chances of detecting a clear signature of developmental
diet in the adult transcriptome. We rationalized that be-
cause the effects of larval diet are more pronounced for
virgin, than for mated lifespan (Fig. 2) we would be more
likely to detect long-term changes in gene expression.
However, understanding whether these results also apply
to mated flies is an important area for further study.
Mating induces differential expression of more than
1700 transcripts in females [58], with more than 500
transcripts affected in the female reproductive tract
alone [59]. Since the relative expression of these tran-
scripts changes with time since mating, these changes
can induce considerable noise in transcriptome data
when samples are taken at time points based on the pro-
portion of the cohort remaining (as in our study). Since
mating is a key element of an organism’s life history, it
will be important to test whether the gene expression
changes we observe for virgin flies can also be detected
in mated flies.

Larval diet affects the expression of transcripts related to
ribosomes and translation in both sexes across the
lifespan

The consistent effect of larval diet on phenotypes across
adult diets and in both sexes suggests that the simplest
relationship between gene expression and phenotype is
through consistent effects of larval-diet on gene expres-
sion across adult diets and in both sexes. Indeed, we
identified a single cluster of transcripts showing a linear
relationship with larval diet in both sexes (Females C3,
Males C9; Fig. 4). Expression of genes in both of these
clusters increases with increasing larval diet, across adult
diets and age classes, and is thus negatively correlated
with the observed lifespan differences (Fig. 4). Further-
more, these clusters have significant overlap in probe
composition and shared similar GO annotation, both
clusters being enriched for terms relating to ribosomes
and ncRNA processing (Table 2), with the male cluster
also being enriched for many other terms related to
transcription and translation (Table 2). Given the ubiqui-
tous and high expression of ribosomes, accounting for
approximately 50% of total transcription [60, 61] and the
essential roles of transcription and translation in cellular
homeostasis, changes in the regulation of these
processes across the lifespan may have important conse-
quences for phenotypes, particularly lifespan. Indeed, in
model organisms (primarily flies, yeast, and worms)
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down-regulation or knock out of ribosomal sub-units re-
sults in increased lifespan [62-67], while dysregulation
of protein biogenesis machinery is a driver of replicative
aging in yeast [68]. Furthermore, down-regulation of
translation through the knock-out of various translation
initiation factors increases lifespan [64, 69-71].

In eukaryotes, rDNA is typically present in multi-copy
arrays, spread across the genome, and only a fraction of
the copies in an array are expressed at any given time.
Intriguingly, several recent studies, ranging from yeast
to mice, have found that diet or nutrient sensing path-
ways such as TOR can have long-term effects not only
on ribosomal expression [61], and methylation [72], but
also on copy number [61, 73]. For example, Jack et al,
2015 [73] recently demonstrated that ribosomal copy
number in budding yeast is regulated by the TOR path-
way, such that increased signaling, indicating nutritional
plenty, results in increased rDNA copy number, thereby
providing a mechanism linking external nutrient avail-
ability to rDNA copy number [73]. In mice, the offspring
of dams fed protein-restricted diets throughout gestation
and weaning maintain increased rDNA methylation
levels into adulthood. This methylation is associated
with transcriptional repression and suggests that
epigenetic modification of the rDNA array may present
yet another way to adjust ribosome expression to nutri-
ent levels, in this case by decreasing mRNA expression
in the face of protein restriction [72]. Finally, in D.
melanogaster increasing levels of dietary yeast during de-
velopment lead to increased expression of ribosomal
RNA genes during development [61] followed by in-
creased rDNA instability and loss of rDNA copies in
adults [61]. The loss of rDNA copies is associated with
the loss of heterochromatic induced silencing [74] and
the loss of heterochromatin in turn de-represses RNA
synthesis and decreases lifespan in Drosophila [66]. Intri-
guingly, a very recent study has shown that D. melano-
gaster lifespan can also be programmed by dietary
exposure even when the exposure takes place as late as
early adulthood. Dobson et al., 2017 [75] showed that a
high-sugar diet in early adulthood lead to an irreversible
decrease in lifespan, even if diets were quickly changed
to lifespan-extending conditions, however, in this case
the effect appeared to be mediated by dFOXO.

Taken together, these findings suggest that there is
considerable potential for lifespan and gene expression
to be set through nutritional conditions experienced
early in life, and that this may be mitigated by changes
in the expression and modulation of rDNA, potentially
as an adaptive way to tune the energetically expensive
task of ribosome biogenesis to available energy levels.
Our finding that the expression of ribosome and tran-
scription related genes is influenced by larval diet across
the lifespan, and that the expression of these genes is
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negatively correlated with lifespan adds additional sup-
port to this theory. Given the simplicity of Drosophila as
a model system, further research can delve into which
nutrient sensing pathways play a role in our particular
situation, as both the TOR and insulin signaling path-
ways have been implicated in the studies discussed
above. Furthermore, while we have diluted both sugar
and yeast (e.g. protein) simultaneously, additional studies
that pinpoint the relative role of each macronutrient in
modulating long-term changes in gene expression can
further guide research. Such work should be performed
within a life history framework as transcription and
translation are vital processes that allow flies, and organ-
isms in general, to sustain fitness in their natural
environments.

Conclusions

Here we addressed how developmental and adult diet
affect adult phenotypes and gene expression in the fruit
fly. We found that for the most part larval and adult diet
exert independent effects on the phenotype and on gene
expression, and thus there is no evidence for Program-
ming or Predictive Adaptive Responses operating in
Drosophila melanogaster. Furthermore, adult diet ex-
plained considerably more variation in gene expression
and phenotypes than larval diet, indicating that flies re-
tain extensive plasticity into adulthood, and this suggests
that the long-term effects of developmental diet likely
reflect the inability or lack of selection to erase such ef-
fects (“a ghost of developmental past”), rather than an
adaptive response. We do find that some genes retain a
legacy of developmental diet in their expression into
middle and old-age. Many of these genes show no
correlation with the observed phenotypic responses,
however, in both sexes, we identify a cluster of genes
whose expression is negatively correlated with the ob-
served lifespan differences and which are enriched
with terms related to transcription and translation,
particularly with respect to ribosomes. Given several
recent studies which show that the down-regulation
of ribosomes and other aspects of transcriptional and
translational machinery increase lifespan and that
rDNA copy number can be influenced by develop-
mental diet, these genes provide promising candidates
for mediating the long-term effects of larval diet on
lifespan in a laboratory setting. As these processes are
highly conserved across the tree of life our results
may be relevant for other species as well, including
for humans.

Methods

Experimental design

To test the effect of mismatches between developmental
and adult diet on lifespan, fecundity and gene expression,

Page 13 of 17

we raised flies from the laboratory stock population (S),
described in May et al., (2015) [70], on three larval diets at
a density of 100 eggs per vial. Upon emergence virgin
adults were sexed and randomly distributed across these
same diets in a three by three full factorial design (Fig. 1).
The three diets, hereafter designated 0.25SY, 1SY, and
2.5SY differed only in the amount of sugar and yeast they
contained. The 1SY diet was identical to the standard la-
boratory diet (70 g yeast, 100 g sugar, 20 g agar, 15 mL
nipagine, and 3 mL propionic acid per liter of water),
while the 0.25SY and 2.5SY diets contained 25% and 250%
as much sugar and yeast as the 1SY diet, respectively.

In previous experiments we assessed the effects of
these three diets on developmental traits [76]. Flies
raised on the 0.25SY larval diet develop more slowly and
are smaller as adults than those raised on the 1SY diet,
while flies raised on the 2.5SY larval diet are intermedi-
ate between the two [76].

Mated lifespan and fecundity

To assess mated lifespan and fecundity, flies were
maintained in groups of five males and five females
per vial with 20 replicate vials per treatment. Survival
was measured three times per week, while fecundity
was scored biweekly over two time periods: early
fecundity (days 1 to 7 of adult life), when peak fe-
cundity occurs, and late fecundity (days 7 to end of
reproduction) when fecundity is steadily decreasing
[77-79]. Fecundity was scored as realized fecundity —
i.e. the number of eclosing adults per vial.

Virgin lifespan and gene expression

To measure virgin lifespan and gene expression, we
maintained 500 flies per combination of sex, larval diet
and adult diet at a density of ten flies per vial (9000 flies
total) and monitored their survival. When 10% and 90%
of the cohort had died, 50 flies per combination of sex,
larval and adult diet were flash-frozen for gene expres-
sion analysis.

We extracted RNA from whole bodies of five flies per
replicate, with four replicates per combination of sex,
larval diet, adult diet and age (4 replicates x 2 sexes x 3
larval diets x 3 adult diets x 2 ages = 144 arrays), using
the Machery Nagel Nucleospin II kit (Machery and
Nagel). Biotin labelling, cRNA synthesis, hybridization to
Affymetrix Drosophila 2.0 GeneChips and array readouts
were performed by ServiceXS (www.genomescan.nl).

All statistical analyses were performed using R [80].
Virgin and mated lifespan were analyzed using Cox pro-
portional hazard regression models and fecundity was
analyzed using a general linear model (GLM) with a
Poisson distribution.
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Gene expression data pre-processing

Prior to normalization we assessed the quality of the
arrays and identified outliers using the simpleafty R
package [81] and Principle Component Analysis [31].
Based on these results we excluded two female and four
male samples from further analysis due to insufficient
quality. These excluded samples were evenly distributed
and thus no experimental group contained fewer than
three biological replicates. Subsequently we performed
background adjustment, quantile normalization and
summarization using the robust multi-array average
(RMA) algorithm [82] on the remaining 138 samples.
We found that when males and female samples were
normalized together, 92% of the variation in expression
was due to sex, so we chose instead to normalize male
and female samples separately to emphasize the effects
of diet and age rather than ubiquitous and well-
documented sex-specific differences [33]. We performed
all subsequent analysis steps separately for each sex
using R (version 3.0.0) and Bioconductor [83].

Assessing the relative contribution of larval diet, adult
diet, and age to variation in gene expression

To understand the major factors driving the variation in
the transcriptome data we applied principal components
analysis [PCA; 31] and principal variance components
analysis [PVCA; 32]. PVCA is a supervised version of
PCA that partitions the proportion of total variation at-
tributable to treatment factors, and thus estimates the
total variation in the gene expression data explained by
larval diet, adult diet, age, and their interactions.

To understand the factors driving expression at a per
probe level we fitted an ANOVA model to each
expressed transcript following Ayroles et al., [33]. For
each transcript the model partitioned the variation in ex-
pression between larval diet (L), adult diet (A), and age
(T), as well as the interactions between these factors (L *
A;LXT; AXT; L*T™A). We then filtered the data to
obtain individual lists of genes affected by each of these
factors at a False Discovery Rate of 0.05 [FDR; 34]. For
all main effect gene lists (L, A, T) we applied an
additional filtering step to remove genes that also
showed a significant interaction with another factor. For
example, the “L” gene list contains transcripts whose ex-
pression was significantly affected by larval diet at an
FDR of 0.05, but with no significant interaction between
larval diet and any other factors.

Assessing expression differences between larval diets

We next grouped transcripts affected by larval diet into
clusters of genes showing similar expression profiles by
applying K-means clustering to the z-score transformed
expression values for each sex and for each of the effects
(L, L*T, L*A, L*T*A). We then addressed whether the

Page 14 of 17

clusters showed any evidence of shared biological func-
tion by applying three additional analysis steps to each
cluster: first we assessed enrichment of gene ontology
(GO) terms using DAVID v6.7 (The Database for
Annotation, Visualization and Integrated Discovery;
[84]). We focused on “GO FAT” terms, which eliminate
term redundancy and increase specificity of gene ontol-
ogy analysis. Second, we checked for over-representation
of transcripts expressed only in particular tissues by
using the FlyAtlas database which contains gene
expression data from individual Drosophila tissues [35].
We filtered the FlyAtlas dataset to extract lists of genes
that were exclusively expressed in a single tissue
(Additional file 1: S1) and then checked for over-
representation of tissue-specific lists in each of the clus-
ters using a hypergeometric test. Finally, we checked for
significant overlap in cluster composition between the
sexes using a hypergeometric test.

Additional files

<
Additional file 1: S1. Pairwise contrasts between larval diets per adult
diet for male and female virgin and mated lifespan (Table). (PDF 142 kb)

Additional file 2: S4. Expression profiles of clusters of probes showing
an interaction between larval diet and age in females (a) and males (b).
Colour indicates larval diet (blue: 0.255Y, green: 1SY, red: 2.55Y) and the
x-axis indicates larval diet and age (M-A: middle-aged and O: old). We
identified five clusters in females (a) and four clusters in males (b), with
no significant overlap between the male and female clusters, and with
little significant GO annotation. These clusters revealed that the interaction
between larval diet and age in both sexes was primarily due to 0.255Y-
raised flies showing attenuated (males) or opposite (females) changes in
expression with increasing age relative to 1SY and 2.5SY flies. In males, three
of the clusters (C1,C2 & C4) were down-regulated with age in 1SY and
2.5S5Y-raised flies but up-regulated (C1 - proteasome complex, C4) or
unchanging (C2- no annotation) in flies raised on the 0.255Y diet. The
remaining cluster C3, was associated with the mitochondrial envelope and
was down-regulated with age in 1SY and 2.55Y-raised flies, but relatively
constant in 0.25SY-raised flies. In females, all clusters showed relatively little
change in expression with age in 1SY and 2.5SY-raised flies, but down
(C1,C2, C4) or up-regulation (C3,C5) in 0.25SY-raised flies. The only significant
GO annotation was found for C3 (iron ion binding) and C4 (heme binding
and terms relating to mitochondrial components and ATP synthesis). M-A:
Middle-aged; O: Old age. Clusters of probes with similar expression profiles
were identified using k-means clustering. * indicates number of significant
GO terms associated with a cluster *:1 term, **: 2: to 9 terms,***: 10 or more
terms. (PDF 841 kb)

Additional file 3: S5. Expression profiles of clusters of probes showing an
interaction between larval diet and adult diet in males (a) and females (b).
Colour indicates larval diet (blue: 0.25SY, green: 1SY, red: 2.55Y). In contrast to
the genes affected by larval diet alone (L), there were many more probes
showing L*A effects in females (770) than in males (140). In males, these
probes broke down into six small clusters, only two of which (Clusters 4 and
5) had significant annotation. Cluster 4, which was up-regulated on the 1SY
adult diet in 2.55Y-raised flies was annotated with responses to abiotic stimuli,
particularly heat and oxygen, while cluster 5 which was down-regulated on
the 1SY adult diet in 2.5SY-raised flies was associated with nucleobase
metabolic processes. In females we identified three large clusters, two of
which showed very distinct expression patterns and significant annotation. As
with the “LT" clusters, these clusters were characterized by very similar expres-
sion patterns in 1SY and 2.55Y-raised flies, but distinct patterns in 0.255Y-raised
flies. Cluster two was characterized by high expression on the 0.25SY adult diet
for 1SY and 2.5SY-raised flies, but low expression in 0.255Y-raised flies. It was
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strongly associated with visual perception, circadian rhythm, regulation of
behaviour, and metal ion transport. Cluster three was characterized by low
expression on the 0.25SY adult diet for 1SY and 2.55Y-raised flies, but higher
expression in 0.255Y-raised flies. This cluster was associated with nucleotide
binding and female reproduction. Clusters of probes with similar expression
profiles were identified using k-means clustering. * indicates number of
significant GO terms associated with a cluster *:1 term, **: 2: to 9 terms,***: 10
or more terms. (PDF 2348 kb)

Additional file 4: S6. Expression profiles of clusters of probes
showing an interaction between larval diet (colour), adult diet (x-axis)
and age in males (a) and females (b). Colour indicates larval diet
(blue: 0.25SY, green: 1SY, red: 2.55Y), and the panels are split into
middle age (M-A) and old-age (O). In males we identified six clusters
of which only two possessed significant GO annotation — C4: endo-
plasmic reticulum and C5: post-mating behaviour. Clusters C1, C4 and
C6 are characterized by distinct expression profiles for each larval diet
across adult diets at middle-age, which are then inverted in old age,
while clusters C3 & C5 are characterized by inversions in expression
profiles across adult diets in age classes in 2.55Y-raised flies only.
Finally, C2 shows distinct expression profiles in middle-age for 0.25SY
& 1SY-raised flies, but no clear expression pattern in other ages or in
2.5S5Y-raised flies. In females, we identified five clusters each of which
displayed distinct expression profiles and only two of which were
annotated with GO terms (C3 and C5). As opposed to the males, we
saw no evidence of inversion of responses to adult diet with increasing age.
Cluster 3, which is associated with peptidase activity shows a distinct
expression profile in old-aged flies raised on the 2.55Y larval diet, while
cluster 5, which is associated with various terms relating to immune func-
tion and development, also shows a distinct expression profile in old-aged
flies raised on the 2.55Y larval diet, as well as in middle-aged flies raised on
the 0.25SY larval diet. Clusters of probes with similar expression profiles were
identified using k-means clustering. * indicates number of significant GO
terms associated with a cluster *:1 term, **: 2: to 9 terms,***; 10 or more
terms. (PDF 4145 kb)

Additional file 5: S3. Tabbed excel file of hypergeometric tests of
overlaps in probe composition between male and female clusters (Tabs 1
to 4) and for overlap in cluster probe composition with tissue-specific
probe lists mined from FlyAtlas (Tabs 5 to 12). (XLSX 84 kb)

Additional file 6: S2. Tabbed Excel File of results of ANOVA analysis per
probe in females (Tab. 1), Males (Tab. 2). Cluster membership in both sexes
(Tab. 3). Tissue-specific gene lists mined from FlyAtlas for females (Tab. 4)
and for males (Tab. 5). Significant GO term annotation of all clusters (Tab. 6).
Number of overlapping GO terms between tissue-specific gene lists and
clusters in females (Tab. 7) and males (Tab. 8). (XLSB 3739 kb)
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