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ABSTRACT The nutritional environments that organisms experience are inherently variable, requiring tight coordination of how
resources are allocated to different functions relative to the total amount of resources available. A growing body of evidence supports
the hypothesis that key endocrine pathways play a fundamental role in this coordination. In particular, the insulin/insulin-like growth
factor signaling (IIS) and target of rapamycin (TOR) pathways have been implicated in nutrition-dependent changes in metabolism and
nutrient allocation. However, little is known about the genetic basis of standing variation in IIS/TOR or how diet-dependent changes in
expression in this pathway influence phenotypes related to resource allocation. To characterize natural genetic variation in the IIS/TOR
pathway, we used .250 recombinant inbred lines (RILs) derived from a multiparental mapping population, the Drosophila Synthetic
Population Resource, to map transcript-level QTL of genes encoding 52 core IIS/TOR components in three different nutritional
environments [dietary restriction (DR), control (C), and high sugar (HS)]. Nearly all genes, 87%, were significantly differentially
expressed between diets, though not always in ways predicted by loss-of-function mutants. We identified cis (i.e., local) expression
QTL (eQTL) for six genes, all of which are significant in multiple nutrient environments. Further, we identified trans (i.e., distant) eQTL
for two genes, specific to a single nutrient environment. Our results are consistent with many small changes in the IIS/TOR pathways. A
discriminant function analysis for the C and DR treatments identified a pattern of gene expression associated with the diet treatment.
Mapping the composite discriminant function scores revealed a significant global eQTL within the DR diet. A correlation between the
discriminant function scores and the median life span (r = 0.46) provides evidence that gene expression changes in response to diet are
associated with longevity in these RILs.
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GIVENafiniteamountofresources,acentral requirementof
all organisms is optimizing the allocation of those re-

sources to competing anatomical structures and physiological
functions, which necessitates the coordination of multiple
organ systems within the nutritional environment. In eukary-
otes, a commonly observed pattern is the extension of life span
coupled with reduced reproduction in nutrient-limited envi-
ronments (Sohal and Weindruch 1996; Browner et al. 2004;

Hughes and Reynolds 2005; Kirkwood and Shanley 2005;
Flatt and Schmidt 2009; Partridge et al. 2010; Piper et al.
2011), which has been hypothesized to result in part from
an adaptive shift in resource allocation away from reproduc-
tion and toward somatic maintenance in low resource environ-
ments. This response is hypothesized to be adaptive in a
selective regime of fluctuating resources (Neel 1962; Fischer
et al. 2009; Wells 2009; Fischer et al. 2010). When food
resources are scarce, individuals conserve resources and al-
locate to survival to ensure they will live until conditions
improve. In good conditions, individuals allocate to repro-
duction. This hypothesis has been invoked many times
to provide an evolutionary explanation for the extension
of life span with dietary restriction (DR) that has been
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documented in a diversity of organisms (e.g., Hughes and
Reynolds 2005; Kirkwood and Shanley 2005; Flatt and
Schmidt 2009). Previous studies in Drosophila melanogaster
have shown substantial genotype-by-diet interactions for
phenotypes related to metabolism and resource allocation
(Reed et al. 2010, 2014). This hypothesis leads to the cen-
tral question: What are the genes that underlie the response
of resource allocation to different nutritional environments?

The physiological mechanisms underlying the metabolism
and allocation of nutrients have beenwell studied, and one of
the key components is the insulin/insulin-like signaling/tar-
get of rapamycin (IIS/TOR) pathway (Teleman 2010; Nässel
et al. 2015). This fundamental endocrine pathway shows re-
markable conservation across animals. Orthologs of the hu-
man IIS/TOR pathway are present in rodents, fruit flies, and
nematodes. Laboratory mutants of major genes in the IIS/
TOR pathway specifically show very similar phenotypic ef-
fects across model organisms, suggesting its function is con-
served across metazoa. Many studies in model organisms
have demonstrated a role for the IIS/TOR pathway in
growth, cellular and organismal metabolism, stress resis-
tance, life span, and reproduction (Kenyon et al. 1993;
Böhni et al. 1999; Clancy et al. 2001; Tatar et al. 2001;
Bluher et al. 2003; Broughton et al. 2005; reviewed in:
Garofalo 2002; Goberdhan and Wilson 2003; Giannakou
and Partridge 2007; Kaletsky and Murphy 2010; Teleman
2010). For example, mutants lacking key components of
the IIS/TOR pathway generally show reduced growth, in-
creased life span, decreased fecundity, and increased stress
resistance. Several lines of evidence suggest that the IIS/TOR
pathway is also involved in the coordination of nutritional
conditions withmetabolism and growth: (1) insulin secretion
is inhibited by nutrient deprivation (Geminard et al. 2009);
(2) starvation mimics the effects of reduced IIS/TOR (Britton
et al. 2002); and (3) overactivation of the IIS/TOR pathway
can bypass the need for nutrients, causing growth in the
absence of nutrients followed by death (Britton et al.
2002). Thesemany studies and others support the hypothesis
that the evolution of metabolism and allocation patterns ul-
timately results from the evolution of genes in the IIS/TOR
pathway and other endocrine pathways (cf. Tatar et al. 2003;
Flatt et al. 2005; Zera et al. 2007).

Most studies to date of the IIS/TORpathwayhave followed
a “one gene at a time” approach, altering one gene in iso-
lation to characterize function. In this regard, they have been
very successful at determining the pathway’s role in the reg-
ulation of metabolism and resource allocation and of the
effects of altering each gene in isolation. It is largely due to
these types of studies, which use techniques such as gene
knockouts to experimentally produce large alterations to
the expression of genes in the IIS/TOR pathway, that the
IIS/TOR pathway has long been considered a prime candi-
date for the underlying mechanism of life-span extension un-
der nutrient limitation. In stark contrast to the success of
these studies in characterizing individual gene function, we
know very little about the genetic basis of natural variation in

the IIS/TOR pathway, how changes in the expression of many
genes act in concert, and how diet-induced changes in IIS/
TOR expression with diet relate to changes in potentially
related phenotypes such as life span. While individuals
experiencing DR and loss-of-function mutants in the IIS/
TOR pathway show remarkably similar phenotypes, the ev-
idence for a direct relationship between the IIS/TOR path-
way and diet-induced life-span extension is mixed, with
some studies supporting the relationship (e.g., Zid et al.
2009) and others not (Min et al. 2008; Whitaker et al. 2014;
reviewed in Tatar et al. 2014). Thus, despite years of investi-
gation on both the mechanisms of diet-induced life span
and on the function of the IIS/TOR pathway, whether there
is a connection between the two remains an unanswered
question.

In this study, we use a multiparent population, the Dro-
sophila Synthetic Population Resource (DSPR) (King et al.
2012a,b; Long et al. 2014; http://FlyRILs.org) to assay gene
expression for �50 genes in the IIS/TOR pathway and me-
dian life span in multiple nutrition environments. We aim to
answer three key questions:

1. How do IIS/TOR pathway genes respond to changes in
diet?

2. What is the source of natural genetic variation in the re-
sponse of IIS/TOR pathway genes to diet?

3. What is the relationship between IIS/TOR expression and
life-span extension under DR?

Materials and Methods

Mapping population

To uncover the genetic basis of variation in gene expression
within the IIS/TOR pathway, we used a large, multiparent
population, the DSPR (King et al. 2012a,b; Long et al. 2014;
http://FlyRILs.org). The DSPR is a panel of two sets of
recombinant inbred lines (RILs) derived from two synthetic
populations (pA and pB), each ofwhichwere created by crossing
a different set of eight inbred founder lines for 50 generations,
with one founder line shared between the populations. The
DSPR founder lines have been fully sequenced, the RILs have
been genotyped, and these data have informed a hiddenMarkov
model that inferred the underlying founder haplotype at each
position in each RIL. A detailed description of the DSPR and the
associated data can be found in King et al. (2012a,b) and at
http://FlyRILS.org. Raw resequencing data of the founder lines
is deposited in the National Center for Biotechnology Informa-
tion (NCBI) Sequence Read Archive (SRA) (http://www.ncbi.
nlm.nih.gov/sra) under accession number SRA051316, and the
RIL restriction-site-associated DNA (RAD) genotyping data are
available under accession number SRA051306. The founder ge-
notype assignments from thehiddenMarkovmodel are available
as two data packages in R (http://FlyRILs.org/Tools/Tutorial)
and are available from the Dryad Digital Repository (http://dx.
doi.org/10.5061/dryad.r5v40).
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Experimental diets

We used three experimental diets [DR, control (C), and high
sugar (HS)] adapted from Bass et al. (2007) and Skorupa et al.
2008 (Supplemental Material, Table S1 in Supplementary Ma-
terial R1). All experimental media was,2 weeks old and was
stored at 4� to avoid using desiccated or degraded food. To
avoid food degradation and larval interference, individuals
were moved into vials with fresh media every 2–3 days.

IIS/TOR expression

Husbandry: We employed a crossing design to avoid directly
measuring inbred lines and potentially mapping variation
associated with inbreeding depression. Briefly, we used
260 pB RILs crossed to a standard line. The F1 progeny from
each cross (hereafter abbreviated RIX for recombinant inbred
cross) were split among our three diet treatments with three
replicate vials in each for a target total of 30 individuals per
diet. This procedure is described in detail here. For each of
260 pB lines, we crossed pB females with the A4 founder line
males (A4 was chosen as an arbitrary standard line) in six
batches with each batch containing between 30 and
100 crosses. All expression measures were taken on the
resulting female trans-heterozygous F1 individuals. Only fe-
male flies were used to limit the study to expression in a
single sex (also assaying males would double the number
of expression assays), and because females have more com-
monly been the focus of studies exploring the IIS/TOR path-
way’s influence on life span and reproduction. We raised the
parental lines (pB RILs and A4) and F1 larval offspring on a
standard cornmeal-dextrose-yeast diet adapted from the
Bloomington stock center (Table S1 in Supplementary Mate-
rial R1). For each of the crosses, two virgin pB RIL females
and two A4males were placed into each of 9–10 vials (25mm
o.d.3 95mmheight), andwere allowed tomate and lay eggs
for 72 hr. We cleared all adult F1 flies that emerged before
11 days postoviposition (po) to control the age of the flies.
Adult, mated female F1 individuals were collected and placed
on experimental diets 14 days po. For each cross, 10 female
progeny were placed in two to three replicate vials for each
experimental diet (Figure S1 in Supplementary Material R1).
Environmental conditions in the rearing chamber were held
at 23�, 50% relative humidity, and a 24:0 light:dark cycle.
Following 10 days on the diet treatment (24 days po), we
immediately flash froze flies in liquid nitrogen to preserve
gene expression levels, and placed the samples in a 280�
freezer for storage. We began the process of flash freezing
at approximately the same time of day for each batch and the
order of flash freezing was haphazardly assigned to avoid any
systematic bias in time of day. We pooled all replicates for a
given cross together before performing expression assays.
This strategy kept the number of samples assayed at a feasible
level and maximized the number of lines we could assay
while averaging over individual variability in expression. A
small number of crosses failed to produce enough adults in
one of the diets (if they failed in more than one diet, they

were eliminated from the experiment). The final sample size
for each diet was: DR, 249; C, 253; HS, 253).

Expression analysis:WeobtainedRNA forwholeflash frozen
flies, aiming to assay global IIS/TOR expression. While it
would be highly informative to obtain tissue-specific mea-
sures, this approachwould have greatly increased the number
of expression assays required. We first extracted RNA using a
modified protocol based on the Life Technologies TRIzol RNA
extraction protocol and then further purified the RNA via a
clean-up step using a QAIGEN (Valencia, CA) RNeasy Plus
Mini Kit. Between20 and30flash-frozenflies (someflieswere
lost due to early deaths or escapees) were homogenized in a
bead beater using stainless steel beads in 1 ml of TRIzol
solution, RNA was then extracted and purified from the
homogenate following the TRIzol extraction and QIAGEN
protocols. Sample quality and concentration was evaluated
using 2 ml of RNA extract on a Nanodrop 2000 system. The
resulting RNA extracts were stored at 280� until they were
reverse transcribed into complementary DNA (cDNA).

We converted RNA to cDNA using an Applied Biosystems
(Foster City, CA) High Capacity Reverse Transcription Kit. We
normalizedtheamountofstartingRNAusingtheconcentrations
foundon theNanodrop system.The required volume to transfer
1.5 mg from each sample was distributed onto 96-well plates
along with an appropriate amount of molecular grade double-
distilled water to bring the total volume to 10 ml, and samples
were subsequently reverse transcribed. These cDNA samples
were stored at 280� to await quantitative PCR (qPCR).

We designed custom OpenArray 56 assay by 48 sample
arrays with 56 TaqmanGene Expression Assays selected from
the core components of the IIS/TOR pathway (Figure 1), and
two housekeeping genes. One genewas included in error, ras,
due to a misspecification when intending to select an assay
for the similarly named Ras (also known as Ras85D). The
selected gene assays were run on an Applied Biosystems
QuantStudio 12K Flex Real-Time PCR System.

We ran our samples on a total of 20 arrays in five groups
over a period of 1 month. In most cases, there was a single
biological and a single technical replicate for each RIX. Nine
RIXswere included in twobatches and thushad twobiological
replicates. In addition, 14% of samples were run on a second
array to fully use all arrays and thus had two technical
replicates. Our raw and normalized expression measures
(normalized by DCq only; see below for further preprocess-
ing) have been deposited in NCBI’s Gene Expression Omni-
bus (GEO) (Edgar et al. 2002) and are accessible through
GEO series accession number GSE93117 (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE93117).

Median life span

In a separate experiment,wemeasured life span for80pBRILs
thatwere a subset of the original set of RILs used in crosses for
the IIS/TOR expression assays. Small amounts of sample loss
at various stages (e.g., cross failure, RNA extraction, Open-
Array assay failure) led to less than complete overlap, with
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64 RIL/RIX pairs with complete data for both gene expression
and life span. We did not use the same crossing design as
above, instead assaying the inbred RILs directly. While a
crossing design is ideal, it is logistically more difficult to im-
plement and it was not feasible at the time of the experiment.
For each RIL, we set up 10 vials in which 6 females were
mated to 4 males for 36 hr, after which adults were cleared.
Early emerging flies were cleared 8 days po. At 10 days po, we
transferred 30 females to each of two to three replicate vials in
each of two diet treatments: C and DR (see Experimental diets).
All larvae were reared on a standard cornmeal-dextrose-yeast
diet. Flies were moved to new food every 2–3 days, during
which we recorded the number of dead flies until all flies were
dead. To calculate median life span per RIL per diet, we used
the “Surv” and “survfit” functions in the survival package to fit a
Kaplan–Meier survival curve and calculate median life span for
each RIL in each diet treatment (Therneau and Grambsch
2000; Therneau 2015). Our raw daily mortality data are in
Table S2 and our processed median life span data are in Table
S3. The analysis procedure to calculate median life span given
here can also be found in File S1.

Statistical analysis

All analyses described below were performed in R (version
3.3.1; R Core Team 2016).

Preprocessing and batch correction of gene expression:
Our expression data were normalized using the well-
established DCq method (Livak and Schmittgen 2001) based

on expression of the normalizing gene Ribosomal Protein L32
(RpL32). We initially chose two genes (RpL32 and Act42A) as
potential normalizing genes that were invariant to treatment
and sample quality based on preliminary qPCR experiments
for a small set of samples (data not shown). We analyzed
these genes again after we obtained all samples from the
OpenArray. We confirmed that RpL32 did not show an ef-
fect of treatment (F2,913 = 0.635, P= 0.53) while Act42A did
(F2,913 = 16.14, P , 0.001), thus we only used RpL32 as a
normalizing gene. We also excluded two genes and three
samples from our analysis that had a high assay failure rate
(Ilp1 = 10% failure, Ilp4 = 40% failure).

Batcheffects (bothknownandunknown)areawell-known
issue in gene expression studies (Leek and Storey 2007; Leek
et al. 2010, 2012; Mecham et al. 2010). There are several
potential known sources of batch effects in our experiment.
The sets of crosses were performed in batches, the RNA ex-
traction was done in batches, and sets of arrays were run on
different days. We note that samples from different treat-
ments were deliberately distributed equally among these
known sources to avoid confounding treatment with any
batch. A principal component analysis revealed a strong ef-
fect distinguishing between the last batch of arrays run on the
OpenArray and the initial four batches. Given this effect, we
opted to selectively choose the technical replicate from the
initial set in any case where we had two technical replicates
in both sets. We used the “ComBat” function in the sva pack-
age to correct for both this known, strong batch effect and
unknown batch effects (Leek et al. 2012, 2015). We included

Figure 1 Schematic of the assayed components of the IIS/TOR pathway and their proposed interactions in D. melanogaster. Arrows indicate activation
and bar-ended lines indicate inhibition. Dashed lines indicate indirect or uncertain interactions. Mipp2, Tor, REPTOR, and rictor all form components of
TOR-C1 and/or TOR-C2 and are not shown separately in the schematic. Adapted from Teleman (2010) and Nässel et al. 2015.
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arrays in batches 1–4 vs. arrays in batch 5 as a known batch
effect. The ComBat function detected two additional un-
known/composite batch effects. After correcting for these
batch effects, we performed parametric F-tests using the
“f.pvalue” function to test for differential gene expression
between the three diets. We then applied the false-discovery-
rate (FDR) method (Benjamini and Hochberg 1995; Leek
et al. 2012) to correct for the multiple tests performed and
all P-values reported for differential expression are adjusted
P-values for multiple tests. Following batch correction, we
averaged over any biological or technical replicates. Both prior
to and following batch correction, we performed quantile nor-
malization on each gene to coerce normality (Pickrell et al.
2010), and all following analyses used this normalized data
set. Our normalized, batch corrected gene expression mea-
sures are given in Table S4 and the preprocessing analysis as
described above is also given in File S1.

Discriminant function analysis: We performed a discrimi-
nant function analysis (DFA) to determine which genes best
predict thediet treatment and collapse our52gene expression
measures into composite variables that best account for diet-
based differences (i.e., global changes in IIS/TOR expression
in response to diet). We used the “lda” function in the MASS
package in R (Venables and Ripley 2002) to fit the following
model:

Diet ¼
X52

i¼1

biTi;

where Ti is the ith transcript abundance and bi is the ith effect
estimate. Here, we report the results of a DFA considering
only the DR and C treatments to facilitate a comparison with
median life span and for the more straightforward interpre-
tation of separating two vs. three groupings. Results for a DFA
using all three diets were similar. Classification ability was
nearly the same (72% for three diets vs. 77% for two diets),
and the estimates of the standardized coefficients were
highly correlated between the linear discriminant for two
diets and the second linear discriminant for three diets (r =
0.91).

QTL mapping:WeperformedQTLmapping for the following
phenotypes: (1) gene expression for 52 genes measured in
three diets, (2) the scores on the linear discriminant resulting
fromaDFAperformedonourgeneexpressionmeasures in two
diets, and (3) median life spanmeasured in two diets. We use
the term “phenotype” generally hereafter to refer to the
above-described measurements. For each of these pheno-
types, we performed mapping within each diet treatment.
For each RIL or RIX, we also calculated the difference in
phenotype between environments and mapped the response
to the environment.

To map QTL for each phenotype, we used Haley–Knott
regression and regressed the eight additive founder haplo-
type probabilities on the phenotype of interest at positions

regularly spaced across the genome in 10-kb intervals
(Broman and Sen 2009; King et al. 2012a) by fitting the
following model:

yi ¼
X7

j¼1

pijbij þ ei;

where yi is the phenotype (see descriptions of our sets of
phenotypes above) of the ith RIL or RIX, pij is the probability
the ith RIL or RIX has the jth haplotype at the locus, bij is the
vector of effects for the jth haplotype, and ei is the vector of
residuals. Mapping is performed in the same way in the RIXs
(crossed to a standard) as in the inbred RILs, as all RIXs are
crossed to the same standard line. The major difference is
that an RIL will be homozygous for the founder genotype at
a given position, while the RIX will have a single copy. To
identify statistically significant QTL, we performed 1000 per-
mutations of our data set to determine the FDR. Applying
FDR procedures to genome scans is problematic due to de-
pendencies among tests that arises from linkage (Chen and
Storey 2006; Siegmund et al. 2011; Brzyski et al. 2017). To
maintain the correlation structure of our gene expression
measures, we permuted all expression phenotypes (both
within and between diet measures), and our discriminant
function scores together. We then calculated the average
number of false cis (i.e., local) QTL and trans (i.e., distant)
QTL across all phenotypes at different significance thresh-
olds. To identify distinct peaks, we first identified all peak
positions for a given genome scan. Then we removed any
peaks that were within 2 cM of a higher peak. Peaks were
considered cis if they were within65Mb of the gene location.
We then calculated the threshold that corresponded to an
FDR (FDR = the number of false positives/the number of
total positives; e.g., at a given threshold, FDR = the average
number of significant cis-eQTL for the permuted data)/the
number of significant cis-expression QTL (eQTL) for the ob-
served data set) of 5 and 10% for cis- [5% FDR 2log10(P) =
4.5; 10% FDR 2log10(P) = 4.0] and trans-QTL [5%
FDR 2log10(P) = 5.8; 10% FDR 2log10(P) = 5.4]. We used
this same procedure separately for median life span, consid-
ering it an independent experiment. Here, no QTL were
significant at an FDR,33% [2log10(P) = 3.67], precluding
the calculation of FDR at 5 and 10% (no significant observed
QTL translates to a zero in the numerator), thus we also
report the threshold corresponding to a family-wise error
rate of 5% [2log10(P) = 4.81; Churchill and Doerge
1994]. At these thresholds, with our sample sizes, we expect
to overestimate the contribution of most QTL due to the
Beavis effect (Utz and Melchinger 1994; Beavis 1998; Xu
2003; King and Long 2017). The lowest possible estimate
for the percent variance explained by a QTL in our study is
11%, and all but the largest effect QTL will have a very large
degree of uncertainty associated with this estimate. Thus,
we do not report the percent variance explained by our
peaks as it is largely uninformative in this case. Our QTL
mapping results are in Table S5.
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Data availability

All DSPR lines are available at http://FlyRILs.org/
RequestFlies. All data are available centrally at http://FlyRILs.
org/Data in addition to the public archives noted below. Raw
resequencing data of the founder lines is deposited in the NCBI
SRA (http://www.ncbi.nlm.nih.gov/sra) under accession num-
ber SRA051316, and the RIL RAD genotyping data are available
under accession number SRA051306. The founder genotype
assignments from the hidden Markov model are available
as two data packages in R (http://FlyRILs.org/Tools/Tutorial)
and are available from the Dryad Digital Repository (http://
dx.doi.org/10.5061/dryad.r5v40). Our raw and normalized
expression measures (normalized by DCq only; see below for
further preprocessing) have been deposited in NCBI’s GEO
(Edgar et al. 2002) and are accessible through GEO series
accession number GSE93117 (https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE93117). Our raw daily
mortality data are in Table S2 and is available at from
Zenodo: https://doi.org/10.5281/zenodo.322462. Our
processed median life span data are in Table S3. Our
normalized, batch-corrected gene expression measures
are given in Table S4. All genome scan results are in
Table S5.

Results

Differential expression in IIS/TOR genes

The majority of our genes (45 of 52 genes, 87%) were
significantly differentially expressed between the three diets
(Figure 2A), as would be expected for IIS/TOR genes in re-
sponse to diet (see Introduction and references therein).
Overall, the average expression change across diets was sub-
tle, with no gene showing an average fold change greater
than twofold between diets. There was a large amount of
variability among RIXs in the change in expression across
environments; however, we note that we did not replicate
at the individual RIX level for most samples beyond pooling
individuals, choosing instead to maximize the number of
lines measured (thus replicating at the haplotype level) to
optimize QTL mapping. Therefore, the variability at the RIX
level should be interpreted with some caution, while haplo-
type means (see below) can be interpreted with increased
confidence, as can average patterns of differential expression.
Global patterns were similar in the DR and HS diets, with the
HS diet typically showing greater differences (Figure 2B). In
only a few cases did genes change in opposite directions in
the HS vs. DR diet relative to the C diet (Figure 2B).

The expression of individual genes in the different diets is
visualized in Figure 2Awith descriptions of major patterns of
some key genes described here. The dIlps (Drosophila insulin-
like peptides) showed some of the largest average differences
with diet and showed high variability, either due to assay
variation or large amounts of between-RIX variation. Com-
pared to the C diet, expression changes followed the same
pattern in the DR and HS diets, with the HS diet showing a

greater change. Ilp2, Ilp3, and Ilp5 all showed increased ex-
pression (fold change relative to C diet: Ilp2: HS = 1.29,
DR = 1.03, Padj , 0.001; Ilp3: HS = 1.44, DR = 1.20, Padj ,
0.001; Ilp5: HS = 1.21, DR = 1.07, Padj , 0.001). Ilp6
showed similar expression in the DR and C diets and higher
expression in the HS diet (fold change relative to C diet: HS=
1.11, DR = 0.99, Padj , 0.001). In contrast, relative to the C
diet, Ilp7 showed lower expression in the HS diet, a pattern
also found in the DR diet though with a much smaller differ-
ence (fold change relative to C diet: HS = 0.62, DR = 0.97,
Padj , 0.001). Consistent with our observed change in llp7
expression, there is evidence for a specific role for Ilp7 in the
regulation of oviposition on sucrose-containing diets (Yang
et al. 2008), and HS diets have also been shown to reduce
fecundity in adult flies (Skorupa et al. 2008).

Several additional key genes have been implicated or
hypothesized to be involved in the transcriptional response
to diet, including the insulin receptor (InR), the insulin re-
ceptor substrate (chico), the forkhead box type O transcrip-
tion factor (foxo), and TOR. Surprisingly, chicowas one of the
few genes not significantly differentially expressed with diet.
The difference in foxo expression was not large, though it was
significant (fold change relative to C diet: HS = 0.94, DR =
0.98, Padj, 0.001). TOR showed the second-largest decrease
relative to the C diet for the HS treatment, but showed only a
subtle decrease in the DR treatment (fold change relative to C
diet: HS = 0.89, DR = 0.97, Padj , 0.001). Very few genes
showed contrasting patterns in the DR vs. HS diet but one of
these was InR, which showed decreased expression in the HS
diet and increased expression in the DR diet (fold change
relative to C diet: HS = 0.96, DR = 1.05, Padj , 0.001).

Among the remaining genes, Sik2 was among the most
highly expressed relative to the C diet for both the HS and
DR treatments (fold change relative to C diet: HS = 1.40,
DR= 1.20, Padj, 0.001) and Ptenwas among the most lowly
expressed relative to the C diet (fold change relative to C diet:
HS = 0.83, DR = 0.92, Padj , 0.001).

DFA

We performed a DFA for the DR and C diets to capture global
patterns of expression in the pathway and to determinewhich
genes best predict treatment, i.e., which genes are most di-
agnostic of the response to diet. DFA identifies the linear
combination of predictor variables (here, genes) that maxi-
mizes the between-group variance and provides the optimal
separation of groups (here, diets). We employed leave-one-
out cross-validation to determine how accurately our set of
gene expression measures could correctly classify samples
into the C or DR diet. Overall, 77% of samples were classified
correctly (74% for DR, 77% for C). Thus, while our set of
genes does reasonably well, it is far from a perfect classifier,
showing that expression measures of these IIS/TOR genes
alone are not sufficient to definitively assign the diet treat-
ment. Some of the variability in classification ability could
stem from technical noise, and thus classification may be
improved somewhat with increased technical replication.

592 P. D. Stanley et al.

http://FlyRILs.org/RequestFlies
http://FlyRILs.org/RequestFlies
http://FlyRILs.org/Data
http://FlyRILs.org/Data
http://www.ncbi.nlm.nih.gov/sra
http://FlyRILs.org/Tools/Tutorial)
http://dx.doi.org/10.5061/dryad.r5v40)
http://dx.doi.org/10.5061/dryad.r5v40)
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE93117
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE93117
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.197780/-/DC1/TableS2.csv
https://doi.org/10.5281/zenodo.322462
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.197780/-/DC1/TableS3.csv
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.197780/-/DC1/TableS4.csv
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.197780/-/DC1/TableS5.csv
http://flybase.org/reports/FBgn0036046.html
http://flybase.org/reports/FBgn0044050.html
http://flybase.org/reports/FBgn0044048.html
http://flybase.org/reports/FBgn0036046.html
http://flybase.org/reports/FBgn0044050.html
http://flybase.org/reports/FBgn0044048.html
http://flybase.org/reports/FBgn0044047.html
http://flybase.org/reports/FBgn0044046.html
http://flybase.org/reports/FBgn0044046.html
http://flybase.org/reports/FBgn0283499.html
http://flybase.org/reports/FBgn0024248.html
http://flybase.org/reports/FBgn0038197.html
http://flybase.org/reports/FBgn0024248.html
http://flybase.org/reports/FBgn0038197.html
http://flybase.org/reports/FBgn0283499.html
http://flybase.org/reports/FBgn0025625.html
http://flybase.org/reports/FBgn0026379.html


We assessed the importance of individual genes to the
linear discriminant in twoways: the standardized coefficients
are the weights for each gene in the linear combination, and
the loadings are the correlations of each gene with the linear
discriminant (Figure 2C). We discuss potentially diagnostic
genes here which meet one of two criteria: a standardized

coefficient .0.4 or a loading .0.25 (i.e., explaining .6%
of the variance). We note that loadings are full correlations
(not partial or semipartial), and thus do not represent
contributions independent of other genes, while the stan-
dardized coefficients represent the weighting of a given pre-
dictor variable after including all others. More genes are

Figure 2 Phenotypic patterns of gene expression across diets. (A) The fold change in the DR and HS diets relative to the C diet for each gene that was
significantly differentially expressed. Each RIX is a single point on the plot. Means are shown with light blue points. The orange horizontal line denotes 1,
i.e., no change relative to the control. One outlier point is not shown for Ilp7 in the DR treatment. (B) Comparison between the HS and DR fold change.
Horizontal and vertical lines at 1 show when genes are over- or underexpressed relative to the C diet. Diagonal dashed line is the 1:1 line. Points in the
quadrants above 1 for one diet and below 1 for the other are genes that trend in different directions in the DR vs. HS diet relative to C (top left and
bottom right). Points falling above the 1:1 line in the top-right quadrant and below the 1:1 line in the bottom-left quadrant show a stronger effect in the
HS diet than in the DR diet. Points are colored according to their significance. (C) The relationship between each gene’s fold change in the DR diet
relative to the C diet and the correlation with the linear discriminant (i.e., loading). Points are colored according to the magnitude of the standardized
coefficient from the linear discriminant analysis. Gene names are given for all potentially diagnostic genes (see Materials and Methods). Horizontal and
vertical lines demark where genes are over- or underexpressed in the DR diet relative to the C diet.
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underexpressed in the DR diet relative to the C diet (31 vs.
14), but most show only a marginal effect and there are more
diagnostic genes that are overexpressed (7 vs. 5). Among
those underexpressed relative to the C diet are Pten
(loading, 20.46; coefficient, 20.38), ras (loading, 20.40;
coefficient, 20.32), slif (loading, 20.26; coefficient, 20.17),
Pi3K21B (loading, 20.28; coefficient, 20.03), and Ilp6
(loading,20.04; coefficient,20.40). Diagnostic genes that
are overexpressed relative to the C diet includeOrct2 (loading,
0.51; coefficient, 0.34), CrebB (loading, 0.55; coefficient,
0.24), CrebA (loading, 0.39; coefficient, 0.14), Lip4 (loading,
0.42; coefficient, 0.45),melt (loading, 0.34; coefficient, 0.09),
InR (loading, 0.30; coefficient, 0.42), and Sik2 (loading, 0.27;
coefficient, 0.06). Pi3K21B, Sik2, andmelt have high loadings
showing they are predictive of diet on their own; however,
their relatively low coefficients indicate more minor contribu-
tions once other genes are included, likely stemming from
correlations with other genes. Of particular interest is Ilp6,
which has a high coefficient but does not show a large fold
change or large loading, indicating it is diagnostic only after
variation is accounted for by other genes and underscoring the
significant effect a gene might have in the absence of a large
increase in abundance. One of the most diagnostic genes, ras,
was not intentionally included in the array (seeMaterials and
Methods) and there is no evidence it is involved in the IIS/TOR
pathway, suggesting other genes outside the IIS/TOR pathway
potentially show larger changes in expression with diet. We
note that we also ran this analysis excluding the inadvertently
measured gene, ras, and confirmed all results were qualita-
tively similar given it is not known to be a member of the IIS/
TOR pathway.

The relationship between median life span and IIS/
TOR expression

Whenpooled over treatments, RILs in theDRdiet lived 37.5%
longer at 50% survivorship compared to the C diet (77 vs.
56 days) (Figure 3A; Figure S2 in SupplementaryMaterial R1
in File S2). There was a highly significant effect of diet
(F1,318 = 1562.1, P , 0.001) and a highly significant diet-
by-genotype interaction (F79,318 = 6.33, P , 0.001), indi-
cating substantial variation among RILs in their response to
diet. This variation is apparent both for median life span
(Figure 3A) and for the age-specific survivorship curves of
RILs on the DR vs. C diet (Figure S2 in Supplementary Ma-
terial R1). Further, DR flies exhibited higher survivorship at
all ages from about 20 days posteclosion onwards.

For 64 RILs/RIXs, we have both IIS/TOR expression mea-
surements and median life span measurements. The correla-
tion between these RIXs’ scores on the linear discriminant and
the corresponding RILs’ median life span is high (r = 0.46;
Figure 3B), producing a stronger signal than any one gene’s
correlation with median life span (range of individual genes’
correlations with the linear discriminant:20.27 to 0.21). To
investigate the empirical significance of the correlation be-
tween median life span and the scores on the linear discrim-
inant, we performed 10,000 permutations of our expression

measures, permuting each set of 52 expression measures to-
gether to maintain the correlation structure. For each itera-
tion, we then performed a DFA and computed the correlation
between the scores of the linear discriminant and median life
span (not permuted). The results of these permutations are
shown in Figure S3 in Supplementary Material R1 and the
associated empirical P-value is 0.001 (10 of 10,000 iterations
resulted in correlations as high as or higher than our ob-
served). This association indicates the cooccurrence of a ho-
listic change in the expression of our set of genes (as
indicated by the scores on the linear discriminant) and the
dramatic change in life span between diets, but does not in-
dicate direct causation. Additionally, the association between
the linear discriminant and median life span does not hold
within diet treatments (within DR: r = 0.01, P = 0.9; within
C: r = 0.07, P = 0.6). However, we note that the range of
variation in both median life span and the linear discriminant
is reduced within diets, and with a single expression mea-
surement per RIX per diet, technical noise may obscure the
relationship within environments.

Quantitative trait loci

IIS/TOR gene expression: We identified cis (i.e., local) eQTL
for six genes (dsh, hppy, Mipp2, Pi3K21B, Pi3K59F, and
REPTOR) at an FDR of 5%, all of which are significant in
multiple nutrient environments (Figure 4 and Table 1). An
additional three genes (Lip4, PRAS40, and slif) had signifi-
cant cis-eQTL at an FDR of 10%. While two of these addi-
tional cis peaks were only significant in a single diet, the trend
in the other diets showed a similar pattern, suggesting strong
concordance of gene expression in multiple diets (Figure 4,
A–I). We also identified trans (i.e., distant) eQTL for two
genes (Ilp5 and step) at an FDR of 10%, with both specific
to a single nutrient environment (Figure 4, J and K, and Table
1). We did not map any eQTL, either cis or trans, for our
measures of the difference in expression between environ-
ments at an FDR of 5 or 10%.

A powerful feature of the DSPR is the ability to estimate
haplotype-specific effects at QTL peaks by estimating the
mean phenotypic value for each set of RILs/RIXs harboring
a given haplotype at the peak position. Here, and for all other
QTL where we estimated haplotype means, we only consid-
eredhaplotypes thatwerepresent ingreater than threeRIXsat
a given position. For each gene with a significant eQTL, we
estimated haplotype means within each diet and for the
difference between each pair of diets at the peak position.
When there were multiple significant peaks in different diets
per gene, we chose the position with the highest 2log10(P).
Haplotype means were typically highly correlated for gene
expression measured within each diet treatment (Table 2),
particularly for strong cis-eQTLs, indicating the locus is influ-
encing expression in a similar way in each diet. Correlations
with between-diet gene expression estimates were generally
lower, which was also reflected by the lack of colocalizing
peaks for between-diet measures (Figure 4). We note that
haplotype means correlations should be interpreted with
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caution as they consist of at most eight points when all hap-
lotypes are represented at a position. Potential exceptions
include suggestive signals for the HS vs. DR difference at
the PRAS40 cis-eQTL, the C vs. DR difference at the Ilp5
trans-eQTL, and the C vs.DR difference at the step trans-eQTL
(Figure 4, E and J).

We searched the Bayesian credible intervals (BCIs) of our
trans-eQTL to identify any obvious candidate genes that have
evidence they are involved in IIS/TOR. We have no addi-
tional evidence for these candidate genes and are simply
noting their presence in the intervals. The region associated
with step contains just 12 genes. One of the genes located
within the region, Shtd, has a known interaction with Diap1
(Tanaka-Matakatsu et al. 2007), which in turn has been
shown to interact with Atg1 (Scott et al. 2007), foxo (Kanao
et al. 2010), hppy (Resnik-Docampo and Celis 2011), andMyc
(Levayer et al. 2015). There are 17 genes in the region asso-
ciated with Ilp5. We found two genes, StnA and StnB, that
have possible connections to the IIS/TOR network. Evidence
suggests that both StnA and StnB are involved in synaptic
transmission (Fergestad et al. 1999; Mohrmann et al.
2008). Stimson et al. (2001) indicated that StnA and StnB
have associations with shi, a gene that is involved in numer-

ous biological functions and interacts with Tor and slif
(Hennig et al. 2006).

Linear discriminant: We also mapped our composite linear
discriminant and identified a single QTL within the DR diet at
an FDRof 5%. This sameQTLwas also significant at an FDRof
10% for the difference in linear discriminant scores between
diets (Figure 3C and Table 1). Given the relationship between
the values within each diet and the calculated difference, it is
not surprising to see correspondence between these mea-
sures. RIXs harboring the B2 haplotype at this position have
higher scores on the linear discriminant on average, and
show a larger difference with the control diet. RIXs harboring
the B1 and B3 haplotypes have lower linear discriminant
scores on average and show a smaller difference with the
control diet, while the B6 and B8 haplotypes have interme-
diate values (Figure 5A). There is no obvious signal at this
position among the genes identified as potentially diagnostic
of diet, or for any other of our measured genes, either
mapped within or between diets. One of our genes, RagC-
D, is positioned within the peak interval (RagC-D location:
2R, 8.16 Mb; linear discriminant QTL BCI, 6.12–9.63 Mb).
However, there is not strong evidence that RagC-D is

Figure 3 (A) Median life span for each RIL in each diet. Each pair of bars represents the average median life span in each diet for each RIL. Each point is a
single replicate. Different colors denote different diets. (B) Median life span vs. scores on the linear discriminant (LD; gene expression composite). Each
point represents the mean for a single RIL/RIX. (C) Genome scans for median life span (1) within the C diet, (2) within the DR diet, and (3) between diets;
and for the scores on the linear discriminant (1) within the C diet, (2) within the DR diet, and (3) between diets. Different colors denote the different
genome scans. Horizontal lines denote the significance thresholds at different FDR values.
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primarily driving the signal at this QTL. There is not a signifi-
cant cis-eQTL for RagC-D at this location, though there is a small
signal at this positionwithin the DRdiet [peak2log10(P)= 2.5,
peak position = 9.33 Mb]. Of our other measured genes, 12%
have a peak this high or higherwithin this interval. Additionally,
RagC-D did not show a large fold change between the DR
and C diets (0.99), nor did it have a high loading (20.07) or
standardized coefficient (20.04) associated with the linear
discriminant.

Given that the linear discriminant is a composite of all our
gene expression measures, we looked for corresponding pat-
terns among haplotypemeans at themain DR peak for our set
of genes within the DR diet. Overall, haplotype means for our
gene expression measures in the DR treatment were highly
correlated with the haplotype means for the linear discrimi-
nant at this position (average absolute value of correlations=
0.59).We also performed correlations between the haplotype

means for the linear discriminant at the peak position and the
haplotype means for our set of individual gene expression
measures within the DR treatment at a set of 1000 randomly
chosen positions to quantify the expected relationship be-
tween haplotype means stemming from chance alone. The
mean average absolute value of correlations is lower (0.36)
with 13% of positions greater than or equal to our observed
value. The higher degree of concordance suggests a locus that
influences the expression of many of our genes, which is
perplexing in the face of the complete lack of QTL peaks
among our genes in this region. For example, the haplotype
means for Pten expression, one of our diagnostic genes, fol-
low the same pattern as the haplotype means for the linear
discriminant scores in the DR diet, however, the difference
among the means is much less and thus there is not a signif-
icant peak at this position for Pten (Figure 5B). The linear
discriminant peak was very wide (6.12–9.63Mb), precluding

Figure 4 Genome scans for gene expression measures within and between each diet at locations with significant QTL. Different colors denote different
phenotypes. (A–I) cis-eQTLs show the location of the gene on the x-axis. (J–K) trans-eQTLs show the gene expression measure in red. Gray horizontal
lines denote the significance threshold. Solid line, 5% FDR; dotted line, 10% FDR.
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a meaningful search for candidate genes in the interval in
FlyBase.

Median life span: No QTL were significant at an FDR of 5 or
10% formedian life span; however, therewere two peaks that
were significant at an FDR of 33%, one within the DR treat-
ment and one for the difference between treatments (Figure
3C and Table 1). To clarify the meaning of this threshold, for
every set of genome scans for this set of three phenotypes
(within C, within DR, and difference between), the expected
number of false positives at this threshold is 0.65, and we
identified 2. In our 1000 permutations, we identified two
peaks 15% of the time. There was little correspondence be-
tween the median life span QTL map and the linear discrim-
inant map (Figure 3C); there were no suggestive signals in
the median life span QTL map at the linear discriminant peak
and vice versa. The BCI for the peak for the difference in life
span is quite wide (3L 17.35–3R 10.74 Mb) and spans the
centromere. This effect is likely being driven by the presence
of a second smaller peak on 3L. The 2-LOD drop is much
narrower (3R 9.09–9.99Mb). Several of our genes fall within
the BCI for this peak (gig, tribbles, RagA-B, Rheb, slif, eIF-4B,
and SREBP), but none fall within the 2-LOD drop. Of the
genes in the BCI, only slif has a significant cis-eQTL, and slif
also has a suggestive peak for the difference between DR and
C in this region, which colocalizes with the life span peak
[2log10(P) = 3.17, peak position = 10.20 Mb, BCI = 9.58–

10.59Mb]. slifwas also among our diagnostic genes in our DFA
and the correlation between the haplotype means for life span
and slif at the life span peak position is moderate (r=0.48), and
given the small sample size for life span and the differences in
experimental design,wemaynot expect a high correspondence.
None of our IIS/TOR genes are positioned in the peak identified
within the DR diet, and nowithin DReQTLs colocalize with this
peak, even at a relaxed significance threshold. In addition, the
peak for the difference between treatments overlaps with a QTL
recently identified to affect life span inDSPR lines (Highfill et al.
2016) and a QTL identified using pooled sequencing of young
and old flies in the DSPR B2 synthetic population (Burke et al.
2014). To assess if any additional genes occur in the narrower
2-LOD interval that have previously been linked with life span,
we searched FlyBase (Attrill et al. 2016) for genes tagged with
controlled vocabularies including “life span,” “aging,” “longev-
ity,” and “lived.”We identified three genes under the QTL peak
for the difference between the C and DR diet (Rel, pum, and
Ras85D), and four genes under the DR peak (mir-282, Ide, sty,
Strip, and PHGPx). Both Rel and pum were also identified as
potential candidate genes in Highfill et al. (2016).

Discussion

Here, we have used a multiparent mapping panel, which
allowed us to measure multiple related phenotypes in multi-
ple environments on the same set of genotypes. Our study

Table 1 Details of all identified QTL

Trait
Gene

location Treatment Peak location BCI 2log10(P-value)

Mipp2 X: 6.08 DR X: 5.94 5.93–6.25 24.4
Mipp2 X: 6.08 C X: 6.15 5.91–5.95 16.1
Mipp2 X: 6.08 HS X: 5.94 5.91–6.24 29.9
dsh X: 11.35 DR X: 11.36 11.30–11.39 13.73
dsh X: 11.35 C X: 11.34 11.31–11.36 24.04
dsh X: 11.35 HS X: 11.34 11.28–11.36 19.53
Pi3K21B 2L: 0.30 C 2L: 0.75 0.07–0.94 4.80
Pi3K21B 2L: 0.30 HS 2L: 0.55 0.27–0.93 5.70
Lip4 2L: 10.53 C 2L: 10.28 10.25–10.71 4.49a

hppy 2R: 19.18 C 2R: 19.14 18.54–19.54 6.90
hppy 2R: 19.18 HS 2R: 19.19 18.90–20.22 4.65
stepb 2L: 21.74 DR X: 15.42 15.39–15.47 5.76a

PRAS40 2R: 14.48 C 2R: 14.15 13.98–14.78 4.53a

PRAS40 2R: 14.48 HS 2R: 14.36 14.27–14.61 4.20a

Pi3K59F 2R: 23.56 DR 2R: 23.55 23.49–23.74 6.73
Pi3K59F 2R: 23.56 C 2R: 23.64 23.56–23.68 11.28
Pi3K59F 2R: 23.56 HS 2R: 23.54 23.47–23.60 10.79
Ilp5b 3L: 9.82 DR X: 22.91 22.60–22.98 5.47a

slif 3L: 22.88 DR 3L: 20.98 3L 20.93–3R 3.46 4.74a

REPTOR 3R: 24.56 DR 3R: 24.67 24.25–24.74 5.49
REPTOR 3R: 24.56 C 3R: 24.66 24.32–24.76 7.77
REPTOR 3R: 24.56 HS 3R: 24.60 24.46– 24.67 7.83
Linear discriminant — DR 2R: 9.41 6.12–9.63 5.96
Linear discriminant — DR vs. C 2R: 7.76 7.71–9.47 5.43c

Median life span — DR vs. C 3R: 9.34 3L 17.35–3R 10.74 3.89c

Median life span — DR 3L: 3.65 3.23–3.84 3.68c

atrans-eQTL (i.e., peaks at locations distant from gene location).
bFDR = 10%.
cFDR = 33%.
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characterized natural patterns of diet-dependent changes in
gene expression for the core components of the IIS/TOR
pathway and took a multivariate approach to identify a novel
locus that is associated with global expression changes. We
linked these results to a second experiment using these same
lines to explore the relationship between diet-induced life-
span extension and the IIS/TOR pathway. Below, we discuss
the relevance of our results to our three major questions.

How do IIS/TOR pathway genes respond to changes
in diet?

Nearly all the genes we assayed showed differential expres-
sion between our diets. We note that different laboratories
may use different diet recipes, temperatures, or photoperiods,
all ofwhichmay influence IIS/TORexpressionandcomplicate
comparisons between this study and past or future studies.
The changes in expressionwere generally small inmagnitude,
particularly between the DR and C diets. Somewhat unex-
pectedly, expressionmeasures in the DR andHS diets trended
in largely the same direction (Figure 2). One potential expla-
nation for this effect is that expression is changing in response
to the ratio of carbohydrate to protein. Relative to the C diet,
both the DR diet and the HS diet have higher carbohydrate-
to-protein ratios. Also consistent with this hypothesis is the
fact that the HS carbohydrate-to-protein ratio is higher than
the DR ratio, and expression changes tended to be greater in
the HS diet. Additionally, Dobson et al. (2017) found HS diets
early in adult life have the effect of inactivating foxo. Our
results showing reduced expression of foxo and upregulation
of many other IIS/TOR components are generally consistent
with this result, particularly if the effect is general for diets
with a high carbohydrate-to-protein ratio. Previous studies
that have taken a “nutritional-geometry” approach support
the idea that the ratio of nutrients is of critical importance
(Lee et al. 2008; Behmer 2009; Piper et al. 2011; Tatar et al.
2014; Post and Tatar 2016).

In general, we observed small shifts in expression in many
genes rather than a dramatic shift in a few key genes, which is
not surprising for complex traits (Rockman 2012). We chose
tomeasure overall expression changes using whole flies, with
the implication being that we do not have tissue-specific ex-
pression information. If the changes in expression associated
with diet are tissue specific with differing shifts in different
tissues, our design would obscure this effect. In addition,
some previous studies have found effects of IIS/TOR genes
at the translational level rather than the transcriptional level
(Zid et al. 2009), and it is possible there are post-transcrip-
tional changes in IIS/TOR that are more dramatic than the
changes we observed in transcription.

Many studies have shown that loss-of-function mutants in
the insulin signaling pathway phenocopy the effects of DR
(e.g., Kenyon et al. 1993; Clancy et al. 2001; Tatar et al.
2001), leading to the hypothesis that life-span extension is
caused by the reduced insulin signaling associated with DR.
However, direct evidence for the involvement of the IIS/TOR
pathway in diet-dependent life span extension is still very
unclear. Several studies have investigated whether IIS/TOR
genes are required for the DR response and have found that
while induced changes in expression in these genes often
alter the response, no cases have been found where they
eliminate the response (Min et al. 2008; Giannakou et al.
2008; Tatar 2011; Flatt 2014). We did not observe a strong
signal indicative of reduced insulin signaling in the DR diet.
For example, nearly all the Ilps had increased expression,
with the exception of Ilp7. Previous studies have also found
mixed evidence for reduced insulin signaling under DR. For
example, Min et al. (2008) measured expression changes for
the Ilps under control and DR conditions and found that only
Ilp5 had increased expression. Post and Tatar (2016) mea-
sured expression of the Ilps and a few other key IIS genes in a
nutritional geometry framework with many different diets
and showed that each Ilp showed a unique response, with
no trend toward a general reduction in expression on a low
protein diet. In addition, the majority of studies use only a
single genetic background to characterize expression changes,
which may not apply generally across a population of geneti-
cally diverse individuals. Overall, there are relatively few stud-
ies characterizing typical changes in gene expression with diet
among such individuals, leaving open the question of which
genes show diet-dependent expression, the degree to which
individuals vary in these changes, and what naturally occur-
ring genetic variants influence these responses (Pletcher et al.
2002; Ding et al. 2014; Whitaker et al. 2014; Williams et al.
2015).

What is the source of natural genetic variation in the
response of IIS/TOR pathway genes to diet?

Many previous studies of the genetic basis of gene expression
have shown that cis (i.e., local) eQTL tend to have large
effects on expression phenotypes (Gibson and Weir 2005;
Gilad et al. 2008; Cookson et al. 2009; Ehrenreich et al.
2010; King et al. 2014). The majority of these studies have

Table 2 Correlations between haplotype means for each phenotype
measured for a given gene with a significant eQTL

Gene ID

Within diet Between diet

DR C HS DR vs. C C vs. HS DR vs. HS

Mipp2 * 0.99 0.99 0.58 0.40 0.44
dsh 0.99 * 0.99 0.52 0.64 0.03
Pi3K21B * 0.99 0.98 0.43 0.26 0.48
Lip4 0.76 * 0.89 0.09 0.89 0.61
PRAS40 0.24 * 0.52 0.62 0.53 0.64
hppy 0.58 * 0.73 0.42 0.76 0.31
Pi3K59F 0.93 * 0.81 0.50 0.33 0.15
slif 0.86 0.75 * 0.48 0.18 0.21
REPTOR * 0.98 0.99 0.72 0.34 0.01
Ilp5 0.99 0.93 * 0.82 0.74 0.78
step 0.64 0.82 * 0.61 0.69 0.89

For each gene, the * indicates the treatment with the highest peak location for a
given gene. The correlations reported here for each gene are the correlations be-
tween the estimated haplotype means stemming from mapping expression within
the * treatment and the estimated haplotype means stemming from mapping
expression within and between (difference) all other treatments. All correlations
include only haplotypes with at least three observations in our set of RIXs.
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been done in a single environment and it is not known
whether the response to the environment also tends to show
strong cis-effects. There is some reason to expect that diet-
dependent changes in the IIS/TOR pathway might be due
largely to trans- (i.e., distant) rather than cis-eQTLs. The
large effect loss-of-function genetic variants identified via
classical genetic techniques described above are typically
not segregating in natural populations, which is not sur-
prising given the central role of the pathways involved
(Van Voorhies et al. 2006). In addition, mapping studies
and evolution experiments using natural populations have
not independently identified these same genes as important
contributors to natural genetic variation in traits such as life
span (Remolina et al. 2012; Burke et al. 2014; Carnes et al.
2015). We identified primarily cis-eQTL mapped within diet
treatments, confirming that at least some IIS/TOR compo-
nents harbor strong cis-eQTLs. These cis-eQTLs showed very
similar effects in each diet, and very little concordance with
measures of the differences between environments (Figure 4
and Table 2), indicating they do not influence the response to
the environment. Our two trans-eQTLwere specific to a given
diet andwe hypothesize that the genetic basis of the response
to the environment may stem largely frommore subtle trans-
effects. Unfortunately, these more subtle effects are more
difficult to detect and we did not map any between diet
eQTLs, making this a difficult hypothesis to confirm.

We used a multivariate approach, DFA, to take a more
holistic approach to characterizing global changes in expres-
sion and successfully mapped a QTL influencing this compos-
ite expression measure (i.e., the linear discriminant; Figure

3C). Patterns among the haplotype means for individual
genes at this peak support the hypothesis that this QTL influ-
ences the expression of multiple genes, though the effects on
each individual gene are too small to be detected on their
own.

What is the relationship between IIS/TOR expression
and life-span extension under DR?

By comparing RIXs’ scores on the linear discriminant and
their median life span, we were able to show an association
between diet-dependent changes in IIS/TOR expression and
life-span extension, though this association does not imply a
direct relationship. At present we have no solid evidence
beyond this association for a shared genetic basis between
median life span and IIS/TOR expression. Our genome scans
did not show colocalization of any QTL determining both
phenotypes. However, we note that if there were shared
QTL between these phenotypes, at our sample size and given
the difference in experimental design, we should not be sur-
prised by a lack of overlap, and thus this result should not be
taken as evidence against a relationship (King and Long
2017). Recently, Paaby et al. (2014) demonstrated a link be-
tween a naturally occurring genetic variant in InR and several
life history traits, including life span, though it is not known
whether it is also related to the diet-dependent extension of
life span. In addition, members of the IIS/TOR pathway show
frequency changes with latitude, as domany life history traits
(Kolaczkowski et al. 2011; Fabian et al. 2012). Future studies
that take advantage of the naturally occurring genetic varia-
tion that exists in established mapping populations such as

Figure 5 (A) Haplotype means for the linear discriminant at the linear discriminant QTL. (B) Haplotype means for Pten expression at the linear
discriminant QTL. Each small point represents a single RIX. The single large point is the mean haplotype value.
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the DSPR to better characterize how gene expression and life
span change in concert have the potential to uncover the
mechanisms underlying diet-dependent life span extension.
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